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Stunmary-The following methods of determining lanthanides in geological samples are reviewed, 
together with the separation techniques necessarily associated with them: neutron-activation analysis, 
atomic-absorption and flame-emission spectrometry, plasma-source emission spectrometry, mass spec- 
trometry, X-ray fluorescence spectrometry, and spectrophotometry. 

The determination of lanthanides in geological sam- 
ples is one of the most difficult and complicated 
analytical tasks, especially at trace levels, because of 
the similarity of their chemical behaviour. The ele- 
ments which are frequently encountered in rock 
analysis are classified geochemically in Fig. 1. Those 
primarily associated with oxygen are termed litho- 
philes and the lanthanides fall into this group. Litho- 
philic ions have rare-gas electronic structures and 
consequently are not readily polarized. Secondary 
differentiation is influenced by the relative size of the 
cations, the bonding tendencies of the elements, 
fractional crystallization from the magma, and the 
densities of the compounds formed. The f-series 
metals in their usual oxidation states are bonded 
mainly to highly electronegative elements, usually 
oxygen or fluorine. 

Knowledge of the fundamental laws governing the 
distribution and redistribution of elements during 
metamorphic processes, etc., enables geochemists to 
predict the probability of the occurrence of eco- 
nomically interesting minerals in a particular geolog- 
ical environment. Particular interest is attached to the 
mineralization processes occurring during alteration 
of the rock by hydrothermal action. 

In the study of ore deposits, as well as in petrology, 
the distribution of trace elements casts light on the 
genesis of ore bodies. The rare-earth elements (REE), 
because of their similarities, serve as a particularly 
suitable group of indicator elements. The deter- 
mination of REE in other materials is also of interest. 
The presence of trace quantities of REE in high- 
purity metals, semiconductors and glasses has an 
important influence on the electrical, magnetic, me- 
chanical, nuclear and optical properties. The mech- 
anism of lanthanide leaching and migration is well 
established in the geochemical literature.‘-’ The light 

lanthanide ions are materially larger than those of the 
heavy lanthanides and tend to be excluded from 
common rock-forming minerals during the processes 
of crystallization. It follows that the hydrothermal 
alteration of a rock may result in a change in the ratio 
of lighter to heavier lanthanides. 

The equilibria between the solid and fluid phases 
will be affected by the presence of complexing species 
such as Cl-, F-, CO:- and PO:- ions, for example. 
The movement of the fluid phase within the geologi- 
cal structure will cause a displacement, not only of 
the REE but of all dissolved species, many of which 
may be metallic elements of commercial significance, 
e.g., Cu, Pb, Au, MO. Rational strategies of pros- 
pecting for micas, molybdenite, zircon, niobium- 
tantalum and lithium minerals, beryl, spinels and 
tourmalines, to name but a few species of interest, 
may depend in future on the techniques of analysis 
for REE. 

The foundations of the classical analytical scheme 
for the determination of all the major elements were 
laid in the 19th century. By 1920, two notable 
textbooks on rock analysis had been published.6*7 The 
methods described are now regarded as too time- 
consuming, and since about 1950 various “rapid” 
analytical schemes have been proposed as altema- 
tives.*-I3 Interest in the minor components of silicate 
rocks has continued almost uninterrupted to the 
present day, with current work emphasizing deter- 
mination of elements at below the pg/g (ppm) level. 

To meet current geochemical requirements, multi- 
element analytical tools are required. The intro- 
duction of optical emission spectroscopy by Gold- 
schmidt was followed by X-ray fluorescence and 
neutron-activation methods. The newest devel- 
opment is the use of an induced or directly coupled 
plasma for optical emission spectrometry and mass 
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Fig. 1. Geochemical classification of the elements. Some elements display more than one type of 
hehaviour. *Ln = lanthanides. (Reproduced, by permission, from J. F. Ferguson, Inorganic Chemistry and 

the Earth, p. 20. Pergamon Press, Oxford, 1982.) 

spectrometry. In general, these methods permit the 
detection of elements at below the ppm level. Classi- 
cal spectrophotometers and atomic-absorption in- 
struments have been much used for single-element 
determinations. Unfortunately, these instrumental 
methods suffer more or less from matrix or inter 
element interference effects, which restricts their ap- 
plicability in some cases, and requires use of sepa- 
ration techniques. The need for and importance of 
separation techniques will be made evident in the next 
section where the matrix effects involved in neutron 
activation, emission spectrometry, X-ray fluorescence 
and spectrophotometric methods will be briefly dis- 
cussed. 

NEUTRON ACTIVATION ANALYSIS (NAA) 

Neutron activation is among the most sensitive 
techniques for determination of the REE. The sample 
is irradiated with a flux of thermal neutrons, generally 
in a nuclear reactor. The constituent elements absorb 
neutrons, forming artificial radionuclides, the radio- 
activity spectrum of which is measured and inter- 
preted in terms of the amounts of the various ele- 
ments present. An advantage of this technique is that 
the detection limits can be fixed by the analyst 
through choice of neutron flux and irradiation time. 
Furthermore, multielement determinations can be 
performed on a single aliquot of sample without 
chemical separations. This is termed non-destructive 
instrumental neutron-activation analysis (INAA). 
For multielement y-ray measurements, a high- 
resolution detector of the Ge(Li) type is used in 
combination with a multichannel analyser. 

Geochemists have applied NAA to REE deter- 
mination.‘C’8 De Soete et aLL9 have provided a de- 
tailed discussion of all aspects of neutron activation. 

The multicomparator method is used for precise 
work. In this method, standards containing known 
amounts of the element of interest are irradiated 
along with the samples and the induced activity is 
measured under the same conditions. If the matrix 

elements have high absorption cross-sections, errors 
may arise from self-shielding effects. This type of 
error can be avoided by irradiating a sufficiently 
dilute sample or by prior separation of the elements 
having high absorption cross-sections. Gadolinium, 
for example, has the largest neutron absorption 
cross-section (4.9 x lo4 barns), which results in an 
average neutron attenuation of 1% in a sphere of 
Gd203 with a radius of 0.12 pm and a mass of only 
5 x lo-l4 g. Massart and Haste*’ determined Lu in a 
50-mg sample of gadolinite by dissolving the sample 
and irradiating an aliquot of chemically separated 
REE solution. Turkstra and Van Droogenbroeck2’ 
reduced the effect of self-shielding in lanthanide-rich 
carbonatites by diluting the powdered sample with 
pure quartz. 

The sample usually becomes highly radioactive 
upon irradiation and in such cases the post- 
irradiation treatment has to be performed with great 
care behind proper shielding. The y-ray spectra of 
irradiated rock samples may be dominated by iso- 
topes of Mn, Na, SC, Fe, Co etc. from the matrix 
material, which swamp the y-ray spectra of the 
REE.** The nuclide of interest may be formed by 
competing nuclear reactions such as (n, p), (n, u) and 
(n, f). For a given nuclide, of course, the y-ray 
spectrometer cannot distinguish between the nuclei 
produced from the analyte of interest and those 
produced from interfering elements by the competing 
reactions.23.24 

Some of the important interferences in instrumen- 
tal neutron activation analysis are given in Table 1. 
Boyntonz5 and Bereznai26 have discussed other types 
of interference. Among the light REE group, the 
nuclides that are suitable for INAA may also be 
formed as uranium fission products, and may be 
detected even when La, Ce, Nd and Sm are totally 
absent from the original sample. The presence of 
uranium in a sample enhances the values of La, Ce, 
Nd and Sm determined by INAA if appropriate 
corrections are not made for the interference. Re- 
cently, Ila et al.” reported that in a 5-hr irradiation, 
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Table 1. Interferences in the NAA determination of lanthanides 

Parent isotope 

‘?Sc 

‘39La 
‘Ve 

‘“Nd 
i5%rn 

‘5’EU 

‘14Y b 

“6LU 

Product isotope 

%c 

‘*La 
141& 

““Nd 
iS3Sm 

‘=Ell 

‘75Yb 

“‘LU 

Half-life 

83.8 d 

40.22 hr 328.8; 1596.4 
32.4 d 145.4 

10.98 d 
46.44 hr 

13.2 y 

101 hr 

6.71 d 

Analytical 
y-ray, keV 

889.26 

91.03; 531.4 
103.2 

121.78 
1408.02 
396.32 

208.4 

Interferences to be considered 
for various reasons, (y-ray, keV) 

‘w879.4); “O”Ag(884.7) 
‘921r(884.5); 46Ti(n, p)?Sc 
z35U(n, f); 24Na; *)Wp(334.3) 
235U(n, f); “Fe(142.4); ‘75Yb( 144.8) 
“‘Pa(145.4); ‘s2Ta(152.4) 
*l’U(n, f); lwYb(93.6); ‘@‘Ba(537.2) 
235U(n, f); 239Np(99.6, 103.8) 
‘53Gd(103.2); ‘82Ta(100.1) 
‘@Yb(118.2, 13053); 13’Ba(123.7) 
“‘cs(1400.4) 
233Pa(398.5); ‘6orN392.5); 
“‘Ba(404.3) 
239Np(209.8); “‘Ba(216) 

1 mg of uranium was found to be equivalent to 0.28 
mg of Ce and 0.23 mg of Nd. Uranium, therefore, 
must be separated when REE are determined in 
uranium-rich minerals or ores. 

Another type of interfering nuclear reaction is the 
second order interference, for example of the type 

sample. Moreover, the non-destructive technique has 
poorer sensitivities. A group-separation, whether 
based on classical or modem methods, is very de- 
sirable in order to improve the sensitivity, accuracy 
and confidence in the results. It may be desirable or 
necessary to analyse S-10 g of sample. A chemical 
concentration process would then bc required. 

Separation methods 

Interferences of this kind have been examined by 
Op de Beeck.28 In cases where the nuclide “X has a 
large activation cross-section, appreciable difficulties 
are encountered if trace amounts of the element Y are 
to be determined in a sample of element X by means 
of the radioisotope 0+2Y. If, for example, a dys- 
prosium sample is irradiated for 22 hr at a flux of 
5 x 1OL2 n . cmW2. see-’ for the determination of hol- 
mium the ‘&Ho produced would interfere in the 
determination of the native holmium. Consequently 
this type of interference can be serious in cases where 
an element is to be determined in a matrix of an 
adjacent element. 

The procedures used for the separation of the REE 
as a group from the interfering elements have in most 
cases been based on classical hydroxide-fluoride or 
hydroxide-oxalate precipitation cycles with carriers. 
These procedures can be applied either before or after 
irradiation of the sample. A commonly used sepa- 
ration procedure for the REE includes the following 
steps. 

Mosen et a1.29 and Haskin et al.” reported obtain- 
ing accurate results for many analyses in which the 
individual radionuclides were separated by ion- 
exchange. Their procedures are very laborious com- 
pared with the purely instrumental method of NAA. 
The use of lithium-drifted germanium detectors fur- 
ther eliminates many of the interferences.22 

(i) Fusion of an irradiated sample in a nickel or 
zirconium crucible with sodium peroxide and hydrox- 
ide in the presence of REE carriers. 

(ii) Dissolution of the fusion cake with water or 
dilute acid. 

(iii) Addition of sodium hydroxide or ammonia to 
precipitate REE hydroxides. 

(iv) Separation of iron by extraction with di- 
isopropyl ether from hydrochloric acid medium. 

Melsom” compared rock analyses by INAA with 
analyses that incorporated a radiochemical group- 
separation and concluded that the two methods gave 
essentially the same results. However, improved 
methods have subsequently appeared and it is evident 
that separation of the REE in one or more groups 
leads to better precision and accuracy, with errors 
approaching + 5% or better.32m35 Some authors point 
out that the chemical yield in precipitating REE 
varies widely between the various elements. Time- 
consuming re-irradiation of the carriers is required in 
order to determine the chemical yields accurately. 

(a) Separation of scandium. 

Separation of scandium is an important part of the 
scheme, because its isotopes have strong y-ray peaks 
which may interfere with REE peaks. Scandium can 
be removed either by diethyl ether extraction in the 
presence of ammonium thiocyanate or by precip- 
itating the REE fluorides, separating the precipitate 
by centrifugation, dissolving it in a mixture of boric 
acid and nitric acid, and precipitating the lanthanides 
as hydroxides with ammonia.29 This procedure is 
repeated 2 or 3 times, since only about SO-80% of the 
scandium is separated each time. The final hydroxide 
precipitate is dissolved in dilute hydrochloric acid 
and used for y-ray measurement. 

The simplicity of the instrumental method is very Yttrium is usually not determined along with the 
attractive but it should be emphasized that its accu- separated lanthanides, because it lacks suitable y-ray 
racy is very dependent on the composition of the peaks. However, Steinnes36 reported that it may be 
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Fig. 2. Flow diagram of the pre-irradiation separation of REE from a silicate matrix.41 

determined by p-counting of the isolated lanthanides 
plus yttrium fraction, but corrections for lanthanide 
interferences are required. 

Before the advent of Ge(Li) detectors, methods 
based on group-separation and subsequent chro- 
matographic separations had to be used in order to 
obtain reliable data for many REE simultaneously. 
Separations based on elution from a cation-exchange 
column with a suitable complexing agent have been 
the most popular. 28 Other types of separation such as 
anion-exchange in the presence of EDTA” and 
anion-exchange in mixed solvents38*39 have also been 
used. 

Separation of the REE from the matrix before 
irradiation is fairly uncommon in activation analysis, 
but is gaining popularity with the introduction of 
reversed-phase chromatography in inorganic anal- 
ysis. In the determination of rare-earth impurities in 
metallic uranium, the interference due to bulk ura- 
nium has been suppressed by passing the sample 
through a cation-exchange column before irra- 
diation.N The method developed by Klein4’ is based 
on digestion of the sample with hydrofluoric acid and 
perchloric acid, and double precipitation of the REE 
as oxalates to separate them from traces of Mg, Mn, 
Fe and Co. The REE are then separated from SC, Th 
and the carrier by simple ion-exchange operations. 
The scheme is shown in Fig. 2. 

In this type of chemical separation before activa- 
tion, a blank should always be carried through the 

procedure. A blank problem does not occur with 
post-irradiation separations. Finally, it should be 
mentioned that the neutron-activation technique is 
highly sensitive for the REE. It can be successfully 
employed for the determination of extremely low 
concentrations of REE in various natural samples 
when combined with chemical separations that in- 
crease the sensitivity and reduce interference. 

SPECTROCHEMICAL ANALYSIS 

Atomic absorption and Jame emission 

Optical emission spectrometry is the oldest instru- 
mental method known for analysis of terrestrial 
matter. In principle, a minute quantity of sample is 
vaporized and excited sufficiently for it to emit light. 
The intensity of emitted radiation is measured and 
related to the elemental concentration. Excitation 
may be achieved in several ways. The classical arc and 
spark sources as well as glow discharges have been 
thoroughly reviewed by Bames.424 These methods 
have been widely used and will not be further dealt 
with here. 

A nitrous oxide-acetylene flame with a solution 
nebulizer attachment has been used to determine 
scandium, yttrium and the lanthanides by emission 
spectrometry. ” Spectra obtained with this excitation 
system are relatively simple and give much better 
selectivity than arc and spark source spectrometry. 
Interelement interferences are eliminated in all cases 
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by choice of appropriate wavelengths. Greater sensi- 
tivity is achieved when the metals are converted into 
perchlorates and these are taken up in ethanol instead 
of water. Ooghe and Verbeek& have determined all 
the lanthanides except Ce and Pm by atomic- 
absorption spectrometry (AAS). They obtained good 
sensitivity by employing 80% methanol solutions and 
adding sodium or potassium chloride to suppress 
ionization. The method was applied to bastnasite, 
monazite and gadinolite. It is fortunate that the 
elements for which AAS is least sensitive, e.g., La and 
Nd, are those that are more abundant in most natural 
samples. On the whole, however, AAS methods for 
the REE are less sensitive than for the majority of 
metals. 

Van Loon et ai.47 have determined Y, Eu and 
elements 65-71 in minerals by AAS with aqueous 
sample solutions. The lowest values determined were 
ca. 0.05%. They pointed out that determination 
of Lu, Tb and Dy was not as sensitive as by X-ray 
fluorescence. Sen Gupta48*49 used ethanol sample solu- 
tions and determined the more sensitive REE, Y, Nd 
and elements 66-70 by AAS, and La, Pr, Sm and Dy 
by flame emission. Microsample injection afforded a 
sensitivity comparable with that of electrothermal 
vaporization. Good results were obtained with seven 
standard samples, and in one of these, SY-2, the 
concentrations of some REE, e.g., Eu, were less than 

10 pglg. 
Electrothe~al vaporization from a tantalum-line 

furnace has been recommended.M Both foil and sput- 
tered tantalum have been used. The use of such a 
furnace improves the sensitivity and lessens mem- 
mory effects. By this means, and by incorporating 
isolation of the REE by ion-exchange, Sen GuptaSL 
achieved 10-40 times better sensitivity than with the 
simple graphite furnace applied directly. These sensi- 
tivities compared well with those achieved by NAA. 
Papp52 has used a graphite furnace as a source for 
emission spectrometry. 

Phma source em&Gxz spe~trometr~ 

Electrically generated plasma sources for spec- 
trochemical analysis are currently the subject of 
vigorous investigation and are being applied to the 
analysis of geological materials for a large variety of 
trace elements. 

A plasma is any luminous volume of gaseous 
mixture in which a significant fraction of the atomic 
or molecular species is present as ions. There are 
three types of inert-gas electrical plasma sources now 
available, differing in the number of electrodes which 
are necessary to sustain the plasma. 

(1) Dire&coupled argon plasma jet (DCP) with 2 
or 3 electrodes.53 

(2) Microwave-induced plasma (single elec- 
trode),‘~” which is not widely used. 

(3) Inductively-coupled torches (ICP) which are 
electrodeless.5~57 

Inductively-coupled plasma atomic-emission spec- 
troscopy (ICP-AES) is becoming increasingly popu- 
lar. When the plasma is generated in argon, the 
method is sometimes designated as ICAP-AES. Mass 
spectrometry with a plasma source is referred to as 
ICP-MS. 

The plasma methods provide some of the most 
useful and specific means for the determination of the 
REE elements at trace levels. Even though the chem- 
ical properties of the various lanthanides are very 
similar, the spectra of these elements are just as 
unique as those of other elements. Direct excitation 
of the sample with ICP or DCP provides good 
detectability, precision and accuracy, if the sample is 
sufficiently pure. Because the physical properties of 
these plasmas offer excellent performance and oper- 
ational advantages over arc and spark emission 
sources, most geochemical laboratories and many 
others appear to favour either ICP or DCP. 

In general, environmental and geochemical sam- 
ples provide diverse matrices that are exceptionally 
complex, both chemically and physically.” The com- 
plexity of such samples raises the edibility that 
interelement effects of various types or spectral inter- 
ferences may introduce errors in the determination 
of REE. Some possible interferences are listed in 
Table 2. 

An electrical plasma is an efficient excitation 
source. As a consequence, all types of plasma atomic 
emission can be affected by many interference prob- 
lems. The most significant of these are spectral inter- 
ferences resulting from stray or scattered light, broad- 
band continuum emission, broadened matrix-element 
lines and direct spectral overlap. It is possible to 
eliminate or minimize these interferences in several 
ways. One involves the use of a ~gh-dis~rsion, 
high-resolution monochromator.5*~59 The echelle 
monochromator has more than enough resolution to 
provide reliable determinations when there are cases 
of suspected interference. $* The resolution and dis- 
persion available allow a high degree of line-isolation 
and the effect of broad-band background radiation is 
minimized. However, high resolution alone cannot 
alleviate every kind of spectral interference. Broad- 
ening of spectral lines in electrical plasmas can occur 
to such an extent that some very close pairs of lines 
are not inherently resolvable. In some cases, alkali- 
metals, alkaline-earth metals, Al, Ti, Si, W, Mn, Fe 
and other matrix components can be so abundant 
that they cause significant background signals and in 
some instances direct spectral overlap (Table 2). In 
such a case the operator must select a line different 
from the usual one for the element of interest. 

Enhancement of spectral lines by matrix constitu- 
ents has been reported to occur in DC plasma jets. 
This effect is most likely to occur in cases in which 
easily ionizable elements are present in large concen- 
tration. In such situations, it is advisable to use some 
form of matrix-matching or matrix buffering, e.g., 
addition of lithium or strontium to all solutions. The 
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Table 2. Interference data for DCP 

Sensitive Equivalent analyte concentration given by 100 mg/l. matrix element, mg/l. 
Analyte wavelength,* 
element nm Al Ca Fe Mg Ti W Th U V Nd La 

La 408.672 0.008 0.1 0.01 0.005 - 
Ce 418.660 0.06 0.3 0.1 - - 0; 1 2- 1 z 

Pr 440.882 0.01 0.3 0.06 0.03 - - 4 - 8 3 2 
Nd 430.538 0.04 0.4 0.05 - - - 1 - - - - 
Sm 443.432 0.06 0.9 0.05 0.01 - - 1 - - 2 2 
Eu 381.967 - 0.02 0.01 - - - 0.02 - 0.03 3 
Gd 364.619 0.008 0.02 0.4 0.02 0.2 0.4 0.5 2 - - 0.2 
Tb 367.635 - 0.04 0.1 - 0.2 0.1 3 3 0.9 - - 
DY 353.173 - 0.008 0.01 0.1 - - 0.3 0.3 - - - 
Ho 404.544 0.03 0.3 1 0.02 - 2 - - - - - 
Er 369.265 0.02 0.03 0.06 0.01 - 0.4 0.7 0.1 
Tm 313.126 0.01 0.007 0.005 0.005 0.3 - - - - - - 
Yb 328.937 0.001 0.002 0.02 0.002 0.4 - - - 3 - - 
Lu 261.542 - - 0.07 - - 2 - - - - - 

*The following wavelengths, although less sensitive than those listed above, are relatively free from 
interferences: La 398.852; Nd 430.36; Pr 422.29; Sm 442.26; Ho 345.60; Yb 398.80. 

most satisfactory method is to isolate the analytes of 
interest from the matrix by some kind of effective 
separation. A recent examination@’ of the application 
of DCP excitation to a wide selection of geological 
standard samples provides a good demonstration of 
the power and accuracy of a multielement DCP 
facility. Examination of the literature shows that 
direct-coupled plasma jets have not been studied as 
thoroughly as other types of emission sources. They 
are nevertheless being used in many laboratories to 
provide reliable atomic-emission analyses for a wide 
variety of sample constituents. 

Mass spectrometry 

Mass spectrometry is based on the separation of 
charged particles according to their mass/charge 
ratio. During the past few years, it has gained in- 
creasing significance for earth scientists, especially 
after spark-source mass spectrometry for geological 
samples was pioneered by Taylor.6’*62 Jackson and 
Strasheim63 have applied the technique to geological 
samples. 

Since the inductively-coupled argon plasma offers 
performance and operational advantages over arc 
and spark sources, a new instrument was evolved that 
combines ICP with a quadrupole mass spectrometer 
(ICP-MS). There are two principal advantages to 
ICP-MS; the spectra are simple to interpret and 
largely free from interelement interferences, and in- 
formation on isotopic abundances is inherent in the 
method. The method is extremely useful as most of 
the elements in the periodic table can be detected. 
Although the limits of determination by ICP-MS 
cluster around the chondritic levels for the REE,64 a 
preconcentration step or separation of REE into at 
least two groups is still desirable. The principal 
interferences are those due to isotopic mass overlaps, 
or isobaric interferences, which, being predictable 
from isotopic abundance tables, can easily be cor- 
rected for. Mass interferences may also arise from 

other species that are present in the plasma or formed 
during the ion extraction stage. These include di- 
atomic oxides, doubly-charged ions, and hydroxides 
or other molecular species, depending on the sample 
history.‘js The formation of these species appears to 
be inherent in the ICP-MS technique. They may not 
be eliminated despite control of the operating condi- 
tions. In addition, reagent salts dissolved in the 
sample solution may cause suppression of signal 
intensity. Although it is apparent that the presence of 
the easily ionized alkali-metal atoms may suppress 
the concentration of positive ions of the elements, a 
full understanding of the interferences is lacking.& 
Computational procedures for applying corrections 
for interelement interferences in spark-source mass 
spectrometry have been described by Bacon and 
Ure.67 

Doherty and Vander Voeta have applied similar 
data-processing techniques in the ICP-MS deter- 
mination of REE and yttrium in geological materials. 
At the Department of Earth Sciences we have re- 
cently employed ICP-MS for the determination of 
REE.69 Although overlaps of isotopes exist in certain 
cases, an isotope without overlap can be found for 
each element. However, a more serious problem 
arises from the light REE forming molecular monox- 
ide ions that cause interference in the determination 
of the less abundant heavy REE. The interferences 
are given in Table 3. 

Existing ICP-source mass spectrometers exhibit 
problems of stability, and therefore, reproducibility. 
They lend themselves well to isotope dilution anal- 
ysis, however, for in this technique stability is re- 
quired only over a very short time scale. The use of 
the isotopic dilution technique has been demon- 
strated for geological samples, including USGS stan- 
dard rocks.“,” This technique is more time- 
consuming, however, because the REE must be 
separated into two or more groups to reduce inter- 
ferences, and Pr, Tb, Ho and Tm cannot be deter- 
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Table 3. Interference in ICP-MS 

Nuclide 

“‘CS 
‘)‘Ba 
ls9La 
‘“Ce 
14’Pr 
‘4SNd 
14’Srn 
“‘Eu 
15’Gd 
,ssn 

16)Dy 
‘6sH~ 
16’Er 
169Trn 
‘73Yb 
“5LU 

Abundance, % Oxide interference 

100.00 “‘SnO 
11.23 ‘?%O 
99.91 ‘%bO ‘23Te0 
88.48 ‘“SnO ‘*VeO 

100.00 ‘*yTeO 
8.30 

15.00 
47.8 ‘3SBa0 
15.65 ‘VrO 

100.00 ‘43Nd0 
24.9 14’Sm0 

100.00 ‘49Sm0 
22.95 15’Eu0 

100.00 ‘53E~0 
16.12 15’Gd0 
97.40 ‘?-bO 

mined, because they each possess only one stable 
isotope. In spite of these limitations, it is recommen- 
ded as the method of choice when highly accurate 
data are required. 

Separation techniques applied in plasma source 
methoak 

Since the REE are present in certain rock samples 
at or below pg/g levels, separation of these elements 
as a group should ordinarily be incorporated in the 
analysis. This separation not only allows for precon- 
centration of the REE so that lower detection limits 
are possible, but also simplifies the analytical prob- 
lem of interference from matrix elements when geo- 
logical samples of widely varying composition are 
encountered. 

As described in the section on NAA, numerous 
types of separation of the REE from a matrix can be 
found in the literature. In most cases, ion-exchange, 
extraction and precipitation are suggested.46A**72,73 
One of the most common techniques is to concentrate 
the REE with the aid of a carrier. Yttrium has been 
used by Hettel and Fassel’* as a carrier because its 
ionic radius is about the same as that of Dy3+ and 
Ho3+, so in chemical properties yttrium closely re- 

sembles the lanthanides. Its emission spectrum is 
relatively simple, so the detection limits are not 
affected by interfering matrix lines. Furthermore, any 
separation scheme devised can easily be monitored by 
a radioactive tracer, 9, which is a p-emitter easily 
obtained from ?Sr. It is essential to obtain a very 
pure supply of yttrium so as to maintain low blank 
values. Elements other than the lanthanides, such as 
calcium and aluminium, have also been used as 
carriers,a particularly for precipitation separations.75 

Meloni et al.“j compared carrier precipitation of 
REE as fluorides with cation-exchange separation. 
Although the chemical yields of the precipitations 
were inferior to the ion-exchange recoveries, the 
reproducibilities were superior. Buchanan and Dale” 
reported good results from the use of yttrium, which 

served also as an internal standard. Denechaud et 
al.33 believe that no single element is a quantitative 
carrier for all the REE. It would seem that proven 
methods that do not entail precipitations are to be 
preferred in general. 

A consecutive cation- and anion-exchange sepa- 
ration and preconditioning scheme for the analysis of 
geological samples has been described by Crock and 
Lichte.“’ The method involves a low-temperature 
multi-acid digestion with hydrofluoric, nitric and 
perchloric acids. If resistant minerals such as zircon 
are present, a lithium metaborate fusion is used. It is 
claimed that the procedure minimizes interelement 
corrections, if not totally eliminate them. Separation 
of scandium from the lanthanides was not discussed, 
however. The procedure was applied successfully to 
trace analysis of certified standard geological samples 
for the lanthanides and yttrium. In the case of 
silicaceous samples, silicon can be completely re- 
moved from the matrix, permiting the use of some- 
what larger samples. A study of the ion-exchange 
procedures indicated that the recoveries of the REE 
were essentially quantitative and that nitric acid was 
a better eluent than hydrochloric acid.79 Brenner et al. 
omitted the anion-exchange step.79a Yoshida and 
Haraguchiso employed HPLC to separate individual 
REE prior to determination by ICP-AES. Ammo- 
nium lactate was used to develop the chromatograms 
as it did not cause difficulties with the operation of 
the torch. The retention times of copper, zinc, nickel, 
sodium, potassium and lead were close to those of 
some of the REE. However, interferences were slight 
or negligible in the analysis of a standard rock 
sample. 

The use of a phosphonate-type ion-exchanger is 
recommended for separating REE from other ions of 
significantly different radius and charge.8’ The phos- 
phonate binds strongly only to large ions with multi- 
ple charges, especially lanthanides and actinides. A 
5 x 1 cm column packed with phenylated Kel-F 
powder impregnated with 2-ethylhexylphenyl- 
phosphonic acid and conditioned with 0.1M 
perchloric acid is used to isolate the REE as a group 
from the matrix elements and the REE are then 
determined by DC plasma emission spectroscopy. 
The flow-sheet for the separation of the REE is 
shown in Fig. 3. 

In the determination of trace REE, Th, U, Zr, and 
Hf in certain geological materials, it is essential that 
the samples be completely dissolved, as current meth- 
ods involving a plasma source require solution nebu- 
lization. This presents no unusual problems if the 
material is completely soluble in acids, but if it is 
necessary to resort to fusion, as in the case of 
tourmalines, zircon, chromite, cassiterite and other 
minerals, the added salt should be removed from the 
sample after fusion. Large quantities of added salt 
cause depressian of the analyte signal intensity, clogg- 
ing of the nebulizer, deposition on the orifice of the 
sampler and drift in the analyte signal. Several 
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ROCK SAMPLE i-1 
5M HCl 

Dehydrate silica 

PRECIPITATE 
VOLATILIZATION w 

FILTER 

HF + HClO, 

I 
I 

I 
Aq -phase 

I 

I 

Alamlne-336 

I 

Org-phase 
U, Fe, MO, V, etc 

?.!%n HNO~ 0.W HClO, 

REE, Ti, Zr, alkali metals, 
etc. alkaline-earth metals, 

SC, Al, efc. 

Fig. 3. Flow diagram for the determination of lanthanides in rock samples. HeH0P = 2-ethyl- 
hexylphenylphosphonic acid.*’ 

users82*83 have reported that the ICP-MS technique is 
more susceptible than ICP-AES to analyte-signal 
suppression by concomitant elements in the sample. 
These effects are severe with boron-containing fluxes 
such as lithium metaborate (LiBO,), and thus require 
separation of boron and lithium from the sample 
solution. Although boron can be volatilized as methyl 
borate, procedures for removal of lithium are time- 
consuming. Kantipuly et a1.,84 therefore, employed 
K2B,07 as the fluxing agent in their recent work on 
tourmalines. The advantage of this flux is that the. 
potassium can be easily and rapidly separated as the 
perchlorate, while leaving the analytes Th, U, REE, 
Zr and Hf in solution. The precipitate is crystalline 
and well-formed and will not co-precipitate the ana- 
lytes of interest, which is reported to occur in work 
with potassium superoxide as the flux in ore and rock 
analysis?’ 

The analysis of inorganic materials by the ICP 
technique has a wide range of applications. A review 
of trace element determination in steelss6 discusses the 
use of ICP. The literature on emission techniques in 
the analysis of geological materials has been reviewed 
by Dinnin,” Boyko e-6 aLs8 and Moore.89 KieslW 
reviewed the analysis of terrestrial and extraterrestrial 
materials and dealt with the various steps required to 
obtain satisfactory results, e.g., sampling and sample 
preparation. Emission spectroscopy and mass spec- 
trometry are certainly the most useful analytical 
methods available for REE and will undoubtediy 
continue to be the methods of choice. 

X-RAY FLUORESCENCE SPECTROSCOPY (XRFS) 

This method is based on the analysis of the charac- 
teristic X-rays emitted by the elements of interest. 



Determination of lanthanides in geological samples 9 

Generally, the method is limited to wavelengths 
between 0.03 and 0.5 nm. Recent developments in the 
field of X-ray fluorescence promise progress in light- 
element and routine trace elemental analysis. 
MacDonald9’*92 has reviewed the method extensively. 

XRFS is a useful and versatile method for the 
determination of REE in a variety of materials. 
Typical applications are analyses for REE in rocks, 
minerals, ores and process solutions. As with other 
instrumental methods, XRFS is subject to spectral 
and other modes of interference. Since geological 
samples are diverse in their mineralogy composition 
and post-sampling history, it is difficult to prepare 
standards suitable for determination of low concen- 
trations of REE elements unless a chemical sepa- 
ration step is included. For the final determination of 
analytes by XRFS it is preferable that samples be in 
the solid state after the concentration step. 

Energy-dispersive counting with Li-doped silicon 
detectors has been applied to REE determinations.93 
Various modes of exciting the samples have been 
employed. The use of a secondary source and the 
radiation from j7Co and 24’Am have been examined 
by LaBrecque et a1.,94 who claimed that the results 
obtained by these methods were similar and in accord 
with neutron-activation analysis. Havranek and 
Bumbalova9’ reported a detection limit of about 0.1 
pg with a “‘Am source. Synchrotron radiation has 
also been used.96 Gladney and Bower9’ compared 
XRF and NAA with the aid of several certified 
standard materials. XRF has been compared with 
atomic-absorption spectrometry9’ and ICP-source 
emission spectrometry.99 

Various workers’W’02 have described methods that 
correct for matrix effects and a computer program 
that corrects for background interferences and mass- 
absorption has been provided.lo3 BowerlW has studied 
the precision and accuracy by analyses of ten refer- 
ence rocks and reported that a I-min counting time 
is optimal. The same author’Os has compared meth- 
ods of sample preparation: lithium tetraborate discs 
were preferred to powder samples. Rose et al.lM 
reported a precision of better than 5% with powder 
samples. 

Separation methods 

Generally, the chemical separation method in- 
volves fluoride precipitation or ion-exchange xpa- 
ration followed by lithium metaborate fusion to 
produce a glass disc that serves as a uniform thin 
support that does not interfere. 

An anion-exchange procedure for precon- 
centration of REE from apatite has been stud- 
ied.‘07*‘08 A 0.5-g sample was dissolved in 1M nitric 
acid. The solution was evaporated to dryness, taken 
up in a 1:20 v/v mixture of 7M nitric acid and 
methanol and transferred to a screw-capped poly- 
ethylene bottle containing 0.5 g of dry anion- 
exchange resin in the nitrate form. The batch equi- 
libration has the advantage over the column 

technique, of homogeneous distribution of the ion of 
interest on the resin. Although the agreement be- 
tween the results obtained by neutron-activation 
analysis and XRFS analysis of two phosphate sam- 
ples was reasonably good, the limits of determination 
for the elements investigated (La, Ce, Pr, Nd) were 
poor. Roelandts claimed that the detection limits 
were not definitive and could be lowered by using 
longer counting times. 

Various separation techniques have been described 
for achieving high sensitivity by producing thin sam- 
ple films. Ryabukhin et al.‘@ collected REE in a film 
of yttrium oxalate. Chinese workersuo,” used ion- 
exchange paper or membranes (ElOS) and reported a 
detection limit of 2.5 pg. 

SPECTROPHOTOMETRIC ANALYSIS 

Spectrophotometric analyses by absorption in the 
visible and ultraviolet region can be performed di- 
rectly on the aquo-complexes of some of the lan- 
thanides without the use of a secondary colour- 
forming agent. Although the lanthanide absorption 
bands are sharp, their molar absorptivities are not as 
large as those of the coloured complexes normally 
used in spectrophotometric analyses. Therefore, in 
the determination of the lanthanides and thorium, the 
method normally involves complexing the analyte 
with a coloured organic reagent and measuring the 
resultant change in its optical properties. Its ease and 
simplicity often lead to a spectrophotometric method 
being selected for analysis of geological materials. In 
fact, colour comparison can be applied in the field 
without the aid of instruments.“2*“3 The continual 
increase in the number of applications has been 
documented in excellent review articles by Hargis and 
Howell.“4,“S Comprehensive discussions of individ- 
ual methods and experimental procedures for dealing 
with a variety of materials, including water, ores, 
rocks and soils are given in standard texts such as 
those of Sandell,‘u Snell and Snell,“’ Onishi”’ and 
Marczenko.“’ The book by Jeffrey and Hutchison’3 
is a valuable source of procedures dealing with 
silicate rock analysis. 

The molar absorptivities of most species used in 
trace analysis range from approximately lo3 to 
10’ 1. mole-‘. cm-’ at the wavelength of maximal ab- 
sorption. This enables many elements to be deter- 
mined in geological materials at concentrations above 
about 0.1 pg/g provided adequate separation from 
the matrix can be achieved. The presence of certain 
elements may cause serious interferences, as the col- 
our reactions for REE are not specific. Interference 
by masking or rendering the desired colour reaction 
unstable may also occur. The matrix constituents 
may be troublesome because of their high concen- 
trations. More extensive discussion of absorp- 
tiometric errors can be found in the literature’s’22 
and in standard analytical texts. 
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Table 4. Imnortant chromogenic reagents used for REE and Th 

Element 

Lanthanides 

Thorium 

Reaction 
conditions, Molar absorptivity, 

Reagent PH I.mole-‘.cm-’ Selectivity 

Arsenazo III 14 5.S6.5 x 104 low 
Arsenazo I 14 1 x lo4 low 
Antipyrine S 2-5 1 x IO5 low 
Alizarin Red S 1 x lo4 
Carboxynitrazo (Ce) 24 1.6 x 10’ high 
Thoron (I) 0.7-l .2 1.2 x 104 high 
Arsenazo III l-2 1.2 x 105 high 

Methods of determining the rare-earth elements with 
chromogenic reagents 

Most spectrophotometric methods for the deter- 
mination of REE involve reaction with a chromo- 
genic reagent to form a product with a high molar 
absorptivity. The choice of reagent is governed by 
many factors, such as simplicity and rapidity of the 
chemical procedure, chemical stability of the absorb- 
ing species, sensitivity and specificity. Several chro- 
mogenic reagents used for the determination of ter- 
valent rare-earth ions are shown in Table 4. 

None of these reagents is entirely specific for rare 
earths, although Arsenazo III is somewhat selec- 
tive.‘23 Cations with a radius of less than 0.74.8 8, 
show no colour reactions with Arsenazo III, and they 
include elements commonly found in geological sam- 

Sample (20 ml, 4M HCL) 

TTA 

ples, e.g., Al, Be, Ge, Ti and Sn. However, this 
reagent also forms complexes with a large number of 
other elements, including thorium, uranium and zir- 
conium at low pH and iron, yttrium, scandium and 
other elements at higher pH. Fluoride and certain 
oxyanions such as phosphate and sulphate inhibit the 
colour formation. 

Goryushina et al. ‘24 have developed a photometric 
procedure to determine the REE, in which these are 
first separated from all other elements that react with 
Arsenazo III, by precipitation as the hydroxides with 
ammonia, followed by precipitation as the oxalates, 
with calcium added as carrier. 

Other methods include precipitation of the REE 
with sodium hydroxide to remove aluminium and 
the alkaline-earth elements, precipitation with 

I 
I I 

0;g A’q 

0.2M HF, 0.2M HNOa TNOA 

0.3M HCl 

9M’HCl 
665 nm 

Zr 

I 

TTA 

Aq 

pH 1.5-2.0 
650 nm 

’ ?-----l 

U 

Cm Aq 

3MiiCC 
665 nm 

Th 

IM HCC 

-G 
Aq 

pkl3.0-3.5 
660 nm 

REE 

Fig. 4. Separation and determination of Zr, U, Th, and rare earths. lz6 TTA = thenoyltrifluoracetone, 
TNOA = tri-n-octylamine, Org = organic phase, Aq = aqueous phase. 
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hydrofluoric acid to remove iron, titanium, zirconium 
and other elements forming soluble fluorides, and 
chlorination to remove elements that form volatile 
chlorides including iron, titanium, aluminium and 
zirconium. Various procedures for determining total 
rare earths have been based on combinations of these 
separation procedures, but usually incurring a 
significant loss of REE amounting to 3-25%. 
Aladjem”’ has summarized much of the information 
prior to 1966 on the spectrophotometric deter- 
mination of the REE. Cerium is the only lanthanide 
that can be determined selectively in the presence of 
the other rare earths. This is possible by oxidation of 
Ce(II1) to Ce(IV), which quantitatively reacts with 
many coloured reagents and organic dyes, e.g., 
tris(l,lO-phenanthroline)iron(II), (ferroin). 

A systematic separation of zirconium, uranium, 
thorium and REE, and subsequent photometric de- 
termination with Arsenazo III was developed by 
Onishi and Sekine.iz6 Each metal is back-extracted 
from the organic phase before its determination. The 
outline of the procedure is shown in Fig. 4. 

Although some separations are inevitable, in cer- 
tain cases they can be avoided by the use of masking 
agents. The use of such agents in spectrophotometry 
and other analytical procedures has been well covered 
in the book by Perrin. 12’ For example, Savvin et al.‘28 

have described a spectrophotometric method for the 
determination of La, Ce, Pr and Nd in the presence 
of a 650-fold w/w ratio based on the colour reaction 
of the REE with Carboxynitrazo. Interference by 
Fe(E) and the heavy REE was suppressed by the 
addition of EDTA. 

Photometric methods, especially for elements such 
as cerium and thorium, continue to be of interest, in 
spite of recent developments in use of AAS, 
ICP-AES and ICP-MS, which make these methods 
superior for the determination of trace amounts of 
individual rare earths. New, more sensitive and selec- 
tive reagents have been synthesized. In addition, 
techniques such as extraction photometric methods 
and the use of competing ligands to improve the 
selectivity of chemical methods continue to make 
spectrophotometric methods both attractive and in- 
expensive. Moreover, although strong claims are 
made for the specificity and sensitivity of NAA, 
ICP-AES and ICP-MS, some of the interferences to 
which these methods are subject are poorly under- 
stood and continue to cause problems. 
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Summary-Determinations of the aqueous iron species Fe(I1) and Fe(III) are essential for a fully-informed 
understanding of redox processes involving iron, Most previous methods for speciation of iron have been 
based on the calorimetric determination of Fe(U) followed by reduction of Fe(II1) and analysis for total 
iron. The indirect determination of Fe(II1) and the consumption of relatively large sample volumes have 
limited the accuracy and utility of such methods. A method based on ion~hromatography has been 
developed for simul~neous direct destination of Fe(H) and Fe(II1). Sample pretreatment involves only 
conventional filtration and acidification. No interferences with the iron(I1) determination were found in 
determination of iron(II1) the only interference observed was an artifact peak (of unknown origin) that 
occurred only when iron was present, and had an area that was a function of the iron(H) concentration 
and could hence be corrected for. Solutions of iron(I1) free from iron(II1) can be prepared by treatment 
with a mixture of hydrogen and nitrogen in the presence of palladium black as catalyst, to reduce the 
iron(II1). Photoreduction of iron(II1) in acidified samples increases the Fe(II)/Fe(III) ratio; no means of 
circumventing this effect is known, other than storing the samples in the dark and analysing them as soon 
as possible. 

Iron is one of the most common elements in the 
Earth’s crust, occurring in nearly all types of rock. Its 
redox and physiological properties make it an im- 
portant component of the biogeochemical cycles of 
elements such as carbon, sulphur and oxygen.‘13 Its 
reactivity also drives numerous chemical processes in 
natural waters, and it is a significant factor in the 
evaluation of water quality.4 

There are many shortcomings in our under- 
standing of the Fe-H,0 system that constrain the 
application of equilib~um the~~ynamics to the 
solution of problems that involve iron species in 
water. For example, thermochemical data for aque- 
ous Fe(I1) species are especially difficult to obtain, 
owing to the difficulty in eliminating oxygen and 
Fe(II1) from the systems In principle, the redox 
potential (E) can be used to predict the ~uiiib~um 
iron speciation, given the total iron concentration, 
but there are many problems associated with making 
accurate potential measurements.@ Even if accurate 
E values are available, their interpretation is compli- 
cated by kinetic and complexation effects that can 
cause the observed iron speciation to differ from the 
ratio of Fe(I1) and Fe(II1) activities predicted from 
the measured redox potential. The value of Eean also 
be calculated from the activity ratio of another redox 
couple, but that ratio may not be accurately deter- 
mined and the couple’s redox chemistry may not be 
linked to that of iron. Since predictions based on 
equilibria can only be accurate in certain situations, 

*Author for correspondence. Present address: Department 
of Geological Sciences, Lehigh University, Williams 
Hall 31, Bethlehem, PA 18015, U.S.A. 

the most reliable way to acquire information on the 
speciation of iron is to make direct determinations 
of both Fe(I1) and Fe(II1). Unfortunately, however, 
finding direct analytical methods for iron species is 
among the problems encountered in investigation of 
the basic processes in the Fe-H,0 system and in 
studies involving iron in the environment. 

Atomic absorption and emission spectrometry can 
only determine the total iron concentration. Though 
some methods of electronic or resonance spec- 
troscopy can distinguish between Fe(H) and Fe(III), 
they are better suited to molecules than to ions in 
aqueous solution. Most practical methods of ana- 
lysing for aqueous iron species involve spec- 
trophotometric determination of Fe(II).“i3 Fe(II1) is 
then reduced to Fe(I1) and total iron determined, 
yielding the concentration of Fe(II1) by difference. 
The main drawbacks of this approach are related to 
sensitivity, the level of iron to be determined, and 
interferences. 

This paper reports the development of an ion- 
chromatography (IC) method for directly deter- 
mining both Fe(I1) and Fe(II1) in water samples. It 
requires < 1 ml of sample and no sampie pre- 
treatment other than the usual filtration and 
acidification of the samples. Since its introduction,i4 
IC has become a widely-used technique for analysis 
of solutionsis (a non-exhaustive bibliography, avail- 
able from Dionex Corp., 1228 Titan Way, Sunnyvale, 
CA 94086, USA, lists over 500 citations up to 1984). 
The separation and conductimetric detection of 
alkali-metal and alkaline-earth metal cations are well- 
established, but only recently has IC technology been 
expanded to include transition and heavy metal de- 
termination by spectrophotometric detection.i6*” 
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Fig. I. Schematic of IC transition/heavy metal analytical system: IV = sample injection valve; 
MR = membrane reactor; dashed lines indicate fluid flow paths and the solid line indicates an electrical 

signal. 

Principle 

In analyses for iron, a small volume (IO-500 ~1) of 
sample is injected into an eluent stream, which carries 
the sample into a separator column (Fig. 1). The 
eluent contains a chelating agent that forms water- 
soluble complexes with metal ions, and the column is 
packed with a mixed-bed resin, which separates the 
complexes by differential dynamic sorption/ 
desorption processes. I8 Once separated, the metal 
complexes are treated with a calorimetric reagent in 
a reactor that consists of a hollow uncharged mem- 
brane fibre bathed in the reagent. The eluent stream 
flows through the lumen of the fibre, where it mixes 
radially with reagent permeating through the mem- 
brane under pressure. Longitudinal mixing, which 
causes broadening of the bands, is reduced by coiling 
the fibre, which also enhances the radial mixing. The 
intensity of the resulting colour, which is propor- 
tional to the amount of metal present, is measured 
in a flow-through spectrophotometer cell. Since the 
sample volume injected is known, the original metal 
concentration is readily determined. 

EXPERIMENTAL 

Smnple ireutment 

&mples were titered through Gelman or Millipore mem- 
branes with pore sizes no larger than 0.45 pm. Before the 
sample was collected, the membrane was leached with about 
500 ml of samule or demineralized water. Each filtered 
sample was coll&ed in a polyethylene bottle that contained 
a volume of redistilled 6M hvdrochloric acid (G.F. Smith 
Co.) that was 1% of that of ihe sample; the &ples were 
stored at 2-S’. Analyses were completed as soon as possible 
after collection but always within 2 weeks (the practical 
length of storage is discussed below). 

Reagents and stan&rdF 
Fe(ZZ) stanakk A 1mM stock solution was prepared 

from Fe(NH,),(SO.&.6H,O (Aldrich) or from Fe wire 
(Baker). The solutions were made up with demineralized 
water that had been deaerated under reduced pressure. 
During storage, the salt was protected from exposure to air 
and light. The stock solution made from it (0.3921 g/l.) was 
acidified with a 1% v/v addition of redistilled 6M hydro- 
chloric acid. For about 48 hr before use, the desired length 
(18 cm, N 56 mg) of 0.23~mm diameter Fe wire was soaked, 
with occasional ultrasonic treatment, in 0.18M ammonium 

oxalate to remove surface coatings of hydrous Fe(III) oxide, 
then quickly rinsed with demineralized water and acetone, 
dried on a tissue, weighed to 0.01 mg, and dissolved in 10 
ml of warm redistilled 6M hydrochloric acid. The solution 
was diluted to 1 litre. 

Approximately 10 mg of palladium black (Aldrich; this 
material will be referred to as Pd-b) was added to the stock 
ironfI1) solutions, which were then purged for W-20 min 
with-a ‘mixture of hydrogen (W-30%) and nitrogen, passed 
through a disoersion tube at 90-120 l./hr. This procedure 
ensur&l compiete reduction of the iron(II1) to iron( The 
nitrogen used was passed through a column packed with 
“Ascarite” to remove carbon dioxide and then through a 
heated glass column packed with copper turnings, to remove 
oxygen. 

After the reduction a portion of the stock iron(H) solution 
was filtered through a prerinsed glass-fibre or Whatman No. 
1 filter, and used for preparation of calibration standards by 
dilution with 6OmM hydrochloric acid. The stock solution 
was always reduced before use. Calibration standards were 
kept for no longer than 48 hr. It is not possible to use mixed 
Fc(II)/Fe(III) standards (see discussion). 

Fe(ZZZ) standardr. Commercial AAS standards for iron, 
made from iron(II1) chloride dissolved in hydr~hlo~c acid, 
were used as Fe(II1) standards not contaminated with 
Fe(I1). A IOO-mg/l. stock solution was prepared by diluting 
the commercial standard with 6OmM hydrochloric acid, and 
further diluted with this acid to @e the calibration stan- 
dards. 

Eluent. A 6mM PDCAl5OmM sodium acetate/SOmM 
acetic acid solution was made by dissolving 6.8 g of sodium 
acetate trihydrate iflaker) in 500 ml of demineralized water, 
adding 1 g of PI&A (2,6pyridinedicarboxylic acid, Al- 
drich), and 3 ml of glacial acetic acid (Baker), and diluting 
to 1 litre. The DH of this eluent was 4.5. The eluent was 
purged with nitiogen (stripped of CO, and 0, as above) for 
about 30 min before use. 

Post-coiwmt reagenf. A 0.2nUW PAR/3M ammonia/lM 
acetic acid solution was made by dissolving 43 mg of PAR 
in 400 ml of 7.5M ammonia solution and adding 600 ml of 
1.67M acetic acid. The solution was purged with nitrogen, 
and stripped of CO, and Oz for about 30 min, to prevent 
oxidation of the PAR, which would cause a noisy chro- 
matographic baseline. 

Sdphite solution, O.iM. A solution of 12.6 g of anhydrous 
sodium sulphite (Baker) in 1 litre of demineralized water. 

CAUTION. The inversion temperature of hydrogen is 
- 80”, so at room temperature hydrogen shows an inverted 
JouleThompson effect and becomes hot on expansion.” 
The explosive limits for hydrogen are 4-75% v/v in air.19 
During the course of our work, a rich mixture of H, in N, 
was passed through a small glass jet into an aqueous 
solution. When the jet was removed from the solution, a 
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Table 1. IC operating conditions 

Eluent flow: 1.0 ml/min 
Injection volume: 50 ~1 

PAR delivery 
pressure: 3.542 bar 

flow: 0.648 ml/min 
Detection wavelength: 520 mn 

Recorder sensiti&y: 0.16 absorbance full-scale 
Time constant: 1 set 

bright orange 3-cm flame appeared at its tip, and was 
probably caused by a combination of heating on expansion 
and ignition by a static discharge as the gas passed rapidly 
through the small nozzle. Although the flame was easily 
extinguished, the incident emphasised the need for care in 
handling hydrogen. No problems were encountered when a 
gas dispersion tube was used. Palladium black is also a 
potential fire hazard (it is a finely divided metal, and could 
be pyrophoric) and quantities huger than a few mg should 
be stored in an inert (air-free) atmosphere. Filters contain- 
ing a small amount of Pd-b (< 10 mg) can be wetted with 
water and placed in a glass or metal dish to dry. The Pd-b 
will then oxidize too slowly to ignite, and once dry can be 
disposed of with other dry wastes. 

Potentiometric measurements 
A Ross combination pH electrode (Orion 815500) was 

used for pH measurements and a combination Pt electrode 
(Orion 967800) for redox potential measurements, with a 
Corning 135 pH/ion-meter. The redox electrode uses a 
proprietary reference electrode which has a potential of 
0.246 V vs. the normal hydrogen electrode.m Redox poten- 
tial values (E) reported in this paper are referred to the 
normal hydrogen electrode. 

IC methods 

The IC system consisted of an APM-I analytical pump, 
CG-2 precolumn, CS-5 analytical separator column, and 
RDM-1 reagent delivery module with membrane reactor, all 
from Dionex. The detector was a Knauer 87 variable- 
wavelength spectrophotometer with tungsten-halogen 
lamp, solid-state detector (photodiode), and l-cm path- 
length cell (12-~1 volume). The detector output was 
recorded on a Kipp and Zonen dual-channel strip-chart 
recorder and a Hewlett-Packard 3392A integrator. All parts 
of the system in contact with fluid were non-metallic except 
for the flow passages in the detector cell. From the injection 
loop to the detector cell, the 0.3~mm bore PTFE connections 
were kept as short as possible to minimize the dead volume. 
Figure I shows the system configuration and Table 1 the 
operating conditions. 

Before a run, 0. IM sodium sulphite was pumped through 
the columns at 1.0 ml/min for l-2 hr to remove oxygen from 
the system. Then eluent pumping was begun and the column 
effluent was directed to the membrane reactor, the reagent 
reservoir of which was then pressurixed, and from there to 
the detector cell. When the baseline absorbance had sta- 
bilized (3B-60 min after switching to the eluent), the run 
could be started. Standards and samples were manually 
loaded into the injection loop with a plastic syringe. Acid 
blanks (6OmM hydrochloric acid prepared with demin- 
eralized water) were used to confirm that the syringe, acid 
and sample loop were not contaminated, but were not used 
in the determination. 

Calculations 

The detection limit (DL) was estimated by multiplying the 
standard deviation (S) of the low standard by the Student’s 
t-value (one-tailed test) for the appropriate number of 
degrees of freedom at the 99% significance level (p = 0.01). 
This calculation is similar to a more formal procedure*’ 
proposed by the USEPA, which is a practical approach to 
quantifying the detection limit as defined by IUPAC and the 
ACS.U 

To assess the recovery, standard additionsz3 were made to 
samples that contained only Fe(H) or Fe(II1) or a mixture 
of the two. Increments of standard equivalent to 3&50% of 
the amount of analyte already present were added to 4-10 
ml portions of sample, which were then analysed in tripli- 
cate, to give a total of 12 data points. The amount found 
(nmoles) was normalized to a sample volume of IO ml and 
plotted against the amount added. The slope indicates the 
recovery and the intercepts on the two axes should give the 
amount initially present. A difference between the two 
intercepts will occur owing to imprecision in making the 
additions and in the procedure, and can also arise if the 
recovery is not 100%. 

RESULTS AND DISCUSSION 

Preparation of Fe(ZZ) standards 

The Fe wire was the preferred source of Fe(I1) 
because ammonium iron(H) sulphate is prone to 
aerial oxidation. Although the degree of oxidation 
normally encountered is much smaller than the ex- 
perimental error in the method developed, it was 
considered worthwhile trying to make as pure an 
iron(I1) solution as possible for future use by us and 
others. 

Hydroxylamine hydrochloride is widely used for 
the reduction of Fe(II1) but was considered unsuit- 
able because of the possibility of damage to the resin 
in the columns or the fibre in the membrane reactor, 
and the possibility that it could be retained on the 
columns and cause reduction of Fe(II1) in 
subsequently-injected samples or standards. 

Hydrogen is used with a catalyst to remove oxygen 
from the atmosphere of glove boxes or growth cham- 
bers in studies of anaerobic bacteria,” so the possi- 
bility of using this procedure was examined. In the 
work with anaerobic bacteria, the hydrogen, carried 
in nitrogen or a CO& mixture, was passed over 
Pd-coated alumina or charcoal pellets, where it reac- 
ted with any oxygen present in it, to form water. In 
addition, Pd-b was suspended in the bacteriological 
media, which were placed in similar atmospheres. By 
the catalysed reaction the oxygen concentration in 
the atmosphere of a glove box was reduced to 
O.OOl%, and a medium containing Pd-b and buffered 
at pH 7 had an E value of -0.29 V.% The first step 
in adapting the latter procedure to preparation of 
Fe(III)-free solutions of Fe(I1) was to determine 
whether hydrogen in the presence of catalyst would 
reduce dissolved oxygen to water in an abiotic 
svstem. 

The peak heights were measured on the strip-chart, or the 
pe.ak areas by the integrator. Sample concentrations were 

* The E value of a O.lM sodium chloride/iOmM 

calculated from equations fitted to the calibration curves. hydrochloric acid solution in equilibrium with air, 

Linear eauations were used unless a auadratic model could measured with a combination Pt electrode, was very 
be shown (by the F-test) to improve the fit significantly. unstable, as expected for a solution with no reactive 
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Fig. 2. Chromatogram obtained from 50 ~1 injection of 
4.48pM Fe(III)/20.0yM Fe(H). 

redox couple, and varied between +0.3 and +0.4 V. 
When about 10 mg of Pd-b was suspended in the 
solution and this was purged with 20% hydrogen in 
nitrogen, the E value rapidly dropped to a steady 
value of -0.059 V. An E of -0.068 V would be 
predicted for a hydrogen partial pressure of 0.2 atm 
in equilibrium with water at pH 1.5. An E value of 
-0.059 V would correspond to a hydrogen partial 
pressure of 0.1 atm. The E measurements were precise 
to f0.002 V, but the accuracy of the mixing control 
for the gases was probably very poor. In addition, the 
oxidation of hydrogen on a Pt electrode tends to 
attain equilibrium only slowly unless the electrode 
surface area is very large (which requires a platinized 
electrode surface). It was concluded that the H,/Pd-b 
reduction procedure was successful for removal of 
dissolved oxygen. 

The ability of H, to reduce Fe(II1) in the presence 
of Pd-b was then investigated. A steady E value 
of -0.03 V was attained for a solution of 2mM 
Fe(II)/O. 1M NaC1/6OmM HCl purged for 15 min 
with a 20% HZ/N, mixture in the presence of Pd-b. 
Similar results were obtained with a corresponding 
Fe(III) solution, with purging for 30 min. The com- 
puter program WATEQF” was used to calculate the 
equilibrium distribution of the iron under these con- 
ditions. The activity ratio Fe(II)/Fe(III) at pH 1.5 
and E -0.03 V was 10’3.s, and the concentration ratio 
10i2.9. These results show that Pd-b is a suitable 
catalyst for the reduction of Fe(II1) by hydrogen. 

However, Pd also catalyses the oxidation of 
Fe(II),r6 so it is essential to filter it off from the stock 
iron(I1) solution before mixing the calibration stan- 
dards. Without the catalyst, the hydrogen that re- 
mains dissolved in solution is no longer an effective 

reducing agent, and can neither damage the IC 
columns nor interfere with subsequent iron analyses. 
Since the Pd-b catalyst loses effectiveness with time, 
it is occasionally necessary to suspend fresh Pd-b in 
the solution. 

Method performance 

A typical chromatogram of a mixture of Fe(III) 
and Fe(I1) is shown in Fig. 2. Table 2 summarizes the 
retention times, sensitivities and detection limits for 
Fe and several other metals. 

Calibrations for Fe(II1) were always linear. Peak- 
area calibrations were superior to peak-height cali- 
brations, especially at the lowest concentrations. The 
calibrations for Fe(I1) were usually linear but occa- 
sional large negative intercepts and curved plots of 
residuals indicated that a non-linear calibration 
model would improve the fit, especially for low 
concentrations, but use of quadratic models for the 
calibration curve improved accuracy over most of the 
calibration range by only about 1% or less. 

The response for both species was linear up to 
200pM. Higher concentrations were not examined, 
but smaller injection volumes, a higher concentration 
of PAR (e.g., 0.4mM) and a less sensitive detector 
range, can be used to extend the linear range and, in 
some cases, avoid sample dilution. Concentrations 
lower than 1pM can be determined by increasing the 
injection volume (up to 500 ~1) and using a more 
sensitive detector range. With fresh PAR, a properly- 
maintained membrane reactor, and a good-quality 
detector, the noise in the chromatographic baseline is 
low enough to permit detection of concentrations at 

Table 2. Method performance 

Retention 
time*, Sensitivity?, DL$, 

Species min peak area/@ pM 

Fe(II1) 3.9 5.60 x 10’ 1.22 
(1.3%) 

Fe(I1) 11.8 4.50 x 105 1.46 
(3.5%) 

CU 6.1 2.86 x lo5 
Ni 6.8 7.00 x 104 
Zn 7.5 1.00 x 105 
co 8.3 4.66 x lo5 
Cd 8.9 1.42 x l@ 

En 
10.1 1.08 x lo5 

0 - 

*Characteristic retention time for a 20pM 
injection. 

tSlope of calibration graph over 2-1OO~M 
range. For non-ferrous metals, sensi- 
tivities were estimated from 1 or 2 analyses 
and are presented for comparison only. 
Number in parentheses is the relative stan- 
dard deviation of the slope (7 replicates). 
Peak area expressed in integrator counts. 

$Detection limit for 50 ~1 injection volume 
and detector cell with l-cm path-length; 
not determined for non-ferrous metals. 

§No peak detected in 20 min. 
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least as low as 50nM ( N 3 pg/l.). Analyses at this level 
were not examined beyond determination of their 
feasibility, because they require clean-laboratory con- 
ditions and great care in the preparation of reagents 
and standards. 

The sensitivity of the method is quite high (Table 
2). PAR was introduced as a calorimetric reagent 
when it was realized that thanks to the chro- 
matographic separation high specificity of the reagent 
was no longer as important as high sensitivity.*’ PAR 
is useful for determination of cadmium, lead, ura- 
nium, and all first-row transition metals except scan- 
dium, and is well-suited to the detection of metals in 
IC methods, provided the metals can be separated. 
Besides the sensitivity, the rapidity of PAR reactions 
is an advantage in conjunction with the low-volume, 
short path-length detector cells that are desirable for 
chromatographic methods. 

Separation and interferences 

The CS-5 column and PDCA eluent were essential 
for the determination of Fe(II1). Fe(I1) can be deter- 
mined with other combinations of column and eluent, 
but most other transition/heavy metal IC eluents 
contain components (e.g., oxalate, tartrate or citrate) 
which can form neutral complexes with Fe(II1) that 
are eluted in the column void volume, whereas PDCA 
forms an anionic complex with Fe(II1) which thus 
undergoes retention in the CS-5 column. 

Solutions of several other metals were injected to 
identify potential interferences. None of the metals 
tested showed any interference with the iron deter- 
mination (Table 2), but some modification of this 
method may be necessary before all of them can be 
simultaneously resolved. 

The only significant interference is a peak that 
overlaps that for Fe(II1). Early in the development of 
this method, it was thought that this peak was due to 
Fe(II1) present in the Fe(I1) standards. Efforts were 
made to eliminate the peak by adding reductants for 
Fe(III), but the peak area could not be reduced below 
a constant value for a given Fe(I1) concentration and 
the peak shape was different from that for pure 
Fe(II1). The size of the peak was the same (within 
3%) whether the Fe(I1) standards were made from 
ammonium iron(I1) sulphate, iron wire, a non- 
stoichiometric iron(I1) sulphate, or a reduced Fe(II1) 
standard, or whether the reducing agent was hydro- 
gen (with Pd-b) or hydroxylamine hydrochloride. The 
cause of this peak is unknown, but it is evidently not 
Fe(II1). 

Attempts to eliminate the interference by sepa- 
rating the artifact from the Fe(II1) peak by using 
eluents with less PDCA, lower pH, or both, were 
tried, but the main effects were merely to increase the 
retention time of Fe(II1) slightly and that of Fe(I1) 
considerably (to > 18 min). 

The interference was finally dealt with by applying 
an empirical correction based on the observation that 
the artifact area was proportional to the square root 

Table 3. Analyses of mixtures 

A B C 

Fe(B) 
expected* 4.00 8.00 20.0 

found* 4.12 8.63 19.6 
rsdt, % (4.2) (1.9) (0.2) 

recovery, % 118.0 107.9 98.0 
Fe(W) 

expected 17.9 8.95 4.48 
found 16.4 7.96 3.12 

rsdt, % (0.9) (1.9) (2.4) 
recovery, % 91.6 88.9 69.6 

ZFe 
expected 21.9 17.0 24.5 

found 21.1 16.6 22.1 
recovery, % 96.4 97.9 92.1 

Fe(II)/Fe(III) 
expected 0.223 0.894 4.464 

found 0.288 1.084 6.282 
recovery, % 128.8 121.3 140.7 

*All concentrations expressed in PM. 
TRelative standard deviations (N = 3). 

of the Fe(I1) concentration and the assumption that 
the areas of the artifact and Fe(II1) peaks were 
additive. The Fe(I1) concentration is determined, 
then the peak area of the artifact is calculated and 
subtracted from the combined artifact-Fe(II1) peak 
area, and the concentration of Fe(II1) determined 
from the remaining area. 

Sample preservation and storage 

Filtration is an essential step in the collection of 
samples. To exclude bacteria and colloidal Fe(II1) 
species, pore sizes of 0.2 pm or less should be used. 
Certain bacteria, common in environments contain- 
ing Fe(II), can catalyse its oxidation.*“” Any col- 
loidal material will partly dissolve when the sample is 
acidified and hence give a time-dependent and in- 
creasing value for dissolved Fe(III).31 Any colloids 
that remain in suspension when the sample is injected 
into the IC are more strongly retained on the column 
than the dissolved Fe(III), and this may cause sub- 
stantial broadening of the Fe(II1) peak and even- 
tually clogging of the column. 

Oxidation of Fe(I1) was quenched by acidifying 
samples with hydrochloric acid immediately after 
collection, since the rate of Fe(I1) oxidation is mini- 
mal and is independent of acidity at pH ~3.*~*‘* 
Re-analysis of 7 lake-sediment pore-water samples 
containing IOO-29OOpM Fe(I1) and no detectable 
Fe(II1) showed an average loss of 1.6% of the Fe(I1) 
originally present, after 31 days of storage. Shortage 
of sample precluded detailed analysis of the vari- 
ability in Fe(I1) loss but the variability did not appear 
to be correlated with the original Fe(I1) concentration 
and could not be distinguished from the imprecision 
of the technique. The concentration of hydrochloric 
acid used in the standards and samples, 6OmM, gives 
a pH of 1.4-1.5 (on the activity scale, with correction 
for ionic strength). This is probably more than neces- 
sary to quench Fe(I1) oxidation, but gives samples 
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Table 4. Standard-additions tests 

Recovery*, Initial?, Actualt, 
Sample % nmole nmole 

Fe(H) additions (increment = 39.4 nmole) 
8.OpM Fe(H) 93.0 80.0 86.1 

(4.8) 
Mixture B$ 98.9 80.0 80.9 

(4.8) 
XFe in mixture 94.6 153.4 162.2 

(2.6) 
Fe(II1) additions (increment = 17.6 nmole) 

4.48pcM Fe(II1) 97.7 43.5 44.6 
(0.5) 

Mixture B$ 82.1 79.4 96.8 
(2.9) 

ZFe in mixture 92.8 157.4 169.6 
(6.0) 

*Slope of the line fitted to the graph of amount found 
(y) us. amount added (x). expressed as per cent 
of ideal slope (1.0); numbers in parentheses are 
relative standard deviations (N = 12). 

tInitia1 amount: intercept on the y-axis, i.e., amount 
recovered without addition, normalized to a 
lo-ml sample. 

$Actual amount: modulus of the intercept on the 
x-axis, i.e., amount present calculated from inter- 
cept and recovery factor, and normalized to a 
lo-ml sample. 

$See Table 3. 

and standards having the same ionic strength and 
major-ion composition, which experience has shown 
to improve the analytical accuracy and precision in 
IC methods. 

Analysis of mixtures 

The chief advantage of the method is the simulta- 
neous direct determination of Fe(II) and Fe(II1). To 
demonstrate its performance, three mixed standards 
were made and analysed in triplicate (Table 3). One 
of these mixtures was also analysed by the standard- 
additions method (Table 4). In addition, a USEPA 
quality-control sample and a lake-sediment pore- 
water sample, 33 both of which were mixtures, were 
analysed by this method and the Ferrozine methodI 
(Fig. 3). 

The recoveries of Fe(I1) and Fe(II1) from the 
known mixtures sometimes differed considerably 
from IOO%, but the absolute differences were all less 
than the value of the detection limit. The recovery of 
total iron was practically lOO%, however, which in 
conjunction with the consistently biased value of the 
Fe(II)/Fe(III) ratios suggests that the distribution in 
the mixtures was altered and that the errors in 
recovery of the individual species cannot be attrib- 
uted solely to the random errors of the method. 

However, the standard-additions analyses (Table 
4) showed that the over-recovery of Fe(I1) only 
occurred in mixtures with Fe(II1). The high ratios for 
the mixtures might be attributed to an under- 
recovery of Fe(II1) caused by some error in the 
procedure for correcting for the artifact peak, but no 

such error could be demonstrated and there was some 
real over-recovery of Fe(II), which would have been 
unaffected by the artifact. Furthermore, the com- 
parison with the Ferrozine method (Fig. 3) showed 
that the IC method had no more tendency to over- 
recover Fe(I1) or under-recover Fe(II1) than did the 
Ferrozine method. In fact, the comparison validated 
the artifact correction procedure, without which the 
two methods would have grossly disagreed on both 
the Fe(II1) and ZFe concentrations. 

The consistent positive error in the Fe(II)/Fe(III) 
ratio appears to be real and not peculiar to the IC 
method, but is difficult to explain. The batho- 
phenanthroline method uses an extraction procedure 
to separate the two species and thus avoids any 
alteration of the Fe(II)/Fe(III) distribution.” An 
excess of ammonium fluoride has also been used with 
1,10-phenanthroline,34 presumably to avoid the same 
problem by masking the Fe(II1). 

It has been suggested that Fe(II1) tends to be 
photochemically reduced in acidic systems.” Photo- 
chemical reduction of Fe(II1) has been discussed 
previously, especially for Fe(III)--dye complexes in- 

Fe (III) standard 

USEPA quality control sample 0 Ic 

Fe (III) 

ZFe 
10.6) 

Lake-sediment Pore-water 

Fe(lI) 

26.1 

Fe(IU) 
20.7 

c Fe 

Fig. 3. Comparison of the IC method with the Ferrozine 
method. Concentrations in PM. Note the use of different 
scales. The USEPA quality control sample is Trace Metal 
I, sample 2, vial number WP481. USEPA reports the true 
value (for ZFe only) as 14.3pM and the mean recovery from 
performance evaluation studies as 14.1pM, with 
s.d. = 0.8pcM. The numbers in parentheses are relative 
standard deviations (N = 3). The lake-sediment pore-water 
sample was collected from Contrary Creek, Louisa County, 
Virginia, U.S.A., on 2 May 1986 and was diluted tenfold for 

analysis. 
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volving nitrogen donor atoms35 or the initiation of 
polymerization of certain plastics.“36 It has also heen 
observed to affect the Fe(II)/Fe(III) ratio in samples 
of lake water.37 Since acidified Fe(II1) solutions that 
initially contain no Fe(II) can be stored without 
detectable reduction, the presence of Fe(I1) must be 
required for the photochemical reduction of Fe(II1). 
Furthermore, since the effect has been observed in 
essentially pure solutions of iron(II1) chloride, the 
process does not require agents found in natural 
waters, such as organic species. Simple boiling of 
acidified natural water samples containing Fe(I1) and 
Fe(II1) has also been shown to result in rapid con- 
version of Fe(II1) into Fe(II),38 but it is not clear from 
the published results whether the reaction involves 
species found in natural waters or is the same as the 
reaction observed in pure solutions. Radiolysis of 
aqueous solutions does produce reducing agents, 
chiefly electrons and hydrogen atoms,39 but no ex- 
perimental results are available from which to predict 
the possible effects of these agents on Fe(II)/Fe(III) 
rearrangements. The reduction of Fe(III) also pro- 
ceeds in the dark,” but the effect of hydr~hlo~c acid 
on the reaction is controversial, since it is stated (a) 
to increase the effect,37 and (b) not to affect it.” 

The prevention of rearrangements of Fe(II)/Fe(III) 
would improve the reliability of any analytical 
method for speciation of iron. It has been shown that 
FeOH2+ is more susceptible to reduction than 
Fe3+,@b4’ but since at pH 0.5 the activity of FeOH*+ 
is 2 orders of magnitude lower than the activity of 
Fe’+, this does not seem to be a likely reason for 
the problem. Until the rearrangement can be reliably 
prevented, the conclusion of this study is the same as 
that of an earlier report,37 namely to avoid exposure 
of samples to light and to analyse them very quickly 
after collection. 

CONCLUSIONS 

An IC method has been developed for the simulta- 
neous direct dete~ination of Fe(I1) and Fe(III). 
Sample treatment involves only filtration and 
acidification at the time of collection and storage at 
2-5” until analysis. Detection limits for the analytical 
conditions considered were 1 .SpM Fe(I1) and 1.2pM 
Fe(II1). Increasing the sample injection volume (from 
50 ~1) and the sensitivity of the s~trophotomet~c 
detector should lower the detection limit. 

A means of preparing Fe(III)-free solutions of 
Fe(H) has also been developed. Hydrogen is shown 
to reduce both dissolved oxygen and aqueous Fe(II1) 
in the presence of palladium black as catalyst. This 
procedure is useful for making accurate Fe(I1) stan- 
dards free from Fe(III), and should prove useful in 
the determination of thermodynamic data for Fe(II) 
and kinetic investigations of Fe(I1) oxidation initiated 
in the absence of Fe(II1). 

ln analysis of Fe(II)/Fe(III) mixtures, an increase 
in this ratio was observed and was attributed to 

Fe(II1) being reduced, possibly photochemically. This 
effect apparently requires the initial presence of 
Fe(II), since solutions of Fe(II1) that contained no 
Fe(I1) showed no evidence of reduction. At present, 
the only means of avoiding this problem is to protect 
samples from light and analyse them as soon as 
possible, preferably within a few minutes. 
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Summary-A sensitive spectrophotometric method is reported for the determination of tinidazole (TZ), 
metronidazole (MZ), benzoyl metronidaxole (BMZ) or niclosamide (NS) either in pure form or in 
formulations. This method is based on reduction with zinc dust and hydrochloric acid followed by reaction 
with metol and potassium dichromate at pH 3.0 k 0.2 to give a coloured product having maximum 
absorbance at 720 nm (for TZ, MZ and BMZ) or 530 nm (for NS). 

5Nitroimidazoles such as tinidazole (TZ), met- 
ronidazole (MZ) and benzoyl metronidazole (BMZ), 
and the 4’nitrosalicylanilide derivative niclosamide 
(NS) are extensively used as antiamoebic and an- 
thelmintic agents (for structures see Table 1). They 
have been officially determined by titrimetry with 
glacial acetic acid solution of perchloric acid (MZ,lm3 
BMZ2) or with tetrabutylammonium hydroxide 
(NS1s2). They have also been determined by ultra- 
violet spectrophotometry (TZ,“’ MZ,r-i2 BMZ’* and 
NSi3*i4). Most of the methods for spectrophotometric 
determination of TZ,‘s’9 MZ’“28 and NS’* in the 
visible region, require initial reduction by treatment 
with zinc and hydrochloric acid followed by applica- 
tion of a standard procedure to the resulting primary 
aromatic amine. In continuation of our investigations 
on the spectrophotometric determination of primary 

aromatic amines with metol (Cmethylaminophenol 
sulphate) and chromium(VI),2’3’ we now describe the 
application of this combination to determination of 
TZ, MZ, BMZ and NS. This procedure has been ap- 
plied to a wide variety of pharmaceutical preparations. 

EXPERIMENTAL 

Reagents 
All solutions were prepared in doubly distilled water. A 

freshly prepared 0.2% aqueous solution of metol (BDH) 
was always used. Potassium dichromate (Reechem) (O.OlM) 
solution was prepared. The buffer solution (pH 2.9) was 
obtained by dim&g a mixture of 250 ml of 0.2-M potassium 
hydrogen phthalate (Ranbaxy) and 254 ml of 0.1 M hydro- 
chloric acid (BDH) to 1 litre with water. 

Standard drug solutions. About 20 mg of each drug was 
accurately weighed and treated with 10 ml of 1M hydro- 
chloric acid and 0.25 g of zinc dust added in portions. -After 
standinn for 20 min (for TZ. MZ and BMZ) or 45 min (for 
NS) at Foam temperature, the solution was filtered through 
cotton wool; the residue was washed with three 5-ml 
portions of solvent (water for TZ, MZ and BMZ, methanol 
for NS) and the filtrate was neutralized with sodium hydrox- 
ide and diluted with solvent to volume in a lOO-ml standard 
flask. 

All chemicals used were of analytical or pharmacopoeia1 
grade. 

Procedures 

Bulk samples. A portion of the drug solution (0.3-3.0 ml 
for TZ, 0.2-2.0 ml for MZ, 0.3-4.5 ml for BMZ and 0.4-4.0 
ml of NS) was accurately measured into a 25-ml standard 
flask. After addition of 15 ml of buffer solution, 1 ml of 
0.2% metol solution and 1 ml of O.OlM potassium dichro- 
mate, the solution was diluted to the mark with water (for 
TZ, MZ and BMZ) or methanol (for NS) and the absorb- 
ance measured at 720 nm (for TZ, MZ or BMZ) or 530 nm 
(for NS) durina the next l-10 min for TZ. MZ or BMZ. or 
15 mm-3 hr fir NS against a reagent blank prepared in a 
similar manner. The drug concentration was read from the 
appropriate calibration graph prepared under identical con- 
ditions. 

Pharmaceutical preparations. An amount of powdered 
tablet or of syrup equivalent to 20 mg of drug was extracted 
with warm acetone (three 5-ml portions), the combined 
extracts were evaporated on a steam-bath and the residue 
was treated as for preparation of standard drug solution. 
This solution was then analysed as above. The results were 
compared with those from the Indian Pharmacopeial non- 
aqueous titrimetric method using perchloric acid as titrant 
and Malachite Green as indicator (for MZ and BMZ), 
the potentiometric method using tetrabutylammonium hy- 
droxide as titrant (for NS) and the Nagvankar spec- 
trophotometric method4 at 368 nm (for TZ). The results 
obtained are summarized in Table 3. 

RESULTS AND DISCUSSION 

Absorption spectra 

The absorption spectra of the reaction products 
from the reduced drugs show characteristic &,,,, val- 
ues (Fig. 1 and 2: 720 nm for TZ, MZ and BMZ, 
530 nm for NS), whereas the metol-Cr(VI) or 

metol-Cr(VI~unreduced drug combinations have 
very low or no absorption in these regions. The 
calibration graphs are linear over a concentration 
range @g/ml) of 2.424.0 for TZ, 1.6-16.0 for MZ, 
2.4-36.0 for BMZ and 3.2-32.0 for NS. The coloured 
species are stable for l-10 min (for reduced TZ, MZ 
or BMZ) and 15 min-3 hr (for reduced NS); Fig. 3. 
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Wavelength, nm 

Fig. 1. Absorption spectra of benzoyl metronidazole (A), 
metronid~ole (8) and tinidazole (C~metol~r~l) systems 
(~on~ntration of benzoyt metronidazole 1.16 x IO-‘M, 
metronidazole 8.76 x IO-‘&f, tinidazole 6.47 x IO-‘M, 
metol 2.32 x 10W4M and potassium dichromate 4.0 x 

10-4M): reagent blank US. distilled water (D). 

06 r 
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Wavelength, nm 

Fig. 2. Absorption spectra of niclos~id~etol~r~) 
system (concentration of niclosamide 9.17 x to-‘M, met01 
2.32 x 10e4M and potassium dichromate 4.0 x 10v4M): re- 

agent blank us. distilled water (B). 

The reaction conditions were established by vari- 
ation of one parameter at a time. For the reduction, 
use of OS-2.OM hydrochloric acid and 0.2-1.0 g of 
zinc dust was found optimal. The reduction time was 
established by increasing it in increments of 5 min, 
and it was found that reduction for 15 min for TZ, 
MZ, BMZ and 40 min for NS is sufficient to yield 
maximum absorbance. For all four drugs use of 

0.5-3.0 ml of metol solution and 0.5-2.0 ml of 
dichromate solution was considered optimal. 

Several oxidants @otassium dichromate, sodium 
metaperiodate, c~oramine-T, potassium ferri- 
cyanide, ferric chloride, ceric ammonium sulphate, 
ferric ammonium sulphate and iodine) were tried, but 
potassium dichromate was preferred, for the high 
sensitivity obtained. 

Analytical data 

The opticai characteristics and figures of merit are 
given in Table 2. The values obtained by the pro- 
posed and reference methods for pharmaceutical 
preparations are compared in Table 3, together with 
the results of recovery experiments. Other active 
components such as diioxanide furoate, di- 
iodohydroxyq~noline and fur~olidone that are gen- 
erally present in combined formulations did not 
interfere. Commonly encountered excipients such as 
starch, talc, lactose and magnesium stearate also did 
not interfere. The present method has advantages 
over the pharmacopeial and other reported methods 
in terms of simplicity, sensitivity and freedom from 
interferences. 

The chemistry of the colour reaction may be 
suggested on the basis of a previously reported 
mechanism.32T33 The nitro compound is first reduced 
under the proposed conditions to the corresponding 
amino derivative. It is probable that the p-N- 
methyl~~oq~none monoimine formed in situ from 
the metol-chromium(VI) combination, being a good 

0 2 4 6 8 10 12 14 1A.B.C) 
I 1 1 1 1 1 1 1 I 

0 20 40 60 60 TOO 120 140 160 (Dl 

Time, min 

Fig. 3. Rate of colour development and stability of colour 
(A = benzoyl metronidazole, B = metronidazole, C = 

tinidazole, D = niclosamide). 

Table 1. Structures of the drugs 

R:-CH&H,SO,CH,CH?, Tinidazole 
-CH&H,OH Metronidazole 
--CH,CH,OOCC,H, Benzoyl metronidazole 

Niclosamide 



Spectrophotometric determination of drugs 

Table 2. Optical characteristics, precision and accuracy 
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Parameters 
BenzOyl 

Tinidazole Metronidazole metronidazole Niclosamide 

Beer’s law limits, pgcglml 
Molar absorptivity, I.mole-‘.cm -’ 
*Regression equation 

Slope (b) 
Intercept (a) 
Correlation coefficient (r) 

Relative standard deviation, % 
Range of error. % 

2.424.0 1.6-16.0 2.436.0 3.2-32.0 
7.4 x 10s 6.82 x lo’ 6.19 x lo) 5.96 x lo’ 

2.99 x 10-Z 3.97 x 10-Z 2.23 x lo-* 1.71 x 10-2 
4 x 10-4 1.6 x lo-’ 3.4 x 10-J 1.12 x 10-r 

0.9998 0.9999 0.9999 0.9997 
1.3 1.1 0.8 0.6 

*1.4 *1.1 kO.9 kO.6 
(95% confident limit) 

_ 

*A = a + bC, where C is the concentration in pg/ml. 

Table 3. Analysis of dosage forms 

Drug 

Nominal 
amount, 

me 

TABLETS 
Tinidazole 
Tinidazole + DF 
Metronidazole 
Metronidazole + DF 
Metronidazole + DIHQ 
Niclosamide 

300 
300 
200 
200 
200 
500 

Found, mg 

Reference* Proposed 
method method 

Recovery by 
proposed 

method, to/ 

299 295 98.0 
299 296 99.0 
199 198 98.9 
198 197 97.9 
198 199 98.9 
504 508 101.0 

SYRUPS 
Benzoyl metronidazole (7.8 ml) 
Tinidazole + FZ 

500 496 496 98.6 
50 48.0 47.7 97.4 

Benzoyl metronidazole + FZ (7.8 ml) 250 245 244 97.0 

DIHQ = di-iodohydroxyquinoline 250 mg; DF = diloxanide furoate 250 mg or 500 mg; 
FZ = fmazolidone 30 mg; 

*Reported method for TZ,’ I.P. method for MZ, BMZ and NS2. 
tFor 1OOmg added to each sample. 

electron-acceptor, forms a charge-transfer complex 
with the amino derivatives as electron-donors. The 
variation in & and stability of the coloured species 
formed from the two types of drug may be due to the 
difference in the ionization potential of the donor 
[the greater basic character of a l-substituted+ 
aminoimidazole (reduced TZ, MZ, or BMZ) relative 
to the primary aromatic amine (reduced NS) is due 
to the presence of two heterocyclic nitrogen atoms 
remote from the substituent].” The earlier report on 
the determination of aspartic acid as its imidazole 
derivative by treatment with metol and sodium 
hypochlorite3’ supports this proposition. 
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Summary-The mass spectral behaviour of pentachlorophenyl /?-carbonylenolate phosphino nickel(I1) 
square planar complexes has been investigated under electron impact (EI) and field desorption (FD) 
conditions. The fragmentation has been interpreted on the basis of the B/E linked scans and mass-analysed 
ion kinetic energy (MIKE) techniques. The acetylacetonate diphenylphosphino complex was found to 
undergo a solid state reaction in the probe, which led to the generation in situ of a nickel(II1) chloro 
complex. Careful control of instrumental conditions and computer-assisted EI measurements made it 
possible to characterize the addition products as [NiCl(C,Cl,)(AcAc)PPh,Me] and to propose a 
mechanism for its solid state generation. 

Mass spectrometry has proved to be a powerful tool 
for investigating the structure and reactivity of co- 
ordination and organic compounds.‘s2 In this con- 
nection, however, the conditio sine qua non for its 
successful utilization is the absence of undesirable 
chemical transformations of the analyte in the mass 
spectrometer, i.e., in (i) the inlet system; (ii) the ion 
source; (iii) the analyser region. 

Chemical transformations (generally isomer- 
izations and chemical degradations) arise from the 
lability of the compound under study with respect to 
temperature and/or the ionization method employed. 
For these reasons, in the last decade much research 
has been devoted to the development of mild sample 
evaporation systems3 and “soft” ionization meth- 
ods.- 

In previous papers we have described examples of 
potential errors in interpretation connected with 
points (ii)’ and (iii).’ In the former case we demon- 
strated the occurrence of a fast isomerization process 
in the ionization chamber, in the latter, by com- 

parison of electron impact (EI) spectra, with B/E 
linked scans9 and mass-analysed ion kinetic energy 
spectra, lo we were able to describe a “slow” isomer- 
ization process, with kinetics such that it occurred 
only in the second field-free region of our instrument. 

We report here the results obtained in a mass 
spectrometric investigation of some novel penta- 
chlorophenyl b-carbonylenolate phosphino nickel(I1) 
complexes” (compounds l-9). Electron impact and 
field desorption (FD)12 were used as ionization tech- 
niques, and fragmentations were investigated by us- 
ing B/E linked scans and mass-analysed ion kinetic 
energy (MIKE) spectra. 

H 

*To whom correspondence should be addressed. 
ton leave from Istituto di Chimica Farmaceutica e Toss- 

icologica dell’Universitr& 190100 Cagliari, Italy. 

1: PRJ = PPh,Me, R’ = RZ = Me 
2: PR3 = PPh,Me, R’ = Me, R* = Ph 
3: PR, = PPh,Me, R’ = RZ = t-But 
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4: PR, = PPh,Me, R’ = t-But, R2 = CFs 
5: PR, = PPh,Me, R’ = Me, R2 = OEt 
6: PR, = PPhMe*, R’ = R2 = Me 
7: PR, = PPhMez, R’ = Me, R2 = Ph 
8: PR,=PMe,, R’=RZ=Me 
9: PR, = PMe,, R’ = Me, R* = NHMe 

We describe the unexpected behaviour of compound 
1, which undergoes facile Cl’ addition in the mass 
spectrometer. The mechanism of this reaction has 
been studied in detail. 

EXPERIMENTAL 

Complexes 1-3 were prepared as described previously.” 
Mass speetrometric rn~sur~en~ were performed on 
Varian MAT 311 and VG ZABZF” instruments with a 
typical ion-source temperature of 200”. The mass values 
refer to the 5*Ni and ‘QZl isotopic forms. The majority of the 
experiments on 1 were performed with the VG instrument 
operating in EI conditions (70 eV, 200 PA), in which the 
sample, contained in a glass capilIary, was ca. I .2 cm from 
the electron beam. The probe which carried the sample was 
usually heated to 108”. FD measurem~ts were performed 
on the MAT instrument with an extraction potential of 6 kV 
and an ion-source temperature of 160”. Differential scan- 
ning calorimetric measurements were performed with a 
Perkin Elmer DSC-4 apparatus. 

The fragmentation pattern found for compound 1 
in EI experiments, as confirmed by B/E linked scans 
and from the analysis of isotopic clusters, is reported 
in Scheme 1. Analogous fragmentation patterns 
occur for 2 and 3. 

The only two primary decomposition pathways are 
due to cleavage 1, leading to the complementary ions 
[C$Cl,PR, R,R,]+’ and [M - C,Cl,PR, R2Rs]+‘, and 
the cleavage of the pentachlorophenyl-Ni bond with 
H rearrangement, giving rise to the [CgHC15]+’ ion at 
m/z 248. Further sequential Cl’ losses and fragment 
ions related to the phosp~ne moiety are responsible 
for the other ionic species present in the mass spectra 
of compounds l-3 (see Table 1). 

RESULTS AND DISCUSSION 

When the probe temperature is increased from 100” 
to 140” compound 1 shows quite unexpected hehav- 
iour: an abundant ion at m[z 639, formally corre- 
sponding to w + Cl]+ ions is now present (Fig. 1). 
Hence, the increase in probe temperature does not 
seem to lead to degradative pyrolysis processes, but 

pounds, only the peaks corresponding to M+’ species, 
indicating a low proton affinity. Furthermore, the 
lack of fragment ions in FD conditions indicates, in 
principle, either that the fra~entation processes are 
quite slow and hence undetectable in the small time 
span of the field desorption experiment, or that the 
compounds examined exhibit a high thermal stability 
(it is well known that the “fragment ions” observed 
in FD conditions are, in fact, very often the molecular 
ions of pyrolysis products generated on the heated 
emitter). 

The most abundant and significant ionic species to a specific addition reaction which gives rise to the 

arising from the El of compounds l-3 are reported [M + Cl]+ species. This addition reaction could arise 
in Table 1, and the whole spectra of compounds l-9 from several different mechanisms: 
are available as supplementary material. All the 
compounds displayed easily detected molecular ions 

(i) gas-phase, ion-moI~ule reactions: 

and fragment ions which are simply related to the 
E’ 

structure of the neutral molecules. These results (a) M- [M - Cl]’ + Cl’ 

suggest that no isomerization processes take place on 
EI. 

M + Cl’ = [M + Cl]’ A[M + Cl]+ 

Field desorption spectra show, for all the com- (b) M” + Cl’- [M + Cl] + 

Table 1. EI mass spectra of compounds l-3 

m/z (Relative abundance %) 

Fragments Compound 1 Compound 2 Compound 3 

M+’ 6040.6) 542(0.3) 480(S) 
fM - ~i(AcAc)~]+ 447(l) 385t1.2) 323(65) 
lryn - (PhPMeCl)]+’ 446(6) 
[M - (Ni(AcAc) + Cl)]+ 412(21) 34914) 

- 

[M - (Ni(AcAc) + HCl)]+ 
[M - (PhPMeCI + HCl)]+’ 
[M - (Ni(AcAc) + ClJ+ 
[C,CI,H]+’ 
W&HI+ 
[M - C,Cl:]f 

!=$lel+ 
FPh; - Hz]+ 
[CgC13H]+’ 

411(10) 350(2) 288(57) 
410(14) - 
377(4) 315(1.8) 253(80) 
248(10) 248(58) - 
213(3) 213(17) 

20033) 
- 233(I5) 
- - 

185(35) - - 
183(100) 
178(l) 178(10) 

- 

157(11) 157(2) 157(30) 
- 138(100) - 
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“[M - Cl]‘“,,,, and a chlorine radical; (ii) Cl’ reacts 
instantaneously with the stoichiometric amount of 
solid 1, giving a particularly volatile nickel(II1) com- 
plex, 1 + Cl; (iii) the significant presence of 1 + Cl in 
the EI spectrum of 1 at lower temperatures is also 
explained, the high vacuum conditions of the probe 
compartment representing the fundamental force for 
driving the consumption of solid 1 along a chemical 
route, thus leading to solid 1 + CI; (iv) the overall 
effect of the probe temperature on the relative abun- 
dance of m/z 604 and 639 (Table 2) obviously agrees 
with the mechanism depicted in Scheme 3. 

As a final comment, it is worthwhile noting that a 
slight complication in interpreting the spectrum of 1 
stems from the fact that m/z 604 is produced not only 
from solid 1 but also by electron impact induced 
decomposition of the ionic species at m/z 639 (see 
Scheme 2). 
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Summary-The heterocyclic nucleus in tryptophan is oxidized by nitrous acid at elevated temperature to 
produce a phenolic intermediate which further reacts with nitrous acid to form a nitro compound that 
has a golden yellow colour in alkaline medium. The maximum absorbance is obtained at 400 nm with 
maximum molar absorptivity of 9.44 x 10) l.mole-‘.cm-‘. Derivatives of tryptophan such as indole-3- 
acetic acid, tryptamine and tryptophanamide, as well as indole, produce the same colour, but some others, 
e.g., 5-hydroxytryptamine and 5-hydroxyindole-3-acetic acid do not give the colour reaction. A plausible 
mechanism is proposed to explain this behaviour. 

Tryptophan contains an indole group. It is a vital 
constituent of proteins and indispensable in human 
nutrition for establishing and maintaining a positive 
nitrogen balance. Although there are several methods 
available’ for its determination, they are tedious 
and the results often uncertain. Many of the spec- 
trophotometric methods involve condensation with 
an aldehyde such as 4-dimethylaminobenzaldehyde 
and oxidation of the product. However, it is difficult 
to control the oxidation step to give a stable colour 
and reproducible results.*-* Methods have also 
been proposed which are based on oxidation with 
nitrdus acid and coupling with N-(l-naphthyl)- 
ethylenediamine,‘*” nitration,” or reaction with 
acetic anhydride’* or anthrone.13 Although trypto- 
phan is normally determined after alkaline hydrolysis 
of proteins, improvements to prevent oxidative 
destruction of its indole group during acid hydrolysis 
have also been made.14,15 2-Hydroxy-Snitrobenzyl 
bromide is thought to react with all tryptophan 
residues in intact proteins,16T17 but low and inconsis- 
tent results have also been reported.‘* Methods based 
on the fluorescence and ultraviolet absorption prop- 
erties of tryptophan’9*20 or their modification by 
reagents such as N-bromoSuccinimide,*’ require the 
protein sample to be soluble and denatured.** Re- 
cently, a spectrophotometric method was proposed, 
based on colour formation when tryptophan is made 
to react .with brucine and periodate, but thiols and 
some amino-acids, e.g., cystine, glutathione and cys- 
teine, interfere severely. There still exists a need for 
‘a rapid and accurate spectrophotometric method for 
determining tryptophan in a variety of soluble and 
insoluble proteins. 

EXPERIMENTAL 

Reagents 

Sodium nitrite, 1% aqueous solution. Sodium hydroxide, 
15% solution in water. 

Samples 

The tryptophan was chromatographically pure and had a 
purity of 99.9% as found by the method of Basha and 
Roberts.9 Indole-3-acetic acid, 5-hydroxytryptamine (sero- 
tonin), tryptophanamide, indole, S-hydroxyindole-3-acetic 
acid and all other chemicals were obtained from Sigma 
Chemicals Company, U.S.A., and used as received. 

Procedure 

Preparation of calibration graph. Dissolve about 25 mg of 
tryptophan accurately weighed in water in a 250-ml stan- 
dard flask and dilute to the mark. Mix 0.u ml portions of 
this solution in 20-ml beakers with 1 ml of 6M hydrochloric 
acid and 2 ml of 1% sodium nitrite solution, dilute to about 
10 ml with water and heat on a boiling water-bath for 
30 min. Transfer the cooled reaction mixtures into 25-ml 
standard flasks, add 10 ml of 15% sodium hydroxide 
solution, dilute to volume with water and measure the 
absorbances at 400 nm against water. 

Alkaline hydrolysis of protein samples. Heat a weighed 
Dortion (about 25 md of motein with 10 ml of 5M 
potassi& hydroxide & seal& glass tube at 120” for 18 hr. 
Acidify the cooled hydrolysate with a slight excess of 
hydrochloric acid, centrifuge to remove any insoluble mate- 
rial (and wash it with water) and dilute the supernatant 
solution and washings to volume in a 25-ml standard flask 
and analyse a suitable aliquot for tryptophan. 

Determination of tryptophan. Treat an aliquot of test 
solution containing 50-500 pg of tryptophan as in the 
preparation of calibration graph and measure the absorb- 
ance at 400 nm against water. 

Identification of the reaction products 

A mixture of 5 ml of an aqueous solution (0.5 mg/ml) of 
the particular aminobenzoic or hydroxybenzoic acid, 5 ml 
of 6M hydrochloric acid and 10 ml of 1% sodium nitrite 

35 



36 KRISHNA K. V~MA et al. 

solution was heated under a reflux condenser on a boiling 
water-bath for 60 min. After cooling, the reaction mixture 
was extracted with 10 and then 5 ml of diethyl ether, and 
the extract was placed in a porcelain dish. 

After evaporation of the ether the residue was dissolved 
in one drop of ether and applied to the start-line on a 
Silufol precoated thin-layer chromatography sheet (SklBmy 
Kavalier, Votice, Czechoslovakia) and chromatographed 
with I-propanol-ammonia (2:l) mixture or benzene as 
mobile phase. Detection was done by exposing the chro- 
matogram to ammonia vapour or spraying with stannous 
chloride solution and ~~ime~yiamino~n~dehyde.*’ 

RESULTS AND DISCUSSION 

Treatment with nitrous acid and colour devel- 
opment in alkaline medium has been used earlier for 
the s~trophotomet~c determination of phenolic 
compounds. The stability of the nitroso chromogen 
of paracetamol has been reported to be increased by 
the addition of alcohols.25 Other workers have 
claimed that a nitro rather than a nitroso derivative 
is the reaction product.26*27 

the tryptophan is sensitive to oxidation to kynu- 
renine,“s3’ which contains an aromatic amino group 
and undergoes diazotization on further reaction with 
nitrous acid. The diazo com~und fo~ation has 
been confirmed by performing the nitrous acid reac- 
tion at lower temperature and coupling the product 
with alkaline 2-naphthol or N-( I-naphthyl)ethyl- 
enediamine, a dye being formed. At elevated tem- 
peratures, the diazonium group is unstable and 
replaced by a hydroxyl group in aqueous medium. 
The resulting hydroxyl compound from tryptophan 
etc., has a free para-position which can undergo 
reaction with nitrous acid and thus give colour 
formation after dissociation of the aci-form in 
alkaline medium. The following are the probable 
reactions with tr~tophan. 

However, the formation of metal chelates with the 
reaction product has been taken as evidence in favour 
of nitroso derivative formation.” The phenolic com- 
pound undergoes reaction with nitrous acid preferen- 
tially at the position pura to the phenolic grou~,~” or 
(if this position is already occupied) at the ortho 

position.2p 
Tryptophan is a non-phenolic ~ompo~d yet has 

been found in the present work to undergo reaction 
with nitrous acid and then give colour formation in 
alkaline medium. Some of the tryptophan derivatives, 
e.g., indole-3-acetic acid, tryptamine and tryp 
tophanamide, as well as indole, behave like tryp- 
tophan but some others, e.g., 5-hydroxytryptamine 
and 5-hydroxyindole-3-attic acid do not response to 
the colour test (Fig. 1). The heterocyclic nucleus of 

q. E2qoE%H 
R R 

R=-CH#H(OH)COzH 

WavelengthInm 

Fig. 1. Absorption spectra of chromogen obtained from (a) 
tryptophan, (b) indole-3-acetic acid, (c) 5-hydroxy- 

tryptamine, (d) 4-aminophenol and (e) hydroquinone. 

The colour formation mechanism has been eluci- 
dated by performing the reaction with nitrous acid 
and the subsequent alkalization for 2- and 
4-aminobenzoic acids and comparing the absorption 
spectra of the products with those obtained from 2- 
and 4-hydroxybenzoic acids under the same reaction 
conditions, as well as with those of the corresponding 
authentic nitrohydroxybenzoic acids in the same final 
medium (Figs. 2 and 3). The chromogen was identi- 
fied by thin-layer chromatography of the ether ex- 
tracts of the reaction products prior to alkalization. 

The wloured solution of the salicylic acids showed 
four spots on the chromatograms developed with 
I-propanol-ammonia (2: 1) as mobile phase. The 
most intense corresponded to the mixture of 3-nitro- 
and S-nitrosalicylic acids (RF = 0.7 and 0.8 re- 
spectiveiy), a faint spot at R, = 0.45 to 
3,5~nitrosaii~clic acid and the remaining two weak 
spots to decarboxyiation products (p-nitrophenol 
and 2,4-dinitrophenol, respectively). The results 
were confirmed by chromatography on silica gel 
layers with benzene-ethyl acetate (4:l) as mobile 
phase. The main spot from the reaction product of 
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Fig. 2. Absorption spectra of chromogen produced from (a) 
4-amino- and (b) 4-hydroxybenzoic acid, (c) 2-amino- and 

(d) 2-hydroxybenzoic acid. 

p-hydroxybenzoic acid was identified as 3-nitro-l- 
hydroxy~~oic acid (RF = 0.34). Further weak spots 
were observed at RF = 0.73 and 0.77 corresponding to 
those of p-nitrophenol and 2,4-dinitrophenol, indi- 
cating that some decarboxylation had occurred. 
These results are in best accordance with the results 
obtained 100 years ago by Deninger.32 

The failure of 5-hydroxytryptamine and 
5-hydrox~ndole-3-~ti~ acid to respond to the 
colour test can be attributed to the 5-hydroxyl 
group, which gives a benzoquinone derivative as an 
oxidation product rather than a nitroso or nitro 
derivative on reaction with nitrous acid. The possible 
reaction with Shydroxytryptamine is 

This mechanism is supported by a comparison of the 
absorption spectrum of the ~~oquinone derivative 
with the spectra of the reaction products from treat- 
ment of 4-aminophenol and hydroquinone with 
nitrous acid at elevated temperature (Fig. 1). 

2 4 6 

ml of 0.3% NaNOr solution 

The golden yellow chromogen formed in the assay Fig. 4. Effect of sodium nitrite concentration on the colour 
absorbs maximally at 400 run. In Fig. 1, the absorp- intensity for tryptophan (21 fig/ml). 

tion spectra of the product obtained from two model 
derivatives of tryptophan, oiz. indole3-acetic acid 
and 5-hydroxytryptamine, are included for com- 
parison. Under the monitions of the dete~ination 
there is a linear relationship between the absorbance 
at 400 nm and the amount of tryptophan present, 
over the concentration range 2-16 pg/ml in the final 
solution. The molar absorptivity has been found to 
be 9.44 x lo3 l.mole-‘.cm-’ at 400 nm. 

Oxidation of the indole nucleus, deamination and 
the reaction with nitrous acid can be completed 
within 30 min at boiling water-bath temperature. 
Over the entire range of sample size tested, 2 ml of 
1% sodium nitrite solution was found sufficient to 
yield maximal absorbance (Fig. 4). The possible 
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Fig. 3. Absorption spectra obtained from (a) the chromogen 
of salicylic acid, (b) Snitrosalicylic acid, (c) 3-nitro-4- 
hydroxybenzoic acid, (d) the chromogen of 4hydroxy- 

benzoic acid, (e) 4-nitrophenoi. 
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Table 1. Determination of tryptophan in pure samples and 
synthetic combinations 

Tryptophan Substances Tryptophan 
taken, pgglml added* found,? pgcglml CV, % 

2.05 
3.42 
4.86 
5.99 
1.65 
9.21 

12.39 
14.66 
15.98 
6.42 
1.98 
9.40 

12.11 

2.08 
3.39 
4.91 
6.01 
7.60 
9.19 

12.29 
14.73 
16.08 

: 
6.46 
8.05 

: 
9.49 

12.06 

0.9 
0.8 
0.6 
0.5 
0.4 
0.4 
0.5 
0.6 
0.8 
0.5 
0.4 
0.6 
0.5 

*Substances added were (a) glutamic acid (2 mg), asparagine 
(5 mg), glycine (3 mg), methionine (3 mg) and histidine 
(2 mg); (b) serine (5 mg), alanine (5 mg), cystine (3 mg), 
aspartic acid (4 mg) and lysine (3 mg); (c) glutathione 
(2 mg), glucose (5 mg), arabinose (2 mg) and 
2-mercaptoethanol (1 mg); and (d) cysteine (2 mg), 
valine (4 mg) and niacinamide (2 mg). 

TAverage of six replicates; CV = coefficient of variation. 

Table 2. Determination of tryptophan in proteins after alkaline 
hydrolysis 

mole of tryptophan/mole of protein 

Protein 
Molecular Present Reported 

weight method* CV, % value Ref. 

G( Casein 26,000 1.15 0.8 1.1 
Myoglobin 16,890 2.16 0.7 2.0 
Trypsin 23,800 3.35 0.9 3.2 
Transferrin 77,000 7.16 1.1 8.0 
Fetuin 50,750 2.21 1.0 2.0 
Phosvitin 45,000 1.30 1.0 1.0 

*Average of six replicates; CV = coefficient of variation. 

33 
34 
19 
35 
36 
35 

interference of common amino-acids and mono- 
saccharides which may be present along with tryp- 
tophan in tissue or protein hydrolysates has been 
examined. Amino-sugars, hexoses, hexuronic acids 
and typical amino-acids found in biological materials 
did not interfere with the colour development. 
Several amines and amides were also tested. Ni- 
acinamide, glycinamide, triethylamine, benzylamine 
and 1,6-diaminohexane do not interfere. 
2-Mercaptoethanol and 3-mercaptopropane-l,Zdiol, 
which are commonly present in tissue extracts and 
solutions of proteins, do not vitiate the results. The 
only interfering substance found is tyrosine, which 
should be removed by chromatography before the 
analysis. 

Results are given in Tables 1 and 2 for the deter- 
mination of tryptophan in pure samples, synthetic 
combinations with other substances, and in proteins 
after alkaline hydrolysis. 
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Summary-Room-temperature phosphorescence of some polyaromatic hydrocarbons as model com- 
pounds with stabilization by use of a microemulsion of a non-polar solvent, has been examined. Some 
advantage in the preparation of the solutions is achieved. A comparative study of room-temperature 
phosphorimetry in microemulsion and micellar media, on paper substrates and at low temperature has 
also been made. The spectral characteristics and analytical figures of merit are given. 

Micelle-stabilized room-temperature phosphorimetry 
(MS-RTP) was first reported by Kalyanasundaram 
et al.’ and the technique has been developed by 
several authors during the last decade.‘-’ Dramatic 
enhancement of RTP in solution can be achieved by 
incorporating the phosphors into a micellar assem- 
bly. Hydrophobic molecules are attracted into the 
oil-like environment of the micelle and in this way, 
are placed in proximity to the heavy-atom counter- 
ions, the local concentration of which is estimated to 
be 3-5iU.* Thus, very efficient spin-orbit coupling is 
achieved, leading to a high phosphorescence ernis- 
sion. 

Furthermore, the rnicelles can effectively screen 
molecules in the excited triplet state from the action 
of potential quenchers present in the bulk water 
phase. However, phosphorescence is not observed 
unless oxygen is removed, as it is a very efficient 
quencher which easily penetrates the micelles. Re- 
cently, Diaz-Garcia and Sanz-Mede19 have proposed 
the substitution of the troublesome deoxygenation 
with nitrogen by chemical deoxygenation with so- 
dium sulphite, thus avoiding foam formation and 
ensuring a more permanent protection of the solution 
against contamination with oxygen. In the presence 
of sulphite, however, the phosphorescence is not 
immediately observed. The oxygen in the bulk water 
phase is removed first, followed by that in the micelle 
pseudophases as it diffuses out. Equilibrium is 
achieved in a few minutes. In this work, we have 
adopted this simple, rapid and convenient procedure. 

*Research supported by NIH-GM-11373-23. 
ton leave from Department of Analytical Chemistry, 

University of Valencia, Valencia, Spain. 
$On sabbatical leave from Department of Chemistry, 

Yarmouk University, Irbid, Jordan. 
§To whom all correspondence should be sent. 

MS-RTP suffers from the slow dissolution of the 
non-polar analytes in the aqueous micellar solution. 
Some polyaromatic hydrocarbons (PAHs) with very 
low polarities and vapour pressures cannot be dis- 
solved, even after long sonication times, which limits 
the applicability of MS-RTP. In this work, we pro- 
pose the use of a microemulsion aqueous solution of 
the analyte in a non-polar solvent to circumvent this 
problem. 

Microemulsions are formed spontaneously when 
appropriate amounts of water, a non-polar solvent, a 
surfactant and a co-surfactant (usually a C.,-C, alkyl 
alcohol) are mi~ed.‘~ If the non-polar analyte is first 
dissolved in a certain amount of the non-polar sol- 
vent, and this solution is gently mixed with the 
alcohol and then the aqueous solution of the surfac- 
tant, a clear microemulsion is obtained in a few 
seconds. No scattered light is observed from this 
solution by human eye, since the microdroplet di- 
ameters are about 10-20 nm.‘O 

Room-temperature phosphorimetry in organized 
media, microemulsions and micellar solutions, is 
evaluated here by comparison with paper-sensitized 
room-temperature phosphorimetry (PS-RTP) and 
also with low-temperature phosphorimetry (LTP), by 
use of data from the literature. Spectral character- 
istics and analytical figures of merit are given. 

Reagents 
EXPERIMENTAL 

Hexane, heptane (high-purity solvents, Burdick and Jack- 
son) I-pentanol (Aldrich), sodium dodeeylsulphate (SDS), 
reagent grade thallous nitrate and anhydrous sodium sul- 
phite (Fisher) were used as received. Aqueous solutions were 
made with “nanopure” demineralized water (Bamstead). 

Naphthalene and 2,3-dimethylnaphthalene were re- 
crystallized three times from ethanol, o-terphenyl was re- 
crystallized three times from methanol, and dure.ne was 
vacuum-sublimed. Other PAHs from different sources were 
used as supplied. 

41 
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The water used for preparing sodium sulphite solutions 
was first deaerated with nitrogen. The solutions were pre- 
pared daily and kept in tightly stoppered containers. Mi- 
&liar stock solutions wereprebar& -by sonicating l-5 mg 
of the PA& in 20 ml of O.fM SDS and making up to 25 
ml with the same solvent. Microemulsion stock solutions 
were prepared by dissolving similar amounts of the analytes 
in 0.5 ml of heptane, adding 0.5 ml of I-pentanol and 
making up to 25 ml with OSM SDS. Dilutions were made 
with enough thallium added to give a 30/70 W/SDS ratio. 
Pure hexane solutions of the PAHs were used in the 
PS-RTP, with Whatman No. I filter paper as substrate. All 
experiments were done at 20 f 1”. 

Apparatus 

A Perkin-Elmer LS-5 Luminescence Spectrometer pro- 
vided with a 3600 Data Base Station was used for all 
measurements. PS-RTP data were obtained by using a 
paper sample-holder attachment with four sample positions 
located around the central rod.” A mask with a square 
window (6 x 6 mm*) limited the exposed paper surface. The 
distance of the paper from the front of the instrument and 
the angle between the excitation axis and the paper are 
critical. Both distance and angle are adjusted for each 
sample until the maximum emission intensity is obtained. 
The distance can be easily changed by an adjustment screw 
located under the sample compartment. Delay and gate 
times were 0.03 and 9 msec, respectively. The excitation and 
emission slits gave 10 and 5 nm band-passes respectively, 
and a 305-nm cut-off filter was used in the emission-side 
filter holder. 

Procedures 
A O.l-ml aliquot of the PAH stock microemulsion or 

mice&r solution, 0.3 ml of 0.5154 SDS, 0.3 ml of 0.25M 
thallous nitrate and 0.5 ml of 0.5M sodium sulp~te are 
pipetted into a IO-ml standard flask and made up to volume 
with water. Standard IO-mm fused silica cuvettes are filled 
with this solution. 

For PS-RTP, lo-mm diameter paper discs are cut with a 
pamr-punch, mounted on the paper holder and spotted with 
i bl df 0.25M thallous nitrate and 5 ~1 of the analyte 
solution. from Hamilton syringes. The discs are dried in an 
oven fo; 20 min at llO-i2O”and allowed to cool in the 
sample compartment for 10 min, then the spectra are 
recorded. Nitrogen dried with anhydrous calcium sulphate 
is passed continuously through the paper holder compart- 
ment. 

Phosphorescence lifetimes are measured by use of the 
DECAY-OBEY program. A period of l-2 lifetimes is 
covered by taking six evenly spaced points, but for Ps-RTP 
a 0.1-0.4 msec fixed period is used. The gate and integration 
times are 0.1 msec and 20 set, respectively. The program is 
run three times for each test. 

Limits of detection (LODs) are obtained by taking 16 
measurements of the blank and using five standard solutions 
to determine the slope of the calibration graph. LOD values 
are calculated as the-concentration corresponding to a signal 
that is three times the standard deviation of the blank. 
Similarly, the repeatability of the procedures is established 
by taking 16 measurements of the analyte signal at a 
concentration at least 10 times the corresponding LOD, and 
calculating their relative standard deviation. 

RESULTS AND DISCUSSION 

Influence of f-pentanoi and heptane concentrations in 
microemulsion-stabilized RTP 

Several dilutions of a micellar solution of pyrene 
were made with OSN SDS, water and increasing 
amounts of I-pentanol. The final concentrations of 

I I I 
I.0 0.1 0.2 0.3 

l-pentanol (46) 

Fig. 1. Influence of I-pentanol concentration on the lumi- 
nescence of a microemulsion of I-fig/ml pyrene in 0.02M 

SDS and 0.02% heptane. 

pyrene and SDS were 1 @g/ml and O.O2M, re- 
spectively. As shown in Fig. 1, the fluorescence 
intensity increases almost linearly with increasing 
amounts of 1-pentanol and the phosphorescence 
decreases slightly. These effects can be attributed to 
a decrease in the electric charge density on the 
microdroplet surface. Larger amounts of co- 
surfactant produce a higher concentration of hy- 
droxyl groups on the surface and, therefore, a smaller 
density of charged surfactant heads. This leads to a 
lower local concentration of the thallous ion, as the 
counter-ion concentration decreases. 

The 1-pentanol concentration adopted for the 
preparation of the stock solutions of the PAHs is 2%. 
With this concentration, no stable microemulsions 
can be obtained with more than 3% heptane. Hence 
2% heptane was used throughout this work. After 
dilution, the I-pentanol and heptane concentrations 
in the final solutions were both 0.02% or less. No 
significant differences have been found between these 
solutions and pure micellar solutions with regard to 
fluorescence and phosphorescence spectra, phos- 
phorescence lifetimes, limits of detection and relative 
standard deviations (RSDs) for all the PAHs exam- 
ined in this work. 

Microemulsion solutions of dibromoethane and 
iodoethane in I-pentanol/SDS and I-butanoll 
tetrad~ylammonium bromide systems have also 
been prepared, with a 2% concentration of the non- 
polar solvent and co-surfactant and a OSM solution 
of the surfactant. Although clear microemulsions, 
which were not destroyed by dilution, were easily 
obtained, no phosphorescence was observed for 20 
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as/ml pyrene in the absence of thallous nitrate in any 
experimental combination tested. 

The excitation and emission maxima of the 
fluorescence spectra of some PAHs in hexane and 
organized media at room temperature and in heptane 
at 77 K are listed in Table 1. The excitation peaks in 
organized media are red-shifted relative to the peaks 
obtained in pure alkanes, the differences being bigger 
for the spectra obtained in hexane at room tem- 
perature. The duorescence emission spectra for 
organized media also show small bathochromic 
shifts. 

thallous nitrate. Also, for naphthalene on paper a 
small and poorly reproducible phosphorescence sig- 
nal was obtained, possibly because of loss of the 
~rnpo~d by volati~~tion when the paper was 
dried. 

The phosphorescence lifetimes were usually some- 
what longer in organized media than on paper sub- 
strates, as shown in Tables 2 and 3. The abnormally 
long lifetime for pyrene has been conflrmed with 
three independent solution on different days, one of 
them with no heptane and I-pentanol. 

Analytical jigures of merit 

Differences in the relative intensities of the 
excitation peaks are also observed. The peaks at 
longer wavelengths arc more intense in organized 
media. Pyrene and retene show the biggest differences 
in relative intensity when the medium is changed. 
This behaviour is probably related to the higher 
polarity and rigidity found in the organized media, 
which provide a larger stabilization of the excited 
singlet state. 

In all cases, the best LODs were obtained with the 
organized media. This could have been a result of the 
more effective heavy-atom perturbation of the anal- 
ytes, together with the very low background noise, 
which arose from the use of a clear liquid solution 
and the advantageous geometry of the cell and beam 
positions. The RSD values for the PAHs were also 
smaller in the organized media than for the other 
media. 

Phosphorescence spectra 

The phosphorescence spectral characteristics, anal- 
ytical figures of merit and lifetimes observed in LTP 
and RTP in organized media and on paper substrate 
are shown in Tables 2-4. 

On the other hand, the poorer values of the LODs 
at low temperature could be a result of radiation 
scattering produced by the cracks and snow present 
in the frozen matrix.‘* The high RSD values were the 
result of high noise levels. 

The excitation peaks appear at the same wave- 
lengths as for fluorescence and phosphorescence in 
organized media, except for o-terphenyl, for which 
the single well-defined band appears 10 nm blue- 
shifted when phosphorescence is measured. Shifts 
larger than 50 nm have been observed for other 
PAHs at 77 K by Imnan et al.” 

Finally, the paper substrate gave the worst results, 
even if absolute LODs are considered. In this case, 
the higher LODs arose from a lower sensitivity (slope 
of the calibration graph) as well as higher back- 
ground noise. Sensitivities at room temperature are 
compared in Table 3; the values in organized media 
are 2-20 times greater than those for the paper 
substrate. 

The phosphorescence excitation peaks do not show 
blue or red shift trends when the spectra at low 
temperature (77 K), in organized media and on paper 
substrates, are compared; the differences are smaller 
than 10 nm in all cases. The band half-widths are also 
similar, except for the 2,3~ime~ylnaphthalene band, 
which is broader when the paper substrate is used. 

Major sources of back~ound noise in PS-RTP are 
phosphorescent impurities contained in the paper, 
surface inhomogeneities, i.e., some parts of the paper 
are more active than others, and changes in the 
alignment of both the excitation and emission mono- 
chromators. 

The phosphorescence emission spectra show even 
smaller shifts than the excitation spectra, except again 
for 2,3_dimethylnaphthalene, which exhibits blue- 
shifted emission peaks at low temperature, relative to 
the peaks on paper and in organized media. The 
emission band half-widths are always slightly larger 
on paper substrates. 

Other sources of background noise which are often 
underestimated arise from the reflection properties of 
the surface and from interaction with the excitation 
radiation. Scattered radiation due to the afterglow of 
the flash-lamp is reflected off the paper surface, 
contributing to the background. Also, the reflective 
properties of the paper as well as the phos- 
phorescence of the impurities decrease after irra- 
diation.14 

All the PAHs tested exhibited fluorescence even The analyte signal is also affected by the excitation 
after addition of thallium. The phosphorescence/ radiation. All the PAHs examined, except pyrene, 
fluorescence intensity ratios, calculated as the ratios showed a decrease in intensity under exposure to the 
of the slopes of the calibration graphs, are given excitation radiation. The intensity losses can be as 
in Table 2. Phosphorescence was not observed for high as 25% in 10 min, as observed for retene, and 
anthracene, 9-methylanthracene and durene in or- could constitute the main contribution to the large 
ganized media at the 20-pg/ml concentration level, RSD value for this compound. In contrast, the 
or on paper at OS-fig level. Anthracene and phosphorescence signals obtained from solutions 
9-methylanthracene exhibited a strong fluorescence were very stable and showed no significant intensity 
which was not appreciably reduced in the presence of decrease after 15 min. If any photodecomposition 
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Table 4. Phosphorescence characteristics in heptane at 77 K 

Compound If, nm A&, nm LOD, fig/ml RSD, % 

Anthracenet 270,350 671 3.0 5.4 
Biphenylj 277 437,468, 494 0.01 2.9 

m,m’-Bitoluenef 280 444,476 0.1 4.6 
2,3-Dimethylnaphthalenej 286 392,413, 1.0 7.6 

436 

Durenej 277 377, 387,399, 0.02 6.2 
410 

9-Methylanthracenet 281 414,*,480 0.9 8.4 

Naphthalenet 286 480, 510 2.0 7.3 
Pyrenet 330, 350 517, 555,s 0.008 2.8 

608,640 

Retenej 299 474, 507, 548 0.02 7.4 
o-Terphenyll: 281 446, 4&O 0.05 6.3 

*Most intense wavelengths are underlined. 
tValues taken from Ref. 13. 
$Values taken from Ref. 12. 

occurs in solution, the analyte is immediately re- Thanks are also due to Dr. A. Berthod from the Universite 
placed by convection and diffusion, which cannot Claude Bernard, Lyon I, France, for his valuable sug- 

take place on the solid surface of paper. gestions. 
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Summary-A method for determining -0.2 pg/g or more of arsenic in ores, concentrates and related 
materials is described. After sample decomposition arsenic(V) is reduced to arsenic(M) with titanium(II1) 
and separated from iron, lead, zinc, copper, uranium, tin, antimony, bismuth and other elements by 
cyclohexane extraction of its xanthate complex from N 8-IOM hydrochloric acid. After washing with 1OM 
hydrochloric acid-2% thiourea solution to remove residual iron and co-extracted copper, followed by 
water to remove chloride, arsenic is stripped from the extract with 16M nitric acid and ultimately 
determined in a 2% nitric acid medium by graphite-furnace atomic-absorption spectrometry, at 193.7 nm, 
in the presence of thiourea (which eliminates interference from sulphate) and palladium as matrix 
modifiers. Small amounts of gold, platinum and palladium, which are partly co-extracted as xanthates 
under the proposed conditions, do not interfere. 

Various CANMET projects, including the Canadian 
Certified Reference Materials Project, (CCRMP), 
require the accurate determination of arsenic at trace 
and pg/g-levels in concentrates, ores, rocks, soils, 
processing products and related materials. Because 
graphite-furnace atomic-absorption spectrometry 
(GFAAS) is relatively sensitive for arsenic, the 
present investigation was undertaken to develop a 
reasonably rapid and accurate method that would be 
applicable to all these materials. 

Previous investigators’” have found that the deter- 
mination of arsenic by GFAAS, at 193.7 nm, the 
most sensitive resonance line, is subject to strong 
interference from sulphate and from aluminium, 
potassium, sodium and various other elements. For 
this reason, prior separation of arsenic from matrix 
elements by co-precipitation with nickel pyrrolidine- 
dithiocarbamate4 or by extraction as the pyrrolidine- 
dithiocarbamate,>’ diethyldithiophosphoric acid’ or 
iodide complex’** has been recommended. However, 
although these separation procedures may be ade- 
quate for foods, biological materials, coal, and sea 
and mineral waters, they are not sufficiently selective 
for use with such complex and diverse materials as 
those under consideration. Previously’ in this labora- 
tory a spectrophotometric molybdenum blue method 
was developed for the determination of small 
amounts of arsenic in concentrates, ores and copper- 
base alloys, based on the preliminary separation of 
arsenic from various matrix elements by co- 

Crown Copyright Reserved. 

precipitation with hydrous ferric oxide, followed by 
its separation from iron, lead and other co- 
precipitated elements by a triple chloroform extrac- 
tion of arsenic(II1) ethyl xanthate from N 11M hy- 
drochloric acid. In this, and earlier worklo involving 
a study of the extraction of ethyl xanthate complexes 
from hydrochloric acid media, it was shown that the 
extraction of arsenic from -8 to at least 11M 
hydrochloric acid is reasonably selective and that 
only palladium, gold, selenium and tellurium are 
largely or completely co-extracted as xanthates under 
these conditions. Copper and several other elements 
are partly extracted but can be essentially completely 
removed from the extract by suitable washing tech- 
niques, and the co-extraction of selenium and tellu- 
rium is easily prevented by reducing them to the 
elemental state before the extraction step. Because of 
the high specificity of this extraction procedure, it was 
considered that xanthate extraction might be very 
useful for the direct separation of ng and pg amounts 
of arsenic before its determination by GFAAS, par- 
ticularly if quantitative extraction could be achieved 
in one extraction step into a solvent of specific gravity 
< 1. This would simplify and shorten the extraction 
procedure and facilitate washing of the extract to 
remove or reduce in concentration some co-extracted 
elements. 

In the proposed method, arsenic is separated from 
matrix elements by a single extraction of its xanthate 
into cyclohexane from 8--10&f hydrochloric acid in 
the presence of titanium(II1) as reductant. It is then 
stripped from the extract with 16M nitric acid and 
ultimately determined by GFAAS in a 2% v/v nitric 
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acid medium in the presence of palladium and thio- 
urea as matrix modifiers. 

EXPERIMENTAL 

Apparatus 

A Perkin-Elmer model 5000 atomic-absorption spectro- 
photometer, equipped with deuterium-arc background cor- 
rection, an HGA-400 graphite furnace, an AS-40 auto- 
sampler, a Data System 10 and HGA graphics software, was 
used with an arsenic hollow-cathode lamp operated at 
18 mA. The 193.7-nm resonance line was used with a 
spectral band-pass of 0.7 nm. Pyrolytically-coated graphite 
tubes with solid pyrolytic graphite platforms were employed 
and 20-~1 aliquots of the appropriate solutions were in- 
jected, followed by 5 ~1 of 800 &ml palladium solution as 
matrix modifier. Measurements were made in the peak- 
height mode. The instrumental conditions for the dry, char 
and atomization steps are given in Table 1. 

Reagents 

Stanaizrd arsenic solution, N R.Wpg/ml. Dissolve 0.1320 g 
of pure arsenic trioxide in 10 ml of 2% sodium hydroxide 
solution by warming. Dilute the resulting solution to 1 litre 
with water, then transfer it to a plastic bottle. Prepare a 
I-pg/ml solution, fresh as required, by diluting 5 ml of the 
stock solution to 500 ml with water. 

Titanium(ZZZ) solution, 24 mg/ml. Add 50 ml of concen- 
trated sulphuric acid to -308ml of water contained in a 
I-litre beaker. marked at 500 ml. Add 12.5 g of pure 
titanium hydride powder, cover the beaker and heat gently 
until the hydride has dissolved. Cool the solution to room 
temnerature. dilute it to the mark with water, then filter it 
(Whatman No. 541 paper) into a I-litre separating funnel. 
Add 2 ml of freshly nrenared 20% potassium ethyl xanthate 
solution followed- by 25 ml of chloroform, stopper the 
funnel and shake it vigorously for 2 min. Allow the layers 
to separate, then drain off and discard the chloroform layer. 
Extract the aqueous phase twice more, in a similar manner, 
with 0.5 ml of xanthate solution and 15 ml of chloroform 
each time. Drain off the chloroform and transfer the aque- 
ous solution to a 500-ml plastic bottle. This solution will 
keep for at least 2 months. 

Palladium solution, 800 pgglml. Dissolve 87 mg of pal- 
ladium nitrate by heating with 4 ml of concentrated nitric 
acid and -0.5 ml of 30% hydrogen peroxide. Add u 10 ml 
of water, boil vigorously for u 10 min to destroy the excess 
of peroxide, then cool and dilute the solution to 50 ml with 
water. 

Bromine, 20% o/v solution in carbon tetrachloride. 
Potassium ethyl xanthate, 20% w/v solution. Prepare fresh 

as required. 
Hydrochloric acid, IOM. Store in a plastic bottle. 
Thiourea, 2.5% w/v solution. 
Hydrochloric acid (lOM)-thiourea (2%) wash solution. 

Dissolve 2 g of thiourea in 100 ml of 10M hydrochloric acid. 
Prepare a fresh solution weekly. 

Cyclohexane. Analytical-reagent grade. 
Water, doubly-demineralized. Demineralized water from a 

large-scale laboratory purification apparatus was further 

purified to possess approximately 18 MD/cm resistivity, 
with a Bamstead Nanopure II purification system. All acids 
used were analytical-reagent grade. Teflon beakers used for 
sample decomposition were cleaned just before use by 
heating with 5-10% potassium hydroxide solution, followed 
by treatment with -20% v/v nitric acid and thorough 
washing with doubly-demineralized water. The lOO-ml 
beakers used for the final strip solutions were stored in 
5-10% potassium hydroxide solution contained in a Clitre 
beaker, then washed, just before use, with dilute nitric acid 
and water as described above. 

Calibration solutions 

Prepare O.Ol-, 0.02-, 0.03- and 0.04-pg/ml arsenic solu- 
tions by adding 0.5, 1, 1.5 and 2 ml, respectively, of I-yg/ml 
standard arsenic solution and 1 ml of concentrated nitric 
acid to 50-ml standard flasks, dilute to -25 ml with water, 
add 2 ml of 2.5% thiourea solution and dilute to volume 
with water. Prepare a blank calibration solution in a similar 
manner. These solutions should be prepared fresh weekly. 

Procedure 

Transfer up to 1 g of powdered sample, accurately 
weighed and containing up to -20 pg of arsenic, to a 
250-ml Teflon beaker, then cover the beaker with a Teflon 
cover and add 5 ml of 20% bromine solution in carbon 
tetrachloride (Note 1) and 10 ml of concentrated nitric acid. 
Mix and allow the solution to stand for N 15 mitt, then heat 
gently to remove the bromine and carbon tetrachloride. 
Cool, add 10 ml of concentrated hydrochloric acid and 7 ml 
of concentrated perchloric acid, then heat until the evolution 
of oxides of nitrogen ceases. Cool, remove the cover, wash 
down the sides of the beaker with water, then add 5 ml of 
concentrated hydrofluoric acid and evaporate the solution 
to fumes of perchloric acid. Wash down the sides of the 
beaker with water again and evaporate the solution to _ 3 
ml. Add 12 ml of water and 2 ml of concentrated hydro- 
chloric acid, heat gently to dissolve the salts, then cool the 
solution to room-mmperature. Transfer the resulting sol- 
ution to a plastic 100~ml standard flask (Note 2). Use 
concentrated hydrochloric acid, contained‘ in a ‘plastic 
squeeze-type wash bottle, to wash the beaker, then dilute to 
volume with the same solution. Run a blank through the 
whole procedure. 

Transfer a 4-50-ml portion of the resulting solution, 
containing not more than 1 pg of arsenic and -5 mg 
of copper, to a 125-ml separating funnel, marked at 50 ml 
and, if necessary, dilute to the mark with 10M hydrochloric 
acid. Add sufficient titanium(II1) solution to reduce all the 
iron(II1) present (Note 3), then add 1 ml in excess, mix, and 
allow the solution to stand for -15 min to ensure the 
complete reduction of arsenic. Add 15 ml of cyclohexane 
and 1 ml of freshly prepared 20% potassium ethyl xanthate 
solution (Note 4) and shake the solution for 2 min. Allow 
the layers to separate, then drain off and discard the 
aqueous phase. Wash the extract by shaking it for N 30 set 
with 5 ml of 10M hydrochloric acid-2% thiourea solution 
(Note 5). Drain off the acid phase, then wash the extract 
three times, by shaking it for -30 set each time, with 5-ml 
portions of water to ensure the removal of chloride. Add 5 

Table 1. Instrumental conditions for the determination of arsenic 

1 2 3 4 
Step function Dry Char Char Atomize 

Temperature (“C) 110 300 800 2600 
Ramp time (set) 10 5 5 0 
Hold time (set) 20 20 20 5 
Internal flow argon (mZ/min) 300 300 300 0 
Read - - - -1seC 
Baseline - - - -2sec 
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ml of concentrated nitric acid to the extract, stopper the 
funnel tightly and, with a wrist-action shaker, shake it for 
10 min. Allow the layers to separate, then drain the acid 
layer into a IOO-ml Teflon beaker and wash the stem of the 
funnel with water. Wash the extract twice by shaking it for 
- 30 set each time with 5-ml portions of water and add the 
washings to the beaker. Wash the stem of the funnel with 
water each time. 

Carefully evaporate the resulting sample and blank solu- 
tions to 2-3 ml (Note 6) on a hot-plate, then place the 
beakers in a hot water-bath and evaporate until the drop 
remaining is -8 mm in diameter (Note 7). Add 500 ~1 of 
concentrated nitric acid and 7 or 8 ml of water to each 
beaker, heat gently for -5 min, then allow the beakers to 
cool to room temperature. Transfer both the sample and 
blank solutions to 25-ml standard flasks, add 1 ml of 2.5% 
thiourea solution (Note g), dilute to volume with water and 
mix thoroughly. 

Measure the peak-height absorbance of the sample and 
blank solutions under the ~nditions described under “Ap- 
paratus” and in Table 1 (Notes 9 and 10). Determine the 
arsenic concentration of the solutions by reference to a 
calibration curve plotted from peak-height values obtained 
concurrently for the calibration solutions. Calculate the 
arsenic content of the solutions (in ng) and correct the result 
obtained for the sample solution by subtracting that ob- 
tained for the blank solution. 

Notes 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

If dilution is necessary, dilute a suitable aliquot of the 
solution with 2% nitric acid-O.l% thiourea solution 
either directly in the autosampler cup or in a standard 
flask of appropriate size. _ _ __ . . ._ __. 

IO. To prevent plugging ot- the pipette tip with metallic 

The use of bromine solution is not necessary if sulphides 
are absent. 
If plastic standard flasks are not available, use a boro- 
silicate flask then transfer the solution to a dry plastic 
bottle. 
The solution should be distinctly purple after the reduc- 
tion of iron(Ii1) and the addition of the excess of 
titanium(II1) solution. The same volume of titanium 
solution should be added to the blank solution. 
because of the rapid decomposition of xanthate in 
strongly acidic solutions, xanthate solution should only 
be added to two solutions at a time, followed by 
immediate extraction of the complex. For health rea- 
sons,” all operations involving xanthate should be per- 
formed in a fume-hood and xanthate solution should be 
added with an automatic pipette or with an ordinary 
pipette used with a suction bulb. The aqueous phase 
remaining after the extraction, and any excess of xanth- 
ate solution, should be treated with concentrated nitric 
acid and boiled vigorously to destroy the xanthate before 
disposal of the soiution. 
If a copper thiourea compound, indicated by a white 
precipitate, is present in the wash phase, wash the extract 
once more in a similar manner. 
Do not allow the solution to evaporate to dryness 
(Note 7). 
At this stage the drop remaining should be colourless or 
pale yellow. If the evaporation proceeds too far the drop 
will become brown or black due to carbonaceous 
material. This will cause erroneous results for arsenic. 
The analysis cannot be rescued if it goes wrong at this 
point, as heating with more nitric acid fails to destroy the 
organic matter, and perchloric acid cannot be used, 
because it would interfere in the GFAAS determination. 
The thiourea solution should be added just before the 
GFAAS determination of arsenic because on prolonged 
standing white salts may precipitate and cause erroneous 
results. In the absence of thiourea, the solution is stable 
for at least 3 weeks. 

palladium, which may form on the tip after repeated 
injections, it should be cleaned with aqua regiu after * 20 
firings. 

RESULTS AND DLEtJSSLON 

Palladium as matrix modifier 

Nickel is usually recommended as a matrix 
modifier for the GFAAS determination of arsenic4~*2 
but recent work13,‘4 has suggested that palla~um may 
be superior. Shan Xiao-Quan et al.l3 found that the 
maximum charring temperature for arsenic with wall 
atomization is raised to N 1300” in the presence of 
22 pg of palladium and that the sensitivity for 
peak-height measurements is * 50% better than that 
obtained in the presence of nickel. More recently, 
Voth-Beach and Shrader” found that, for wall atom- 
ization in dilute hydrochloric acid solutions, pal- 
ladium raises the ash temperature to N 1500”. Both 
palladium and nickel were investigated in the present 
work and platform atomization was chosen because 
of the greater sensitivity. Figure 1 shows that, for 
piatform atomi~tion from 2% nitric acid sohttions, 
palladium gives -25% greater sensitivity than nickel 
for peak-height measurements. However, peak-area 
results obtained for these tests were approximately 
the same, which indicates that there is no significant 
difference between palladium and nickel when peak- 
area is measured.12 The increase in the peak appear- 
ance time caused by the presence of palladium and 
nickel is presumably caused by a slight delay in 
atomization resulting from the formation of more 
stable intermetallic palladium and nickel arsenides or 
other compounds. Palladium was chosen for further 
work because of the greater sensitivity in the peak- 
height measurement mode. The rn~rn~ permis- 
sible charring temperature found under the condi- 
tions used in this work was N 1100” but 800” was 
found to be adequate. Tests showed that the effect of 
palladium is constant from N 3 to at least 10 /rg, and 
in subsequent work 4 pg, added as a 5~1 portion of 
8~-~g/ml solution, was used, 

Separation of arsenic by extraction as the xanthate 

Preliminary work to determine the recovery of 
arsenic by a single extraction as the xanthate into a 
solvent of specific gravity < 1 from _ 10M hydro- 
chloric acid was done with toluene and with titan- 
ium(II1) as reductants In these tests, in which arsenic 
was stripped into water after oxidation of arsenic(II1) 
xanthate with bromine solution in carbon tetra- 
chloride and determined spectrophotometrically by 
the molybdenum blue method as described pre- 
vi~usly,~ large negative errors, which increased with 
an increase in the volume of solvent used, were 
obtained for arsenic. Ultimately, it was thought that 
this was caused by an impurity in the toluene, which 
interfered with the extraction of arsenic. It was also 
found that toluene reacted with the added bromine, 
producing heat and rapid decolorization of the 
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0.4 
r 

TIME (seconds) 

Fig. 1. Peak-height absorbance-time profiles for arsenic (0.8 ng) in 2% nitric acid in the presence and 
absence of matrix modifiers under the conditions given in Table 1. (a) in the presence of 4 pg of Pd; 

(b) in the presence of 10 pg of Ni; (c) in the absence of Pd and Ni. 

toluene-carbon tetrachloride phase. Further work 
showed that cyclohexane is a suitable solvent and 
that up to at least 10 pg of arsenic can be extracted 
quantitatively in one extraction from 6-10M hydro- 
chloric acid when the volume ratio of the organic to 
aqueous phase is varied from 1: 1 to at least 1: 4. Some 
additional tests indicated that hexane should also be 
applicable but this was not pursued in the present 
work. 

Stripping and GFAAS determination of arsenic 

Although previously,9 as mentioned above, arsenic 
was stripped into water after oxidation of arsenic(II1) 
xanthate with bromine solution in carbon tetra- 
chloride, this was not considered suitable for the 
present work because of the formation of bromide 
during the oxidation step. It was thought that this 
might cause loss of arsenic by volatilization as the 
bromide during the drying and charring steps. Tests 
showed that arsenic cannot be stripped from the 
extract with dilute nitric acid or hydrogen peroxide 
but that -5 ml of concentrated nitric acid followed 
by shaking for -10 min is effective. However, ex- 
tremely low results were obtained for arsenic under 
these conditions. Ultimately, because the results ob- 
tained decreased with an increase in the amount of 
xanthate used during the extraction step, it was 
concluded that the error was probably caused by the 
presence of sulphate in the final solutions, formed by 
oxidation of the co-extracted xanthate during the 
stripping step. It is known that sulphate strongly 
suppresses the arsenic signal.‘,2 Analysis, by the bar- 
ium sulphate method, of solutions obtained after 
extraction in the presence of 1 ml of 20% potassium 

ethyl xanthate solution showed that -90 mg of 
sulphate is present in the final solution under these 
conditions. This is equivalent to the co-extraction of 
-40% of the added xanthate. In previous un- 
published work involving the extraction and stripping 
of antimony(II1) xanthate under similar conditions, 
essentially complete recovery of antimony-which 
suggests minimal or no interference from sulphate- 
was obtained by GFAAS when thiourea was used as 
a matrix modifier. Consequently, the possible use of 
thiourea to minimize or eliminate sulphate inter- 
ference was investigated in this work. Figure 2 shows 
that, after the extraction of arsenic in the presence of 
1 ml of 20% xanthate solution, complete recovery is 
obtained in the presence of 4 pg of palladium when 

0.05 0.0 0.15 
THIOUREA (%I 

Fig. 2. Effect of thiourea on the recovery of arsenic after 
extraction as xanthate: As taken, 1000 ng; final volume, 

25 ml; aliquot, 20 ~1; Pd solution, 5 ~1. 
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> 10 pg of thiourea is present in the aliquot injected 
into the furnace. The use of more than 1 ml of 
xanthate solution is not recommended, because of the 
resultant increase in the sulphate content of the final 
solution. Thiourea does not alter the shape of the 
atomization peak for arsenic but it reduces the peak 
height by -lO-15%. The peak obtained in the 
absence of palladium is similar to that shown in 
Fig. l(c) for a solution containing no palladium. A 
combined palladia and thiourea modifier solution 
cannot be prepared because of the formation of an 
insoluble brown palladium-thiourea complex. 

While this work with thiourea was in progress, 
Voth-Beach and Shrader14 found that a reduced- 
palladium matrix modifier, in which an organic re- 
ducing agent such as hydroxyla~ne hy~ochlo~de or 
ascorbic acid is used in conjunction with palladium, 
is for some elements a more effective matrix modifier 
than palladium alone. They also found that for many 
elements, including arsenic, interference from sul- 
phate can be eliminated or minimized in this way. 
They suggest that the reducing agent modifies the 
form of palladium by reducing it to the metal early 
in the temperature programme and that it may also 
influence the atomization of the analyte. Possibly 
thiourea may react in a somewhat similar manner in 
the presence of palladium. However, the mechanism 
for these reactions is not readily apparent. 

Effect of diuerse ions 

Under the conditions, N 8-10 M hydrochloric acid, 
used for extraction of the arsenic, platinum and 
palladium are N 8 and 80% co-extracted as xanthate 
complexes at the 0.2-mg level and gold is -80% 
extracted at the OS-mg level. Copper-at the 5-mg 
level is partly extracted but is largely removed from 
the extract by washing with lOA hydrochloric acid 
containing 2% thiourea. Small amounts of co- 
extracted antimony, molybdenum and entrained iron 
are also removed in this way. The presence of more 
than 5 mg of copper during the extraction step is not 
recommended, because of the fo~ation of insoluble 
yellow cuprous xanthate, which interferes mechani- 
cally with the extraction. For the same reason thio- 
urea cannot be used to complex copper before the 
extraction step, because of the formation of an 
insoluble cuprous thiourea compound. Rhenium and 
ge~ani~ would probably also be partly co- 
extracted into cyclohexaneiO but they would be 
removed by volatilization as the heptoxide and tetra- 
chloride during the sample decomposition step. Sele- 
nium and tellurium are not co-extracted, because they 
are reduced to the elemental state with titanium(II1) 
before the extraction step. Up to 1 mg each of copper, 
~timony, palladium and moly~enum, OSmg of 
gold and 0.2mg of platinum can be present in the 
final solution (25 ml), either individually or col- 
lectively, without causing more than -20% error in 
the result. However, these amounts of gold, platinum 
and palladium are considerably more than would be 

expected in the largest recommended aliquot (50 ml) 
and weight of sample (0.5 g) taken for extraction. 
Similarly, for the recommended maximum amount of 
copper and the low levels of antimony and molyb- 
denum usually present in the samples under consid- 
eration, considerably less than 1 mg of any of these 
elements would be expected to be present after the 
extract has been washed with hydrochloric acid con- 
taining thiourea. Interference from chloride in the 
grap~te-fu~a~ step is avoided by washing the ex- 
tract three times with water to remove entrained 
hydrochloric acid. However, up to 100 ~1 of hydro- 
chloric acid can be present in 25 ml of final solution 
without causing error in the arsenic result. 

Decomposition of ores 

In the previous method9 the samples were treated 
with bromine solution in carbon tetrachloride and 
with nitric acid to oxidize sulphur and sulphides to 
sulphates, followed by the addition of hydrochloric 
and sulphuric acids and evaporation to fumes of 
sulphur trioxide to remove nitric acid and dehydrate 
silica. Silica was separated from arsenic during the 
subsequent iron collection step. However, in this 
work, in which this step is not used, and in which the 
hydrochloric acid concentration of the initial sample 
solution must be adjusted to N 10M before extrac- 
tion, it was considered preferable, particularly for 
samples of high silica content, to remove the silica by 
volatilization as the fluoride during the decom- 
position step. As recommended by other in- 
vestigators,‘3T1s-‘7 and because perchlorates are more 
soluble than sulphates, evaporation with perchloric 
acid was used for the removal of silicon tetrafluoride 
and excess of hydro~uo~~ acid. 

Applications 

Table 2 shows that the mean results obtained for 
arsenic in various diverse CCRMP reference materials 
and in several National Research Council Canada 
and National Bureau of Standards marine and river 
sediments are in excellent agreement with either the 
certified values, with values given for information 
only or with the consensus mean or tentative values 
obtained during interlaboratory certification pro- 
grammes. They also agree reasonably well with other 
reported values obtained by a variety of inst~mental 
methods. The results obtained for CCU-1, RL-1 and 
UTS-4 are in excellent agreement with previous re- 
sults obtained in this laboratory during the respective 
interlaboratory certification programmes by using the 
iron collection-xanthate extraction-molybdenum 
blue s~trophotomet~c method? Each of the 3 or 4 
individual results obtained for these references mat- 
erials was the mean of 3 or 4 GFAAS runs each 
involving duplicate measurements. These were re- 
ferred to a calibration curve prepared for each run as 
described under the procedure, for arsenic calibration 
solutions covering the linear range o-0.04 pg/ml. 
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In the proposed method, the detection limit calcu- 
lated as three times the standard deviation of the 
reagent blank, based on a 50-ml aliquot (equivalent 
to a 0.5-g sample) of sample solution taken through 
the extraction step, is -0.2 pg/g arsenic. The sensi- 
tivity or characteristic mass is w 12 pg for 0.0044 
absorbance. In this work no clean out step was 
required after the atomization and the pyrolytically- 
coated tubes and solid pyrolytic graphite platforms 
were used for up to -800 atomizations. The reagent 
blank varied from -20 to 90 ng, depending on the 
size of the aliquot taken. Most of this came from the 
hydrofluoric acid used in the decomposition step. 
Purification of the titanium solution by xanthate 
extraction” was necessary because it was found to 
contain a substantial amount of arsenic (N 21 ng/ml). 
Possibly, if required, the blank could be reduced by 
using ultrapure acids, particularly hydrofluoric acid. 
It should be possible to remove arsenic impurity from 
concentrated hydrochloric acid by adding some solid 
potassium ethyl xanthate to a suitable portion of the 
acid and then extracting 2 or 3 times with chloroform. 
A final sample solution volume of less than 25 ml is 
not recommended, because preconcentration would 
result in an increase in the sulphate concentration of 
the solution. 
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Summary-Low concentrations of ammonium and potassium ions (~2.0 mg/l.) were determined 
simultaneously by capillary type isotachophoresis based on the interaction between potassium and 
18-crown-6 in the aqueous leading electrolyte. The PU value of potassium ion increased with increasing 
concentration of 18-crown-6 up to 3mM, whereas that of the ammonium ion remained almost constant. 
Thus complete separation of ammonium and potassium ions could be obtained by using I-3mM 
18-crown-6. The error in the analysis of mixtures containing ammonium and potassium ions (250-4 
sample injection) was less than *20% with a leading electrolyte containing 3mM 18crown-6. The analysis 
time was 18 min. 

The separation of ammonium and potassium ions by 
capillary type isotachophoresis is possible with meth- 
anolic electrolytes, but not with aqueous electrolytes.’ 
However, it is difficult to use a longer migration tube 
and to apply a higher migration current with the 
methanolic electrolytes.’ For these reasons, when the 
methanolic electrolytes are used a large volume of 
sample solution cannot be injected into the isotacho- 
phoresis apparatus for the purpose of determination 
of low concentration of ions. Tazaki et al.’ studied 
the isotachophoretic behaviour of mM concen- 
trations of alkali and alkaline-earth metal ions in the 
presence of larger amounts of 18-crown-6 and evalu- 
ated its usefulness for their separation. Therefore, we 
have studied the simultaneous determination of low 
concentrations of ammonium and potassium ions by 
capillary type isotachophoresis with smaller amounts 
of 18-crown-6, for the purpose of determination of 
trace amounts of ammonia in sea-water. By using the 
method proposed in this paper, we have performed 
the separation of mixtures containing ammonium 
and potassium ions at concentrations less than 
2.0 mg/l., within 18 min, with injection of a large 
volume of sample solution. 

EXPERIMENTAL 

Reagents 
All solutions were prepared with analytical-reagent grade 

chemicals. 18-Crown-6 was obtained from the Aldrich 
Chemical Co. 

Apparatus 
A Shimadxu Model IP-2A isotachophoretic analyser was 

used with a potential-gradient detector. The main column 
was a fluorinated ethylene-propylene (FEP) copolymer 
tube, 20 cm in length and 0.5 mm in inner diameter; the 
precolumn was a polytetrafluoroethylene (PTFE) tube, 

20 cm in length and 1.0 mm in inner diameter for injecting 
a large volume of sample solution. A Hamilton Model 
1725-N microsyringe was used for the injection of samples 
into the isotachophoresis apparatus. 

RESULTS AND DISCUSSION 

Concentration of 18-crown-6 

The concentration of 18-crown-6 in the leading 
electrolyte (5mM hydrochloric acid containing 30% 
v/v glycerol) was increased up to 5mM. The termi- 
nating electrolyte was 1OmM lithium sulphate. A 
250~~1 volume of a mixture containing 1.0 mg/l. 
ammonium and potassium ions was injected into the 
isotachophoresis apparatus. The migration current 
was maintained at 200 PA for the first 12 min and 
then reduced to 50 PA. In general, the potential unit 
(PU) value is used for qualitative indication of the 
ions, and is defined by the equation4 

pu PGs-PG, 
= PGT - PG, 

where PGs, PGr and PG, are the potential gradients 
of the sample ion, leading ion and terminating ion, 
respectively. 

As shown in Fig. 1, the PU value of the potassium 
ion increased with increasing concentration of 
18-crown-6 up to 3mM. Gn the other hand, the PU 
value of the ammonium ion remained almost con- 
stant, and complete separation of ammonium and 
potassium ions could be obtained with l-3mM 
18-crown-6. The PU value of the potassium ion was 
the same as that of the sodium ion in the terminating 
electrolyte when its concentration was higher than 
4mM. In addition, it was found that the PU value of 
the sodium ion was smaller than that of the calcium 
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I I I I I I 
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Concentration of 18-crown-6. mM 

Fig. I. Effect of the concentration of 18-crown-6 on the PU 
values. l NH:; 0 K+; lJ Na+; n Ca*+. 

ion when the glycerol concentration was 20-30%, 
but greater than it when the glycerol concentration 
was less than 10%. Therefore, 3mM 18-crown-6 
was selected as the concentration in the leading 
electrolyte. 

Determination of low concentrations of ammonium and 
potassium ions 

Linear working graphs were obtained for am- 
monium and potassium ions up to 1 .O and 2.0 mg/l., 
respectively, by using the leading electrolyte contain- 
ing 3mM 18-crown-6. The regression equations of 
these graphs for ammonium and potassium ions were 
y = 34.9x - 0.08 and y = 12.9x - 0.05, respectively. 
Both correlation coefficients were 1.000. In these 
equations, x was the concentration of the ion (mg/l.) 
and y the zone length (mm) when the recording speed 
was adjusted to 40 mm/mm. The lower determination 
limits for ammonium and potassium ions were 
2.9 and 7.8 pg/l., respectively, corresponding to a 
O.l-mm zone length. When 250~~1 volumes of mixed 
solutions containing ammonium and potassium ions 
in various concentrations were injected and analysed 
by use of the working graphs, the error in the 
determination of these ions was less than +20%, as 
shown in Table 1. The 

r 
d 

I I 
16 17 

Time , mm 

Fig. 2. Isotachopherogram of mixture 6. a, NH,+; b, K+; 
c, Na+; d, Ca2+. 

6 in Table 1 is shown in Fig. 2. In view of these 
results, this electrolyte system (which uses a smaller 
amount of 18-crown-6) can be applied to the deter- 
mination of trace amounts of ammonia in sea-water 
after a suitable pretreatment. 
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OF TRACE AMOUNTS OF IRON(II1) WITH 

BENZYLTRIETHYLAMMONIUM CHLORIDE 
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Summary-The ion-association complex formed between a thiocyanato-iron(III) ion and a benzyl- 
triethylammonimn ion is extracted into 1,2_dichloroethane, and its absorbance at 476nm is used for 
determination of the iron. Beer’s law is obeyed up to about 4 pg/ml iron concentration in the final solution. 
The molar absorptivity is 2.79 x 104 l.mole-‘.cn-’ 

The thiocyanate method is one of the most exten- 
sively used calorimetric methods for the deter- 
mination of iron, but has the disadvantage that the 
colour of the product fades. The complex can be 
extracted with various organic bases.’ Here we report 
the use of benzyltriethylammonium chloride for the 
purpose; addition of a small amount of ethyl methyl 
ketone stabilizes and intensifies the colour. 

EXPERIMENTAL 

Reagents 
AU chemicals used were of analytical grade. The stock 

solution of iron (100 yg/ml) was prepared from ferric 
ammonium sulphate in 0.05M sulphuric acid, and standard- 
ized by the potassium dichromate method.* 

A mixture of ethyl acetate, dimethylformamide, tri- 
ethylamine and benzyl chloride was refluxed to prepare the 
benzyltriethylammonium chloride” (BTAC), which was used 
as a O.lM solution in water. A 3M potassium thiocyanate 
solution in water was used. 

Buffers with pH-values in the range 16 were prepared 
from 0.2M hydrochloric acid, potassium hydrogen 
phthalate and potassium hydroxide: To 50 ml of 0.2W 
notassium hvdroaen ohthalate 20.4 ml of 0.2M hvdrochloric 
acid were added and-the mixture was diluted to 200 ml with 
distilled water to give a solution of pH 3.0. 

Procedure 
A portion of sample solution containing 0.8-38 pg of 

iron(II1) is diluted to 10 ml with potassium hydrogen 
phthalate buffer so that the pH is 3.0-i 0.5. Then-2 ml of 
O.lM BTAC. 0.5 ml of ethyl methvl ketone. 10 ml of 
1 ,Zdichloroethane and 2 ml of 3M potassium thiocyanate 
are added. The mixture is shaken for 1 min and the organic 
layer separated. The absorbance of the extract is measured 
at 476 nm against a reagent blank. A calibration graph is 
prepared in the same way. 

RESULTS AND DISCUSSION 

Depending on the thiocyanate concentration, a 
series of iron(III) complexes can be obtained. At 
thiocyanate concentrations higher than 0.2M, nega- 
tively charged4 complexes are formed which are 
extractable as ion-association species with the qua- 
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ternary BTA ion into 1,2-dichloroethane. The extract 
has maximum absorption at 476 nm. Beer’s law is 
obeyed for 0.08-3.8 ppm of iron in the final solution; 
the molar absorptivity is 2.79 x lo4 1 .mole-‘.cn-’ 
and is constant when the pH of the aqueous layer is 
kept in the range l-4. 

The thiocyanate concentration is critical and must 
exceed 0.2M in the aqueous phase. Addition of the 
thiocyanate is best done after addition of the solvent, 
to prevent possible fading of the colour. The lower 
limit for the BTAC concentration in the aqueous 
phase is O.OlM. The presence of some ethyl methyl 
ketone (0.3-0.8 ml) in the reaction mixture is found 
to play a significant role in increasing the stability and 
colour intensity of the extracted species, the absorb- 
ance remaining constant for at least 3 hr. If the 
amount of ethyl methyl ketone added is less than 0.3 
or more than 0.8 ml, the absorbance is lower. 

Effect of foreign ions 

The tolerance limit for interferences (Table 1) was 
set at the amount required to cause an error not 
exceeding about 1% in the determination of iron, but 
the upper concentration limit investigated was re- 
stricted to lOOO-fold w/w ratio to iron. 

The tolerance limits for some of the interfering 
species could be improved by use of masking agents, 
e.g., Pd(I1) and Pt(IV) with thiosulphate, Mo(V1) and 
W(VI) with mannitol, and Cu(II) with thiourea, the 
tolerance level being raised to 40 pg. 

Application to analysis of alloys and minerals 

Various samples were decomposed as outlined 
below, and suitable aliquots of the solutions were 
analysed as described above. 

Cupronickel. A 0.5-g sample is treated with 2 ml of 
concentrated nitric acid. When the reaction is almost 
over, the mixture is warmed on a hot-plate to com- 
plete the dissolution. After addition of 1 ml of 
concentrated sulphuric acid the mixture is evaporated 
until white fumes appear, then cooled, and diluted to 
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Table 1. Tolerance limits for foreign ions in the extraction 
of 8 pg of iron 

IOIlS 

Copper(E) 

Tolerance 

0.002 
Silver 

limit, fng 

0.50 
Gold(H) 0.15 
Zinc 4.0 
Cadmium 8.0 
Mercury(I1) 8.0 
Tin(I1) 0.10 
Tin(W) 8.0 
Lead(I1) 4.0 
Arsenic(II1) 4.0 

Ions 

ArseniciV) 
Antimony(II1) 
Bismuth 
Vanadium(V) 
~romium(II1) 
Chromium{VI) 
Molybdenum(V1) 
Tungsten(V1) 

Manganese(VI1) 
Cobalt(I1) 
Nickel 
Bhodium(II1) 
Palladium(I1) 
Platinum(IV) 
Fluoride 
Bromide 
Iodide 
Thiosulphate 
Oxalate 
Citrate 
Tartrate 
EDTA 
Thiourea 
Cyanide 
Perchlorate 
Orthophosphate 

tz5 
0:05 
0.25 
0.12 
0.050 
0.016 
0.010 

Manganese(I1) 4.0 Acetate 

0.50 

Tolerance 

0.60 
8.0 
0.25 
0.010 

limit, mg 

0.005 
0.20 
8.0 
0.40 
0.25 
0.01 
0.40 
2.5 
0.002 
3.0 
0.05 
8.0 
2.0 
8.0 

about 100 ml with 0.3M hydrochlo~c acid. The 
solution is heated almost to boiling, and hydrogen 
sulphide is passed through it to precipitate all the 
copper. The copper sulphide is filtered off and 
washed, and the filtrate is boiled to remove hydrogen 
sulphide, then evaporated to about 50 ml. Two ml of 
30% hydrogen peroxide solution are added to oxidize 
iron(H) to iron(III), and the solution is boiled to 
decompose the excess of peroxide. The solution is 
then made up accurately to 100 ml with water. 

Aluminium alloy. The sample is decomposed as for 
cupronickel 

Gun metal. A I-g sample is treated with the mini- 
mum necessary volume of nitric acid (1 + 1). When 
the vigorous reaction is over, the mixture is slowly 
evaporated (on a boiling water-bath) to a volume of 
S-10 ml to ensure that all the metastannic acid is 
precipitated. The mixture is then diluted to 50 ml and 
heated on the water-bath for IO-20 min, a Whatman 
“accelerator” is added, and the precipitate is filtered 
off on a Whatman No. 42 paper and washed. After 
addition of 1 ml of concentrated sulphuric acid the 
filtrate is evaporated until white fumes appear and is 
then cooled. After addition of 100 ml of water the 
solution is stirred and allowed to stand. Any precip 
itate is filtered off, and the filtrate (or solution) is 
made approximately 0.3&i in hydrochloric acid, 
heated nearly to boiling and treated with hydrogen 

Table 2. Determination of iron in alloys and minerals 

Sample and composition,% Iron found.% 

Cupronickei (No. 19e) O.&Qo; 0.836; 0.830 
Cu 67. Fe 0.83. Mn 0.80. Ni 31.2 
Alum&urn alloy (No. 2db) 0.422; 0.428; 0.440 
Cu 4.10, Fe 0.43, Mn 0.19, 
Ni 1.93, Si 0.29, Mg 1.61 
Gunmetal (No. 6g) 0.0202; 0.0202; 0.0208 
Cu 86.4, Fe 0.02, Zn 1.30, 
Sn 10.5, Pb 1.02, Ni 0.26, P 0.11 
Lead concentrates (No. 42G) 1.38; 1.39; 1.39 
Cu 0.14, Fe 1.35, Zn 3.40, 
pb 75.6, S 14.2, As 0.32, 
Mn 0.21, Sb 0.15, Bi 0.02, 
Ag 0.074, Au 0.016 
Portland cement (No. 24b) 1.70; 1.69 
CaO 62.9, MgO 2.56, FezOX 2.44, 
A&OS 6.22, SiOs 20.4 
Dolomite (No. 9h) 0.143; 0.148; 0.149 
CaCO, 55.2, MgCO, 43.1, 
SiO, 0.88, Fe,O, 0.21 

sulphide to precipitate the copper. The precipitate is 
filtered OK and washed and the filtrate is evaporated 
to about 50 ml, then treated with hydrogen peroxide 
etc., as for cupronickel. 

Lead concentrates. A 0.5-g sample is dissolved in 
the minimum volume of nitric acid (I + 1). Then 2 ml 
of concentrated sulphuric acid are added and the 
mixture is evaporated until white fumes appear, then 
cooled, diluted with water, boiled, filtered and made 
up to 100 ml. 

Portland cement or dolomite. A 0.1-g sample is 
dissolved in the minimum of hydrochloric acid 
(1 + 1), the mixture is boiled and filtered, and the 
filtrate is made up to 100 ml with water. 

The results obtained are given in Table 2. 
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Summary-A flow-injection system with a biamperometric flow-through detector provided with two 
platinum plate electrodes was tested for the determination of water with a two-component pyridine-free 
Karl Fischer reagent. The response was shown to be linear in the concentration range 0.03-0.11% water 
in methanol, ethanol or 2-propanol, with methanol as the carrier solvent. The maximum sampling 
frequency was about 150 samples per hr. It appeared to be possible to introduce a membrane separation 
step, thus allowing for the determination of water in fouled process streams. To avoid direct contact 
between the Karl Fischer solution and the pumping tubes, and thus extend the lifetime of the tubes, an 
indirect delivery system, based on replacement of the solution by pumped silicone oil, was also applied. 

Since its introduction more than ten years ago, 
flow-injection analysis (FIA) has been widely used in 
many fields of chemical analysis, including the deter- 
mination of water.’ Compared with batchwise Karl 
Fischer titrations, flow-injection has several advan- 
tages: (i) reduced reagent consumption (it is reported 
that 2000 determinations can be done with 1 litre of 
reagent),2 (ii) high sampling frequency (up to 250 
samples per hr is possible),3 and (iii) safety in apply- 
ing toxic reagents because the whole analysis 
proceeds in a closed system. An additional advantage 
sometimes observed in FIA is the increased selectivity 
when the analyte is accompanied by more slowly 
reacting components. This may happen in the deter- 
mination of water. A major disadvantage is the 
solvent effect. It has been observed that organic 
solvents may affect the peak shapes, thus reducing the 
general analytical applicability.3,4 With regard to the 
determination of water by FIA, some authors have 
already reported on improvements of the manifold 
and particularly of the detection system.s*6 In the 
present report this same subject is raised, including 
the possible application of a membrane separation 
step. 

EXPERIMENTAL. 

Two-component pyridine-free Karl Fischer reagent sol- 

*Present address: Anhui University, Department of Chem- 
istry, Hefei, Anhui, People’s Republic of China. 

tPresent address: Department of Analytical Chemistry, 
Prague Institute of Chemical Technology, Prague, 
Czechoslovakia. 

utions (Merck) were used. One ml of the iodine in methanol 
solution was equivalent to 5 mg of water. The methanol 
@.a. Merck) used as the carrier stream was dried over a 
molecular sieve (3A, Merck) by standing overnight. Before 
use the sieve beads were dried in a furnace at 300” for at least 
16 hr. Standard solutions were prepared by adding demin- 
eralized water to dried methanol. The exact ~n~ntrations 
were checked coulometrically with a 652 KF-Coulometer 
(Metrohm) and Hydranal Coulomat A and C (Riedelde 
HaEn). All other chemicals were of analytical reagent grade. 

Ap~rai~ 
The manifold is schematically depicted in Fig. 1. A 

peristaltic pump (Gilson, Minipuls 2) was used to propel the 
various streams. An indirect delivery system was introduced 
for the Karl Fischer (K.F.) solution, based on replacement 
of the solution by silicone oil. In this way direct contact of 
the pumping tubes (bore 0.5-0.6 mm) and the corrosive 
K.F.-solution was avoided; the pumping tubes were not 
affected by silicone oil. In the delivery flask the 
K.F.-solution and the silicone oil were separated by a thin 
impermeable Teflon membrane. Samples were injected man- 

Fig. 1. Flow-injection manifold for the determination of 
water. P, Peristaltic pump; C, carrier stream; KF, Karl 
Fischer reagent; F, delivery flask; 0, container with silicone 
oil; CR, reaction coil; D, detector; W, waste; S, injection 

valve. 
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Fig. 2. Exploded view of biamperometric detector. 

uaily by means of a Cway valve (Rheodyne) provided with 
a 30-~1 sample loop. The homemade bi~~rome~c de- 
tection cell consisted of two thin platinum plate electrodes 
clamped between Perspex blocks and separated by a thin 
Teflon spacer (0.6 mm thick) with a groove of 10 x 0.8 mm; 
cell volume about 5 ~1) as shown in Fig. 2. A IOO-mV 
potential difference was applied between the two electrodes. 
A 585 Polarizer (Metrohm) was used as the voltage source. 
The output was registered on a strip-chart recorder 
(Kipp, BD-8). The membrane separation cell7 was provided 
with a hydrophilic microporous polypropylene membrane 
(Celgard 3501, Celanese). 

RESULTS AND DISCUSSlON 

The mechanism of the Kari Fischer reaction has 
been extensively studied’ and it has been shown that 
the reaction goes rapidly to completion even when 
both reagent and water concentrations are low. Con- 
sequently, the interference of more slowly reacting 
concomitants can be eliminated by shortening the 
reaction times. By varying the concentration of the 
K.F.-reagent it was found that an optimum sensi- 
tivity was obtained for a 1: 8 (v/v) dilution of the 
reagent in methanol (Table 1). 

As long as sufficient K.F.-reagent is available for 
the reaction with a constant amount of water, con- 
stant sensitivity would be expected. However, we 
have observed that mixing of the carrier and reagent 
streams proceeds slowly for the more concentrated 
K.F.-solutions. This may lead to less complete re- 
action and, correspondingly, to decreased sensitivity. 
On the other hand for highly diluted K.F.-reagent 

0’ , I I , I 

100 200 300 
coil length (cm) 

Fig. 3. Variation of peak height with reaction coil length 
(bore 0.5 mm). Samples contained 0.119% H,O in 
methanol. Flow-rate of 1:8 (v/v) diluted Karl Fischer 
reagent solution and carrier stream was about 0.9 ml/min. 

solutions the amount of reagent limits the magnitude 
of the signal. Therefore there is an intermediate range 
of K.F.-solutions concentration that is high enough 
to cope with the amount of water injected but low 
enough for the reagent and carrier streams to be 
sufficiently similar for mixing to be rapid. 

The relation between peak height and length of 
the reaction coil at a fixed flow-rate is illustrated in 
Fig. 3. The maximum appears at 200 cm coil length 
(bore 0.5 mm). Apparently, with shorter coil lengths 
the residence time is too short and mixing may be 
insufficient to ensure the reaction going to com- 
pletion; with longer coil lengths the concentration 
sensed by the detector will decrease because of the 
additional dispersion. These results are in agreement 
with those of K;fgevall et ai.’ For similar reasons the 
peak heights gradually decrease at flow-rates larger 
than about 0.8 ml/min (Fig. 4). A flow-rate of about 
0.9 ml/min was selected because of the slightly better 
~pr~u~bi~ty of the peaks. 

For the selected conditions (flow-rates of both 
reagent and carrier stream are about 0.9 ml/min; 
coil length is 200 cm) a linear calibration graph 
is obtained over the water concentration range 
0.03-0.11% w/w. Without a membrane separation 
step, water concentrations in methanol, ethanol and 
2-propanol could be dete~in~ with an accuracy 
that wmpared favourably with that obtained by 
coulometry (Table 2). In accordance with the work of 
Kggevall et aL2 unsatisfactory results were obtained 
for samples of acetone. 

Table 1. Dependence of peak height on ~n~ntration of Karl Fischer reagent* 

K-F.-solution:methanol, 
VIV 1:4 1:6 1:7 I:8 1:P 1:lO I:12 

Peak height, 
mm 1 28 62 85 75 9 7.5 

*Samples,contained 0.13% H,O in methanok fiow-rates about 0.8 ml/min. 
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If the membrane separation cell is used, the linear 
working range is shifted to a higher concentration 
level (O.l-2% w/w) because of the slow transport of 
water across the membrane. 

o- 0 CONCLUSION 

FIA is suitable for the determination of water in 
2G methanol, ethanol and 2-propanol in the pg/g-range. 

For somewhat higher water contents a membrane 

0 I 1 I I I I I I 11 1 
separation step can be introduced, which eliminates 

05 1.0 15 the possibility of fouling the detection system, par- 
flow-rate (mllmin) titularly if the sample contains solid particles.9 The 

Fig. 4. Variation of peak-height with flow-rate: reaction coil biamperomettic detector used in this study is simple 

length 200 cm. Samples contained 0.119% H,O in methanol. and robust but yields unsatisfactory results for water 
concentrations below 0.03% w/w. 

Table 2. Comparison between results ob- 
tained by FIA and batchwise coulometry 
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0.034 0.029 
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Sammary-The interaction between rhenium(VI1) and dithio-oxamide in strongly alkaline medium in 
presence of tin(I1) chloride as reductant has been studied. A purple complex is obtained, with J_,,._ 
526 nm and L,, = 4.0 x lo3 l.mole-‘.cm-‘. The reaction has been applied to the determination of 
rhenium in tungsten-rhenium alloy after its anodic electrochemical dissolution in alkaline medium. A 
IOOO-fold excess of molybdenum or tungsten does not interfere. A modification of the proposed method 
can be used as a spot-test for rapid control of rhenium content in industrial solutions. 

It is often necessary to analyse strongly alkaline 
rhenium solutions. A spectrophotometric method is 
known for determination of rhenium in slightly alka- 
line or ammoniacal media, based on measuring the 
perrhenate absorbance at 230 nm.‘s2 Two other meth- 
ods are also available for determinaton of rhenium in 
strongly alkaline medium. The first is based on the 
interaction between perrhenate and thiourea in the 
presence of tin(I1) chloride as reducing agent3 

(6 300 - 1.5 x lo3 l.mole-‘.cm-‘) and the second “In - 
on the interaction between perrhenate and 
hydroxylamine4 (tjW nm = 7.9 x lo3 l.mole-L.cm-i). 
Both procedures involve absorbance measurement in 
the ultraviolet region, which results in several inter- 
ferences. The direct perrhenate and thiourea methods 
suffer from poor sensitivity and the hydroxylamine 
method suffers from systematic errors when large 
amounts of molybdenum and tungsten are present. 

The interaction between rhenium(IV) and dithio- 
oxamide (DTO) has so far been studied only in acidic 
medium.j It was shown that a mixture of rhenium(IV) 
sulphide and elemental sulphur is obtained. The 
interaction between H,(ReOCl,) and DTO has also 
been studied in acidic medium.6 A compound with 
composition ReOCl,(DTO), was isolated. The 
ReDTO bond was reported to be unidentate and 
formed with a sulphur atom of the DTO. 

The present paper deals with a new possibility for 
rhenium determination in a strongly alkaline me- 
dium, by interaction of rhenium with DTO in the 
presence of a reducing agent. 

EXPERIMENTAL 

Apparatus 

A Beckman DK-2A double-beam scanning spec- 
trophotometer was used with l-cm fused-silica cells. 

Reagents 

Standardrhenium solution. Dissolve 0.1553 g of potassium 
perrhenate in 100 ml of distilled water; 1 ml contains 1000 
pg of Re. 

Dithio-oxamide, 0.04M solution in ?M sodium hydroxide. 
Dissolve 0.240 g of the reagent in 50 ml of 7M sodium 
hydroxide. Use only fresh solutions. 

Tin(D) chloride, 0.24M solution in 7M sodium hydroxide. 
Dissolve 5.42 g of the dihydrate in a very small volume 
(2-3 ml) of distilled water. Add 7M sodium hydroxide ( < 95 
ml) with continual stirring until a clear solution is obtained, 
and then make up to 100 ml with more of the alkali. Use 
only fresh solutions. 

Hydrazine hydrochloride solution. Dissolve 7.55 g of the 
hydrochloride in 100 ml of 7M sodium hydroxide. Use only 
fresh solution. 

Standard molybdenum and tungsten solutions. Prepared by 
dissolving sodium molybdate dihydrate and sodium tung- 
state dihydrate in 7M sodium hydroxide. 

Procedures 

Calibration graph. Pipette 0.1, 0.2, 0.3, 0.4 and 0.5-ml 
portions of the standard rhenium solution (1000 pg/ml) into 
dry lo-ml graduated cylinders fitted with ground-glass 
stoppers. Add 1.2 ml of DTO solution and 8 ml of stannous 
chloride solution, make up to volume with 7M sodium 
hydroxide, mix, and let stand for 45 min. Measure the 
absorbance at 526 nm against a reagent blank. Plot the 
calibration graph. 

Qualitative and semiquantitative spot-test for rhenium. 
Prepare a colour scale by pipetting 0, 5, 15, 25 and 40 ~1 of 
1000~pg/ml rhenium solution into wells in a Teflon spot-test 
plate, and to each add 90 ~1 of DTO solution, 130 ~1 of 
stannous chloride solution, and make up to 260 ~1 with 7M 
sodium hydroxide and stir with a thin glass rod. To 20 ~1 
of the unknown solution add the quantities of the reagents 
prescribed above. Compare the resulting colour with the 
reference scale. The limit of detection is 5 pg/ml. Up to 
IOOO-fold ratio of MO or W does not interfere with the 
colour reaction. 

Procedure for determination in the presence of IOOO-fold 
ratio of Cu. Add DTO solution to the sample solution until 
formation of a brownish-black precipitate ceases. Centri- 
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fuge, and decant the supematant solution through a me- 
dium fast filter paper. Take an appropriate volume of this 
solution, add the stannous chloride solution, stir and let 
stand for 45 min. Measure the absorbance. 

Analysis of w--Re ciIoy. Weigh 0.2 g of the alloy (chips) 
into a platinum spoon (to be used as anode). Place the spoon 
and a platinum coil (as cathode) in 20 ml of 5M sodium 
hydroxide. Connect to a stabilized rectifier delivering 5-6 V 
and OS-O.9 A. About 40 mg of alloy will dissolve within 20 
min. Find the amount of sample dissolved, by removing, 
rinsing, drying and weighing the anode and residual sample 
after the electrolysis. Before switching off the current, 
reverse the polarity of the electrodes until the brown deposit 
of metallic rhenium on the cathode has dissolved (as little 
as 20 pg of Re will darken the cathode). Make up the 
solution to known volume and analyse an aliquot for 
rhenium as described above. 

Spectrophotometric &termination of rhenium in jnishing 
product (a mixture of metallic particles of Mo- W-Re based 
altoy, fzb~usiues and ~u~rieat~g oil). Treat the sample pre- 
liminarily with chloroform to eliminate the organic com- 
ponents and dry it to constant weight. Weigh 1 g of the 
treated sample and mix with 1 g of sodium hydroxide and 
1 g of sodium nitrate. Stir the mixture well and place it in 
an iron crucible. Heat it to 600” in a mufIle furnace and keep 
it at this temperature for 1 hr. Cool the melt and treat it with 
l&-IS ml of distilled water. Filter through a “rapid” filter. 
Transfer the clear filtrate to a 25ml standard flask and 
make up to volume with distilled water. Analyse an aliquot 
as above. 

Spectrophotometric determination of rhenium in a sub- 
limation product (mixlure of tungsten and rhenium oxides). 
Weight 1 g of the sample-into-a Teflon beaker and add 
10 ml of 5M sodium hydroxide. Place the beaker in an 
autoclave and digest the-sample in oxygen at a pressure of 
5-6 atm, at 110°C for 1 hr. Transfer the resulting clear 
solution into a 2%ml standard flask with 5M sodium 
hydroxide and make up to volume. Take an aliquot and 
analyse it as above. 

lII?SULTs AND DISCUSSION 

When perrhenate solution is mixed with DTO 
solution in I-12M sodium hydroxide medium, no 
colour appears but on addition of excess of reducing 
agent-tin(I1) chloride or hydrazine hydrochloride- 
a purple colour is formed. The absorption spectra of 
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DTO and tin(H) chloride has its absorp 
tion maximum at 526 mu, and the pure DTO solution 
absorbs at 315 nm. The of the 
rhenium-DTO 

conditions 

Figure 2 shows that complex formation takes place 
in 1M sodium hydroxide medium but only slowly and 
incompletely. 

alkalinity 
the The reaction is still rather 
slow, however, maximal being attained in 
40 min, then remaining constant for at least another 
hour or so. 

A large excess of reductant (at least 500: 1 molar 
ratio to rhenium) is needed for complete reduction of 

and to provide a medium to 
prevent possible oxidation of DTO and the complex 
by air. A complex with identical spectral 
istics is obtained with hydrazine hydrochloride 
reductant, which shows that tin(I1) chloride acts only 
as a reductant and does not form part of the complex. 

The effect of DTO concentration 

CDTOl/CRrl 
Fig. 3. A at 526 nm plotted us. C&o; Ca, 1.07 x 10m4M, 
C, O.l92M, C,, 7M; spectra recorded against a blank 

solution. 
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Table 1. Determination of rhenium in various samples 

Present method Tbiourea method 

Amount Std. Std. 
dissolved, Number of Mean, devn., Mean, devn., 

Sample mg replicates % % % % 

W-Re alloy 40 6 7.30 0.50 7.18 0.50 
Mo-W-Re finishing product 1000 5 0.603 0.007 0.587 0.028 
W-Re subhmation product 1000 5 0.517 0.007 - - 

takes place, precipitation of hydrolysis products 
being observed, since the hydroxide ions compete 
with the DTO reaction. At higher DTO: Re ratios the 
degree of complex formation increases and at 20: 1 
molar ratio constant absorbance is attained for a 
fixed amount of rhenium. Further increase in the 
ratio causes no shift in the absorption maximum at 
526 nm, indicating formation of a single complex 
species in the system. For the determination a 30-fold 
molar ratio of DTO to rhenium is used, 

Composition of the complex 

When excess of tin(I1) chloride is added to an 
alkaline perrhenate solution a brownish black 
precipitate (most probably of ReOZ) is formed. In the 
presence of excess of DTO no precipitate is formed, 
but a purple colour appears (complex formation). 
The same absorption spectrum is obtained with 
tin(H) sulphate as reductant. 

Addition of excess of alkaline DTO solution to 
potassium hexachlororhenate(IV) solution produces 
a purple colour, which has an absorption maximum 
at 526 nm but is unstable, fading within 30 min. The 
addition of an excess of reductant-tin(H) chloride or 
hydrazine-stabilizes the colour and the absorbance 
at 526 nm is stable for about an hour after complete 
formation of the complex. The reductant will reduce 
higher oxidation states of rhenium and prevents both 
complex and ligand from oxidation by atmospheric 
oxygen. These facts suggest that the rhenium in the 
complex is in oxidation state (IV). 

Ion-exchange and electrophoresis show that the 
complex is negatively charged. All attempts to isolate 
the solid complex from alkaline medium have failed. 
The complex is hydrophilic and is not extracted by a 
wide variety of organic extractants. 

The Re:DTO ratio in the complex is 1:2, as 
determined according to the procedure of Staric and 
Barbanel.’ The stability constant of the complex, 
determined by the mole-ratio and Babko’ methods is 
fl = (1.2 f 0.15) x 106. 

It is very likely that in strongly alkaline medium the 
ionized thiol form of DTO is present and the 
Re-DTO bond should be bidentate. 

--S--C=NH 

-s--L -NH 

The thiol form of DTO 

We therefore suggest that the composition of the 
complex is [Re(OH),(DTO)J-. 

The molar absorptivity at 526 nm is 
(4.0 f 0.3) x lo3 l.mole-‘. cm-‘. Beer’s law is obeyed 
over the rhenium concentration range 5-50 ,ug/ml. 
The standard deviation of the absorbance is 0.016 for 
20 and 40 fig/ml Re (9 replicates), and the relative 
standard deviations 3.6 and 1.7% respectively. 

Interferences 

MO and W do not form complexes with DTO 
under the conditions described. It is found that a 
1~0-fold ratio of MO and W does not interfere with 
the determination. 

Applications 

Three industrial samples were analysed by the 
proposed method. Comparison analyses of the alka- 
line solution were performed as follows. Rhenium 
was separated from the matrix by extraction with 
acetone from alkaline medium. The extract was evap 
orated to dryness. The dry residue was dissolved in 
distilled water and an aliquot of the resulting solution 
was analysed by the thiourea method.8 The results are 
shown in Table 1. 
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Summary-On the non-ionic sorhent Amberlite XAD-2 the sulphonated derivative of an aromatic 
complexing agent-Pyrocatechol Violet-was immobilized, and this chelate-forming resin was used for 
the preconcentration of Ph(I1) and In(II1) and for the separation of some metal ions. The PV-MD-2 
resin was adopted for the preconcentration of Pb(I1) in tap-water. Very high preconcentration factors were 

In trace metal analysis preconcentration or separ- 
ation of the analyte from the matrix is frequently a 
necessity. Various methods and materials are recom- 
mended for preconcentration and separation. Ex- 
change methods with highly selective resins are par- 
ticularly convenient. Chelating resins prepared by 
the immobilization of chelating agents on various 
supports’-3 are recommended for the purpose. 

A very efficient system is provided by immobiliz- 
ation of the sulphonic acid derivative of an aromatic 
complexing agent on an anion-exchange resin.4,5 In 
this paper we demonstrate the properties and appli- 
cation of such a resin, based on Amberlite XAD-2, 
for the preconcentration and separation of metal 
ions. Amberlite XAD-2 has been utilized as a support 
for neutral complexing agents,6*7 and sorption of 
ionic compounds on its surface has been reported.* 
As the sulphonic acid derivative, we have selected 
Pyrocatechol Violet (PV), 3,3’,4’-trihydroxyfuchsone- 
2”-sulphonic acid (Fig. l), and have applied the 
system to preconcentration of Pb(I1) and In(III), and 
the separation of some metal ions. 

EXPERIMENTAL 

Reagents and apparatus 

The Amberlite XAD-2 (Aldrich) had a specific surface 
area of 330 m*/g, pore diameter 90 A, and bead size 20-60 
mesh. The Pyrocatechol Violet (BDH) was recrystallized 
from 10% v/v ethanol-water solution before use. PV is only 
slightly soluble in water (0.1% aqueous solution) but easily 
soluble in alcohols (59 g/l.). 

Standard indium solution was prepared by dissolving 
1.000 g of the metal (spectroscopic grade) in 2M hydro- 
chloric acid and diluting the solution to volume in a SOO-ml 
standard flask, and was further diluted as required. Metal 
stock standard solutions (1000 mg/l., for atomic-absorption, 
Merck) were diluted as required. All other chemicals 
were analytical grade. Doubly distilled water was used 
throughout. 

A Beckman model 1272 atomic-absorption spectrometer 
was used with a Pye-Unicam GRM-1268 graphite furnace. 
The conditions used for determining the various elements 
were those recommended by the manufacturers. The glass 

exchange columns, 20 cm long, 0.8, 1.0 and 1.5 cm inner 
diameter, had a Rotaflo tan at the bottom. The flow-rate 
was regulated with a peristaltic pump. 

Preparation of PV-resin 

To obtain the modified adsorbent, the XAD-2 resin was 
moistened with methanol, then washed with 6M hydro- 
chloric acid, water, 2iU sodium hydroxide, and water again, 
then shaken with 5 x 10e4M PV aqueous solution until the 
supematant solution became colourless. The resin was then 
filtered off, washed with water and alcohol, dried, and kept 
in the refrigerator. The modified resin contained 0.05 mmole 
of PV per g of Amberlite XAD-2. 

Determination of the aakorption isotherm of PV 

The sorption of PV was measured under static conditions. 
A 0.200-g portion of Amberlite XAD-2 was shaken for 12 
hr with 20 ml of PV solution at pH 2.6. The concentration 
of PV was in the range 1.4 x lo-“-3.7 x lo-‘M. After 24 hr 
the equilibrium concentration of dye in the solution was 
measured spectrophotometrically at 450 nm. The results are 
presented in Fig. 2. 

The sorption of PV as a function of pH 

A 0.200-g portion of resin was shaken for 12 hr with 20 
ml of 3.1 x 10e3M PV. and the DH was adiusted with 
sodium hydroxide or nitric acid to a value in the range 
l&2.0. The equilibrium concentration of PV was measured 
spectrophotometrically at 450 nm after 24 hr. The results am 
presented in Fig. 3. 

The stabirily of aqueous PV solution 

Solutions of PV at 0.2% concentration are stable. At 
higher concentrations, even in the dark, Pyrocatechol Violet 

OH 

Fig. 1. 3,3’,4’-Trihydroxyfuchsone-2”-sulphonic acid. 
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Fig. 3. The sorption of Pyrocatechol Violet as a function of 
PH. 

plexing agents. The sorption of PV on XAD-2 resin 
is due to rr--11: dispersion forces arising from the 
aromatic nature of the resin and reagent. Figure 2 
shows the adsorption isotherm of PV on XAD-2 at 
pH 2.6. The capacity of XAD-2 for PV at pH 2.6 is 
0.10-0.12 mmole/g. Figure 3 shows the retention of 
PV on the resin as a function of pH, determined by 
the batch method over the pH range 1-12. The 
adsorption is maximal at about pH 2, and pre- 
sumably specific interaction between the “potential- 
determining” ion* (PV) retained on the XAD-2 resin 
and counter-ion (H,O+) increases the adsorption 
(the dissociation constants of PV are:9 pK,, = 0.8, 
pK,, = 7.80, pK,, = 9.76, pK, = 12.83). Cantwell and 
Puon proposed this mechanism for retention of 
organic ions on a non-ionic sorbent, on the basis 
of Grahame’s modification” of the Stem-Gouy- 
Chapman electrical double-layer theory, and con- 
sidered that if a large organic anion were used with 
a small cation, the anion would be adsorbed as the 
potential-determining ion, and the cation would serve 
as a counter-ion. In the work described here, specific 
adsorption of the anion is evident and confirms that 
if specific interaction occurs, the sorption of the 
potential-determining ion increases. 

The retention of metal ions on XAD-2 resin modijied 
with PV 

The sorption behaviour of several transition-metal 
and heavy-metal ions as a function of pH was 
examined by the batch method. The results presented 
in Fig. 4 indicate that differences in retention occur. 

0 1 2 3 4 

CtmM) 

Fig. 2. Adsorption isotherm of Pyrocatechol Violet. 

decomposes slowly. To study the stability a 6.2 x 10e3A4 
solution was prepared and its absorbance was measured 
spectrophotometrically at 450 nm, and again 300 days later, 
by which time the PV concentration had decreased to 78% 
of its initial value. 

Retention of metal ions as a function of pH 

A constant amount (equivalent to 0.200-g dry weight) of 
modified resin was mixed with I ml of methanol and 20 ml 
of solution containing 0.10 mg of metal ion. The solution 
was adjusted to the desired pH with sodium hydroxide or 
nitric acid and then the mixture was shaken for 12 hr. The 
equilibrium hydrogen-ion and metal-ion concentrations 
were determined 12 hr later. The metal ions were determined 
by AAS.” The results are presented in Fig. 4. 

Determination of breakthrough capacity for indium as a 
function of pH 

Through columns (6 cm bed height) of 1.0 g of loaded 
Amberlite XAD-2, indium solutions (0.5 mg/l.) at various 
pH values were passed at a flow-rate of 1.7 ml/min. 

Separation procedures 
A IO-ml volume of solution containing a mixture of metal 

ions in the weight ratio In(III):Co(II):Ni(II) = 1:1000:100 
@H in the range 3.24.0) and a 20-ml volume of solution 
containing Bi(III):Cd(II):Ni(II) = 1: 1500: 100 @H = 1.25) 
were passed through columns of PV-loaded resin. The metal 
ions were eluted at a flow-rate of 1.7 ml/min. A 6-cm bed 
height of 1.0 g of modified resin was used (column inner 
diameter 8 mm). The results are presented in Table 1. 

RESULTS AND DISCUSSION 

It was established that Pyrocatechol Violet is 
adsorbed on the hydrophobic surface of the styrene 
divinylbenzene type resin Amberlite XAD-2. The 
hydrophobic resin appears to be an excellent support 
for the sulphonic acid derivatives of aromatic com- 

1 I I I I I I I I I I I 
24 6810 2 4 6 8 10 246810 246810 

PH 

Fig. 4. Retention of metal ions on the PV-loaded resin as a function of pH. 
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Table 1. Separation of metal ions on PV-loaded Amberlite XAD-2 
(average of 6 determinations) 

Amount of metal, mg 

Mixture Elution agent Added Found* 

In OSM HNO,, 25 ml 0.010 
co > 

0.010 f 0.0008 
5 x 10e3M tetrene, 10.0 10.0 f 0.077 

Ni 150 ml 1.0 1.02+0.091 

Bi l.OM HNO,, 25 ml 0.010 0.010 0.0007 * 
co 5 x lo-‘M tetrene, 15.0 14.9 0.117 * 
Ni 200 ml 1.0 0.98 0.054 + 

*Mean and range, 95% confidence limit, 

At pH 1 the selectivity sequence for metal ions on the 
PV-XAD-2 chelating resin is: Bi(II1) 2 In(II1) 2 
Pb(I1) > Cu(I1) > Fe(II1) > Co(I1) > Ni(I1). As ex- 

pected, the greatest affinity for PV-XAD-2 resin is 
exhibited by those metal ions which possess the 
greatest affinity for oxygen as a donor atom. The 
selectivity sequence is in agreement with that predict- 
able from the stability constants of the complexes 
formed between PV and the metal ions: Bi(II1) 2 
In(II1) > Fe(III), and may indicate, to some degree, 
that the complexing properties of PV are not changed 
if it is immobilized on a resin. If a complexing agent 
is adsorbed as a potential-determining anion on the 
surface of the resin, metal ions are retained as 
counter-ions on the resin, according to their specific 
interaction with the ligand. 

Separation of metal ions 

The differences in the retention of the metal ions 
under study, on PV-loaded XAD-2 resin, indicate 
that Bi(II1) and In(II1) should be separable from the 
less strongly retained metal ions. Table 1 shows the 
results for separation of Bi(II1) or In(II1) from excess 
of Cu(I1) and Ni(I1). The separation of Bi(II1) from 
Cu(I1) is of practical interest for analysis of copper 
alloys. To increase the efficiency of the separation 
(smaller volume of eluent) tetrene was used as eluent. 

Preconcentration of indium 

Indium is firmly retained on PV-XAD-2 resin over 
a wide pH range (3-8). The breakthrough capacity 
for indium was determined under the following col- 
umn operating conditions: bed-height 2 cm (0.3-0.4 g 
of resin), pH range 3.2-7.7, flow-rate 1.7 ml/min, 
column bore 8 mm, and found to be 0.3 mg of In(II1). 

Table 2. Determination of lead in tap-water by 
AAS after preconcentration on PV-resin 

Pb concentration.* unil. 

Sample 1 2.8 f 0.3 3.0 f 0.4t 
Sample 2 2.6 f 0.3 2.7 + 0.3t 

*Mean and range of 3 determinations (95% 
confidence limit). 

tDetennination of lead by anodic stripping 
voltammetry (6 min preconcentration at 
-0.8 V vs. SCE). 

From the amount of PV retained on the resin bed, the 
molar ratio of PV to In(II1) under the given con- 
ditions is 12: 1. According to Ryba et a1.,12 Pyro- 
catechol Violet forms 1: 1 complexes with indium and 
some other tervalent metal ions, so in an &mm bore 
column a 6-cm bed height (1.2 g of PV-XAD-2 resin) 
should be able to take up 1 mg of indium, which can 
be eluted with nitric acid. If we assume precon- 
centration from 2 litres of OS-pg/ml indium solution, 
the concentration factor is 100. 

Preconcentration of lead 

With a bed height of 10 cm (2 g of resin, column 
bore 8 mm), passage of 2 litres of 0.05~pg/ml lead 
solution and elution with 25 ml of l.SM nitric acid 
a concentration factor of 80 was obtained. With 
passage of 5 litres of the lead solution, removal of the 
resin from the column, and stripping with 10 ml of 
lit4 nitric acid, a concentration factor of 500 was 
obtained for quantitative desorption. Only one ex- 
traction was needed. Six analyses of 5-litre samples 
of 0.05~pg/ml lead solution gave recovery of 
0.24+0.019 mg (mean and 95% confidence limit). 
The flow-rate for preconcentration may be as high as 
5 ml/min if a 15-mm bore column is used. The 
PV-XAD-2 resin was used for preconcentration and 
determination of lead in tap-water. The results are 
presented in Table 2. 
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Summary--Lead accumulated in aquatic bryophytes, Poftfia lud~igii, Scapaniu ~~~ut~ and Felfia 
ettdiviifoiia, has been characterized by X-ray photoelectron spectroscopy (XI’S). The well resolved Pb 4/ 
(4f712 and 4fsR) spectra indicate that the bonding state of lead in each bryophyte is that giving a fairly 
narrow ~s~~~on in the binding energy. The Pb 4x,@ binding energy depends on the bryophyte species 
and is lower than that for kad stdphate. It is also possible to use XPS to defect zinc and copper 
a~~~at~ in bryophytes. 

A considerable number of X-ray photoelectron spec- 
troscopic studies of biologically important substances 
have been rep~rted.~ However, application of XPS to 
real organisms without pretreatment, especially to the 
~h~acte~~a~o~ of trace elements in living bodies, 
has been limited. This is perhaps because the sensi- 
tivity of XPS is too low; typically the concentration 
of element required is at least 0.1-1.0 atom% in the 
volume probed. Living organisms can ~n~tmte 
elements from aquatic media and the concentration 
factor can sumetimes be strikingly high? Recently 
we have demo~s~f~ that XPS gives some evidence 
for mercury-sulphur bonding in the liverwort Jun- 
glermannia vulcanicola.3 The liverwort accumulates 
mercury by a factor of more than 106 (dry weight 
basis) from the acid stream where it lives. The XPS 
method opens up the possibility of characterizing the 
bonding state of elements accumulated in living 
tissues. 

In this paper, XPS analyses of some bryophytes are 
reported. it is shown that, unlike mercury in the J, 
v~lean~~~~, lead in the aquatic bryophytes P&&J 
~~~g~~~ &apia ~~~a~~ and Fe&& g~~~~~~o~~ is 
not bound to sulphur, but is distributed in rather 
uniform bonding states, as indicated by its well 
resolved 4f spectrum. Copper and zinc accumulated 
in the bryophytes are also described briefly. 

P&a ~d~~~~~ and R&&r ~~~~ii (Spreng.) Broth., 
were collected in a puddle at C&ran (“silver mountain”) 
mine close to Lake Towada, Japan. Scapania undulata was 
samnled from a stream at Greenside mine, England. The 
de&pfion and ekmentaf composition of the P. ~~~vi~~~~4 
and the S. smdulta5 rue &en in detail e&where. Scope- 
&$&r ~~tar~~t~e, ~IIWZI ~4s copper moss and called 
Honmonji-goke (moss) in Japan, was sampled at Homnonji 
Temple, Tokyo. 

XPS and ICP analyss 
The X-ray p~ot~l~~on spectra and the X-ray induced 

Auger electron spectra were recorded on a Vacuum Gener- 

ators ESCALAB 5 apparatus. The conditions for mea- 
surement have been described previously.6 The bryophytes 
were dried in a desiccator, cut into segments of ca. t cm and 
t%xed on a staintess-steel sample holder (10 mm diameter) 
with double-sided adhesive tape. In the case of P. ~~jg~~~ 
a bundle about 6 cm long gave 5 segments. 

The electron binding energies were standardized against 
the Au 4f7,2 (83.8 eV) line from a gold film evaporated onto 
the sample. The uncertainty in the determination of the 
binding energy was & 0.2 eV. The relative atomic abundance 
was cakxdated from the intensities of the phot~~~tron lines 
and the empirical at~~~~n~ti~ty factors.* 

The efementai ~rn~~tjons of the bryophytes were deter- 
mined by induc~~iy~uP~~ piasma atomic-emission spew 
trometry (JCP) (Jan-e1 Ash Plasma Atom Comp Model 957) 
after digestion with concentrated nitric acid. 

The survey XP-Saturn of P. ~~w~g~~ (segment 
2-3 cm from the tip) which contained a high conceu~ 
tration of heavy metals (pb, Cu and Zn; see Table 3 
for the elemental composition determined by ICP and 
Table 2 for that determined by XPS) was obtained by 
scanning the binding energy rafige O-12% eV for 20 
min. It revealed that, alt~ou~ lines due tt, major 
elements (C, N, 0) predominate, the strongest lines 
for the minor ~nstituents at below percent levels 
are detectable even in a survey spectrum. Since the 
C 1s line inevitably contains contributions from 
exogenous carbon ~ompounds~ the oblations of 
the N 1s fine ~~ndi~ energy 399.5 ev) att~bu~b~e 
mainly to amino groups are important in ensuring 
that real tissue is being examined. 

For the P. endiviifolia, the Cu 2~) and Zn 2p litres 
were detected at intensities comparable with those 
observed for P. Iwiwigii, but the Pb 4fIines were an 
order of magnitude weaker, in agreement with the 
ICP analysis.4 The S. undutata exhibited the Pb +f 
lines as strong& as in the P. it&wig& but gave weaker 
Zn 2p and negligible Cu lines. The S. cataractae was 
characterized by remarkably strong Cu 2p lines, as its 
common name would suggest, but did not give 
detectable Pb and Zn lines. 
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Table 1. Pb 4f7,2 binding energies in aquatic bryophytes and lead 
compounds 

Sample Pb 4f7/2 binding energy, eV FWHM, eV*$ 

Pohlia ludwigii 138.7+ 2.4 
Scapania undulata 138.5* 2.3 
Pellia endiviifolia 13a.9* - 

PbSO, 139.2.t 2.2 
PbS 137.s 1.9 
PbCl, 138.6*, 138.87 2.0 
Pb(CH,CCW, 138.7t 
Pb,U’W, 138.4t 
PbO 137.9t 

*This work. 
tThe binding energies (Ref. 7) are determined with respect to the 

C Is line from a carbon contamination (285.0 ev). In this table, 
they were shifted 0.4 eV lower so that the binding energy of 
PbSO, was adjusted to give the same value as our result, which 
also gives a consistent C 1s binding energy (284.5 eV on PbSO, 
in our measurements) within experimental error. 

§Full width at half-maximum. 

The Pb 4J spectrum of P. ludwigii was compared 
with those of PbSO, and PbS. The bryophyte sample 
gives well resolved 4f7,r and 4f5,2 spin-orbit com- 
ponents with linewidths of each component similar to 
those shown by the pure lead compounds (Table 1). 
Similar well resolved Pb 4f spectra were obtained for 
P. endiviifolia from the Ginxan mine and the S. 
undulata from Greenside mine. This indicates that the 
Pb in these bryophytes exists in homogeneous bond- 
ing states, otherwise a broader and less well resolved 
4f spectrum would be obtained. The comparison also 
shows that PbS cannot be a major lead component in 
the P. ludwigii. The observation contrasts with the 
case of Hg in the J. vulcanicola, for which XPS gave 
evidence of Hg-S bonding.3 

Table 1 lists the Pb 4f77/2 binding energies found in 
the bryophytes, together with those of some lead 
compounds.’ The Pb 4f7,2 binding energies in the 
three bryophytes are slightly different, the lowest 
(138.5 eV) being found for the S. undulata. Since the 
average C 1s binding energies are the same 
(284.7 f 0.1 eV) for all the bryophytes, the differences 
are considered to be significant. Similarly the binding 
energies in the P. ludwigii and S. undulata are 
different from that of PbSO,. 

The P. ludwigii also exhibited well resolved Cu and 
Zn 2p spin-orbit components. However, the Cu 2p 
spectrum (Cu 2p3,r binding energy 932.8 eV) suffered 
from X-ray induced reduction* and lost satellites 
characteristic of CU’+.~ With lowered X-ray intensity, 
the characteristic satellite structure was observed for 
the S. cataractae. For the P. ludwigii, the character- 
istic ESR spectrum of paramagnetic Cu2+ was ob- 
tained. As is known, the Zn 2p31z binding energy 
(1022.0 eV for the P. ludwigii) alone does not give 
much information on the bonding state of Zn.‘O 

Table 2 shows an example of a semi-quantitative 
analysis of the P. ludwigii by XPS. The atomic 
abundances of Pb, Cu and Zn relative to C are 
consistent with their bulk concentrations in the 
0.1-l% level (Table 3). Accordingly, since the prob- 
ing depth of XPS is limited to the surface layers 
(< 100 A) of the solid samples, it is suggested that the 
heavy metals are not significantly concentrated in the 
surface layers of the bryophyte samples. The wncen- 
tration of Zn is constant throughout the segments 
whereas that of Pb and Cu varies. 

As can be seen from Table 2, XPS can determine 
the sulphate-S and sulphide-S (mostly attributable to 
protein-S in this case) separately, owing to the chem- 

Table 2. Atomic concentrations relative to carbon (= 1000, based on C 1s line) 
in P. ludwigii determined by Xps 

Segment* 

Element Line o-1 1-2 2-3 3-4 4-5 5-6 

0 IS 210 250 280 240 310 350 
N Is 47 43 55 40 49 69 
Si 2.Q 2.0 3.4 5.1 6.7 10 14 
P 2P 2.0 2.8 3.9 1.9 2.4 2.4 
s (+vI) 2p 0.47 1.2 0.92 0.80 1.6 1.9 

(-*I) 
z 

0.60 0.58 0.87 0.40 0.72 0.62 
Pb 0.12 0.61 0.73 0.44 0.45 0.61 
cu 2P3,2 0.86 2.1 3.6 2.8 2.9 5.6 
Zn 2P3,z 1.6 1.2 1.1 1.0 1.5 1.5 

*Lengths (cm) from the tip of bundle of the P. hufwigii. 
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Table 3. Elemental composition of the shoot of P. tudwigii and water samples from Ginxan 
(3 Nov. 1983) determined by ICP analysis 

Shoot, mg/kg 
Water, 

Element O-l cm l-2 cm 2-3 cm o-3 cm mgll. 

Na 197 177 200 193 4.7 

M8 2.14 x lo3 1.84 x 10’ 2.02 x 103 1.98 x 10) 

Al 935 794 1.09 x 10’ 973 

P 6.05 x lo3 5.06 x 10” 6.88 x 103 5.75 x 103 

K 3.21 x 104 3.52 x lo4 3.12 x lo4 3.09 x 104 

Ca 5.41 x 103 5.04 x 103 6.02 x IO3 5.17 x 103 

Mn 22 18 40 26 

Fe 597 516 666 640 

cu 5.76 x IO3 1.04 x 104 1.15 x 104 8.56 x lo3 

4.5 
0.91 
0.89 

<O.l 
<O.l 
<0.5 
<0.5 

0.73 
0.79 
2.85 
2.80 

<0.02 
<0.02 
<0.02 
<0.02 

0.02 
0.02 

Zn 3.72 x 10) 4.33 x 10’ 4.91 x 103 4.05 x 103 0.66 
0.66 

Pb 2.67 x lo3 6.09 x 10’ 8.36 x lo3 5.35 x 103 0.02* 
0.03* 

*Values between determination and detection limit of ICP analysis. 

ical shift in the S 2p line for the two species.” This 
capability is useful in the speciation of sulphur in the 
biological sample, especially when the sample con- 
tains chalcophile metals. The peak at higher binding 
energy (168.4 eV) can be attributed to sulphate-S 
and the lower one (162.9 eV) to sulphide-S. X-ray 
induced changes in the S 2p spectra’* were not 
observed. 

For the P. ludwigii, the total atomic concentration 
of Pb, Cu and Zn always exceeded the total amount 
of sulphur. Therefore, if one-to-one stoichiometry is 
assumed, the total amount of heavy metals cannot 
be involved in bonding with the sulphur-containing 
ligands. As stated above, dominant presence of PbS 
is not likely on the basis of the Pb 4f,,* binding 
energy. The binding energy in the bryophytes ranges 
from a value fairly close to that of WSO, (P. 

endiviifolia) to a significantly different one (S. un- 
dulata). For the S. u&data the sulphate-S/Pb ratio 
was 2.2 for one sample but was less than unity (0.6) 
for a second sample. A close correlation between the 
Pb and sulphate-S concentrations is not observed for 
the P. Zudwigii (Table 2). Therefore, it is unlikely that 
the sulphate ion is the sole binding ligand for Pb in 
these bryophytes. Table 2 shows that the concen- 
tration of Pb has no correlation with that of other 
elements (except Cu). Apparently more information 

is required to establish the bonding state of lead in 
bryophytes. 
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Summary-The application of reverse pulse polarography to the determination of substances which form 
films electrochemically on the mercury electrode is illustrated with pcnicillamine and cysteine. The 
dependence of the peak current on several variables is reported and compared with theoretical predictions. 
It is shown that under optimal instrumental conditions (long drop times and short effective pulses) reverse 
pulse polarography compares favourably with both normal pulse polarography and differential pulse 
polarography for the determination of penicillamine and cysteine, concentrations of penicillamine as low 
as 5 x lo-*M being readily determined in the presence of copper(R). 

Reverse pulse polarography (“scan-reversal pulse 
polarography, RPP”) is a variant of normal pulse 
polarography in which the initial potential is held at 
a value at which the electrode reaction being studied 
takes place, and pulses of increasing potential are 
applied. This technique holds great promise for the 
characterization of electrode reactions, including in- 
vestigation of their polarographic reversibility’** and 
identification and determination of their intermediate 
and final products.* Amperometric RPP has been 
employed in conjunction with flow-injection analysis 
for the determination of a variety of species.‘” The 
present paper describes the use of RPP for the 
determination of substances that take part in 
the electrochemical formation of films of mercury 
compounds on the electrode surface. The results 
presented concern two substances of biological inter- 
est, cysteine and penicillamine. The technique de- 
scribed is a form of cathodic stripping voltammetry, 
and shares its inherent sensitivity. 

THEORY 

In polarography, any species A that forms an 
insoluble compound with mercury ions produces an 
anodic wave due to oxidation of the mercury of the 
electrode according to the reaction 

zA+Hg*(HgA,),,+ne- (1) 

where the subscript el indicates that the reaction 
occurs at the surface of the electrode. If the concen- 
tration of A is such that the maximum surface 

*Part of this work was presented at the 36th Meeting of the 
International Society of Electrochemistry, Salamanca, 
Spain, 1985. 

concentration of HgA, is attained, this wave may be 
followed by a second at more positive potentials. 

When RPP is employed with an initial potential E, 
kept constant at a value yielding the limiting current 
of the anodic wave, the reaction above takes place 
during the time that elapses between the electrode 
drop beginning to form and the potential pulse being 
applied. An analysis of the process, similar to that by 
Koryta,s shows the number N of moles of product 
formed under conditions in which the electrode sur- 
face is not saturated, is given by 

N = 0.85m213 tf3T = 0.627 x 10-3C,D~2m2i3 t:@‘/z 

(2) 

where m is the mercury flow-rate, r the surface 
concentration of HgA,, C, the molar concentration 
and DA the diffusion coefficient of A. 

Applying sufficiently large negative potential pulses 
drives reaction (1) backward, reducing the mercury in 
the compound concentrated on the electrode surface. 
The situation is thus analogous to that of reactant 
adsorption in normal pulse. polarography, in which 
the current-potential curves present a characteristic 
peak shape. &‘I The appearance of this peak is a 
consequence of measuring the current at a fixed time 
tp towards the end of the pulse. As the pulse potential 
is made increasingly negative the current first in- 
creases as more mercury(I1) in the adsorbed film is 
reduced to mercury, but eventually decreases when 
the potential pulse is sufficiently negative to cause 
increasingly complete reduction of the adsorbed film 
before the current is measured. The peak current will 
decrease with increase in the time t, that elapses 
between the moment at which the potential pulse is 
applied and that at which the current is measured 
(i.e., the effective pulse duration). For a plane station- 
ary electrode and low electrode surface coverage, 
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theoretical calculations show that ip = kt;095 for re- 
versible redox reactions and ip = kt; ’ ’ if the reaction 
is totally irreversible.8-” The system is shown 
schematically in Fig. 1. 

These considerations have an important con- 
sequence for the analytical determination of the 
species A, since if t, is short, then the peak current 
recorded in RPP, which is proportional to the quan- 
tity of HgA, deposited on the electrode, may be 
expected to be greater than in normal pulse polar- 
ography or differential pulse polarography, in which 
the current is dependent only on the diffusion of A. 

EXPERIMENTAL 

Polarographic measurements were made with a Tacussel 
Type PRGS polarograph in conjunction with a three- 
electrode cell system having a saturated calomel electrode as 
reference and a platinum counter-electrode. The drop-time 
of the dropping mercury electrode, t, was mechanically 
maintained at a constant value in the range l&9.9 sec. The 
effective pulse duration t, was maintained at a constant 
value between 14 and 80 msec. A scan-rate of 1 mV/sec was 
usually employed. In the differential pulse polarography a 
pulse amplitude of + 100 mV was used. 

Measurements were made at 25 + 0.1”. Solutions were 
deaerated by passage of oxygen-free nitrogen for about 
10 min. The pH-values were measured with a Radiometer 
Model 26 pH-meter. 

A stock aqueous solution (2 x lo-‘M) of cysteine 
(Sigma) or penicillamine (Ega-Chemie) was prepared daily 
by dissolving the compound in water that had been de- 
aerated by passage of nitrogen. All other chemicals were 
Merck analytical reagent grade. Water was purified by a 
Millipore-Milli Q system. 

RESULTS AND DISCUSSION 

Polarograms a’ and b’ in Fig. 2 were obtained by 
RPP for 5 x 10m6M penicillamine (a’) or cysteine (b’) 
in 0.06M sodium tetraborate buffer. In each case E, 
was set at a value that would give the limiting current 

t 

P 
O.OS)IA 

d 

-h a‘ 

-04 -a6 -a8 

E(V) 

Fig. 2. Polarograms obtained for the systems 5 x IO-6II4 
penicillamine-0.06M sodium tetraborate, pH 9.2 (a and a’) 
and 5 x 10e6M cysteine-O.06M sodium tetraborate, pH 9.2 
(b and b’). a, b: differential pulse polarograms (E, -0.9 V; 
td 9.9 set; r, 14 msec), recording begun at -0.9 V. a’, b’: 
reverse pulse polarograms (E, -0.2 V, ld 9.9 set; fp 14 msec). 

In recording b’ the scan rate was 0.4 mV/sec. 
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Fig. 1. Schematic representation of potential-time signal 
(not to scale) in RPP; td is the drop time, to the time over 
which the initial potential is applied, t, the time that elapses 
between the moment at which the potential pulse is applied 
and the instant at which the current is measured, and t, the 
time between this latter instant and the moment at which the 

potential pulse ends. 

The slopes of the straight lines obtained on plotting 
of log ip against log tp (-0.98 for penicillamine and 
- 1.01 for cysteine) indicate that the dependence of 
i,, on tp is close to that predicted for reversible redox 
reactions.” even though this nrediction is not strictlv 

of the anodic wave in normal pulse polarography. As 
predicted, a well-defined peak is observed when the 
increasingly negative potential pulses are applied, the 
peak potential being close to the half-wave potential 
of the anodic wave observed in normal pulse polar- 
ography. Varying E, between -0.1 and -0.4 V had 
no significant effect on ip. 

The dependence of ip on to, the time elapsed prior 
to application of the pulse, which is controlled by 
varying td mechanically, was evaluated. The slopes of 
the straight lines obtained in graphs of log 6 us. log 
to (1.12 for penicillamine and 1.14 for cysteine) were 
close to the values predicted by equation (I), 
confirming that ip is proportional to the quantity of 
mercury compound deposited on the electrode. The 
same conclusion may be inferred from the propor- 
tionality between ip and the concentration of thiol 
compound present in the medium (Fig. 3) which 
likewise complied with equation (2). 
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Fig. 3. Dependence of the peak current in reverse pulse 
polarography on the concentration of penicillamine (0) or 
cysteine (m) in 0.06M sodium tetraborate, and on the 
concentration of penicillamine in the system 1 x 10m5M 
Cu(II)-O.O6M sodium tetraborate (A); rd 9.9 set; t, 14 mm-c. 

applicable to the dropping mercury electrode used in 
this work. 

The results obtained show that with optimal instru- 
mental settings (td 9.9 set, t, 14 msec) RPP is a 
more sensitive technique than either normal pulse 
polarography or differential pulse polarography for 
determination of the two model substances. In 
comparison with normal pulse polarography, for 
5 x 10e6M thiol compound the ratio i,,(RPP)/i,(NPP) 
is about 5, and RPP has the additional advantage of 
providing peaks instead of waves. In comparison 
with differential pulse polarography the ratio ir, 
(RPP)&(DPP) is about 8, and the RPP peaks are 
better defined, with half-peak amplitudes of 70 mV 
(penicillamine) and 65 mV (cysteine) as against 120 
and 150 mV respectively in differential pulse polar- 
ography (Fig. 2), though it should be remembered 
that for such sensitivity RPP requires an instrument 
capable of providing low values of r,. 

The determination of sub-PM concentrations of 
penicillamine and cysteine by RPP is complicated by 
the appearance of an extra peak at a more negative 
potential (Fig. 4, curve a). This peak is attributed to 
the reduction of complexes formed in solution by 
reaction of the thiol compounds with Cu(I1) ions 
present as impurities in the media and adsorbed on 
the electrode surface.12 This problem can be over- 
come by adding enough Cu(I1) to complex all the 
thiol compound present, in which case the polar- 
ograms exhibit only the more negative of the two 

L2 -0.4 Q6 -o.s 

Fig. 4. Reverse pulse polarograms obtained in the systems 
2 x 10e6M pe.ni&llamihe+O.O6M sodium tetraborate (a) and 
2 x 10e6M peniclllamine-2 x 10e6M Cu(II)-O.O6M sodium 

tetraborate (h); 1, 9.9 aec; I, 14 msec. 

peaks (Fig. 4, curve b). Figure 3 shows the propor- 
tionality between the ir of this new peak and the 
concentration of penicillamine, and that values of the 
latter as low as 5 x IO-‘A4 are readily determined. 
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%mmary-Several aspects of remote in situ spectrophotometric measurement by means of optical fibers 
are considered in the context of chemical process control. The technique makes it possible to measure a 
species in a particular oxidatian state, such as plutonium(W), sequentially, under the stringent conditions 
of automated analysis. For the control of several species in solution, measurements at discrete wavelengths 
on the sides of the absorption peaks serve to increase the dynamic range. Examples are given concerning 
the isotopic separation of uranium in the Chemex process. The chemical control of complex solutions 
containing numerous mutually interfering species requires a more elaborate spectral scan and real-time 
processing to determine the chemic& kinetics. fbotodiode array speetrophotometers are therefore ideal 
for analysing the uranium and plutonium solutions of the Furex process. Remote on-line control by 
ultraviolet monitoring exhibits Limitations chiefly due to Ray&zig& scattering in the opticar fibers. The 
measurement of pH in acidic (0.8-3.2) and basic media (W-13) has also been attempted. Prior calibration, 
signal processing and optical spectra modeling are also discussed. 

The value of optical fibers for chemical process 
control in irradiated nuclear fuel reprocessing instal- 
lations was demonstrated more than ten years ago 
with glass fibers.’ The production of silica fibers 
usabie over long distances (several hundred m) and 
the evaiuation of their behavior under ionizing 
radiation2s3 were vital for the industrial operation of 
remote in situ ~ro~hotorne~.~ The simultaneous 
on-line control of uranium and nitrates in solution by 
the method of Bostick et a[.’ was generalized6 at the 
CEA (French Atomic Energy Commission) through 
the coupling of optical fibers with commercial instru- 
ments.7 

Investigations in nuclear environments in the 
U.S.A.,B-‘” West Germany” and France,‘* and the 
measurement of copper in sift4 in electroplating 
bathsI are typical examples of recent industrial devel- 
opments in on-line control by use of optical fibers. 
The ~ont~bution of data-processing also allows the 
modeling of optical spectra’ and their use according 
to the principkes of chemometrics,‘4 

Although the term “optrode” has been proposed’5 
for optical fiber chemical sensors, we prefer the term 
‘“optode”, the earlier designation,t6 which in our 
opinion is etymologically more appropriate (from the 
Greek onzips = optic and oL5os = path). The sensors 
which are based on absorption, light scattering,” 
fl~~r~s~er~~?~‘* and Raman spectrometry,” and use 
optical fibers as simple light guides, are called “pas- 
sive optodes”. The latest investigations concern so- 
called “active” optodes which take advantage of 
~~r~nvironment ef%ts and of selective chemical 
reactions on part of the fiber length or at its end. 
After the first reviews by Chabayzo and Se&z,*’ the 
considerable development of active optodes has ne- 

cessitated new reviews in the fields of chemistry22*23 
and biochemistry. ” The latest approaches in 
enzymologyZS and in continuous measurement are 
characteristic of process control requirements. 

This study reviews the recent research at CEA on 
passive and active optodes. In the first category, the 
most si~~~~nt examples concern in situ control of 
chemical species3 alone and in mixtures. An extension 
of the measurement system to the ultraviolet reveals 
applications to the control of pharmaceutical prod- 
ucts. An active optode for pH measurement in acidic 
and basic media is also described. Calibration, the 
determination of complexation constants, and signal 
processing are also discussed. 

Insfrwnentution 

Four types of instruments were empioyed in this in- 
vocation, chosen according to the complexity of the 
problem. 

Tefepk@. This interference IiIter photometer simut 
taneously measures (n + I) wavelengths, where n is the 
number of variables. The complementary wavelength which 
serves as a reference is generally an absorption valley. In a 
two-wavelength version for high absorbance solutions, the 
detectors are photomultipliers (Hamamatsu R928). In a 
four-wavelength version, photomultipliers are preferable in 
the 400400 nm range, and photodiodes are adequate in the 
near infrared. The measurement cell, placed at a distance of 
60 m from the measuring instrument, is illuminated with 
white light from long-life quartz-halogen lamps (2OOO-5ooO 
hr, depending on the power supply voltage). These instru- 
ments are marketed under CEA Iicence by the Seres Com- 
pany @I. A&en-Provence, 13763 Les M&s Cedex, 
France). 

Upr~~~~~~er wuplers. Optical couplers on spectra1 scan 
s~ctrophoto~te~ (Beckman 5740, RW, Varian 2300 etc.) 
and diode-array spectrophotometers (HP 8450 and 8&f), 
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Fig. 1. Block diagram of DTC 1000 spectrophotometer. 

marketed under CEA licence (by the Photonetics Company, 
52 avenue de l’Europe, 78160 Marly-le-Roi, France), give 
insertion losses of about 10 dB. The remaining dynamic 
range is about 15-20 dB, but decreases sharply in the 
ultraviolet. 

DTC IOOO. Commercial spectrophotometers are unsuit- 
able for measurements with optical fibers or are inoperative 
in the near infrared. The new instrument called the DTC 
1000 was developed at the CEA for the 0.4-l pm range. 
It is designed for the real-time on-line control of plu- 
tonium(VI), for which the width of the absorption peak at 
mid-height is 2.7 nm. This measurement requires good 
resolution at 831 nm, and is described elsewhere.% 

The linear photodiode array (1728 pixels) serves to give 
sufficient resolution as well as the analytical speed needed 
for the determination of chemical kinetics. The stationary 
character of the instrument guarantees good measurement 
repeatability. Optical fibers allow the DTC 1000 to make 
measurements in aggressive (nuclear) environments and for 
on-tine industrial control. The spectrophotometer is of the 
singlebeam type, and the main-components (Fig. 1) are a 
halogen source (20 W), PCS 1000 optical fibers (Society 
Quartz et Silice), a CEA pencil probe, a Jobin Yvon 
flat-field grating, a Thomson Th7801 diode array, electronic 
circuitrv with IEEE 488 interface. and a Bull-Micra1 30 
microcomputer (compatible with IBM PC-XT). All this 
equipment is also marketed under CEA licence by the 
Photonetics Company. 

The performance characteristics of the instrument are as 
follows: 

spectral range 700-930 nm (potentially 5061000 nm) 
resolution: 0.51 mm 
measurement range: 3 absorbance units 
video recurrence: 10 msec spectrum 
transfer time: 100 msec spectrum 

The following functions are executed by the software: 

acquisition reference and sample spectra as the mean of 
n measurements 

optical density computation and smoothing 
peak identification 
output on screen, printer and plotter 
back-up on floppy disk. 

DEL-PIN sensor. Designed in our laboratories2’ for 
several operations (object detection, optical fiber sensor), 
this inexpensive instrument has an LED of appropriate 
wavelength as a light-source (RTCCQF 24). The LED is 
frequency-modulated at 10 kHz. The detector, a photodiode 
(PIN type RTC-BPF 24) is synchronized with the trans- 

mitter. The amplification and filtering circuits are designed 
to measure a few tens of pW. A typical signal of 200-2500 
mV is obtained, depending on the geometric configuration 
of the pH optode. 

Operating conditions 

The tests described here were conducted at various indus- 
trial sites of the CEA group, by several laboratories. 

Plutonium(V1) determinations utilized the well-known 
technique of plutonium(IV) oxidation by Ag@’ or ceric 
nitrate,29 with neodymium as spectral reference,M in an 
automated analytical device designed in our laboratories.3’ 

Measurement of uranium(III), (IV) and (VI) in the 
‘Chemex isotopic separation process was made with a 
two- or four-wavelength “Telephot”.3z In this process the 
aqueous phases are 3-7M hydrochloric acid (depending on 
operating conditions). The U(II1) and U(IV) mixture is 
determined at the electrolyzer outlet (reduction) and at 
isotopic-exchange equilibrium by using a 4-wavelength 
“Telephot” [3 unknowns, U(III), U(IV), Cl-, and one 
reference]. Traces of U(II1) and U(V1) in U(IV) (oxidation 
test) and of U(IV) (at extractor outlet) are determined by 
using a 2-wavelength “Telephot”. The measurement cells, 
connected by optical fibers (distance 30-60 m), have optical 
paths (l-50 cm) adjusted to the desired sensitivity. They are 
made of corrosion-resistant poly(viny1 difluoride), PVDF. 

Spectral determination of uranium(VI),12 uranium(IV) 
and plutonium(II1) in the Purex process were achieved by 
using an HP 8450 spectrophotometer.” To separate plu- 
tonium and uranium by selective extraction, plutonium(IV) 
is reduced to plutonium(II1) by the combined action of 
hydroxylamine nitrate and uranium(IV) in the presence of 
hydrazine nitrate as stabilizer. Chemical determinations of 
uranium (0.5-50 g/l.) and plutonium (OS-30 g/l.) are per- 
formed in situ in nitric acid (calibration in the OS-5M range 
as total nitrates). 

For all on-line controls, the optical probes (pencil type) 
had fixed optical path-lengths irrespective of the concen- 
tration of the medium. The probe4 consists of two optical 
monofibers for two-way light travel, a silica lens and a 
“multivex” anticorrosion-coated concave mirror (made by 
MTO. Massv 91302, France) for measurements in nitric 
acid. This probe is also marketed under CEA licence by the 
Photonetics Company. Operational optical fibers for pro- 
cess control are of the PCS (Plastic Cladding Silicone) type. 
with a 1000~pm core (Society Quartz et Silice) containing 
30 ppm of hydroxyl ions, or even 300-1200 ppm for 
measurements in the ultraviolet. 

The pH optodes were examined successively with a Beck- 
man 5740 spectrophotometer equipped with optical fibers, 
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Fig. 2. Measurement (DTC 1000 spectrophotometer) of plutonium(V1) (40 mg/l.) with neodymium as 
internal reference. 

a two-wavelength “Telephot” and the DEL-PIN sensor. 
The l-l.5 mm diameter optode has no membrane. One fiber 
transmits the tight onto a single active microsphere. The 
scattered and reflected light is collected by Id fibers, 
depending on the detector (photomultiplier or PIN photo- 
diode). The solution to be analysed is in contact with the 
reagent immobilized by drilling a hole through a hypo- 
dermic needle used as a support. The dye, Thymol Blue or 
Bromophenol Blue (Products Kuhlmann), dissolved in 
0.1% alcohol solution is immobilized on an Amberlite KAD 
microsphere (Fluka A.G.) by contact with it for about 3040 
set, followed by rinsing with distilled water. 

For these active optodes, all-silica QSF 200/280 fibers 
(Quartz et Silice) are preferable because of the desired 
miniaturization and the industrial fabrication of re- 
producible standardized connectors (optical tele- 
communications systems). 

RESULTS 

Remote on-line control with optical fibers has 
many aspects.6 The concepts are more clearly under- 
stood in the light of the recent work described above. 

Measurement of an isolated species with automated 
sampkng 

Although the analytical automation device may be 
complex and good repeatability of the sampling is 
essential, on-line measurement is often calibrated by 
the addition of an internal reference. This applies to 
the measurement of plutonium(VI), which has a 
narrow spectrum (half-height band-width of about 
2.7 nm, influenced by the acidity of the medium) 
that is compared with a neodymium internal refer- 
ence. Figure 2 shows the spectrum obtained with the 
DTC 1000. 

With an optical path of 1 cm, the detection limit 
for plutonium is 1 mg/l. (absorbance 0.004) and the 
corresponding background noise is about 0.5 mg/l. in 
the same conditions. The monitoring of traces of 
plutonium(V1) (a few mg/l.) during the dissolution of 
irradiated fuels has proved promising. 

Simultaneous measurement of two “interactive” 
species 

Figure 3 shows the absorption spectra (400-1000 
nm) of uranium(II1) and (IV) in hydrochloric acid 
medium.” The peak at 723-726 nm, characteristic of 
U(III), corresponds to a deep absorption valley for 
U(IV). Since solutions with a high total uranium 
concentration absorb very strongly, U(II1) is mea- 
sured at 746 and 754 in on the sides of this 
absorption peak. Uranium(IV) is determined at 655 
nm and the internal reference is selected at a common 
valley of the U(II1) and U(N) spectra at 780 nm. The 
absorbance of each of the species varies linearly with 
the concentration of hydrochloric acid. Thus the net 
absorbance (A, - A,) for measurement at wavelength 
1 and of the absorption valley at wavelength v is 

(A, - A,) = [U(III)] (a[H+] + b) 

+ WW)l(cW+l + 4 (1) 

where a, b, c and d are constants determined by 
calibration. 

Data-acquisition by a four-wavelength Telephot” 
(3 unknowns and 1 reference) allows the concen- 
trations of U(II1) and U(IV) to be computed. 
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Fig. 3. Absorption spectra of uranium(III) and (IV) in hydrochloric acid medium. 

The large relative error (Table 1) in the measure- 
ment of U(IV) results from its low concentration (less 
than O.lM) in comparison with U(III) (1SM). 

Determination of traces of a species in a solution 
containing another species in high concentration 

Figure 4 shows how a two-wavelength “Telephot” 
can be used to measure traces of uranium(II1) or (VI) 
in a highly concentrated solution of uranium(IV). 
The Beer-Lambert law must be verified for mea- 
surements on the low-wavelength sides of the absorp- 
tion peaks, because of the high absorbances at the 
peaks (about 20). For uranium(VI), for example, it is 
possible to select the wavelengths corresponding to 
isoabsorbance between the U(W) + U(V1) and U(IV) 
zones. The use of a 0.5-cm optical path-length cell 
thus allows the measurement, at 412 and 775 nm (or 
407 and 700 or 760 nm), as shown in Fig. 5, of about 
0.004M uranium(V1) in 1.3M uranium(IV). This per- 
formance is still unrivalled by any other in situ 
technique. Uranium(II1) can similarly be determined 
in presence of uranium(IV) by proper choice of 
wavelengths for measurement. 

Determination of several species in solution 

The uranium-plutonium partition in the Purex 

process can be optimized by on-line in situ spec- 
trophotometric determination of the species U(VI), 
U(IV) and Pu(II1) in the mixer-settler batteries.33 The 
comparative spectrum of each of the species has 
already been reported.6 As a first approximation, the 
genera1 absorbance function is: 

(A, -A,) = RJWUl(a[NO;l + 6) + 

where a, b, c, d, e and f are constants determined by 
calibration at wavelength 1 relative to the wave- 
length (v) of the absorption valley selected as refer- 
ence (e.g., 530 nm). Note that the values of the 
coefficient e may change sign depending on the 
wavelength, as shown in Fig. 6 for plutonium(II1). 
This results from the spectra1 changes caused by 
variation in the acidity ([H+]) and ionic strength of 
the medium (nitrate content), because several nitrate 
complexes exist in solution. 

In this type of measurement, a photodiode-array 
spectrometer offers the advantage of the ability to 
obtain several on-line spectra which can be mutually 
correlated by the associated computer data- 
processing. 

Table 1 

Telephot measurements, M Chemical control, M 

U(II1) WV) U total U(II1) WV) U total 

1.559 0.014 1.573 1.56 0.01 1.57 
1.485 0.036 1.520 1.47 0.05 1.52 
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Fig. 4. Determination of traces of uranium(V1) or (III) in a high concentration (134) of uranium(IV), 
in a OS-cm optical path-length cell. Selection of wavelengths by use of an isoabsorbance line. 

In situ measurements in the ultraviolet (0.2-0.4 pm) 

Several limitations are observed for ultraviolet 
measurements when optical fibers are coupled with 
spectrophotometers. Thus it is necessary to compile 
a balance sheet to evaluate the losses in the optical 
circuit. It must include the insertion losses, losses due 
to Rayleigh scattering (function K/l’) in the fibers 
and at their ends, losses due to specific absorption 
(impurities), and those resulting from imperfections 
of the waveguide. An overall balance sheet was 
recently compiled for the in situ control of the 
dissolution of pharmaceutical products.” 

The dynamic range of the measuring instrument 
must also be taken into account. It may be necessary 
to use a photomultiplier sensitive to 200-nm radi- 
ation. However, this is liable to increase the back- 
ground and the instability of the measurement in 
extreme conditions of use. 

For PCS fibers (type QSF 1000 doped with OH), 
Fig. 7 shows the length limits as a function of 
measurement wavelength, considering the available 
dynamic range of 10, 20 or 30 dB. Thus with 30 m 
(2 x 15) of PCS 1000 ultraviolet type optical fibers 
and a “pencil” probe with an ultraviolet transmitting 
mirror, a wavelength of 280 nm was reached with an 
HP 8451 spectrophotometer (scale range 30 dB). 
A Beckman DU 7 spectrophotometer with a scale 

v 

o& I 
50 400 450 

Wavelength (“n-11 

Fig. 5. Influence of UO,CI, on uranium(IV) spectrum in 
hydrochloric acid medium. 
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range of 45 dB allows measurements to be taken at 
wavelengths down to 240 nm. 

Significant efforts still need to be made to improve 
fiber purity, in order to obtain a good measurement 
margin at 200 nm over distances of 10-20 m. 

pH optode for in situ control 

A miniature optode was built according to the 
principles of Peterson et aL3$ and of Kirkbright et aL3& 

to measure the variation in absorption and light- 
scattering by an immobilized pH-sensitive dye, its 
special feature being the absence of a membrane. The 
results have been reported elsewhere.37 The dyes used 
were Thymol Blue for the two pH ranges 0.8-3.2 
(absorbance peak at 555 nm) and 10-13 (peak at 600 
nm), and Bromophenol Blue for pH between 3.2 and 
7 (peak at 604 nm). Figure 8 shows an example of the 
use of Thymol Blue in both ranges. 

The general absorbance-pH function is given by 
the equation: 

. 
pH = pK - log&, IT - A),&4 - .s,~ lT)] (3) 

for the reversible reaction 

&I- + H+ (4) 

where E, and cur are the molar absorptivities of the 
forms I- and IH, T the concentration of the immo- 

Energy feV1 

Fig. 7. Usable length of optical fibers (PCS) in relation to wavelength in ultraviolet for available dynamic 
ranges of 10, 20 and 30 dB. Theoretical limit for a QSF 1000 W fiber without impurities. 
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Fig. 8. Typical response of a Thymol Blue optode in acid and basic media, 

bilized dye, A the absorbance measured, and 1 a 
constant related to the optical path-length and hence 
of the system employed (c,, cu, and A refer to the 
same wavelength). 

Note that the kinetics of the dye-medium reaction 
to be analyzed will become faster (1 min) and the 
reversibility better as the pH becomes more acidic or 
more basic. The lifetime of this optode is about 2 

weeks. 

DISCUSSION 

On-line control with passive optodes is a technique 
that plant operators are beginning to adopt because 
of the many advantages it provides (real-time mea- 
surement, ease of operation). However, the reliability 
of the measurement probe in industrial conditions 
must be demonstrated. The choice of the spec- 
trophotometer is still the prerogative of the analyst. 
Rugged instruments such as the “Telephot” can be 
used by the process operators, but procedures have to 
be devised to check the absence of drift and for 
calibrations, implying a close knowledge of the 
process limits. 

Remote multistation measurement from a central 
laboratory is perfectly consistent with the use of 
optical fibers and with optical multiplexing. In pro- 
cess control, this can justify the use of top-of-the- 
range instruments, and hence also of in situ 
fluorescence and Raman spectrometry techniques. 

One vital prerequisite for in situ industrial control 
by optical fibers is to design an optical line with all 
the components fixed, particularly the measurement 
cells and the spectrometer components (gratings etc.). 
In addition to real-time measurement, this is one of 

the advantages of the DTC 1000 and the photodiode- 
array HP 8451, which use fixed optical path-length 
cells. The measurement wavelength can be selected 
in accordance with the minimum (lower detection 
limit) and maximum of the dynamic range. Figure 9 
shows one example for uranium(W) measured with a 
4-cm optical path-length immersion probe. 

Computerized data-processing allows the modeling 
of optical spectra and facilitates the detection of 
interference. Calibration, a detailed knowledge of the 
process, and of potential deviations from the setpoint 
are nevertheless indispensable. 

Impossible zone 

Wavelength (nm) 

Fig. 9. Usable zone (hatching) in on-line control of 
uranium(N) with a 4-cm optical path-length pencil probe. 
A,, represents the maximum for the dynamic range; A,, is 

the detection limit set by the signal to noise ratio. 
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The modeling of optical spectra from empirical 
functions of polynomial type. presents the drawback 
of intrinsic limits (wide measurement differences if the 
functions *are of second or higher order). A more 
rigorous approach based on the determination of the 
complexation constants and of the influence of the 
ionic strength, etc., helps to develop a coherent 
mathematical model, as demonstrated for ura- 
nium(VI),38 but the application of this technique is 
difficult for industrial solutions. 

There is considerable hope for on-line in situ 
control with active optodes. The design of inexpen- 
sive instruments is now within our reach. However, 
for industrial operation it is still necessary to acquire 
basic knowledge about the mechanisms involved. 
Some examples are dye diffusion into supports, op- 
tode behavior during temperature variations, 
influence of the dye concentration and ionic strength 
of the medium, optode lifetime, etc. Finally, optode 
miniaturization is important for the easy adaptation 
of optodes, for example, in parallel, to broaden the 
measurement range and to allow several simulta- 
neous measurements.39 

CONCLUSIONS 

Remote in-situ chemical control with passive op- 
todes has become an industrial reality. Thus, more 
than 1 km of fibers has been installed at the CEA 
for some 20 work-stations and specific spectrometric 
equipment has been designed for these applications. 
The most varied aspects can be encountered: mea- 
surement of a single species in a restricted analytical 
medium, simultaneous determination of several 
species, possibly with mutual interference, trace 
measurements in a complex medium, a wide range of 
wavelengths from 200 to 1800 nm for gas analysis@ 
with silica fibers. However, the use of this technique 
by plant operators under the supervision of a central 
laboratory is only beginning, and it is still necessary 
to overcome a certain degree of reluctance to change 
old habits. 

Active optodes are still too recent to be applied 
industrially in process control. However, the many 
research projects under way throughout the world in 
all fields (medicine, enzymology, pollution, nuclear) is 
an undeniable sign of their importance. Much 
progress still has to be made. Nevertheless, the possi- 
bilities of building all-optical networks of sensors, 
spatial multiplexing with a centralized top quality 
measuring instrument, and insensitivity to electro- 
magnetic environments, are definite advantages aris- 
ing from the introduction of optical fibers in the 
chemical industry. 
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Summary-The Alizarin Fluorine Blue method for the determination of fluoride has been adapted for use 
with optical fibres. The reagent was immobilized on a polymer matrix, Amberlite XAD-2, and the 
reflectance of this reagent phase wa8 measured as a function of fluoride concentration by use of a flow-cell 
assembly and a bifurcated fibre-optic system. A linear response was obtained for 0.16-0.95mM fluoride 
at a pH of 4.1, with a response time of approximately 12min. 

The concept of using an immobiIi~d reagent at the 
tip of an optical fibre to detect a chemical species has 
led to the development of a new class of sensor.‘~’ 
These devices are based on the detectian of a change 
of colour or luminescence of the immabilized reagent 
in the presence of an analyte, by transmission of the 
radiation through the fibre. Optical-fibre sensors have 
the advantages of an internal reference system, suit- 
ability for remote monitoring and freedom from 
electromagnetic interference. 

Numerous optical-fibre chemical sensors have been 
reported for a variety of species, both gaseous and in 
solution. Sensors for pH134 sulphide7” and some 
cations~~‘” have been constructed for measurements 
on solutions. An optical sensor has also been fabri- 
cated for chloride, bromide and indide,12 but no 
sensor for fluoride has been reported. This paper 
describes a method for determining fluoride in a 
flowing stream by use of an immobilized reagent 
phase and a fibre-optic detection system. 

Most of the colour reactions of fluoride depend 
on ligand-exchange reactions in which fluoride forms 
a complex with the cation of a coloured binary 
complex, and thus bleaches the &our. Only a few 
reactions of fluoride involve development of a colour. 
These are based on the formation of a coloured 
ternary complex by fluoride with a binary complex, 
such as the cerium(III) complex of Alizarin 
Complexone” (also known as AIizarin Fluorine Blue, 
AFB) (Fig. 1). Some other lanthanides exhibit a 
similar reaction.14 A spectrophotometric method 
based on this reaction’%” has been established as a 
reliable and sensitive method for fluoride measure- 
ment, far superior to most procedures based on the 
bleaching reactions of fluoride.‘* 

No optical-fibre sensor has yet been reported that 
is based on the use of a ternary complex. The high 

*To whom correspondence shouid be addressed. 
tPresent address; ~ni~e~ty of Santa Tomas, Espana, 

Mar&a, Philippines. 

~nsiti~~ and reasonable selectivity of the AFB 
method for determination of fluoride suggested its 
investigation for development of an opticaldbre 
fluoride sensor. 

t H,O* 

t H,O* 

Fig. 1. Formation of the cerium(Iff) chelate and fluoride 
ternary complex from Aiizarin Complexone. 
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EXPERIMENTAL 

Reagents 

Alizarin Complexone solution was prepared by dissolving 
0.1 g of the reagent in 50 ml of water containing 0.25 ml of 
concentrated ammonia solution, then adding 0.25 ml of 
glacial acetic acid and diluting to 100 ml. 

Acetate buffer solution @H 4.1) was prepared by dis- 
solving 60 g of sodium acetate trihydrate in 500 ml of water, 
adding 115 ml of glacial acetic acid and diluting to 1 litre. 
Acetate buffer (PH 5.1) was similarly prepared with 80 g of 
sodium acetate trihydrate, 15 ml of glacial acetic acid, and 
dilution to 1 litre. 

Cerium(II1) nitrate and lanthanum nitrate stock solutions 
(O.OlM) were prepared by dissolving 2.171 g of cerium(II1) 
nitrate hexahydrate and 2.165 g of lanthanum nitrate hexa- 
hydrate respectively, in 500 ml of water. 

Fluoride solutions were prepared by diluting a standard 
sodium fluoride solution (1000 pg of fluoride per ml) to the 
required concentration with acetate buffer. 

The substrate for immobilization was Amberlite XAD-2, 
a cross-linked copolymer of styrene and divinylbenzene. All 
reagents were BDH “AnalaR” grade. Demineralized, dis- 
tilled water was used throughout. 

Immobilization procedure 

The XAD-2 polymer beads were washed with water, then 
with acetone, and air-dried. They were next soaked in 
methanol for 15 min and then in water to wet them. The 
beads (5.0 g) were placed in 400 ml of a 1: 1 mixture of 
Alizarin Complexone solution and pH-4.1 acetate buffer, 
left there overnight and then washed well with water. The 
polymer beads with Alizarin Complexone adsorbed on them 
were kept in 100 ml of a 1: 1 mixture of O.OlM cerium(II1) 
nitrate and pH-4.1 acetate buffer for 2 hr, then washed with 
water. 

The corresponding immobilized lanthanum chelate was 
similarly prepared but with the pH-5.1 buffer. 

Instrumentation 

The instrumentation (Fig. 2) was a modified version of a 
system previously described.4 Light from a quartz-halogen 
lamp (12 V, 100 W) was passed down one branch of a 
bifurcated optical fibre system, constructed from a bundle 
of 16 polymer fibres (Optronics). The light was focused onto 
the end of the fibre (which was protected by a heat- 
absorbing filter) by a series of lenses. To remove interference 
from ambient light, the light was modulated by an optical 
chopper (Bentham 218) set at a frequency of 360 Hz. 

400 
I 

660 

Wavelength (nm) 

600 

Fig. 3. Reflectance spectra from (A) the immobilized ce- 
rium(II1) chelate and (B) the immobilized ternary fluoride 

complex. 

The beads carrying the immobilized chelate were packed 
in a flow-cell constructed as described previously.i9 A peri- 
staltic pump (Watson Marlow 502s) was used to pass the 
buffer and other solutions over the reagent phase at a rate 
of 0.5 ml/min. The reagent phase was irradiated with light 
from one branch of the optical fibre, and the light reflected 
from it was collected and guided to a monochromator (ISA 
Jobin-Yvon H-1061) by the second branch of the bifurcated 
optical fibre and subsequently detected by a photomultiplier 
(Hamamatsu R446). The signal was enhanced by a current 
amplifier (Bentham 286) and a lock-in amplifier (Bentham 
223) synchronized with the optical chopper frequency. The 
output of the amplifier was proportional to the intensity of 
the-reflected light and was-recorded on a chart recorder 
(BBC SE120). 

The reference signal was obtained from an optical fibre 
surrounded by XAD-2 polymer beads without any immo- 
bilized reagent. 

Reflectance measurements 

The reflectance spectrum of the immobilized binary ce- 
rium(II1) chelate was recorded before and after its reaction 
with fluoride (Fig. 3). The maximum divergence between the 

Ft----j*i 1 Monochromator H Derqctor 1 

I I 

Bifurcated 
optlca( fibre 

connection Amplifier v 

Fig. 2. Schematic diagram of the instrumentation used for reflectance measurements. 
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two spectra was at 660 nm, and this wavelength was 
therefore used for subsequent reflectance measurements. 
The same wavelength was optimal for use with the lan- 
thanum complex (Fig. 3). 

The measurements were expressed as relative reflectances, 
i.e., the reflectance of the binary lanthanide or of the 
fluoride ternary complex relative to that of the undyed 
polymer beads as reference. The analytical signal used is 
then the difference between these relative values (A relative 
reflectance). 

RESULTS AND DISCUSSION 

Immobilization of the reagent phase 

Amberlite XAD-2 was selected as the immobilizing 
agent because of its hydrophobic nature, which im- 
parts to it an ability to interact with the non-polar 
portion of the chelate molecule. Two methods (A and 
B) for immobilization of the reagent were tried. In 
method A the XAD-2 was soaked in a solution of the 
lanthanide chelate, and in B the Alizarin Complexone 
was immobilized first and then treated with the 
lanthanide solution. 

Both methods produced adsorption of the wine-red 
chelate on XAD-2, but the product from method A 
did not react with fluoride, whereas the chelate 
formed by method B produced a colour change in the 
presence of fluoride. 

The failure of the product formed by method A 
could be attributed to the manner in which the 
chelate molecule is held on the surface of the XAD-2 
beads. If the fluoride-sensitive portion of the chelate, 
i.e., the portion containing the lanthanide ion, were 
bound to the polymeric structure, it would be inacces- 
sible for reaction with the fluoride. The polarity of 
this end of the Alizarin Complexone molecule might 
be sufficiently reduced by the chelation for hydro- 
phobic interactions or d-n charge-transfer complex- 
ation to take place. Similar observations have been 
made on the reaction of sulphide with the 
silver-dithiofluorescein complex.i9 

When method B was used, the yellow Alizarin 
Complexone was adsorbed on the XAD-2, but some 
leaching occurred when the dyed beads were placed 
in fresh water, indicating weak adsorption. When 
placed in lanthanide solution the yellow beads be- 
came wine-red as the lanthanide chelate formed. The 
chelate was not leached by water, presumably be- 
cause the decrease in polarity on chelation increased 
the strength of bonding to the XAD-2. 

The colour change of the immobilized chelate from 
wine-red to lilac-blue in the presence of fluoride 
shows that the chelated group was not bound to the 
XAD-2 and thus was able to form the ternary 
complex. At the pH used (4.1) Alizarin Complexone 
is doubly negatively charged and can be held on the 
XAD-2 surface only through the hydrophobic por- 
tion of the ring structure, with the ionic end directed 
away from the polymer surface. Since the lanthanide 
ion interacts with the ionic end of the Alizarin 
Complexone, and the reaction does not alter the 

orientation on the XAD-2, the chelate grouping will 
be oriented away from the surface of the polymer and 
available for reaction with fluoride. 

The amount of the cerium chelate immobilized was 
found by removing the cerium(II1) from it with 
O.OSM sulphuric acid (5 ml per g of XAD-2) and 
determining the cerium(II1) spectrophotometrically.20 
On addition of the sulphuric acid the dyed beads 
became yellow, showing that the cerium(II1) had been 
removed, leaving the Alizarin Complexone immo- 
bilized. It was assumed that the ratio of cerium(II1) 
to Alizarin Complexone was 1: 1, but this was 
confirmed by desorbing the Alizarin Complexone 
from the XAD-2 with methanol, and determining it 
spectrophotometrically. The chelate loading was 
found to be 36 pmole per g of XAD-2. 

Formation constant of the ternary complex in the 
immobilized phase 

The reaction can be written as A + F+AF where 
A is the metal chelate of Alizarin Complexone, F is 
fluoride and AF the ternary complex. The conditional 
formation constant (K) is given by 

K = C,, IC, CF (1) 

where C, and C,, are the equilibrium concentrations 
of metal chelate and ternary complex respectively, 
and C, the fluoride concentration of the solution 
continuously flooding the reagent phase. 

The reflectance spectra can be described by the 
Kubelka-Munk theory,2’ by means of which the 
reflectance values (R) obtained can be related to the 
concentration of the ternary complex (C,,) by 

F(R) = (1 - R)*/2R = kc,, (2) 

where F(R) is the Kubelka-Munk function and k is 
a constant combining the absorption and scattering 
constants. 

The initial concentration of the reagent phase (Cr) 
is related to C, and C,, at any instant by the 
equation 

c,=c,+c*, 

Combining equations (l)-(3) gives 

(3) 

l/F(R)=(I/kC,KC,)+(I/kC,) (4) 

A plot of l/F(R) us. l/Cr should give a linear 
relationship from which K could be calculated by 
dividing the intercept by the slope. By use of such a 
plot and equation (4) the conditional formation 
constants for the ternary complexes of fluoride with 
the immobilized cerium(II1) and lanthanum Alizarin 
Complexone chelates were evaluated as 4.7 x lo3 
M-’ and 8.5 x lo3 M-‘, respectively. The measured 
values of the slope and intercept may be substituted 
into equation (4) to predict the reflectance response 
of the immobilized reagent phase to the concen- 
tration of fluoride present (Fig. 4). It is apparent from 
Fig. 4 that equation (4) is not applicable at low 
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4. Theoretical response of the metal chelates as pre- . . . 
dieted by equation (4) (-), compared with the expen- 
mentally determined values for the cerium(III) chelate (0) 

and the lanthanum chelate (A). 

fluoride concentrations. The linear portion of the plot 
of F(R) vs. fluoride concentration represents the 
region in which the Ku~lka-funk theory would be 
applicable. 

It has been reported2* that in solution the lan- 
thanum ternary complex exists as a ring-form dimer 
(Alizarin Complexone-lanthanum), to which two 
fluoride ions are attached. The conditional formation 
constant for this complex was reported as 6.3 x lOI 
at pH 4.5. This type of dimeric structure would not 
be possible with the immobilized Alizarin Complex- 
one because the orientation of the immobilized chro- 
mophore would not permit the formation of the ring 
structure with the metal ions. Hence only the mono- 
meric complex and the corr~~nding fluoride would 
be Formed. The conditional formation constant for 
the monomeric ternary complex is reported22 to be 
3.6 x 104, in reasonable agreement with our value for 
the immobilized complex. 

Response to ffuoride iom 

The response of the immobili~d Alizarin Com- 
plexone chelates of cerium(III) and lanthanum to 
varying concentrations of fluoride is shown in Fig. 5. 
The reflectance decreased as the binary chelate was 
converted into the ternary complex. Plots of the 
relative reflectance vs. logarithm of the fluoride ion 
con~ntration appeared sigmoidal, but reasonably 
linear sections could be defined for the ranges 
0.16-0.95mM fluoride for the cerium(II1) chelate and 
0.16-0.84mM fluoride for the lanthanum chelate. The 
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Fig. 5. Change in reflectance of immobilized cerium(II1) 
chelate (0) and immobilized lanthanum chelate (A) as a 

function of Ioearithm of the fluoride concentration. 

limit of detection of fluoride, defined as the concen- 
tration equivalent to a signal four times the standard 
deviation of the blank, was estimated as 0.1 1mM for 
both chelates. 

It has been reported23 that the lanthanum complex 
has greater sensitivity than the cerium(II1) complex 
for fluoride when measurement is made at 281 nm, 
but this wavelength could not be used with the 
polymer optical fibres as this type of fibre has a high 
attenuation at wavelengths shorter than 400 nm. 

Response time 

The time taken to attain steady-state response was 
observed to be 12 min for the cerium(II1) chelate and 
22 min for the lanthanum chelate. The steady-state 
response time for the ceriumfII1) chelate was much 
shorter than that observed for the reaction in solution 
and was of the same order of magnitude as that 
reported for the solution reaction in the presence of 
an organic solvent. i6*i7 The XAD-2 adsorbent may be 
considered to behave as a solid solvent for organic 
reagents containing the benzene ring and thus affect 
the speed of formation of the ternary complex.X This 
is similar to the effect observed in an organic sol- 
vent.“si4 Immobilization of a reagent has also been 
shown to produce medium effects on acid-base equi- 
libria.2s 

The reflectance decreases exponentiahy with time, 
which implies a first-order reaction, with the rate 
dependent only on the fluoride concentration. The 
rate of reaction is zero order with respect to the 
immobilized reagent, since this is present in a large 
excess. 

Further studies were concentrated on the ce- 
rium(II1) chelate because it exhibited faster response 
and a broader linear range than the lanthanum 
chelate. 

Effect of pH 

The decrease in reflectance on formation of the 
ternary complex was measured at several pH values, 
of which pH 4.1 gave the greatest decrease (Fig. 6). 
Immobilization of the reagent is presumed to have 
the same effect as adding an organic solvent to the 
reaction mixture (see above). The optimal pH is 
reported to be 5.0-5.1 when an organic solvent is 

3o r 

01 I I I I I I 
3.6 4.0 4.2 4.4 4.6 4.6 4.9 

PH 

Fig. 6. The effect of pH on formation of the ternary complex 
from the cerium(III)-Alizarin Complexone chelate. 
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Fig. 7. Absorption spectra obtained from a solution of the ternary fluoride complex of ~rium(lI1) 
containing (A) a low ~on~ntration of alu~nium ions (IO-‘&f), (B) a high con~ntration of aluminium 
ions (lO-ZM) and from a solution of the chelate of Alizarin Complexone with (C) cerium(III) and (D) 

aluminium. 

absent and 4.1-4.3 when it is present,‘6,‘7 (which was 
why pH 4.1 was selected for the initial work). 

Reversibility studies 

Regeneration of the reagent phase after use is 
essential unless a new fibre is to be used for each 
analysis. Regeneration might be achieved by re- 
moving the fluoride from the ternary complex e.g., by 
formation of a sufficiently stable fluoro-complex, 
such as hexafluoroaluminate. Use of 10-s-lO-‘M 
aluminium solutions was investigated. Reads that had 
been treated with IO-‘-IO-‘M aluminium, although 
restored to their original wine-red, showed no colour 
change with fluoride solution. However, the beads 
obtained by using 1O-4 or 10e5M aluminium pro- 
duced the expected change to blue on reaction with 
fluoride. The reason for this difference in behaviour 
was realized after spectral studies on the reaction in 
a homogeneous system. Figure 7 shows the spectra of 
the ternary complex in the presence of low (A) and 
high (B) aluminium concentrations. Comparison of 
these spectra with those of the cerium (C) and 
aluminium (I)) chelates of Alizarin Complexone sug- 
gests that (i) a low concentration of aluminium 
removes the fluoride from the ternary complex, leav- 
ing behind the cerium chelate, (ii) a high concen- 
tration of aluminium displaces the cerium as well as 
the fluoride ion from the complex, yielding the alumi- 
nium chelate of Alizarin Complexone. 

Consequently only very dilute solutions of alumi- 
nium (10-S-10-4M) should be used to regenerate the 
reagent phase. The regeneration takes approximately 
1 hr (indicated by a constant reflectance response). 
The response of the regeneration reagent to fluoride 
was lower than that of fresh immobilized reagent 
phase, suggesting that either some of the cerium may 
have been replaced by aluminium or that some 
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leaching of the adsorbed phase occurred during the 
regeneration. 

Desorption of the immobilized reagent phase was 
not observed during other parts of this investigation. 

Reproducibility of immobilized reagent response 

The reproducibility of the response from the immo- 
bilized cerium(III) chelate to 0.53mM fluoride was 
studied with 11 samples from the same batch of 
beads; the relative standard deviation found was 
10%. 

Table 1. Effect of diverse ions 

Foreign ion Added as Molarity Error, % 

Chloride NaCl 0.530 +12 
0.053 0 

Bromide NaBr 0.530* 0 
Iodide NaI 0.530 +18 

0.053 0 
Nitrate NaNO, 0.530* 0 
Sulphate Na,SO, 0.530 -7 

0.053 0 
Phosphate NaW, 0.053 -72 

5.3 X 10-4 -28 
5.3 x IO-6 0 

Chlorate NaClO, 0.530 +37 
0.053 0 

Aluminium Al(NW, 0.053 -57 
5.3 x 10-a -23 
5.3 x 10-6 0 

Barium BaCl, 0.053* 0 
Calcium Ca(NW 0.053* 0 
Iron(II1) Fe(NO, ), 0.053 +48 

5.3 x 10-4 +12 
5.3 x 10-b 0 

Magn~ium W&NO3 h 0.0538 0 

*The effect of higher con~nt~tions of these ions could not 
be determined because of problems associated with 
dissolving the salts in the buffer solution. 
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Interference studies 

The ions examined were chosen on the basis of 
their occurrence with fluoride in natural waters. They 
were incorporated into the buffer system used in the 
preparation of a 0.53mM fluoride solution, at con- 
centrations successively decreased by a factor of 10. 
The criterion for interference was an error greater 
than twice the standard deviation obtained in the 
absence of the foreign ion. 26 Table 1 shows the results 
obtained. Aluminium, iron and phosphate are the 
ions which interfere the most. 

Conclusions 

The method is applicable to the determination of 
fluoride in the range 0.16-0.95mM, with a relative 
standard deviation of approximately 10%. The re- 
sponse time is about 12 min. The reaction is pH- 
dependent and liable to interference from phosphate, 
iron and aluminium ions, which would need to be 
eliminated before the analysis. The sample would also 
need to be buffered to the optimum pH. The reagent 
phase can be regenerated by treatment with an alumi- 
nium solution of concentration not greater than 
lO-4A4, but at the cost of reduced response and 
extended analysis time. 
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Summary-An optical sensor is described which continuously measures the concentration of vapours of 
polar organic solvents such as alcohols, ethers, esters and ketones, but does not respond to hydrocarbons 
and chlorinated hydrocarbons. The detection is based on reversible decolorization of the blue thermal 
printer paper used in graphic plotters. Two sensing principles are exploited. in the first, a sensor sheet 
is placed in a flow-throu~ cell. An LED acts as a source of yellow light and a phototransistor measures 
the light transmitted. In the second, the sensing membrane is placed at the end of a bifurcated fibre-optic 
and its diffuse reflectance is measured. The sensitivity of the devices towards various kinds of vapours 
has been studied and the detection limits vary from 10 to loo0 ppm for some of the most common technical 
solvents. 

The development of optical and fibre-optic sensors is 
at present one of the fastest growing research areas 
in analytical chemistry. This is mainly due to the 
advantages of fibre-optic sensors, which include small 
size, freedom from electrical interference, and 
remote-sensing capabilities. The state of the art has 
been discussed in several useful reviews.‘” 

Following the development of sensors for oxygen,9 
halides,‘O halothane and/or oxygen,” pHJ2 ionic 
strength,13 ammonia,“’ electrolytes,1s hydrogen 
peroxide16 and enzyme activities” we present here a 
sensor capable of continuous monitoring of vapours 
which may be toxic or form mixtures with air. 

We have taken advantage of the observation that 
thermal printer paper (of the types used in plotters 
and printers) assumes a blue or almost black colour 
when immersed in liquid organic polar solvents or 
their vapours. The resulting blue paper is then revers- 
ibly decolorized by vapours of the same solvents. This 
led to the design and const~ction of the sensor 
described below. 

EXPERIMENTAL 

Solvents and vapours 

All solvents used in this work were freshly distilled. 
Vapour mixtures were prepared by bubbling air through the 
solvent. Except for n-butanol, the vapour pressure of the 
solvent (p) as a function of absolute temperature (T) was 
calculated according to equation (l), which is a simplified 
version of equation (2): 

logp = --A/T+ B (1) 

Values of A and B were taken from a handbook,18 for 
methanol (A = 1984, B = 8.740), ethanol (24.57, 9.543), 
toluene (2866, 27.647). diethyl ether (1546, 7.909), tetra- 

hydrofuran (1644, 7.721), dioxan (1890, 7.930), acetone 
(1687, 8.005), ethyl acetate (1962, 8.556). The vapour pres- 
sure of n-butanol must be calculated by using equation (2): 

logp= -A/T+B+C(logT) (2) 

because the additional term C (log T) is not negligibte in this 
case.** The values of A, B and C are 4100, 40.211 and 
- 10.35 respectively for n-butanof. 

Sensing membr~e~ 

The following commercially available thermal printer 
papers were tested for their utility in vapour sensing: 
Hewlett-Packard printer papers Nos. 927&0479, SSSO-87% 
and 9270-0962, for use in the HP printer models 98 IS, 3380 
and 85, respectively; Perkin Elmer Lambda 5 spectro- 
photometer printer papers (Part Nos. 119849 and BG 
126708); Kontron Anacomp integrator type 220 printer 
paper (Chart No. TO 2227). 

Construction of the flow-through cell 

A schematic top view of the flow-through cell is shown in 
Fig. 1. It consists of an aluminium block with a hole along 
the axis for the gas-flow, and two holes at right angles for 
mounting the LED (6) and phototransistor (2). The mount- 
ing for the LED is removable to allow quick and easy 
change of the sensing membranes. To protect the photo- 
transistor from ambient light, the gas-supply tubes am bent 
helically and the rear of the LED is covered with black 
“Plexiglas”. The opto-electronic parts are listed in Table 1. 

Fibre-optic vapour sensor 

In the fibre-optic approach, light of wavelength 580 nm 
from a 250 W tungsten halogen lamp (incorporated in an 
Aminco SPF 500 spectrofluorimeter) is focused onto one 
end of a bifurcated optical fibre (150 cm long and 4 mm in 
internal diameter at the common end) made from poly- 
(methyl methacrylate) with statistically mixed bundles (Fas- 
eroptik Henning, D-8501 Allersburg, FRG). The common 
end of the two arms is covered with the sensing material. 
Reflected light returns through the second arm of the optical 
fibre. and is guided to the photomultiplier tube (PMT) of the 
fluorimeter. The change in the reflectance of the sensing 
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Fig. 1. Top view of the flow-through cell. (1) Light-proof cover; (2) phototransistors; (3) printed electronic 
circuit; (4) gas outlet coils (optically isolated); (5) sensor membranes (one white and one blue); (6) LEDs; 

(7) gas inlet coil (optically isolated). 

membrane after exposure to various levels of vapours is 
detected by the PMT, the output from which is plotted on 
an X/Y recorder (HP 7525A). 

RESULTS 

~~n~tr~cti5n of the detector cell 

The optical system of the flow-through cell (Fig. 1) 
consists of two LEDs fixed in an aluminium block; 
one is covered with the blue sensing-membrane and 
the other (the reference) with white paper possessing 
tran~ission characteristics similar to those of the 
untreated printer paper. Two phototransistors on the 
other side of the flow-through cell measure the light 
intensity transmitted by the two layers of paper. The 
two optical systems (LEDs and phototransistors) are 
optically isolated, so that no mutual interference is 
possible. The current produced by the two photo- 
detectors is amplified and displayed on a FLUKE 

multimeter 27 or recorded on a plotter. The electronic 
circuit of the detection system is outlined in Fig. 2. 

Sensing membranes 

Thermal papers from various sources were im- 
mersed in an atmosphere of ether for a period of at 
least 5 min to produce a blue or almost black colour. 
The absorption spectra of the blue papers are similar, 
with maxima between 605 and 610 nm. The black 
thermal papers have similar maxima but with an 
additional weaker band at around 470 nm. Con- 
sequently, an LED with an emission maximum at 
around 580 nm was considered a suitable light- 
source. At this wavelength, all the papers investigated 
have an absorbance that is approximately 95% of 
that at the wavelength of maximum absorption. 

When the blue papers thus produced are exposed 
to vapours of polar solvents the colour intensity is 
diminished. Table 2 summa~~s the changes in the 

Table 1. List of parts used in construction of the vapour sensor* 

Part Specification Part Specification Part Specification 

ICI LM 317T Ii1 1 kl) Pi 2OOff 
IC2 LF351 R2 330 62 P2 2OOQ 
IC3 LF 351 R3 195il P3 lOkS2 
IC4 LF 351 R4 19.5 if P4 1OkR 
KS LF351 R5 IOOkSI P5 1OkR 
IC6 LF351 R6 lOOkSi 

R7 27 kQ Tl Bf 246 
Cl 0.22 II F Ta Rg 3.01 kQ T2 BF 246 

:: 
2x47pFTa R9 27 ks1 T3 BPW 14B 
1OpFTa RlO 3.01 M T4 BPW 14B 

c4 1OpFTa Rll 1 kR 
R12 1 kQ 
RI3 1 kD 
R14 1 kSl 
RI5 1OOkfi 

*Data correspond to the components given in Fig. 2. 
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Fig. 2. Electronic circuit of the temperature-compensated flow-through cell. 

optical signal obtained with various papers exposed 
to acetone-saturated air (21% acetone, v/v at 18”). 

Electronic circuit 

Figure 2 shows the circuit of the temperature- 

compensated sensor. Independent current sources 
were produced by using a resistance-programmable 
voltage regulator serving as a voltage reference, and 
two operational amplifiers (op-amps) combined with 
appropriate field-effect transistors. By tuning of Pl 
and P2, the current can be adjusted to between 12.5 
and 25 mA. 

The reference cell contains a strip of white paper, 
the transmission of which is not affected by the 

vapour of polar solvents. The sample cell contains the 
blue sensor strip, the colour of which changes in 
accordance with the gas composition. The voltage- 
follower stages, consisting of two sensitive photo- 
transistors, give two signals at the emitter resistances 
R5 and R6, and these are amplified by IC4 and ICS. 
The output signal of op-amp IC6 is proportional to 
the difference in measured light transmission of the 
reference and sample cells. The lower the vapour 
concentration in the sample cell, the lower will be the 
output signal obtained from the electronic circuit. 
This signal can even be negative if the decolorized 
sensor strip has a higher transmission than the refer- 
ence strip. This can be compensated for by zero 
adjustment. 

Table 2. Colour, absorbances, and signal changes of various thermal 
printer papers after exposure to acetone-saturated air at 18”, correspond- 

ing to 21% (v/v) acetone in air 

Thermal printing paper 
Signal change, log 1,/I at 

Colour mV absorption max* 

HP, 9815 
Part No. 9210-0479 

HP, 3380 
Part No. 5580-8735 

HP, 85 
Part No. 9270-0962 

Perkin Elmer, Lambda 5 
Part No. 119 849 

Kontron, Anacomp 220 
CHART No. TO 2227 

Perkin Elmer, Lambda 5 
Part No. BO 126 708 

blue 980 1.99 

1100 1.52 

blue 940 1.51 

blue 760 1.10 

black 690 1.39 

black 640 1.14 

*White paper was used in the reference beam. 



92 ~ERMnNN f?. PQSCH et d. 

Table 3. Signal changes (AV) of the Hewlett-Packard $388 thermal 
printer paper on exposure to vapours of technical solvents 

Concentration, 
Wvent % v/v AV, mV Aby*%-t + mP r 
~~~h~ororne~~~e 49.6 540 @rev.) 
chloroform 21.1 55 Y6 
tetmchloromet~~~~ 12.6 24 1.9 

cyclohexane 10.1 0 totuene 2.8 0 :: 
dietbyl ether 50.7 349 28.7 
tet~hydrofur~~ 18.7 f227 65.6 
dioxan 4.2 I233 294 
methanol 12.4 450 36.3 
ethanol 5.7 680 119 
n-butanol 0.68 748 1153 
acetone 21.0 1100 s2.4 
ethyl acetate 9.4 1060 113 

*Change in absarbance per % solvent in air. 

Because of the use of a reference cell and two 
identical photo~ra~~i~to~, a very stable and 
tem~rature-inde~ndent signal is obtained. Even 
small changes (usually a decrease) in the light in- 
tensity of the LED, shortly after s~~~cb~~g on, are 
compensated by this technique. The maxims signal 
drift over 48 hr was f 1.5 mV which is negligible with 
respect to a total signal change of over 1000 mV (for 
instance with tetrahydrofuran). 

Sensclr SeSJWW? 

The paper found to have the best response was the 
HP 3380 thermal printer paper (Table 2). It displays 

an almost complete and reversible decolorization 
after exposure to vapours of polar solvents. The 
degree of d~olo~~~t~on is dependent on the nature 
of the solvent and is highest for alcohols, esters and 
ethers, when expressed as signal change per % solvent 
in air. ~~dr~ar~~~~ and chlorinated hydrocarbons 
are either without effect or, as in the case of dim 
chloromethane, giva irreversible bleaching. The data 
obtained with 13 frequently employed solvents are 
collected in Table 3. Contrary to our expectations, 
the anaesthetic gases Forane and Ethrane (which are 
ethers) do not a&et the colour of the membranes. It 
was also found that an increase in temperature ieads 

THF 

Fig. 3, Change of signal with time, obtained for air saturated with vapsurs of various solvents, at KY. 
THF. te~a~ydrofuran~ AcOEt, ethyl acetate; EtOEt, &ethyl ether; EtOH, eth&nol; MeOH, methand. 
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Fig. 4. Dependence of phototmnsistor signal on vapour concentration of several frequently used solvents. 
(+) acetone, (x ) diethyl ether, (A) tetrahydrofuran, (0) dioxan. (A) ethyl acetate, (+) ethanol, (0) 
methanol. The vapour-air mixtures were prepared by bubbling air through liquid solvent reservoirs at 

a defined temperature. The initial values were obtained at 0”. the final values at 20”. 

to decolorization, the process being irreversible at 
above 60”. 

The response time depends on the nature of the 
solvent and the sample flow-rate. Figure 3 shows the 
change in signal obtained as the sensor is exposed to 
solvent-saturated air at a flow-rate of 60 ml/min. The 
response to vapours of aprotic solvents is more rapid 
than that to alcohols (which itself is quick enough to 
be of practical utility in process control). Typical 
response times (99% of final signal) are 30 set for 
acetone and 3-4 min for methanol. Interestingly, 
after passage of pure air again, the initial value is 
reached only after a much longer time (acetone ca. 
2 min, methanol ca. 7 min). Thus, the recovery time 
can range from 1 min (for diethyl ether) to 7 min (for 
methanol). The response and recovery times both 
depend slightly on the vapour concentration, but this 
was not studied in detail. 

The relation between vapour concentration in the 
sample and relative signal change is shown in Fig. 4 
for various vapour-air mixtures. There are large 
differences in response, despite the similarities in the 
chemical structure of the solvents. 

Sensitiuity 

Given a signal resolution of 1 mV, the sensor is 
capable of indicating ppm amounts of solvent va- 
pours in air. Typical detection limits are 10 ppm for 
n-butanol, 250 ppm for ethanol, 1000 ppm for diethyl 
ether and 30 ppm for dioxan. 

,Ybre-optic approach 

The change in the diffuse reflectance of the blue 
membrane was measured by attaching the paper 
membrane to the distal end of a fibre. The relative 
signal change per % of organic vapour in the air 
stream was, however, only half that obtained with the 

optical sensor cell, where transmission intensity was 
measured. Consequently, the resolution of the 
fibre-optic sensor is somewhat poorer than that of 
the conventional opto-sensor. The fibre-optic ar- 
rangement was found to have no drift problems, 
although no reference cell was used, the initial value 
always being restored. 

Response and recovery times were about half those 
for the measurements made in the transmission 
mode, although an almost identical flow-through cell 
was employed and the detection limits were almost 
the same. 

DISCUSSION 

The sensor described here measures concentrations 
of solvent vapours in air from the ppm level up to 
saturation. It is therefore of potential utility in pro- 
cess control and related fields. Its response depends 
on the nature of the solvent. Long-chain alcohols are 
more efficient colour “quenchers” than are short- 
chain alcohols. Ethers and ethyl acetate are compara- 
ble in their response, but chlorinated hydr~r~ns 
are without effect (or lead to irreversible decol- 
orization). The lack of response of some anaesthetic 
gases frustrated our initial objective, which was to 
develop a sensor for these gases. 

To the best of our knowledge, the colour-forming 
capability of thermal printer papers is based on the 
colour change of micro-encapsulated carboxylic acid 
dyes, such as Crystal Violet, in their (colourless) 
lactone form. When released by thermal action, they 
assume the blue colour of the triphenylmethane dye. 
The equilibrium between dye and colourless lactone 
is known to be dependent on the polarity of the 
solvent. No attempts have been made to improve the 
material with respect to dye and solid support. 

Although a number of tests are available for 
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detection and determination of hazardous or toxic 
gases, and a number of test kits are marketed by 
various companies, we think that our vapour sensor 
offers two decisive advantages. It allows continuous 
measurement of vapour concentration and it can be 
applied to a number of solvent vapours. 

The sensors introduced here demonstrate the ad- 
vantages of opto-sensors. The fibre-optic method has 
considerable advantages in the detection of vapours 
since fibres have no electrical links and therefore do 
not present a risk in a potentially emplosive atmos- 
phere. Since the transmission of optical signals via 

fibres is possible over large distances, the instrument 
can remain in the benign atmosphere of the labora- 
tory, while the sensor head can be exposed without 
risk to the environment to be probed. 
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Stnnmary-A prototype of a self-c;antained multi-element optical waveguide sensor for detection and 
identification of the constituents of gaseous or liquid mixtures has been fabricated. The device consists 
of eight optical waveguides, a41 coated with a thin film known to react sp&fically with one or more 
components in a multicomponent system. An array of eight sequentially-activated light-emitting diodes 
is attached to the waveguide assembly in such a fashion as to activate each detection channel separately. 
Each waveguide is a fiber-optic coupled to a single high-gain, low-noise photomultiplier tube or 
~h~t~~e~~~~t~~n~ amplifier detector. The ampSed signals can be displayed visually or input to a 
microprocesscz I ~tt~-~~~t~~n &&thm. CMOS analog s~~tch~~mu~ti~lex~rs are used in Feedback 
loops to co&rid ~u~orn~~~ ~~~~~~~, ~~h~~~l a&tmeet and e~a~~el-~~~~~. Preliminary 
experimenkx ~~~ol~~u~ the rno~~~o~~~ of redox{pH changes are discussed. 

Catodmetric and ffuorimetrie coatings for detection 
and identification of gaseous species have been used 
for over 100 years, one of the earliest being the 
cobalt(I1) chloride moisture test.’ A general review of 
the literature up to 1966 is avail&k in Ruth’s 
annotated bibliography.’ A more quantitative dis- 
cussion of the various tests (without references) can 
also be found in the Driiger detector tube handbook? 
Generally speaking, the andyte ofinterest resets with 
a insular organic dye to produce a visible color 
change, which can be monitored by absorption, 
transmission or fluorescence measu~ment~ High sen- 
sitivity and specificity are the desired objectives but 
compromises always have to be made, 

The advent of optical fibres soon saw their appli- 
cation as “light pipes” in cnnventional oxygen 
determination (measurement of axyhemoglobin), 
dye dilution measurements,5 laser-Doppler velocity 
messnrement,6 Ruorimetry,r and physical sensors.*-‘o 
The recent use of fiber-optic waveguides for chemical 
analyses is based, For the most part* on light-intensity 
changes in an indicator material immobil~~ at or 
near the “b~in~s~n~ of the fiber, Single, dual, 
multiple, bifurcated and trifurcated optical fibers are 
used to carry probe-photons to and information- 
containing photons from the anal@--probe interface. 
Rcviaws by Seitz” and Peterson et al.i2 have sum- 
marized the state of the art to 1984, the latter 
focusing more on biomedical applications while the 
former deals primarily with chemical sensors. Two 
additional reviews of chemical microsensors in gen- 
eral (aptical waveguides being one type) are those by 
Wohltjeni3 and Hirschfeld ef ~1,‘~ 

Table 1 lists examples of species which have been 
s~tr~op~~l~ monitored by means of their inter= 
action with a reagent phase immob~li~d on an 
optical waveguide. 

The basic principle of the optical waveguide sensar 
is chemically-selective induction of a refractive index 
change at the waveguide/thin detector-layer interface 
which effectively increases or decreases the eva- 
nescent wave coupling into the external mediumezg 
This change is monitored as an increase/decrease in 
waveguide transmittance. Ease of miniaturization, 
portability, low cost and low power requirements are 
the driving furces behind the de~elo~~t of this 
particular type of chemical sensor. Reeerit repofts2D3’ 
have demon~ted its potentiai for detection of 
certain vapors at ppm levels. 

In an extension of this principle, a prototype of a 
self-contained multklement optical waveguide sen- 
sor for detection and identification of the components 
of gas or fluid mixtures has been fabricated, The 
device consists of eight optical waveguides, each 
comprised of a 9-cm length of thin-walled (0.3 mm) 
cylindrical glass capillary tube (0.8 mm bore), sealed 
at one end. All eight wave~~~d~ are &ted into a 
gasketed ~mpiin~ chamber of low dead-volume An 
array of eight ~~~~e~~ally-a~~vated light-sources 
(LED@ is attached to the waveguide assembly in such 
a fashion as to activate each detection channel separ- 
ately. Thin chemically-selective coatings are applied 
to the exterior surface of each waveguide. In certain 
cases, organized molecular assemblies are deposited 
in stepwise fashion by successive Langmuir-Blodgett 
(LB) dip cycles- Silane-coupling agents are used in 
other cases, where zt chemically-selective film is im- 
mobilized on the glass surface. All the coatings used 
at present rely on a color change caused by selective 
a~o~~on and/or reaction, and this is monitory 
by miniature M-in. uuter diameter end-on photo- 
multiplier tubes ar &id-state silicon diodes operating 
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Table 1 

Analyte Reagent phase 
Monitored 

optical chanae Reference 

PH 
PH 
CO* 
Moisture 
Oil in water 
NH, 
Alr+, Mg2+, Zn2+ 
Halothane 
Bilirubin 
fgG 
0, 
Halide ion 

Phenol Red/polyacrylamide Reflectance (reversible) 15 
Fluoresceinamine/cellulose Fluorescence (reversible) 16 
pH dye/CO,-permeable membrane Fluorescence 17 
CoCl,/gelatin ATR/transmission 18 
Organophilic coating ATR/transmission 19 
Oxaxine dye ATR/transmission 20 
8-Quinolinol-5-sulfonate Fluorescence 21 
Decacyclene/silicone Fluorescence quenching 22 
None Absorbance 23 
IgG-Ab Fluoroimmunoassay 24,25 
Hemoglobin Reflectance 26 
Quinohne indicators Fluorescence quenching 27 

p-Nitrophenyl phosphate Enzyme (phosphatase) Product absorbance - 28 

in either the photoconductive or photovoltaic mode 
to measure the light intensity transmitted from the 
appropriate LED. 

Electra-optic conjguration 

As outlined in Fig. 1, two general detection ap- 
proaches were taken (single and multiple detectors). 
In this report, however, only the single-detector 
version is discussed. 

The electronic configuration for each channel is 
depicted in Fig. 2. The current to each individual 
LED is controlled by a discrete pulse transistor 

(2N222) driven by an appropriate TTL pulse from a 
single-board computer (SBC). Optical-fiber bundles 
are used to couple the individual waveguide outputs 
to a single photodetector. Separate potentiometers 
are used to adjust the brightness of each LED, to suit 
individual reaction, channel and detector character- 
istics. Visible-radiation LEDs are used, two each for 
the red, green and yellow, and one each for the 
orange and blue regions of the spectrum. Except for 
the blue-emitting type (Siemens LBD 5410), they are 
of the standard GaP, GaAsP variety (Paccom Elec- 
tronics, L-32 types). The photometric outputs vary 
with the particular type of LED, in the general range 

agle detector 
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Fig. 1. Multi-element detection strategies. 
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TTL 

LED 

I Photodiode operational 

amplltler 
+v 

Fig. 2. Electra-optic configuration of a single channel. 

Flow-through call 

Sample chamber 

2-12 med. The bandwidths (FWHM) are about 32 
nm (green), 46 nm (yellow, orange), 25 nm (red) and 
70 nm (blue). 

The drive transistors and the digitized (If-bit) 
detector output are connected to a 6522 NMOS 
interface adaptor situated in a 6502-driven AIM-65 
microcomputer (Fig. 3). 

An assembly-language algorithm (shown as a 
flow-sheet in Fig. 4) is used to activate the individual 
channels for selected on/off times and acquire and 
store the digitized detector outputs for subsequent 

6522 

VIA 

processing. In the configuration used, the minimum 
on-times for LED output stabilization are about 
l-2 msec. In a typical data-cycle, a single LED is 
activated and, after a suitable delay period, the 
amplified detector output is digitized and stored in 
memory. Shortly thereafter, the LED is deactivated 
and the remaining channels similarly examined. 

Attempts were made to pulse the LEDs at a faster 
rate. However, as indicated in Fig. 5, reasonable 
square-wave outputs were achieved only with switch- 
ing times longer than ca. 1 msec. This is most likely 

PA0 - PA7 
Drl ve 

transistors 
LEDs 

CA2 
c scope trqgar 

43 Detector 

Fig. 3. Microcomputer interface. 
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Initialize PADD 

Inltlallze PAD 

Variable sweep L. detay routine 

I 
Next LED 

Turn on smgle LED - 

I 
Varmble LED 

on/off delays 
Shift routme 

---------- 

Fig. 4. Flow-sheet for data a~uisition and LED control. PAD = Port A data register; PADD = Port A 
data direction register; DAQ = data acquisition routines. 

a consequence of RC time-constant limitations in the 
LED/current-limiting resistor combinations. 

Display of signals from the various channels 

For display purposes, the signals from the various 
channels were output to an analog oscilloscope to 
produce a bar-graph pattern, the individual bar 
heights being proportional to the detector output for 
the corresponding channel. This is illustrated in Fig. 
6 for the &channel waveguide. Here, the optical 
waveguide in channel 3 (channels labeled from left to 
right) was coated with a 50-nm thick film of a 

silane-coupled benzyl viologen dye derivative which 
served as a redox indicator. The particular derivative 
used was NJ’-bis(p-trimethoxysilyl)benzyl)-4,4’-bi- 
pyridinium dichloride (or BPQ2+),3’,32 which was 
known from earlier studies33 to undergo a reversible 
color change in the presence of a reducing agent (see 
Fig. 7). It was covalently linked to the glass optical 
waveguide by soaking the waveguide for several days 
in a 10% water/acetonitriIe solution containing 
several milligrams of the dye derivative. Surplus dye 
and the solvent were removed by flushing with water. 
The final coatings were observed to be extremely 
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LED on-times 

FWHM (right - left sweep) 

0 26 mow 

Fig. 5. Optical output (PMT-response) of pulsed LEDs. FWHM (right-to-left sweeps). 

durable and maintained their effectiveness even after 
months of exposure to ambient air. Upon exposure 
of the S-channel waveguide to a reducing solution 
(70 mg/l. Na&O,), the colorless viologen film 
became blue. 

Tbe light-beam from the red-emitting LED in 
channel 3 was thereby attenuated as depicted in Fig. 
6 (middle trace). The corresponding waveguide in 
channel 6 was coated with an insoluble pH-sensing 
dye film, some Frn thick. The active ingredient, 
Alizarin Yellow, undergoes a yellow -+ red transition 
at pH 10-12. This can be seen in Fig. 6 (bottom 
trace), for the response when the reducing solution 
has been purged and replaced by a basic (pH > 10) 
aqueous solution. The light from a green-emitting 
LED in channel 6 is attenuated, while the light- 

intensity in channel 3 resumes its original value as a 
consequence of the oxidation, by dissolved oxygen, of 
the viologen coating on optical waveguide 3, to the 
colorless form. The response time for pH was 0.5 sec. 

CONCLUSIONS 

Multi-element optical waveguide sensors are 
relatively simple devices which can ultimately be used 
as small, portable chemical detectors/identifiers in a 
gas or fluid environment. The diagnostic scheme 
demonstrated here relies on a calorimetric change in 
the coatings immobilized on the waveguides. Other 
systems which hold promise for development as 
chemical microsensors include: 
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Chonnei Channel 

3 6 

Fig. 6. Response of’ an I-element optical waveguide 
to neutral (top), reducing (middle) and basic (bottom) 

solutions. 

Immobilized fluorophore/dynamic 
chemiluminescence34 

Grating couplers35 
Fluorescent excitation transfer immunoassay3’j 
Reflectometry3’ 
Indium slide immunoassay3* 
Chemically-induced physical effects39 

In addition to use of different detection techniques, 
future adaptations may employ advanced waveguide 
geometries (integrated optics). The recent advances in 
optical computingU may well drive researchers in this 

0.0 - 
0 100 

SCAN TIME lsecl 

Fig. 7. Throughput (at 660 nm) of a single optical waveguide 
coated with silane-coupled BPQ2+ and periodically exposed 

to a sodium dithionite reducing solution (70 mg/l.). 

direction, In any case, it is not an overstatement to 
say that there exists a variety of imaginative ap- 
proaches to the “hardware” design and fabrication of 
optical chemical microsensors. Their chief limitation, 
however, appears to reside in their “software”, i.e., 
the chemically sensitive and selective reagent coat- 
ings. For the most part, traditional calorimetric/ 
fluorimetric assays have been employed in the ma- 
jority of the current generation of optical devices, 
which brings us to where we are today. As in most, 
if not all chemical sensors, the Achilles heel is the 
chemically sensitive/selective coating. Depending on 
the number of different sensing elements used, the 
selectivity problem can be solved. What remains to 
be developed is the extension of sensitivity to the 
sub-ppm region. 
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Summary-Results are presented which clearly illustrate the possibilities and limitations of the use of 
indicators immobilized on optical fibres, in the determination of pH. 

In recent years a number of pa-probes for use in 
aqueous systems have been based on attaching an 
immobile ~olo~met~c indicator to the end of an 
optical fibre.’ The indicator is usually immobilized on 
a solid support such as polystyrene,2 polyacryl- 
amide3s4 or porous glass beads,5 by adsorption or 
covalent bonding. The support is held in place at the 
end of the optical fibre by some farm of porous 
membrane. Most of the pH-probes that have been 
developed use immobilized acid-base indicators, such 
as Phenoi Red,3 3romoth~ol Blue” and others,6 
although a few have been based on use of a 
fluorescent dye, e.g., fluorescamine.s The optical 
property measured (reflectance, absorbance or 
fluorescent) depends on the ~nfiguration of the 
device and the nature of the indicator. 

The development of these fibre-optic pH-probes is 
no more than an extension of the relatively simple 
chemistry involved in the spectrophotometric deter- 
mination of pH. The pH of a solution may be 
determined spectrophotometrically by measuring the 
concentration ratio of the undissociated indicator 
species, HA, to the dissociated species A-; the system 
may be calibrated by making m~s~rernen~ in a 
series of non-absorbing buffer solutions. Provided 
that the total con~ntration of indicator remains 
constant, an expression based on the Henderson- 
Ha~elbalch equation’ can be developed which relates 
solution absorbance to pH. 

ply; = pH + log~A]/[A - ] (1) 

where pK: is the concentration indicator constant 
and is related to the thermodynamic value pK, by 

PK: = P& + log hAhA (2) 

where yX is the activity coefficient of spies x. 
The reason for using equation (I) is that absorb- 

ance measurements are a linear function of the solute 
~on~ntration and not its activity. It would be poss- 
ible to determine pH s~~trophotomet~~lly by 
measur~ents at two different wavelengths, at one of 
which only the dissociated form absorbs and at the 

other only the undissociated form. Me~~~ent of 
the absorbance at a single wavelength is simpler, 
however. For example, if the absorbance of the 
undissociated form of the indicator is negligible at the 
selected wavelength, the equation 

pK; = pH + lo@, - A)/A 0) 

can be used, where A_ is the absorbance at a pH 
high enough to ensure complete dissociation of the 
indicator and A is the absorbance at any given pH, 
the total indicator concentration being constant. 

The work described in this paper was undertaken 
to determine the reliabitity of s~~rophotomet~c pH 
and plyi m~surements in aqueous systems, and of 
those made with immobilized indicators. 

EXPERIMENTAL 
.‘ipparati#.s 

Absorption spectra were measured with a Pye-Unicam 
PU8600 UV/VIS spectraphotometer, interfaced with a BBC 
microcomputer by the PU8600 series scanning software 
program.8 The pH of the buffer solutions was measured with 
a Coming 140 pH-meter with a combination electrode (RS 
components 424-557). Solutions were kept at 25.0 f 0.1”. 

Solutions of Bromocresol Purple, Bromocresol Green, 
Bromophenol Blue, Bromothymol Blue and Phenol Red 
(Fisons), Cresol Red and Methyl Red (BDH) were prepared 
in dilute sodium hydroxide solution as described by Bishop.’ 
The buffer solutions were made from Fisons and BDH 
reagent-grade chemicals and distilled water. The pH buffers 
(ionic strength of O.&W) were prepared according to Penin 
and Dempsey.” The indicator and buffer solutions were 
stored in lOO-ml polyethylene bottles. 

Procedure 

The pH of each buffer solution at 25.0” was checked 
against NBS buffers by use of a glass electrode and a 
standard potentiometric procedure.” For spectrophoto- 
metric dete~inatio~ of pH 10 ml of buffer solution were 
mixed in a stoppered sampie-tube (to prevent evaporation), 
with 1 ml of Phenol Red, Bromopbnol We, Bromothymol 
Blue or Bromocresol Purple, or 0.5 ml of Cresol Red, or 
0.1 ml of Methyl Red solution. Addition of the indicator 
caused no perceptible change in the pH of the buffer. Be- 
tween measurements the sample tubes were kept sealed and 
partly submerged in a water-bath maintained at 25.0 f 0.1”. 
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The rpeetrophotometer was progammed to record the 
absorbance at every 2 nm between 300 and 700 nm. The 
abso&tion spectrum for the appropriate reference buffer 
solution was scanned and stored. Tbe same cusette (pa& 
length 1 cm) was used in recording the absorption spoetrum 
for the b&err& solution of indicator. These two mea- 
surements were repeated over a range of pH values. For 
each pW, the logarithms of the tr~s~t~~~~s of the sampIe 
(buffer plus indioatur), r,, and regerence sohttion (buRer 
onty), Tbr were printed out for each wavelength, abng with 
the difference fog rb - log ‘F, (i.e., the absorbanee), enabling 
the isosbestic point and absorbance at the analytical wave- 
length to be accurately determined. 

RESULTS AND DISCUSSlQN 

Preliminary measurements 

The Precision of the spe~trophotomete~ was 

check& by measuring the absorbance of cobah am- 
monium sulphate solutions =(36XBmM, in i?G v/v 
s~~h~~ acid) at 500 nm against a water blank, 
A series of ten ~~~~~ates gave a relative standard 
deviation (RSD) of 0.3%. 

Frjr solution absorbance measurements, the inci- 
dent intensity, Z,, is estimated by measurement of the 
transmittance (Tb) of a reference solution (a reagent 
blank is commonly used) at the same wavelength as 
the transmittance (Z’,) of the sample solution. When 
an optical fibre pH probe is used, this method of 
estimation T, is impracticabie, and it becomes neees- 
sary to use a wavelength at which the transmit~n~ 
of neither the acid nor the base form of the indicator 
changes with pff, Le., the isosbestic point, or at some 
wavelength at which neither form absorbs radiation. 
The transmittance at this wavetength is assumed to 
compensate adequately for any optical and instru- 
mental variations. We decided to calculate the ab 
sorbance data by use of both the normal reference 
intensity, I,, measured at the analytical wavelength 
for the appropriate buffer solution, and the isosbestic 
reference intensity ZOb. For a given indicator, the 
isosbestic point showed a small wavelength shift (a 
few nm in most cases), depending on PI-X, buffer 
com~os~tjon and ionic strength. In order to maintain 
a reasonable analogy between the solution mea- 
surements and Sbre-optic measurements, the isos- 
he& point transmittance was recorded at a fixed 
waveIe~~th. 

To check the validity of this approach a series of 
transmittance measurements was made for each of 
the indicators at the selected wavelength correspond- 
ing to the isoshestic point. The transmitt~ce (Z,,) of 
the indicator was measured in each of the buffers used 
su~uent~y for plw: dete~nat~on~ along with the 
t~~srn~t~n~ (Z&) for each buffer alone. Thus, for 
each of the five mdicators tested six &, and six ZBf 
values were recorded. The mean and standard devi- 
ations for each group of six transmittance vahres were 
obtained, and from these data the relative standard 
deviation (RSD) was calculated. The RSD is a mea- 
sure of the variation in the transmittance within each 
group of measurements (I,, or Z,r). The RSD values 
for Z,r shows the variation in transmittance of the 
different buffers; those for Z,, show the variation in 
tra~smittan~ of the ~fferent butlers plus any vari- 
ation in the transm~t~nce of the indicator arising 
from a shift of the isosbestic point. Edeaity, repeated 
measurements of the transmittance for a given sol- 

ution should be constant: measurements made with 
cobalt ammonium sulphate solutions indicated that 
there would in fact be an RSD of -0.3%. 

The mean and standard deviation for the five Pat, 
RSDs were 3.0% and 1.3% respectively and those for 
the ZKf RSDs were 2,4% and 1.2%. A two-tailed 
F-test failed to show a significant difference between 
the two standard deviations, and a t-test failed to 
d~stin~ish between the means. In other words these 
values appear to have been drawn from the same 
~p~a~on. A~rd~~~Iy we can say that the vari- 
ation in transited of an indicator at the seteeted, 
ftxed wavelength corresponding to its isosbestic point 
was indist~nguishabie from the variation in the trans- 
mittance of the different buffers in which the indi- 
cator was present. ~o~s~quen~y, use of Z,, instead of 
Zref for calculation of the solution absorbance is a 
valid procedure. 

The pK: values for the indicators were calculated 
by using an expression similar in nature to equation 
(3):1%13 

PKi = PH + h&(&, - &i(~ - &Afl (4) 

where A,, is the absorbance of the indicator at the 
anaiyticaf waveIe~~t~ and very tow pH (Le,, the 
indicator can be assumed to be totally undi~~iated). 

The accuracy and precision of the pK: value 

Table 1. Measured values obtained by using standard (“piu:) and isosbestic (‘$K;) wavelength references (ionic strength 
0,01 M, temperature 25.0 + O.lC) 

Indicator 

Indicator Wavelength, nm 
concentration, -l”~__l_l*l- ‘pK: (standard Ibp#; (isosbestic ApK; = 

M Analytical Isosbestic reference) * 3.d. reference) & s.d. (SpK’ - lbpK’) * a 

~r~rnop~~o~ Bfne 5.4 x to-3 590 494 3.99 + 0.07 4.03 + 0.04 --o.ikt 
~rorn~th~o~ Biue 5.8 x x-4 615 500 6% f O.l9 6.84 f 0.13 0.04 
Bromocr&oI Green 5.2 x 10-r 616 508 4.57 E 0.03 4.69 E 0.10 -0.12 
Bromocresot purpre 6.7 x bx4 588 486 6.30 * 0.05 6.17 ~0.07 fxt3 
Cresol Red 5.0 x IQ-3 570 485 7.96 + 0.09 7.82 +0.1_5 0.14 
Kenya Red 3.7 x 10-f 518 450 4.86 & 0.05 4.98 + 0. I3 -Ckt2 
I’henoI Red 1.1 x RF 561) 480 7.65 f 0.04 7.55+0.18 O.IO 
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Table 2. Results obtained for pKi with changing ionic strength. at 25°C 

Ionic strength, M 0.01 0.10 0.50 1.00 1.50 2.00 3.00 

Bromophenol Blue 3.94 4.41 4.37 4.40 4.42 4.45 4.51 
Bromocresol Green 4.51 4.65 4.65 4.68 4.11 4.75 4.82 
Bromocresol Purple 6.26 5.67 5.67 5.71 5.14 5.75 5.76 
Methyl Red 4.90 5.04 5.08 5.13 5.31 5.07 5.01 
Phenol Red 7.46 6.96 6.52 6.31 6.39 6.55 6.44 

calculated from equation (4) depends on a number of 
conditions. 

(i) The path-length, concentration and ionic 
strength of the indicator solution, and the tem- 
perature, must be kept constant for all the mea- 
surements. 

(ii) The solution matrix must remain the same for 
each measurement (in practice this is impossible to 
achieve when different buffer compositions are used). 

(iii) The pH value used for the calculation must be 
accurate. 

The two sets of pK: values obtained in this work were 
analysed statistically to decide whether the use of 
different reference intensities caused significant 
differencesI A t-test indicated that the difference 
between the ‘pK: and lbpK: values (Table 1) at the 
95% (P = 0.05) confidence level was not significant. 
Thus, the isosbestic reference intensity lob can be used 
to calculate pK: without introducing a significant 
systematic error [if equation (4) is used]. 

Eflect of ionic strength and temperature on the pK: 
value 

The spectrophotometrically determined pK: value 
is a function of the activity coefficients, y, of the 
dissociated and undissociated indicator species [equa- 
tion (2)J. Consequently any factor that influences the 
magnitude of yHA and yA_ will also affect the mea- 
sured pK: value. 

From the Debye-Hiickel equation,” 

-logy, = 
AZ;fi 

l+ BHJI 

where A and B are constants that vary with the 
temperature and dielectric constant of the solvent, Z 
is the charge of the ion i, H is the ion-size parameter, 
and Z the ionic strength, it is evident that the ionic 
strength and temperature of the system affect the 
magnitude of the activity coefficient, y, and thus the 
pK: value calculated. 

If the solvent matrix and system temperature are 
kept constant then the effect on the pK: value of 

changing the ionic strength can be observed. The 
results in Table 2 were obtained by varying the ionic 
strength of a single buffer solution [of pH N pK: 
(I = O.OlM) for each indicator] from 0.01 to 3.OM by 
introducing a background electrolyte (sodium chlo- 
ride) into the buffer solution. The results show that 
the change in ionic strength can affect the pK: value 
by as much as 1.23. Clearly it is important that the 
ionic strength of the system under analysis should be 
recorded, and that it should remain constant during 
pH-measurement procedures. 

In both the ionic strength and temperature studies 
(which follow), the pK: values have been obtained by 
using a conventional reference solution for the ab- 
sorbance measurements. We have not attempted to 
use the isosbestic point reference for calculation of 
absorbance. The variation in wavelength of this point 
with solution parameters would have entailed making 
extra measurements to establish the correct wave- 
length of the isosbestic point. It is worth noting at 
this stage that such a procedure would be out of 
the question for a sensor containing immobilized 
reagents. Table 3 gives examples of the change in pK: 
caused by a temperature increase of 5” (from 25” to 
30”); the general increase in the pK: value is about 
0.2. 

Measurement of pH 

Once the pK: value for an indicator is known, 
equation (4) can be used to determine, from absorb- 
ance measurements the pH of a solution containing 
the indicator. This kind of measurement can be 
performed without recourse to calibration if the ionic 
strength, temperature and buffer capacity of the 
solution are known. The effect of the first two of these 
quantities has been described. The buffer capacity 
will reflect the extent to which dissociation of the 
acid-base indicator itself will influence the pH of the 
solution. Results for a series of spectrophotometric 
estimations of pH are given in Table 4. Methyl Red, 
Bromophenol Blue and Bromothymol Blue were 
used, and the pH estimations were made on the basis 
of both calculated pK: values, i.e., “pKi and lbpK: 

Table 3. Effect of temperature on the calculated pK; ( f s.d.) 

‘pK:, equation (4) pK:, equation (3) 
25°C 30°C 25°C 30°C 

Cresol Red 
Phenol Red 
Bromocresol Green 
Bromothymol Blue 

7.96*0.09 8.30&0.15 7.95kO.05 8.13 kO.04 
1.65 + 0.04 7.81 + 0.02 7.61 k 0.05 7.79 + 0.03 
4.57kO.03 4.17*0.03 4.51*0.03 4.71 +0.03 
6.88 f 0.19 7.09 f 0.02 6.82 f 0.20 7.04 f 0.01 
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Table 4. Values for pH determined potentiometrically, and 
spectrophotometrically with different references 

PH, pH: pH; pH: PH;‘~ 

Methyl Red 4.55 4.55 4.58 4.69 4.81 
4.82 4.78 4.81 4.84 4.92 
5.02 5.04 5.05 5.12 5.08 
5.28 5.22 5.22 5.21 5.13 
5.40 5.46 5.43 5.21 5.13 

Bromophenol Blue 3.69 3.72 3.73 3.76 3.95 
3.90 3.90 3.91 3.91 4.04 
4.09 4.07 4.07 4.08 4.14 
4.38 4.28 4.29 4.34 4.34 
4.52 4.60 4.60 4.49 4.46 

Bromothymol Blue 5.80 5.82 5.92 6.00 6.32 
6.02 6.20 6.22 5.86 6.29 
6.58 6.42 6.41 6.68 6.57 
6.78 6.51 6.60 6.72 6.59 
6.93 6.89 6.71 6.86 6.68 
7.67 7.94 7.90 7.67 7.34 

pH, is the pH measured by standard potentiometric 
procedures. 

pHt is the pH (standard reference) calculated with equation 
(4). 

pHt is the pH (isosbestic reference) calculated with equation 
(4). 

pH2 and pHzb are the pH values (standard and isosbestic 
references respectively) calculated with equation (3). 

[calculated by using equation (4)]. The ionic strength 
of these solutions was kept constant at O.OlM, and all 
measurements were performed at 25.0 f 0.1”. Under 
these circumstances variation of the wavelength of 
the isosbestic point is caused solely by variation in the 
pH. It was shown earlier that this does not have a 
statistically significant effect on the measured pK: 
value. 

Although non-parametric statistical tests such as 
the Wilcoxon signed rank test failed to demonstrate 
significant systematic differences between the first and 
second, and the first and fourth columns of Table 4, 
it is clear that the spectrophotometric estimation of 
pH to within 0.05 of the potentiometric value is 
obtained in only a few instances. It should be borne 
in mind that all these measurements were made at 
carefully controlled ionic strength and temperature, 
and with solutions of high buffer capacity. In addi- 
tion, the conditions for spectrophotometric mea- 
surement were good, and adequate correction for 
non-zero background absorbance was made by the 
use of equation (4). Suppose that instead we use 

equation (3), in which the undissociated form of the 
acid-base indicator is assumed to give a negligible 
absorbance at the analytical wavelength. Then re- 
arranging equation (3) gives: 

A = A,,,/(lO-” + 1) (6) 

where D = pH - pK:. 
Values for pK: and pH calculated on the basis of 

equation (3) are shown in Tables 5 and 4 respectively. 
The initial absorbance data used to calculate the 
results in Tables 1 and 4 [by equation (4)] are used to 
calculate the results in Tables 5 and 4 [by equation 
(3)]. Comparison of the results (Table 5) indicates 
that the pK: values calculated by using the standard 
reference are significantly more precise than those 
calculated by using the isosbestic reference. The 
difference (ApK: = “pK,-‘bpK:) between the two pK: 
values ranges from -0.72 to 0.86. Statistical analysis 
of the pK: values at the 99% (P = 0.01) level indi- 
cates that the difference between the two is 
significant. This result is expected because the A,, 
value is not negligible if the isosbestic reference is 
used. However, statistical analysis of the “pK: (stan- 
dard reference) values obtained by use of equations 
(4) and (3) shows that there is no significant difference 
between the values at the 95% level. Thus, the only 
significant difference between all four pK: values for 
each indicator occurs when the isosbestic reference 
is used in conjunction with equation (3). The pH 
results obtained by using equation (5) are also given 
in Table 4. Again Wilcoxon signed rank tests failed 
to establish any significant systematic differences 
between the columns. However it is manifest that 
there are large errors associated with these estimates 
of pH, ranging from -0.52 + 0.33 when equation (3) 
is used with the isosbestic point reference. 

Implications for use of jbre-optic pH-probes 

It has been shown’ that the response of a 
fibre-optic probe based on immobilized acid-base 
indicators can be described by the equation 

log(Z,/l,,) = log r [ - KP/(lO-D + 1) (7) 

where I is the transmitted power measured at the 
analytical wavelength, 1,, the transmitted power mea- 
sured at an isosbestic wavelength, r a constant (the 
ratio of the incident power at the analytical wave- 
length to the incident power at the isosbestic wave- 

Table 5. Measured pK: values (+s.d.) obtained by using both standard and 
isosbestic wavelength references, and equation (3) 

pK: (standard lbpK; (isosbestic ApK; = 
Indicator reference) reference) SpK: -‘bpK; 

Bromophenol Blue 3.99 f 0.06 3.60*0.15 0.43 
Bromothymol Blue 6.82 f 0.20 6.12 k 0.33 0.72 
Bromocresol Green 4.57 &- 0.03 4.20 f 0.14 0.49 
Bromocresol Purple 6.30 f 0.04 5.71 * 0.07 0.46 
Cresol Red 7.95 * 0.05 7.12 + 0.40 0.70 
Methyl Red 4.92 f 0.04 5.70 f 0.21 -0.72 
Phenol Red 7.61 + 0.05 6.69 f 0.61 0.86 
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length), and KP a probe constant given by Stl, where 
S is the total indicator concentration in the probe, 1 
is the effective path-length for the probe and 4 is the 
molar absorptivity of the indicator at the analytical 
wavelength. 

Equations (6) and (7) are identical in operation, if 
not in form. The probe constant of (7) performs the 
same function as A_ in (6), and the necessity of 
estimating other incident power in the case of a 
fibre-optic probe introduces the constant r, and the 
term Z,, in (7). If we make the assumption that r and 
KP are constant for a given probe, and can be 
determined in a straightforward manner (just like 
measuring A,, for a solution), then the errors in- 
volved in the determination of pH by the fibre-optic 
probes may be discussed in terms of the errors in pH 
estimation that have been noted in the solution work. 

First it is apparent that operation of a fibre-optic 
probe is analogous to the determination of pH by an 
indicator, with equation (3) for calculation and the 
isosbestic point as a reference. Under these condi- 
tions, in the conventional spectrophotometric mea- 
surements, not only was the measured value of pK: 
shown to be significantly different from the other 
estimates of pK:, but also the largest range of 
differences between potentiometrically and spec- 
trophotometrically estimated pH values (from -0.57 
to 4-0.33) was observed. The similarity between 
equations (6) and (7) indicates that under the same 
conditions, a comparable range in the estimation of 
pH by a fibre-optic probe might be expected. The 
results of Tables 2 and 3, although showing the 
change in the pK: value with change in temperature 
or ionic strength, are of direct consequence to pH- 
measurement with fibre-optic probes, because of the 
part played by pK: in the factor D of equation (7). 
In fact this problem is compounded in the case of 
fibre-optic probes. Not only do the solution parame- 
ters affect the pH-estimation through variation in the 
activity coefficients, but also through variation in the 
wavelength of the isosbestic point. 

Accordingly, direct use of a fibre-optic probe for 
the determination of pH in an unknown solution with 
an accuracy of fO.l (let alone 20.01) is unrealistic. 
Calibration of a probe with appropriate buffers may 
be used to decrease the error, but this sort of ap- 
proach runs counter to the principles of this kind of 
sensor, uiz. that the device should be dipped into a 

solution and a reading taken that directly, rapidly 
and accurately indicates the pH. Formulating appro- 
priate buffers for one type. of sample is tedious 
enough, but if samples of differing ionic strength and 
temperature are to be tested, yet another set of buffers 
would have to be made up and the probe recalibrated. 

We have not investigated pH-measurements with 
indicators on samples of low buffer capacity. It is 
evident from the theory of weak acids and bases that 
a significant concentration of indicator species could 
have radical effects on the pH of such a sample. 
Finally, the probe constant of equation (7) depends 
to a large extent on 1 and S. Proper control of I in the 
context of probes based on indicators immobilized on 
small beads or particles is not straightforward, and 
small changes in geometry could have radical effects 
on the probe response. 

Unless the errors discussed above can be rigorously 
compensated for, and fibre-optic probe construction 
radically improves so that qu~tities such as the 
effective path-length and total indicator concen- 
tration can be rigorously controlled, the future of this 
type of sensor appears to be very limited. 
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Summar-A fiber-optic sensor has been prepared which responds to carbon dioxide at physiologically 
significant concentrations. It is based on pH modulation by dissolved carbon dioxide in a sensing layer 
of fluorescent dye. By use of a previously developed methodology by which the sensing chemistry is 
bonded directly to the glass fiber tip, the miniature size of the sensor is preserved. This method involves 
consecutive applications of solution polymers to the fiber tip rather than mechanical attachment of sensor 
reagents. Preparations of polymer-immobilized dyes and polymer membranes are described. 

The entry of optical fibers into the field of analytical 
chemistry has extended the ability to perform real- 
time analysis. A chemical species can now be detected 
without separation from its natural matrix. Many of 
these sensors operate by changes in the luminescent 
properties of a sensing layer on interaction with the 
analyte. This enormous potential for continuous 
monitoring of physiological, biological and environ- 
mental systems is now limited only by the ingenuity 
required to convert chemical changes into lumi- 
nescent ones. A second but exceedingly important 
advantage of optical fibers is their very small size, 
with typical diameters of 100-500 pm. This feature 
permits positioning in similarly sized locations. In the 
development of fiber-optic sensor technology, it is 
desirable to preserve continuous reversible sensor 
chemistry and the miniature size of the sensors. 

Numerous prototype sensors have already been 
demonstrated that are based on immobilizing 
fluorescent indicator dyes at the distal tip of the 
optical fiber.‘-’ With many of these, various mechan- 
ical and adhesive methods have been used to fix the 
sensor in the vicinity of the fiber tip. Our approach 
is different in an important way: we have succeeded 
in covalently bonding the sensor directly to the fiber 
tip.3** The miniature size of the fiber is preserved and 
the response times are greatly shortened. A 
fiber-optic pH-sensor based on fluorescein immo- 
bilized by using this method of attachment has a 
response time of less than 5 set and is reversible and 
reproducible.3 

Other researchers have made gas-sensing 
fiber-optic sensors in either of two designs: (1) the 
reagent is mechanically fixed to the fiber tip, resulting 

*To whom correspondence should be addressed. 

in a large device with slow response times- or (2) the 
indicator layer is fixed on a transparent “Plexiglas” 
window in contact with the optical fiber.9s’0 Although 
the latter arrangement gives fast response times, 
neither approach preserves the miniature dimensions 
needed for in vivo application. 

It is well known that carbon dioxide will dissolve 
in water, according to the equation 

CO,(aq) + H20~H,C03+H+ + HCO; 

Since dissolution of CO2 results in a change in 
solution pH, the conversion of our fiber-optic pH- 
sensor into a carbon dioxide sensor was a logical 
extension. For such a sensor (Fig. 1) the pH-sensitive 
fluorescent dye must be sequestered from the sensing 
environment. Thus, a semipermeable membrane is 
required to exclude protons and allow CO1 to enter 
the pH-sensing region, where it reacts with water in 
the hydrophilic microenvironment of the dye- 
containing polymer matrix, changes the pH and 
thereby alters the fluorescence intensity. 

We have extended our amplification technique to 
the preparation of a CO,-sensitive fiber by the con- 
secutive application of polymer material to the opti- 
cal fiber tip. This device is of the size (300 pm) needed 
for in vivo venous, arterial or other biological lo- 
cations, and compares favourably with a miniature 
potentiometric CO,-sensing catheter recently de- 
scribed for in vivo monitoring, which has an outer 
diameter of 1.1 mm.” 

Three carbon dioxide sensors prepared in this way 
will be described. They differ in the polymer and dye 
materials used to construct the pH-sensitive layer: (1) 
fluorescein copolymerized with acrylamide, (2) 
fluorescein copolymerized with 2-hydroxyethyl meth- 
acrylate (HEMA) and (3) hydroxypyrenetrisulphonic 
acid (HPT’S) adsorbed on acrylamide. They all use a 
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Fig. l. Model of fiber-optic CO,-sensor. 

coating of dimethylsiloxanebisphenol A carbonate 
copolymer as the semipermeable membrane used to 
exclude protons from the sample itself. 

EXPERIMENTAL 

The instrument used for measuring fluorescence with 
optical fibers has been described previou~ly.~ Briefly, a 
Spectra-Physics Model 162A-04 argon-ion laser provides 
the excitation radiation (typically 488 nm), which is passed 
through a neutral density filter and a dichroic mirror to the 
coupled fiber. The returning fluorescence signal (red-shifted) 
returns via the same fiber, and is deflected through 90” by 
the front surface of the angled dichroic mirror. This signal 
beam is filtered (long-wavelength band-pass), focused, and 
passed through a slit into a single-grating monochromator. 
The resulting wavelength-dispersed signal is measured with 
a photo-counting detection system (Pacific Instruments, 
Model 126). The intensity of the fluorescence is measured in 
photon counts per second as a function of time or of the 
waveiength examined. 

Materials 
Glass-on-glass fibers (2#/250 pm), appro~mately 1 m 

long, were terminated at one end with AMP connectors. The 
other ends, from which a length of approximately 2 cm of 
sheathing was removed, were washed in concentrated sul- 
phuric acid and rinsed with distilled water. The connector 
ends were polished and the stripped ends cut square, as 
verified by microscopic examination. 

Dimethylsiloxane-bisphenol A carbonate (DMS-BPAC) 
block copolymer was obtained from Petrarch Systems, 
Bristol, PA, sodium %hydroxypyrene-1,3,6-trisulphonate 
from Molecular Probes, Eugene, OR, and fluoresceinamine 
(Isomer I or II) from Sigma. All other chemicals were 
obtained from Aldrich Chemical Co. and were used without 
further purification. 

Preparation of pH probes 
The optical-fiber tips require t~atment to activate the 

glass surface with a polymerizable double bond. Three 
different surface activation systems have been described.) 

After surface preparation, the fiber tip can be converted into 
a pH probe in any of the following ways. 

1. Fluorescein copoijmerized with acrylamide. This 
method has been described before,3 but we have found that 
better results can be obtained by allowing the monomer dye 
solution to stand for 12 hr prior to polymer initiation. This 
allows the dye to become solubilized and greatly improves 
the incorporation of the dye derivative into the resulting 
polymer. 

2. Fluorescein copoiymer~ed with Z-hy~oxyethyl meth - 
aerylate (HEMA). To form the uolvmer. 2-hvdroxvethvl 
methacrylate (20 .ml), ethylene g&ol di~etha~rylat~ (4&l 
$), acryloated Auorescein3 (1 ml of solution in tetra- 
hydrofuran) and demineralized water (20 ml) are mixed and 
allowed to stand overnight. Surface-activated optical fibers 
are positioned in the monomer dye solution and ammonium 
persulphate (15 mg) and riboflavin (15 mg) are added. The 
system is kept in a nitrogen atmosphere and exposed to 
white light from an 8-W fluorescent light bulb. Since the 
polyHEMA is a more resilient polymer than poly 
acrylamide, the removal of the glass fibers from the polymer 
gel can result in complete stripping of the polymer material 
from the glass surface. Therefore, it is critical to remove the 
fibers at an appropriate moment before gelation occurs. 

3. Hy~oxypyrenetr~~ho~te (HFT~) adsorbed on 
~ry~~~. byline (105 ~1) and a dye solution (50 mg 
of HPTS in 2 ml of water) were added to the stock 
ac~lamid~me~ylenebi~c~l~ide solution3 (100 ml). 
Polymerization was initiated with ammonium persulphate 
(15 mg). After the polymer had formed, the optical fibers 
were removed and treated immediately with a membrane 
material. 

Preparation of carbon dioxide probes 

The membrane coating was prepared with a 4% solution 
of DMS-BPAC block conolvmer in a mixture of dichloro- 
methane and n-hexane (]:I). Before application, the pH 
sensors were soaked in 1mM sodium bicarbonate solution. 
For membrane treatment the DMSBPAC solution was 
pipetted onto the fiber tip, and allowed to dry at room 
temperature for 24 hr. The membrane was then tested by 
placing the sensor in different pH buffers and measuring the 
fluorescence intensity. If the intensity signals were not 
constant, the membrane was not pinhole free and the entire 
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Fig. 2. CO* tests on sensor with acrylamide and fluorescein as the pH-sensing material: I,, = 488 nm, 
1.5 PW, I, = 530 nm. 

process was repeated, including the soaking in bicarbonate 
solution. Sometimes a third treatment was required. The 
fabricated sensor was then stored with the fiber tip in water, 
allowing rehydration of the sensor microenvironmerit. 

h4easurements 
Before being tested with CO,, the integrity of the mem- 

brane was checked by making fluorescence m~urements in 
different pH buffers. The sensor was then placed in a flask 
of water through which nitrogen was bubbled. A mea- 
surement was made and was assigned the value 0% CO,. 
The sensor was then moved to another flask with carbon 
dioxide bubbling through the water. Measurements were 
taken until an equilibrium value was achieved. The sensor 
was then returned to the first flask and measurement were 
taken until equilib~um was re-established. 

RESULTS AND DISCUSSION 

Figure 2 presents a typical time scan of a 
fiber-optic CO,-sensor tested with a 5% CO, gas 
mixture (with nitrogen) bubbled through the test 
solution. The initial fluorescence signal, 8.0 x lo4 cps, 
represents the intrinsic fluorescence of the sensor 
microenvironment before introduction of CO,. When 
CO* diffuses through the membrane it generates 
protons and bicarbonate ions and the fluorescence 
signal of the pH-sensitive dye is quenched. Equi- 
librium is reached at 5.4 x 104 cps. The sensor is then 
degassed by returning the fiber to the flask of water 

with nitrogen bubbling through it and the 
fluorescence intensity is re-established at 8.0 x lo4 cps 
as the original condition of the sensor micro- 
environment is restored. In Fig. 2 the response to CO* 
is 70% complete in 30 see and at equilibrium in 60 
sec. The recovery rate is similar. 

A probfem with the sensor has been a progressive 
loss of fluorescence signal after cycling at high CO, 
concentrations. At CO, concentrations of less than 
5% the effect is mitigated and this loss is not expected 
to be a severe problem in monitoring of phys- 
iologically significant ~on~ntrations of C02. 

The data in Fig. 2 were obtained with a pH-sensing 
material fonned from fluorescein copolymer&d with 
acrylamide. If the fluorescein is copo1ymerize.d with 
HEMA the intensity change at a given CO, concen- 
tration is almost double that of the acrylamide-based 
sensor (Table 1). We have observed this increased 
dynamic range with the HEMA fiber-optic pH-sensor 
as well, but cannot explain it. 

A third CO,-sensor was prepared with the pH- 
sensitive dye HPTS, adsorbed on and/or encap 
sulated in a cross-linked acrylamide matrix. This 
approach was taken since formation of a derivative 
of the dye had a detrimental effect on the sensitivity 
to pH. The suitability of this dye for determination 
of CO2 by use of fiber optics has already been 

Table I. Relative response of different polymer-dye matrices to CO,, expressed as I/&, when 
exwsed to a CO, solution 

co*, % 

99.0 

Fluorescein/acrylamide 

0.6 

Sensor material 

Fluorescein/HEMA 

0.2 

HPTS/acrylamide 

0.4 
3.5 0.9 0.75 0.8 
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described.‘O When adsorbing the dye, however, it is 
necessary to proceed immediately with the membrane 
treatment. If sodium bicarbonate solution is to be 
included it must be added during the pol~e~zation 
reaction, since the NaHCO, concentration has 
been found to be an important parameter in CO2 
response.‘O 

Our initial results indicate that the HPTS may be 
the superior dye for the CO,-sensor as it has a more 
dynamic response to the pH establish~ by the car- 
bonic acidlbicarbonate system. Because of the en- 
hancement of the fluorescein response in the HEMA 
matrix we are now trying to combine the HEMA with 
HPTS. 

The limiting factor in the development of this 
sensor has been the membrane formation chemistry. 
Numerous attempts were made to polymerize a silox- 
ane prepolymer (carrying functional groups) onto the 
pH-sensor polymer but the treatments needed had a 
detrimental effect on the dyes. Several solvent-cast 
polymer materials have been examined, but although 
more successful than the siloxane approach, they 
suffer from the following limitations: (1) acidification 
of the pa-sensitive dye, resulting in a probe insen- 
sitive to COZ, (2) mechanical weakness, producing 
leaks, both immediate and eventual, (3) lack of 
reproducibility in the coating thickness, (4) attack on 
the membrane carbonate by base in the pH sensor. 
The application technique can also be critical when 
attempts are made to join hydrophobic and hydro- 
philic polymer layers. 

CONCLUSIONS 

In the preparation of this fiber-optic CO,-sensor, 
we have preserved the miniature size of the fiber so 
that its suitability for in t&o applications is not 
compromised. The response is rapid and reversible, 
and can be optimized by suitable choice of the 
polymer and dye used for the pH-sensor material. 
Once a dependable membrane system has been 
incorporated into the sensor design, the possibility 
of continuously monito~ng subtle physiological 
changes in dissolved CO, with a fiber-optic sensor 
will be realized. 
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Srunmary-A fluorimetric ion sensor based on fiber optics has been developed that employs Rhodamine 
6G hydrophobically and electrostatically “trapped” on a Nafion film. The sensor is based on the 
measurement of quenching or enhancement of the Rhodamine 6G fluorescence by various ions. It was 
found that ions such as Co’+, Cr3+, Fe2+, Fe3+, Cuz+, Nir+ and NH: rapidly quench the Rhodamine 
6G fluorescence at an initial rate that depends on the concentration of the ion. This quenching is then 
readily reversed by the addition of “reverser” ions such as H +, Li+, Na+, K*, Ba2+, Car+, Mn*+, &I*+ 
and Mg2+. Again, the jnitial rate for the attainment of the original fluorescence was found to depend 
on the concentration of the reverser ion. Therefore, by monitoring the quenching directly the concen- 
tration of quencher ions can be determined. In addition, by Loading the fiim with quencher and monitoring 
the inltiai rate of return towards the original basehne signal, it is possible to determine non~que~hing 
ions. 

The area of fiber-optic sensors has bloomed over the 
past five years. The recent advances and trends in 
fiber-optic sensors have been described in several 
excellent reviews.‘-‘O Assuredly, most of the interest in 
fiber-optic sensors arises not only from their ability to 
identify and determine chemical species, but also 
from their potential in remote sensing. One of the 
stumbling blocks in the development of effective 
sensors has been findmg immobile reagent phases 
which respond with sufficient sensitivity and se- 
lectivity to the target analyte(s). Ideally, these 
immobilized reagents should also have reversible 
behavior and be very durable. 

Narayanaswamy and Serilla” have developed a 
reflectance-type sensor for the determination of 
sulfide, with detection limits in the mM range. Other 
reflectance-type sensors have been developed for 
PW,‘~ ammoniaI and moisture.‘4 Fluorescence sensors 
have been described for determination of oxygenI 
and halide ions.L4,*7 Saari and Seitz have developed 
a complexometric sensor for the dete~ination of 
beryllium that empIoys immobili~d morini8 and 
offers detection limits in the FM range. The same 
authors applied this sensor to the dete~ination of 
aluminium and again obtained detection limits at the 
PM level. I9 However, they noted interference from 
Co2*, lvlgz+, Cu2+ and Fe3+. Zhujun and Seitz have 
described a complexometric fluorescence-based sen- 
sor which utilizes Shydroxyquinoline-fi-sulfonic acid 
for the determination of A13+, Mgr”, Zn’“, Cd*+, 
Ca”, B&” and Sr2+.M Detection limits were again of 
$t4 ardes. Unfortunately, the spectral character of 
the complexes was such that mixtures could not be 
r~okd, although it was proposed that derivative 
spectroscopy might be employed for this purpose, 

*To whom correspondence shouid be addressed, 

Recently, Seitz and co-workers have described a 
selective complexometric sensor for the deter- 
mination of Na+ that offers a detection limit of 
20mM.20 This sensor employed 8-anilino- 1 -naph- 
thalenesulfonic acid, Cu(II)-polyethyleneimine and a 
commercial sodium-selective ionophore immobilized 
on silica.*’ In this case selectivity was provided by the 
selective ionophore. 

In the present paper we describe a new guorimetric 
fiber-optic sensor for the determination of several 
ionic species. The sensor employs as the reagent 
phase a fluorophore trapped on a Nafion film. To our 
knowledge, this is the first application of 
Nafion-trapped species to fiber-optic sensing. Nafion 
is a pet-fluorinated polysulfate polymer. It has been 
proposed22 that “‘ionopores” are formed within 
Nafion as the solvent evaporates and the charged 
sulfate groups agglomerate in the developing 
film. These pores act as cation-selective “holes” in the 
Nafion membrane, Cationic dye molecules can then 
reside on the Nafion membrane with their or- 
ganic portions hydrophob~~lly bound to the bulk 
membrane while their charged groups reside in the 
ionopore. 

Immobilization of Rhodamine CiG on Nafion is 
especially attractive because the dye is both electro- 
statically and hydrophobically bound to the Nafion 
polyanion in aqueaus solution. Furthermore, because 
of the anionic character of Nafion, positively charged 
ions are preferentially permitted to approach the 
fluorophore, so anionic interferences are minimal. 
Also, Nafion-based fluorimetric fiber-optic sensors 
can be fashioned simply and rapidly, and are quite 
durable. 

In this study, ionic species such as Co>+, Cr3+1 
FG*, Cut+, Fe’*, Nit+ and NH,f were found to enter 
the ionopores and to quench the fluorescence of the 
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immobilized Rhodamine 6G. This is not too unlike 
the effects observed previously for rhodamine dyes in 
bulk solution.23 In contrast, ions such as H+, K+, 
Li+, Na+, Ba*+, Ca*+, Mn*+, Zn*+ and Mg+ did 
not quench the fluorescence, but instead served as 
“reversers” in that they displaced the quencher ions 
and helped to re-establish the original level of 
fluorescence. The reversers can easily be determined 
from the initial rate of fluorescence increase after the 
film has been loaded with a quencher ion. 

THEORY 

Fluorescence from the Nafion/Rhodamine 6G sen- 
sor is quenched, as described above, by various 
positive ions. In the case of the reverser ions, a 
competition occurs for ionophoric sites occupied by 
the quenching ions; reverser ions can kinetically 
displace the quenchers and thereby regenerate the 
original fluorescence signal. 

The rate (d[Q,]/dt) at which the quencher diffuses 
into the Nafion film, reaches the ionophoric sites, 
and quenches the Rhodamine 6G fluorescence, is 
described by the expression 

F = k,F[Q,] (1) 

where [Q] is the equilibrium quencher concentration, 
subscripts S and N represent the ions in solution or 
in the Nafion, respectively, k, is the rate coefficient 
for the “transfer” of the quenching ion from the bulk 
solution into the Nafion, and F is the fraction of 
Rhodamine-laden ionophoric sites available to the 
quencher ions. If the observed fluorescence intensity 
as a function of time (dZ/dt) depends on [QN], then: 

d[QNl -= 
dt 

-k d’ * dt 

where k, is a new proportionality constant that 
incorporates the dependence of [QN], F and k, on 
dZ/d t. Upon combination of equations (1) and (2) the 
fluorescence intensity can be related to the quencher 
concentration in the bulk solution ([QJ) by 

dZ 
-= , -hQsi (3) 
01 K2 

At time t = 0 the available fraction of ionophoric 
sites within the Nafion (F) is constant (for a given 
Nafion/Rhodamine 6G sensor) and (dZ/dt),,, (the 
initial rate of quenching) is given by: 

dZ 0 dt r-0 
= -k[Qsl,=o 

where k = k, F/k, and [Qs],=,, is simply the concen- 
tration of quencher species in the bulk solution at 
time zero. A similar equation can be derived for the 
reverser ion: 

= k’[R,l,=, 
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Fig. 1. Schematic diagram of the instrument. Mono. = 
monochromator. Det. = photomultiplier tube detection. 

where R denotes a reverser ion. Therefore, a plot of 
(dZ/d t),= o vs. quencher ion concentration or 
(dZ/dt)izo vs. reverser ion concentration will be 
linear. These linear plots can then be employed as 
working curves for determinations of either the 
quencher or reverser ions, respectively. 

EXPERIMENTAL 

Reagents 

The analyte cations were obtained from readily available 
reagent-grade materials. Initially, the chlorides were used, 
but later studies showed little dependence of the response on 
the counter-ion. All solutions were prepared in distilled 
demineralized water. A O.lOOM stock solution of each metal 
ion was prepared and working solutions were prepared by 
serial dilution. Rhodamine 6G was purchased (Exciton Co.) 
and used as received. Nafion (perfluorinated ion-exchange 
powder) was purchased as a 5% solution in a mixture of 
aliphatic alcohols and water (Aldrich; cat. no. 27470-4). 
Hydrofluoric acid (70: 30 HF: pyridine) was also supplied by 
Aldrich. 

Insrrumenlation 

All absorption spectra were recorded on a Hewlett- 
Packard model 8450 diode-array spectrophotometer. 

Figure 1 shows a schematic diagram of the fiber-optic 
instrument used m these studies. The excitation source 
consists of an intensity-modulated xenon arc lamp system 
(Varian EIMAC model PS 300-l power supply and model 
300-2 lamp unit). Early versions of the instrument employed 
a continuous-wave argon-ion laser (Spectra Physics model 
171), but satisfactory results were also achieved with the 
xenon arc lamp. The xenon lamp intensity is modulated by 
a square wave from a function generator (Krohn-Hite 
model 1600 lin/log sweep generator). For all results 
presented here, the average lamp current was 17 A (peak 
current 22 A) at a modulation frequency of 150 Hz. 

The excitation wavelength is selected by a 15nm band- 
pass filter centered at 500 nm. The filtered excitation light 
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Fig. 2. Schematic Diana of the ~~r-~~tic sensor, 
Ex.= optical fiber that carries exciting tight to the 
fluorophore. Em. =opticai fiber that car&s emitted 
fluorescence radiation from the sensor to the photometric 
system. Open space indicated between microscope cuver slip 

and fiber optic is an air-gap. 

is then focused by a lens (focal Iength 60 mm) into one end 
of the bifurcated fiber-optic sensor (Fig, 2). The sensor 
consists of two identicai 2-m lengths of &l-pm diameter 
WV~t~a~srn~t~~g fiber {Gene& Fiber apti@ part no. 
f4-400), Similar results were also achieved with 200-pm 
diameter UV-grade fibers from Galileo Fiber Optics. The 
distgl ends of the fibers are cemented together with epoxy 
resin (Epotek 320) within a 3-mm bore glass capilkry. The 
glass capillary extends I cm below the end of the excitation 
and emission fibers, in order to ensure that the entixe reagent 
surface is i~~~~nat~ by the exciting tight, A microscope 
caves slip is then glued (Superglue) over the opening of the 
glass capillary as shown in Fig. 2. This CQVI?C slip serves as 
a support for the Nafion/Rhodamine 6G membrane. 

The fluorescence is collected by the second fiber optic 
(Em. in Fig. 2) and led to a monochromator fKratos model 
&M IOO-G &h band-pass centered at 556 nm. The re- 
sulting photon &IX is detected by a ~hotom~~t~~~ier tube 
@iamamatsu model R92gf operated at a biasing v&age of 
- 1olKt V dc. The output from the ~botom~tiplier is then 
sent to a fast burnt-amplifier (Keithley model MO Auto 
Lo@ The TI’L output from the function ~nerator serves 
as the reference for the lock-in amplifier, 

The output from the ioek-in amplifier is directed to a 
computer fDigita1 Equipment Co. mode1 MNC fIj23) 
which coWts and analyzes the data by an interactive 
BASIC subroutine. The program consists essentially of two 
parts: (1) data collection (fluorescence intensity us. time); (2) 
lea&squares fitting of the initial portion of the data set 
(determination of initial rate). 

Tlw ~~~~~~~~~~~~~~ 6G tiIm is i~~~~~~~ st the 
distal end of the opt&& &er by means of a varia& of the 
method proposed by Rubenstein and B~rd.~ The micro- 
scope cover slip, attached to the fiber’s distal end, is first 
treated with a 70% solution of HF in p~~~~ for 30-60 sec. 
(It is important to note that an HF t~atme~t time of longet 
than 2 min would result in both dissolution of the support 
glue and destruction of the microscope cover slip.) This HF 

etching serves to pradum a roughened surface which helps 
the Nafion to adhere to the microscope cover slip. 

The reagent phase is produced by pipetting (Rainin Inc. 
pipetf between 25 and 50 ~1 of the Nation solution onto the 
microscope cover slip. The s&vents are allowed to evaporate 
at room temperature over a I-hr period and the sensor is 
then rinsed repeatedly with distilled d~inem~~ water. 
The Nafion-coated cover slip is then qu~fik~y dipped in 
1.~~ solution of thiamine 6G in X0% ethanof, te- 
moved, immersed in distilled deminem~~ water, removed 
and altowed to dry in air for $0 min, and rinsed again with 
water. For tong-term storage, the f&r is immersed in water. 
This Sensor is simple to produce and quite durable and gives 
a reproducible response over a period of several weeks, 
in both acidic (1M hydrochloric acid) and basic (IM 
ammonia) media. However, the film will separate or peel 
from the cover slip if the sensor is allowed to become 
completely dry. 

For initial optimi~~o~, the deteeted Auorezxmce signal 
is maximized while the sensor is immersed in a water blank. 
This optimization usually consists of simpiy re~sition~n~ 
the excitation fiber with respect to the exciting light, or of 
minor readjustment of the lock-in ampl~~er phase setting. 
hollowing this initial optimi~tion the system is stable 
<long-term signal drift <5%) for well over 4 hr. 

For ait the quencher iorps studied, the Rhodamine 6G 
Ruorescenez decreases ntt a rate that is dependent on the 
quenching-ion conmntration. UnfortunateKy, the quenching 
is not reversed simply by replacing the sensor in water, but 
must be reversed by the use of another ion (H+, Nat or 
Li”) to displace the quencher. At first it might seem as if this 
lack of immediate reversibility is a detriment, but in fact it 
allows us to determine also those ions which reverse the 
queno~ng process. 

Let us first consider the case of an ionic species @X9+, 
Cr3+, Fe3+, Fez+, Cu2*, Ni2+ or NW) which quenches the 
fiuorescence. As the drenching metal ion diffuses into the 
N&on it reduces the byline 6G ~uor~~n~. The rate 
of this quenching is dependent on two parameters: the 
solution concentration and identity of the quenching ion. 
From the pIot of fluorescence intensity us, time, the initial 
rate (V,) for the qu~chin~ process is determined and can be 
related to the initial concentration of quencher. The original 
fluorescence intensity can then be restored by immersing the 
sensor in a solution of one of the reversing ions (H+, Na* 
or Lit). 

To determine the concentration of a reverser ion, the fiber 
is first immersed in a solution of a quenching ion (e.g.* 
Cu’+) and the fluores~~nce quenched. The sensor is then 
removed from thii s&lion, rinsed with water, and $aced 
in the reversing-ion sample s&&on. The rate at which the 
fluorescence returns to its original level is again dependent 
on the two parameters mentioned above ~con~ntmtion and 
identity of the ion). ~a~s~uentIy, the ~o~~ntrat~on of the 
reverser ion can be determined from the initial rate for 
restoration of fluorescence. A working curve of V, US. ion 
concentration can readily be: constructed. 

RESULTS AND DISCUSSXON 

Quencher ions 

Figure 3 shows a @picaI titne-t~ ponse trace far 
the sensor operating in the quencher mode. It is 
apparerrt that queRching by lo-’ M Cu2’ is very 
rapid and requires less than 1 min tcr reach a nearly 
study-state level. Table 1 compiles detection limits 
for all the quencher ions studied. The detection limit 
was de&xi as that concentration of metal ion which 
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Fig. 3. Time-dependence of quenching of immobilized Rhodamine 6G caused by 1W4M Cu*+. 

Table 1. Detection limits 
for quencher ions 

Detection 
Ion limit, PM 

co2+ 0.14 

$1 0.82 0.80 

z2: le2 1.9 
N?+ 2.1 

gave an initial rate of fluorescence decay that was a least-squares analysis of a working graph for each 
twice the standard devtation of the steady-state ion. The detection limits parallel the initial rates 
fluorescence measured with the sensor immersed in of quenching as follows: Co2+ > Cr3+ > Fe’” > 
water. The linear dynamic range for the deter- Cu*+ > NH: > Fef’ > Ni2+. Because these quench- 
mination of quencher ions extends over more than 4 ing rates were dependent on the identity of the ionic 
orders of magnitude. Table 2 shows the results from species we chose to explore this feature in more detail. 

0.3 

Table 2. Statistical info~ation for quencher-ion Iinear 
working graphs 

Ion 
Correlation Std. error 

Slope Intercept coefficient (r2) of estimate 

co2+ 3.81 0.12 0.981 0.16 

$1 3.46 3.14 0.10 0.09 0.976 0.992 0.18 0.09 
cu2+ 2.83 0.08 0.973 0.17 
Fe2+ 2.51 0.04 0.991 0.11 
Ni2+ 2.10 0.02 0.997 0.13 

Wavelength (nm f 

Fig. 4. Absorption spectra of quencher ions (IO-*M in aqueous solution). 
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Fig. 5. Reverser-ion effect for 10W4M Li+; other reverser ions behave similarly. The quenching by 10-SM 
Cu2+ is being reversed. 

Unfortunately, we did not find any physical par- 
ameter that correlated well with the initial rate of 
fluorescence decay caused by the quencher ion. For 
example, the crystal ionic radii, the approximate 
effective ionic radii, magnetic moments, and 
fluorescence lifetimes for each of the ions with the 
sensor do not correlate with the initial rate. Also, 
energy transfer to the absorption bands of the ions 
can be ruled out as a major contributor because of 
the very weak absorbances of all the quenching ions 
near 550 nm (Fig. 4). Rhodamine 6G has an emission 
spectrum centered at 550 nm with 120 nm full width 
at half maximum. Of the ions studied, Cr3+ would be 
the most likely to exhibit energy transfer (cJ Fig. 4), 
but no correlation was found between the degree of 
spectral overlap and initial quenching rates. 

Regardless of the mechanism(s) involved in the 
quenching, it is clear that the quenching-based sensor 
is quite rapid, has excellent sensitivity, and is simple 
to operate. The instrumentation is rather simple to set 
up and not very expensive. Interference from tradi- 
tional fluorescence quenchers (halides) is non-existent 

Reverser 10”s 

/ 

. 

. 
14 I I I I I 

0 004 008 012 016 02 

Crystal ionic radll (nm) 

Fig. 6. Initial slope of the plot of fluorescence intensity 0s. 
time (initial rate) as a function of the crystal ionic radii of 
the reverser ions. The quenching by 10-5M Cu2+ is being 

reversed. Correlation coefficient is 0.932. 

because the ionopores of the Nafion film do not allow 
the halide to approach within the Rhodamine 6G 
interaction volume. For example, the bromide and 
chloride of a given cation gave approximately the 
same response. 

Reverse ions 

Figure 5 shows a typical response curve for a 
reverser ion; in this case 10e4M Li+ is used to reverse 
the quenching caused by IO-‘M Cu2+. Table 3 lists 
the detection limits calculated for the reverser ions in 
the same way as for quencher ions. In this mode of 
operation the linear dynamic range of the sensor is 
again over 4 orders of magnitude. Table 4 gives the 
results from a least-squares analysis of the linear 
working graphs. For completeness, the initial rate of 
enhancement was studied in more detail in an effort 
to gain insight into the mechanism. 

The initial rates of reversal follow the order 
Ba2+ > K+ > Ca2+ > Nat > Mn2+ > Zn2+ > Lit > 

Mg 1 2+ the same as the trend in both crystal ionic radii 
and approximate effective ionic radii. Figure 6 shows 
a plot of initial rate of enhancement us. crystal ionic 
radii,24 for Cs+, K+, Na+, Li+, Ba2+, Mn2+, Zn2+ 

Table 3. Detection limits 
for reverser ions 

Detection 
Ion limit, PM 

cs+ 0.74 
K+ 0.82 
Na+ 1.4 
Li+ 1.7 
H+ 0.94 
Ba2+ 0.81 
Ca2+ 1.2 
Mn*+ 1.5 
Zn2+ 1.6 
Mg2+ 1.8 
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Table 4. Statistical information for reverser-ion linear work- 20 and 70 set for quencher and reverser ions re- 
ing graphs spectively. The worst relative standard deviations 

Correlation Std. error observed were 4.5% for quencher ions and 5.8% for 
Ion Slope Intercept coefficient (r*) of estimate reverser ions. Unfortunately, the sensor is non- 

cs+ 3.82 0.13 0.991 0.21 selective, but several of the ions have quenching or 
K+ 3.69 0.14 0.997 0.12 rates 
Na+ 2.73 0.08 0.990 0.13 

enhancement which differ by 40-50%. For-this 
Li+ 2.02 -0.02 0.975 0.27 reason the sensor be useful might especially when 
;;+ 3.71 3.31 0.16 0.18 0.982 0.952 0.41 0.21 applied in a sensor array.26 

Ca2+ 2.93 0.16 0.966 0.42 Acknowledgements-This work was supported in part by 
Mn2+ 2.42 0.01 0.967 0.33 the Office of Naval Research, The Upjohn Company, and 
Zn2+ 2.13 0.10 0.983 0.25 the National Science Foundation through grant 83-20053. 
Mg2+ 1.81 -0.12 0.976 0.32 The authors would like to thank Galileo Fiber Optics for 

providing the 200-pm UV-grade fiber. 
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Stunmary-The optical ionic-strength sensor is based on an indicator phase consisting of an aqueous 
solution of fluorescein-labelled dextran and polyethyleneimine labelled with Sulforhodamine 101 (Texas 
Red), confined behind a dialysis membrane. At low ionic strength the polymers associate and the average 
distance between the fluorescein and Texas Red is short enough for efficient energy transfer to occur. With 
increasing ionic strength the polymers dissociate and the efficiency of energy transfer decreases. The 
measured parameter is the ratio of the emission intensity at 520 nm, where fluorescein fluorescence is 
maximal, to the intensity at 620 nm, where the Texas Red emission is strong. The increase in the intensity 
ratio as a function of ionic strength is similar but not quite the same for different ions, suggesting that 
the mechanism of response involves more than a simple ionic strength effect. 

We are interested in developing reversible indicators 
for use in fiber-optic sensors. These sensors offer 
several potential advantages over electrical sensors, 
including freedom from electrical interference and 
better stability with respect to calibration. Recent 
reviews provide a perspective of the field.iw3 

Because there is a limited number of reversible 
indicators that have optical properties which change 
on interaction with analytes, we have become inter- 
ested in the possibility of developing more complex 
indicator systems involving two or more components 
which combine or dissociate as a function of analyte 
concentration. We believe that this will provide a 
useful response to analytes for which there are no 
available direct indicators. Furthermore, by varying 
the relative concentrations of the components of the 
indicator system, it is possible to vary the effective 
equilibrium constant and thus the range of analyte 
concentrations sensed by the indicator. 

The first reported reversible two-component indi- 
cator designed for use in a fiber-optic sensor was the 
glucose indicator system developed by Schultz et al., 
in which increasing glucose concentrations bring 
about the dissociation of fluoresceinated dextran and 
Concanavalin A. The Concanavalin A was immo- 
bilized outside the area illuminated through the fiber. 
Dissociation allowed the fluoresceinated dextran to 
diffuse into the zone of illumination, thus leading to 
an increase in the observed fluorescence intensity. 

Here we report an indicator system based on the 
dissociation of two water-soluble polymers, dextran 
(C$H,,O,), and polyethyleneimine (CHrCH,NH),. 
At pH 7 and low ionic strength the dextran (dex) 
and polyethyleneimine (PEI) associate. The effect 
of added ions is to cause them to dissociate. The 
primary interaction is between the added ions and the 

protonated amino groups on the PEI. The reaction 
may be represented as 

dex-PEIH+ + X- Gdex + PEIH+-X-. 

Fluorescence energy transfer is used to obtain a 
measurable optical parameter that is related to the 
degree of association between the dextran and PEI. 
One polymer is labelled with a fluorescent donor and 
the other with a fluorescent acceptor. When the two 
polymers are dissociated, the average distance be- 
tween the donor and acceptor is too large for 
significant energy transfer to occur. However, upon 
association the distance decreases and energy is 
transferred to the acceptor. This leads to a decrease 
in donor fluorescence intensity and an increase in 
acceptor fluorescence intensity. When fluorescence 
energy transfer has been used for homogeneous 
immunoassay, 5,6 the parameter measured has been 
the decrease in donor emission. However, in the 
context of a sensor the ratio of donor to acceptor 
emission intensities should be measured since this 
parameter will not be affected by instrumental drift. 

EXPERIMENTAL 

The fiber-optic fluorimeter differs from the instrument 
used in earlier work7 only in having a filter wheel in the 
emission channel to allow rapid sequential measurements of 
emission intensities at two different wavelengths. Otherwise, 
the components include a tungsten-halogen light-source, 
interference filters for wavelength selection, a bifurcated 
fiber-optic bundle, and a photomultiplier as the detector. 

Perkin-Elmer models 204 and MPF2A soectro- 
fluo~rne~~ were used to obtain fluorescence excitation and 
emission spectra. All pH m~suremen~ were made with an 
Orion Ross #mbination pH-electrode coupled to an Orion 
model 501 digital Ionalyzer. 
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Fig. 1. Diagram of sensor tip. F = common end of bifur- 
cated fiber-optic bundle, H = holder for common end of 
bundle, 0 = an O-ring that holds the dialysis membrane (M) 
in place to separate indicator solution (I) from the sample. 

Materials 
Fluorescamine (FLRA), Rhodamine isothiocyanate 

(RITC), and dextran (MW 1.89 x 104) labelled with 
fluorescein isothiocyanate (FITC) were obtained from 
Sigma, The sulfonyl chloride derivative of Sulforhodamine 
101 (Texas Red) was obtained from Molecular Probes. 
Polye~yleneimine (PEI) with an average molecular weight 
of 5.0 x IO4 was obtained as a 50% w/w aqueous solution 
from Aldrich. It is a highly branched polymer containing an 
approximately l:2: 1 ratio of primary to secondary to 
tertiary nitrogens. Response to various anions was tested 
with reagent grade sodium salts. 

Procedures 
Literature procedures were used to label PEI with 

FLRA,* RITCb and Texas Red.’ Excess of reagent was 
separated from the labelled polymer by dialysis. A 5: 1 mole 
ratio of Texas Red to polymer was used to prepare the PEI 
for use in the sensor. 

To prepare a sensor, 25 ,a1 of a reagent solution 1.3,&f 
in dextran and 1.6@ in PEI and adjusted to pH 7.4 with 
dilute hydrochloric acid were confined behind a dialysis 
membrane (IO,~ MWCO from Spectrum Industries) on 
the common end of the bifurcated fiber-optic bundle as 
shown in Fig. 1. Response of the sensor to various anions 
was determined by inserting the common end of the sensor 
in 10.0 ml of water and making a series of standard 
additions of small volumes of 1 .OM stock solutions of anion. 
After each addition the fluorescence intensities at both 520 
nm and 620 nm were measured. Reversibility of response 
was confirmed by replacing the final salt solution with 
water. 

RESULTS 

Choice of labelling system 

Three donor-acceptor pairs, FLRA/FITC, 
FITC/RITC and FITClTexas Red, were evatuated 
for use in the ionic-strength sensor. The FLRA/FITC 
system has favorable characteristics for energy trans- 
fer applications.” However, PEI labelled with FLRA 
was only very weakly fluorescent, presumably be- 
cause the secondary amine groups on the PEI inter- 
fere with the labelling reaction.” FITC/RITC has 
been used for homogeneous immunoassay applica- 
tions based on energy transfer, in which the measured 
parameter is the decrease in FITC emission intensity 
when the FITC and RITC-labelled components of 
the assay system are bound to each other.6 RITC- 
labelled PEI was observed to quench the fluorescein 
emission efficiently when bound to FITC-labelled 
dextran. However, the Rhodamine emission resulting 
from energy transfer is weak and is barely observable 
as a perturbation on the long-wavelength tail of the 
stronger fluorescein emission. 

Fluorescein/Texas Red was chosen as the 
donor/acceptor system for the sensor because the 
Texas Red emission maximum is at a longer wave- 
length than that of RITC and thus can be more 
readily distinguished from the tail of the fluorescein 
emission.‘* To maximize both the extent of energy 
transfer and the intensity of Texas Red emission, the 
PEI was labelled at a 5: 1 Texas Red/PEI mole ratio. 

Spectra 

Figure 2 shows the fluorescence emission spectra 
for FITC-labelled dextran by itself (curve 1) and in 
the presence of Texas Red-labelled PEI (curve 2). The 
large decrease in fluorescein emission accompanying 
the addition of Texas Red-labelled PEI is evidence 
that the dextran and PEI are binding to each other 
su~ciently for efficient energy transfer to take place. 
The Texas Red emission band at 600 nm is excited 
partly by energy transfer from FITC and partly by 
direct excitation at 488 nm, the wavelength used for 
FITC excitation. 

Figure 2 also includes the fluorescence emission 
spectrum observed when the solution of 
FITC-dextran and Texas Red-PEI is made l.OM in 
sodium chloride (curve 3). The addition of the salt 
restores the fluorescein emission intensity to nearly its 
original value in the absence of Texas Red-PEI, 
indicating that the added salt is causing the dextran 
and PEI to dissociate. There is also an increase in the 
emission at 600 nm, which is due to the Iong- 
wavelength tail of the fluorescein emission rather 
than to Texas Red emission. At wavelengths longer 
than 650 nm, where the fluorescein emission is negli- 
gible but Texas Red still emits, the emission intensity 
decreases on addition of salt to the solution. This is 
to be expected if the salt causes the dextran and PEI 
to dissociate since Texas Red will no longer be excited 
by energy transfer. 

On the basis of the spectra in Fig. 2, interference 
filters with transmission maxima at 520 and 620 nm 

3 

WAVELENGTH (n m) 

Fig. 2. Fluorescence emission spectra for 1.3pM 
fluorescein-labelled dextran by itself (1), in the presence of 
1.6pM PEI (2) and in the presence of both 1.6pM PEI and 

l.OM NaCl (3). Fluorescence was excited at 493 nm. 
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Fig. 3. Intensity ratio as a function of ionic strength for added fluoride, chloride, nitrite, sulfite and 
acetate. 

were selected for the two-wavelength sensor mea- 
surement: 520 nm is the wavelength of maximum 
fluorescein emission, and although 620 nm is a longer 
wavelength than that of the Texas Red emission 
maximum, it was chosen because the emission ratio 
of Texas Red to fluorescein is higher there than at 
600 nm. 

Towards the end of this study it was discovered 
that the 488 nm excitation filter used for the sensor 
measurement had a weak transmission band (6.7% 
maximum transmittance) centered at 608 nm. 
Because of the transmission overlap between this 
band and the 620 transmission band of the emission 
filter, the signal measured at 620 nm with the 
fiber-optic fluorimeter was due primarily to scattered 
excitation radiation rather than to Texas Red emis- 
sion. Although the original goal was to use the 
intensity of the acceptor emission as a reference 
signal, the intensity of the scattered radiation also 
serves as an adequate reference to compensate for 
instrumental fluctuations. 

Eflect of added ions 

Figure 3 shows the effect of added ions on the 
520/620 nm intensity ratio. The variation in intensity 
ratio with the log of the ionic strength is almost linear 
at ionic strengths from 3.0mM to l.OM. The effects 
of added sulfite, nitrite and chloride are similar. At all 
concentrations the intensity ratios are higher for 
fluoride than for the other inorganic ions, indicating 
that fluoride is more effective at disrupting energy 
transfer. 

Acetate is even more effective than fluoride at 
disrupting energy transfer, suggesting that hydro- 
phobic interactions between the anion and pro- 
tonated PEI may facilitate the PEI-dextran dis- 
sociation. With acetate, an ionic strength of O.lM is 
sufficient to cause almost complete dissociation. 

Higher ionic strengths cause only a slight further 
increase in intensity ratio. 

In all cases the response is reversible. The response 
time is about 5 min. It mainly consists of the time 
required for mass transfer into the reagent phase 
and could be significantly reduced by improved 
engineering. 

DISCUSSION 

We have demonstrated the possibility of using 
fluorescence energy transfer to obtain spectral shifts 
accompanying polymer-polymer binding. This 
makes it possible to relate the measured parameter 
to an intensity ratio. Accordingly, we feel that 
fluorescence energy transfer is very well suited for use 
with indicator systems based on competitive binding. 

In principle this idea is broadly applicable. Select- 
ivity can be obtained by modifying one of the poly- 
mers with a selective reagent. Binding of analyte 
would be detected through its effect on the 
polymer-polymer interaction. In practice, however, 
these interactions are affected both by pH and 
ionic strength, severely limiting the scope of possible 
applications. Furthermore, the complexity of 
polymer-polymer interactions makes it very difficult 
to predict the response for a particular system. 
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Smnmary-The analytical potential of fluorescence-based optochemical sensors (optodes) has been 
expanded by use of (1) electrochromic dyes incorporated in thin polymeric multilayers by means of 
Langmuir-Blodgett film techniques, (2) enzyme-catalysed biochemical reactions and (3) antibody-linked 
immunological reactions. Fluorescence optical biosensors have been developed for the determination of 
electrical potentials (e.g., those produced by ion-sekective membranes) and of hormones (e.g., thyroxine) 
and metabohtes (e.g., lactate, glucose, xanthine and ethanol). 

During the past decade, research on and development 
of sensors and their associated instrumentation have 
gained increased attention because of advances in 
data acquisition and processing offered by micro- 
processors and microcomputers. Special emphasis 
has been placed on the development of new sensors 
for continuous monitoring of chemical and biological 
substances. Fluorescence-based optochemical sensors 
are of special interest because of their broad applica- 
bility and technical advantages in connection with 
fibre-optic s~trophotomet~c instruments. In partic- 
ular, the fluorescence optical sensors “optodes”, in- 
troduced by us in 1975,‘** enable a variety of different 
substances or parameters to be determined, e.g., 
oxygen, carbon dioxide, hydrogen-ion activity,3 ionic 
strength4 and related parameters such as osmolarity 
or osmotic pressure. A fibre-optic catheter for intra- 
vascular measurements of pH, pC0, and pO1 has 
also been described.5 With suitable fluorescent indi- 
cators or chelate complexes, the activities of K+, 
Na+, Ca*+ and Cl- may also be determined. Fibre- 
optic fluorescence sensors have been described for 
determination of ammonia, halothane, moisture and 
enzyme activities.U These examples clearly demon- 
strate the great potential of optochemical sensors as 
a basis for analytical determinations. We will discuss 
the application of electrochromic dyes for measuring 
electrical potentials, as well as enzyme-coupled bio- 
chemical and antibody-linked immunological reac- 
tions leading to the development of fluorescence 
optical biosensors for the determination of hormones 
and metabolites. 

ELECTROCHROMIC DYER INCORPORATED IN 
POLYMERIZED LANGMUIR-BLODGETI’ LAYERS 

AS A BASIS FOR OPITCAL MEASUREMENT 
OF ELECTRICAL POTENTIALS 

Electrochromic dyes incorporate into plasma 
membranes of living cells are able to monitor the 

electrical potential between two electrolyte solutions 
separated by these membranes.‘*iO The physical prin- 
ciple is based on the Stark effect, i.e., an electric-field 
induction of a wavelength shift in the absorption 
and emission spectra. As Graf et al.” showed, 
the corresponding frequency shift can be well 
approximated’2*‘3 by 

Av ?2: - Ai;l;l/(hc) (1) 

where Av = frequency shift, Ai = i;, - ji,, jie and 
& = permanent di pole moments _of the excited 
and ground states, respectively, Fe = electric field 
strength, h = Plan&s constant and c = velocity of 
light. 

If a signal is to be detectable, equation (1) implies 
that 

(1) the transition moment of the dye should be 
parallel to the electric field, 

(2) the absolute field strength should exceed 10’ 
V/cm, 

(3) the dye should show a large change in dipole 
moment on excitation. 

Therefore, the membrane layers used as dye matri- 
ces require certain properties. 

(1) They have to possess a high electrical resistance 
and be very thin ( s IO nm), because typical biologi- 
cal potential differences are of the order of 100 mV. 

(2) Since the transition moment of the dye has to 
be oriented parallel to the electric field, the membrane 
should have a highly ordered structure. 

(3) To ensure stability and chemical resistance, the 
membranes should be polymeric. 

Graf14 has demonstrated that all these features are 
given by ~ngmuir-Blodgett (L-B) multilayers made 
of long-chain diacetylenic acids such as pentacosa- 
10,12-~ynoic acidIs (Fig. la). In our work, electro- 
chromic dyes were synthesized as described by Loew 
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(a) CH,(CH1),,CEC-CEC-(CH,)~CO~H 

Fig. 1. (a) Structure of pentacosa- 10,12-diynoic-acid. 
(b) Structure of 12-POE. 

and Simpson,‘6 and to obtain the high surface activity 
necessary for using the L-B techniques, the side- 
chains and polar headgroups were carefully selected. 
Figure 1 b shows the structure of trans-4-[4-(dodecyl- 
oxy)phenylethenyl]-N-methylpyridinium iodide (12- 
POE), which gave the best results. 

Multilayer samples were built according to the L-B 
technique described elsewhere.‘7*‘8 Fatty acids and the 
dyes were spread on a clean water surface on a 
commercial film balance and the resulting mono- 
molecular film was reduced in area and transferred to 
a solid substrate. Multilayers consisting of 9 layers of 
ultraviolet-polymerized pentacosadiynoic acid and 
one dye layer (in the middle) were built up on 
platinum-coated semitransparent glass slides. As 
indicated in Fig. 2, the electric field was applied by 
means of two droplets of electrolyte solution in 
contact with Ag/AgCl electrodes. 

Optical measurements of fluorescence and electro- 
chromism were made with an SLM-8000 S spec- 
trophotometer. In this set-up, light entered the multi- 
layer at an angle of 30” to the plane of the layer, and 
the fluorescence was detected at an angle of less than 
10”. Polymerized multilayers free of cracks and in- 
homogeneities showed a resistance of about 1 
GR/cm*. Electric fields of approximately lo6 V/cm 
could be applied without electrical breakdown. Sam- 
ples with these properties were suitable for electro- 
optical experiments. 

First, the difference spectrum, i.e., intensity 
difference per wavelength unit with and without an 
electric field applied, was compared with the first 
derivative of the unperturbed emission spectrum. 
Applying the theories of Liptay” and Loew et aLI 
enabled the difference spectrum to be fitted very well 
by the derivative spectrum (Fig. 3). The wavelength 
shift of the emission spectrum depended linearly on 
the applied field strength up to 1.3 x lo6 V/cm and 

C1 CP 

Ag/AgCl electrode 

Fig. 2. Set-up for electrical measurements on multilayer 
samplesI (C, , CZ = Ag/AgCl electrodes). 

I I I ) 
450 500 550 600 Ahm) 

Fig. 3. Difference spectrum and first derivative of the 
emission spectrum of a multilayer sample of 12-POE (field 
strength lo6 V/cm).” (Reprinted by permission of the 

copyright holders). 

reached a maximum value of 3.5 nm. As can be seen 
in Fig. 4, no significant nonlinear dependence of the 
electrochromism on the applied voltage could be 
detected. 

The signal-to-noise ratio in these experiments was 
about 50, but could be improved by reducing the film 
thickness and optimizing the optical detection sys- 
tem, which in our experimental conditions collected 
less than 0.1% of the emitted light. Optical detection 
of electrical potentials by using electrochromic dyes 
in combination with ion-selective membranes would 
enable highly selective determinations of ionic activ- 
ities to be made without the problems caused by the 
reference electrodes needed for use with ion-selective 
electrodes, and could be used in remote sensing. 

FLUORESCENCE OPTICAL BIOSENSORS USING 
ENZYMECATALYSED BIOCI-IRMICAL AND 

ANTIBODY-LINKED IMMUNOLOGICAL 
REACTIONS 

The concept of fluorescence-based optochemical 
sensors can be extended to the determination of 
biological substances such as hormones and metabo- 

s 
<* 
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0 12 3456789 

IF* I (lo5 V/cm) 

Fig. 4. Calibration curve for optical measurement of 
electrical potentials with e&trochromic dyes incorporated 
into L-B multilayers” (F. = electric field streneth: I = 
fluorescence intensity). (Reprinted by perrnissioi of the 

copyright holders). 
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Fig. 5. Schematic representation of an enzyme optode, 
(C = cellophane membrane, E = enzyme gel layer, In = 
indicator _ gel, T = PTFE membrane, S = screw, P, = 
Plexiglas, W = washer, P = UV-permeable Plexiglas, 

I = inlet, 0 = outlet, r = reaction cuvette). 

lites, if suitable biochemical and immunological reac- 
tions are involved. For the sake of simplicity we use 
the terms enzyme optodes and immune optodes, 
depending on the biological reaction involved. 

Enzyme optodes 

By analogy with enzyme electrodes, enzyme 
optodes’P-2L are optodes coated with suitable enzyme 
layers that generate the signal to be monitored by the 
optode. For instance, for the continuous monitoring 
of glucose concentrations, glucose oxidase is immo- 
bilized within a thin layer ( N 50 pm) of bovine serum 
albumin cross-linked by glutaraldehyde. This thin 
layer is directly attached to an OZ optode by means 
of an additional cellophane membrane (Fig. 5). The 
measuring device consists of a flow-through cuvette 
with the enzyme optode clamped to its side. The 
Or-sensitive film consists of an indicator gel of IO-‘M 
pyrenebutyric acid dissolved in bis(Z-ethylhexyl) 
phthalate, stabilized by addition of 1% ethyl cellulose 
and covered by a 6.5 pm PTFE membrane. 

Provided that sufficient oxygen is available within 
the sample, such a combined sensor allows the deter- 
mination of glucose concentrations, since glucose and 
oxygen diffuse into the enzyme layer, where glucose 
is oxidized to gluconic acid. This biochemical reac- 
tion consumes oxygen, generating a ~0, gradient 
across the enzyme layer, corresponding to the 
amount of glucose oxidized. When steady-state 

0 50 100 in; ?iJ glucose 

Fig. 6. Calibration curves of an enzyme optode for glucose 
at different oxygen partial pressures of the medium23: (2) 100 
kPa 4, (3) 80 kPa 4, (4) 60 kPa 4, (5) 40 kPa 4, (6) 
20 kPa Or. Curve (I) shows the optode’s oxygen calibration. 

diffusion conditions have been reached, the amount 
of glucose determines the p0, within the O,-sensitive 
layer of the O2 optode (for theoretical considerations 
see Liibbers et al.**) and, therefore, the degree of 
fluorescence quenching, which is monitored photo- 
metrically. Figure 6 shows calibration curves for a 
glucose optode monitored at different oxygen partial 
pressures in the medium, together with its oxygen 
calibration curve.23 The glucose calibration curves 
(decreasing with increasing glucose concentration) 
are almost parallel and can be closely approximated 
by the equation 

(&/I) = 1 + KpO, - K’ cglUc (2) 

where I and 1, are the fluorescence intensities in the 
presence and absence of glucose, K the overall 
quenching constant, K’ the sensitivity for glucose, 
~0, the oxygen partial pressure in the sample, and 
cstuF the glucose concentration. 

The range of con~ntrations that can be measured 
is determined by the pO* of the medium, the enzyme 
activity and the permeability of the outer cellophane 
membrane. Since the activity of enzymes shows a 
significant pH-dependence, the pH of the film also 
has to be carefully adjusted to achieve maximum 
enzyme activity. Moreover, traces of catalase have to 
be included in the enzyme layer to remove hydrogen 
peroxide, which would inhibit the glucose oxidase 
activity. The 90% response time of such enzyme 
optodes is about 1 min. 

The principles of the enzyme optode for glucose 
can be extended to other substances if suitable oxi- 
dases are available. Examples are shown in Fig. 7 for 
lactate, xanthine and ethanol. 

An advantage of these enzyme optodes over en- 
zyme electrodes is that the fluorescence optical 
02-sensor does not itself consume oxygen, so the 
diffusion of oxygen across the enzyme layer is not 
subject to the effect of any additional oxygen con- 
sumption. 

Moreover, the O,-sensor surface is not in direct 
contact with biological fluid, so the calibration curve 
is not affected by changes in the diffusion properties 
of the O,-sensor membrane due to clogging by 
proteins and other biomoI~ules. Finally, owing to 
the transparency of the different sandwich~ layers, 
the ~0, gradient developed across the enzyme layer 
can be determined directly by means of a second 
O,-sensitive indicator layer arranged in series, as 
described in detail in the literature.22 

Immune optodes 

Analytical methods for the determination of hor- 
mones generally require specific reagents such as 
antibodies or other receptors with a high selectivity. 
Thus, the integration of the principle of fluorescence 

immunoassays into the optode appeared to be of 
interest. In our study with Reck and Hi~elspach,*4 
the applicability of an optode device for continuous 
hormone measurements was tested with thyroxine 
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Fig. 7. Calibration curves of enzyme optodes for lactate, xanthine, ethanol and glucosez3 monitored at 
a p0, of 100 kPa. (In the case of ethanol measurements the influence of the diffusion properties of the 
outer membrane upon the calibration curves is demonstrated by applying (1) a cellophane membrane and 

(2) a dialysis membrane. 

(TJ and its specific carrier, thyroxine-binding globu- 
lin (TBG), as a model system. A favourable prop- 
erty of this system is the specific 1: 1 strong binding 
of the ligand by the protein (K,,, = 4 x 10”). Further- 
more, the binding causes a marked quenching of the 
protein’s intrinsic fluorescence, and this can be used 
for optode measurements. The immune optode con- 
sisted of two compartments separated by a semiper- 
meable Visking dialysis membrane. One of these 
compartments served as indicator chamber for TBG 
solutions, and the other contained the sample, which 
could be changed by continuous flow during mea- 
surements. The indicator compartment was irra- 
diated only during measuring intervals of about 5 set 
in order to protect the protein as far as possible 
against photodecomposition by ultraviolet light. The 

2 3oo---10 
Time (min) 

Fig. 8. Time course of normalized fluorescence intensities 
during a typical series of experiments with TBG as 
indicator2’ using an optode inlet of 0.65 mm depth (L.. = 290 
nm, I,, = 340 nm). Indicator solution 5pM TEG m”0.06M 
KH,PO,, 0.7mM EDTA, pH 7.4; T., solution (a) lpM, (b) 

2fiM, (c) 5pM; flow rate = 2 ml/min. 

face of the device used for fluorescence measurements 
was made of “Plexiglas”, which is transparent to 
ultraviolet radiation. The preparation of T, solutions 
and characterization of human TBG have been de- 
scribed by Reck.*’ 

Fluorescence curves obtained with different T4 
concentrations in the sample chamber are shown in 
Fig. 8. As can be seen, the intensity of the TBG 
fluorescence decreased in all three experiments almost 
linearly with increasing T, concentration. When the 
TBG was nearly saturated with ligand, the cali- 
bration curves levelled off. This result can be expla- 
ined by the high association constant of the TBG-T, 
complex, and the rapid and almost complete binding 
of T., molecules within the indicator chamber. Hence, 
when the binding capacity of TBG molecules is not 
exhausted, the free T4 concentration in the indicator 
chamber is always rather low compared with that in 
the sample chamber. Therefore, it can be assumed 
that there is an almost constant flow of T, molecules 
from the sample chamber into the indicator chamber, 
which causes a linear decrease of the fluorescence 
intensity with time at a given ligand concentration in 
the sample chamber. Thus, the rate of decrease in 
fluorescence is proportional to the T4 concentration 
of the sample for a given amount of TBG molecules 
and defined diffusion properties of the dialysis mem- 
brane. A change in the T4 concentration within the 
sample chamber produces a new steady state within 
a few minutes. The rate of change in the fluorescence 
corresponds to the new T., concentration, whether the 
concentration is increased or decreased. Such dy- 
namic experiments can be continued until saturation 
of the binding protein is reached. 
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Fig. 9. Time course of normalized fluorescence intensities 
during a series of experiments with a 5yM BSA solution 
in the indicator chamber of the optode.** (T4 solution (a) 
lpM, (b) 2$4, (c) S@f; other experimental conditions as 

in Fig. 8). 

If other binding proteins with lower affinities for T., 
are used instead of TBG, the linear range of the 
immune optode is narrower. Figure 9 shows the effect 
of replacing TBG by bovine serum albumin (BSA) 
possessing a binding site with an association constant 
of about lo6 for T4 and three or more sites of lower 
affinity.26 Even the highest of these association con- 
stants is about 4 orders of magnitude lower than the 
association constant of TBG. As a consequence, the 
change in fluorescence is a non-linear function of time 
almost from the beginning. This is because lower 
affinity of the BSA molecules for the ligand results in 
accumulation of unbound T, molecules within the 
indicator chamber, causing a decrease in ligand flux 
across the dialysis membrane because of the smaller 
T4 gradients. Therefore, in Fig. 9 the curves level out 
to constant fluorescence intensities, which represent 
the equilibrium states determined by the correspond- 
ing ligand concentrations within the sample chamber. 
Neither method, however, can be used for continuous 
measurements. In the case of TBG (and probably for 
any other high-affinity binding protein) the dis- 
sociation of the ligand receptor complex proceeds far 
too slowly to allow monitoring of changing ligand 
concentrations at thermodynamic equilibrium within 
reasonable response times. On the other hand, choos- 
ing a substrate with lower affinity for the ligand 
would increase the time resolution but decrease the 
sensitivity. This dilemma appears to be inherent in 
the use of specific binding biomolecules in biosensor 
systems. If fast measurements at or close to equi- 
librium are desired, the binding must be weak in 
order to avoid unduly long response times. Highly 
selective but low-affinity monoclonal antibodies in 
combination with sensitive reporter groups, as pro- 
posed by North,27 might provide a promising way to 
solve this problem. 

In earlier experiments it was shown that the appli- 
cation of fluorescence indicators, for instance to 

measure pOz, pCOr, and pH, had distinct advantages 
over the use of conventional electrodes, particularly 
in regard to miniaturization, stability, and easy 
handling. The fluorescence optical measurements 
of small electrical potentials and the combination 
with enzyme and immune reactions described above 
demonstrate that the optode technique can be suc- 
cessfully extended to a wider range of analytical 
applications. 
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Stunmary-Lipid membranes have been deposited on the surface of glass slides and quartz fibres for the 
development of optical chemical sensors. The fluorescence properties of probes embedded within ordered 
lipid matrices were sensitive to physical and electrostatic environmental alterations of the membrane 
caused by various non-selective processes. This work reports criteria for surface deposition of monolayers 
of phosphatidylcholine-steroid mixtures and stearic acid by Langmuir-Blodgett techniques. The 
fluorophbres llanilinonaphthalene-8-sulphonate and 12-(9-anthroyloxy)stearic acid were incorporated 
into the monolayers for determination of the physical characteristics of the membranes. Interactions of 
the membranes with the perturbing species phloretin and valinomycin in aqueous solution, and with 
chloroform, n-hexane and N,N-dimethylaniline in the gas phase, are described. An evanescent-wave 
intrinsic fibre-optic sensor based on lipid membrane excitation is reported. 

Fibre-optic chemical sensors have received wide- 
spread attention as dedicated sensitive and selective 
devices capable of remote operation without 
significant susceptibility to electronic and magnetic 
interference.14 Extrinsic fibre sensors are by far the 
most common type of such devices reported to date, 
and consist of chemically selective solution cells 
interfaced to optical waveguides. The fibre acts only 
to transmit optical radiation to and from a chemical 
reaction system. The selective reaction usually occurs 
in a closed microscopic volume physically located in 
close proximity to one end of the fibre. Innovations 
in fibre-optic sensor research have recently appeared 
in the area of selective chemical analysis for inorganic 
ions or molecules by means of specialized reagents,>’ 
but few advances in optical biosensor research have 
been reported. The selective biochemical methods 
which have been applied to fibre-optic sensing8s9 are 
generally limited in their chemical applicability, and 
also by physical restrictions such as low sensitivity 
due to the limited path-length of miniature solution 
cells. The work described here is directed towards the 
investigation and development of a generic biosensor 
based on the transduction of artificial chemoreceptive 
processes in an intrinsic fibre-optic mode. 

Previous work in the area of biosensors introduced 
the manipulation of the properties of ordered bilayer 
lipid membranes (BLMs) for implementation of a 
generic transduction mechanism suitable for electro- 
chemical sensing of selective receptor-binding events 
taking place within the sensing membrane.‘“‘* The 
binding of proteinaceous receptors with analyte 

*To whom correspondence should be addressed. 

causes perturbation of the lipid membrane structure 
and electrostatic fields, which in turn control the 
permeability of the membrane for ions. The change 
in ion current is related to the degree of perturbation 
of the membrane by receptor complexation, and has 
provided an analytical signal for analyte concen- 
trations as low as lo-i3M in some cases.” 

Even though the BLM is ideal for sensitive re- 
sponse, and assists in maintenance of an environment 
suitable for maximizing receptor-binding activity, the 
electrochemical transduction is limited by extreme 
sensitivity to electrical noise and requires complete 
structural integrity of the lipid membrane. It is 
possible to avoid these practical limitations by non- 
electrochemical analytical exploitation of the mem- 
brane perturbation. The method of choice presented 
here makes use of the high sensitivity of fluorescence 
spectrophotometry and the ability of membrane- 
embedded fluorophores to respond to perturbation of 
the membrane potential and lipid molecular 
packing/fluidity. The physical thickness of a lipid 
monolayer or bilayer is less than 10 nm, and therefore 
restricts the analytical utility which can be achieved 
by adsorbing the layer on an optic fibre. However, the 
membrane thickness is ideal for interaction with the 
evanescent-wave which is generated by total internal 
reflection in all optical fibres.i3.14 

THEORY OF INTRlNSlC LIPID-MEMBRANE 
OPTICAL BIOSENSORS 

Intrinsic fibre-optic biosensors are based on the 
coupling of selective chemistry with the optical radi- 
ation available along the surface length of an optical 
waveguide. At the points of total internal reflection, 
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a standing wave of electromagnetic radiation can be 
envisaged within the fibre. A useful property of this 
standing wave is that its amplitude does not decay to 
zero at the fibre surface, but has an external com- 
ponent, known as the evanescent wave, which decays 
exponentially along the Z-axis perpendicular to the 
fibre surface. The intensity of the radiation, ,Z, is 
related to the incident angle 8, a transmission factor 
T(B,), and a characteristic penetration depth, dp: 

Z = r(e,)exp(-2Z/d,) (1) 

The term d, is related to the refractive index of the 
fibre, n,, the refractive index of the external environ- 
ment, nz, and the wavelength of the optical radiation, 
1: 

d, = 
1 

2nn,[sin* 0 -(nJn,)‘]” (2) 

These relationships indicate that a significant in- 
tensity of optical radiation can penetrate to depths of 
a few hundred nm for wavelengths in the visible 
portion of the electromagnetic spectrum. It is there- 
fore possible to coat an optical fibre with a thin film 
of selective reagent, and generate an analytical signal 
by excitation of the reagent with an evanescent wave. 
This system is ideal for adjusting the sensitivity of the 
sensor by simply varying the length of coated fibre. 
Furthermore, the selective chemistry takes place 
only in a defined surface region, avoiding bulk sol- 
ution interference, and permitting use of specialized 
reagents which optimally operate as molecular 
monolayers. 

Perturbation of the fluorescence signal resulting 
from a sensor of this configuration may be realized 
either by surface interaction with a fluorescent 
analyte or by altering the intrinsic surface-layer 
fluorescence through analyte interactions. Since most 
analytes do not fluoresce, the latter strategy offers 
greater versatility. Fluorescence in membranes will 
respond to characteristics such as structure and 
phase, fluidity, hydration, electric fields, and accessi- 
bility of fluorescent moieties to external quenching 
agents. 

This work investigated monolayer membranes of 
phospholipid and stearic acid deposited onto boro- 
silicate glass and quartz optical supports.‘S’7 The 
fluorophore I-anilinonaphthalene-Ssulphonate was 
incorporated to respond to hydration and potential 
fields in the vicinity of the polar head-group region 
of the membrane. The fluorophore 12-(9-anthroyl- 
oxy)stearic acid was incorporated to study variations 
in fluidity in the hydrocarbon region of the mem- 
brane. Overall membrane structure was varied by use 
of different controlled monolayer surface pressures 
during membrane deposition. Exposure to membrane 
perturbants and fluorescence-quenching agents, in 
both gas and liquid phase environments, was also 
studied. 

EXPERIMENTAL 

Chemicals 

Phosphatidylcholine (PC) from egg yolk (Avanti Bio- 
chemicals, Birmingham, AL, USA) and cholesterol (C) 
(Sigma Chemical Company, St. Louis, MO, USA) were used 
for making the phospholipid membranes. Stearic acid 
(Sigma) was employed to prepare fatty acid membranes. 
The fluorophores I-anilinonaphthalene-8-sulphonate (ANS) 
(Eastman Kodak, Rochester, NY, USA), 12-(9-anthroyl- 
oxy)stearic acid (12-ASA) (Molecular Probes Inc., Eugene, 
OR, USA), and the membrane perturbants phloretin and 
valinomycin (Sigma) were all used as received, without 
further purification. The membrane stimulants chloroform, 
n-hexane and N,Ndimethylaniline, and all other solvents, 
were of analytical reagent grade. All water was obtained 
from a five-stage Milli-Q (Millipore@ Water System) 
cartridge-filtering system and had a specific resistivity of not 
less than 18 MR/cm. The surface silanizing agent octa- 
decyltrichlorosilane (OTS) (Aldrich, Milwaukee, WI, USA) 
was stored under anhydrous conditions. 

Apparatus 

A Lauda Model 1974 thin-film balance (Brinkman Instru- 
ments, Toronto, Canada) was used in association with a 
home-made film liftI for deposition of lipid monolayers 
onto glass and quartz surfaces. Glass wafers were cut to 
dimensions of 0.5 x 3 cm from plain borosilicate microscope 
slides of thickness 0.1 cm (Fisher Scientific, Toronto, 
Canada). Quartz wafers, 0.8 x 6 cm, were cut from l&mm 
thick quartz plates (Heraeus Amersil, Sayerville, NJ). 

Fluorescence measurements of the monolayer-coated 
wafers incorporating ANS were made with a Turner Model 
111 fluorimeter (Turner, Palo Alto, CA, USA). The wafers 
were supported in a Pyrex tube which could be rotated to 
provide reproducible excitation illumination angles. For 
experiments with the fluorescence probe ANS, the primary 
excitation filter chosen had a 50-nm band-pass centred at 
360 nm, and the secondary emission iilter had a 485 nm 
short-wavelength cut-off. Gas phase experiments made use 
of a capped Pyrex sample holder, which was connected to 
a thermally regulated headspace vessel as shown in Fig. 1. 
Syringes were used for reproducible sampling and quan- 
titative transfer of small volumes of gas within the closed 
assembly. 

Fluorescence studies of stearic acid/lZ-ASA monolayers 
deposited onto quartz wafers were performed with a pulsed 
(300 psec) model LN 103 nitrogen laser operating at 337 nm 
(PRA, London, Ontario, Canada). Fluorescence was ana- 
lysed with a SPEX 170011 monochromator and an RCA 
7625 photomultiplier tube operated at 2000 V. The output 
was monitored by a gated integrator/boxcar averager sys- 
tem (EG&G, PAR, Princeton, NJ) with 50 R input imped- 
ance, interfaced with an Apple II computer. The detection 
system was triggered optically by a fast photodiode. 

The optical fibres used were commercial silica fibres of 
400 pm diameter (PCS 400, Tasso, Montreal, Canada). The 
fibre-based fluorescence spectra were collected by using the 
above-mentioned nitrogen laser, a Heath EU 700 mono- 
chromator (Schlumberger, Mississauga, Canada), an R928 
photomultiplier tube (Hamamatsu, Bridgewater, NJ), and a 
P477415 power supply/photometer (Zeiss, FRG) operated 
at 1 kV. 

Procedures 

The phospholipid solutions consisted of 2.5 mg of PC and 
2.5 mg of cholesterol in 5.0 ml of hexane. These solutions 
were stored under nitrogen in darkness at -20” when not 
being used. The fatty acid solutions consisted of 2 mg of 
stearic acid in 5.0 ml of hexane, and were stored in the same 
way as the phospholipid solutions. The incorporation of the 
anthroyloxy-labelled fatty acid probes into these solutions 
was achieved by first preparing a 1 mg/ml stock solution of 
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Fig. 1. Gas-phase sampling apparatus showing location of 
the production of a headspace of known partial-pressure 
and the sample-wafer housing illustrating the angular align- 

ment of the excitation beam. 

the fluorescent probe in ethanol. A fixed quantity of the 
ethanolic solution (10-100 ~1) was transferred to a separate 
vial and evaporated to dryness under nitrogen. The residual 
film was incorporated into the phospholipid or fatty acid 
solution by addition of a fixed volume of the appropriate 
hexane solution to the vial. Molecular ratios of lipid to 
fluorescent probe in the range from 1OO:l to 2O:l were 
investigated. 

The lipid solutions were characterized by production of 
experimental pressure-area isotherms for lipid monolayers. 
Approximately 70 ~1 of the lipid solution was added 
dropwise (by syringe) over a period of 30 set to the surface 
of 900 ml of degassed water in a Lauda trough at fixed 
temperature. After a period of 15 min (to allow the hexane 
to evaporate) the monolayer was compressed at a speed of 
0.9 cm/min until the collapse pressure was attained. 

The glass wafers were cut by scoring with a diamond- 
tipped scribe and then cleaving to the required sire. The 
wafers were then sonicated in a 2% aqueous solution of 
sodium dodecylsulphate detergent for 1 hr, rinsed with 
distilled water, soaked in chromic acid for at least 1 hr. 
rinsed extensively with water and then stored in a dust-free 
environment. The monolayer on the trough was initially 
compressed to the desired surface pressure and allowed to 
equilibrate for 15 min. Monolayers were cast onto glass 
wafers at a surface pressure of 20-40 mN/m, which was held 
constant during the entire casting procedure. A monolayer 
was transferred to a wafer by immersing the wafer by means 
of an automatic casting elevator at a speed of 0.85 cm/min 
through the air-water interface at an angle of 90”. At the 
end of the immersion the wafer was allowed to soak in 

the aqueous phase for 5 min before being withdrawn at 
0.85 cm/mm. 

The fluorophore ANS was introduced into the phospho- 
lipid monolayers by two different methods. One consisted of 
casting the monolayers onto the wafers from an aqueous 
lo-‘M ANS subphase in the Lauda trough. The second 
method consisted of casting a monolayer of EC/C on the 
wafers from a water subphase, and subsequently soaking 
these wafers in a solution of 10e4M ANS for 24-72 hr. the 
wafers being manually lowered into the interaction vial, but 
removed slowly with the casting elevator in order to allow 
the water to drain completely from the surface. 

All monolayer-coated optical components were stored in 
a desiccator in darkness, but were not protected by low 
temperatures or an inert gas atmosphere. Experiments to 
observe the fluorescence from wafers consisted of sus- 
pension of the coated glass in an aqueous solution and 
introduction of the membrane perturbants valinomycin or 
phloretin as concentrated methanolic solutions. The utility 
of the fluorescent membranes as gas-phase sensors was 
demonstrated by providing variable atmospheres containing 
membrane perturbants and fluorescence quenching agents 
such as N,iV-dimethylaniline for the anthroyloxy probes. 

The quartz wafers and fibres were first alkylated with 
0TS.r9 The alkylated surfaces were characterized by 
contact-angle measurements; the values found were near 
90”, and were unaffected by subjecting the alkylated wafers 
to the original glass-cleaning procedure. 

Monolayers of stearic acid and 12-ASA were deposited 
onto these surfaces from a Langmuir-Blodgett trough at 
surface pressures of 1338 mN/m. The stearic acid:12-ASA 
ratio was 27 : 1. Deposition was monitored by observing the 
trough barrier movement during operation at constant 
pressure. Spectral and temporal data for the quartz wafer 
surface-fluorescence were collected by inserting the wafer 
into a fluorescence spectrometer. The laser beam was first 
split by a quartz plate, a small portion of the beam being 
sent to a fast (< nsec) photodiode which triggered the data 
collection. The beam struck the sample at 70” to the normal. 
The reflected beam was directed onto a fluorescent target, 
to ensure reproducible alignment of the wafer. The 
fluorescence was detected at 90” to the incident laser beam, 
with averaging of 50 pulses for each data point to reduce 
noise in the output. Measurements for optical fibres were 
made with a similar instrument configuration, with the fibre 
inserted into the path of the laser. This assembly did not 
allow collection of temporal data. 

RESULTS AND DISCUSSION 

Monolayer compression 

The pressure-area isotherms of monolayers pro- 
vide a facile method of physical structure character- 
ization, and interpretation of molecular interaction.‘* 
The collapse pressures and corresponding areas, 
as well as the average molecular areas at 16 and 
32 mN/m pressure are summarized in Table 1. Each 
of the compression curves showed zones of loose 
association (low surface pressure), partial conden- 
sation, complete condensation and then collapse as 
the surface pressure increased.*O 

Consideration of the average molecular area data 
provides an indication of chemical bonding inter- 
actions within the monolayer as well as physical 
volume criteria.*’ At the lipid-to-probe molecular 
ratios of approximately 22:l used to obtain the 
results shown in Table 1, it is apparent that the 
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Table I. Compression pressum-area results for lipid monolayer films at an air-water interface 

Molecular WWI, nm2, at 
Monolayer composition ._1_~ 

(over water subphase), temperaturn Pressure &apse 32 mN/m 16 mN)m 

PC/C, 25°C 0.43 & 0.02 0.44 f 0.02 0.48 + 0.02 
PC/c, 36°C 0.44 & 0.01 0.45 * 0.01 0.53 + Wi 
PC/C, IO-*&f ANS in water subpbase 26°C 0.38 f O.Ot 0.40 f 0.01 Ost f Wf 
PC/C: I%ASA (22: 1 lipid-to- 

probe molecular ratio), 26°C 0.45 &&Of 0.50 It: @.a1 0.58 2 @*Of 

I2-ASA fatty acid probe is causing a distinct physicat 
perturbation leading to an expanded monolayer. The 
physical area that would be swept out by rotation of 
the 1%ASA probe in the plane of the monolayer 
implies that the lateral projection of the bulky 
anthroyloxy group should cause a gexleral increase in 
molecular area. 

The action of ANS on the membrane indicates that 
it may participate in a bonding interaction, since it 
actually produces a membrane ~o~t~~tjon rather 
than simply a physicaf volume ~s~~~~ern~nt. It is 
difficult to identify the action of ANS on the mem- 
brane since the probe is not fixed in location or 
orientation, and can be distributed throughout the 
ordered matrix. The charge which ANS may bring to 
the, surface of the membrane can dramatically alter 
the surface dipolar interactions and local hydrogen- 
bonding interactions which affect str~~t~~~~i~.20 

The ANS and XI-MA ~uorophor~s may differ- 
entially partition into domain structures, which are 
likely to be present in the m~bran~ described 
in this work.2g*2z Therefore the chemistry of the 
~uorophores may be relatively Gurnpl~c~t~ at the 
molecular level and consequently anafytical data 
obtained from fluorescence lifetime or polarization 
experiments may be questionable. However, the re- 
producible compression curves indicate that reliable 
average film properties can be obtained, and this 
indicates that parameters such as total fluorescence 
intensity and maximum emission wavelength should 
& relatively consistent between ex~~rn~~~s. 

~~~~la~~~ ~~~~~t~~ on piair wafh 

Monolayer deposition of ~hos~ho~i~id and stearic 
acid consisted of a three-phase cycle: immersion, a 
5-m& soaking period to atlow free sifanol groups 0x1 
the substrate surface to become deprotonated and 
provide a negative charge on the surfaces of the 
wafer a’ and withdrawal. 

Thd conclusion that only a monolayer was de- 
posited during the casting sequence: is based ore 
observations from 

(1) monitoring of the casting; 
(2) the transfer function = {toss of trough area)/ 

~s~bst~te area); 
(3) the wetting ~hara~ter~st~~ of the coated wafers. 

During all casting sequences the movement of the 
monolayer compression barrier was accurately moni- 

tored by recording it8 position as it moved to provide 
constant surface pressure. During the immersion and 
soaking sequence, minimal movement of the barrier 
was observed. Only during the withdrawal did the 
barrier compress the film to maintain a constant 
surface pressure. The transfer function found from X 5 
casting sequences f3-5 wafers coated per sequence> 
was 1.2 f 0. t 1 Idea& the transfer function should be 
f.0, so a small amount of leakage at the moving 
barrier or the measuring barrier probably occurred. 

The wetting characteristics of the coated and un- 
coated wafers with aqueous solution were observed. 
Upon removal from solution the monolayer-coated 
wafers exhibited either no wetting or the presence of 
discrete droplets. Tbc uncoated wafers exhibited such 
a high degree of wetting that a thin film of water was 
drawn up as they were removed. Hence the wetting 
characteristics of the coated wafers indicated that 
these had a hydrophobic external surface. 

The observations above suggest &at a monolayer 
was deposited, with the poIar ~hydro~~i~) head- 
groups adjacent to the substrate surface and the acyf 
chain ~hydrophobi~) region at the air-monolayer 
interface. Dif%sion measurements of bilayers and 
monofayers of lipids on glass wafers have provided 
evidence that a hydration layer exists between the 
monolayer and the surface of the wafer.23 The mono- 
layer lipid film may be held onto the wafer through 
an interfacial potential due to the separation of 
charge existing in the zwitterionic head-groups and 
the negatively charged wafer surface. 

Deposition onto the alkyjated wafers was similar 
to that onto plain wafers, except that monolayer 
transfer occurred only during insertion of the sub- 
strate through the surface liquid in the trough. This 
indicated that only a monolayer was transferred, and 
that it was oriented with its acyl chains adjacent to 
the wafer and the polar head-group region facing the 
atmosphere.24 Transfer ratios were close to unity, but 
the values found ware unreliable owing to monolayer 
leakage and instability. 

The ability of a lipid membrane to act as a 
fluorescent transducer implies that the membrane 
structure must aflkct the characteristics of a suitable 
Auorophore. Two primary physicat characteristics 
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Table 2. Fluorescence values for glass wafers coated with K’/C monolayers 
and treated with I-anilinonaphthalene-8-sulphote 

Relative fluorescence signal, of wafer in air at 
various monolayer casting pressures 

at 
G&s wafer 2% 29s 
prepara&m Uncoated n-&J/m’ m?qm* 

Cfeaned O&2 - - 
Pqc monohqer - 0 0 
PC/C monofayer, - IB_tS 2022 
wafer soaked in 
IO-OM ANS 20_+1 28f3 
PC/C monoloayer 
prepared over -2f2 - - 
10-4M ANS subphase 

*Excitation angle 45”. 
tExcitation angle 50”. 

._ 

which tdre ~~~~~d~~nd~t and can be pedurbed in a 
hpid membrane are the pa~~~~u~~~~ parameters 
and the membrane potentiaf.” Different degrees of 
monolayer compression wifl aher these two par- 
ameters and provide an indication of duorophore 
sensitivity to structural alterations of’ the membrane. 
The principle of casting at various surface pressures 
is based on the assumption that the monolayer’s 
microstructure on the trough can be successfully 
tranrrferred to a wafer without alteration Casting at 
different compression pressures would therefore al- 
low structurally different monolayers to be deposited, 

interpreted as a decrease in the penetration Qf ex- 
ternal so&ion into the membrane. In the head-group 
region9 the probe will also respond to changes in local. 
charge distribution, though the relative contributions 
of this and the hydration effect is not known, 

~h~spho~ip~d monoIayers deposited onto plain 
borosilicate wafers and ~n~~ra~~ BNS gave the 
Buorescence resufts in Table 2. In gene&, the Ruor- 
escence is expected to increase upon jn~o~ratjo~ of 
the molecute into the membrane.” This is due to the 
decrease in polarity of the ANS environment, because 
ANS responds to local levels of hydration, as well as 
to polarity associated with the potential fields of ions 
present in the vicinity of the probe. Increases in 
fluorescence with monolayer pressure were attributed 
malnly to further decreases in hydration of the probe 
environment. The negativeiy charged GNS is prob- 
ably located near the head-group region of the mem- 
brane, and thus the decrease in hydration may be 

Changes in the partitioning of ANS into the mem- 

brane were also considered as a source of variation 
in fluorescence intensity. Increasing the surface pres- 
sure increases the negative electrostatic charge on the 
surface, and also the steric hindrance of the mem- 
brane to probe penetration. Either effect would cause 
a decrease in the amount of partitioning into the 
membrane, and therefore these were not regarded as 
major factors. One possible result of these e&c& 
woti be variation in the hacation of the ANS probe 
molecules within the membrane, but this was not 
discernible from the results. 

Table 3 provides ii summary of the trends observed 
in the fluorescence signals from these wafers. All 
values quoted in tables were obtained with a 45” 
incident angle unless specified otherwise. 

Though detailed interpretation of the results for 
ANS fluorescence in phospholipid membranes was 
not possible, measurable response to variations in 
bulk membrane structure were observed. These 
systems are therefore viable for tmn~~on of sefec- 

Table 3. Phrorescence dependence on excitation radiation incident angle for &ss wafers coated 
with PC/C monolayers containing I-aniIinonaphthalene&sulphonate 

Glass wafer 
Relative fluorescence for various incident angles 

--~- 
preparation* 0” 15” 30 60” 75” 90 

Cleaned, uncoated -I 3 36 34 
PC/C monolayer 1*2 3+3 41&9 
PC/C monolayer, wafer 

28&Y .-2**2 -2:a 

soaked in iOe4M ANS -2 3 56 26 --I -1 
PC,tC monolayer prepared 
over fW4JW .ANS s&phase -I 7 63 44 I -1 
PQC mn&yer IZASA 
(22: f lipid probe molar ratio) 10 35 z-f04 80 f -2 

*Monolayer cast onro wafer at surface pressure of 37.6 mN/m. 
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,I00 
Area per Molecule (A’) 

Fig. 2. Compression isotherm of a stearic acid/l2-ASA 
monolayer (27: 1 molar ratio) on a O.lM KC1 subphase. 
Lahelled arrows indicate pressures at which samples were 

deposited (see Table 4). 

tive membrane receptor-binding events where similar 
structural variations are induced. 

Monolayers containing stearic acid and 1ZASA 
in 27:l molar ratio were deposited onto alkylated 
quartz wafers to yield a characterizable system. This 
system had l&carbon n-alkyl chains bound to the 
surface and covered with a monolayer of stearic acid 
adsorbed with the fluorescent moiety anchored in the 
interior of the hydrocarbon zone, and the head-group 
at the exterior. 

The monolayer was characterized by means of the 
isotherm for its surface pressure us. area per molecule 
(Fig. 2), obtained with the Langmuir-Blodgett film 
balance. The monolayer pressure during deposition 
was controlled at the values indicated in Table 4 and 
Fig. 2. Some structural information about the mono- 
layer was gained by examination of the compression 
isotherm. The prominent shoulder at a pressure of 
15-17 mN/m is characteristic of monolayers of stearic 
acid containing IZASA and is completely absent 
when pure stearic acid is used. This shoulder there- 
fore indicated a rearrangement of the monolayer 
packing, which was somehow dependent on the pres- 
ence of the anthroyloxy group. An inflection point 
was observed at 3638 mN/m. The increasing slope 
on the higher-pressure portion of the curve indicated 
a phase of lower compressibility. This suggested that 
the monolayer underwent or completed a phase 
transition from a fluid to a relatively solid phase. 

Table 4. Fluorescence of stearic acid/lZ-ASA (27: 1 mol- 
ecular ratio) monolayers deposited onto alkylated quartz 

wafers at the indicated surface pressures 

Surface nressure, 
Relative 

fluorescence, 
Wafer mhi/rn % 

A 12.8 61 
B 19.2 18 
C 25.6 100 
D 32.0 85 
F. 38.4 88 

0 
360 420 460 500 
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IO 

Fig. 3. Fluorescence spectra of stearic acid/l2-ASA mono- 
layers (27: 1 molar ratio) deposited onto alkylated quartz 
wafers. Labels indicate the monolayer pressure during depo- 
sition (see Table 4). Bottom curve indicates background 
spectrum. Curves are averaged from 50 points, and cor- 
rected for differences in surface density of the fluorophore 

in the monolayer. 

Monolayer collapse was observed at 51 mN/m, indi- 
cating the pressure at which the monolayer was no 
longer stable, because of shear of sections into multi- 
layers or loss of material into the subphase. 

The fluorescence intensity results shown in Table 4 
and Fig. 3 indicate an emission response to the 
structural assessments made above. Intensities were 
corrected for differences in surface density (area per 
molecule) between samples. 

The pressure increase from A to B caused a 
decrease in fluorescence. The most likely cause of 
such a decrease is local concentration of the anthroyl- 
oxy moiety, allowing the formation of dimers.2S This 
effect could occur by the partitioning of IZASA into 
one phase of a multi-domain monolayer, or by the 
formation of separate IZASA domains in the mono- 
layer. The magnitude of the decrease suggests the 
latter, and is supported by the extent of the re- 
arrangement observed in the compression curve. 
Consideration must also be given to the possibility 
that deposition was simply less efficient at the surface 
pressure of sample B, though transfer ratio measure- 
ments did not indicate this. 

This increase in pressure to point C caused an 
increase in the fluorescence signal. This indicated a 
redistribution of the 12-ASA molecules away from 
localized concentration. The increase in intensity 
relative to sample A indicated that this was a more 
condensed phase, reducing non-radiative collisional 
quenching of the excited 12-ASA molecules. 
The differences between samples C, D and E were 
negligible, suggesting that collisional deactivation did 
not change dramatically upon increase of the pressure 
beyond point C. 

The lack of a shift in peak wavelength of the 
spectra was consistent with the assumption that the 
polarity of the environment of the fluorophore (the 
hydrocarbon region of the membrane), did not vary 
significantly. 
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Fig. 4. Fluorescence decay curves of stearic acid/lZ-ASA 
monolayers (27: 1 molar ratio) deposited onto alkylated 
quartz wafers. Labels indicate the monolayer pressure 
during deposition (see Table 4). Bottom curve indicates 
background. Curves are averaged from 50 points, and 
corrected for differences in surface density of the 

fluorophore in the monolayer. 

Figure 4 indicates the temporal fluorescence curves 
obtained from monolayers formed at different 
compression pressures. The temporal curves were 
difficult to interpret. The decay was multiexponential 
in nature, and the large noise level inherent in the 
nitrogen laser pulse prevented reliable curve fitting 
analyses. Qualitatively, the decay of wafers C, D and 
E showed a complex profile, indicating that the 
12-ASA molecules were probably located in a variety 
of local environments or domains. The extended 
decay of wafer D suggested that a greater number of 
domains existed in that sample than in those obtained 
at higher or lower pressures. This was consistent with 
the observation of an inflection point in the pressure 
isotherm between points D and E. Sample C was 
dominated by the fluid phase and sample E was 
dominated by the more solid phase, giving each a 
similar decay profile. Sample D, exhibiting domain 
structures of both phases as well as interfacial 
regions, indicates a more complicated decay profile in 
terms of membrane structure, and may require a 
distributed-lifetime treatment of the results.26 

Membrane perturbation in solution 

In order to test the alteration of the fluorescence of 

supported lipid monolayers as a function of per- 
turbation of membrane packing/fluidity and electrical 
potential parameters, the experimentation included 
subjecting the membrane to interaction with the 
dipolar potential-probe phloretin and the structural- 
perturbant valinomycin. Phloretin (molecular weight 
275) has a large dipole moment 01 = 5.6 D) and is 
known to align itself against ,the inherent trans- 
membrane dipolar potential.” Recent evidence has 
also indicated that it may enter the membrane and 
align near the surface at low concentrations, or may 
penetrate deeply at higher concentrations, thereby 
producing a structural perturbation. Valinomycin 
(molecular weight 1111) is a cyclic polypeptide 
capable of complexing and transporting Group I 
cations through a lipid membrane. It has previously 
been observed to cause significant electrochemical 
signals due to its perturbation of the membrane 
structure.” Table 5 summarizes the effect of various 
concentrations of the membrane perturbants on the 
fluorescence of ANS in ordered phospholipid 
membranes. The detection limits for both phloretin 
and valinomycin are consistent with their mem- 
brane perturbation abilities as previously observed 
electrochemically.” 

The mode of fluorescence decrease is attributed to 
a change in polarity of the ANS local environment. 
This would be caused by a combination of structural 
perturbation and introduction of polar species, 
whether the perturbants themselves or accompanying 
ions. 

Membrane perturbation in the gas phase 

The initial concentrations of the various gases 
used for experimentation were >20 ppt (parts per 
thousand, v/v) chloroform, 200 ppt hexane and 2 ppt 
DMA. The response was noted as the gas sample was 
drawn from the sampling flask through the wafer 
holder and into the receiving flask. The membranes 
used were PC/C monolayers containing a fluorescent 
probe deposited onto glass wafers. 

No response was obtained for the ANS-doped 
monolayers for chloroform or hexane. The result for 
the hexane system was consistent with the non-polar 
nature of hexane. Chloroform is an established 
quenching agent,28 and also had no effect on the 

Table 5. Fluorescence response to phloretin and valinomycin of 
I-anilinonaphthalene-8-sulphonate in phospholipid membranes* sup- 

norted on glass 

Relative fluorescence signal 

Membrane nerturbants Initial Chemical equilibrium ( > 5 min) 

Phloretin (IO-6M) 11*2 10*2 
(IO-‘M) 14*3 5+2 
(W’M) 12*2 2*1 

Valinomycin (IO-‘M) IOk1 2+1 
(10-9M) Ilk2 5*2 
(lO_‘OM) 12* 1 8+2 

*Lipid membranes coated at approximately 35 mN/m surface pressure, 
monolayer cast over lo-‘M ANS subphase. 
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fluorescence. This provided support for the assump 
tion that the ANS was located near the head-groups 
at the glass surface, and was shielded by the hydro- 
carbon zone. 

A large Ruorescence increase was obtained from 
PC/C monolayers containing I2-ASA, upon ex- 
posure to air, chlorofo~ and hexane. This response 
was almost always transient, returning to the baseline 
value within 1 min. This was observed for chloroform 
concentrations as low as 25 ppt. The transient be- 
haviour is probably due to a process such as a phase 
transition, where the presence of interfacial regions 
between phases causes an increase in fluorescence. 
This transition would be expected to occur from a 
more dense to a less dense phase on incorporation of 
the organic molecules, altering the overall structure 
of the membrane. Similar transient phenomena have 
been observed for lipid membranes in electro- 
chemicalU and piezoelectric29 experiments, where 
transitory alterations in dipolar potential and micro- 
viscosity occur on exposure of the membrane to 

non-selective interaction with probes. 
The reagent ~,~~imethylaniline (DMA) is a 

known quencher of the anthroyIoxy probes30 and 
caused a significant decrease in the fluorescence sig- 
nal. Again the signal was transient, and a rapid 
significant decrease in fluorescence over a period of 
1 min was observed, followed by an increase in signal 
to some steady state, usually less than the initial 
fluorescence. The decrease in fluorescence may be 
related to the concentration of the quencher [Q] by 
the Stern-Volmer equation:*$ 

where K is the quenching constant, and F, and Fare 
the fluorescence intensities of the fluorophore in the 
absence and presence of the quencher respectively. 
The Stern-Volmer equation is only valid for purely 
dynamic or collisional quenching occurring in the 
absence of any significant inner-filter effects.28 The 
inner-filter effect arises when the quencher absorbs at 
the wavelength of either excitation or emission of the 
fluorophore. 

A Stern-Volmer plot for DMA is shown in Fig. 5; 
a linear plot with a correlation factor of 0.89 was 
obtained over a significant concentration range. 

The fact that a linear pIot was obtained rules out 
any significant inner-filter effect. The Stern-Volmer 
plot does not indicate whether dynamic or static 
quenching is occurring. 

The fluorescence results for stabilized phosphol~pid 
monolayers coated onto glass wafers clearly indicate 
that significant analytical signals can be derived from 
membrane ~rturbatjon processes. The equipment 
used for these experiments was very limited in sensi- 
tivity, and demonstrated that an ample signal could 

[DMA] (part8 per thoumndf 

Fig. 5. A Stern-Volmer plot for the fluorescence quenching 
agent ~,~~jmethylaniline. The fluorescent matrix was 
a- monolayer of ~h~spho~~pid cont~ning lL4SA (22: I 
molecular ratio of lipid-to-probe) deposited at 35 mM/m 

onto a borosilicate glass wafer. 

be obtained from monolayers with a total area of less 
than 3 cm2. 

Figure 5 shows a fluorescence spectrum obtained 
by evanescent excitation of a 12-ASAjstearic acid 
monolayer on an alkylated silica fibre. This spectrum 
indicated that the results of the wafer experiments 
described previously should be applicable to fibre- 
based sensors. Note that the blue component now 
observed in the spectrum is probably due to intrinsic 
fluorescence of the fibre, which is of lower quality 
materiai than the wafers used. 

Some of the instrumentation used in this study was 
large and expensive, which made it less desirable for 
most sensor applications. Such a complete study is 
necessary, however, as it allows for optimization of 
future, simpli~ed and less expensive systems, and 
anticipates technological developments which may 
make measurements such as fluorescence lifetimes 
possible on a miniaturized instrument. 

Sensitivity of fluorescence to membrane structural 
parameters has been demonstrated. True biosensor 
deveiopment requires the further demonstration that 

100 / I 

Fig. 6. Fluorescence spectrum obtained from the stearic 
acid/D-ASA monolayer deposited on a 4OO-pm aikylated 
silica fibre at 30 mN/m. The large underlying blue com- 
ponent is the intrinsic fluorescence of lower quaiity quartz. 
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receptor-analyte interactions can induce structural 
variations of this nature. Further work is proceeding 
towards the permanent deposition of lipid mem- 
branes onto fibres, and the development of new 
receptor molecules capable of extensive membrane 
perturbation. 
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Summary-Rare-earth metal chelates used as fluorescent labels for immunoassays possess extremely long 
fluorescence lifetimes and permit the effective use of time-resolved detection. This is very important in 
fiber-optic iluorimetry, a technique that ordinarily exhibits large signal backgrounds from back-scattered 
radiation. With time-solve detection to reject the back-scattered radiation, the limit of detection for 
Eu 2-naphthoylt~~uoroa~tonate is 10-12M, nearly three orders of magnitude lower than for the 
fiber-optic m~surement of the most common fluorescent label, Auoresczin iso~i~~ate. Commercially 
available reagents labeted with an europium chelate are used to demonstrate the potential utility of 
time-resolved fluorimetry in fiber-optic immunoassays. Rabbit immunoglobulin G (IgG) is covalently 
bonded to the distal end of quartz optical fibers prior to exposure to anti-rabbit IgG labelled with 
europium chelate. The limit of detection for the assay is approximately 0.1 pg/ml. 

A number of fiber-optic devices have been developed 
for bioanalysis. ‘X Though practical and routine use 
of these devices for in situ measurements of biochem- 
icals has not been realized, there is promise that 
reliable fiber-optic sensors will be developed that can 
be implanted in living systems to provide sensitive, 
site-specific, and rapid (or preferably continuous) 
analyses for biochemicals. 

Design features for various types of fiber-optic 
sensors have been described and reviewed.8*‘3*‘4 Sen- 
sors which measure the intrinsic absorbance, scatter- 
ing, or fluorescence of the analytes of interest are 
generally referred to as “optical” sensors.” Better 
analytical selectivity is achieved with fiber-optic 
“chemical” sensors (FOCS), which employ an immo- 
bilized reagent phase.’ The spectroscopic signals ob- 
tained with FOCS are the result of specific inter- 
actions between the immobilized reagents and the 
analytes. The interaction must be reversible if con- 
tinuous monitoring is to be accomplished. Immo- 
bilization is achieved by a variety of methods, includ- 
ing trapping of reagent within a membrane,‘~” direct 
covalent bonding of reagent to the distal end of the 
fiber,‘* and incorporating the reagent into a polymer 
phase that is covalently bonded to the fiber’s distal 
end.12 The method of immobilization and the amount 
of reagent phase can influence the FOCS response 
characteristics.8.*2.1* 

When compared to multiple (bifurcated) fiber de- 
signs, sensors that utilize a single optical fiber to 
transmit excitation radiation to the sample, and 

*To whom correspondence should be addressed. 

signal radiation from the sample to the detector, have 
the advantages of better signal collection efficiency 
and smaller size. The latter attribute can be important 
in their eventual in viuo use. Unfortunately, single- 
fiber sensors are usually plagued by high optical 
back~ound levels. This is due to the fact that a 
significant amount of excitation radiation is reflected 
at the fiber faces and is not easily rejected by spatial 
filtering. Attempts to circumvent this back-scatter 
radiation problem have included employing high 
rejection-ratio double monochromators? and grind- 
ing fiber faces at angles that minimize the reflected 
optical background.19 Limitations to these correction 
techniques include the low throughputs of double 
monochromators and the difficult, irreproducible 
nature of “angling” small quartz surfaces. 

Recently, the principles of solid-phase immuno- 
assay have been applied to FOGS design.‘“~‘8*~22 
The fiber and immobili~ receptors form a 
fluoroimmunosensor (FIS), that can be used to per- 
form in situ fluoroimmunoassays. The FISs offer the 
potential for excellent analytical selectivity by ex- 
ploiting the specificity of antibody-antigen reac- 
tions.23 FISs have been developed for direct assays of 
natural fluorophoreP and for competitive binding 
assays2’ Furthermore, it should be possible to design 
FISs to perform “sandwich assays” and, by using 
relatively low avidity antibodies to improve response 
times, for continuous monitoring. 

Fluorescein isothiocyanate (FITC) is the most 
commonly used labelling fluorophore in 
~uoroimmunoa~ys. 23 Though FITC has a reason- 
ably large fluorescence quantum efficiency, it has the 
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disadvantage of possessing a relatively small Stokes 
shift (approximately 30 nm). Hence, simple spectral 
rejection of back-scatter radiation is not very efficient 
and large optical background levels have been ob- 
served in our previous FIS work, particularly when 
intense laser radiation was employed for excitation. 

An alternative type of fluorescent label, rare-earth 
metal chelates, offers some unique and important 
characteristics for fluoroimmunoassays.23*s The 
metal chelates which are used most often in 
fluoroimmunoassays are those of Eu(III) and Tb(II1) 
complexed with /?-diketones and EDTA derivatives.23 
Excitation with these labels involves absorption in the 
near-ultraviolet spectral region by the ligand. This is 
followed by energy transfer from the ligand’s excited 
singlet state, through its triplet state, to the resonance 
levels of the rare-earth ion. The metal-ion emission 
exhibits a narrow band in the green-red visible 
spectral region. Concomitant with this energy trans- 
fer process is an unusually large Stokes shift (typically 
200-300 nm) and an extremely long emission lifetime 
(typically 0.1-1.0 msec). The former characteristic 
facilitates efficient spectral rejection of the back- 
scattered radiation, while the latter characteristic 
permits virtual elimination of optical background, 
including sample matrix fluorescence, by the use of 
time-resolved detection. This time-resolved technique 
has been used in performing very sensitive- 
flnoroimmunoassays of a variety of antigens.2630 
Unfortunately, assays using these metal chelate labels 
do have problems, the most significant of which are 
fluorescence quenching by water in the solvation 
sphere of the rare-earth ion, and the general in- 
stability of complexes of rare-earth ions. These 
problems can necessitate fairly complicated assay 
procedures. 

In this paper we report our preliminary in- 
vestigations of fiber-optic measurements with Eu- 
chelate labels and time-resolved detection. Temporal 
rejection of back-scatter from the fiber optic is shown 
to be effective and allows much more sensitive mea- 
surements for Eu 2-naphthoyltri~uoroacetonate than 
for FITC. Commercially available immunochemicais 
labelled with rare-earth chelate are used to demon- 
strate the potential utility of time-resolved 
fluorimetry in FIS measurements. 

Materials 

EXPERIMENTAL 

Sheep anti-rabbit immunoglobulin G (IgG) labelled with 
Eu-chelate, enhancement solution, wash concentrate, and 
assay buffer were purchased from LKB Instruments, Inc., 
Gaithersburg, MA. The composition of the enhancement 
sot&on was 1.0 g/l. Triton X-100, 6.8mM potassium 
hydrogen phthalate, O.lmM acetic acid, 50pM tri-n- 
octyliphosphine oxide (TOPO), and 15~M 2-naphthoyltri- 
fluoroacetone. Rabbit IgG and ovalbumin were purchased 
from Cooper Biomedical Inc., Malvern, PA. 3-Glycidoxy- 
propyltrimethoxysilane (GOPS) was acquired from Aldrich 
Chemical Co., Milwaukee, WI. All other reagents were 
supplied by Sigma Chemical Co., St. Louis, MO. 

Fig. 1. Diagram of apparatus used for FIS measurements. 

Multi-mode fused-silica 600-pm core diameter optical 
fibers (numeri~i aperture = 0.22) were obtained from Math 
Associates, Westbury, NY. These fibers were cut into 75-m 
lengths and terminated at one end with an SMA connector 
(Math Associates). The ends were then successively polished 
with 15-pm, 3-pm and 0.3-pm lapping film. 

A Perkin-Elmer 650-40 spectrofluorimeter was used to 
evaluate the IgG binding capacity of FIS sensors. AH 
time-resolved fluorescence me~urements with optical fibers 
were performed with the apparatus shown in Fig. 1. A 
Lambda Phyzik Model SOB excimer laser (308 nm) was 
used as the excitation source. The laser was operated in this 
work at 20 Hz and produced IO-nsec duration output pulses 
of approximately 20 mJ energy. The laser radiation was 
focused by a 38-mm diam. (f4.7) lens, L, , through an iris 
opening of approximately 2 mm. The iris aperture served to 
timit the be& diameter-and reduce the incident power to 
levels that did not damage the ootical fibers. The radiation 
was then passed througca custom-made dichroic filter, D, 
(Newport Corporation, Fountain Valley, CA), with 90% 
transmission at 308 nm, and focused by a 25”mm diam. (f2) 
lens, L,, onto the incident end of the fiber optic. The 
Eu-chelate fluorescence (A = 613 nm) arising from ex- 
citation at the distal end of the fiber, was partially collected 
by the fiber, transmitted to and collimated by L,, and 
reflected by the dichroic filter (reflectivity = 60% at 613 nm). 
The collimated radiation was focused by a 25-mm diam. 
(f4) lens, L,, through a modified chopper (Ortec Model 
9479) onto the entrance slit of an Instruments SA, Model 
H-10, monochromator (j-3.5). Photocurrents generated by 
a cooled (_ - 25”) RCA C31034B photomult~ptier tube 
(PMT), operated at 1800 V, were measured by either a 
Pacific Precision Instruments Model 126 quantum photo- 
meter in the current or photon-count mode, or by an EG&G 
Model 165 boxcar detector. Data were collected and 
recorded on a strip-chart recorder. 

The chopper modification involved replacing the stock 
aperture wheel with one that contained a single i jl5th sector 
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aperture. Thus, operation at 20 Hz resulted in a 3-msec 
optical gate. The synchronous output of the chopper was fed 
to a laboratory-built delay circuit, which then triggered the 
laser. The temporal relationship between the chopper gate 
and laser pulse was adjusted with the delay circuit. The 
delay timing was optimized by placing the distal end of the 
fiber alternately in Eu-chelate solution and in solvent and 
adjusting the delay to rn~irni~ the signal to background 
ratio. The size of the imaged signal at the chopper wheel was 
slightly less than 2 mm and this resulted in an effective 
gate-opening time of about 100 csec. Detectability with this 
gated detection system was ultimately limited by timing 
jitter, which was approximateiy a few hundred psec, as 
observed with an oscilloscope at the synchronous output of 
the laser. 

Procedures 
Fiber silanation with 3-giycidvxypropyltrimethoxysilone. 

The outer claddinrzs of the fibers were stripped back 3 mm 
from one end in order to expose the silica c&-m. The stripped 
eads were then rinsed first in hot nitric acid, then with 
distilled water. and submerged in 10% aqueous GOPS 
solution at 9@ for 3 hr. fie pH of the-~iution was 
mainline at 3 bv additions of lM hvdr~hlo~c acid. The 
“GOPS fibers” w&e then dried over&&t at 105”. 

Fiber a&v&on ~dprotej~ attachment. The GOPS fibers 
were immersed in 0.1 M periodic acid for f hr at room 
temperature to oxidize the GOP& then washed with distilled 
water and phosphate-buffered saline (PBS), pN 7.4, before 
being suspended for 24 hr at 4” in polypropylene vials 
containing 1 ml of 5-mg/ml rabbit IgG. During this time, 
covalent bonds between the aldehyde groups of the oxidized 
GQPS and the amino groups of the protein were formed by 
Schiff”s base reactions. Thi fibers w&e then placed in 1 ml 
of PBS. and three 2-ma. oortions of NaBH, were added at 
l5-min’intervaIs, to r&&e the S&X’s b&s. The fibers 
were finally stored in a 1% solution of ovalbumin in PBS 
at 4”. 

~ete~~at~n offer boding capacity, The plastic clad- 
ding on the optical fibers was stripped from the core in order 
to expose I-cm sections of fiber. Rabbit 1gG was bonded to 
the sections by the procedure described above. After incu- 
bation of the sections in a O.Ol-rn~~ solution of Eu-chelate 
labelled anti-rabbit IgG for 48 hr at 4”, the sections were 
rinsed with PBS and placed in 1.5 ml of th@ enhancement 
solution. It was assumed that this long incubation resulted 
in complete saturation of the fiber surface with anti-rabbit 
IgG. In the enhancement solution, the Eu ion dissociates 
from the antibody-bound chelate and forms a highly 
fluorescent chelate with the 2-naph~oyl~~uor~~tone 
in the ~nhan~ment solution. The binding capacity was 
determined by measuring the resulting Eu 
2.naphthoylt~~uoroa~tona~ fluorescence (il,, = 337 nm, 
&,,, =613 nm) with the Perkin-Elmer 650-40 
s~tro~uo~meter and comp~ng it with a standard curve. 
A value of 1 pg of labelled IgG per cm2 of silica fiber surface 
was obtained. 

Co#zp~r&on of Emits of deteciian by ~o~ve~t~o~~ FITC 
and time-resolved Eu-chelntepuoroimmuno~suy~. Limits of 
detection for FITC were determined for standard cuvette 
and fiber-optic measurements. Excitation was provided by 
a Spectra Physics Model 171 Argon ion laser (il = 488 nm, 
30 mW). For the cuvette measurements, the laser radiation 
was focused by a 25mm diam. ( f2.0) lens through a 1 .O-cm 
cuvette. The FITC fluoresce&e (&,_ = 523nn$ was col- 
lected at 90” with a 25-mm diam. i f4) lens and imaaed onto 
the entrance slit of the monoc~r~mator. Phot&rrents 
generated by an RCA lP28 PMT, operated at 700 V, were 
measured. The inst~men~l a~ng~ent shown in Fig. 1 
and described above was used for the fiber-optic measure- 
ments, except that the laser, dichroic filter, lenses and PMT 
(see above) used were suitable for the measurement 
of FITC. Calibration plots prepared with standard solutions 

of FITC in pH-9.3 borate buffer, were obtained and 
limits of detection were determined as the concentration 
yielding a signal that was twice the noise obtained with a 
blank. 

By similar procedures, with the laser and optical com- 
ponents described above, the limits of detection for Eu 
2-naphthoylt~fluoroa~tonate were also determined for 
s~ndard cuvette and fiber-optic rn~~~ents. Three 
di~erent forms of signal recovery were ~ploy~ (1) elec- 
tronically gated detection with a boxcar, (2) optically gated 
detection with a photometer and (3) optically gated de- 
tection with a photon counter. 

Time-resolved fluorescence meassremenis with FIS. FlSs 
prepared in accordance with the aforementioned procedure, 
were incubated in varying concentrations of anti-rabbit IgG 
labelled with Eu-diazophenyl-EDTA for 14 hr (overnight) 
at 4”. The sensors were then rinsed with and stored in wash 
concentrate until needed for use. The sensors were then 
coupled to the apparatus shown in Fig. 1, and the fibers 
were inserted 1 mm into I S-mm diameter mic~wells, 
drilled in a Teffon pad. The micro-wells were tilled with 
10 pl of enhancement solution. The fibers were left in this 
position for 1 min, then moved back to a predetermined 
~sition, and the fluorescence was measured after a I-min 
interval. Each fiber was then removed from its micro-well 
and both fiber and micro-well were ~oroughly washed with 
enhancement solution. The fiber was returned to the well for 
measu~ment of the optical background, 

RESULTS AND DISCUSSION 

The data presented in Table 1 illustrate the efficacy 
of time-resolved detection in improving detectability 
in fiber-optic fluorimetry. No immun~hemi~s were 
employed in the initial study. The limits of detection 
for cuvette measurements demonstrate the exce&nt 
s~siti~ty of laser fluorimetry. ~though the optical 
systems (lasers, lens, etc.) and detectors were different 
for the FITC (convent~ona1) and Eu 2-naphthoyl- 
t~fluoroa~tonate (time-resolved) measurements, the 
limits ofdetection are comparable and extremely tow. 
The Eu-chelate molar absorptivity at the excimer 
laser output (308 nm) is approximately 40% of its 
value at A,_. Furthermore, the pulse-to-pulse energy 
reproducibility of the excimer is rather poor 
( + 540%). If these factors are corrected, the time- 
resolved detection of the Eu-cheiate might exhibit a 
lower limit of detection than that for FITC. 

The time-resolved cuvette measurements were per- 
formed with a boxcar detector. Conside~ng the ex- 
tremely long lifetime of the Eu-chelate it was a 

Table 1. Comparison of Iimits of detection 

Eu 2-naphthoyl 
FITC* trifluoroacetonatet 

Cuvette 4 x 10_14M 8 x 10-‘4Ma 
Fiber optic 7 x lo-“M 3 x l0-8Ma 

2 x 1O-‘Q4b 
1 x to-‘2MC 

*Excitation by argon ion laser, 488 nm, 30 mW. Emission 
at 520 nm, monitored with photometer. 

~Ex~~tioo by excimer laser, 308 nm. 20 Hz, _ 20 mJ/pulsa. 
Emission at 613 nm, monitored with (a) boxcar detector, 
(b) optical gating and photometer, or (c) optical gating 
and photon counter. 
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relatively simple matter to temporally reject the laser 
specular scatter and the Rayleigh and Raman scatter 
of the solvent. A l-psec delay and I-psec gate 
window were employed with the detector. Moreover, 
the specular scatter occurring at the cuvette walls 
was easily rejected spatially by imaging the path 
of the laser beam through the cuvette onto the 
monochromator so that the fluorescence passed 
through the entrance slit but the specular scatter was 
blocked. 

As discussed previously, spatial rejection of back- 
scatter radiation is not easily accomplished when 
fiber-optic measurements are performed. Thus, a 
larger optical background was observed for the 
fiber-optic case, and this partially accounts for the 
much poorer limits of detection when measurements 
were performed by placing the distal end of an 
untreated fiber in the fluorophore solutions. The 
fluorescence collection efficiency is also poorer for the 
fiber-optic case. It is interesting that the time-resolved 
measurements with the boxcar detector resulted in 
very poor detectability. Electronicaliy gated detection 
with the boxcar is not effective in the fiber-optic case 
because the intense back-scatter radiation coincident 
with the excimer laser pulse is not spatially filtered 
and tends to “blind” the PMT. When the boxcar 
gate opens, the PMT response to the Eu-chelate 
fluorescence is severely damped. Detectability is im- 
proved by several orders of magnitude, and is much 
better than for the fiber-optic FITC measurement, 
when optical gating is used with the chopper arrange- 
ment shown in Fig. 1. Background levels were very 
low (approximately 100 cps for photon counting and 
2 nA for the dc photocurrent measurement). Thus 
further electronic gating was not necessary and, 
owing to the low radiation levels, slightly lower limits 
of detection were observed for the photon counting 
case. 

Reducing the timing jitter for the optical gating 
should improve the limits of detection. The low 
background levels given above were achieved by 
adjusting the temporal position of the optical gate to 
block all the back-scatter radiation coincident with 
the laser pulse. This results in a reduction of signal, 
since much of the fluorescence during the first few 
hundred psec following the laser pulses is blocked. By 
using more sophisticated mechanical shutters or 
electro-optical gating it should be possible to reduce 
the jitter and thereby improve detectability. 

A standard curve was prepared for the fiber-optic 
measurements of Eu 2-naphthoyltrifluoroacetonate. 
A correlation coefficient of 0.9998 was obtained over 
the range from the limit of detection to 7 x IO-‘M. 
In this work the linear dynamic range is limited by 
photometer saturation and not by fluorescence inner- 
filter effects4 The input stage of the photometer 
contains a diode clamp circuit that protects the 
instrument from damage, by shunting large input 
currents to ground. 

The excimer laser used in this work has several 

disadvantages. The high powers ( > 1 MW at the 
output of the laser) associated with short duration 
pulses eventually damaged the optical fibers and, 
more critically, tended to photodegrade the samples. 
Measurements were performed by exposing the 
sample to the laser for 3-set intervals so as to 
minimize the degradation. This made it necessary to 
use relatively short (1 set) detector time-constants. 
Noise levels for the non-immunochemical mea- 
surements discussed above were determined as the 
standard deviations for peak signals resulting from 
multiple laser exposures of the solvent. The high peak 
power and low repetition rate of the laser resulted in 
large peak signals with a low duty cycle ( w 2%). This 
contributed to the photometer saturation problem 
described above. Finally, the pulse-to-puise and long 
term stability of the laser was poor, thereby con- 
tributing to noise and calibration problems. 

A CW helium-cadmium laser would be more 
appropriate for these measurements. Its 325nm 
output is closer to the J,,,,_. of the Eu 2-naphthoyl- 
triffuoroacetonate absorption than is the 308-nm 
output of the excimer laser. The helium~admium 
laser is characterized by moderate power (typically 
N 10 mW) and excellent stability. It could be syn- 
chronously modulated at a few hundred Hz to pro- 
duce stable time-resolved signals with a fairly high 
duty cycle. 

Several sandwich assay kits based on time-resolved 
fluorimetry are commercially available. In a solid- 
phase sandwich assay a “first” antibody to the anti- 
gen of interest is immobilized on a substrate, incu- 
bation with the antigen is effected, then a “second,” 
fluorescently labelled, antibody is added. In some 
cases the antigen and second antibody can be added 
simultaneously. The second antibody is specific for a 
different antigenic determinant than is the first, and 
the two antibodies together sandwich the antigen. 
After appropriate washing steps, the fluorescence of 
the labelled second antibody is measured. The sand- 
wich assay procedure could easily be adapted to FIS 
measurements, with the possibility of performing the 
initial incubation in oiuo. 

For any given sandwich assay system, adaptation 
to FIS measurements would require systematic opti- 
mization of the immobilization and incubation 
procedures. To avoid such complications in these 
preliminary studies we employed a single 
antibody-antigen system. We had previously demon- 
strated that rabbit IgG could be covalently bonded to 
fibers by the GOPS procedure, while maintaining 
significant activity for polyclonal FITC-labelled anti- 
rabbit IgG. *’ The binding capacity, m 1 pg/cm*, of 
the Eu-chelate labelled immunochemicals used in this 
work (see experimental section) is comparable to that 
obtained in the previous work, and corresponds to 
approximately lo-r3 mole of Eu-labelled antibody on 
the sensing portion of 600~pm fiber. As our mea- 
surements are performed (see experimental section), 
this corresponds to the antibody on the end and the 



first mm of the sides of the fiber. Except for the fact 
that antigen, instead of the first antibody, was cova- 
lently bonded to the fiber, the procedure for the 
time-resolved FIS measurements described here is 
similar to that which would be emplayed in att actual 
sandwich ITS assay. 

The am&&al ~ar~~~~~ which are of greatest 
interest in this FIS developmental work are the 
sensitivity, ~pr~u~~bil~i~ and dynamic range of the 
FIS measurements. Our preliminary experiments 
were aimed at assessing these characteristics for the 
simple immunochemical system investigated. 

The antibody-bound Eu-chelate used in this work 
does not have a sufficiently high fluorescence quan- 
tum efficiency to be used directly for measurement. 
Instead, after incubation, the Eu is released into an 
enhancement solution which contains another chelat- 
ing agent, Z-naphthoyftriffuoroa~~ue, as well as 
surfaetant and other ~rn~u~~ which serve to 
ex&rde water from the En salvation sphere, and 
thereby increase the fluozsce~ signals. Dettfction 
limits for Eu in this ~ha~me~t solution (see Table 
1) are much lower than those reported for direct 
measurements that involve a single ligaad for protein 
conjugation and for fluorescence measurement.29 

The amount of Eu released into the enhancement 
solution depends on the FIS experimental canditions, 
but is ultimately limited by the modest binding 
capacity of the fibers. Assuming that several Eu- 
chelate molecules are bonded to each labelled protein 
rnol~~le~~ the amount of Eu bonded at saturation is 
a~~~~rna~ly fO-” mole. For reasons of ~~~t~~ty 
it is adva~ia~ous to restrict the released Eu to a 
small volume of enhancement solution at the distal 
end of the fiber. Several approaches were investigated 
before settling on the micro-well technique used in 
this work. The micro-well was nearly filled by the 10 
~1 of enhancement solution. The release of lo-r2 mole 
of Eu then resulted in the formation of a 10-‘M 
solution of Eu 2-naphthoyltrifluoroacetonate. Satur- 
ated fibers, when placed in 10 ~1 of enhaancement 
solution, yielded signal 1eveIs which were roughly 
equal to those of the IO-‘M Eu-ehelate standard 
solutions used in the non-~mrnun~~ern~~l work. 

~epr~~~b~l~ty for ~me-resolved FIS mea- 
segments was evaluated by i~ub~t~~g eight pre- 
pared fibers overnight with 0.~5-m~rnl Eu-chelate 
labelled anti-rabbit IgG. The incubated fibers were 
sequentially aligned in the apparatus shown in Fig. I, 
the bound Eu was released into 10 fi I of enhancement 
solutions, and the fluorescence signals were measured 
with the photometer. Once the signal measurement 
~88 complete the fiber and micro-well were throughly 
washsd with enhancement solution, the micro-well 
was filled with fresh enhancement solution and the 
background measured. With the present arrangement 
it is difficult to center the fiber within the micro-wefl. 
To compensate for signal variations resulting from 
changes in laser power, fiber position and other 
factors, we tilled the micro-well with a diiute Eu- 
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Fig. 2.t Standard curve for measurements of Eu-ehelate 
labelled anti-rabbit I@, Each data-point is the average of 

four measurements. 

chelate standard solution after the background was 
determined, and a ~#~ali~tion fluorescence signai 
was measured, !C+ampie signals, S, were then deter- 
mined by us&g the ~~tjo~. 

ff--4 S”T 
” 

where IF, It, and &, rue the fluorescence, blank and 
normalization signals, respectively. The relative stan- 
dard deviation of the sample signal for the eight fibers 
was 19%. Both chemical and physical factors con- 
tribute to the creation of noise in these mea- 
surements. The chemical factors include the re- 
producibility of silanating and activating the fibers, 
bonding protein to the fibers (quantity and condition 
af the bonded protein) and the ~~~~~on step- The 
physic& factors include the ~~r~~~~ljt~ of t&e 
laser output, coupling the fibers and positioning them 
in the micro-wells. By consideratian of these factors 
we are exploring methods for improving the re- 
producibility of FIS measurememts. 

Utilization of FISs for actual assays will require the 
use of calibration graphs. The standard curve shown 
in Fig. 2 was obtained for incubations with standard 
solutions of Eu-chelate labelled anti-rabbit IgG over 
the range from 0.5 to 20 fig/ml. The signal-to-noise 
ratio (S/N) for the lowest concentration standard (0.1 
pgjmi) is ap~rox~~teIy 2, with the noise determined 
as the standard detiatioa of the blanks in the re- 
~r~~~b~i~ty study. Alt~ou~ these m~su~~ts 
were pe&ormed with 300.~81 sample volumes~ we have 
previously demonstrated the ability to perform com- 
petitive binding FIS measurements with sample vol- 
umes as small as 10 ~1.~’ Working with lo-p1 sample 
volumes, the absolute; limit of detection would he 
approximately 6 fmoles. The actual amount of bound 
anti-rabbit IgG is probably considerably less than 
this. 

In conclusion, we have demonstrated the efficacy of 
time-resolved detection in improving detectability in 
i%er-optic Ruorimetry. Rare-earth metaf cftefates, 
with their extremeiy long muon lifetimes, otTer 
advantages as Ruorescent ~abehz for ~rnrnun~~~. 
We have present& pr~ljrnjna~ data indicating that 
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sensitive, low-volume, in situ immunoassays can be 11. M. Arnold, Anal. Chem., 1985, 57, 565. 
performed with rare-earth metal chelate labels and 12. C. Munkholm, D. Walt, F. Milanovich and S. Klainer, 
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Summary-A new optical homogeneous biochemical method for the assay of glucose has been developed, 
based on fluorescence energy transfer between a glucose analog, dextran labeled with fluorescein 
isothiocyanate (FITCdextran), and a glucose-receptor protein, Rhodamine-labeled Concanavalin A 
(RhConA). When FITCdextran binds to RlConA in solution, and is light-activated, the FITC label 
transfers its absorbed energy to the Rhodamine label, which then emits light according to its own 
characteristic fluorescence spectrum. When glucose is added to this solution, the FITC fluorescence 
intensity increases as FITCdextran is released from the RhConA and is replaced by glucose. Thus it 
is possible to determine glucose concentrations directly from the level of FITC fluorescence. 

One of the key elements in the diagnosis and manage- 
ment of disease is the measurement of (a) specific 
endogenous substances which either control homeo- 
static mechanisms or reflect the malfunction of these 
mechanisms and (b) the blood concentrations of 
drugs used to remedy the disorders. Most clinical 
analytical methods are based on techniques which 
require blood samples to be withdrawn from the 
patient and taken to laboratories for analysis, and 
consequently only periodic information is available. 
Because of the skills needed for their performance, 
most such analyses cannot be done outside the labo- 
ratory, e.g., in the home or workplace. 

There are a number of reasons for an intense 
interest in developing simple, accurate, and rapid 
clinical assays which can be used by non-analytical 
chemists, e.g., physicians, nurses, patients. In the 
intensive care setting, where there is a high level of 
expertise, there is a need for continuous monitoring 
of blood for metabolites (e.g., glucose) and relatively 
toxic drugs (e.g., methotrexate, gentamicin). There is 
also an increasing need for patient self-monitoring, 
such as blood glucose by diabetics, and at the inter- 
mediate level, clinical analysis to be performed in the 
doctor’s office to help in rapid diagnosis. 

Until very recently, most approaches for miniature 
continuous biosensors have been based on electro- 
chemical detectors. These can be broadly classified as 
potentiometric or amperometric devices.‘.2 The usual 
electrochemical biosensor consists of a “biochemical” 
layer containing enzymes, organelles, or cells which 
are held in place in front of an electrode by a dialysis 
membrane. The literature is extensive, the groups of 
Rechnitz) and Suzuki4 being particularly prolific. 

*To whom correspondence should be addressed. 

Recently, increasing attention is being given to minia- 
turization of these electrochemical sensors by use of 
thin-film integrated circuit technology.5-7 

There are several problems with electrochemical 
sensors that have not yet been overcome, however. 

1. For potentiometric detectors there is usually 
persistent drift of the working-cell potential with 
time, resulting in a need for frequent standardization 
with solutions of known analyte concentration. 

2. The effect of consumption of analyte in the 
measurement is aggravated for amperometric devices 
because of the limitations in diffusional transport 
between the transducer compartment and the de- 
tector element. 

Thus, enzyme electrodes have had only a “minor 
impact on medical measurement”,8 because the use of 
electrochemical biosensors has mainly been in off-line 
systems where samples can be alternated with 
standards. 

A primary focus of our research on biosensors has 
been to utilize an optical analytical method that will 
be an alternative to the electrochemical biosensor for 
on-line concentration measurements. There are some 
inherent advantages to use of spectrophotometry, 
fluorimetry and light-scattering for analytical pur- 
poses, because of the higher information content of 
the optical domain compared to electrochemical phe- 
nomena. Thus spectral features such as absorption 
or fluorescence at selective frequencies, provide 
additional degrees of freedom to characterize and 
quantify a given analyte in a mixture with other 
substances. 

By use of optical-fiber waveguides, spectro- 
photometric methods can be miniaturized to monitor 
very small samples, since the active portion of the 
sensor is about 1 ~1 in volume. This capability has 
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Fig. I. Schematic of heterogeneous affinity sensor transducer element. 

become especially significant in recent years owing to 
the ready availability of a variety of optical fibers and 
optoelectronic devices for light-sources and de- 
tectors.’ Optical fibers have been used to fabricate 
micro-calorimeters and micro-fluorimeters,” but it is 
only recently that optical-fiber detector elements have 
been coupled to biochemical reactions for the pur- 
pose of developing miniaturized biosensors.” 

The required selectivity was conferred on the bio- 
sensor by using a selective bioreceptor (Concanavalin 
A) and competitive binding between an analog- 
analyte (FITC-dextran) and the analyte (glucose).‘2 
A schematic diagram of the optical biosensor is 
shown in Fig. 1, along with typical dimensions of the 
active transducer element. In this sensor, the receptor 
is immobilized on the inner wall of the hollow dialysis 
fiber. Some typical calibration curves with different 
analytes are shown in Fig. 2. The response of the 
sensor displays the expected pattern for a competitive 
assay, namely a more or less linear response at low 
concentration and a leveling off at higher concen- 
trations as the competing analyte is displaced from 
receptor sites. In addition, the different curves dem- 
onstrate that the sensitivity of the sensor is related to 
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Fig. 2. Effect of binding constant on sensor response. 

the equilibrium binding constant between analyte and 
receptor; the higher the binding constant, the greater 
the sensitivity. 

A major concern in the performance of any sensor 
is its rate of response to changes in concentration. 
There are three physical/chemical processes that con- 
tribute to the dynamic behavior of this sensor: (a) 
diffusion of the analyte through the wall of the 
hollow fiber, (b) the competitive displacement reac- 
tion between analyte, competing analyte and receptor 
sites, and (c) diffusion of the various species within 
the hollow-fiber compartment. The time constants for 
90% completion of these individual steps have been 
estimated or measuredI and found to be about 5 min 
for glucose diffusion through the wall of the dialysis 
fiber, about 1 set for the displacement reaction (at the 
concentration conditions within the lumen), and 
about 3 min for the diffusion of components within 
the lumen. The overall time constant for various 
fabricated sensors ranged from 6 to 12 min. The 
analyses indicated that faster response could be 
achieved by making the sensors with hollow fibers 
with a smaller lumen diameter and/or thinner walls. 

The Schultz and Mansouri sensor gave very good 
short-term stability during in uivo glucose monitoring 
in a heparinized dog, and good long-term stability 
during in oitro experiments. However, further testing 
of the sensor raised several pertinent questions about 
long-term in vitro stability. In our most recent work, 
we have been trying to improve on the design. 

One major simplification of the sensor is to elimi- 
nate the need for chemical immobilization of the 
bioreceptor (ConA) on the hollow fiber wall to 
achieve spatial separation of the free and bound 
forms of FITC-dextran. The chemical immo- 
bilization has often been difficult to reproduce and 
the alignment of the optical and dialysis fibers 
must also be carefully maintained. If the chemical 
immobilization step could be eliminated, physical 
degradation of the dialysis fiber would no longer be 
a factor. Also, the Schultz and Mansouri sensor is not 
capable of automatic on-line recalibration to correct 
for drift of the optical and electrical components. 
Any shift in the calibration must be corrected by 



Fluorescence energy transfer 

using a series of standard glucose solutions. We 
believe that a new optical homogeneous assay which 
we have recently developed for glucose may he used 
in the design of an improved sensor. 

The new assay has all the reaction species in one 
phase and is based on a fluorescence energy transfer 
technique. Most such methods have been developed 
for haptens bearing a chromophore that can quench 
the intrinsic ultraviolet fluorescence of antibody tryp- 
tophan residues’S’5 as the hapten and antibody bind 
together. However, the technique has received rela- 
tively little attention for fluorophores that absorb in 
the visible region. i6~i7 Our approach employs two 
labels that absorb and fluoresce in the visible region, 
FITC-dextran as a donor (fluorescer) and 
Rhodamine-labeled ConA (Rh-ConA) as the ac- 
ceptor (quencher). The competing reactions for the 
system are given in equations (1) and (2). 

Glucose + Rh-ConA 
(Analyte) (Receptor) * (Analyte: Receptor) 

Glucose: Rh-ConA (1) 

FITC-dextran + Rh-ConA 
(Competing Analyte) (Receptor) 

FITC-dextran : Rh-ConA 
=(Competing Analyte : Receptor) (2) 

The efficiency of the energy transfer process is 
directly related to the overlap of the emission spec- 
trum of the donor with the absorption spectrum of 
the acceptor. The hatched region in Fig. 3 shows that 
there is relatively good spectral overlap of the 
fluorescein emission spectrum, maximum at 520 nm, 
with the Rhodamine absorption spectrum, maximum 

A=490nm 

X=550nm 
I 

Wavelength (nm) 

Fig. 3. Overlap of FITC emission spectrum with Rhodamine 
absorption spectrum. 

at 550 nm. Increasing the overlap of the spectra 
should increase the efficiency of resonance energy 
transfer between the chromophore pair. When 
FITC-dextran reversibly binds to Rh-ConA, the two 
chromophores are close enough together (<SO A) 
for a significant portion of the fluorescein signal to 
be quenched by the Rhodamine. As glucose is added 
to the system, FITC-dextran is liberated from the 
Rl-ConA, causing the fluorescein signal to increase. 
With this system, it is possible to measure a wide 
range of glucose concentrations by adjusting the 
concentrations of each component to give the highest 
sensitivity over the desired glucose range. An added 
feature of the system is that the Rhodamine 
fluorescence signal is not significantly affected by the 
energy transfer, so it can be used as the internal 
reference for calibration purposes. Because the assay 
is homogeneous, it is possible to eliminate all immo- 
bilization steps and to scale down the assay from the 
l-10 ml bench scale to the I-p1 sensor level. Figure 

Rhodamine I 
excitation 

FITC-dextron 

Fig. 4. Schematic of affinity sensor transducer element modified for homogeneous assay. 
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4 shows how the sensor would be constructed. Light 
at two different wavelengths, 490 and 550 nm, would 
be alternately passed into the fiber, and the resulting 
signal recorded. A change in the Rhodamine signal 
would indicate a drift in the light-source or detector, 
and a change in the FITC signal would indicate a 
change in the glucose concentration. This flexibility 
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low molecular weight (< 1000) analyte systems by Ratio of Rh-ConA to FITC-dextran (w/w) 
utilizing a selection of commercially available anti- 
bodies, F,, fragments, binding proteins, etc. Fig. 6. Normalized quenching effect of Rh-ConA on FITC 

fluorescence. 

EXPERIMENTAL 

All fluorescence measurements were made with a specially 
designed spectrofluorimeter operated in the ratio mode. For 
measuring fluorescein quenching during energy transfer 
experiments, the excitation and emission wavelengths were 
470 and 520 nm, respectively. All experiments were per- 
formed at 25” in O.OSM phosphate buffer (containing 0.15M 
sodium chloride) at pH 7.4. For the quenching curves, a 
sample containing the desired FITC-dextran concentration 
was added to a cuvette in the spectrofluorimeter. The 
fluorescence intensity of the fluorescein was recorded at a 
single wavelength, 520 nm, after each Rh-ConA addition. 
Additions were made without removing the cuvette from the 
holder, and corrections were made for dilution and the inner 
filter effect from Rhodamine. Glucose titrations were per- 
formed similarly, except that the initial solutions contained 
both FITC-dextran and Rh-ConA at the desired levels. 
There was approximately a 5-min delay between each 
addition of glucose of Rh-ConA to ensure that the binding 
reaction had reached equilibrium. 

PITC-labeled dextran, MW 7.0 x 104, was obtained from 
Pharmacia (Piscataway, NJ), and Rh-ConA from Sigma 
(St. Louis, MO), U.S. Biochemicals (Cleveland, OH) and 
Polysciences (Warrington, PA). 

RESULTS 

Energy transfer between fluorescein and Rho- 
damine was demonstrated by stepwise addition of a 
pH-7.4 buffered solution of Rh-ConA to a solution 
of the FITC-dextran. Figure 5 shows that the 
fluorescein signal significantly decreased as the 
Rh-ConA concentration was increased. As much as 
45% of the fluorescence was quenched at an 
Rh-ConA concentration of 0.33 mg/ml. The data are 
replotted (Fig. 6) in terms of the Rh-ConA/ 
FITC-dextran ratio after correction for non-specific 
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$ ::A 
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Rh-ConA concentration (mg/ml) 

absorption of FITC fluorescence, i.e., the inner filter 
effect. It is easy to see from the figure that the 
relatively weak binding between ConA and dextran 
makes it important to have a large excess of 
Rh-ConA in relation to FITC-dextran in order 
to achieve a significant amount of fluorescence 
quenching. 

When glucose was titrated (reverse titration) by 
addition to a solution of Rh-ConA and FITC- 
dextran, there was the expected increase in 
fluorescence as the glucose displaced FITC-dextran 
from the ConA binding sites. Figure 7 shows the 
fraction of the theoretical maximum fluorescein sig- 
nal recovered during glucose addition to two sol- 
utions with different Rh-ConA/FITC-dextran ratios. 
The theoretical maximum fluorescein signal was de- 
duced from Fig. 6 for each Rh-ConA/FITC-dextran 
ratio by assuming that all the quenched signal would 
be restored when a large excess of glucose was 
added to the sample. For a weight ratio of 217 
for Rh-ConA/FITC-dextran, the fluorescence ap- 
proached the theoretical maximum more rapidly than 
when the ratio was 870. At a glucose concentration 
of 3.00 mg/ml, 60% of the signal was recovered with 
the 217-ratio system, whereas only _ 50% was recov- 
ered with the 870-ratio system. As expected from the 
law of mass action, to achieve the largest signal 
response within a given glucose range, lower 
Rh-ConA/FITC-dextran ratios should be used for 
low glucose concentrations and higher ratios for 
larger glucose concentrations. Although the relative 
signal change at low ratios is large for small changes 

0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 6.0 9.0 

Glucose concentration (mg/mll 

Fig. 7. Recovery of FITC fluorescence during glucose 
titration: -A-- Rh-ConA/FITC-dextran = 217 w/w; 

Fig. 5. Quenching effect of Rh-ConA on FITC fluorescence. -A-- Rh-ConA/FITC-dextran = 870 w/w. 
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in glucose concentration, the absolute change is 
smaller. Therefore, both the detector sensitivity and 
the level of background fluorescence must be consid- 
ered when specifying the Rh-ConA/FITC-dextran 
ratio. 

DISCUSSION 

The new optical homogeneous assay currently has 
a working range up to 2.00 mg/ml (Fig. 7). The linear 
region of the glucose titration curve can be arranged 
to cover a particular concentration range by adjust- 
ing the Rh-ConA/FITC-dextran ratio. For a larger 
ratio, the titration curve will be linear to higher levels 
of glucose, but the sensitivity to small concentration 
changes will be diminished. There are several other 
ways of adjusting the sensitivity besides changing the 
reactant ratios. If the binding constant is increased, 
then better sensitivities are possible. The sensitivity 
can also be improved by adjusting the exciter/ 
quencher ratio, or by changing the fluorochrome pair 
so that the spectral overlap is larger, without ad- 
versely affecting the absorptivity. Finally, the size of 
the ligand analog can be decreased so that the 
fluorochromes are closer together on binding, which 
would permit more efficient energy transfer. 

There is a practical lower limit to the assay, 
however. For measuring low glucose concentrations, 
the FITC-dextran concentration must also be low, 
making the fluorescein signal smaller and more prone 
to noise effects. Therefore, the FITC-dextran concen- 
tration must be large enough to ensure a good 
signal-to-noise ratio. We have typically used 
FITC-dextran concentrations of 0.5-5.0 pg/ml with 
very good results. 

An upper limit to the dynamic range of the homo- 
geneous glucose biosensor is set by the solubility of 
Rh-ConA. Because the sensor would initially be 
calibrated with all the components in solution, it 
is essential that the components are stable for 
the duration of the experiment. This means that the 
solution must not form insoluble aggregates, or the 
calibration would be changed. For the Rh-ConA/ 
FITC-dextran system, this is particularly critical be- 
cause over a period of hours at 25” ConA will become 
irreversibly aggregated and form precipitates. This 
process is even more rapid at 37”. We have performed 
several experiments to determine whether the stability 
of Rh-ConA could be increased by physical means 
such as changes in temperature, ionic strength, pH, or 
addition of synthetic polymers, but none of these 
methods was able to significantly increase the sta- 
bility of ConA. We are currently trying several 
chemical modification methods, some of which have 
extended the stability of ConA to as long as two 
weeks at 37” without adversely affecting the glucose 
binding. It is expected that there will be an optimum 
set of conditions for the modification procedure since 
there is a limited number of reaction sites on native 
ConA. The greater the number of reaction sites used 

during the chemical modification step, the fewer the 
number of remaining reaction sites available for 
Rhodamine labeling. We will be reporting on this 
work in a subsequent paper. 

CONCLUSIONS 

Our approach to the construction of fiber-optic 
biosensors based on competitive reactions for a bio- 
receptor between an analyte and a fluorescent analog- 
analyte has been extended by the use of homogeneous 
fluorescence quenching techniques. The approach 
described has several advantages over the hetero- 
geneous systems previously reported. 

1. It allows simultaneous monitoring of glucose 
concentrations from the FITC signal and continuous 
internal calibration from the Rhodamine signal to 
correct for light-source and detector sensitivity 
fluctuations. 

2. The receptor does not have to be immobilized on 
the interior wall of the dialysis fiber, so the alignment 
between the optical and dialysis fibers is less critical. 

3. Physical degradation of the dialysis fiber caused 
by the immobilization procedure is no longer im- 
portant. 

4. The assay can be easily scaled down from bench 
experiments to the sensor probe configuration be- 
cause all the reaction components are in a single 
homogeneous solution. 

5. The technique is general in nature, and any 
suitable Rhodamine-labeled bioreceptor, e.g., an 
antibody, F,,a fragment, binding protein, can be 
added directly to the hollow fiber lumen along with 
the macromolecular ligand analog. This makes the 
sensor much more versatile for measuring hormones, 
metabolites *and drugs, since there is no immo- 
bilization chemistry to be developed for each assay 
system. 

On the other hand, in order to achieve the most 
efficient quenching, the overlap of the spectra for the 
two fluorophores needs to be optimized along with 
the relative concentrations of the two fluorophores. A 
higher quenching efficiency will increase the detection 
limit of the assay by increasing the signal-to-noise 
ratio. There are additional considerations that must 
be taken into account when designing a sensor, with 
regard to the relative concentrations and solubilities 
of the bioreceptor and the analyte-analog in the 
sensor compartment. The binding constant must 
be such that the assay gives a linear response over 
the desired analyte range when the bioreceptor and 
analyte analog are used at maximum solubility. 
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Snmrnary-A new type of biosensor is introduced, based on a novel internal enzyme system which 
separates the sample solution from the analytical reaction. The bioanalyte diffuses through a gas- 
permeable membrane into the internal enzyme solution. A reaction that includes the bioanalyte is 
catalyzed and the rate of this reaction is related to the bioanalyte concentration. The first example of this 
type of biosensor is illustrated by the development of a fiber-optic internal enzyme biosensor for ethanol. 
Alcohol dehydrogenase is the enzyme and the rate of production of reduced nicotinamide adenine 
dinucleotide is measured. Results that demonstrate the feasibility of the internal enzyme system are 
presented and the relative merits of this type of biosensor are discussed. 

Fiber-optic chemical sensors (FOCSs) are based on 
the immobilization of an analytical reagent at the 
distal tip of either a single optical fiber or a bundle 
of fibers. An optical property of this reagent changes 
in response to the analyte concentration and this 
change is measured through the optical fiber device. 
Fiber-optic biosensors have been developed, in- 
volving the immobilization of a biomolecule such as 
an enzyme or antibody at the sensor tip. A new type 
of fiber-optic biosensor which is based on a novel 
concept of an “internal enzyme” biosensor system is 
reported here. This arrangement protects the enzyme 
from a sample solution, which provides several ad- 
vantages from an analytical point of view. 

Conventional biosensors are based on the immo- 
bilization of a biocatalyst at the sensing tip of a 
transducer. The biocatalytic layer serves to convert 
the bioanalyte into a transducer-measurable species. 
A steady-state condition is established when the rate 
of product formation is counterbalanced by the rate 
of product diffusion away from the sensor tip. The 
steady-state signal from the transducer can be related 
to the bioanalyte concentration by means of a 
calibration curve. Alternatively, the consumption of 
a measurable co-substrate can be measured. Many 
examples of conventional biosensors have been 
reported, in which an amperometric or a poten- 
tiometric membrane electrode serves as the trans- 
ducer.‘” An example of a fiber-optic biosensor based 
on the production of a coloured product at the tip of 
a bifurcated optical-fiber bundle has been reported.4 

Several problems are common for conventional 
biosensors. The biocatalytic layer of a conventional 
biosensor is directly exposed to the sample solution. 
This arrangement makes the system susceptible to 

*To whom correspondence should be addressed. 

interference by components in the sample that can 
alter or modulate the activity of the immobilized 
biocatalyst. Many substances are known to inhibit or 
activate enzymatic reactions. For example, trace 
amounts of heavy metals can either activate or inhibit 
an enzyme, depending on the particular system in- 
volved. Modification of the immobilized biocatalytic 
activity between sensor calibration and sample mea- 
surement can produce significant errors. Exposure to 
irreversible inhibitors can render the sensor useless by 
completely inactivating the enzyme. Reagents are 
often used to protect the biocatalytic layer from 
activity modulators; an example is the addition of 
EDTA to complex heavy metals. In addition, the pH 
of the sample must be adjusted to the optimum for 
the biosensor. The need to add reagents to protect the 
enzyme and to provide optimal conditions for the 
analytical reaction makes it difficult to develop 
reagent-less biosensors. Reagentless sensors are pre- 
ferred, however, to minimize sample perturbations 
during measurements. Finally, conventional bio- 
sensors are generally slow in responding to changes 
in the bioanalyte concentration. This slow response is 
due to the need to establish a steady-state concen- 
tration of the measurable product at the sensor tip. 
Response times of several minutes are common, and 
return to the base-line between measurements can be 
quite lengthy (304Omin) depending on the type of 
transducer employed.5.6 

An internal enzyme biosensor system is introduced 
here, which can eliminate the above-mentioned lim- 
itations of conventional biosensors. It is demon- 
strated for the first time with an internal enzyme 
fiber-optic biosensor for ethanol. Figure 1 shows a 
schematic representation of this ethanol biosensor. A 
gas-permeable membrane separates the sample solu- 
tion from the internal enzyme solution. The principal 
components of this internal enzyme solution are the 

151 



152 BONNIE S. WALTERS et al. 

0 -2 D 
\ 

u A 

A- 
C 

Fig. 1. Schematic diagram of fiber-optic internal enzyme 
biosensor for ethanol: A, bifurcated optical-fiber bundle; B, 
sensor body; C, internal enzyme solution; D, gas-permeable 

membrane. 

enzyme alcohol dehydrogenase and oxidized nicotin- 
amide adenine dinucleotide (NAD+ ). Ethanol in the 
sample diffuses through the gas-permeable membrane 
and enters the internal solution where it is oxidized 
to acetaldehyde, with the formation of reduced nico- 
tinamide adenine dinucleotide (NADH). Production 
of NADH is followed fluoriometrically with a 
bifurcated optical-fiber bundle positioned in the in- 
ternal solution. The rate of NADH production is 
measured and this rate is related to the sample 
ethanol concentration. 

EXPERIMENTAL 

Optical arrangemenl 

Figure 2 shows a block diagram of the optical arrange- 
ment used for this fiber-optic biosensor. The light source 
was a 100-W quartz halogen-tungsten lamp (Oriel model 
6333) supplied from a constant-voltage transformer (Oriel 
model 6393). Light from this source passed through an 
infrared-blocking filter and a SO-nm band-pass filter with 
transmission centered at 350 nm (Aminco Type UG-1). The 
resulting excitation radiation was focused into one arm of 
a bifurcated optical-fiber probe (Oriel model 77540) com- 
posed of fused-silica fibers. The excitation radiation traveled 
through the bundle and irradiated the internal enzyme 
solution. A portion of the NADH emission was collected by 
the second half of the bifurcated probe. The returning 
radiation was passed through a high band-pass filter with a 
cut-off for I < 450 nm (Aminco Type KV-470), to select the 
NADH emission. The emitted light was detected by a 
photomultiplier tube (Oriel model 77340) and a photomkter 
(Oriel model 7070). The ohotomultiolier was operated at 
- 500 V, and the fluorescent intensities were recorded on a 
strip-chart recorder (Sargent Welch model XKR). 

Sensor conslruclion 

Ethanol Sensors were constructed from a plastic tube that 
was tapered at one end to an outer diameter of 6 mm. A 
square of microporous Teflon (0.02 pm porosity; Gore & 
Associates, Elkton, MD) was stretched across the opening 

Fig. 2. Block diagram of fiber-optic arrangement: A, light- 
source; B, filters; C, bifurcated optical-fiber bundle; D, 
sensor tip; E, filter; F, photomultiplier tube detector system; 

G, strip-chart recorder. 

of this tipered etid’gnd the memLiFane was held in position 
with a plastic O-ring. The internal solution was placed inside 
the sensor and the common end of the bifurcated fiber-optic 
probe was positioned just above the internal solution. 

The internal solution was prepared by combining stock 
solutions of NAD+ and alcohol dehydrogenase with the 
buffer. Unless otherwise noted, the buffer was composed of 
0.3M Tris and 0.022M glycine, adjusted to pH 8.7 with 
hvdrochloric acid. Stock solutions of NAD+ were ureoared 
b; dissolving 0.50 g of NAD+ (Grade III; Sigma ehimical 
Co., St. Louis, MO) in 5.00 ml of water. Stock solutions of 
alcohol dehydrogenase (275 units/mg; Sigma Chemical Co., 
St. Louis, MO) were made by dissolving approximately 
1.5 mg of enzyme in 1 ml of cold buffer. Both NAD+ and 
alcohol dehydrogenase stock solutions were prepared imme- 
diately before use. The internal solution was prepared by 
combining 2.6 ml of buffer, 2.0 ml of the NAD+ solution 
and 0.5 ml of the alcohol dehydroaenase solution. The final 
composition of the internal soiution was 0.15M Tris/O.Ol 1 M 
alvcine/HCl. 0.006M NAD+ and 40.4 units/ml alcohol 
%hydrbgenase; 0.51 ml of this internal solution was em- 
ployed in the sensor, giving approximately 21 units of 
enzyme at the sensor tip. For preparation of all solutions 
freshly distilled demineralized water was employed. 

Sensor response 

Sensor responses were obtained by immersing the tip of 
the ethanol sensor in 10 ml of an external solution which 
was either water or buffer (O.lM Tris + HCl, pH 7.5). The 
external solution was placed in a glass-jacketed cell kept at 
25” with a thermostatic water-bath, and stirred with a small 
magnetic stirring bar. To start, the intensity of the probe 
was monitored without ethanol present, until a steady-state 
baseline value was established. A standard amount of an 
ethanol standard was then added to the external solution, 
and the intensity vs. time data were collected on the 
strip-chart recorder for several minutes before the sensor 
was removed and the next measurement started. 

Various methods were employed to calculate the rate of 
NADH formation. Initial rates were calculated either by 
drawing a line through the intensity-time curve and deter- 
mining its slope, or by performing a least-squares analysis 
of the initial intensity-time data. In the latter case, Intensity 



Fiber-optic biosensor for ethanol 153 

values were read directly from the photometer at specific 
time intervals. Alternatively, rates were calculated by using 
both variable and fixed time procedures. No significant 
differences were detected between the results obtained by 
these various methods. Generally, the graphical initial-rate 
method was employed. 

RESULTS AND DISCUSSION 

The analytical use of the internal enzyme ethanol 
biosensor is based on the relationship between the 
rate of NADH formation and the sample ethanol 
concentration. Figure 3 shows an ethanol calibration 
curve where the rate of intensity change is plotted as 
a function of the sample ethanol concentration. A 
linear relationship is observed over an ethanol con- 
centration range from 0.9 to 9mM. The clinically 
important range for ethanol in serum is approxi- 
mately one order of magnitude higher than the linear 
region of this calibration curve. These results suggest 
that application of this internal enzyme fiber-optic 
biosensor for serum ethanol measurement is possible 
with a simple dilution. 

Because reagents are consumed during operation 
of the sensor, the operating conditions continually 
change during and between measurements. To avoid 
this problem during characterization studies, a new 
sensor was constructed before each measurement. 
Sensor reproducibility was thus a major factor when 
data from the sensors were combined to give the 
various response profiles. Table 1 summarizes a 
reproducibility study in which sensor responses were 
compared for specific ethanol concentrations over the 
concentration range of interest. Overall, the relative 
standard deviation for between-sensor re- 

Table 1. Between-sensor reproducibility for fiber-optic 
ethanol biosensors 

Sensor [Ethanol], mM Rate, nA/min Average* 

1 1.51 0.24 
2 1.51 0.35 0.30 f 0.04 
3 1.51 0.30 (7.5%) 
4 1.74 0.44 
5 1.74 0.43 0.44 f 0.01 
6 1.74 0.45 (2.3%) 
7 1.93 0.46 
8 1.93 0.54 0.47 f 0.05 
9 I .93 0.41 (10.6%) 

10 2.28 0.47 
11 2.28 0.51 0.51 + 0.04 
12 2.28 0.56 (7.8%) 
13 2.51 0.56 
14 2.51 0.52 0.53 * 0.02 
15 2.51 0.53 (3.8%) 

*Average f standard deviation (relative standard devi- 
ation). Rates are expressed in terms of the current output 
from the photomultiplier as a function of time. 

producibility ranged from 2.3 to 10.6% with an 
average of 6.4%. 

Several parameters have been investigated to deter- 
mine their effect on the sensor response. Figure 4 
shows the effect of NAD+ concentration on the rate 
of NADH formation. The rate became constant with 
NAD+ concentrations above 5mM. In subsequent 
studies, 6mM NAD+ was used in constructing the 
sensor, to minimize variations in sensor response with 
slight differences in NAD+ concentration. 

The effects of pH and the buffer composition were 
examined. The optimum pH for the internal solution 
is between 8.7 and 8.8, which agrees with previous 
investigations of this enzymatic reaction.’ The com- 
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Fig. 3. Calibration of fiber-optic internal enzyme biosensor 
for ethanol. 
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Fig. 4. Effect of NAD+ concentration on the rate of sensor 
response. 
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Buffer pH 

Fig. 5. Effects of pH and buffer composition on sensor 
response. A, Tris buffer alone; 0, Tris buffer with 0.038M 

semicarbazide. 

position of the buffer is important because the reac- 
tion catalyzed by alcohol dehydrogenase must be 
forced towards the production of NADH. Thermo- 
dynamically, this reaction favours the production of 
ethanol and NAD+ (K, = lo-r4 for ethanol and 
NAD+ as reactants). In order to employ this reaction 
for analytical purposes, it must be driven towards the 
production of NADH by removing acetaldehyde as 
fast as it is formed. This can be achieved by reaction 
of the acetaldehyde with semicarbazide’ or with the 
primary amino group of Tris. The following reactions 
were investigated with various buffer compositions: 

CH$H,OH + NAD’ 

+ CH,COH + NADH + H+ (1) 

CH,COH + NH,NHCONH, 

+ CHCH = NNHCONH, + HZ0 (2) 

CHrCOH + NH,C(CH,OH), 

+ CH,CH = NC(CH,OH), + H,O (3) 

where (1) is the analytical reaction catalyzed by 
alcohol dehydrogenase, (2) represents removal of 
acetaldehyde with semicarbazide, and (3) involves 
removal of acetaldehyde with Tris. The pH profiles 
for sensors with and without 0.038M semicarbazide 
in O.lSM Tris/HCl buffer are shown in Fig. 5. 
Although the rates in these two buffer systems are 
comparable, slightly faster rates are obtained without 
the semicarbazide. On the basis of these pH profiles 
and the toxic nature of semicarbazide, a 0.15M 
Tris/HCl buffer without semicarbazide is recommen- 
ded. 

Numerous advantages can be expected for internal 
enzyme biosensors. Reagentless probes can be devel- 
oped because the analytical reaction is physically 
separated from the sample solution. This separation 
allows the use of optimal conditions for the analytical 
reaction without altering the sample. This advantage 
is a key feature of the internal enzyme concept 
because it allows in situ biomeasurements without 
perturbation of the system. 

Rapid response times are expected for this sensor 
because it is based on a rate measurement which can 
be made shortly after the sensor is placed in contact 
with the sample. Also, there is no need for the sensor 
response to return to the baseline before the next 
assay. This absence of a recovery step is a major 
advantage over conventional biosensors, which often 
require many minutes to recover before the next 
measurement can be made.‘v6 

Excellent selectivity is expected for this type of 
biosensor because there are two selectivity factors 
which discriminate against possible interferences. 
First, a highly selective enzyme is employed as the 
catalytic component. Secondly, the gas-permeable 
membrane prevents non-volatile interferents from 
entering the analytical solution. This latter feature 
protects the system from common enzyme inhibitors 
and activators. In addition, sample turbidity is not a 
problem because particulate material cannot pass 
through the gas-permeable membrane and enter the 
analytical solution. 

Several disadvantages are expected, however. First, 
the bioanalyte must be capable of passing through 
the gas-permeable membrane, which restricts this 
type of biosensor to volatile substrates. This re- 
striction drastically limits the number of bioanalytes 
for which internal enzyme biosensors can be devel- 
oped. A potential limitation is the consumption of 
reagent by the sensor. Many strategies can be devel- 
oped to deal with this problem. One is to develop 
disposable biosensors, a batch of sensors being pre- 
pared and the entire batch calibrated by testing a 
representative sample. Each remaining sensor is used 
once and then discarded. Such an approach requires 
a high degree of reproducibility between sensors 
within a batch. Alternatively, sufficient reagent can be 
added to the internal solution to allow several mea- 
surements (including calibrations) to be made with a 
single sensor. A further approach involves con- 
tinuous pumping of fresh reagents to the sensor tip. 

The data presented here clearly illustrate the fea- 
sibility of the internal enzyme biosensor approach. 
Biosensors of this type are not restricted to use with 
fiber-optic detection and other transducers can be 
used to monitor the rate of the biocatalyzed reaction. 
We plan to continue our development of this ethanol 
biosensing probe and to extend the internal enzyme 
concept to other biosensing systems. 
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SALAD-STATE ~~STRU~E~TAT~~~ FOR USE WITH 
OPTICAL-Fl[BRE CHEMICAL-SENSORS 
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(Rece&ed 20 Muy 1987. Accepted 21 Atrgusr 1987) 

Sunnnary-A solid-state instrument has been developed for use with optical-fibre pH-sensors, which 
incorporates light-emitting diode sources and a photodiode detector. The instrument has an internal 
reference. The optical and electronic principles are described. The responses of the sensor and instrument 
are reported and compared with those obtained with conventional instrumentation. 

The use of optical fibres for chemicai sensing is a 
recent development, and offers some advantages over 
other systems, such as electrical isolation, sui~bility 
for use in hazardous environments, potentially smait 
sensor size and freedom from electrical interference. 
A rmmber of sensors for various chemical species 
have been reported.‘” 

Many systems have been used to retrieve informa- 
tion from this type of sensor and a number of these 
have been based on conventional spectrophotometers 
or similar equipment, which utilize incandescent 
sources, a wavei~~h-plating element (filter, grat- 
ing or prism) and a detector (photomuItiplier or 
photodiode).“’ 

We have already reported the development of a 
p&sensor,’ based on the use of a p&sensitive dye 
immobilized at the tip of an optical fibre. The instru- 
mentation employed in this development study was 
rather large and consisted of a broad-band light 
source (tungsten-halogen incandescent lamp), a 
mechanical modulator, monochromator, photo- 
multiplier, demodulator and amplifier. This system, 
though suitable for development studies and evalu- 
ation of sensing-probe systems, would not be of 
practical use as a portable PI-5measuring system. 
There is a need for simple instrumentation suitable 
for use with opti~l-~bre chemi~l-sensor. 

Solid-state sources have been used6 as a source of 
continuous iIlumination, and their use may be sus- 
ceptible to interference from variation in ambient 
light. A sensing system using a modulated solid-state 
source and solid-state detector has also been 
reported’ but without the incorporation of a refer- 
ence system. Systems using solid-state sources and 
detectors used in conjunction with remote absorption 
cells have also been reported.!jg Optical-fibre 
chemical-sensor inst~men~tion incorporating a ref- 
erence system has been reported by Peterson,2 which 

*To whom ~~es~nd~~ should be addressed. 
jPresent address: Department of Eleetrioal Engineering, 

Monash University, Clayton 3168, Victoria, Australia. 

uses an incandescent light-source, interference filters 
for wavelength selection, and m~hani~l modu- 
lation. Here we report the const~ction of a dedicated 
inst~ment for use with optical-fibre pH-sensors. This 
instrument employs solid-state sources and detector, 
which allows it to be small, portable and of low 
power consumption. The use of modulated sources 
allows the sensors to be used without any shielding 
from ambient light. A reference system is incorpo- 
rated to compensate for any optical losses due to fibre 
coupling or bending, for example. 

Sffwces 

Light-e~tting diodes (LEDs) were chosen as the light- 
sources, because they have a reasonably narrow band-width 
(typically 30 nm) and low power consumption, may be 
modulated electronically, and are available for wavelengths 
that are suitable for use with several indicator dye systems. 
The measuring LED has an emission wavelength of 635 nm 
and the reference LED (a “sweet spot” device) has an 
emission wavelength of 820 mn. Ideally the reference and 
measuring wavelengths should be derived from the same 
source, but since LEDs are narrow-band sources this was 
not possible. The hgbt from the two sources was combined 
and then followed the same optical pat& &rot@ the sensor 
to the detector. 

The detector used was a silicon phot~~~e. Photons 
that respond in the waveiength region of interest are small, 
robust, cheap and do not require the b&h-voltage supply 
associated with ph~tomultipli~ tubes. However, they do 
not have the gain of photomultiplier tubes and are, there- 
fore, less sensitive. 

In the application described here, the light-signal detected 
was intense enough to allow photodiodes to be used. The 
response of photodiodes extends into the near infrared 
regions. 

Refemwe system 
In an optical-gbre che~l-~n~~g system, changes in a 

signal intensity which may be due to non-chemical causes, 
for example, fibre bending or changes at iibre connections 
etc., will produce an output change which may be er- 
roneously considered to be of chemical origin. A reference 
system is therefore necessary to correct for these effects. The 
system used in the instrument described here utilixes a 
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Fig. 1. Block diagram of the optoelectronic instrument. 

second light-source which emits at a wavelength that is not 
absorbed by the immobilized indicator reagent. The 
reflected light intensity at this “reference” wavelength will 
be independent of the state of the indicator, and will depend 
only on the optical losses in the system. Thus, dividing the 
signal intensity obtained at the measurement wavelength by 
the signal intensity at the reference wavelength gives a 
measurement that depends only on the indicator state. The 
measurement and reference information is separated by 
using time-division multiplexing. The sources are pulsed 
alternately at approximately 2 kHz. The signal from the 
detector is a train of pulses, with alternate pulses corre- 
sponding to signals from one of the sources, thus allowing 
the optically encoded information to be separated. The two 
signals are amplified and converted into dc signals, and the 
ratio of their intensities is then displayed on a meter. 
Experiments were made with different modulation fre- 
quencies for each source, and narrow-band filters were used 
to separate the measuring and reference information; the 
channel separation achieved, however, was less satisfactory. 

The instrument may be divided into the optical system 
and the electronic system. 

Opiical system 

The optical system consists of the two source LEDs, the 
photodiode detector and the interconnecting optical fibres. 

The measuring LED source was modified for connection to 
an optical fibre by removal of part of its body, so that there 
was a flat, polished surface perpendicular to the direction of 
light emission and very close to the emitting junction. A 
spherical glass bead (approx. 1 mm diameter), which acted 
as a focusing lens, was cemented in an indentation made 
over the emitting area. Both LED sources were cemented 
onto modified optical-fibre connectors. The signal was 
received by a photodiode, which was cemented to an optical 
fibre connector similarly to the LEDs. The light from the 
sources was combined by using a bifurcated polymer 
optical-fibre bundle (Optronics, “Crofon” fibre) consisting 
of sixteen fibres, with eight fibres going to each source. 

Electronic system 

The system, illustrated in a block diagram (Fig. I), 
consists of two parts: the source timing and driving circuits 
in one part and the detection circuits in the other. A timer 
is used to provide the time base, which is divided by using 
logic circuits (JK flip-flop and OR gates) to provide two 
signals which are 180” out of phase with each other and have 
a mark-to-space ratio of 1 to 3. These signals were used to 
drive the LED sources, so the two LEDs operated alter- 
nately. A synchronization signal was also derived from the 
logic circuits, which controlled the analogue switches in the 
detection circuits. The signals detected by the photodiode 
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Fig. 2. Probe response vs. pH. 0 Measured with opto- 
electronic instrument described. A Measured with con- 

ventional instrumentation.4 

were amplified and split into two identical channels, each of 
which was earthed to minimize switching noise. The signals 
were then passed to the analogue switches, which were 
controlled by the timing logic to allow alternate pulses to 
pass into each RMSDC converter such that each channel 
corresponded to one LED. The ratio of the d.c. levels from 
the RMSDC converters was displayed on the digital panel 
meter. 

All components were supplied by RS Components Ltd. 

The pH-sensing probe 
An optical-fibre pH-sensor incorporating Bromothymol 

Blue was used in conjunction with this instrument. The 
probe was constructed and tested as described previously.’ 
The pH-sensor was placed in a buffered solution and the pH 
of this solution was varied between 6 and 10. The instrument 
output was plotted against the solution pH (Fig. 2). The pH 
of the solution was monitored with a glass electrode (EIL) 
and a pH-meter (EDT model ecm 201). All reagents were 
obtained from BDH Chemicals Ltd. 

RESULTS AND DISCUSSION 

As shown in Fig. 2, the instrument output shows 
good agreement with the results obtained by using 
the conventional system described previously’ at a 
single wavelength. After suitable calibration this in- 
strument may be used to monitor the response of an 

optical-fibre pH-sensor of the type described. The 
response is linear over a range of approximately 
2.0 pH units with a resolution of 0.01; the range and 
resolution would of course depend on the indicator 
used in the sensor.4 The instrument showed a random 
drift of f2% of reading over a 3-hr period, which 
may be attributed to thermal effects on the system. 

CONCLUSIONS 

We have shown that a solid-state instrument can be 
developed and constructed for use with optical-fibre 
chemical-sensors. This instrument offers the advan- 
tages of being small, portable, with low power con- 
sumption, and of low cost when compared to the 
conventional instrumentation that can be used with 
these sensors. Though the instrument described was 
developed for use with optical-fibre pH-sensors, it 
could also be adapted for use with other optical 
chemical-sensors based on the use of immobilized 
calorimetric reagents and suitable light sources. 

The instrument could also be converted to provide 
a direct pH read-out. Any problems associated with 
drift of the two source outputs may be overcome by 
the incorporation of a monitoring and control system 
so that the source outputs can be maintained con- 
stant with respect to each other. 

Acknowledgement-The partial support of Elf (UK) plc for 
this work is acknowledged. Elf (UK) plc hold proprietary 
rights on this instrument. 
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Summary-Nanogram and picogram quantities of uranium were determined in biological materials by 
radiochemical neutron-activation analysis. Two different approaches using either 239U or 239Np were 
employed for cross-checking, and the question of negative errors due to incomplete acid dissolution of 
any possible inorganic (siliceous) fraction was studied. In the first and main approach, radiochemical 
separation of the short-lived 239U (23.5 min) nuclide was based on TBP extraction following rapid 
conventional wet-ashing. Addition of large amounts of uranium carrier (cu. 50 mg) allowed the chemical 
yield to be evaluated from the gamma spectrum of the isolated fraction by means of the 186 keV peak 
of 235U. In the second approach, the longer-lived 239Np (56.5 hr) daughter was separated by anion- 
exchange; this nuclide allowed use of lengthier dissolution procedures employing total decomposition with 
hydrofluoric acid. Nanogram quantities of 237Np were irradiated simultaneously with the sample and an 
aliquot of the resulting solution containing 237Np and 23*Np (51 hr) was added prior to sample destruction, 
these isotopes serving as carrier and yield tracer, respectively. Results are presented for a series of reference 
materials. The methodologies and results from the two approaches are discussed and evaluated. 

There are considerable amounts of data in the litera- 
ture on the low concentrations of uranium found in 
foodstuffs and human tissues: nevertheless, it is ap- 

parent from a recent review by Wrenn et al.’ and 
from other papers 24 that there is still disagreement 
over the concentrations in bone, and few and 
conflicting values for soft tissues and blood. This is 
probably due at least in part to the fact that none of 
these studies included verification of the analytical 
methods by the use of certified reference materials 
(SRMs, CRMs), which have only recently become 
available from the US National Bureau of Standards 
(NBS), Washington, and that few of them used any 
other forms of quality control, such as the standard 
additions method, analysis of precision, or inter- 
laboratory intercomparisons. 

Though there are several very sensitive analytical 
techniques for uranium, such as isotope-dilution 
mass spectrometry,5 neutron-induced track count- 
ing6s7 or fluorimetrys*9 (commercial instruments using 
laser-induced fluorescence are now available), 
neutron-activation analysis (NAA) possesses the 
not inconsiderable advantage, at ultratrace or sub- 
nanogram levels, of being essentially a blank-free and 
matrix-insensitive technique. It was the aim of the 
present study to develop a radiochemical NAA 
method suitable for the analysis of the types of tissue 
mentioned above, and applicable to work in our 
co-operative project with the NBS, to assist in the 
certification of the uranium content of biological 
reference materials (or candidate RMs). For this 
purpose a technique using the short-lived (23.5 min 
half-life) 239U radioisotope of uranium and solvent 
extraction with tri-n-butyl phosphate (TBP) follow- 

ing neutron irradiation and rapid wet-ashing, was 
developed, based on earlier work by Steinnes’O*” and 
in our laboratory. I2 A novel feature was the addition 
of large amounts of uranium carrier (cu. 50 mg) 
which allowed the chemical yield of the separation to 
be evaluated from the gamma-ray spectrum of the 
isolated uranium fraction (used for quantification 
of the 74.7 keV peak of 239U) by counting the 
185.7 keV gamma-rays of the naturally radioactive 
235U isotope of the carrier. 

Arising from the desirability of verifying this 
method and the results it produced, a second ap- 
proach using the longer-lived daughter of 239 U, 239Np, 
with a half-life of 56.5 hr, was also developed, based 
on anion-exchange separation of neptunium. This 
not only allowed cross-checking of results, but also 
enabled a lengthier, total dissolution of the sample to 
be used. This allowed us to investigate whether results 
obtained for certain materials by the 239U technique 
with conventional wet-ashing might be subject to 
negative errors due to incomplete dissolution of any 
possible lithogenous or siliceous uranium-containing 
fraction, for example, in botanical materials perhaps 
contaminated by soil or dust. In this second ap 
preach, a radioisotopic technique for measurement 
of the chemical yield was also employed. Some tens 
of ng of 237Np (half-life 2.1 x lo6 yr) were irradiated 
simultaneously with the sample and an aliquot of the 
resulting solution containing 237Np and the induced 
gamma-emitter 23*Np (half-life 50.8 hr) was added 
prior to sample destruction, these isotopes serving as 
carrier and yield tracer, respectively. 

Results for a series of biological SRMs, mainly 
from the NBS, are given and the results and meth- 
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odologies of the two approaches are discussed and 
evaluated. 

EXPERIMENTAL 

Reagents and materials 

A 25% (v/v) solution of TBP in toluene was prepared. A 
5M nitric acid solution containing 2 ml of 40% hydrofhtoric 
acid per litre was prepared and stored in a polythene bottle. 
Hydrochloric acid (9M, 4.5M and 0.5M) and 7M nitric acid 
solutions were prepared. 

Anion-exchange columns, 10 cm long and 1 cm in di- 
ameter, were prepared in glass tubes fitted with a stopcock, 
by slurrying fiowex-1 x 4, 50-100 mesh (or Dowex-1 x 8, 
100-200 mesh) in the Cl- form. The columns were well 
washed with water and OSM hydrochloric acid and precon- 
ditioned immediately before use, 6rst with 4.5M and then 50 
ml of 9M hydrochloric acid. The columns were m-used after 
washing well with 0.5M hydrochloric acid, water and 0.5M 
hydrochloric acid and preconditioning as above. 

z37N~ solution. 1 nCi (37 Ba) ner ml. was diluted with 7M 
nitric a’cid to give a con&ntra&m of 0: 1 nCi/g equivalent to 
about 140 rig/g,, IThe specific activity of 237Np is 0.7 pCi (26 
mBq) per ng of Np.] 

Irradiations 

For analysis using 239U, samples and uranium standards 
were irradiated in the pnematic transfer system (rabbit) of 
the Institute’s TRIGA MK II reactor in the “F” ring at a 
neutron flux of 4 x lOu n.crn2.sec-’ for up to 30 min, 
depending on the uranium content. 

For analysis using 239Np, samples and uranium standards 
and a 200+1 aliquot of 237Np solution were irradiated in the 
rotating rack position (Lazy Susan) at a neutron flux of 
2 x lo’* n.cm-2.sec-’ for about 20 hr and cooled for a 
further 24 hr before commen~ng the procedure. 

SampIes 

Materials were weighed and sealed into polythene am- 
poules that had been cleaned by soaking for several hours 
in 7M nitric acid and rinsing well, and then dried. The sealed 
ampoules were further encapsulated in polythene foil 
to avoid superficial contamination during irradiation and 
handling. The sample weights ranged from 250 mg to 1 g for 
the lowest uranium concentrations fB9U method). 

Standards 

Working irradiation standards of 1 fig/ml uranium (for 
239U), and 5 pg/ml (for 239Np), both in 1% v/v nitric acid, 
were prepared at frequent intervals by dilution of a stock 
0.1 mg/ml solution prepared from uranyl nitrate hexa- 
hydrate. This was checked against a second standard pre- 
pared from uranyl acetate from a different supplier. A 
carrier solution of 50 mg/ml uranium was also prepared 
from uranyl nitrate. All these materials were of natural 
isotopic composition. About 200 ~1 of irradiation standard 
for 239U were sealed in a polythene tube, 2 mm in bore. After 
irradiation, a 100~)rl aliquot was pipetted out, weighed and 
made up to the same volume (10 ml) as the extracted sample 
fraction, with acidified carrier solution. For =Np, about 
200 ~1 of the more concentrated uranium solution (5 pgfml) 
were weighed and sealed in a silica tube (bore 2 mm). After 
irradiation, the contents were quantitatively transferred to 
a counting bottle with the aid of 1 ml of 9M hydrochloric 
acid con&ring a few drops of hydrofluoric acid (to complex 
No and assist in leachina the walls of the tube) with which 
thk silica tube was tins& several times, being allowed to 
stand for some time filled with the rinsing solution for each 
wash. The solution was then made up to 10 ml with 4.5M 
hydrochloric acid. About 200 ~1 (the exact amount need not 
be. known) of 237Np solution in a similar silica tube was 
irradiated together with the uranium (z3yNp) standard. 
After irradiation it was transferred and diluted to volume 

with 7M nitric acid in a IO-ml standard flask. Aliquots of 
1 ml give a suitable activity of 238Np for tracer purposes 
(about 1 cps at the 984 keV peak). 

Actiuity measurements 

Gamma-ray spectroscopy of IO-ml volumes contained in 
50-ml polythene bottles (diameter 45 mm) was performed by 
measurement directly on the top of an ORTEC intrinsic Ge 
detector (17% efficiency, 1.8 keV resolution at 1332 kev) 
connected to a Canberra 80 multichannel analyser system. 

Uranium-239. Total peak areas of the 74.7 keV peak of 
239U (in the sample and standard) and the 185.7 keV peak 
of 235 U (in the sample) were measured imm~iately after the 
end of the mdi~hemical procedure. The peak of 23sU at 
185.7 keV was used to evaluate the chemical yield by 
reference to the count rate of an unprocessed aliquot of 
uranium carrier solution (50 mg/ml). The count rate of the 
185.7 keV peak under our conditions was about 1.5 cps for 
50 mg of natural uranium. The counting time of the sample 
was normally 1200 set, or 1800 set near the limit of 
detection. Thus to achieve good statistics, the sample frac- 
tion was normally counted again for about 5000 set to 
determine the yield with higher precision (though for routine 
use the first count would be acceptable). The amount of 
uranium carrier added (50 mg) gave a compromise between 
precise evaluation of the chemical yield without lengthy 
counting, and reduced accuracy in the evaluation of the 
74.7 keV 239U peak at low activities due to au increase in the 
Compton back~ound under this peak, from =‘I_7 activity. 
Corrections were applied to make allowance for decay 
between the standard and sample countings, and to the 
sample count when it was not short relative to the half-life 
of 239U. In addition, for samples with very low uranium 
contents, a very small correction was applied to the 74.7 keV 
peak area to allow for X-rays at this energy, induced from 
heavy elements (mainly in the detector itself) by the activity 
of the sample (largely z35U) and the background. 

Neptu&m-239-%e peak of 239Np at 277.6 keV, and that 
of 238N~ at 984.4 and the doublet at 1026 and 1028.5 keV 
were counted under the same conditions as for 239U (see 
above). 

The chemical yield was evaluated from the weights used 
and the relative count rates of 238Np (as the sum of the 984.4 
and 1026 + 1028.5 keV doublet peaks), from the sample and 
from an untreated aiiquot of the 238Np solution used for 
spiking the samples. 

The 228.2 keV peak of 239Np is not suitable for deter- 
mination of uranium, as this peak has a contribution from 
the fission product 12Te. On the other hand, the 103.7 
and/or 106.1 keV peaks of 239Np may be used, and in fact 
offer a higher sensitivity than the 277.6 keV peak. However, 
account should bc taken of the small ~n~bution to the 
103.7 keV peak from urNp (103.8 keV, 0.33%), and the 
possibility of a contribution to the 106 keV peak from 
“‘Srn, if present as a radiochemical impurity, 

Radiochemical procedure 

23pU method. The irradiated sample was rapidly wet-ashed 
over a gas flame in a IOO-ml long-necked silica Kjeldahl 
flask already containing 3 ml of 9M sulphuric acid and 
50 mg of U (1 ml of carrier solution) by heating with 
repeated additions of concentrated nitric acid until a pale 
yellow-green colour was obtained which did not darken on 
heating. The flask was then cooled by being plunged into 
water, l-2 ml of concentrated perchloric acid was added, 
and the flask reheated to evaporate the perchloric acid as 
dense white fumes. (Note. If the use of perchloric acid is 
precluded by the fume-hood design or safety regulations, the 
wet-ashing can also be satisfactorily completed by dropwise 
addition of 30% hydrogen peroxide at this stage, and the 
excess destroyed by boiling.) The contents of the flask were 
transferred to a SO-ml separatory funnel with 19 ml of 5M 
nitric acid (measuring cylinder), added in two portions. 
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Uranium was extracted by vigorous shaking for 3040 set 
with 10 ml of 25% TBP solution in toluene, and the aqueous 
phase was run off and discarded. The organic phase was 
washed briefly with two 5-ml portions of 5M nitric acid 
containing 2 ml of hydrofluoric acid per litre. The organic 
phase was drawn off by pipette, run into a 50-ml polythene 
measuring bottle (diameter 45 mm) and counted directly on 
the top of the Ge detector. The separation procedure takes 
about 15 min to perform. 

u9Np method. For destruction- by wet-ashing without 
hydrofluoric acid, the irradiated sample was transferred to 
a Kjeldahl flask already containing 2 ml of concentrated 
sulphuric acid and a weighed aliquot of the 237+2asNp tracer 
(see above, standards), and wet-ashed as described for the 
239U method. 

If total dissolution with the aid of hydrofluoric acid was 
to be used, the irradiated sample was transferred to a lOO-ml 
Teflon beaker containing the u7+238Np spike, and 5 ml of 
concentrated nitric acid were added. It was covered with a 
watch-glass and allowed to simmer on a hot-plate for 1 hr. 
Then 5 ml of concentrated perchloric acid were added and 
the heating was continued. More nitric acid was added from 
time to time as necessary. When a clear yellow solution was 
obtained, 5 ml of 40% hydrofluoric acid were added and 
allowed to boil off from the uncovered beaker. Another 
5 ml of hydrofluoric acid were added and heating was 
continued until the volume was reduced to l-2 ml. 

In both procedures, 20 ml of 9M hydrochloric acid were 
then added, followed by about 0.5 g of hydroxylamine 
hydrochloride, and the solution was warmed gently for 
about 10 min to ensure that Np was present as Np(IV). 
When the hydrofluoric acid system was used, about 0.5 g of 
boric acid was also added to complex any remaining trace 
of fluoride, which would otherwise decrease the sorption of 
Np on the anion-exchanger. 

The solution was then transferred to the top of the anion- 
exchange column and allowed to flow through it at about 
I ml/min. (If there is a precipitate, it will dissolve during the 
subsequent elution.) The column was then washed with 
50 ml of 9M hydrochloric acid, and 50 ml of 7M nitric acid. 
The Np was finally eluted from the column with 50 ml of 
4.5M hydrochloric acid and collected in a clean Kjeldahl 
flask. The volume was reduced to a few ml by boiling and 
the solution transferred with 4.5M hydrochloric acid to a 
counting bottle to give a volume of- 10 ml for gamma- 
spectroscopy. 

RESULTS AND DISCUSSION 

The ‘-U method 

The neutron-capture reaction 

and successive beta decay offer two possibilities for 
NAA of uranium, by use of either the short-lived 239U 
or its longer lived 239Np daughter. In the procedure 
developed by Steinnes,losu 239U was separated by 
solvent extraction with TBP; however, it was re- 
ported that some of the heavier rare-earth elements 
were partially co-extracted, as might be expected 
from the data of Peppard.13 Dermelj et al.,12 in this 
laboratory, showed that the use of a SM nitric acid 
solution containing a small amount of hydrofluoric 
acid (0.2% v/v) was very effective in improving the 
radiochemical purity by removing traces of radio- 
nuclides other than those of uranium, which is im- 
portant if an NaI(T1) well-type detector, with high 

efficiency but low resolution, is to be used to measure 
the 74.7 keV gamma-rays of 239U. In that work, the 
chemical yield was determined by re-activation. In 
the present modification, the yield is more simply 
determined by counting the 185.7 keV gamma-rays of 
23’U in the separated uranium fraction, after addition 
of large amounts (cu. 50 mg) of uranium carrier at the 
beginning of the radiochemical procedure. In this 
case the use of a Ge or Ge(Li) high-resolution 
detector is preferable. The clean-up washes con- 
taining hydrofluoric acid suristantially reduce the 
Compton background under the 74.7 keV peak 
measured on the Ge detector, and are also very 
effective in stripping 234Th, 23’Th and 2”Pa, the 
gamma-emitting progeny in radioactive equilibrium 
with the added natural uranium carrier, leaving only 
235U gamma-rays. Fortunately, 239U, apart from a 
gamma-ray at 43.5 keV (5.6%), has no significant 
gamma-rays other than the main peak at 74.7 keV 
(59.3%). These aspects are illustrated in Fig. 1. The 
spectrum of 239U separated from NBS Bovine Liver 
demonstrates the sensitivity and radiochemical purity 
achieved with the method. 

Preliminary experiments on the extraction of 
uranium from wet-ashed residues were performed to 
optimize the chemical yield. The presence of sul- 
phuric acid lowers the extraction of uranium with 
TBP from nitric acid media, but 3 ml of 9M sulphuric 
acid in 20 ml of the aqueous phase (i.e., yielding 5M 
nitric acid and 1.3M sulphuric acid) still gives a good 
recovery, as shown in Table 1. The amount of 
sulphuric acid used is a compromise between speed of 
wet-ashing on the one hand, and chemical yield on 
the other. If smaller amounts of sulphuric acid are 
used, the wet-ashing is slower and the higher extrac- 
tion is offset by the increased decay of 239U. The 
chemical yield for the method, with biological ma- 
terials and using only 2 ml of 9M sulphuric acid, was 
found to be 86 + 2.5% (10 replicates), and when the 
quantity of sulphuric acid was increased to 3 ml to 
speed up the wet-ashing, especially for large sample 
aliquots, the yield found was 83 f 2% (10 replicates). 

The results obtained by the 239U method for a 
range of reference materials, mostly from the NBS, 
are shown in Table 2. (Some of these results and 
a preliminary version of the method were reported 
earlier.20) 

Excellent agreement with the certified values was 
found for NBS Oyster Tissue and New Bovine Liver; 
for Pine Needles our result was somewhat lower, but 
the uncertainty of the certified value is high. Also, in 
the compilation of literature values for NBS Refer- 
ence Materials published by Gladney et al.,‘” the 
results of four other laboratories for Pine Needles 
(13, 15, 15 and 18 ng/g), all obtained by NAA, give 
a mean of 15 * 2 rig/g.. 

Kelly and Fassett’ have described an isotope- 
dilution mass-spectrometric (IDMS) method, which 
as a reference method of high accuracy and sensi- 
tivity, was used for the certification of uranium in the 
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Fig. 1. Gamma-spectra of: (a), uranium carrier, showing 
Peaks of 23JU and daughters of 238U and 235U (2”Th; 234Pa; 
23’Th); (b), uranium after TBP extraction, showing only 
235U Peaks; (c), uranium fraction (about 0.5 ng of U) 
extracted from neutron-irradiated NBS Bovine Liver SRM 
1577a, showing 239U Peak at 74.7 keV and peaks of =IIJ as 

in (b). 

new Bovine Liver SRM 1577a at NBS. By our 
method, besides obtaining good results for Bovine 
Liver, we were able to analyse NBS Wheat Flour 
SRM 1567a, Rice Flour SRM 1568a, and Non-fat 
Milk Powder SRM 1549, the last-named being found 
to contain only a quarter of the uranium in 1577a (see 
Table 2). For this ultratrace material, an NaI(T1) 

Table 1. Extraction of uranium (%) by 25% TBP in toluene 
from mixed HNO,-H,SO, media at a phase ratio of 1: 1 

WSO.1. M\IHNO,l, M 3.5 5.25 7.0 

0.9 93.7 93.3 93.3 
1.8 89.0 87.0 84.0 
3.6 70.4 67.0 63.0 

well-type detector was used to increase the efficiency 
of counting, only 100 pg of uranium carrier being 
added to reduce the background signal under the 
peak, and the yield was determined by the re- 
activation technique. The net areas of the 239U peak 
for the Milk Powder sample (about 900 mg) were 
around 2000 counts, and a good standard deviation 
was achieved even at this very low level. If available, 
a well-type Ge detector would be ideal for such 
ultratrace work and would enable the 23JU isotopic- 
yield technique to be applied. 

Notwithstanding the discussion above of our 
results for Pine Needles, these values aroused our 
suspicions that the difference from the certified value 
could be due to the fact that total dissolution with 
hydrofluoric acid was not used, and stimulated us to 
develop the alternative 239Np procedure. For certifi- 
cation work, total dissolution is mandatory. It is also 
worth pointing out that the 239U method involves 
handling large quantities of uranium as carrier, so the 
possibility of contamination should be borne in mind. 
Good housekeeping and the use of separate areas for 
preparation of samples and for radiochemical work 
avoid this potential danger. 

The z39Np method 

This method was developed largely as a check on 
the correctness of the results produced by the more 
rapid and sensitive 239U technique. Apart from its use 
as a back-up method, it has some advantages in its 
own right, largely due to the longer half-life of ‘“Np 
(56.5 hr), which allows more elaborate sample de- 
composition and radiochemistry to be applied (in 
particular, total dissolution with the aid of 
hydrofluoric acid). 

The major disadvantage of working with 239Np in 
earlier methods,‘4*15 was the fact that when used as a 
carrier-free nuclide it is very prone to co-adsorption 
and co-precipitation losses, and the chemical yield is 
difficult or impossible to measure. These problems 
were completely overcome in our method by addition 
of neutron-irradiated 237Np to the sample before 
starting the procedure. The long-lived alpha-emitter 
237Np (2.14 x lo6 yr) is of very low specific activity 
and sufficient can be added to act as a carrier: several 
ng of Np are added to each sample. The 23*Np 
produced by neutron-capture during irradiation is a 
gamma-emitter of half-life 50.8 hr, which acts as a 
tracer to allow the determination of the chemical 
yield of the Np separation. 

The use of the isotopes of Np as mutual tracers 
has several interesting applications. Thus Niese and 
Niese*’ used 239 Np and 238Np to monitor the recovery 
of 237Np separated from spent nuclear fuel, with 
subsequent non-destructive NAA to measure the 
concentration of 237Np, by means of Z3BNp. In the 
case of reactor water, 23*Np was usedU to monitor the 
recovery of 23?Jp in NAA of the uranium content. 
Byme23 used 239Np to measure the recovery of 237Np 
separated from Cumbrian sediments, and then, fol- 
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Table 2. Concentrations of uranium found by the 239U method in biological 
reference materials, @g/kg dry weight) 

Material Found* Certified Literature 

NBS SRM-1566 
Oyster Tissue 111&3(6) 116&6 
NBS SRM-1575 
Pine Needles 14.5 f 0.6 (5) 20+4 
NBS SRM-1577a 
New Bovine Liver 0.70 f 0.035 (5) 0.71 * 0.03 
NBS SRM-1549 
Non-fat Milk Powder 0.17 f 0.01 (5) - 

NBS SRM-1567a 
Wheat Flour 0.29 f 0.04 (7) - 

NBS SRM-1568a 
Rice Flour 0.27 + 0.02 (7) - 

NBS RM-8431 
Mixed diet 2.4 f 0.3 (3) - 3.1 + 1.2’9 
IAEA CRM H-9 
Mixed human diet 5.3 f 0.2 (3) - 5.0 f 0.619 

*Mean and standard deviation, number of replicates in parentheses. 

lowing neutron-irradiation, 2aNp again to measure 
the yield of 23sNp in the post-irradiation radio- 
chemical separation. In the present technique, 238Np 
is used to monitor the yield of 239Np produced by 
neutron-irradiation of uranium. The gamma-energies 
of z3*Np and 239Np are very compatible for gamma- 
spectroscopy, as the former has virtually no low- 
energy gamma-rays, while the latter has no high- 
energy gamma-rays. It should also be noted that the 
absolute activity of 23*Np (or of 237Np) is not re- 
quired, as the chemical yield measurement is based 
purely on relative measurements of the gamma-peaks 
of 238Np in an unprocessed aliquot (as standard) and 
in the sample fraction separated according to the 
procedure above. 

This radiochemical separation is based on well 
known ion-exchange behaviour; the anion-exchange 
separation of Np(IV), which closely resembles Pu(IV) 
in its behaviour, is based on the fact, used in very 
many published methods for Pu determination, that 
a combination of concentrated hydrochloric acid 
(2944) and 7-M nitric acid elutes virtually every 
other element from an anion-exchange column and is 
thus very selective for Np(IV) and Pu(IV). Both may 
be stripped with dilute hydrochloric acid or mineral 
acid containing hydrofluoric acid [or in the case of 
Pu, by elution as Pu(II1) with a reducing agent such 
as iodide]. In Edgington’s procedure14 for NAA of U 

and Th, anion-exchange was used to separate 239Np 
(and 233Pa), but only hydrochloric acid was used to 
elute impurities from the anion-exchanger. 

The radiochemical purity of the separated 239Np 
was excellent; only traces of 233Pa (from Th), ‘r7W 
and occasionally 122Sb were observed in the spectra. 
The radiochemical yield averaged around 80%. 

The total dissolution of biological materials in a 
Teflon beaker (or bomb) with nitric, perchloric and 
hydrofluoric acid mixtures is relatively slow and 
tedious, particularly when compared with wet-ashing 
in a Kjeldahl flask (5-10 mm). However, the longer 
half-life of 239Np is compatible with such procedures 
and with the lengthier anion-exchanger separation. 

Comparisorz of the 239U and 239Np methods 

As mentioned above, it was of particular interest to 
compare results from the 239U method with those 
obtained by the 239Np procedure, both with and 
without the use of total dissolution with hydrofluoric 
acid. Table 3 shows such results for three NBS 
botanical reference materials. Noteworthy is the very 
good agreement between the two methods when the 
same type of initial wet-ashing technique was used, 
and the small but significant increase in the concen- 
trations found in these plant materials following total 
dissolution. From these results we may also deduce 
something about the relative size of the endogenous, 

Table 3. Comparison of uranium concentrations in botanical reference materials found by 239U method 
with those from 239Np method with and without HF dissolution, @g/kg dry weight) 

Material 

NMS SRM-1575 
Pine Needles 
NBS SRM-1527 
Citrus Leaves 
NBS SRM-1571 
Orchard Leaves 

239 Np 239Np 
U9U (without HF) (with HF) Certified Literature 

14.5 f 0.6 (5) 14.9 f 1.0 (4) 17.8 f 0.9 (6) 20*4 15 f 2’6 (4)T 

29.9 + 0.7 (4) 31.2 + 1.0 (6) 36.3 k 2.2 (6) 1150 32.3 f 3.419 

23.5 f 1.5 (6) 23.2 f 1.2 (3) 29.3 & 1.6 (6) 29 f 5 

*Mean and standard deviation, number of replicates in parentheses. 
tMean of results from four laboratories. 
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biological (soluble) fraction and the residual, in- 
soluble fraction, presumably due to soil or dust 
contamination on leaf surfaces. Assuming a crustal 
abundance of 2 mg/kg for uranium, and an endogen- 
ous biological uranium content of about 20 pg/kg in 
the plant material, soil contamination of 1 part per 
1000 (0.1%) would increase the uranium content by 
10% to 22 pg/kg. Heydorn et al.” showed in the case 
of vanadium that discrepancies in the results for 
Orchard Leaves could be largely attributed to the 
same cause, namely, incomplete dissolution of the 
substantial visible siliceous residue. 

There are of course two viewpoints on this ques- 
tion; while the producers of reference materials may 
feel that a warning (caveat emptor!) to the user, 
which indeed appears in the Certificate, that total 
dissolution is necessary, fulfils his obligations, it is 
also reasonable that users of biological reference 
materials could expect them to be just that, and not 
a mixture of biological and inorganic/geological ma- 
terials. On the other hand, some real samples arriving 
in the laboratory will suffer from similar problems, 
and the analyst should be aware of the possibility 
of negative errors if total dissolution of botanical 
specimens is not used. However, further discussion of 
the philosophy of the preparation and use of refer- 
ence materials is beyond the scope of this paper. 

CONCLUSION 

It would perhaps be a mistake to overemphasize 
this problem of inorganic contamination, as the 
majority of sample types of interest (biological ma- 
terials with trace uranium contents), such as tissues, 
organs, body fluids, most foodstuffs, etc., will not be 
affected by it. The “‘U technique described is rapid, 
very sensitive, has a convenient and accurate 
chemical yield measurement, and as demonstrated in 
Table 2 produces results of good accuracy. The 239Np 
method is slower and less sensitive, but is more 
amenable to use of total dissolution of the sample. 
The addition of a 237f238Np spike also increases the 
accuracy and convenience of working with 239Np. It 
should also prove useful for NAA of geological 
materials with low uranium contents, which can be 
more easily handled after 2 or 3 days cooling, and for 
other samples with somewhat higher uranium con- 
tents where non-destructive NAA using gamma- 
spectroscopy of 239Np is difficult or impossible, owing 
to high matrix radioactivity. 

The 238U method will be the method of choice for 
most samples of the type mentioned above, though 
the possibility of an insoluble fraction should be 
borne in mind and investigated. Further work to 
develop rapid total dissolution of biological materials 
in combination with the 239U method is in progress, 
including investigation of alkaline fusion, as used 
in the NAA determination of iodine in biological 
materials.‘s 
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Snmmary--Cu(II) has been recovered from dilute solutions (0.1 pg/ml) by adsorbing the ion-pairs formed 
between different quaternary ammonium salts and the Cu-8-hydroxyquinoline-5-sulphonic acid complex 
on adsorbent resins, namely XAD 8 and S 862. Both batch and column techniques have been used, the 
first of which gave superior recovery and precision. It has also been shown that XAD 8 resin can be 
transformed into an ion-exchanger suitable for preconcentration of Cu(I1). The results obtained have been 
compared with those of reversed-phase ion-pair chromatography and a model is proposed. 

Preconcentration is becoming a necessary and decis- 
ive step in the determination of traces and especially 
ultratraces of metal ions. In recent years many efforts 
have been made to increase the recovery of traces 
from very diluted samples and to optimize the sep- 
aration from the matrix and interferents. Many 
methods have been developed that use complexation 
on and subsequent elution from chemically treated 
silica,’ ion-exchange resin,2s3 silica gel or synthetic 
resins loaded with a chelating agent,4s5 for extraction 
of a water-insoluble complex6. 

Many of the methods proposed utilized long-chain 
quaternary ammonium salts for the extraction of 
ionic or polar water-soluble chelating agents such as 
PAR (pyridylazoresorcinol),’ Cryptand 2.2.2,8,9 and 
Catechol Violetlo into organic solvents. High re- 
coveries and good separations from the matrix are 
achieved with these methods, but the rather low 
preconcentration factor (maximum 100) limits their 
applicability for the enrichment of dilute samples. 

On the other hand, Aliquat 336 and Eriochrome 
Black T coupled with silica gel have been found to be 
useful in liquid-solid extraction of some bivalent and 
tervalent metal ions.” 

In this paper we evaluate the suitability of the 
less polar sorbents XAD 8 and Duolite S 682, 
coupled with different quatemary ammonium salts, 
for liquid-solid extraction. 

A reversed-phase interaction, similar to reversed- 
phase ion-pair chromatography, must be considered 
as the mechanism of the process and the two tech- 
niques show similar behaviour.‘* 

&Hydroxyquinoline-S-sulphonic acid has been 
chosen as the chelating agent, since it forms stable 
complexes with a large number of metal ions. 

Apparatus 
EXPERIMENTAL 

Absorbance measurements were made with a Hitachi 
150-20 double-beam spectrophotometer and metal concen- 

trations were evaluated by inductively-coupled plasma 
atomic-emission spectrometry (Plasma 300, Allied Ana- 
lytical System). Measurements of copper were made at 
324.75 nm with background correction. Blanks were run 
with every sFple in order to detect specific interferences 
with the analytical peak. All laboratory glassware and 
polyethylene and polypropylene equipment was washed 
with 6M nitric acid and repeatedly rinsed with high-purity 
water (HPW). A peristaltic pump equipped with a variable- 
speed control was used to ensure a constant flow in the 
range up to 11 ml/min, when required. 

Reagents 

Analytical-grade Amberlite XAD 8 (Fluka), 20-50 mesh, 
a macroporous acrylic ester adsorbent resin (specific surface 
180 m*/a), Duolite S 862 (Duolite). 20-50 mesh. a macro- .__- 
porous styrene-divinylbe&ene adsorbent resin (specific sur- 
face 650 m2/g), and Silica Gel 60 (Merck), 70-230 mesh, 
were used. The two resins were washed with methanol and 
water, dried in an oven at 60-80” and stored in a desiccator. 
The silica gel was purified by washing with 12M hydro- 
chloric acid, to remove iron and other impurities, then 
rinsed with water until the washings gave a negative test for 
chloride, and finally dried in an oven at 100-120” and stored 
in a desiccator. 

A standard copper solution (Merck, 1000 pg/ml metal 
concentration) was diluted to the desired concentration. 
High-purity water (HPW) was obtained by treating demin- 
eralized water with a Mill&Q nurification system (Millinore. -_ - ~_, 
Bedford, MS). 

Cetyltrimethylammonium bromide (Merck) (CTAB), tri- 
caprybnethylammonium chloride (Fluka) (Aliquat), and 
tetrabutylammonium chloride (Fluka) (TBAC) were used 
as received; 8-hydroxyquinoline-5-sulphonic acid (Aldrich) 
(SOX) was an analytical-grade product. All other reagents 
were of analytical grade. 

Procedures 

Adsorption isotherms. The adsorption isotherms were 
evaluated for SOX and the Cu-SOX complex, which 
was prepared by dissolving the stoichiometric amount 
of ligand and cupric chloride required to form the 
Cu(SOX), complex. Then 100.0 ml samples [SOX or 
Cu(SOX), 0.25 x 10-4-3.00 x 10m4M] containing 50.0 ml of 
5.50 x 10e4M CTAB were brought to pH 6.0 for the ligand 
test and pH 10.0 for the complex examination respectively. 
At pH 6 there is no protonation of the nitrogen atom 
or dissociation of the hydroxyl group of the ligand. Then 
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0.50 g of an adsorbent was added and the mixture was 
shaken vigorously for 100 min. All adsorption experiments 
with silica gel were performed at pH 6.0 to avoid dis- 
sociation of its silanol groups. After the adsorption, the 
adsorbent was removed with a filtration membrane filter 
(pore size 3.0 Frn) and the residual concentration of ligand 
or complex was determined spectrophotometrically, at 239.6 
and 260.0 nm respectively. 

Adsorption on silica gel as a function of pH was evaluated 
by using 100.0 ml of solution containing 5.00 pmoles of 
Cu(SOX), and 27.4 ymoles of CTAB and adding 0.50 g of 
silica gel. 

Each experiment was done in triplicate and the relative 
standard deviation was always within 5%. 

Eluent, pH and contact time. To find the best stripping 
agent, 0.50 g of XAD 8 or S 862 was added to 100.0 ml of 
solution brought to pH 6.5 and containing 10 pg of copper, 
27.4 Fmoles of CTAB and 3.50 pmoles of SOX. After 
100 min stirring the resin was transferred into a glass 
column and washed with HPW at the pH of the test 
solution. Table 1 shows the results for different eluting 
agents and that 2.OM hydrochloric acid is the most efficient 
for recovery of copper from both resins. After the elution, 
S 862 can be washed with an appropriate amount of 
methanol and reused, whereas XAD 8, after washing with 
methanol, gives a reduced recovery (95%) and must be 
renewed. 

With the optimum stripping agent, experiments were 
performed with the same metal, ligand and surfactant 
concentrations and contact time to evaluate the effect of pH 
on the adsorption. The optimum pH range is 6-9, see 
below. 

The best contact time for adsorption was then examined 
and complete metal recovery was obtained with 60 or more 
min of stirring. 

Choice of tetralkylammonium salt. The effect of CTAB, 
Aliquat and TBAC at different concentrations was investi- 
gated with 100.0 ml of solution at pH 6.5, containing the 
amounts of SOX, Cu(II) and resin used for the pH optim- 
ization tests and varied concentrations of the quaternary 
ammonium salts. The mixtures were shaken for 80-90 min 
and the metal was recovered with 2.OM hydrochloric acid. 

Column experiments. Two procedures were tested. In the 
first, a glass column filled with 1.00 g of raw resin was 
washed with 20 ml of methanol and 50 ml of HPW. The 
metal recovery was evaluated by passage of 100.0 ml of 
solution containing 10.0 pg of Ct.@), 3.50 pmoles of SOX 
and 27.4 pmoles of CTAB or 8.00 pmoles of Aliquat. The 
flow was kept constant in the range 0.5-10.0 ml/min and the 
copper was stripped with 2.OM hydrochloric acid. 

In the second procedure, 0.50 g of resin was washed as 
described above, then added as a batch to 50.0 ml of 

Table 1. Efficiency of different stripping agents for 
the recovery of Cu(I1) from XAD 8 and S 862 

Stripping 
aRent 

Cu(II) recovery, % 

XAD8 S 862 

O.lM HCl 93.0 _+ 0.7 93.1 f 1.5 
0.5M HCl 94.5 f 1.1 97.7 f 1.6 
1 .OM HCl 96.4 f 1.6 97.1 f 2.8 
2.OM HCl 98.3 f 1.2 96.6 f 0.6 
4.OM HCl * 98.6 f 1.5 
1 .OM HCIOI 95.6 f 1.1 90.9 * 2.2 
2.OM HClO, 90.7 f 0.6 85.4 f 2.3 
1 .OM HNO, 96.6 f 1.2 81.2&-0.5 
2.OM HNO, 98.4 f 1.7 93.1 f 1.5 
0.5M H,SO, 88.2 + 1.0 96.7 _+ 1.5 
CH, OH 73.4 f 0.3 * 
CHCI. * l 

(4 
IO+ M 

Qad. 

@I 

Q ads I 
SILICA GEL 

(4 
Fig. 1. (a) Moles of ligand adsorbed on XAD 8; (b) S 862; 
(c) silica gel, as a function of the concentration of ligand in 
solution: (a) adsorption of free ligand; (A) adsorption of 

ligand as its Cu complex. 

solution containing different concentrations of CTAB or 
Aliquat. The resin was then transferred into a glass tube and 
washed with HPW at pH 6.5 to remove the fraction of 
organic cation not adsorbed. 

The efficiency of this “ion-exchange” resin was evaluated 
by passage (at 5.0 ml/min) of 100.0 ml of solution containing 
10.0 pg of Cu(II) and 3.50 pmoles of SOX at pH 6.5. Cu(I1) 
was stripped with 2.OM hydrochloric acid. 

RESULTS AND DISCUSSION 

Adsorption isotherms were evaluated in order to 
quantify the affinity and nature of the interaction of *Irreproducible results. 
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PH 

Fig. 2. Moles of ligand, as the Cu complex, adsorbed on 
silica gel, as a function of pH. 

the adsorbents (XAD 8, S 862, silica gel) with the 
ligand (SOX) or metal complex [Cu(SOX)] coupled 
with a quaternary ammonium salt (CTAB) at con- 
stant concentration. Figure 1 shows the results. The 
isotherms for the different adsorbents are strictly 
dependent on the structure and polarity of the ad- 
sorbent. The polar adsorbents XAD 8 and silica gel 
show higher affinity for the metal complex, whereas 
the S 862 resin, characterized by a non-polar struc- 
ture, gives higher adsorption for the ligand. This is 
probably due to interaction between the complexed 
metal ion, which is not fully co-ordinated, and the 
co-ordinating groups of the resin (carboxylate) or the 
silica gel (silanol). This effect is similar to the synergic 
effect shown by some solvents in the liquid-liquid 
extraction of metal complexes with quatemary am- 
monium salts.” The strong interaction of S 862 resin 
with the aromatic part of the ligand is reduced when 
the ligand is restricted within the rigid structure of the 
complex. 

Comparison of the adsorption isotherms for the 
ligand and its metal complex shows that silica gel, 
which enhances the difference in interaction, is the 
most suitable adsorbent. On the other hand the 
adsorption on silica (Fig. 2) is affected by pH over a 
wider range than that on the resins. This can be 
attributed to an ion-exchange between the quatematy 

. 

f-- 

XAD8 -CTAB 

50 100 t min 

Fig. 3. Recovery of Cu(II) from XAD 8 as a function of 

ammonium cation in solution and the proton of the 
silanol groups, which reduces the concentration of 
the organic cation available for association with the 
copper complex. Since quantitative recovery of ions 
such as Pb’ + , Co* + and Mn* + , which form complexes 
of low stability with SOX, requires high pH values, 
silica gel cannot be used for their preconcentration 
and the choice is limited to XAD 8 and S 862. 

The isotherms also indicate that the capacity of 
all the adsorbents is limited, but sufficient for pre- 
concentration of trace elements. 

The optimum conditions for the method were 
evaluated to enhance the preconcentration yield and 
metal recovery. 

Elution. The metal fixed on the column can be 
stripped in two ways: (a) destruction of the complex 
by protonating the ligand by acidic elution; (b) 
desorption of the ion-association complex by elution 
with a solvent of low polarity. 

Both possibilities were evaluated with (a) various 
mineral acids at different concentrations, and (b) 
methanol and chloroform. Table 1 shows that the 
best results are obtained by using an acidic eluent, 
whereas methanol gives a recovery of only 70% from 
XAD 8 and irreproducible values with S 862. Other 
solvents such as chloroform are unsuitable because 
they are not inert towards the resin. 

Contact time. The stirring time, in batch experi- 
ments, is a limiting parameter. Figure 3 shows the 
metal recovery vs. contact time. The results were 
similar for both resins XAD 8 or S 862 and typical 
of the kinetics of adsorption at trace levels. 

Effect of NR$ concentration. The quatemary am- 
monium salt structure and concentration can affect 
the metal recovery. Figures 4-6 show the recoveries 
as a function of surfactant concentration. The XAD 
8 resin gave the best results in all cases; in the 
presence of CTAB 100% recoveries were obtained 
even at low concentrations of surfactant; for Aliquat 
only XAD 8 gave suitable results, and S 862 resin 
gave inconsistent values. Moreover at high concen- 
trations of Aliquat an insoluble product separated, 
which militates against the use of ammonium salts of 

(‘STAB) 

50 ‘* ml 

Fig. 4. Recovery of cU(I1) from XAD 8 and S 862 as a 
function of volume of 5.5 x 10e4M CTAB added. stirring time, with CI’AB as counter-ion. 
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XADB .-w.._& 

~ALI~UAT~ . 
1 

25 5o ml 

Fig. 5. Recovery of Cu(II) from XAD 8 and S 862 as a 
function of volume of 4.0 x IO-‘M Aliquat added. 

50 XAD8 

ITBAC) 

50 ‘O” ml 

Fig. 6. Recovery of Cu(II) from XAD 8 as a function of 
volume of 4.0 x 10m4M TBAC added. 

higher molecular weight. In all cases TBAC gave the 
lowest recovery. 

The difference in the behaviour of the resins at high 
concentrations of CTAB, must also be pointed out 
probably because of their different specific surfaces. 
The lower recovery with CTAB and XAD 8 forced us 
to pay attention to the quantity of ligand, organic 
cation and resin used in the preconcentration of 
larger volumes. 

Column ~x~r~~~~t~. Elution from a column is 
more suitable in preconcentration techniques because 

1. * * * * * 6 ’ * ‘* 

2 4 6 8 XI ml/min 

Fig. 7. Recovery of Cu(I1) from XAD 8 and S 862 as a 
function of elution rate with CTAB and Aliquat 366: (0) 
XAD 8-CTAB; (A) S 862-CTAB; (0) XAD 8-Aliquat; 

(A) S 862-Aliquat. 

larger volumes of sample can be examined without 
much manipulation (which could produce losses and 
contamination)* The limiting parameter in this case is 
the elution rate and Fig. 7 shows the metal recovery 
with diRerent resins and surfactan~ as a function of 
elution rate. XAD 8 and S 862 give good results when 
CTAB is used but the recovery in the presence of 
Aliquat is strongly dependent on flow-rate for XAD 
8 and 8ives inconsistent values with S 862 (quad- 
ruphcated experiments). However, the column ex- 
periments show a precision of 3.5% which is poor 
compared with the value of 1.5% found for the batch 
experiments. 

The possibility of modifying the adsorbent resins 
into a specific ion-exchanger was also considered. The 
XAD 8 or S 862 resin was loaded with a suitable 
amonnt of CTAB or Aliquat solution. The resins thus 
obtained were able to exchange bromide or chloride 
counter-ions with the SOX anion. These SOX-loaded 
resins have been used for preconcentration of Cu(II) 
and Fig. 8 shows the recovery as a function of the 
volumes of CTAB or Aliquat solution used for the 
experiments. 

In this case also, recoveries above 90% were 
achieved even when the XAD 8 was loaded with 
CTAB below the stoichiometric I : 1 molar ratio with 
respect to SOX, whereas S 862 gave irreproducible 
results. 

Proposed mwhunisms. To account for the 
~~eren~ in behaviour observed in the experiments 
described, the following mechanism, similar to those 
in reversed-phase ion-pair chromatogra~hy,i2 can be 
proposed: 

(a) N%+(s) -I- SOX-{s)~N~SOX(s) 
NR,SOX(s)-*NR$OX(r) 

(b) N~C!t-(s)+NrtfCl*(r) 
Nft+C!l-(r) + SOX-(s~~N~SOX(r~ + Cl- 

where (s) = solution, (r) = resin. 
In the first case a neutral species, namely the 

N%SOX ion-pair, is adsorbed on the resin in a 
liq~~olid extraction step. The second rn~h~~ 
involves two steps: the ammonium salt is adsorbed on 
the resin and the subsequent reaction can be con- 

;: 

. S 862 l 

. . 
50 

. CTAB 

AALIQUAT 

25 5oml 

Fig. 8. Recovery of CueI) from loaded XAD 8 as a function 
of volume of 5.5 x 10V4M CTAB or 4 x lo-‘&# Aliquat 

added. 
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l XAD8 

l S862 

3 , 
2 4 6 8 IO,,H 

Fig. 9. Recovery of Cu(II) from KAD 8 and S 862, as a 
function of pH. 

sidered as an ion-exchange process involving the 
modified resin and the hgand or the complex. 

Both mechanisms can act simultaneously in the 
preeoneentration but the predominance of one or the 
other seems to he a function of the structure and type 
of the ammonium salt and resin used. This is shown 
in the experiments with loaded resins, where the first 
mechanism is obviously excluded and the second is 
divided into two distinct steps. This enables us to 
show, Fig. 8, that the S 862 resin is not able to act 
through the second mechanism, because the styrene- 
divinylbenzene resin preferentially adsorbs neutral 
organic molecules possessing aromatic rings, but not 
charged quaternary ammonium salts with linear 
chains. On the other hand higher interaction between 
the NR,+ and the linear and polar structure of the 
XAD 8 must be expected and, in fact total recovery 
is obtained with this resin over the whole range of 
CTAB and Aliquat concentrations investigated. 

The differences in adsorption hehaviour of CTAB 
and Aliquat on XAD 8 and S 862, Figs. 4 and 5, is 
not clearly defined by the previous arguments. The 
results and the similarity to liquid-liquid extraction” 
must be taken into account. It is well known that 
quatemary ammonium salts produce highly stable 
ion-pairs, especially when the substituent groups are 
small; this is the case, in our experiments, for CTAB, 
the molecule of which has three methyl groups and 
one longer linear chain. So Aliquat, which has only 
one methyl group and three long-chain alkyl groups, 
making it less effective for ion-pair association. This 
reason, and the fact that the S 862 resin acts only 
through the first mechanism, explain why the highest 
recoveries are obtained when this resin is coupled 
with CTAB. 

In the column experiments, where the kinetics 
of adsorption is the most important parameter, 
mechanism (a) is expected to be operative, since it 

occurs in a single step. Here also, in fact, CTAB, 
which as already said forms ion-pairs of higher 
stability, gives the best results with both resins, but 
the recovery with Aliquat is strongly affected by the 
elution rate, Fig. 7. 

Finally, the recovery as a function of pH was 
evaluated for both resins, with the results shown in 
Fig. 9. The behaviour, in this case, is quite similar, 
showing that the recovery is independent of the 
structure of the adsorbent but related to the stability 
constants of the complex. 

CONCLUSIONS 

The results obtained show that this method can be 
applied successfully to the preconcentration of cop- 
per from very dilute solutions. For this purpose the 
batch procedure appears superior. Moreover, com- 
parison of the recovery, as a function of pH, with that 
obtained with an anion-exchange resin and the same 
ligand,3 suggests that the method could be extended 
to other metal ions of interest, even in the presence 
of potential interferents, such as high background 
electrolyte concentrations or competing ligands, 
which could reduce the efficiency. 
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Summary-Fluorine and chlorine in geological materials are volatilized by pyrohydrolysis at about 1150 
in a stream of oxygen (1000 ml/min) plus steam in an induction furnace. The catalyst is a 7:2: 1 mixture 
of silica gel, tungstic oxide and potassium dihydrogen phosphate. The sample/catalyst mixture is 
pyrohydrolysed in a reusable alumina crucible (already containing four drops of 1 + 3 phosphoric acid) 
inserted in a silica-enclosed graphite crucible. The absorption solution is buffered at pH 6.5 and spiked 
with 1.6 pg of fluoride and 16 pg of chloride per g of solution, to ensure rapid and linear electrode response 
during subsequent standard-addition measurement. The simple plastic absorption vessel has >99.5% 
efficiency. The 3s limits of detection are 510 pg/g and 40-100 pg/g for fluorine and chlorine respectively. 
The procedure is unsuitable for determining chlorine in coal. 

Since about 1954,’ various pyrohydrolysis procedures 
have been used for volatilizing fluoride and chloride 
from solid samples. That a recent report on analytical 
methods for fluorine in environmental samples2 does 
not mention pyrohydrolysis but advocates a lengthy 
ashing, fusion and distillation procedure, suggests 
that pyrohydrolysis has yet to be widely accepted as 
the decomposition method of choice in determination 
of fluorine in solid samples. Unlike some other 
pyrohydrolysis procedures, the method described has 
such features as an effective and low-toxicity catalyst 
(containing tungstic oxide instead of the more 
hazardous’ vanadium pentoxide), employment of 
a reusable alumina crucible, and a simple, efficient 
absorption vessel. 

Both tube furnaces’~4-1’ and induction fumaceF4 
have been used for pyrohydrolysis. The first reported 
use of an induction furnace in detetmination of 
fluorine and chlorine (as well as bromine and sul- 
phur)i5 involved pyrolysis as distinct from pyro- 
hydrolysis. Although about twice as expensive as a 
tube furnace, an induction furnace is more con- 
venient for pyrohydrolysis because of its greater ease 
of operation. Laboratories having induction furnaces 
that are no longer in use can employ them for 
pyrohydrolysis. 

Before the era of the ion-selective electrode (ISE) 
and ion-chromatography, titration and neutron- 
activation were used4 for determining fluoride and 
chloride, respectively, in pyrohydrolysates. Chloride, 
unlike fluoride, can be determined in solution 

*Presented in Part at the 9th Australian Symposium on 
Analytical Chemistry, Sydney, April 1987. 

by either spectrophotometryg~16 or ion-chromat- 
ography’0~‘3 with greater sensitivity and probably 
greater precision than by ISE, but the present work 
examines use of the chloride as well as the fluoride 
ISE in the analysis of pyrohydrolysates. 

EXPERIMENTAL 

Reagents 

Catalyst. A finely ground mixture of 7 parts by weight 
silica gel, 2 parts tungstic oxide and 1 part potassium 
dihydrogen phosphate. 

Spiked bu$ered absorption solution (1.6lN pg of F and 
l6.a) pg of Cl per g, pH 6.5). This contains 10 g of 
potassium nitrate, 115 g of ammonium acetate and 16.00 g 
of Standard Solution B (see below) in 2000 g. 

&spiked buffer solution (pH 6.5). Prepared as above but 
without Standard Solution B. 

Standard Solution A (2ooO pg of both F and Cl per g). 
Weigh out 2.212 g of sodium fluoride and 1.650 g of sodium 
chloride (both dried at 105”) and transfer them through a 
polyethylene funnel into a tared 600-ml polyethylene bottle, 
rinsing in with water. Add 250.0 g of unspiked butfer 
solution and dilute with water to a total solution weight of 
500.0 g. Swirl occasionally during a 1-hr period to ensure 
complete dissolution. Transfer about 180 ml of this solution 
to a 250-ml polyethylene dispensing bottle.” 

Standard Solution B (200.0 pg of F and 2ooO pg of Cl per 
g). Add m = SO-52 g (weighed to the nearest 0.01 g) of 
Standard Solution A to a 600~ml polyethylene bottle. Trans- 
fer 0.0297Om g of sodium chloride (dried at 105”) into this 
bottle through a polyethylene funnel. Add 4.5m g of un- 
spiked buffer solution and dilute with water to a total 
solution weight of 1Om g. Swirl occasionally during a IO-min 
period to ensure complete dissolution. Transfer about 
180 ml of this solution to a 250-ml polyethylene dispensing 
bottle. 

Other reagents. Phosphoric acid (1 + 3), containing 0.1% 
Triton X-100 surfactant; spiked blank solution prepared by 
2-fold gravimetric dilution of about 25 g of spiked absorp- 
tion solution; 5M sodium hydroxide, conveniently prepared 
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by diluting 1 volume of technical grade 60% w/v sodium 
hydroxide solution with 2 volumes of water; nitric 
acid, (1 + 9) and (1 + 99); oxygen, industrial grade. Use 
demineralized water throughout. 

Apparatus 

Glass vials. Capacity 10 ml, with tightly fitting snap-on 
plastic caps, thoroughly washed with water and dried. 

Polystyrene vials. Capacity 70 ml, with unlined leak-proof 
polyethylene screw caps, tared. To minimize contamination 
and condition them for storage of dilute fluoride and 
chloride solutions, they are rinsed well with water, then filled 
with nitric acid (1 + 99) and let stand with occasional 
shaking for at least 24 hr. Just before use, they are emptied 
and rinsed well with water. 

Absorption vessel. This consists (right-hand side of Fig. 1) 
of a 70-ml polystyrene vial with two holes in its cap, into 
which two pieces of polyethylene tubing (o.d. 6.3 mm, i.d. 
4 mm, lengths 85 and 280 mm) are fitted. The end of the 
longer tube is 6-8 mm above the base of the vial; the end 
of the other is about 3 mm below the underside of the cap. 
The longer piece of polyethylene tubing is butt-joined to 
silica tubing (o.d. 6 mm, id. 4 mm, length 150 mm) with 
silicone tubing (i.d. 4.7 mm). 

Steam generator. This consists of a I-litre round- 
bottomed tlask containing a few boiling chips and 0.2 g of 
sodium hydroxide’s dissolved in 800 ml of water; a I-litre 
heating mantle; a non-return valve, glass tubing and T- 
piece, silicone tubing and drain bottle (Fig. 1). The length 
of tubing from the top of the flask to the combustion tube 
inlet is 1.0 m. 

Induction furnace and accessories. A Leco 623-300 in- 
duction furnace; timer; gas control unit; Leco 521-084 
variable transformer; Leco 519-005 igniter; crucible pair 
comprising a Leco 550-182 silica-enclosed graphite crucible 
and an alumina crucible of height 25 mm and outer diameter 
18 mm (Cat. No. CN-4, Ceramic Oxide Fabricators Pty 
Ltd., 83 Wood Street, Eaglehawk, Vie., 3556, Australia); 
custom-made silica connecting piece (containing loosely 
packed silica wool) butt-joined by silicone tubing to Leco 
519-004 combustion tube and to absorption vessel (Fig. 1). 
For cooling purposes, the vial of the absorption vessel 
is half-immersed in a I-litre beaker of water (not shown in 
Fig. 1), and kept in position with a ring-clamp. 

Potentiometrk system. Orion 811 pH/mV meter, 94-09 
fluoride and 9417B chloride electrodes. 90-02 double- 
junction reference electrode, 91-70-03 temperature probe, 
605 electrode switch, PTFE-coated stirrer bar length 20 mm, 
magnetic stirrer with thermal insulation mat. 

Procedures 

Avoidance of contamination. Minimize fluorine and chlor- 
ine contamination by appropriate care at all stages of the 
procedure. For example, always handle crucibles with tongs 
or tweezers. Occasionally, clean the crucibles, igniter and 
combustion tubes thoroughly by immersion in warm 5M 
sodium hydroxide for 10 min, rinsing with water, immersion 
in nitric acid (1 + 9) for 10 min, rinsing again with water and 
drying in the oven. Material strongly adhering to alumina 
crucibles can be removed by prolonged heating in 5M 
sodium hydroxide. 

Sample preparation. Accurately weigh 250 + 1 mg of 
finely ground sample and mix well with 500 + 1 mg of 
catalyst in a glass vial. If the F or Cl content exceeds 0.5%, 
weigh proportionately less sample. Run blank deter- 
minations at the beginning (duplicate), middle and end of a 
batch of samples. 

Apparatus conditioning. Bring the steam generator to a 
gentle boil. After 20-30 pyrohydrolyses, insert a fresh, 
loosely packed quantity of silica wool into the wider end of 
the silica connecting piece. Turn on the furnace and connect 
(at A, Fig. 1) a spare absorption vessel containing about 
25 ml of water. Add 4 drops of phosphoric acid (1 + 3) to 

an alumina crucible in a silica-enclosed graphite crucible, 
place the crucible pair in the furnace and heat it at near 
maximum plate current (480-500 mA) for 3 min with 
oxygen passing through the steam generator into the furnace 
at 1000 ml/min; remove the crucible pair from the furnace 
and allow it to cool. Leave the furnace assembly in stand-by 
mode (steam-generator heating-mantle turned down very 
low, oxygen flow about 50 ml/min) until ready for a 
pyrohydrolysis. 

Pyrohydrolysis. With the aid of a dispensing bottle” add 
25 f 0.5 g of spiked buffered absorption solution to a clean 
polystyrene vial; record the weight of solution to the nearest 
0.02 g. Seal the vial with a water-rinsed absorption vessel 
cap (setting aside the original vial cap upright on a clean 
bench). Place the assembled absorption vessel in a dry 
1000~ml tall-form glass beaker and record the weight of the 
beaker plus vessel to the nearest 0.2 g. Connect the absorp- 
tion vessel at A (Fig. 1) with the vial half-immersed in water 
and kept in position with a ring-clamp. 

Add 4 drops of phosphoric acid (1 + 3) to an alumina 
crucible in a silica-enclosed graphite crucible. Transfer the 
sample/catalyst mixture from the glass vial into the insert 
crucible. 

With the steam-generator mantle set appropriately (typi- 
cally at 30% of maximum setting), the timer set at 14 min, 
the variable transformer set to give near maximum plate 
current (480-500 mA), place the loaded crucible pair in 
the furnace (with tongs) and raise the oxygen flow-rate to 
1000 ml/min. Press the timer button to start the pyro- 
hydrolysis. (The steam-generator mantle must not be set so 
high that the polyethylene inlet tube of the absorption vessel 
melts because of too rapid transfer of steam.) 

After 30 set (when the crucible and igniter appear red hot 
but before rapid release of volatiles) turn the variable 
transformer down so that the crucible is just below very dull 
red heat (plate current typically 240 mA). Two min later, 
increase the transformer setting to about 60 so that the plate 
current is about 310 mA. One mm later, with the crucible 
dull red, increase this setting to about 75 (plate current 
about 390 mA). Thirty sec. later, increase the setting to 
95 so that nearly maximum plate current (480-500 mA) 
is obtained. Maintain the oxygen flow at 1000 ml/min 
throughout the pyrohydrolysis. (For samples other than 
those high in combustible material, such as coal or sulphide 
ores, the slow increase in temperature is not required and 
nearly maximum plate current is used throughout the 
pyrohydrolysis.) 

When the furnace switches off, wait 1 min before de- 
creasing the oxygen flow to about 50 ml/min. Then remove 
the crucible, disconnect the absorption vessel at A (Fig. I), 
wipe the water from the outside of the vial and reweigh the 
absorption vessel in the dry I-litre beaker to obtain the 
steam yield, which should be between 1 and 7 g. (When it 
has cooled, prepare the crucible pair for reuse by scraping 
out most of the residue with a metal spatula, holding the 
crucible in tongs.) 

Pyrohydroiysate treatment. Rinse down all inner surfaces 
of the absorption vessel with a fine jet of water and then 
remove the absorption vessel cap/tubing assembly from the 
vial. Dilute the pyrohydrolysate plus rinsings to 50-55 g 
with water, weighing to the nearest 0.1 g. Set the sealed vial 
aside to cool from &ically 30” to room temperature. 

Electrode care and conditioninn. When not in use, store the 
two ISEs dry, and keep the tip of the reference.electrode 
immersed in water. To keep the response time of the F 
electrode at 2 min, the sensing element must be polished at 
least weekly, when in use, with 0.5~pm alumina’9-(Metrohm 
EA 1085) or 0.25~urn diamond dust. The ISEs must be 
conditioned for at ieast 30 min before use and for at least 
30 set between measurements, by insertion into spiked blank 
solution stirred so that a vortex just fails to form. The 
inner-chamber solution of the double-junction reference 
electrode should be replaced weekly, and the outer-chamber 
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tubing 

Stoppered plastic bonte 
serving as drain 

Fig. 1. Schematic of induction furnace pyrohydrolysis apparatus. 

solution (spiked blank solution) at the beginning of each day 
of use. 

Emf measurement. Remove the electrodes from the stirred 
conditioning solution and stir the test solution for 5-10 set 
before inserting the electrodes into it to a depth of 20 mm 
and dislodging any air-bubbles from the sensing elements. 
During this S-10 set gently shake off most of the adhering 
solution from the electrode tips; do not use a tissue. Record 
the electrode potentials to the nearest 0.1 mV after 2 mm; 
they should not change by more than 0.1 mV during the next 
2 min. 

Depending on the fluoride concentration, add between 0.5 
and 3 g-measured to the nearest mg-of Standard Solution 
A or B so that the fluoride ISE potential falls by 20-40 mV. 
After 2 min, record the potential to the nearest 0.1 mV. 
Remove the electrodes, rinse them with water and place 
them in stirred conditioning solution for at least 20 set 
before use in the next measurement as described above. 
Record the temperature of the measured solution to the 
nearest 0.2”. During each batch of m~su~ments, check the 
electrode-response slopes by double standard-addition.20 
(For the electrodes used in the present work these slopes at 
25” were 59.1 + 0.2 and 57.5 + 0.5 mV/decade for F and Cl 
respectively.) 

Calculate the results by formulae similar to those already 
published,2o with correction for the blank. 

RIEXJL’IS AND DISCUSSION 

Results for reference samples 

Table 1 shows that the results obtained for fluorine 
in selected reference samples are generally in accept- 

able agreement with the results of others. It remains 
to be established why the PIGE (proton-induced 
gamma-ray emission spectrometry) results for some 
samples, notably GXR-1 and NBS 1633a, are appre- 
ciably higher than the pyrohydrolysis results; PIGE 
analysis of the pyrohydrolysis residues from GXR-1 
revealed that the pyrohydrolysis result for GXR-1 
may be low by not more than 100 pg]g. The good 
agreement between the PIGE and pyrohydrolysis 
results for the four coal samples in Table 1 is 
noteworthy. 

The results for chlorine (Table 2) are also in 
acceptable agreement with other results except the 
result for BE-N, which is low by about 25% and the 
result for GXR-1 which is higher than the only other 
reported result by about 60%. 

Interferences 

The results for chlorine in coal samples by this 
procedure were always erratically higher, typically by 
a factor of two or three, than the recommended 
values. This appears to be because other species 
which the chloride ISE senses, such as thiocyanate, 
are formed during pyrohydrolysis of coal and prob- 
ably of other organic materials. Ion-chromatography 
may enable chlorine to be determined in coal pyro- 
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Sample 

Table 1. Fluorine in selected reference samples 

F, pglg” 

This workb Other values 

GSP-1 granodiorite 

GXR- 1 jasperoid 

NIM-L lujavrite 

BE-N basalt 

GSR-2 andesite 

GSR-6 carbonate 

IGS 38 barite ore 

NBS 120b phosphate rock 

NBS 1632a coal 

NBS 1633a fly ash 

SARM 18 coal 

SARM 19 coal 

SARM 20 coal 

3167 _+ 98 

1290 f 12 

4393 + 87 

1110*21 

281 +6 

404+6 

(2.94 + 0.03) x 104 

(3.89 + 0.03) x 104 

177_+2 

73 f 2 

107 + 3 

95 f 8 

142*4 

37OV 3477d 
3659’ 3567f 
37469 3798” 

1200 + 190’ 
1390’ 1961d 

440@ 4783d 

lm 1242d 
1130’1065’ 

275’ 307” 

400’ 460’” 

(2.89 f 0.02) x 10”” 

3.84 x 1040 

176P 1764 
178’ 

81h 82q 109’ 

115P 116q 
114’ 41-116” 

96P 105’ 
93’ 28105” 

148p 156’ 
153’ 44156” 

“Sample dried at 105°C. 
bMean f standard deviation of 4 determinations done on different days, 
‘Usable value.*‘. 
dProton-induced gamma-ray emission spectrometry (PIGE).ZZ 
‘Induction furnace pyrohydrolysis (IFP).r3 
‘Tube furnace pyrohydrolysis (TFP).9 
81FP.24 
hTFP.25 
Proposed value?6 
‘PIGE.27 
‘Working value.28 
‘Usable value.29 
mPIGE.m 
“Recommended value.” 
“Certificate value. 
PTFP.” 
qTFP.32 
‘PIGE.” 
“Range of mean results from 8 laboratories, only two of which, those reporting 

the highest results, used pyrohydrolysis.34 

hydrolysates and give greater sensitivity than the ISE 
procedure. 

The present work has confirmed the findings of 
others6*9 that fluoride can be measured by ISE in 
pyrohydrolysates without addition of DCTA. No 
interference has been observed when this procedure is 
used for determining fluorine in samples containing 
up to 2000 fig/g boron. 

Eflciency of the absorption vessel 

Eyrohydrolyses of many synthetic and natural 
samples with high F or Cl contents, with use of two 
absorption vessels connected in series, have shown 
that the first absorption vessel has a collection 
efficiency of >99.5%. A lower collection efficiency 
has been found when the end of the vessel’s longer 

piece of polyethylene tubing is not the prescribed 
6-8 mm above the base of the vial. 

Recovery of F and Cl 

Recoveries close to 100% for Cl but only 80-90% 
for F (probably because of appreciable retention of 
fluoride in the slag from the catalyst used) have been 
observed by others.r0,13 Ryrohydrolyses by the present 
procedure, of 250 mg of international or in-house 
reference sample with about 1 mg of NaF or added 
NaCl, have always resulted in at least 95% of the 
added fluoride or chloride being recovered, except for 
the reference carbonate rock GSR-6,29 for which 
recovery of only 52-60% of the added fluoride was 
consistently found. This finding is somewhat puzzling 
in view of the good agreement between the usable 
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Table 2. Chlorine in selected reference samples 

Cl, fig/g” 

Sample This work* Other values 

GSP-1 sranodiorite 
GXR-ljasperoid 

355 f 24 3W 33gd 327” 
182 f 28 110’ 

NIM-L lujavrite 1183i26 12W 1290“ 
BE-N basalt 224 f 14 3W 295d 289 
GSR-2 andesite 70*22 42” 
GSR-6 carbonate 65f24 8oh 
NBS-1633a fly ash <50 - 

“Sample dried at 105”. 
“Mean f standard deviation of 4 determinations done on 

different days. 
‘Usable value?’ 
dFusion/spectrophotometry.3’ 
<TFP.‘O 
~Instrumental thermal-neutron activation.% 
‘TFPs9 
hProposed value.x 

value and the result obtained by this procedure for 
sample GSR-6 (Table 1). 

Pyrohydrolysis conditions 

Addition of phosphoric acid37 has been found to 
allow reduction of the pyrohydrolysis time from 20 to 
14 min and to reduce considerably the variability of 
the blank, and memory effects (possibly caused by 
absorption of fluoride and chloride at “alkaline hot 
spots” in the silica tubing). 

Phosphoric acid may also enhance the catalytic 
effect of the tungstic oxide. Experiments with various 
sample weights have shown that the amount of 
sample pyrohydrolysed does not have to be lowered 
from 250 mg unless the F or Cl content exceeds at 
least the 0.5% level specified in the procedure, i.e., the 
amounts of phosphoric acid and catalyst used appear 
to suffice for the complete pyrohydrolysis of at least 
1250 pg of the halide. 

Blanks run immediately after samples with high 
fluorine or chlorine contents have shown that no 
more than 0.5% of the halide from such samples 
remains in the pyrohydrolysis train. It is therefore 
recommended that samples containing c 1000 pg/g F 
or Cl should be decomposed separately (in a batch) 
from those containing higher levels of F or Cl. The 
reuse of the crucible pair after emptying out most of 
the previously pyrohydrolysed material has been 
found to result in no contamination problems. 

The results in Table 3 for the phosphate rock 
sample NBS 120b justify the use of the mixed catalyst 
as a safeguard against possible lowering, with time, 
of the induction furnace temperature at near maxi- 
mum (500 mA) plate current. These results indicate 
that a “silica gel + phosphoric acid” catalyst would 
be satisfactory for fluorine determination if the in- 
duction furnace consistently gave a temperature of 
1170”. However, tungstic oxide is required for com- 
plete pyrohydrolysis of chloride.2s*3* Too low a tem- 
perature (about 1000“) and an ineffective catalyst 

may explain the low pyrohydrolysis results obtained 
for fluorine by others.39 

Electrode measurement technique 

Conditioning the fluoride electrode in a blank 
solution spiked with 0.8 pg/g fluoride, as described in 
the procedure, has been found to be as effective as the 
previously recommended” conditioning with 0.06M 
lanthanum nitrate solution at pH 2.0-2.3. The simple 
measurement technique described requires about 
5 min per solution. 

Electrode performance 

Recording the potential readings for the spiked 
conditioning solution, between standard-addition 
measurements, allows observation of the drift of the 
electrodes. If the drik is equal and in the same 
direction for both the F and Cl ISEs, and the 
temperature is constant to within 0.3”, it is likely that 
the reference electrode is causing the drift. Renewing 
the outer chamber solution or replacing the reference 
electrode may eliminate such drift. 

In the present work an electrode switch was found 
very useful in comparing the performance of various 
fluoride ISEs (the chloride ISE being replaced by a 
second fluoride ISE). It was found that a fluoride ISE 
would give accurate standard-addition results only if 
the potential drifted in a negative direction, typically 
by 0.2 mV, in the period between 30 and 120 set after 
insertion into a solution or after standard addition. 
Perhaps the undesirable drift in a positive direction 
could be reversed by replacement of the internal 
solution of the electrode with a solid, as described by 
Komljenovic et aLa 

Blank and detection limits 

From many batches of analyses by this procedure, 
typical mean absolute blanks were 3 pg for fluoride 
and 62 pg for chloride, with standard deviation 
ranges of 0.4-0.8 and 3-8 pg respectively. The 3s 
detection limits for 250-mg solid samples analysed by 
this procedure are therefore 5-10 pg/g for fluorine 
and 40-100 pg/g for chlorine. 

Table 3. Effect of pyrohydrolysis temperature and catalyst 
composition on fluorine recovery from NBS 12Ob, Florida 

phosphate rock 

Observed F content,* % 
Pyrohydrolysis Plate 
temperature,” current, Catalyst Catalyst Catalyst 

“C mA 1’ 2 3 

1010 380 2.81 3.02 3.81 
1090 440 3.69 3.89 3.90 
1170 500 3.91 3.90 3.91 

“Measured on outside of crucible through radiofrequency 
shield by optical pyrometer. 

*Pyrohydrolysis of 25-mg sample mixed with 500 mg of 
catalyst and 4 drops of 1+ 3 H,PG,. 

‘Catalyst 1 = Si02 gel. 
Catalyst 2 = 7 : 3 SiO, gel/KI-&PO, . 
Catalyst 3 = 7: 2: 1 SiO, gel/W0,/KH2PG,. 
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CONCLUSIONS 

The procedure for fluorine determination described 
in this paper is sensitive, simple and reliable and, with 
an alternative tube-furnace procedure,‘1*32 is the basis 
of a draft Standards Association of Australia pro- 
cedure for fluorine in coal, coke and fly-ash. The ISE 
procedure for Cl lacks sensitivity and cannot be used 
for coal, because of interference. 

Use of a different absorption solution, such as 
O.OlM potassium dihydrogen phosphate at pH 6.0, 
with subsequent ion-chromatographic measurement, 
remains to be studied. The expetience of others1°*13 
indicates that the pyrohydrolysis decomposition 
procedure described in this paper could be followed 
by ion-chromatography to enable sensitive and re- 
liable determination of total F, Cl and S in geological 
materials. 
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Summary-A comparison has been made of the performance of a novel composite carbon-polymer 
electrode and a glassy-carbon electrode for use as working electrodes in an electrochemical detector for 
HPLC. The composite electrode was found to be comparable to the glassy-carbon electrode in terms of 
current response, superior in terms of cost, machinability, noise levels, stabilization time and accessible 
potential range, and inferior in terms of the potentials required for the oxidation of certain model 
compounds such as epinephrine and norepinephrine. 

To date, electrochemical detection systems for use 
in high-performance liquid chromatography (HPLC) 
have found wide application for the determination of 
many compounds of biological and environmental 
significance.‘-3 Several electrode materials have been 
incorporated into a variety of detector designs. The 
most common electrode materials are based on solid 
carbon, e.g., glassy carbon, pyrolytic carbon etc., or 
on carbon particles (carbon black, graphite) mixed 
with an appropriate binder. The latter types of 
electrode material include carbon paste, as well as 
other composite materials obtained by mixing carbon 
particles with Teflon,4-6 Kel-F,7-9 polyethylene,‘0-14 
polypropylene,15 PVC,r6 and chloroprene.‘6 The 
performance of this type of composite electrode 
compared to that of glassy carbon is still a matter of 
debate.“’ We have therefore investigated the use of a 
new composite electrode material based on a mixture 
of a copolymer of ethylenevinyl acetate with 9% vinyl 
acetate, and various amounts of carbon black. We 
have previously investigated such material in terms of 
its electrochemical properties in different supporting 
electrolytes,‘4S17 and used it for the determination of 
some compounds of pharmaceutical interest.“-I9 We 
have therefore decided to investigate the use of this 
material as a working electrode in an electrochemical 
detector for HPLC, and compared its performance 
with that of glassy carbon. 

*To whom correspondence should be addressed. 

EXPERIMENTAL 

Cyclic voltammetric measurements were performed 
with a PAR 174A-175 polarograph associated with an RE 
0074 recorder. A three-electrode cell was used, containing 
the saturated calomel electrode, the platinum auxiliary 
electrode and the working electrode [either glassy carbon 
(Metrohm AG) or a composite electrode]. Oxygen was 
removed by passing purified nitrogen through the solution 
before the experiments and over the solution during them. 
The composite polymer-carbon material was prepared by 
heating for 12 min at 150”, with stirring at 60 rpm, a mixture 
of carbon black (KETCHENBLACK) and the polymer 
(copolymer of ethylenevinyl acetate with 9% vinyl acetate) 
in appropriate amounts, with a Brabender Plasti-Corder 
PLE 330 internal mixer. Thin disks (thickness 1.5 mm) were 
obtained by pressing the final mixture with a Davenport 
Press at 170” and 200 kg/cm2 pressure. Details of the 
electrode construction were’repor&d previously.“’ 

Measurements were made at room temperature and all 
curmnt values scaled to identical electrode surface area. The 
chromatographic apparatus consisted of Bruker LC 31-B 
and LC 21-B high-performance liquid chromatography, a 
Rheodyne 7125 sample injector fitted with a 20-~1 loop and 
a Bruker model E 230 electrochemical detector. The LC 
column was an IBM 5-pm octadecyl, 250 x 4.5 mm. The 
working and auxiliary electrodes, housed in the electro- 
chemical flow-through cell, were glassy-carbon electrodes, 
the reference electrode was a saturated calomel electrode. 
The design of the home-made electrolytic cell containing the 
composite electrode is identical to that of the Bruker 
detector (see Fig. 1). The cell blocks were made of Plexiglas 
and separated by a 55-pm Teflon spacer to form the 
thin-layer channel. The carbon-polymer composite was 
machined and inserted mechanically into the Plexiglas block 
of the detector. The diameter of the working electrode was 
6 mm. All working electrodes used were polished manually 
to a mirror finish with a smooth cloth and alumina powder 
suspension (Metrohm EA 267A). During experiments, the 
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Pig. 1. Schematic diagram of the thin layer el~tr~hemi~al 
detector. 1, Mobile-phase inlet; 2, auxiliary electrode; 
3, working electrode; 4, reference electrode housing; 

5, mobile-phase outlet; 6, Teifon spacer. 

electrode surface was renewed by gentle polishing on a filter 
paper impregnated with methanol. The flow-rate of the 
mobile phase (which consisted of 5 g of ammonium sul- 
phate, 3 g of acetic acid and 0.25 g of e~ylen~ia~netetra- 
acetic acid per litre of triply distilled water) was 1 mljmin. 
Before use the mobile phase was deaerated by purging with 
purified helium. Epinephrine (A) and norepinephrine (NA) 
from Bio-Rad were used as test substances in the HPLC. 
other products and reagents were of Merck analytical 
grade. 

RESULTS AND DISCUSSION 

Study of accessible potential range 

A comparison was made of the accessibb potential 
range of a glassy-carbon electrode and various 
carbon-polymer composite eiectrode fo~uIations 
(confining 20, 25 and 30% carbon) in various 
electrolytes, by cyclic voltammetry (CV). The results 
are summarized in Table 1. The potential ranges 
shown are for the region giving a current of at least 
2.5 PA. These results show that all the composite 
electrodes tested increase the range on the anodic side 
by 300-400 mV. This allows the detection of com- 
pounds which are difficult to oxidize. at the glassy 
carbon electrode.L4*‘8 All the composite electrodes 
tested were less able than the glassy-carbon electrode 
to detect compounds which undergo reduction at 
carbon electrodes. 

Comparison of electrode characteristics 

The carbon-polymer composite electrodes were 
compared with the glassy-carbon electrode in terms 
of the current obtained, the oxidation potential and 
the peak shape for four model compounds commonly 
determined by using HPLC with el~tr~h~i~ 
detection (ED). These compounds were ascorbic acid, 
t-dopa, tryptophan and tyrosine. The results ob- 
tained by CV are summarized in Table 2. 

In terms of current response, and hence ~nsiti~ty 
of the various electrode materials towards the com- 

Table 1. Potential limits of glassy-carbon and carbon-polymer electrodes, V vs. SCE 

Composite Composite Composite 
Medium Glassy e&on (20% C) (25% C) (30% C) 

O.lM H2S04 -0.78 +0.97 -0.80 -t-1.42 -0.64 +1.34 -0.45 +1.22 

O.IM Acetate -0.87 i-O.90 -0.76 fi.26 -0.68 -t-l.26 -0.54 -i-l.11 
buffer, pH 3.55 

O.OSM Phosphate -1.07 +0.93 -0.75 $1.38 -0.83 +I.27 -0.74 f1.15 
buffer, pH 5.05 

0.038M (NH&SO, -0.93 +0.98 -0.87 + 1.49 -0.75 i-l.42 -0.63 +1.23 
+ O.OSzW CH,CGGH 

Table 2. Response characteristics of glassy-carbon and composite electrodes towards several 
compounds in O.lM H,SO,: drug concentration 5 x 10e4M; scan-rate 20 mV/sec; potentials vs. 

SCE 

Compounds Parameters 
Glassy 
carbon 

Composite Composite Composite 
(20% C) (25% C) (30% C) 

Ascorbic acid 

L-Dopa 

Tryptophan 

Tyrosine 

4 (V) +0.420 to.830 +0.630 +0.650 
~~~~~ (mV) 36 75 160 26 110 30 110 31 

E, U’) +0.570 +0.790 +0.670 +0.680 
$W) 56 55 
Es - Es12 W’) 50 1E 60 2 

F* (V) +0.9&o + 1.120 “I- 1.020 -I- 1.020 

rtAi,. (ntV) : 1: 72 85 8a: 

q (P) + 1.020 -t-l.200 + 1.080 + 1.070 
ir OLa) 65 18 42 46 
Ep - 4,2 W) 50 120 70 70 
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Fig. 2. Typical chromatograms of norepinephrine (NA) (first peak) and epinephrine (A) (second peak) 
detected amperometrically. Working electrodes: 1, 2, glassy carbon; 3, 4, composite electrode (25% 
carbon); flow-rate 1 ml/ruin, injection of 20 ~1 containing: (a) 10 pg each of NA and A, (b) 1 ng each 

of NA and A. 

pounds in question, it can be seen that the glassy- 
carbon electrode gives a larger current than any of 
the composite electrodes, except in the case of L-dopa 
and the composite electrode containing 30% carbon. 
The currents obtained for the composite electrodes 
increased with increasing carbon content in the 
formulation. This is to be expected since increasing 
the carbon content increases the active surface area 
available for oxidation to occur. For all the com- 
pounds studied, the current responses of the com- 
posite electrode containing only 20% carbon were 
much lower than those obtained at the glassy-carbon 
electrode. The composite electrodes containing 25 or 
30% carbon, however, gave sensitivities comparable 
to those with the glassy carbon. In terms of ease of 
oxidation, all the composite electrodes gave higher 
potentials for the oxidation of the four compounds 
studied. Increasing the carbon content from 20 to 25 
or 30% improved the situation somewhat, but the 
peak potential values for r_.-dopa, tryptophan and 
tyrosine were all greater by 50-100 mV than with the 
glassy-carbon electrode. In the case of ascorbic acid, 
the difference was more pronounced, and could lead 
to greater interference from naturally-occurring 
matrix constituents in the determination of ascorbic 
acid in biological materials. 

In terms of peak shape (as measured by ED - Ep/* 
values), all the composite electrodes were inferior to 
the glassy-carbon electrode, especially the composite 
electrode containing 20% carbon. For the composite 
electrodes containing 25 or 30% carbon, the slope of 

the voltammetric response was slightly higher for 
L-dopa, tryptophan and tyrosine, but much higher 
for ascorbic acid. 

It can be seen, therefore, that the best composite 
electrode formulation in terms of current response, 
peak shape and accessible potential range is the one 
containing 25% carbon. This was chosen, therefore, 
for further investigation as a detector material for 
HPLC, with the cell shown in Fig. 1. 

Performance of the composite electrode material as a 
detector in HPLC 

To test the performance of the novel carbon- 
polymer composite electrode as a detector in HPLC, 
the determination of epinephrine and norepinephrine 
was investigated. These compounds are normally 
used for such studies, since the determination 
of neurotransmitters is a major application of 
HPLC-ED. 

First, the carbon-polymer composite electrode was 
compared with a conventional glassy-carbon elec- 
trode (both materials having been incorporated in 
identical cells, Fig. 1) in terms of the baseline currents 
obtained at various applied potentials. From this it 
can be seen that the currents obtained with the 
glassy-carbon electrode were in all cases higher than 
those obtained with the composite electrode. In addi- 
tion, the potential of the composite electrode reached 
any applied potential value in about a fifth of the time 
(on average) needed by the glassy-carbon electrode at 



the same applied potential. This is of obvious im- 
portance when chromatovoltammetric curves are 
being constructed, where potential values have to be 
changed following injection, and when the electrode 
material requires to be cleaned or replaced. 

The current response of the two electrode materials 
at potential values on the plateau of the chromato- 
voltammetric curves for both compounds (+ 0.65 V 
for the glassy carbon electrode and +0.75 V for the 
composite electrode) was investigated. For both com- 
pounds, the currents obtained were similar with both 
electrode materials. 

With regard to noise, the composite electrode gave 
much steadier baselines, especially when the detectors 
were operated near the limit of detection for the two 
compounds (Fig. 2). 

Both electrode materials gave linear response be- 
tween 5 pg and 20 ng for both compounds. The limit 
of detection in both cases was about 2 pg. 

The reproducibility of both detectors was checked 
by using 8 successive 2OtLpg injection of both com- 
pounds, and the coefficients of variation were found 
to be 3.4 and 3.0% for norepineph~ne and epine- 
phrine respectively for the glassy-carbon electrode, 
and 2.9 and 2.8% respectively for the composite 
electrode. 

CONCLUSIONS 
11. A. Liberti, C. MorLJia and M. Mascini, ibid., 1985, 173, 

157. 

The results from this study have shown that the 
carbon-polymer electrode is comparable to the 
glassy-carbon electrode with respect to current re- 
sponse (and hence sensitivity). It is superior to the 
glassy-carbon electrode with respect to noise levels, 
stabilization time and accessible potential range, but 
inferior in terms of requiring a higher potential for 
the oxidation of model compounds, and in terms of 
kinetics of electron transfer. 

12. J. D. McLean, Anal. Chem., 1982, !?4, 1169. 
13. J. B. Nair, M. N. Munk and J. D. McLean, J. Chro- 

mutog., 1987, 416, 340. 
14. M. P. Prete, J.-M. Kauflmann, J.-C. Vire, G. J, 

Patriarche, B. Debye and G. Geuskens, Anal. Z&t., 
1984, 17, 1391. 

15. S. G. Weber and W. C. Purdy, Anal. Chim. Acta, 1978, 
loo, 531. 

16. K, Stunk, V. Pac&kov& and B. Starkovi, J. Chromat~g., 
1981, 213, 41. 

This new material, however, is much easier to 
machine than glassy carbon, and is cheaper. It is 
expected that this new electrode will iind many ~. _ .~~..~.~ ~, 

17. G. J, Patriarche, J.-M. Kauffmann and J.-C. Vire, 
J. Pharm. Biomed. Anal., 1983, 1, 469. 

18. J.-M. Kauffmann, M. P. Prete, J.-C. Vire and G. J. 
Patriarche, 2. Anal. Chem., 1985, 321, 172. 

19. G. J. Patriarche. J. Pharm. Biomed. A&.. 1986.4.789. 
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applications for the determination of oxidizable com- 
pounds of biological and environmental significance. 
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DETERMINATION OF ARSENIC AND ANTIMONY 
IN BIOLOGICAL MATERIALS BY SOLVENT 

EXTRACTION AND NEUTRON ACTIVATION 
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Department of Chemistry, University of Idaho, Moscow, ID 83843, U.S.A. 

(Received 20 June 1987. Revised 14 September 1987. Accepted 16 October 1987) 

Smnmary-Arsenic and antimony in digested biological samples can be extracted with pyrrolidinecarbo- 
dithioate at pH 1 into chloroform and stripped with nitric acid for neutron-activation analysis (NAA). 
The extraction method eliminates interferences from matrix species, including Br and Na, making the 
accurate determination of low levels of As and Sb in biological materials feasible. The detection limits 
under the experimental conditions used are 0.005 and 0.006 ig/g for arsenic and antimony, respectively. 
A comparison of the results obtained for As and Sb in NBS biological standards by this method and by 
non-destructive instrumental neutron-activation analysis (INAA) is also given. 

The determination of trace quantities of arsenic and 
antimony in the environment is of considerable 
importance because of toxicological concern.‘-4 
Accurate determination of low levels of As and Sb in 
biological samples can be accomplished only by 
techniques that are very sensitive and selective. 
Neutron-activation analysis (NAA) usually meets 
these requirements. Under interference-free con- 
ditions, the sensitivity of NAA for As and Sb is of the 
order of several nanograms. However, the applic- 
ability of non-destructive instrumental neutron- 
activation analysis (INAA) to biological samples is 
often limited by spectral interferences from matrix 
elements, including Na, K, P, and Br. The detection 
limits of As and Sb by INAA in biological systems 
may be raised to a level higher than that required for 
analysing small samples. In general, INAA can deter- 
mine As down to about 2 pg/g in most biological 
materials, assuming a sample weight of 1 g, an 
irradiation time of 1 hr and a counting time of 
10 min.’ Many biological materials contain less than 
2 pg/g As and the concentrations of Sb in these 
materials are generally even lower. Therefore, in 
biological materials with low levels of As and Sb, 
chemical separation, either before or after irra- 
diation, is necessary in order to achieve maximum 
sensitivity and accuracy for the determination of 
these two elements by NAA. 

Preconcentration of trace metals by solvent extrac- 
tion prior to neutron irradiation has been applied to 
natural waters and biological materials in our labora- 
tory.6-9 Chemical separation before irradiation has 
the advantages of giving a larger concentration factor 
for trace elements, allowing sufficient time for labora- 
tory operation, and minimizing exposure of the 

*To whom correspondence should be addressed. 

analysts to radiation. This paper describes such a 
procedure for the separation of As and Sb from 
biological materials. The As and Sb concentrations in 
a number of NBS biological standards have been 
determined and compared with those from direct 
INAA. Conditions under which chemical separation 
for NAA becomes mandatory for accurate deter- 
mination of these trace elements are discussed. 

EXPERIMENTAL 

Reagents and instruments 

The concentrated nitric and sulphuric acids used in the 
sample digestion were Baker Ultrex Reagent grade. Chloro- 
form used in the extraction was EM Science Omnisolv 
grade. All other chemicals were Baker Analytical grade. 
Distilled demineralized water was used for making all 
solutions. All glassware was cleaned by soaking in 10% v/v 
nitric acid for at least 24 hr, rinsed with demineralized water 
and dried in a class-100 clean hood equipped with a vertical 
laminar flow filter (CCI). 

Standard As and Sb solutions (1000 mg/l.) were prepared 
by dissolving As,O, and Sbr Or, respectively, according to 
the procedures given earlier.’ Ammonium pyrrolidine- 
carbodithioate (APCDT) solution was prepared by dis- 
solving 7.5 g of reagent in 100 ml of demineralized water, 
filtering, and then extracting with chloroform for purifi- 
cation. Disodium ethylenediaminetetra-acetate (EDTA) 
solution was prepared by dissolving 12.5 g in 100 ml of 
demineralized water. 

All samples and standards were normally irradiated for 2 
hr in a I-MW TRIGA reactor at a steady neutron flux of 
6 x lOu n.cm-2.sec-’ followed by one day of cooling. 
A large-volume coaxial ORTEC &(Li) detector with a 
resolution of about 2.3 keV at the 1332 keV y-ray of @‘Co 
was used for activity measurements. The detector output 
was fed into an EG&G ORTEC ADCAM (model 918) 
multichannel analyser. The data from the analyser were 
processed by EG&G ORTEC software on an IBM-PC. 

Sample digestion and extraction procedure 

The biological sample was digested in a round-bottomed 
flask fitted with a reflux reservoir and condenser as de- 
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scribed by Mok et al.* Usually 1.0-2.0 g of material was 
placed in a 50-ml round-bottomed flask and a few glass 
beads were added. A mixture of concentrated nitric and 
sulphuric acids (5 : 4 v/v) was added to cover the sample, and 
the mixture was left overnight. The digestion started with 
gentle heating on a heating mantle until foaming ceased. 
The heat was then increased, and small amounts of the 
condensed nitric acid were admitted from the condenser 
whenever a slight darkening of the digest occurred. This 
operation was repeated until no darkening was observed, 
and white fumes were evolved, after which heating was 
continued for another 5 min and the apparatus then allowed 
to cool. The sample solution was diluted with 10 ml of 
water and boiled for another 5 min. The solution was 
then transferred into a 100-m] standard flask and the 
apparatus rinsed. The rinsing solution was added to the 
flask and the solution made up to volume with 
demineralized water. 

A 30-ml portion of the digest solution was transferred 
into a 125ml polyethylene bottle, diluted to about 100 ml 
and adjusted-to pH 1. One ml of 25% sodium thiosulphate 
solution and 1 ml of 20% potassium iodide solution were 
added to reduce quinquevalent As and Sb to their tervalent 
states. After a waiting period of 15-30 min, 4 ml of EDTA 
solution, 10 ml of chloroform and 2 ml of APCDT solution 
were added. The mixture was shaken vigorously for 10 min 
on a wrist-action mechanical shaker and the phases were 
allowed to separate. To strip As and Sb, 8 ml of the organic 
phase were transferred to a 20-ml Beckman polyvial and 
2 ml of 50% v/v nitric acid were added. The vial was shaken 
vigorously for 10 min. After phase separation, 1.5 ml of the 
acid were taken for neutron irradiation. A complete blank 
was run in the same manner as the samples in each set of 
experiments. The sample sealing, irradiation and transfer 
procedures have been described elsewhere.**9 Each sample 
was usually counted for 2000-4000 sec. When the As 
content in a sample was much higher than that of Sb, the 
sample was normally recounted after 2-3 days. Appropriate 
quantities of standards were prepared to cover the expected 
ranges of As and Sb in the samples. This series of As and 
Sb standards was analysed by the procedure above and 
calibration curves were prepared. The elements were deter- 
mined by comparing the net photopeak areas with those of 
the standards. 

For INAA, about lOC-200 mg of material was irradiated 
for each sample. Irradiation of more than 200 mg of 
biological materials per sample often resulted in high levels 
of radiation from matrix species, making the sample difficult 
to handle experimentally. Each activated sample was usually 
counted twice, 2-3 days and 5-6 days after the end of 
irradiation. 

RESULTS AND DISCUSSION 

Spectral interferences 

The nuclear data and major interferences for deter- 
mination of As and Sb by NAA are given in Table 1, 
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Fig. 1. Gamma-spectra of NBS SRM-1573 (Tomato Leaves) 
in the energy range 540-580 keV. (a) CNAA with 
APCDT extraction, sample weight 2 g, (b) INAA, sample 

weight 0.1 g. 

The gamma peaks which provide the greatest 
sensitivity are at 564.1 keV for %b (tlR = 67.2 hr) 
and 559.1 keV for 76As (tli2 = 26.4 hr). A major 
interference for ‘**Sb and 76As is from the 554.3 keV 
peak from the decay of s*Br (t,,* = 35.3 hr). The 
Ge(Li) detector, which has a resolution of about 
2.3 keV (FWHM), is capable of resolving these three 
peaks. However, when the concentration of Br in a 
sample is high, the greater background and the tailing 
of the 554.3 keV peak may affect the measurements 
of 76As and i**Sb. This is illustrated in Fig. 1 which 
shows the gamma spectra in the region of interest for 
NBS-SRM- 1573 (Tomato Leaves) obtained from 
INAA, and from CNAA by the separation procedure 
described. The Br concentration in SRM-1573 is 
26 pg/g, which is apparently high enough to raise the 
background, causing a serious problem for Sb and As 
determination by INAA (Fig. lb). Another promi- 
nent feature of the spectrum is the high background 
radiation caused primarily by the presence of high 

Table 1. Nuclear data for neutron activation of As and Sb, and major spectral 
interferences 

Abundance of Cross section, Half-life of Major gamma 
Nuclide parent, % barus daughter peak, keV 

76As 100 
“*Sb 57.3 
UNa 100 
“K 6.8 
**Br 49.5 
‘2P 100 

4.5 26.4 hr 559.1 
6 67.2 hr 564.1 
0.53 15.0 hr 1368.5 
1.2 12.4 hr 1524.6 
3 35.3 hr 554.3 
0.18 14.28 d bremsstrahluna 
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Table 2. Determination of As and Sb in some NBS standard reference materials by INAA and by the proposed CNAA 

Aa Pglg Sb, pglg 

Reference 
material 

Orchard Leaves 1571 
pine Needles 1575 
Citrus Leaves 1572 
Tomato Leaves 1573 

CNAA 

8.84 f 0.11 
0.24 f 0.01 
2.89 f 0.03 
0.25 f 0.01 

INAA 

10.8 f 0.2 
0.22 f 0.01 
3.07 f 0.02 

N.D. 

NBS NBS 
value CNAA INAA value 

10+2 3.04 f 0.10 2.83 &- 0.04 (2.9)* 
0.21 f 0.04 0.19 kO.01 0.20 f 0.01 (0.2) 

3.1 +0.3 0.068 + 0.003 N.D. (0.04) 
0.27 f 0.05 0.047 f 0.003 N.D. no values given 

*Values in parentheses are not certified, but are given for reference by NBS. 
All values are based on triplicate analyses. 
N.D., not detected. 

- 

levels of 24Na, ‘*K, and 32P in the system. This high 
background radiation would also raise the detection 
limits of As and Sb significantly. The APCDT extrac- 
tion procedure effectively removes the alkali metal 
ions, halides and phosphorus species from the system. 
As shown in Fig. la, the *‘Br peak in SRM-1573 
after the extraction was barely detectable and the 
background radiation was significantly reduced. The 
559.1 keV peak of 76As and the 564.1 keV peak of 
‘22Sb are well resolved in Fig. la, and the detection 
limits of As and Sb approach those expected under 
interference-free conditions. With a sample weight of 
2 g, under the experimental conditions described in 
this paper, the detection limits of As and Sb, calcu- 
lated as the amounts equivalent to 3 times the 
standard deviation of the background under the 
appropriate photopeaks, are 0.005 and 0.006 pg/g 
respectively. The detection limits can be further low- 
ered by increasing the sample weight, the irradiation 
time and the counting time. 

Generally speaking, As concentrations in bio- 
logical materials are several times higher than those 
for Sb. If the ratio of As/Sb in a sample is large, then 
a minor peak of 76As at 562.8 keV (2.7% relative to 
the 559.1 keV major peak) may cause appreciable 
interference with the 564.1 keV peak of “*Sb. In 
general, a correction should be applied to the lz2Sb 
peak by using the intensity ratios of the As peaks at 
559.1 and 562.8 keV. The interference of 76As with 
‘**Sb can be minimized by recounting after allowing 
the former to decay. Since the half-life of ‘**Sb is 
about 2.5 times that of 76As, we normally recounted 
samples with high As/Sb ratios 3-4 days after the first 
counting, to obtain more reliable ‘**Sb data. 

INAA vs. CNAA for As and Sb determination in 
biological samples 

The concentrations of As and Sb in four NBS 
standard biological reference materials, determined 
by INAA and by CNAA with the proposed separ- 
ation method are given in Table 2. The bromine 
contents of these standard reference materials vary 
from 9 pg/g in SRM-1575 (Pine Needles) to 26 pg/g 
in SRM- 1573 (Tomato Leaves). In samples with high 
As and Sb contents, such as SRM-1571, or with low 
bromine content as in SRM-1575, the As and Sb 
values obtained by INAA are in good agreement with 

the values given by NBS. In samples with high 
bromine and low As and Sb contents, as in SRM- 
1573, INAA failed to provide meaningful As and Sb 
values. In order to determine low levels of As and Sb 
in biological materials by NAA, chemical separation 
appears necessary. The As and Sb values in the 
four standard reference materials determined by the 
APCDT separation and NAA are in good agreement 
with the values given by NBS (Table 2). Antimony is 
generally more difficult to determine than arsenic 
because of its low concentrations in biological sys- 
tems. In the case of SRM-1572 (Citrus Leaves), the 
As/Sb ratio approaches 44 and Sb can be determined 
accurately only by CNAA. It should be pointed out 
that the NBS Sb values quoted are not certified 
values, but values for reference only. The Sb concen- 
tration in SRM-1573 (Tomato Leaves) has not been 
reported before in the literature. 

This CNAA method has been applied to the analy- 
sis of sagebrush samples collected from Idaho Falls 
(Table 3). The As and Sb levels in these samples 
are low, comparable to those found in SRM-1573 
(Tomato Leaves). Without pre-irradiation separ- 
ation, As and Sb in sagebrush are hardly detectable 
by INAA. With the APCDT extraction method, well 
resolved 16As and ‘**Sb peaks with low background 
radiation were observed for these samples. The con- 
centrations of Sb in the sagebrush samples were 
determined by CNAA to be in the range 41-49 rig/g.. 

CONCLUSION 

The APCDT extraction procedure eliminates 
matrix interferences and concentrates As and Sb from 
plant digests for NAA. The detection limits for As 
and Sb in biological materials are estimated to be. 
0.005 and 0.006 pg/g, respectively. The proposed 

Table 3. As and Sb in three sagebrush samples, 
determined by the proposed CNAA method* 

Sample A% !%I&? Sb, ccglg 

1 0.156 f 0.003 0.041 f 0.003 
2 0.188 f 0.003 0.049 f 0.002 
3 0.160 f 0.002 0.041 f 0.002 

*All values are based on triplicate analyses. 
Samples were collected from Idaho Falls, Idaho, in 

Nov. 1986. 
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CNAA technique proves to be a sensitive and reliable 
method for the accurate determination of low levels 
of As and Sb in biological samples, as demonstrated 
by the results obtained from NBS standards. 
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Summary-The chromatographic properties of silica-immobilii 2-pyridinecarboxyaldehyde phenyl- 
hydrazone as stationary phase for separation of aqueous metal-ion mixtures containing various 
combinations of Mn(II), Fe(R), Cd(II), Zn(II), Co(II), Pb(II), and Cu(I1) are described. Separations were 
achieved in many cases by using mobile phases containing chloride or perchlorate anions, at moderate 
flow-rates. Quantitative chromatotxraphic analysis was possible for a variety of sample types over a wide 
range of metal-ion concentrations~ - 

Incorporation of chelating agents in various column- 
packing materials has heen increasingly investigated. 
Various reagents have heen chemically bonded to 
surfaces of silica supports by silylation reactions.ia 
Such surface-modified silica supports have in many 
cases given more efficient and selective metal-ion 
separations than conventional ion-exchange resins. 

In an earlier report’ we described separations 
of some transition-metal ions on 2-pyridinecar- 
boxaldehyde phenylhydrazone (PAPH) immobilized 
on 37-74-pm particles of silica. In the present work 
we have attached PAPH covalently to a S-pm silica 
support and characterized the product (denoted as 
Chromosorb-PAPH) for its effectiveness in chro- 
matographic analysis of metal-ion mixtures by HPLC 
with post-column detection. 

EXPERIMENTAL 

Reagents and materials 

Chromosorb LC-6,5-pm particle size, 400+ m2/g specific 
surface area, 120 A pore size, was obtained from Johns- 
Manville Co. Aminophenyltrimethoxysilane (mixed isom- 
ers) and trimethylchlorosilane were purchased from 
Petrarch System Inc., Bristol, PA. The aminophenyl- 
trimethoxysilane was distilled twice at reduced pressure, and 
refrigerated before use. Pyridine-2-carboxaldehyde was pur- 
chased from Aldrich Chemical Co. and used without further 
purification. PAR [4-(2-pyridylazo)resorcinol, monosodium 
salt monohydrate] was obtained from Aldrich Chemical Co. 
and used as received. PAR was generally used as a 
1.12 x lo-‘M solution prepared in pH-11 (O.OSM 
NH:/NH,) buffer. NBS standard reference material No. 
1573 (Tomato Leaves) was obtained from the National 
Bureau of Standards, “One-A-Day” Maximum Formula 
vitamin tablets (Miles Laboratories, Inc., Elkhart, IN) were 
purchased locally. Metal-ion sample solutions were pre- 
pared from the nitrates, for zinc, lead, cobalt, and cadmium. 
Iron was used as ferrous ammonium sulphate, copper as 
cupric sulphate, and manganese as manganese chloride. 

Apparatus 

The chromatographic system used in this study was 
assembled as shown in Fig. 1. The liquid chromatograph 

was a Bioanalytical System LC-150 (Bioanalytical Systems, 
Inc., West Lafayette, IN) equipped with a 20-~1 injection 
loop. A post-column reaction system was used for detection 
of metal ions in the etlluent. The effluent was directed to a 
low-volume T-junction where it mixed with the reagent 
solution (the eluent and the PAR solution were pumped 
through l/18 in. o.d. stainless-steel tubing. Reciprocating 
pumps (Model 396, Milton Roy Co.) were used in conjunc- 
tion with the liquid chromatograph. The PAR chelates were 
monitored at 550 nm by a flow-through photometric de- 
tector (Bioanalytical Systems LC-6). The stationary phase 
was slurry-packed (carbon tetrachloride as medium) into a 
standard 250 mm x 4.6 mm id. stainless-steel column at 
Altech Associates Inc., Deertield, IL. The length of tubing 
from the injection valve to column inlet and from the 
column outlet to the T-junction was kept as short as possible 
to minimii band broadening due to diiusion. The tubing 
from the T-junction to the detector was approximately 20 
in. long and coiled to ensure complete mixing. Solution 
absorbances were measured with a Varian Model 2290 
recording spectrophotometer. 

Immobilization procedure 

The synthetic steps used for the attachment of the desired 
reactive groups to the silica support, and the chelation 
capacity studies, have been described previously.’ 

Separations 

A pH-4.5 acetate buffer eluent, and eluents containing 
sulphate, chloride and perchlorate, all at pH 4.5 and 0.041M 
in conjugate-base concentration, were used to elute metal- 
ion mixtures containing certain combinations of manganese, 
iron, cadmium, zinc, lead and cobalt. The pH of the eluents 
was adjusted to 4.5 f 0.02 by addition of a su8icient amount 
of the appropriate conjugate acid. All eluents contained 
0.1% of hydroxylamine hydrochloride as reductant. Eluent 
and PAR flow-rates of 0.47 f 0.02 ml/min and 0.60 f 0.03 
ml/min, respectively, were maintained. Metal-ion mixtures 
containing copper were chromatographed with 0.06OM 
sodium oxalate adjusted to pH 4.5 with perchloric acid 
(1 + 1). 

Quantitatioe analys13 

Synthetic samples were prepared, containing various 
known amounts of manganese, iron, cadmium, zinc, lead, 
cobalt and copper. NBS Tomato Leaves and “One-A-Day” 
vitamin tablets were dry-ashed and the residues dissolved in 
acid according to a procedure described elsewhere.5 From 
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Fig. 1. Schematic diagram of the liquid chromatograph and the post-column reaction system. 

calibration graphs for various metal-ion standards, con- 
structed by plotting peak area us. metal-ion concentration 
for the 0.02-30mM range, the concentrations of the metal 
ions present in the various samples were determined. 

RESULTS AND DISCUSSION 

Table 1 lists the characteristics of the 
Chromosorb-PAPH column. The agreement, within 
experimental error, of the capacity data obtained 
from the copper sorption study and the acid-base 
titration indicates that the basic sites are equally 
accessible to protons and metal ions, presumably 
because they are located on the surface rather than in 
narrow pores. An argument for the 1: 1 stoichiometry 
of the immobilized metal-ligand complex has been 
proposed previously.’ 

Metal-ion chromatography 

At pH 3 or below, all of the metal ions tested were 
eluted in the void volume. A pH of 4.5 proved 
satisfactory for optimal chromatographic retention 

Table 1. Characteristics of the ChromosorbPAPH 
column 

Particle size, w 5* 
Specific surface. area, m’/g >400* 
Pore diameter, A 120, 
Weight of packing in column, g 1.8 
Void volume, ml 3.3*0.1 
Bonded PAPH, mole/g 19t f 3 

lQf2 
Surface coverage, junole/mr 0.048t 
Column capacity, wale PAPH 34t 
Column length, nun 250 
Column bore, mm 4.6 

*Manufacturer’s values. 
tBased on copper uptake at pH 4.5. 
§Based on acid-base titration. 

and separation. Effects of anions on resolution were 
examined to allow selection of the most appropriate 
eluent components. Acetate resulted in considerable 
overlap of the bands for zinc, lead and cobalt. 
Sulphate gave good resolution of zinc from lead but 

Fe, Cd 

0 2 4 6 6 10 12 14 16 16 20 22 24 

RETENTION VOLUME (ml) 

Fig. 2. Chromatograph of a sample containing manganese, iron, cadmium, zinc, cobalt and lead. Eluent: 
pH-4.5 sodium perchlorate/perchloric acid; flow-rate: 0.47 f 0.02 ml/min. Concentrations used: 0.2mM 

for Mn(II), and 0.8mM each for Fe(II), Cd(U), Zn(II), Co(II), and Pb(I1). 
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Fig. 3. Chromatogmm of a sample containing manganese, iron, cadmium, dnc, cobalt, lead and copper. 
Eluent: pN-4.5 oxalate buffer; flow-rate: 0.70 f 0.02 ml/min. Concentrations used 0.8mM for copper, and 

0.5mM each for Mn(II), Fe(II), Cd(II), Zn(II), Co(I1) and Pb(I1). 

not of lead from cobalt. Chloride and perchlorate 
gave similar results, each proving suitable for resolu- 
tion of manganese, iron (with cadmium), zinc, cobalt 
and lead (in that order) as seen in Fig. 2. Copper was 
strongly retained at pH 4.5 but could be eluted with 
a pH 4.5 oxalate buffer (Fig. 3). 

All the chromato~ams exhibited broad and asym- 
metric peaks, due in part to the use of post-column 
reaction detection. For example, the peak due to 
manganese(I1) in Fig. 2 is distorted primarily by 
effects associated with injection of the post-column 
reagent solution and its mixing with the eluent. An 
additional contribution to band broadening occurs 
during the elution of the other metal ions, since they 
are retained by chelation and must be displaced or 
dissociated from the silica-bound ligand. Slow kinet- 
ics was observed for these in separate experiments, 
which explains the broadness of the peaks. Some 
improvement in peak shape might be afforded by use 
of an elevated tem~rature or an eluent pH-gradient. 

Quantitative analysis 

Table 2 lists the results obtained for the various 

samples. The results are in reasonable agreement, 
within experimental error, with the known amounts 
of metal present in each type of sample. Lead, cobalt 
and cadmium, if present in the tomato leaves and 
vitamin tablets, were at concentrations too low to be 
determined by this method. The results demonstrate 
that the ChromosorbPAPH stationary phase can be 
used effectively to determine various metal ions, in a 
variety of sample types, over a wide range of metal- 
ion concentrations. 

Evaluation of the Chromosorb-PAPH stationary 
phase 

The Chromosor~PAPH stationary phase was 
used successfully for the separation of up to seven 
metal ions in aqueous solution. Significant im- 
provement in chromatographic resolution was noted 
with this stationary phase when a S-pm support was 
used instead of the larger particle support reported 
previously.’ The column was used for a total of 
160 hr, over a period of about 19 weeks, without 
apparent loss in chromatographic resolution. It was 
stored in demineralized water when not in use. 

Table 2. Chromatographic analysis of samples* 

Synthetic sample, Tomato leaves, Vitamin tablets, 
mM icglg mg /tablet 

Metal ion True Found True Found True Found 

Mn 0.197 0.20 + 0.01 238 f 7 245f 12 2.5 2.1 f 0.2 
Fe 0.500 0.54 * 0.02 690+25 730* 50 18 15+ 1 
Zn 0.100 0.10 & 0.01 62k6 57 * 5 15 14+1 
Pb 0.300 0.31 & 0.01 - - - - 
CO 0.100 0.10*0.01 - - - - 
Cd 0.200 0.20 + 0.01 - - - - 

CU 0.600 0.58 IO.03 - - 1.89 1.8~0.1 

*Values found are averages, with average deviations specified, based on four replicate determinations 
for the synthetic sample and two for the others. 
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Summary-The possibilities for eliminating the matrix effect caused by large concentrations of titanium 
in an EDTA-based electrolyte have been examined. In these solutions titanium gives a DPASV peak, the 
height of which decreases with increase in preconcentration time. This effect depends on the pH and is 
probably caused by impurities in the EDTA. Complete damping of the titanium peak by means of this 
effect is not possible. The influence of the following surfactants on the DPASV peak for titanium in 0.2M 
EDTA at pH 4.5 was investigated: polyoxyethylated alkylphenols having an average of 3 and 9.5 ethylene 
oxide sub-units; polyoxyethylene alcohols having an average of 5 and 20 ethylene oxide subunits; 
polyoxyethylene (glycerol mono-oleate) ether having an average of 20 ethylene oxide sub-units; poly- 
oxyethylene (sorbitol mono-ok&e) ether having an average of 20 ethylene oxide subunits; poly(ethylene 
oxide) having M.W. 5.0 x 106; poly(ethylene oxide)poly(propylene oxide) block copolymer having 
M.W. 1.625 x 104; N,N,N,N’,N’,N’-hexamethylhexamethylenediammonium bromide (HMB); benxyl(di- 
isobutylphenoxyethoxy)dimethylammonium chloride; hexadecyltrimethylammonium bromide; tetrabutyl- 
ammonium chloride (TBAC); hexadecyldimethylbenzylammonium chloride, hexadecyltributylphos- 
phonium bromide; tetraphenylphosphonium bromide; sodium dodecylsulphate; sodium stearate; sodium 
dodecylbenxenesulphonate; sodium octadecyloxyethylene ether sulphate; sodium octadecyloxyethylene 
ether malonate (Malester). Except for TBAC and HMB all the surfactants investigated decreased the 
titanium peak, although to different degrees. Generally the effect increased in the sequence cationic 
surfactants c non-ionic surfactants < anionic surfactants. The more hydrophobic non-ionic surfactants 
decreased the titanium peak more strongly than did the less hydrophobic ones. Malester was found the 
best of the investigated surfactants for this purpose. Sodium dodecylbenxenesulphonate also gave good 
results, although in this case an additional peak appeared. In the presence of these last two surfactants 
iron(III) does not substantially disturb the base-line current. 

Titanium is one of the main components of 
many mineral matrices. Its content in the lithosphere 
is 5.7 mg/g,’ and its average content in soils is 
approximately 5.0 mg/g.2 Full decomposition of gram 
amounts of such samples can introduce several mg of 
titanium into the solution obtained. Even when such 
samples are treated with acids, to dissolve only the 
heavy metals, the solutions will have an appreciable 
concentration of titanium.’ Such concentrations can 
interfere in the determination of thallium by anodic 
stripping methods. Although the titanium does not 
undergo accumulation in the mercury drop during 
the usual preconcentration, in many complexing base 
electrolytes its presence causes the appearance of a 
large additional peak which makes the determination 
of thallium impossible. This applies to EDTA sol- 
utions. Of course, it is possible not to use such 
complexing electrolytes and thus avoid the problems 
connected with the presence of titanium. However, 
another very difficult problem in electroanalysis, viz. 
the determination of thallium in the presence of an 
excess of lead, is easily solved only by use of complex- 
ing base electrolytes, the best being an EDTA sol- 
ution. The complexing action of EDTA alone can 
substantially increase the tolerance for lead in the 

determination of thallium.” Extremely high excesses 
of lead can be tolerated if the lead is “electro- 
chemically masked” by the addition of the surfactant 
tetrabutylammonium chloride (TBAC) to the EDTA 
solution.5 Besides EDTA and TBAC, Triton X-100 
and DCTA can be u~ed.~ Hence, the problem appears 
to be to eliminate the influence of titanium on the 
determination of thallium without giving up the use 
of EDTA as the base electrolyte, or else to eliminate 
the influence of lead on the determination of thallium 
in a non-complexing base electrolyte. The first alter- 
native seems the easier to realize. 

The purpose of this work was removal of the 
titanium matrix effect on the determination of thal- 
lium in DPASV while retaining the tolerance for a 
large excess of lead. This is part of our ultimate aim, 
the development of a highly selective method for the 
determination of thallium, especially in such matrices 
of practical importance as soil. 

EDTA solutions have been used in voltammetric 
determination of titanium for a very long time.’ The 
influence of surfactants on the behaviour of titanium 
in d.c. and a.c.-polarography (at the DME) with a 
citrate base electrolyte has also been examined with 
the aim of increasing the sensitivity of the deter- 
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Fig. 1. Voltamperograms of thallium (b and W), lead (c and 
c‘) and titanium (d and d’) in non-co~pkxir~g (A) and 
completing (B) base electrolyte, Base-line (a and a’). Base 
electrolytes (A) O+lM acetic buffer (pH 4.6); (B) 0.2M 
EDTA (PH 4.6). m] 0.2pM; F”b] 0.1@4; pi] SO/&. 
Prfzconcentration potential -0.800 V; preconcentration 

time (u-c’): 300 set; (d and &) 0 sec. 

mination,’ but the matrix effect of titanium in anodic 
stripping voltammetry, as well as the removal of that 
effect, has not yet been sufficiently examined. 

A Telpod (Poland) pulse polarograph model PP-04 was 
used. Voltamperograms were displayed on an Endim 
(GDR) 620.02 XY-recorder. The differential pulse ampli- 
tude was 50 mV and the scan-rate 11.1 mV/sec. Radiometer 
controlled-temperature electrode equipment was used. The 
surface area of the hanging mercury drop was 2.1 mm2. The 
auxiliary electrode was a platinum wire and the referen% 
electrode an SCE. All potentials reported in this paper were 
referred to the SCE. 

Reagents 
The non-ionic surfactants T&on X-100 (Merck), 

Rokafenol N-3 (Rokita), Pluronic Fl08 [Serva), poly- 
[ethylene oxide) 5,O x I@ (BDH), BRLI 35 (Riedel de 
Haen), Tagat 02 (Goldschmidt), Tween 80 (Schu~ardt)~ 
Oxetal TlOS (Zschimmer and S&wan), the cationic 
surfactants N,N,N,N’,N’,N’-hexamethmetbylhexamethylenedi- 
ammonium bromide (HMB) (Fluka), benzyl(di-isobutyl- 
phenoxyethoxy)dimethylammonium chloride (Hyamine 
1622) (Serva), hexadecyltrimethylammonium bromide 
(HDTMAB) (Merck), ~tmbutyla~o~~ chloride 
(TBAC) (Fluka), hexad~yldim~hyl~l~moni~ 
chloride (HDDMBAC) (Fluka), hexad~ylt~butyl~hos- 
phonium bromide (HDTBPB) (Fluka), tetraphenylphos- 
phonium bromide (TPPB) (Merck) and the anionic surfac- 
tants sodium dodecylsulphate (Serva), sodium stearate 
(Seva), sodium kerylbenzenesulphonate (Oswiecim), sodium 
dodecylbenzenesulphonate (BDH). Sulforokanol (Rokita) 
and Malester (Pollena-Strzemieszyce) were used without 
addi~onal p~fi&ation. 

The supporting electrolyte was 0.2&4 EDTA, which was 
usually prepared from the analytical grade reagent WCh). 
However, in some experiments a purified reagent @recipi- 
tated from acidic solutionY) as well as an analytical grade 
reagent (Merck) was used. The pH of the EDTA solutions 

was adjusted with sodium hydroxide solution (Merck). The 
standard solutions of Tl(1) were prepared from thallium(I) 
nitrate and the standard solutions of titanium from ti- 
tanium(II1) chloride. All solutions were prepared in water 
triply distilled in a fused-silica apparatus. 

procadure 

The solutions examined were deaerated by passage of 
purified nitrogen before measurement. In all the experiments 
preconcentration was done at a potential of -0.800 V with 
the solution stirred. The voltamperograms were recorded 
after a 30-see quiescent period. 

Behaviour af titanium in surf&ant-free EDTA 
solutions 

The positions of the peaks of thallium, lead and 
titanium on voltamperograms in 0.1M acetic buffer 
and in 0.2M EflTA solution fin both cases pH = 4.6) 
are presented in Fig. 3. In the acetate buffer, i.e., the 
base electrolyte without strong complexing proper- 
ties, titanium (curve d) does not give a peak; how- 
ever, lead gives a peak which coincides with the 
thallium peak {curve b), Because in the most real 
samples the content of lead is much higher than that 
of thaKum, the determination of the fatter is imposs- 
ible. In the EDTA solution lead (see curve c’) does 
not give a peak, but there is a clear peak for titanium 
(curve d’). In this case the determination of thallium 
is again impossible, without removal of the titanium 
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Fig. 2, Dependence of the peak potential (a and It) and peak 
height (c and d) on pH for titanium (a and c) and thallium 
(b and d) in 0.2M EDTA base elecrolyte. pi] SO$U; [Tl] 
0.1&M. Prtioncentration potential -0.800 V; precon- 

centration time (a and c) 0 set, (b and d) 300 sec. 
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Fig. 3. Dependence of the titanium peak height on precon- 
centration time in EDTA solutions of different pH values. 

[Ti] O.lmM. Pm-concentration potential -0.800 V. 

peak, because the usual content of titanium is several 
orders of magnitude higher than the thallium content. 

An attempt to remove the titanium effect by 
changing the pH was tried first, the pH being changed 
over the range 3.5-6 in increments of 0.5. 
Voltamperograms for titanium were recorded with- 
out preconcentration, and for thallium after 300 set 
of preconcentration. The results obtained are shown 
in Fig. 2. Although the positions of the peaks shifted 
with change of pH, no great difference between the 
peak potentials was produced. The resolution was 
best at pH 3.5 (about 150 mv). Lower pH might offer 
more promise, but too much acidification could 
cause precipitation of the EDTA, on account of its 
relatively high concentration. 

A very important role in the behaviour of the 
titanium peak is played by the preconcentration time. 
This is surprising since it seems that there is no 
preconcentration of titanium on the electrode sur- 
face, and therefore the preconcentration time should 
not influence the peak height. This effect was there- 
fore investigated for different pH values, and precon- 
centration times ranging from 0 to 900 sec. The 
results are shown in Fig. 3 and several voltampero- 
grams obtained for different preconcentration times 
at pH 5 are shown in Fig. 4 (curves b, c and d). It 
is obvious that the peak height for titanium decreases 
with prolongation of preconcentration time, and this 
effect strongly increases with pH. This behaviour 
suggests that blocking of the electrode surface may be 
occurring. Several experiments were made to find 
the substance which blocked the electrode surface. 
EDTA from different sources, or specially purified, 
gave very similar results. In another experiment the 
titanium was added after normal preconcentration 
for 840 set (at pH 5), and the preconcentration was 
then continued for another 60 sec. The voltampero- 
gram (Fig. 4, curve e) shows that the mercury surface 
was already blocked before the titanium was added. 
For this reason the titanium peak is almost com- 
pletely eliminated. It should be added that in linear 

sweep ASV increase of preconcentration time gives 
the same effect on the titanium peak. 

Znjluence of surfactants on the titanium peak 

All experiments on the influence of surfactants on 
the titanium peak were performed in 0.2M EDTA at 
pH 4.5. The preconcentration time was varied, taking 
into account its influence on the formation of the 
surfactant layer as well as the effect considered above. 

The experiments with non-ionic surfactants were 
conducted at a titanium concentration of 0.12mM 
and a concentration of surfactant of 10 mg/l. Each of 
the non-ionic surfactants investigated causes very 
strong decrease of the titanium peak. An example is 
shown in Fig. 5, for Triton X-100. Curve a was 
obtained with a surfactant-free solution without pre- 
concentration. Curve b, obtained from a solution 
containing Triton X-100 but also without precon- 
centration, shows complete disappearance of the 
titanium peak. The same results occur with pre- 
concentration for 300 set (curve c), but with 
tenfold higher recording sensitivity a small titanium 

,2OOmv, 

T 200 nA 

Fig. 4. Voltamperograrns for O.lmA4 titanium in 0.2M 
EDTA @H 5.0) performed after different prcconcentration 
times (CWWS b, c, d and e). Curve n is the base-line without 
titanium. Prcconcentration potential: -0.800 V, precon- 
centration time: (a and b) 0 set, (c) 100 set, (d and e) 
900 sec. For curve e titanium was added after 840 set of 

preconcentration in titanium-free base electrolyte. 
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Fig. 5. Voltamperograms for 0.12mM titanium in 0.2M 
EDTA t’pH 4.5) in the presence of 10 mg/l. Triton X-100. 
Curve LI is for a surfactant-free solution. Preconcentration 

time (a and b) 0 set, (c and d) 300 sec. 

peak is seen (curve d). Such an increase in the 
sensitivity is necessary if very low concentrations of 
thallium are to be determined. At such sensitivity 
it is possible to compare the damping of the 
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Fig. 6. Voltamperograms for 0.12mM titanium in 0.2M 
EDTA (PH 4.5) in the presence of 10 mg/l. concentrations 
of different non-ionic surfactants: (a) Pluronic F 108, 
(b) Tagat 02, (c) BRIJ 35, (d) PEO 5,000,000, (e) Oxetal 
TIOS, (f) Triton X-100, (g) Tween 80 and (h) Rokafenol 
N-3. Preconcentration potential -0.800 V, precon- 

centration time 300 sec. 
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Fig. 7. Voltamperograms for 0.12mM titaniuim in 0.2M 
EDTA @H 4.5) in the presence of O.ImM concentration 
of different cationic surfactants: (a) TBAC, (b) HMB, 
(c) HDTMAB, (d) TPPB, (e) HDDMBAB, (f) Hyamine 
1622 and (g) HDTBPB. Preconcentration potential 

-0.800 V, pmconcentration time 300 sec. 

titanium peak by different surfactants (Fig. 6), 
the sequence of damping efficiency being Pluronic 
F-108 < Tagat 02 < BRIJ 35 < poly(ethylene glycol) 
5 x 106 < Oxetal T105 < Triton X-100 c Tween 
80 < Rokafenol N-3. With Rokafenol N-3 and 
Tween 80 the titanium peak is almost completely 
damped. 

The experiments with cationic surfactants were 
conducted with 0.12mM titanium and O.lmM sur- 
factant. In contrast to the non-ionic and anionic 
surfactants, which are generally polydisperse mix- 
tures or technical products, the cationic surfactants 
used were pure substances, which justifies use of 
molar concentration units (O.lmM solutions of these 
substances contain - 10 mg/l.) Except for TBAC and 
HMB, which had no damping action, the cationic 
surfactants only partially damp the titanium peak, 
their action differs considerably (Fig. 7, voltam- 
perograms recorded at a tenth of the sensitivity used 
for Fig. 6). The damping efficiencies are in the 
sequence TBAC = HMB < HDTMAB < TPPB < 
HDDMBAB < Hyamine 1622 < HDTBPB. Although 
in the last two curves the titanium peak seems to 
be substantially damped, at the higher sensitivity 
necessary for the trace thallium determination, the 
base-line current would be seriously a&ted. 

The experiments with anionic surfactants were 
done with 0.25mM titanium and100 mg/l. surfactant 
(except concentration for sodium stearate, for which 
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Fig. 8. Voltamperograms for 0.25mM titanium in 0.2M 
EDTA (pH 4.5) in the presence of different anionic surfac- 
tants: (a) sodium sterate., (b) Sulforokanol, (c) sodium 
dodecylbenzenesulphonate, (d) sodium dodecylsulphate and 
(e) Malester. Concentration of surfactant: (a) 10 mg/l., 
(b, c, d and e) 100 mg/l. Preconcentration potential 

-0.800 V; preconcentration time: 300 se-c. 

it was 10 mg/l. because of the limited solubility). All 
these surfactants strongly but not completely damp 
the titanium peak (Fig. 8). Sodium dodecylbenzene- 
sulphonate (curve c) gives an additional peak, which 
is connected with the nature of this surfactant. 
Sodium kerylbenzenesulphonate, which is a commer- 
cial technical product of similar structure, gives a 
similar effect. 

As the base current for the 0.25mM titanium 
solution seems to be promising when an anionic 
surfactant is present, a series of experiments with 
the simultaneous presence of lOnU4 thallium and 
0.25mM titanium was performed. The preconcen- 
tration time was 300 sec. The results obtained are 
shown in Fig. 9. With Sulforokanol (curve b) or 
sodium dodecylsulphate (curve d) present, the thal- 
lium peak is higher than in a surfactant-free solution 
(curve f). This is a result of the additivity of 
the remaining current of the incompletely damped 
titanium peak and the thallium peak current. With 
sodium stearate present (curve a) the height of the 

4. 

Fig. 9. Peaks for thallium in the. presence of an excess of 
titanium in 0.2M EDTA (PH 4.5) containing different 
anionic surfactantsz (a) sodium stearate, (b) Sulforokanol, 
(c) sodium kerylbenzenesulphonate, (d) sodium dodecyl- 
sulphate and (e) Malester. Curve f is for solution free 
from titanium and surfactant. m] 10&f; [Ti] 0.25mM; 
[surfactant] (a) 10 mg/l., (6, c, d and e) 100 mg/l., (f) 
0. Preconcentration potential -0.800 V, preconcentration 

time 900 sec. 

thallium peak is unchanged, but the base current 
seems disappointingly high. Sodium kerylbenzene- 
sulphonate causes the appearance of an additional 
very high peak on the voltamperogram (curve c), as 
with pure sodium dodecylbenzenesulphonate (com- 
pare with curve c in Fig. 8); however, the position of 
this peak does not hinder the evaluation of the 
thallium peak. The base current seems better with 
commercial sodium kerylbenzenesulphonate than 
with pure sodium dodecylbenzenesulphonate. The 
best conditions for thallium determination are in the 
solution with Malester (curve e). 

Iron(II1) influences the base current of the volt- 
amperograms in a similar way to titanium, i.e., it also 
does not undergo accumulation in the mercury drop. 
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Fig. 10. Voltamperogram for 0.2SmM titanium and ImM 
iron(III) in 0.2M EDTA @H 4.5) in the presence of different 
anionic surfactants: (a) sodium stearate, (b) Sulforokanol, 
(c) sodium kerylbenzanesulphonate, (d) sodium dodecylsul- 
phate and (e) Malester. [Surfactant] (a) 10 mg/l., (b, c, dand 
e) 100 mg/l. Pm-concentration potential -0.800 V; precon- 

centration time 100 sec. 

Moreover, the simultaneous presence of iron(II1) and 
some surfactants causes the appearance of new 
injurious effects in the base current. It should be 
mentioned that iron(II1) is almost always present 
in samples, which is why the investigations were 
undertaken with anionic surfactants and iron(II1). 
They were performed with 1mM iron(III), 0.25mM 
titanium, and 100 mg/l. surfactant concentration 
(except for sodium stearate, the concentration of 
which was 10 mg/l.). The results obtained are 
shown in Fig. 10. The voltamperogram of the sodium 
stearate system (curve a) show a large peak for 
oxidation of iron(II1) and the remains of the peak for 
titanium, and for this reason such conditions are 
unsuitable for the determination of thallium. The 

curves for Sulforokanol (b) and sodium dodecylsul- 
phate (d) also show a very bad base line current. 
Comparatively good base line currents are obtained 
with Malester (curve e) and kerylbenzenesulphonate 
(curve c), although in the last case an additional peak 
appears. 

DISCUSSION 

Almost all the surfactants investigated damped the 
titanium peak. This suppressive action increases 
in the sequence: cationic surfactants < non-ionic 
surfactants < anionic surfactants, but there are great 
differences between the effects of surfactants within a 
given group. A similar sequence was observed by 
Hoff and Jacobsen’o for titanium in a citrate base 
electrolyte in a.c. polarography, although they found 
an increase in titanium peak height in the case of 
cationic surfactants. In our case most of the cationic 
surfactants damped the titanium peak, but less so 
than other surfactants. Jacobsen explains the differ- 
ence in the action of cationic surfactants and anionic 
surfactants (for titanium as well as bismuth and 
indium) as connected with the charges of the surfac- 
tant and of the complex to be reduced on the 
electrode.8,‘0 If the surfactant and the complex have 
the same type of charge, strong inhibition is observed, 
but in the opposite case, an increase in the peak or 
wave height can be observed. In our case titanium is 
present in the solution in the form of the negatively 
charged complex Ti(OH),Y2-. The peak considered 
is caused by oxidation of the titanium(II1) complex, 
which is probably also anionic but with lower charge. 
Hence in this case the effect according to Jacobsen’s 
model appears as the much weaker damping of the 
titanium peak, instead of an increase in the peak. This 
difference can be explained as caused by the different 
degrees of coverage of the mercury surface with 
cationic surfactant in the two cases. With the DME, 
the mercury surface is renewed at each drop and 
lower surface concentrations of surfactant are 
achieved. In the case of the HMDE, even if there is 
no separate preconcentration, accumulation of the 
surfactant on the electrode occurs during the record- 
ing of the voltamperogram. On the other hand, it IS 
necessary to look at the Jacobsen model slightly 
sceptically because there are many examples of com- 
pletely opposite behaviour of the systems examined. 
For example, the peak for the negatively charged 
complex of lead(I1) in EDTA solution is extremely 
inhibited by the positively charged TBAC.’ 

The reasons for the differences in behaviour of 
surfactants of the same charge type are very compli- 
cated. In the case of non-ionic surfactants a certain 
inhibiting role is played by the hydrophobicity of the 
surfactant. The least hydrophobic of the surfactants 
investigated. Pluronic F 108, which has an HLB value 
of 27.0, is also less efficient in terms of its inhibitory 
effect (see Fig. 6). The most hydrophobic, Rokafenol 
N-3, which has an HLB value of about 8, is the most 
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efficient inhibitor. Of the pair Triton X-100 and 
Rokafenol N-3, both of which are characterized by a 
similar chemical structure [they are (octyl/nonyl)- 
phenolpolyoxyethylene monoethers], but different 
lengths of the oxyethylene chain, the more hydro- 
phobic Rokafenol N-3 damps the titanium peak more 
efficiently. The same is observed in the case of the 
oxyethylated alcohols, BRIJ 35 and Oxetal Tl05. The 
less hydrophobic BRIJ 35, which has the longer 
oxyethylene chain, damps the titanium peak more 
weakly than does the more hydrophobic Oxetal Tl05. 
Among the anionic surfactants, the sulphates seem to 
be less efficient inhibitors than the others. The case of 
sodium stearate is exceptional because of the low 
solubility of this surfactant in water. 

The behaviour of titanium in a surfactant-free 
solution is also very interesting, particularly the 
decrease in the peak height observed when the pre- 
concentration time is increased. This effect is more 
pronounced in a solution having a higher pH value, 
and for a pH of 3.5 is almost negligible. Un- 
doubtedly, the surface of the electrode is blocked by 
a species of accidental origin. However, the question 
arises as to what this inhibitor is or at least what is 
its nature; is it a component of the base electrolyte or 
is it connected with the titanium? The experiment 
resulting in voltamperogram e in Fig. 4 gives a partial 
answer to this question. Accumulation of the in- 
hibitor was evidenced for a titanium-free EDTA 
solution. The peak for the titanium added to the 
solution for the last 60 set preconcentration, was 
almost completely damped. Hence, the inhibitor was 
contained in titanium-free EDTA solution. At the 
moment of addition of the titanium the electrode 
surface was already covered by a layer of unknown 
surfactant. That is why the damping of the titanium 
peak was very high in spite of the short time the 
titanium was present in the preconcentrated solution. 
Since the action of the inhibitor increases with in- 
crease in preconcentration time (see Fig. 3), there is 
evidence that the concentration of inhibitor in the 
solution is comparatively small. Otherwise the cover- 
age of the electrode surface should be immediate and 
the time of preconcentration should then not play 
any role in the inhibition. It is also clear that the 
damping is pH-dependent, indicating that the con- 
centration of inhibitor increases with increase in pH. 
This means that the inhibitor is the base in the 
acid-base couple. These properties show that the 
effect could not be caused by the anion H,Y’-, 
because its concentration is high and decreases 
with increase in pH. Also, other EDTA species 
(specifically HY3- and Y4-) could not have caused 
the effect, because of the very quick replacement (by 
solution equilibria processes) of the amounts of these 

species adsorbed. Hence, it seems probable that the 
inhibitor is some impurity of EDTA. However, there 
is no evidence of a significant difference in the action 
of EDTA from different sources. Hence, all these 
reagents presumably contain the inhibitor. 

The effect discussed above could be useful analyti- 
cally because with sufficiently long preconcentration 
times (which are always necessary in the deter- 
mination of thallium traces) the titanium matrix 
effect is sufficiently lowered without the use of any 
additional reagents. The fact that the effect may 
depend on the content of an impurity in the EDTA 
is of no practical importance, because the action of 
EDTA reagents from different sources is the same. 
More important from the analytical point of view is 
the incomplete damping of the titanium peak under 
these conditions. That is why the effect discussed 
above can be used together with “electrochemical 
masking” by the addition of an anionic surfactant. 
The best of the surfactants investigated is Malester, 
although even in this case the base line current is not 
ideal. Sodium dodecylbenzenesulphonate could also 
be used, in spite of the additional high peak produced 
on voltamperograms in its presence (curve c in 
Fig. 8). Perhaps, a further search for more effective 
anionic surfactants would be fruitful. 

A very important advantage of anionic surfactants 
in comparison with non-ionic surfactants is the fact 
that they do not cause the appearance of additional 
peaks in the presence of iron(III), whereas non-ionic 
surfactants do.” For that reason non-ionic surfac- 
tants cannot be used for “electrochemical masking” 
of titanium in the case of samples containing iron, 
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Summary-A very sensitive catalytic spectrophotometric method for the determination of copper(H) 
concentrations as low as 0.06 ng/ml is described. This method is based on the oxidation of 3-hydroxy-2- 
naphthoic acid by hydrogen peroxide in ammoniacal medium, catalysed by copper( The results of an 
exhaustive study of interferences are given. The new method is applied to determination of copper in 
atmospheric aerosol samples. A qualitative study of the mechanism by means of electron paramagnetic 
resonance spectroscopy is also included. 

Many spectrophotometric methods that use o- 
hydroxycarboxylic aromatic compounds as reagents 
have been reported for the determination of trace 
amounts of metal ions,14 one of the most sensitive 
being that of Minzl and Hainberger5 for the deter- 
mination of copper(H) with salicylic acid and hydro- 
gen peroxide in ammoniacal medium, with a de- 
tection limit of 5 ng/ml. Examination of other 
o-hydroxycarboxylic aromatic acids in that system 
has led to a new and more sensitive procedure 
for copper(H) determination, with 3-hydroxy-2- 
naphthoic acid (HNA) as reagent. Copper(I1) con- 
centrations lower than 1 ng/ml can be determined. 

Many catalytic methods have been proposed for 
copper(I1) determination. In most, high sensitivity is 
accompanied by poor selectivity,&’ usually because 
several transition metal ions show similar catalytic 
effects. Methods with good selectivity usually have 
poor limits of detection. “J’ The new method has 
good selectivity as well as high sensitivity, the only 
interferent ion being iron(II1). 

The reddish colour produced in the reaction 
may be due to an oxidation product of the 
3-hydroxy-2-naphthoic acid. Minzl and Hainberger, 
however, reported that a salicylatocopper(II1) com- 
plex was the compound responsible for the reddish 
colour developed in their procedure. As no other 
copper(II1) complexes of aromatic o -hydroxy- 
carboxylic acids have been described, some mea- 
surements have been made by electron paramagnetic 
resonance (EPR) spectroscopy to determine whether 
a salicylatocopper(II1) complex actually forms, and 
to ascertain whether an analogous compound is 
produced in the 3-hydroxy-2-naphthoate system or 
the colour is due to oxidation of the organic reagent, 
catalysed by copper( as our results seem to 
suggest. 

*To whom correspondence should be addressed. 

Instrumentation 

EXPERIMENTAL 

Beckman Acta M-VII double-beam spectrophotometer 
equipped with l-cm silica cells. Radiometer PHM 64 pH- 
meter, with a Radiometer GK 2401 B combined electrode 
(glass electrode plus saturated calomel electrode). Electron 
paramagnetic resonance spectrometer (Varian E.P.R. E-109 
E), equipped with silica cells (Varian E-248) and coupled to 
an HP 9835 B microcomputer. Atomic-absorption spec- 
trophotometer, Perkin-Elmer 4000. 

Chemicals 

3-Hydroxy-2-naphthoic acid (Merck) was purified by 
precipitation with water from ethanolic solutions treated 
with active charcoal. Hydrogen peroxide 30% (Fluka). 
Copper(I1) oxide (Merck). All chemicals and metal salts 
were of analytical-reagent grade. Ultrapure water with a 
resistivity of 18.3 MR/cm was obtained from a Culligan 
Water Purification System. 

Solutions 

Copper(I1) stock solution, 480 ng/ml, was prepared from 
copper oxide and distilled nitric acid, standardized iodo- 
metrically, and diluted with ultrapure water as required. 
3-Hydroxy-2-naphthoic acid solution, 0.4M in 15% v/v 
(8.6M) ammonia solution. Hydrogen peroxide solution, 
2%. The last two solutions must be prepared daily. Pyrex 
glassware and polypropylene volumetric ware, cleaned 
according to the most stringent standards,i2 was used 
throughout. 

Procedure 

Into a lOO-ml glass-stoppered standard flask, introduce 
1.00 ml of test solution containing between 6 and 60 ne of 
copper( followed by 2.00 ml of 2% hydrogen pero:de 
solution and 5.00 ml of the 3-hydroxy-2-naphthoic acid 
solution. Heat the flask and its contents for 20 min in a 
water-bath maintained at 80”. Cool, make up to the mark 
with ultrapure water and mix. After 15 mitt, mad the 
absorbance at 425 nm against a blank, prepared in the same 
way but with 1.00 ml of ultrapure water instead of the 
copper(I1) solution. Read the copper concentration from 
a calibration graph prepared by treating copper stan- 
dards in the same way, or use the standard-additions 
method. 
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Analysis of aerosol samples 
Mineralize the filter containing the aerosol sample (or an 

appropriate fraction of the filter) with concentrated nitric 
acid (Merck, p.a.) on a hot-plate, dilute the solution, filter 
it through a Whatman No. 41 paper and evaporate the 
filtrate to dryness. Dissolve the residue in 5 ml of 7-&V 
hydrochloric acid, transfer the solution into an extraction 
tube and extract it twice with 5-ml portions of di-isopropyl 
ether. Transfer the aqueous phase into a 50-ml standard 
flask, dilute to the mark with water and determine the 
copper in a l-ml aliquot as above. 

RESULTS AND DISCUSSION 

Absorption spectrum 

The absorption spectrum of the reaction product is 
given in Fig. 1. It exhibits absorption maxima at 390 
and 425 mn. The maximum at 390 nm is irre- 
producible because it represents the difference be- 
tween two strong absorptions. For analytical pur- 
poses, the absorbance at 425 nm must be used. In the 
Minzl and Hainberger method the absorbance is read 
at 376 nm, on the rising portion of an absorption 
band. 

06 

0.6 

A 

0.4 

0.2 

I I 

400 450 

nm 

Fig. 1. Absorption spectrum of the reaction solution against 
its blank. FNA] = 0.020M; [H202] = 0.04%. 1, [Q(H)] = 
0.039 pg/ml; 2, [Cu(II)J = 0.029 pg/ml; 3, [Cu(II)] = 0.019 

pg/ml. 

Table 1. Effect of hydrogen pcr- 
oxide concentration on absorbance 
at 425 nm; [Cu(II)] = 0.96 ng/ml; 

[HNA] = 0.025M 

H202, % A* 

0 0 
0.005 0.553 
0.01 0.896 
0.02 1.046 
0.03 1.104 
0.04 1.153 
0.06 1.149 
0.10 1.023 
0.18 0.877 
0.30 0.441 
0.60 0.224 

*Absorbance of the copper(H)- 
containing solution against a 
blank. 

Because of the high absorbance of the reference 
blank, the reaction solution must be diluted as stated 
in the Procedure to bring the absorbance into a 
measurable range. 

Effect of reagent concentrations 

Table 1 shows that the net absorbance is maximal 
with a final hydrogen peroxide concentration in the 
range 0.04-0.06%. 

The absorbance is strongly dependent on the final 
concentration of 3-hydroxy-2-naphthoic acid up to 
O.O2OM, above which it is constant. Because of the 
high absorbance of the reference blank at the 
working wavelength, use of the lower limit of this 
constancy range, O.OZOM, is best. The reagent 
must be dissolved in 8.6M ammonia to prevent its 
precipitation. 

The coloured product is also obtained when tris- 
(hydroxymethyl)aminomethane, dimethylamine or 
methylamine is used as the base, but use of OS4 
sodium hydroxide, 60% ethylenediamine solution, or 
15% monoethanolamine, diethanolamine or tri- 
ethanolamine solutions fails to produce the reaction. 
Other nitrogen bases, such as pyridine, do not show 
the activating effect reported for other catalytic 
reactions, e.g., the oxidation of hydroquinone by 
hydrogen peroxide proposed by Dolmanova et al.” 
in one of the best existing methods for copper 
determination. 

Effect of temperature and heating time 

In the range of copper(I1) concentrations used in 
the procedure, the coloured reaction product is not 
formed at room temperature. As Table 2 shows, the 
absorbance increases exponentially with temperature. 
An analogous increase is observed for the blank 
solutions. A reaction temperature of 80” has been 
adopted as a compromise but rigorous control of the 
temperature and duration of heating is essential if 
reproducible results are to be obtained. Heating for 
20 min is convenient. 
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Table 2. Effect of temperature on 
absorbance at 425 nm; [Cu(II)] = 
0.96 ng/ml; [HNA] = 0.025M; 

lH,O,l = 0.3% 

Temperature, 
oc A 

::5 
60:5 

0.000 0.021 
0.132 

77 

g 
1.g 
I:445 

After the solutions have been heated, the ab- 
sorbance. continues to increase for a while, but 
measurements can be made about 15 min after the 
end of the heating, when the absorbance has become 
stable. 

Calibration graph 

The relationship between absorbance and COP_ 
per(H) con~tmtion in the final solution is linear 
from 0.06 to 1.0 &ml but the calibration line does 
not pass through the origin. 

The detection limit, evaluated according to the 
JUPAC convention,‘4 was 0.046 ng/ml, and the 
quantification limit (evaluated as 10 times the copper 
~n~ntration co~pon~ng to the standard devi- 
ation of the blank absorbance) was 0.22 ng/ml. The 
relative standard deviation for 0.29 ng/ml copper (8 
replicates) was 4%. 

The sensitivity, expressed as the slope of the cali- 
bration function, was very high, 1.07 x 10’ I./mole. In 
spite of the high blank and lengthy heating time, 
features it has in common with the Mnzl and Hain- 
berger procedure, the new method has the practical 
advantages of a lower detection limit and higher 
sensitivity. 

Table 3. Study of interferences; [CufII)] = 
0.29 ng/m1; IrJN~&;j0.020&f; [H,OJ = 

. 0 

Limiting concentration ratio, 
Ion inteifering ion:Cu(II) 

Fe(II1) 
Zn(Ir) 
Pb(I1) 

~~ 
Mn(I1) 
Cr(III) 

$Y) 

S2& 
Citrate 

l&i 
10’: 1 
IO’: 1 
103: 1 
lO+l 
102: I 
103: 1 
102: 1 
103: 1 
102: 1 
105 1 

Tartrate lo+1 

*Other ions that do not interfere at the levels 
studied are: Al(III), C&II), MgOI), H&II), 
Sr(II), Ba(II), K(I), Na(I), AsO:-, acetate, F-, 
Cl-, NO;, EDTA, oxalate, I-, SCN-, ScrZ,-. 

interferences 

The effect of about 30 foreign ions has been 
investigated; Table 3 shows the tolerable coneen- 
tration ratios to copper, the criterion of interference 
being a relative deviation of 4% in the absorbance for 
a solution containing 0.29 ng/ml copper(I1). The 
results in Table 3 show that, of the cations in- 
vestigated, Fe(II1) interferes seriously, when present 
in lo-fold W/W ratio to copper. Ni(H), Mn(I1) and 
Ce(IV) interfere at lo-fold ratio to copper. All other 
metal ions studied do not interfere at the levels tested. 
Among the anions, peroxodisulphate, citrate and 
tartrate interfere when they are present in IOO-fold 
ratio to copper. Citrate and tartrate decrease the 
absorbance, probably by formation of a copper(H) 
complex, whereas ~rox~s~phate, which is a strong 
oxidant, causes the absorbance to increase. 

~ppli~atia~ of the method to atmospheric aerasa~ 
samples 

The method was applied to analysis of some at- 
mospheric aerosol samples, which were also analysed 
by standard AAS methods.” The samples were col- 
lected on glass-fibre filters in a high-volume sampler 
for 24&r periods, at a suburban sampling point 
(Molins de Rei, Barcelona) near to a heavy-traffic 
highway. The average contents hg/rn’) in the sam- 
ples collected were: Cu 0.30, Zn 19, Cd 0.07, Pb 1.27, 
Ca 7.3, Mg 0.6, Fe 5.5, Mn 0.1. 

For copper(I1) determination by AAS the whole 
sample was need&, the much more sensitive catalytic 
method required only a small fraction of the 24hr 
sample and dilution steps, or even of a sample 
collected in a much shorter period of time (actually, 
the full procedure can be performed on a tenth of a 
sample collected in I hr). This is an important advau- 
tage of the present method, if the interest is mainly 
in fluctuations of con~ntmtion with time, rather 
than daily average. 

When the aerosol sample contains iron, its inter- 
fering effect cannot be masked by addition of 
fluoride, EDTA or other common masking agents, 
but can be eliminated by prior extraction of the 
iron with ~-isopropyl ether from strongly acidified 
solutions. 

Table 4 shows the AAS results for copper(I1) in 
three different 24hr samples, together with the results 
obtained by the new method for samples collected 
between 9 and 10 a.m. on the days concerned. All the 

Table 4. Copper contents of some urban 
atmospheric aerosol samples 

Copper(I1) content, j&z3 

Sample 
mm&r (2~~ple) F-2 ZZ!Y?) 

1 0.29 0.42 
2 0.18 0.23 
3 0.15 0.24 
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Table 5. Recovery of copper added to some atmospheric 
aerosol samples 

Sample Cu(I1) added*, Cu(I1) found*, Recovery, 
number w/ml nglml % 

4 0 0.31 f 0.02 
4 0.13 0.43 + 0.01 
5 0 0.41 f 0.01 
5 0.13 0.56 f 0.02 

*Concentrations in the spectrophotometer cell. 

92 

115 

results are the means of 4 determinations. Although 

the values obtained from both methods are of the 
same order of magnitude, the differences observed in 
Table 4 are relatively important. They are probably 
due to differences between hourly and daily averages. 

Table 5 shows the results (also means of 4 deter- 
minations) obtained for I-hr samples, before and 
after the addition of known amounts of copper. The 
recovery is good. The individual values which were 
averaged did not differ by more than +8% from 
these means. This is consistent with the expected 
precision of the method when it includes an extrac- 
tion step. 

Mechanism of the chemical process 

Copper(I1) ions are paramagnetic and give an EPR 
signal’S’ split into four lines due to the coupling of 
the unpaired electron with the copper nucleus. Cop- 
per(III) ions are diamagnetic and do not give an EPR 
signal. 

Figure 2 shows the EPR spectrum (curve A) for 
a solution containing 3-hydroxy-2-naphthoic acid, 
hydrogen peroxide and copper(I1) nitrate in 3% 

2c 

a 

z 

g 
CI 

-20 

-40 

ammonia, in which the reaction has taken place. 
Curve B shows the spectrum for a solution identically 
prepared and processed, except that it does not 
contain hydrogen peroxide. Both spectra were 
recorded 1 hr after the solutions had been prepared. 
Three important features are observable. (a) The four 
bands (g about 2.14) have the same total area in each 
spectrum. This shows that the reaction does not alter 
the copper concentration and that there is no 
appreciable formation of a copper(II1) complex. (b) 
In spectrum A there are five additional sharp lines 
that appear at a higher field (g = 2.0062), which 
suggests the appearance of a new species containing 
an unpaired electron. This is consistent with the 
formation of an organic free radical obtained by the 
oxidation of 3-hydroxy-2-naphthoic acid. The low 
intensity and the area ratios (approximately 
1:4:6:4:1) of these bands show that only a small 
fraction of the 3-hydroxy-2-naphthoic acid is present 
as a free radical and that the unpaired electron is 
coupled with four equivalent hydrogen atoms. (c) 
The form of the four bands in spectrum A does not 
suggest the existence of a complex between copper(I1) 
and the new organic compound formed. These bands 
are due only to the copper(I1) complexes which are 
formed in solutions containing ammonia and 
3-hydroxy-2-naphthoic acid. 

Features (a) and (c) are also applicable to the 
salicylate system, but feature (6) is not: the EPR 
spectrum obtained after the reaction has taken place 
does not show the existence of a new species contain- 
ing an unpaired electron. This must imply, if the 
mechanism of the reaction is the same for both 
systems, that for the salicylate system the radical 

B,(xIO-~ Gl 

Fig. 2. Electron paramagnetic resonance spectra. Solution A [Cu(II)] = lo-*M; [HsOs] =0.3%; 
[HNA] = 0.08M; WH,] = 1.72M. Solution B [Cu(II)], [HNA], (NHJ as in Solution A, hydrogen peroxide 

absent. (The signal at B, = 3.39 x lo) G is shown at a higher amplification in the insert.) 
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formed is unstable and rapidly reacts to yield a stable 
molecule. 

All the results obtained confirm the catalytic nature 
of the reaction, which is the oxidation of the organic 
reagent. The first step in the reaction is the de- 
carboxylation of the organic acid, catalysed by 
copper(II).‘~* This is shown by the fact that the 
chromogenic reaction also takes place when 
3-hydroxy-2-naphthoic acid is replaced by 
2-naphthol. The fact that there is no formation of a 
copper(I1) complex with the oxidation product is a 
further proof of the absence of the chelating car- 
boxylate group. 

Aromatic compounds with free phenolic groups 
are oxidized in basic media in the presence of a 
transition metal ion. This catalyses the reaction, 
giving oxidative coupling reactions,“-u with radical 
intermediates. The reaction under study takes place 
in a similar way, yielding a stable free radical inter- 
mediate which is highly coloured due to electron 
delocalization. This intermediate eventually leads to 
a stable, highly coloured final product. Both com- 
pounds contribute to the colour developed in the 
reaction. 

Further investigations are being carried out to 
elucidate the nature of the free radical and the final 
oxidation product. 
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Summary-With a glass electrode filled with mercury as indicator electrode for hydrogen ions, the acidity 
constant of nitric acid and the stability constants of the complexes HA; (A = Cl-, NO;) in sulpholane 
at 303 K have been determined potentiometrically. The acidity constant of nitrous acid has also been 
determined in supholane medium because of the low stability of this acid in aprotic media. On the basis 
of the results, some aspects of the electrochemical and thermodynamic properties of oxygen-nitrogen 
compounds are discussed in order to explain the catalytic effect of NO+ in aromatic nitration by N204 
and/or N,O, in aprotic solvents. 

The dissociation constants K* of nitrous and nitric 
acids: 

HNO,$H+ + NO; (1) 

HNO*z$H+ + NO, (2) 

are of interest’ as a link in the determination of 
equilibria involving oxides of nitrogen such as NOz, 
NO, N,O,, N,O,. The species HNO, is a strong 
acid in dilute acid media:*” pK, = - 1.3 at 298 K.* 
Sampoli et al4 have shown that the value of 
pK,(HNO,) in concentrated acid solutions [or non- 
ideal acid media, pK,(HNO,) = - 1.91 appears not 
to be very different from the pK, data in the 
literatures-” or determined in ideal acid media.*%’ 
Nitrous acid is a relatively weak acid in dilute acid 
solution, with pK,(HNO,) reported as 3.0-3.5.4*‘2-‘6 
Moreover, the instability of HNO, in dilute acid 
media to disproportionation by the reaction 

3HN0, + H+ + NO; + 2N0 + H,O (3) 

complicates the chemical phenomena.’ The kinetics 
of this decomposition has been examined in detail by 
Abel and Schmid.” Furthermore, under a pressure of 
1 atm of NO, HN02 can be considered a stable 
species.’ The chemical behaviour of HNO, and HN02 
in acid media has also been of interest in the inter- 
pretation of the mechanism of diazotization of 
amines’* and nitration of aromatics.‘*” 

In aprotic solvents such as acetonitrile, nitro- 
methane, dimethylsulphoxide and sulpholane, the 
acidity of protic acids2,3*2”7 has been found to be 
much weaker than in aqueous or acid media.2~3~14 This 
phenomenon is mainly due to the weak solvating 
character of these solvents relative to that of water, 
as suggested by Gutmann et uI.***~~ Thus, aromatic 
compounds undergo nitration under mild conditions 

on treatment with oxygen-nitrogen compounds in 
these solvents.3M2 In view of the difficulties which 
have arisen (because of the occurrence of several 
equilibria involving the solvent molecule) when work- 
ing with diluted nitrating agents in acid medium to 
obtain critical mechanistic information, it appears 
that aromatic nitration by N2O4 and/or N2O3 in the 
presence of a catalytic precursor in aprotic media is 
a potentially valuable means of preparing nitrated 
aromatic compounds.‘~-)‘*” The explanation of the 
nitration mechanism necessitates knowledge of the 
electrochemical and thermodynamic properties of 
oxygen-nitrogen compounds, and especially the 
acidity constants of nitric and nitrous acids. Likewise, 
these acidity constants are important for inter- 
pretation of numerous electrochemical processes in 
aprotic media.4w5 

These considerations have led us to undertake the 
determination of the acidity constants of HNO, and 
HNO, in aprotic media. 

Chemicals 
EXPERIMENTAL 

The purification of sulpholane (Prolabo) has already be-en 
described.26 Prior to use., the solvent was filtered throuah a 
dry alumina column under argon (neutral alumina d&I in 
a vacuum at 573 K for one week). Pure nitric acid was 
prepared by distillation of fuming nitric acid under reduced 
pressure.q Pip&dine was distilled under reduced pressure, 
and the distillate was passed through a column of dry 
alumina. The HCI gas was prepared by heating sodium 
chloride with orthophosphoric acid. Solutions of hydrogen 
chloride in sulpholane were obtained by passing a slow 
stream of the HCl gas (dried by passage through a column 
filled with phosphorus pentoxide) through weighed amounts 
of this solvent. The concentration of the solution was 
established by weighing to find the amount of HCl dis- 
solved, and also by dissolving a known volume of the 
solution in water and titrating the acid with a standard base. 

Procedures 
Voltammetric half-wave reduction potential measure- 

ments were made with a Tacussel PRT 20-10 potentiostat in *Author for correspondence. 
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combination with a Tacussel UAP4 universal programmer. 
Rotating-disc electrode voltamperograms were recorded on 
a Sefram TGM 164 X-Y recorder. The cell and electrodes 
used for the voltammetric measurements were very similar 
to those described in previous publications.u,47 

Potentiometric measurements were made by means of a 
Tacussel ISIS 20000 millivoltmeter which was combined 
with a Tacussel EPL 2 recorder in order to follow the 
stability of the derivative (dE/dr). The indicator electrode 
was a mercury-filled glass electrode (Tacussel Hg BlO). 

All the potentiometric experiments were performed with 
a watertight cell kept at 303.0 + 0.2 K in a water-jacketed 
vessel. Stirring was continuous during the titration. A 2-ml 
Gilmont microburette was used for the addition of the basic 
titrant (piperidine) to avoid introduction of moisture. 

All potentials were referred to the half-wave oxidation 
potential of a ferrocene solution in sulpholane. This E,,* 
potential can be taken as the origin of the potential scale (as 
suggested by Koepp et al.“). 

All manipulations of materials and preparation of sol- 
utions were performed in an efficient dry-box. The water 
content in the sulpholane was determined by an automatic 
Karl Fischer titration before use. 

RESULTS AND DISCUSSION 

First, using a voltatntnetric technique, we studied 
the electrochemical properties of HNO, and HNO, at 
the Pt electrode in aprotic media. As mentioned 
previously, 4g51 the HN09 and HN02 species undergo 
the following reactions in these solvents: 

HA=H+ + A- 

H+ + e-+iH, 

However, the overall processes are not reversible, 
and it has not been possible to use them to determine 
the acidity constants of HNOz and HNO, by this 
method. We then attempted to analyse HN03 sol- 
utions potentiometrically after addition of a strong 
base solution in an aprotic solvent. This method has 
allowed us to follow the differences in acidity of this 
medium by measuring the variation of potential 
between a glass electrode and the Ag/Ag+ reference 
electrode. 

Analytically pure nitric acid solutions in sul- 
pholane have been studied potentiometrically with 
the mercury-filled glass electrode as indicator elec- 
trode for hydrogen ions.52 The equilibrium potential 
is given by 

E=E”+Fln[H+] 

This electrode had been used extensively in non- 
aqueous media for the determination of acidity con- 
stants.52 However, Coetzee and Bertozzis3 noted that 
the glass electrode gave poor performance in the 
electrochemical study of a strong acid such as HSbCl, 
in aprotic media. We have chosen to take the acidity 
constant pKg& of the weak acid HCI in sulpholane 
as the origin of the pK scale (pK{& = 14.5, deter- 
mined by Coetzee and Bertozzi25). Thus, we have 
examined the neutralization of an HN03 solution by 
a piperidine solution (which is one of the stronger of 

the weak bases in sulpholane), with O.lM tetraethyl- 
ammonium perchlorate as supporting electrolyte 
(Fig. 1). The curve for potentiometric titration of HCl 
with piperidine in sulpholane is also reported in Fig. 
1. Since the potentiometric curve for the HNO,, 
titration lies below that for the HCl titration, we can 
already affirm that HNO, is a weaker acid than HCl 
in sulpholane, i.e., pKiAo, > pKi&. On each of these 
curves, two potential jumps occur at [piperidine]/ 
[acid] ratios equal to 0.5 and 1.0. This observation 
proves the formation of the HA; species (A = N09, 
Cl) as mentioned previously by Alder et al.” in the 
case of HCl. We can therefore write the reactions 

2HA + C5H,,N=HA,- + C5H,,NH+ (5) 

HA; + C,H,,N=2A- + C5H,,NH+ (6) 

The Nernst equation, applied to reactions (5) and (6), 
gives 

RT [HA]* 
E=E”(2AH)+Fln- 

[HA; I 
RT RT [AH]* 

E”fyInK& +FIn- 1 [H&l 
(7) 
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Fig. 1. Neutralization curves (glass indicator electrode tilled 
with mercury) of HNO, and HCl (0.020M) with 0.2M 
piperidine solution in sulpholane at 303 K: (1) HCl (2) 

HNO, . Supporting electrolyte 0. 1M (C,H&NClO, 
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Table 1. Values of the acidity constants K$$ and K& corresponding to the reactions AH+A- +H+ and 
HA; +H+ + 2A- respectively (A = NO3 and Cl), in sulpholane at 303 K (references in parentheses) 

Equilibria HClO, HSO, F HSO:, Cl W207 WQ HCI HNO, HNO, 

AH+A- + H+ 2.7 (55) 3.3 (55) 4.4 (26) 5.0 (26) 12.9 (56) 14.5 (25) 16.0 f 0.6 ~20.6 

PK:;, 3.0 (25) 

HA;+H+ + 2A- 
PG.& - - - - 16.4 f 0.4 17.5 f 0.5 18.6 50.8 - 

E,,z, V* -0.45 kO.03 - - -0.60 f 0.03 -0.60 f 0.03 -0.65 f 0.04 -0.80 (43) - 1.45 (43) 

*Versus the half-wave potential of the ferrocene/ferricinium couple. The El,* value for reduction of the proton of AH is 
obtained with O.OlM AH solutions in sulpholane. 

and 

E=E”(H*-)+RTIJHAil 
2 

F [A-l2 

= E” + g In KH+_ 
F HAI 1 + % In IHA’ 1 

F IA-l2 
(8) 

where KY& and K& are the acidity constants for the 
reactions 2AHeHA; + H+ and HA, $2A- + H+, 
respectively. The standard potentials E” (2AH) and 
E”(HA, ) are expressed as a function of E”, KyLH 
or K[,&. In order to establish the reversibility of 
the electrochemical processes, we studied the two 
sections of each potentiometric curve, corresponding 
to reactions (5) and (6). We found a linear E vs. 
log[x/(l - 2x)*] plot for 0 < x < 0.5 (1st wave) and E 
vs. log[(l - x)/(2x - 1)2] plot for 0.5 < x < 1 (2nd 
wave), where x is the concentration ratio [piperidine]/ 
[acid] during the titration. The line slope is equal to 
55 f 3 mV/log unit, which is near the theoretical 
value of 2.303RTIF. Thus, the standard potentials 
E”(2AH) and E”(HA; ) can be calculated by extra- 
polation of the linear plots. Hence, the two potential 
differences: 

AEr = E”(2AH) - E“(HAi) 

RT K:iH RT 
=F In -= -FInKX, 

KH+_ HA2 

and 

AE, = E”[H(NO,);] - E”(HC1;) 

RT K&o, _ RT In Kif;o,K8~0, 

=Yn--- KH+_ F HCI, KH+ K* HCI HCl 

allow us to derive the equilibrium constant KiH 
corresponding to the reaction 

HAiSAH+A- (9) 

and the acidity constants KiE+IO, and K& of HN03 
and the complex HA;, respectively, taking into 
account the pK& value (14.5).25 All the results are 
reported in Tables 1 and 2. 

We cannot strictly determine the acidity constant 
of nitrous acid because of its low stability in aprotic 
media. However, it can be noted that the difference 
in pK between HCI and HNOr determined in 
(H,O + acid) media,12-16 pK!A,, - pK& = 1.7, is 

Table 2. Value of the equilibrium constant KXH correspond- 
ing to the reaction HA, + HA + A- (A = NO,, Cl) in some 

aprotic solvents (references in parentheses) 

HA,=HA+A- 
PKL, 

Protic Nitromethane Acetonitrile Sulpholane 
acid (AH) at 298 K at 298 K at 303 K 

H2SO4 3.7 (57) 3.1(58) 3.5 (57) 
HSO,CH, 3.1 (57) 

HCl 3.5 (57) 2.3;8) 
- 

3.0 + 0.4 

HNO, - 
3.1757) 

2.3 (58) 2.65 f 0.40 
3.1 + 0.3* 

*Previously determined potentiometrically with the 
silver/silver chloride indicator electrode.47 

nearly identical with that found in sulpholane 
medium (ApK = 1.5). Hence, we have assumed that 
the difference of 4.6 in pK between HN02 and HN09 
in (H20 + acid) media2*3J4 (PK!:,, = - 1.3: and an 
average value of pK!& is N i-3.3 f 0.34J2-16), will 
be the same for sulpholane. In that case, the acidity 
constant pKEAo, of nitrous acid in sulpholane is 
>20.6 at 303 K. 

These acidity constants are reported in Tables 1 
and 2 along with those found for some protic acids 
commonly used. It should be noted that, since the E,,, 
reduction potential of the acid AH diminishes with 
pK!A, the facility to reduce the H+ ion of the protic 
acids, H + + e - + 4 H,, is related in part to their pKH+ 
values (Table 1). 

However, the overall reduction process for protic 
acids is complicated by the hydrogen-bond formation 
leading to the relatively stable HA, species (Table 2). 

USE OF THE ACIDITY CONSTANTS IN THE 
EXPLANATION OF SOME ELECTROCHEMICAL 
AND CHEMICAL PROCESSES IN SULPHOLANE 

Recently, nitration of aromatics by oxygen com- 
pounds of nitrogen(IV) and/or (III) has been studied 
by several authors.1e2’*23*24*3M Redox processes were 
proposed to interpret the catalytic pathway involving 
the nitrogen(III):1e24 nitrosation plus oxidation,59@ 
or electron transfer from the aromatic substrate to 
NO+ followed by radical cation reactions,‘9*20 in a 
catalytic mechanism of the type first substantiated by 

TAL 35,3--D 
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Giffney and co-workers. hiz62 More recently, we have 
reported preliminary results on the nitration of naph- 
thalene by N,O, and/or N,O,, catalysed by NO+ 
in aprotic media.” For highly activated aromatics 
such as naphthalene, nitration by way of nitroso 
int~~~iates is a commonly accepted mechanism. 
However, the possibility of a nitrosonium-arene 
complezP3 or of radical cation intermediatesa in 
aromatic nitration has also been suggested. 
Insu~cient data are available to specify the nature of 
the intermediate step in more detail, However, in all 
cases, in order to explain the nitration mechanism 
catalysed by ~trogen(III), a redox process followed 
by elimination of a hydrogen ion from the aromatic 
substrate has been proposed. Little attention has 
been focused on the redox products and the catalytic 
mechanism by which they and the nitro compounds 
are formed in aprotic media. We recently related the 
efficiency of NO+ in nitration of aromatics by N204 
and/or NzOJ in sulpholane to the possibility of the 
recycling of the nitrosonium ion in the medium.42,65,66 
Indeed, this phenomenon can be explained, in part, 
by the high values of the constants for the two 
reactions (after elimination of an H+ ion in the 
aromatic substrate): 

N204$H+-tHN03+NO+; K,, (lb) 

N203+H+*HNO;,+NO+; K,, (11) 

owing to the very weak ionic dissociations of nitric 
acid and nitrous acid in sulpholane, We have calcu- 
lated K,, and K,, by means of the equations 

fy,, = K~~oJK%, and K,, = x?,,,/K~~s where 

Kk20, and Kkzo, are the ionic disproportionation 
constants of N,O, (N,O,z$NO+ + NO;) and N,Or 
(N203eNO+ + NO; ), respectively, obtaining the 
values K;.rzo4= 7.1 x iO-* and K;YZOs = 4.3 x lO-I2 
at 303 K, in sulphol~e.47*67 Thereby, we obtain 
K ,. = 6 x lo8 and K,, = 2.5 x lo9 at 303 K, in sul- 
pholane. It is worth noting that the intervention of 
the nitronium ion has been excluded in the nitration 
process, on account of its low con~ntration in N204 
solutions in aprotic media,44 Kilo4 = FrO$][NO;]/ 
[N,O,] = 1O-u at 303 K, in sulpholane,” and the low 
value of the constant for the reaction (after elimi- 
nation of an H+ ion in the aromatic substrate): 

N,O,f H + eHN02 + NO: ; K,, (12) 

KS =Kb,lKi&, z 4 x lo-* at 303 K, in sul- 
pholane. 

This low value explains why the infrared spectra of 
mixtures of N,O, and H+ in sulpholane do not 
exhibit the antisymmetric stretching band (at about 
2400 cm- * ) of the NOT ion. 

Likewise, we have observed a catalytic effect of 
some metal nitrates MCNO,), (M = Cu, Zn and UOJ 
on the nitration of naphth~ene by NrO, in sul- 
pholane.” This activation has also been ascribed to 
catalysis by NO+ formed through the reaction6’ 

NzO4 + M(NO,),-* NO+ 4 M(N0,); (13) 

and regenerated continuously in the medium during 
the nitration, according to 

H+ + M(NO,),- -*HNO, + M(NO,),; K,, (14) 

followed by reaction (13). We have calculated K14 by 
means of the equation 

where K& is the stability constant of the complex 

M(NG, 1; ; Kt = UW’W; l/~~O~~~l~O~ I; 
K& = 2.9 x IO’, K& = 4.0 x lo’, KfS,, = 2.7 x 10’ 
at 303 K, in sulpholane.68 Hence, we obtain 
K,, = 3.4 x lo*, 2.5 x IO*, 3.7 x IO8 for M = Zn, Cu 
and UO, respectively. 

However, the nitric acid formed by reactions (10) 
and/or (14) cannot be considered as one of the 
end-products of the aromatic nitration by mixtures of 
N,O,+ NO+ in sulpholane. Indeed, the electro- 
chemical study of the nitration reaction has allowed 
us to identify HNO, as an intermediate which is 
afterwards consumed by N,O, (this species is pro- 
vided by the redox step of the nitration) through the 
reaction4z65~66 

HNO, + NrOs==Nz04 + HNO,; KS, fW 

Thus, we observed that the cathodic wave attributed 
to the reduction of HN03 diminishes, whereas the 
wave corresponding to the reduction of the HNOr 
proton increases. The stoichiometry of the aromatic 
nitration by NZ04 can therefore be written overall as 

ArH -f-N,O,- (No+) ArNO, + HNO, (16) 

The value of the constant for reaction (15) 
is: K,j15= K~~o~~~~~lK~~~K~~~,~ 3.5 at 303 K, in 
sulpholane. 

It should be noted that the equilibrium constant 
for reaction (15) has been of great interest, for some 
time, in the interpretation of the decomposition of 
nitrous acid in sulpholane,43 and also for a better 
understanding of the redox processes of N204 alone 
and with water in aprotic solvents.45 

CONCLUSION 

By use of the glass electrode filled with mercury, as 
an indicator electrode for the hydrogen ion, the 
acidity constant KKos of nitric acid and the equi- 
librium constants Kg,& and Kg corresponding 
to the reactions HA;;;?H+ + 2A- and 
HA;=A- + AH (A = CI, NO,) have been deter- 
mined potentiometrically in sulpholane (Tables 1 and 
2). The results show the very weak acid character of 
HNO, and the relative stability of the entity HA, 
formed by hydrogen bonding (A-H-A)- in sul- 
pholane. It has not been possible to determine the 
acidity constants Ki& of HNO, by this method on 
account of the low stability of nitrous acid in aprotic 
media. However, the K&,, value has been estimated 
as KE& N 20.6 at 303 K, in sulpholane. The knowl- 
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edge of the acidity constants of HNOr and HNOr has 
allowed us to account for the decomposition of 
nitrous acid and for the electrochemical properties of 
N,O, alone and in the presence of water in aprotic 
media.43-4s However, agreement on the precise 
nitration mechanism of aromatics, catalysed by 
N(III), has not yet been reached, because of the lack 
of data on the chemical and electrochemical be- 
haviour of the reactants and end-products in the 
solvent used. Therefore, it appears necessary to take 
another approach to examining the nitration reac- 
tion. Thus, in order to elucidate the mechanism of 
aromatic nitration by N,O, and/or N,O, in sul- 
pholane, taking into account the electrochemical and 
thermodynamic properties of oxygen-nitrogen com- 
pounds and especially those of HNOr and HNO, 
in this solvent, we have attempted to explain the 
stoichiometry of the nitration reaction and the cata- 
lytic role of NO+.“*65@ However, many questions of 
the nitration mechanism are yet to be resolved. We 
are pursuing the investigations on the nitration of 
aromatics by N204 and/or N,O, in sulpholane, and 
the mechanistic aspects with particular emphasis 
on the nature of the reactive intermediates in the 
nitration pathway. The results will be reported in 
another paper. 
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CONSTANTS OF PHENOTHIAZINE DERIVATIVES 
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Summary-The effect of a cationic, an anionic and a non-ionic surfactant on the acid-base equilibria of 
the phenothiaxine derivatives, diethaxine hydrochloride and chlorpromaxine hydrochloride, has been 
studied, It has been found that the presence of cationic and non-ionic surfactants strongly enhances the 
dissociation of the two derivatives, whereas the anionic surfactant decreases the dissociation constant. 
These effects are in agreement with a theory based on a pseudophase, ion-exchange model of micelles. 
From the dissociation-constant values as a function of the surfactant concentration, the binding constants 
for diethaxine and chlorpromazine with the surfactants !Septonex and sodium dodecylsulphate have been 
calculated. The ability of cationic surfactants to solubilixe the free bases of the phenothiaxine derivatives 
and to increase their dissociation constants has been utilixed to develop a new method for alkalimetric 
determination of the derivatives in a micellar medium. The method has been applied to determination 
of the content of the active component in pharmaceutical preparations. 

Phenothiazine derivatives are often studied in phar- 
macology and recently have also been investigated in 
connection with photo-redox processes in micellar 
systems (construction of photogalvanic cell~).**~ There 
are generalized methods for determining these 
substances3” and many of the compounds have been 
used as spectrophotometric reagent$*‘j or redox indi- 
cators.’ 

As it is well known that micellar media formed by 
surfactants significantly affect many analytically use- 
ful reactions,* we have studied the effect of surfac- 
tants on the absorption spectra of some pheno- 
thiaxine derivatives and on the stability of their 
oxidation products,9 as well as on their reactions with 
metal ions. lo This paper deals with the effects of 
surfactants on the acid-base properties of pheno- 
thiazine derivatives, as effects on the dissociation 
constant have been demonstrated for other sub- 
stances in surfactant solutionsnJ2 and utilized 
analytically.13*‘4 

Phenothiaxine derivatives are usually prepared as 
the hydrochlorides or maleates and behave as very 
weak acids. Their dissociation equilibrium can be 
expressed by the equation 

u 

1 AR,_ ct- 
WI), -N 

I +‘R, 

tiNY+YR, - 

In an aqueous medium not containing a surfactant 
the base formed is insoluble. To determine the dis- 
sociation constants K, for such substances, the 
method of non-logarithmic linear titration curves” 
can be employed; it has been applied to some pheno- 
thiazine derivatives.16 If the free base is not precip- 
itated, then the method yields the equation, 

(1) 

where Z is the number of moles of substance neutral- 
ized and A is the analytical concentration of the weak 
base. Plotting Z against Z[H,O+] yields a straight 
line with slope l/K,. If the base precipitates, then & 
is obtained from the slope of the straight line, 

where B is the concentration of the dissolved portion 
of the free base, obtained spectrophotometrically. 
The method permits the determination of pK, with a 
standard deviation of 60.03.” 

QqJ+J +‘ilo = l+JJkJ +H30++CL- 

. . 
Drethaxme~HCI: R, = CzHl, R2 = H, n = 2 
Chlorpromazine.HCI: R, = CH,, R, = Cl, n = 3 
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EXPERIMENTAL 

Apparatus 
The pH was measured with a PHM 64 instrument (Radi- 

ometer, Denmark) with a GK 2401 B glass combined 
electrode that was calibrated with aqueous buffers supplied 
by the same company. The titrations were performed on 
TTT 11 titrator with an ABU 13 autoburette (2.5 ml) 
(Radiometer). The absorption spectra were measured on a 
PU 8800 instrument (Pye-Unicam Philips, England). The 
solutions were kept at constant temperature with a U 15 
thermostat (VEB Priifgeriite, GDR). 

Reagents 
Stock solutions (5 x IO-‘M) of chlorpromazine hydro- 

chloride (LPC, London; m.w. 355.47) and diethazine 
hydrochloride (Ltiiva, Czechoslovakia; m.w. 334.47) were 
obtained by dissolving the substances in distilled water. The 
purity of the substances was checked by melting point 
measurements in a Kofler block and by TLC with a 
methanol-chloroform (1: 1 v/v) mobile phase. The stock 
solutions of diethaxine and chlorpromazine were stored in 
the dark, in closed vessels, to prevent their oxidation. 

Stock solutions (5 x IO-*M) of l-carbethoxypentadecyl- 
trimethylammonium bromide (Septonex; Spofa, Cxech- 
oslovakia; m.w. 422.48), sodium dodecylsulphate (SDS: 
Serva, FRG; m.w. 288.37) and p-octylphenol poly- 
oxyethylene (n = 30, Triton X-305; Carlo Erba, Italy; m.w. 
1510) were prepared by dissolving the substances in distilled 
water. The Septonex was first dried for several days in a 
vacuum desiccator. 

The titrations were nerformed with a standard 0.2M 
sodium hydroxide solution, free from carbonate and stan- 
dardized with oxalic acid. The ionic strength of solutions 
was adjusted with potassium chloride. 

Procedures 
Determination of the pK,, values. Solutions of the two 

hydrochlorides (5 x 10-4M), with ionic strength I = 0.1 
(KCl), were titrated with the standard 0.2M alkali in 
surfactant micellar solutions at 25 f0.5”, except for the 
measurements with SDS, where the temperature was 
35 f 0.5” because SDS precipitated at lower temperatures. 
The measurements were made in the dark, with vigorous 
stirring and continuous passage of nitrogen through the 
solution, the titrant being added in lo-p1 portions. The pH 
was allowed to stabilize before each addition of titrant. 

In the absence of surfactants and at surfactant concen- 
trations below the critical micelle concentration (cmc), a fine 
white precipitate of the free base appeared during the 
titration. A large amount of alkali was then added after the 
attainment of the equivalence point, to ensure complete 
deprotonation of the phenothiaxine derivative, the liquid 
was centrifuged and the concentrations of the free di- 
ethazine (DE) and chlorpromazine (CP) bases in solution 
were determined spectrophotometrically in the clear super- 
natant (I-DE = 250 nm and &,,,CP = 254 nm; five mea- 
surements, with a precision of 2%). The & values were then 
obtained from equation (2). With supercritical surfactant 
concentrations the free bases were solubilixed by the micelles 
and equation (1) could be used to determine K,. 

Determination of phenothiazine derivatives in the commer- 
cial substances an-d-pharmaceutical preparations. An accu- 
ratelv weiahed amount of (-0.85 a) of the hydrochloride is 
dissolved Fn 10 ml of O.lM‘Septon& 5 ml oflM potassium 
chloride are added and the mixture is diluted to 50 ml with 
water. The solution is titrated with 0.2M sodium hydroxide 
in the dark, with vigorous stirring and passage of nitrogen 
through the solution. 

7c I I I I I 
0 2 4 6 8 10 

c,mM 

A weighed amount of powdered tablet equivalent to Fig. 2. Dependence of the pK, value for chlor- 
about 0.25 mmole of active component is stirred with about promaxine.HCl on the surfactant concentration. ccp = 
20 ml of water for 15 min, the solution is filtered through 5 x 10-4M, cKCl = O.lM; I-Septonex, ?-T&on X-305, 
cotton-wool, 10 ml of O.lM Septonex and 5 ml of 1M 3-SDS. 
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Fig. 1. Dependence of the pK, value for diethaxine . HCl on 
the surfactant concentration. co, = 5 x 10T4M, ckc, = 

O.lM: I-Septonex, 2-Triton X-305, 3-SDS. 

potassium chloride are added, the solution is diluted with 
water to 50 ml and the titration is performed as above. 

RESULTS AND DISCUSSION 

Effect of surfactants on the pK,, values of pheno- 
thiazine derivatives 

We studied the effects of the cationic surfactant 
Septonex, anionic surfactant SDS and non-ionic sur- 
factant Triton X-305, over a concentration range 
from 5 x 10m4 to 1 x lo-*M. The pK, values of 
protonated diethazine and chlorpromazine are plot- 
ted in Figs. 1 and 2 as a function of the surfactant 
concentration. It can be seen that the presence of the 
cationic and the non-ionic surfactant leads to a sharp 
decrease in the pK, values of both derivatives at 
around the surfactant critical micelle concentration 
(cmc); the cmc values are roughly 1.1 x 10Y4M for 
Septonex in a medium of 0.1M strong electrolyte” 
and 5 x 10e4M for Triton X-305, the cmc of which 
is little affected by the presence of salts.‘s On the other 
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hand, the pK, values of the derivatives considerably 
increase in the vicinity of the cmc value (under the 
present conditions CQ. 1.3 x 10-3M)‘9 of the anionic 
surfactant SDS. 

The decrease in the ply, value (an enhan~ent 
of dissociation) of protonated diethazine and 
chlorpromazine in the presence of the cationic and 
non-ionic surfactant and the increase in pK, value 
(suppression of the dissociation) in the presence of 
the anionic surfactant are in agreement with the 
results given in the literature for the acid-base equi- 
libria of other organic systems1*-‘4~ and correspond 
to Hartley’s findings” and to the theory employing a 
pseudophase, ion-exchange modeL21J2 According to 
this model, both the acid-base forms of the organic 
molecule are bound to the micelles through hydro- 
phobic interactions. The ability of the cationic mi- 
celles to bind OH- ions by electrostatic forces and 
thus to concentrate them within the small volume of 
the micellar pseudophase then favours dissociation of 
a weak acid on the micelle surface. The binding of the 
organic molecules to the micelles of an anionic sur- 
factant suppresses the dissociation, as OH- ions are 
not bound to the negatively charged micelle surface 
and deprotonation of the acid is thus not favoured. 
The OH- ions are probably bound to the micelles of 
non-ionic surfactants, but the interaction is weaker 
and thus the enhancement of dissociation is less 
pronounced than with cationic surfactants. 

E~~i~~r~~ eo~tants for minding of the kydroch~or~des 
with Septonex and sodium dodecylsulphate 

The K. values obtained for protonated diethazine 
and chlorpromazine, as a function of the surfactant 
concentration, make it possible to determine the 
constants for binding these species with the surfac- 
tants.;?o 

For the dissociation of a weak acid, 
HA” =H+ + A, and the distribution of the species 
between the micellar and the aqueous pseudophase, 
the dissociation constant K, (in the presence of the 
surfactant) can be expressed by 

Ila, = Kfi,JI + KJC])/(l + KHA+~) (3) 

where Kb is the dissociation constant in the absence 
of the surfactant and [C] is the difference between the 
actual surfactant concentration and the cmc value. 
The K, and KHA+ values are the binding constants for 
the substance in the deprotonated and protonated 
form, respectively, with the micelles, given by the 
relationship 

K = kJ/Rvl(Kl - &,I) (4) 

where subscripts m and w for substrate S refer to the 
micellar and aqueous phase, respectively. 

In the study of the effect of the anionic surfactant 
SDS on the acid-base equilibria of some methyl- 
substituted derivatives of phenol (an equilibrium of 
the HA+H+ + A- type), to determine the constant 
for the binding of these derivatives with SDS from the 

values of the dissociation constants in the micellar 
medium, an assumption was madezo which simplifies 
equation (3) and permits the determination of the 
binding constant; it is also applicable to our mea- 
surements. This ass~ption is that the positive 
charge on the protonated form of the phenothiazine 
derivatives exhibits a greater tendency to associate 
with the anionic surfactant SDS than does the base 
(KA[C]<< 1) and thus equation (3) can be simplified to 
yield 

Kaw = K&I + KM+ [Cl) (5) 

Analogously, for the cationic surfactant Septonex it 
is possible to assume that the positive charge on the 
protonated form of the phenothiazine derivatives has 
little tendency to associate with the surfactant, com- 
pared with the free base (K”..,+ [c]<< 1) and equation 
(3) is converted into the form 

K% = L(I + K&J]) (6) 

Plotting KJ& against [C] for the anionic surfactant 
and K&K% against [C] for the cationic surfactant 
yields straight lines with slopes equal to the appropri- 
ate binding constants with the surfactants. 

By this method, the values K.,, = 1 x lo4 and 
9.5 + 1 x 10” have been obtained for the interaction 
of diethaxine and chlorpromazine, respectively, with 
Septonex. For the reaction with the SDS surfactant, 
the value K,, = 4 + 1 x lo2 has been obtained for 
both the phenothi~ine derivatives. 

These binding constants are of the same order of 
magnitude as those for unsubstituted phenothiazine 
and the cationic surfactant cetyltrimethylammonium 
bromide (3 x 104) and the anionic surfactant SDS 
(1 x IO’), obtained from the kinetic equations for the 
phenothiazine reaction with Fe(III),26 Similar results 
have been obtained in studies of the inte~ctions of 
other aromatics with cationic and anionic surfac- 
tants.27J* 

It follows from the values obtained for the binding 
constants that unsubstituted phenothiazine and the 
bases of the derivatives studied in this work are 
bound to the micelles of cationic surfactan~ more 
strongly than phenothiazine and the protonated form 
HA+ are bound to those of anionic surfactants, 
although it could be assumed that the HA+ species 
might interact electrostatically with the negative 
charge on the SDS micelle surface. These findings are 
also in agreement with the results obtained in the first 
part of this work, indicating that Septonex causes 
greater changes in the pK, values than SDS does (see 
Figs. 1 and 2). The results obtained thus again 
confirm that hydrophobic interactions predominate 
in the interactions of organic molecules with 
surfactants. 

Alkalimetric determination of phenothiazine derivative 
in micellar solutions 

We have utilized the ability of the surfactant to 
solubilize the free bases of the phenothiazine deriva- 
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Table 1. Determination of diethazine*HCl and chlorpromazine. HCl in the 
commercial substances 

Diethazine.HCl*, Chlorpromazine.HCl*, 
% % 

Classical ~tentiomet~ 100.4 f 0.3 99.9 * 0.1 
Automatic tit&or 100.5 j, 0.6 99.9 f 0.6 
HClO, titration in CH,COOH 100.1 + 0.3 100.0 + 0.1 
Ce(SO,), titration 100.5 * 0.5 99.9 f 0.5 

*Referred to nominal amount taken, &standard deviation. 

Table 2. ~te~ination of die~~ne,HCl and chlor- 
promazineHC1 in pharmaceutical preparations 

Deparkin*, Plegomazin*, 
% % 

Titration in Septonex 98.9 f 0.9 98.9 & 0.8 
Heterogeneous titration 99.150.9 98.9 + 0.8 
UV s~trophotomet~ 99.9 * 0.6 99.0 + 0.6 

*Percentage of the nominal content, kstandard deviation. 

tives and to increase the dissociation constants K. of 
their protonated forms (by up to two orders of 
ma~itude) for the development of an alkalimet~c 
determination of phenothiazine derivatives in the 
form of the hydrochlorides by titration with standard 
sodium hydroxide solution, in presence of the cat- 
ionic surfactant Septonex. The titration can be done 
potentiometrically, with pH, = 9.5 for automatic 
titrations. 

The mean results obtained from ten parallel deter- 
minations of the two hydrochlorides are given in 
Table 1. They are in good agreement with those 
obtained by titration with standard perchloric acid 
solution in anhydrous acetic acid23 and by redox 
titration with standard ceric sulphate solution” (see 
Table 1). Analysis of the pha~a~uti~ preparations 
Deparkin (Spofa, Czechoslovakia; active component 
diethazine) and Plegomazin (Egyt, Hungary; active 
component chlorpromazine) gave the results reported 
in Table 2. Automatic titration was used, and the 
results were compared with those obtained by hetero- 
geneous ti~tion~ and s~trophotomet~.4 The 
other substances in the preparations (carbohydrates, 
dyes, waxes) did not interfere in the determination. 

The proposed alkalimetric determination is simpler 
and faster than the titrations in non-aqueous and 
heterogeneous media that are often used for the 
determination of phenothi~ine derivatives. 

1. 

2. 
3. 
4. 
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Summary-Possible advantages of using multiple ion-selective electrodes of the same type for the 
determination of analyte ions in multicomponent mixtures are investigated. Specifically, potassium and 
ammonium ions are determined in model multicomponent mixtures with a combination of four 
valinomycin and four nonactin polymeric membrane electrodes. The electrode potentials are monitored 
by a specially designed data-acquisition system, and conventional matrix operations are used to calculate 
the ion concentrations. The results indicate that greater confidence in the analyses can be obtained from 
an overdetermined system of this type. 

Otto and Thomas’ recently evaluated an experi- 
mental design in which up to eight different ion- 
selective membrane electrodes were used simulta- 
neously for the determination of sodium, potassium, 
calcium, and magnesium ions in clinically important 
solutions. They showed that such an overdetermined 
approach to the problem of multiple ion deter- 
mination is feasible and that an overdetermined 
system provides better predictability than an exactly 
determined one (four electrodes, one for each of the 
four cations). The theoretical advantages of over- 
determined systems have been discussed in detail.* 

The overdetermined system studied by Otto and 
Thomas consisted of eight electrodes, each with a 
different selectivity pattern. An alternative approach, 
which has yet to be evaluated, involves use of groups 
of electrodes with nominally identical selectivity pat- 
terns. An overdetermined system of this nature might 
be able to provide greater confidence in the deter- 
mination of a particular ion in solution. This ap- 
proach is of special interest because of the continuing 
advances in microfabrication technology, which can 
provide arrays of many individual electrodes made of 
the same material. 

The purpose of our investigation was to establish 
the merits of using multiple ion-selective electrodes of 
the same type for the determination of ions in sob 

tion. Four valinomycin and four nonactin polymer- 
membrane electrodes were employed for the simulta- 
neous determination of potassium and ammonium 

*To whom correspondence should be addressed. 

ions in a single sample. A novel data-acquisition 
system was developed to facilitate data-collection and 
analysis. This system automatically collects data from 
up to sixteen individual electrodes in conjunction 
with a single reference element, and uses conventional 
matrix operations and regression techniques to calcu- 
late the ion concentrations. We have found that 
results from this type of overdetermined system are 
more reliable than those from individual electrode 
pairs. 

Reagents 
EXPERIMENTAL. 

High molecular-weight poly(viny1 chloride) (PVC) and 
Gold Label tetrahydrofuran VHF) (Aldrich), dibutyi se- 
bacate (Eastman Kodak), nonactin, valinomycin, and 
Sigma 7-9 Tris (Sigma) were used. All other chemicals were 
of analytical reagent grade. Demineralized distilled water 
was used in the preparation of standard and sample solu- 
tions. 

Preparation of polymeric membrane electrodes 

Nonactin and valinomycin polymer-membrane electrodes 
were constructed from disposable plastic pipette tips with 
small lengths (approximately 0.5-I .O cm) of Nalgene tubing 
pressed onto the ends. The end of the tubing was dipped into 
the appropriate coating solution ten times, the solvent being 
allowed to evaoorate between dins. The nonactin coatinn 
solution consisied of 11.6 mg oi nonactin, 130.2 mg of 
PVC, 250 rcl of dibutvl sebacate. and 3 ml of THF. The 
vahnomycih coating -solution consisted of 5.6 mn of 
valinomycin, 130.6 mg of PVC, 250 ~1 of dibutyl sebr&te, 
and 3 ml of THF. Roth types of electrode were stored in 
test-tubes that containedViOO ~1 of 0.1999M potassium 
chloride (in O.lM Tris-HCl buffer, pH 7.50) when not in 
use; this solution composition was also used for the internal 
electrolyte for the electrodes. Silver wires coated with silver 
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chloride were used as internal reference electrodes. Elec- 
trode potentials were measured relative to that of an 
Ag/AgCl double-junction reference electrode with 1M lith- 
ium acetate in the outer junction. 

~eparaIi0~ of stabs and samples 
Potassium and a~onium ion standards for calibration 

of the nonactin and valinomycin electrodes were prepared 
by dissolving the corresponding chlorides in 0. 1M Tris-HCl 
(pH 7.50) buffer. 

Model samples 1 and 2, prepared by dissolving potassium 
and ammonium chlorides in O.lM Tris-HCl @H 7.50) 
buffer, had the following compositions. 

Sample 1: 5.95 x lO-‘A3 KCI, 1.00 x lo-‘M NH,Cl 

Sample 2: 5.95 x lO-“M KCl, 8.78 x 10W4M NH&I 

Determination of potassium and ammonium in samples 
Potassium and ammonium ions in the samples were 

simultaneously determined by direct potentiometric anal- 
ysis. Initially, four valinomycin and four nonactin electrodes 
were ~rn~~n~usly calibrated with standard potassium 
solutions with activities ranging from 2.798 x lo-’ to 
1.193 x IO-*M. Selectivity coefficients for these electrodes 
were then determined, by means of additions of potassium 
and ammonium standards to 50ml of the Tris buffer, the 
resulting concentrations being as follows: 

Addition IK+1. M IruWlt M 

1 4.79 x 10-J 3.59 x lO-4 
2 8.36 x IO-’ 6.27 x lo-’ 
3 1.192 x lo-’ 8.94 x 10-4 
4 1.547 x lo-3 1.160 x lo-3 

The model samples were analysed by immersing all eight 
electrodes in the sample solution. The resulting steady-state 
potentials were monitored sirnuI~n~~y by the data- 
acquisition system. The data were analysed by combining 
the responses of various electrodes into different sets, as 
described below. 

RESULTS AND DISCUSSION 

Hardware design 

Numerous articles deal with, at least in part, the 
design and use of computer-controlled data- 
acquisition instrumentation for ion-selective elec- 

trodes.3-‘0 With so many systems proposed, it may 
prove difficult to choose the best design for a partic- 
ular need. The advantages of the present system are: 
(1) the ability to monitor 16 indicator electrodes 
relative to a single reference electrode, (2) use of an 
inexpensive integrated~i~uit analogue multiplexer 
instead of separate relays for electrode monitoring, 
(3) use of a kit-based analogue-to-digital converter 
(ADC) that is simple to assemble and calibrate and 
provides high resolution, and (4) an RS232C output 
for remote positioning of the acquisition system and 
easy adaptability to a variety of computers. 

The acquisition system is illustrated schematically 
in Fig. 1. Each indicator electrode is connected to a 
CA3140AS operational amplifier, which serves to 
increase the input impedance of the acquisition sys- 
tem. The electrode amplifiers are electrically con- 
nected, in random or ~quential order, to the ADC by 
an IH6116CPI integrated-circuit multiplexer. 

Analogue electrode potentials are converted into 
BCD (binary coded decimals) by the ICL7135 which 
is part of the ADC kit (ICL7135 EV/KIT, Hamilton 
Avnet Electronics, Cedar Rapids, IA). The converter 
offers a maximum conversion rate of about 2-3 Hz. 
It has 4.5-d& precision which allows a resolution of 
50.1 mV at a full scale span of f2 V. Since the 
converter has an auto-zero function, calibration con- 
sists of input of a stable voltage and setting the 
adjustment potentiometer to give the appropriate 
digital output. The converter kit is available on a 
4.5 x 6 inch printed circuit board with edge con- 
nector. There are several signals accessible from the 
connector, including (1) the under-range, over-range, 
and polarity lines, which contain information about 
the magnitude and polarity of the potential input, (2) 
the strobe line, which is the main handshake signal 
for data output, (3) five digit drives, which corre- 
spond to the five BCD values used to represent the 
five decimal places in the output digital reading, (4) 
the four BCD data lines and (5) a run/hold line to 
allow conversion to be started at will. 

6 13 ‘I- 
Fig. 1. Schematic of the data-acquisition system: (1) reference electrode, (2) indicator electrodes, (3) input 
amplifiers, (4) multiplexer, (5) ADC, (6) control circuitry, (7-10) output registers, (11) output buffers, (12) 

universal asynchronous receiver/transmitter, (13) port SEROl IBM 9000. 
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Fig. 2. Schematic of the analogue portion of the data-acquisition system: shown below each integrated 
circuit are the connections which could not be represented schematically. 

Perhaps the most novel aspect of this acquisition 
system is the portion of the circuitry from the elec- 
trode amplifiers to the ADC; this simple arrangement 
is shown in Fig. 2. Listed below each integrated 
circuit are the connections which could not be repre- 
sented schematically. One resistor (2.7 M&-J) is neces- 
sary to compensate for the internal resistance of 
each multiplexer channel. The other resistor, in con- 
junction with the set of diodes, acts to protect the 
ADC by limiting the absolute value of the input 
voltage. 

The internal functioning of the acquisition system 
is straightforward and easily understood. First, the 
sampling rate, 0.018-2.34 Hz, is loaded into the 
sample-rate generator. Next, the beginning and end- 
ing multiplexer channels for sequential scanning are 
loaded into the multiplexer counter and end-of-scan 
comparator, respectively. A pulse sent to the ADC 
begins the conversion. All five BCD data bytes are 
encoded separately into ASCII values between 48 and 
57. These are converted into RS232C format and sent 
to the computer. The polarity, over-range, and 
under-range signals are encoded into a single ASCII 
value. Likewise, the current multiplexer channel and 
a communications terminator are encoded as sepa- 
rate values and sent. Finally, the current channel- 
number is compared to that for the end of scan. If 
they are equal, acquisition returns to the beginning, 
otherwise, the multiplexer channel is simply in- 
cremented. The four control registers indicated con- 
tain the information to be sent to the computer. One 
contains the BCD data, a second holds the polarity 
and over-range/under-range information, a third 
holds the value of the current multiplexer channel, 
and the fourth stores the communications terminator. 

Computer and software design 

The computer used for data-collection was the 
IBM System 9000. ,A11 programming was performed 
in version 1.2 System 9000 Basic. In the data- 
acquisition algorithm, the steady-state response of 
the electrodes was determined by a simple method. 
First, ten potentials (read to 0.1 mV) were collected 
(at a rate of 2.343 Hz) from each of the eight elec- 
trodes connected to the acquisition system. The stan- 
dard deviations of the sets of potentials were calcu- 
lated and compared with the limit of 0.3 mV. If all the 
standard deviations were below this limit (no pro- 
vision has been made for the case that the standard 
deviations never fall below the limit), the sets were 
averaged individually, and the averages stored as the 
steady-state potentials. Otherwise, new data were 
taken from each of the electrodes and processed in 
the same manner. 

Calculations 

The determination of two ions with ion-selective 
electrodes in the present procedure requires, initially, 
a mathematical model to describe the response of the 
electrodes to the presence of the ions in solution. The 
model examined in this work, the extended Nemst 
equation, is a convenient function (written here for 
response to ,potassium and ammonium ions): 

E = E, + S log([K+] + &.,aJNH4+]) (1) 

where E = electrode potential, E, = electrode poten- 
tial constant, S = slope of electrode linear response 
to potassium ions, and k,, = the selectivity 
coefficient of the electrode for ammonium ions rela- 
tive to potassium ions. 
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EC and S for each electrode can be obtained by a 
simple two-parameter least-squares fit of the poten- 
tial data obtained in calibration with potassium 
standards. kKNH,, the only unknown remaining, is 
determined by calibration of the electrodes with 
standards that contain both potassium and ammo- 
nium ions, followed by least-squares calculations. In 
these calculations, equation (1) is transformed into a 
linear function with respect to [K+] and [NH:]. 

10’E-Ec”s = [K+] + kKNHJNH:] (2) 

Since equation (2) is a linear combination of [K+] 
and [NH:], it is possible to consider a set of such 
equations represented in matrix notation: 

where 

RA. B = C,, ZKL B (3) 

R, B = matrix of 10(E-GYs values obtained with B 
electrodes for A standard solutions contain- 
ing both analytes, 

CA,2 = matrix of concentrations in A standard 
solutions of both analytes, 

K,,B = matrix of selectivity coefficients for both 
analytes from B electrodes. 

The matrix K is then 

K = (C’C)-‘(CTR) (4) 

where CT is the transpose of C and (CTC)-’ is the 
inverse of CTC. The coefficient preceding the potas- 
sium ion concentration term in the extended Nernst 
equation is simply unity, so in practice [K+] is 
subtracted from each response, 10(E-~~s. It should be 
noted that the potentials measured for the standards 

containing both ions must be within the linear re- 
sponse region of potassium calibration for the elec- 
trodes used. Also, the number of standard solutions 
used to determine the coefficients must be greater 
than or equal to the number of analytes of interest. 

To determine the concentrations of potassium and 
ammonium ions in an unknown solution, it is neces- 
sary to measure the potential of each electrode in the 
solution. Then the coefficient for potassium ion 
(unity) must be placed into the K matrix. Finally, if 
the number of electrodes equals the number of anal- 
ytes to be determined, the following relationship is 
used: 

Crz = Rt,K-’ (5) 

where R* is the matrix of the responses, lO@-G)“, to 
the unknown by each of the electrodes, and C* is the 
matrix of unknown analyte concentrations. If the 
number of electrodes used is greater than the number 
of analytes to be determined, the following re- 
lationship must be used: 

C* = R*KT(KKy-’ (6) 

Multicomponent analyses based on these types of 
computation are discussed thoroughly by Kowalski 
et aL2 

Determination of potassium and ammonium ions in 
samples 

Table 1 summarizes the results obtained. Sixteen 
different electrode pairs can be combined from the 
individual electrodes (4 valinomycin, Au-Dv, and 4 
nonactin, An-Dn). Concentrations of potassium and 
ammonium ions have been calculated from the re- 

Table 1. Ion concentration measurements from various electrode combinations* 

Sample 1 Sample 2 
Data 
set Electrodes [K] C.I. %Error [NH:] C.I. %Error [K] C.I. %Error [NH:] C.I. %Error 

3.9 5.0 5.3 0.26 -10.9 8.5 0.06 -3.2 1 AvlAn 5.9 1.4 
2 Bv/An 5.9 0.9 
3 Co/An 5.8 1.4 

4.0 5.0 

4 DvjAn 6.0 1.2 
5 Av IBn 5.9 1.5 
6 BviBn 6.0 1.0 
7 CvjBn 5.8 1.4 
8 DviBn 6.0 1.2 
9 AviCn 5.9 1.5 

10 Bv)Cn 5.9 1.0 
11 CvlCn 5.8 1.4 
12 DvjCn 6.0 1.2 
13 Av [Dn 5.9 1.5 
14 Bv/Dn 5.9 1.0 
15 Cv/Dn 5.8 1.4 
16 Dv/Dn 6.0 1.2 

Average 5.9 1.3 
Maximum 6.0 1.5 
Minimum 5.8 0.9 

Array of all 8 electrodes 6.0 1.3 

-1.7 10.5 
-1.7 10.5 
-3.3 10.5 

0.0 10.5 
-1.7 9.8 

0.0 9.8 
-3.3 9.8 

0.0 9.8 
-1.7 10.0 
-1.7 10.0 
-3.3 10.0 

0.0 10.0 
-1.7 9.9 
-1.7 9.9 
-3.3 9.9 

0.0 9.9 

-1.6 10.1 
0.0 10.5 

-3.3 9.8 

4.0 5.0 
4.0 5.0 
2.1 -2.0 
2.1 -2.0 
2.1 -2.0 
2.1 -2.0 
3.1 0.0 
3.1 0.0 
3.1 0.0 
3.1 0.0 
2.7 -1.0 

5.5 0.43 -7.6 
5.5 0.55 -7.6 
5.9 0.58 -0.8 
5.3 0.25 - 10.9 
5.5 0.40 -7.6 
5.5 0.53 -7.6 
5.9 0.54 -0.8 
5.3 0.25 - 10.9 
5.5 0.42 -7.6 
5.5 0.53 -7.6 
5.9 0.55 -0.8 

2.8 -1.0 
2.8 -1.0 
2.7 -1.0 

3.0 0.5 
4.0 5.0 
2.1 -2.0 

3.0 0.0 

5.3 0.24 - 10.9 
5.5 0.39 -7.6 
5.5 0.51 -7.6 
5.9 0.52 -0.8 

8.5 0.07 -3.2 
8.5 0.07 -3.2 
8.4 0.07 -4.3 
8.2 0.43 -6.6 
8.2 0.43 -6.6 
8.2 0.39 -6.6 
8.1 0.38 -7.7 
8.5 0.68 -3.2 
8.4 0.68 -4.3 
8.4 0.73 -4.3 
8.4 0.73 -4.3 

0.63 -6.6 
0.63 -6.6 

5.6 0.43 -6.7 
5.9 0.58 -0.8 
5.3 0.24 - 10.9 

5.6 0.41 -6.7 

8.2 0.67 -6.6 
8.1 0.68 -7.7 

8.3 0.46 -5.3 
8.5 0.73 -3.2 
8.1 0.06 -7.7 

0.0 10.0 8.3 0.23 -5.5 

*Concentration and confidence interval values have units of IO-‘M; C.I. is the 95% confidence interval; and %error is 
per cent relative error. 
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sponse for each electrode pair. The precision of each 
electrode pair is given by the resulting 95% 
confidence interval (C.I. in the table represents half 
the range of this confidence interval). Accuracy is 
measured as relative error. The true values for potas- 
sium and ammonium ions, respectively are taken to 
be 5.95 x 10e4 and 1.00 x lo-‘M for sample 1, and 
5.95 x 10m4 and 8.78 x 10w4M for sample 2. Results 
calculated by combining the responses from all eight 
electrodes are also listed. In all cases, the reported 
values are based on pooled values from three separate 
measurements. 

For the two-electrode systems, both the accuracy 
and precision are heavily dependent on the particular 
electrodes used. Confidence intervals and relative 
errors are nearly the same for the ammonium ion 
concentrations when a particular nonactin electrode 
is coupled with any of the valinomycin electrodes 
(data sets l-4). Likewise, similar values are obtained 
for potassium ion concentrations when a particular 
valinomycin electrode is coupled with any nonactin 
electrode (data sets 1, 5, 9 and 13). This is not 
surprising, in view of the selectivities of the respective 
electrodes for these cations. 

The best set of electrodes can be identified from the 
results in Table 1. For the determination of potas- 
sium ions in model sample 1, electrode Du was the 
best with respect to accuracy, whereas electrode Bv 
was best from the standpoint of precision. For the 
determination of ammonium ions in sample 1, elec- 
trodes Cn and Bn gave the best accuracy and pre- 
cision, respectively. The best combinations of elec- 
trodes for sample 1 were sets 12 (Dv/Cn) for accuracy 
and 6 (Bv/Bn) for precision. It is important to note 
that no single combination of two electrodes gave the 
best results with respect to both accuracy and pre- 
cision. Of course, the electrode set which provides the 
highest degree of accuracy should be selected, if it can 
be properly identified. 

A different set of optimal electrodes was indicated 
in the analysis of sample 2. Although exactly the same 
electrodes were used as before, considerable variation 
in electrode performance was observed. The highest 
accuracy was obtained with electrodes Dv and An, 
and best precision with electrodes Au and An for 
potassium and ammonium ions, respectively. The 
large negative errors for sample 2 clearly indicate a 
systematic error during these measurements. The 
most probable cause of this error was a significant 
drift in the response curves between electrode cali- 

bration and sample analysis. It is evident that vari- 
ations in electrode response between samples are 
significant. Overall, it is difficult, if not impossible, to 
pick out the best combination of electrodes because 
of this inconsistency in electrode response. 

Results from the entire array of eight electrodes 
provide values that are close to the average values 
given by the individual electrode pairs. The use of an 
overdetermined system effectively averages the re- 
sponse of the individual electrodes, thus reducing the 
dependence of the final answer on any single element 
in the array. 

Overdetermined systems of this type do not pro- 
vide the best or the worst result. The best and worst 
results are given by the combination of the best and 
worst electrodes. Selection of the best individual 
electrodes is not possible, however, because of the 
significant variability in the electrode response be- 
tween samples. The overdetermined system, on the 
other hand, provides an average result that is based 
on all electrodes used. Although this average does not 
match the best possible response, it does represent the 
best practical response in view of the electrodes’ 
inconsistency. Overall, greater confidence can be 
placed in results from an overdetermined system 
based on electrodes of the same type. This enhanced 
reliability might prove to be of the greatest benefit of 
using arrays of multiple ion-selective membrane elec- 
trodes. 
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Summary-Fluorescence drainage-profiles of thin liquid films formed from Rhodamine solutions contain- 
ing anionic, cationic and non-ionic surfactants have been investigated. It is found tbat the influence of 
system variables such as electrolyte concentration, dye concentration, film environment and solution 
viscosity can be evaluated by means of the profiles. The addition of sodium chloride leads to the expansion 
(non-ionic surfactant), or contraction (anionic surfactant) of the profiles. In the case of tire cationic 
surfactant, it reduces the number of fringes in the profiles. The height of selected fringes changes linearly 
with dye concentration, and no fringes are observed when the films are submerged in non-polar solvents. 
The influence of solution viscosity on tilm thickness and drainage rate is demonstrated by the number 
and frequency of fringes in the profile. The formation of first and second “black films” from solutions 
containing varying concentrations of sodium chloride can be shown. 

Recent work on the fluorescence of dyes in thin liquid 
films’*2 has dealt with the appearance of interference 
fringes during the draining (thinning) of films in 
vertical frames. The fringes arise because of optical 
interference between the fluorescence emissions from 
the dye molecules accumulated at the two film sur- 
faces. Fluorescence drainage-profiles have been 
generated’ by monitoring the fluorescence intensities 
over a period of time. The profiles and fringes are 
similar to those obtained by reflectance mea- 
surements (Fig. l), with the notable exception that 
the intensity of the reflectance fringes increases, 
whereas that of the fluorescence fringes decreases as 
the profile develops. Also, the fluorescence fringes are 
generally more clearly resolved. 

An interpretation of the shapes of fluorescence 
drainage-profiles has been presented.2 It was con- 
cluded that the total number of fringes in a profile is 
determined by the initial film thickness, the fringe 
width and spacing depend on the drainage rate of the 
aqueous film core, and the fluorescence intensities are 
dependent on a combination of factors related to dye 
accumulation in, and drainage from, the core and the 
surfaces. 

In this paper, a description is given of the use of 
fluorescence profiles as an alternative method for the 
analysis of thin films. 

EXPERIMENTAL 

The experimental details have already been fully 
described’ and will only be summarized briefly here. 

Surfactant solutions--sodium lauryl sulphate (SL, 1.3%), 
tctradccyltrimethylammonium bromide (TTAB, 1%) and 

*On leave from Department of Chemistry, University of 
Witwatersrand, Johannesburg, South Africa. 

TAuthor for correspondence. Work supported by grant: 
NJH-GMll373-23. 

Brij 99 (I%)-were prepared from analytical-grade re- 
agents. Rhodamine B dye (5.6 x 10m5M solution) was of 
laser grade and other chemicals were of analytical grade. 
The 6lms were formed in a thick-walled closed cell made of 
blackened brass, with a circular stainless-steel frame at- 
tached to the Teflon lid. The solution was drained from the 
bottom of tbis cell and measurements were started as the 
film formed in tbe frame. No special temperature control 
was implemented. 

A l-mm2 spot on the film was excited with 514.5 nm 
radiation (from an argon-ion laser) incident at 45” to the 
surface and the fluorescence was measured (also at 45” to 
the surface) after dispersion with a double monochromator. 
The emission was monitored at a tixcd wavelength over tbe 
lifetime of the film and fluorescence drainage-profiles over 
periods extending from a few minutes to more tban an hour 
were obtained. 

I 
0 1 2 3 4 5 

Time (min) 

Fig. 1. Fluorescence (A) and reflectance (B) drainage 
profiles of a Brij 99 film. 
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Fig. 2. Variation of (A) SLS film draining time, (B) Brij 99 
fdm (B) drainage time, and (c) ~n~timate fringe half-width 

for ITAB, with NaCl concentration. 

RRSUL’IYS AND DISCUSSION 

InpUence of electrolyte 

The fluorescence drainage=profii~ obtained with 
three major categories of surfactants (cationic, an- 
ionic and non-ionic) were affected differently by 
electrolytes. The outstanding feature of a series of 
SLS (anionic) films was a contraction of the profile 
with increasing sodium chloride concentration. The 
total number of fringes remained the same, but they 
were more closely spaced at higher sodium chloride 
concentrations. This means2 that the initial film thick- 
ness was the same in all cases, but the rate of film 
thinning increased with the salt concentration. Figure 
2 shows the variation of drainage time with sodium 
chloride concentration, where drainage time is 
defined as the time elapsed between the beginning of 
the profile and the apex of the last fringe but one. It 
was chosen because the very last fringe is rather 
broad and ill-defined (see Fig. 1). 

The opposite effect was found with Brij 99 (non- 

1 2 

Time Imin) 

Fig. 3. Fluorescence drainage-profiles of (A) TTAB film and 
(B) TTAB/O.lM NaCl film. 

ionic) films or with different sodium chloride concen- 
trations: the fluorescence drainage-profiles expanded 
with increasing salt ~on~ntration, again without a 
change in the total number of fringes. Clearly, in this 
case the addition of sodium chloride decreased the 
rate of film thinning (Fig. 2). 

The effect of an electrolyte on films formed with 
TTAB was not reflected in the length of the 
fluorescence drainage-profile. The ~nultimate fringe 
appeared after approximately the same time at all 
sodium chloride concentrations, but the number of 
fringes decreased significantly with increasing salt 
concentration (Fig. 3). The time and the appearance 
of the second to last fringe indicate that the drainage 
(tinning) rate of the film had not been affected by 
the sodium chloride. However, the absence of earlier 
fringes at higher salt concentrations suggests that the 
movement of dye from the interior of the film to the 
surfaces had been disturbed. The appearance of a 
fringe pattern requires that there be. both an accumu- 
lation of dye molecules at the film surfaces and 
constantly decreasing distance between these sur- 
faces. Since the latter seems to be occurring, it must 
be concluded that the former is not. As explained 
elsewhere,2 during the first seconds of film life there 
is a net movement of dye molecules from the interior 
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Fig. 4. Variation of penultimate fringe height with dye 
concentration for SLS film. 

to the fiIm surfaces. If this movement is disturb or 
delayed, welldefined fringes will not be observed. 
The half-width of the penultimate fringe varied 
markedly with sodium chloride concentration in the 
TTAB solution (Fig. 2). 

Dye c~nce~trution 

Varying the Rhodamine dye concentration be- 
tween 5.6 x 10-‘&i and 5.6 x lo-‘M in an SLS solu- 
tion did not affect the relative shape of the 
fluorescence profile, but decreased the intensity. 
Again, the penultimate fringe, being the most re- 
producible, was chosen to assess the ~n~ntration 
effect. The fringe height (measured from the bottom 
of the following trough) was found to vary fairly 
linearly with dye concentration (Fig. 4). It is not clear 
at this stage why the plot has a positive intercept on 
the ordinate. 

Films in hy~r5~~r~on solvents 

Aqueous surfactant films were preserved intact 
upon submersion in hydrocarbon solvents. Films of 
Brij 99 in pentane, n-hexane, iso-octane and n- 
nonane exhibited long-term stability, but showed 
slowly decreasing Rhodamine B fluorescence in- 
tensities without interference patterns (Fig. 5). This 
indicates that a film in a non-polar environment of 
this kind quickly ceases to drain and attains a stable 
thickness well above that of the black filmq3 The effect 
is due to the drag on both film surfaces caused by the 
interaction of hydrophobic surfactant groups with 
the hydr~rbon solvent. The slow decrease in 
fluorescence intensity probably arises because of 
gradual specific drainage of dye from the surface and 
a small amount of leaching of dye into the bulk 
solvent. 

Viscosity of solution 

The viscosities of the su~a~tant/dye solutions were 
varied by incorporation of different amounts of gly- 
cerol. TTAB solutions with O-20% glycerol (vis- 
cosities 1-14.4 cP) gave profiles of similar shapes and 
with the same number of fringes. The profiles ex- 
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Fig. 5. Fluorescence drainage-profile of a Brij 99 film in 
n-nonane solution. 

panded somewhat with increasing glycerol content, 
indicating a slowing down of the &n-drainage pro- 
cess without increase of initial film thickness. How- 
ever, solutions with 40% (15.7 cP) and 50% (21.7 cP) 
glycerol gave vastly expanded profiles with large 
numbers of fringes. Figure 6 shows a comparison 
between 20% and 60% glycerol solutions. It should 
be noted that in the latter a very large number of 
fringes is compressed into the first 10 set of film life 
and is followed by numerous more widely spaced 
fringes. This profile is indicative of great initial film 
thickness; the heavy film drains rapidly for about 
45 set, losing most of its bulk during this time. 
Subsequently, drainage proceeds at a slow pace, 

A 6 

2 4 6 6 10 

Time (min) 

Fig. 6. Fluorescence drainage-profiles of TTAB films con- 
taining (A) 60% glycerol and (B) 20% glycerol. 
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Fig. 7. Fluorescence profile of a ‘ITAB film, showing black tim formation. 
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Fig. 8. Black film formation in fluorescence drainage-profiles of SLS tims containing (A) O.OM, 
(B) O.OZM, (C) O.O38M, (D) O.O75M, (E) O.lSM and (F) 0.3M NaCl. 
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consistent with the glycerol content, and about 5 
broader fluorescence fringes are formed. 

Black jilm 

The fluorescence drainage-profiles clearly show the 
occurrence of black soap films (Fig. 7). Formation of 
the black film leads to a sharp decrease in 
fluorescence intensity, occurring after several minutes 
of film life, when interference fringes no longer exist. 
Earlier work’ showed that at this stage, the con- 
tribution to the overall fluorescence intensity by dye 
in the film interior is minimal. The 4-fold drop in 
intensity must therefore be due to a relatively sudden 
decrease of dye concentration at the surfaces when 
the black film is formed. It may be surmised that the 
close proximity of the surfaces (< 50 nm) causes the 
dye molecules to be displaced from their positions 
near the surface and carried down with the bulk of 
the aqueous core as it is being “squeezed out”. 

Early studies4*’ revealed the existence of a “second” 
black film, a still thinner region in the “first” black 
film. It has been found to form from the first black 
film by evaporation6 or to arise spontaneously when 
a surfactant solution of high electrolyte concentration 
is used.’ It has been studied thoroughly by FT-IR 
spectroscopy.* The fluorescence drainage-profile of 
an SLS film, extending into the black film region, is 
shown in Fig. 8. 

A sharp transition occurs after about 10 min of 
film life and lasts slightly less than 2 min. The 
fluorescence of the resulting film (which appears 
black in room light) continues to decrease at an ever 
slower rate for at least another hour. This is the first 
black film, thinning slowly after formation. No dis- 
tinct transition to another type of black lilm is 
observed. A 0.02M sodium chloride concentration in 
the SLS solution (Fig. 8) led to accelerated black film 
formation, the black film appearing after about 
5 min. The transition was somewhat sharper than in 
the previous case and the black film was slightly 
thinner. Its drainage behaviour remained relatively 
unchanged, except for the appearance of some 
“noise” spikes on the profile. These result from a 

complex alternating pattern of coloured patches that 
arise in black films containing salts. The effect has 
been termed “irregular behaviour”‘j and was reported 
to occur mainly in the boundary regions between 
different types of films.’ 

With sodium chloride concentrations of 0.1 SM and 
0.3M, the black film transitions were notably sharp 
and the resulting films extremely thin and invariant 
in time. In these cases, the second black film was 
formed immediately.’ A 0.038M sodium chloride 
concentration gave some slight indication of a transi- 
tion between the first and second black films (Fig. 8); 
the first black film was formed after 5 min of film life, 
and the transition to the invariant state (second black 
film) took place in the period from 10 to 12 min. 
However, this appears to be a relatively gradual 
process of thinning, unlike the abrupt first black film 
formation. 

CONCLUSION 

Fluorescence drainage-profiles present an inter- 
esting and convenient way of studying liquid films. 
Film stability, relative rate of draining and sensitivity 
to system variables can be easily monitored. Though 
the results obtained with flat vertical films may be 
applied to foam lamellae in general, further in- 
vestigations of foams by this method are needed. 
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Summary-A method for the radiometric determination of uranium accumulated in bacterial cells was 
investigated. Pseudomonas putida ATCC 33015 was grown in a medium containing uranium in the form 
of UO,(NO,)r. The cells were harvested by centrifugation, washed, resuspended in a buffer solution, 
ultrasonically disrupted and then suspended in Unisolve-1. The radiation emitted by natural uranium 
isotopes (mainly 238U and =lJ) was measured by liquid scintillation counting with natural uranium as 
an internal standard. Mineralization of the samples was not required. Determination of the uranium 
content of bacterial cells was done either by comparing the radioactivity of the sample with that of 
standard samples or by using a calibration graph. The method was also used for determination of uranium 
in isolated subcellular fractions. Most of the uranium was associated with components of the cell 
membrane (lipids and polysaccharides), but part was bound to nucleic acids and microsomes. The relative 
standard deviation of the radiometric measurements did not exceed 5%. 

Several papers dealing with metal accumulation by 
micro-organisms have been published in recent 
years. ‘,* The process of metal bioaccumulation has 
been utilized in order to concentrate heavy metals, 
including uranium, M in microbial cells, or to remove 
these metals from aqueous environments. Some at- 
tempts have been made to develop methods for use 
in recovery of uranium dispersed in aqueous systems 
and for the decontamination of waste waters derived 
from processing of nuclear fuel. Various methods of 
uranium determination have been applied in these 
studies. A spectrophotometric method, with Arse- 
nazo III’ was adopted in the investigation of uranium 
accumulation by the yeast Saccharomyces cerevisiae3 
and the fungus Rhizopus arrhizw4 The uptake of 
uranium by the alga Chlorella regularis has been 
investigated by X-ray fluorescence.* The recovery of 
uranium from sea-water by algae, and by fungi from 
waste waters derived from uranium-ore treatment has 
been monitored by neutron activation.ell 

The purpose of this study was to use the liquid 
scintillation technique for the radiometric deter- 
mination of uranium in intact Pseudomonas putida 
cells and in their subcellular fractions. 

EXPERIMENTAL 

Apparatus 

The counting was performed with an LKB 1215 Back- 
Beta liquid scintillation counter. Ah the measurements were 
made within the energy range corresponding to the energy 
of alpha-particles emitted mainly by u*U and ?J (back- 
ground 18 cpm). The bacterial cells were disrupted with a 

*Author for correspondence. 
tPresent address: Radiometry Laboratory, Central Mining 

Institute, 40-166 Katowice, Poland. 

Techpan model UD-I 1 ultrasonic disintegrator. A Beckman 
L5-75 ultracentrifuge was used to separate the subcellular 
fractions of the uranium-loaded cells. 

Reagents 

Uranyl nitrate hexahydrate (Johnson-Matthey) was sepa- 
rated from uranium decay products by means of Dowex 
1 x 8. Unisolve-1 (Koch-Light) and Dimilume-30 (Packard) 
liquid scintillators were used. All the reagents used to 
prepare the nutrients were of analytical grade. 

Culture conditions 

The organism used in this study was a wild strain of 
Pseudomonasputti ATCC 33015. The bacteria were grown 
in a chemostat (model Biostat, Braun) under aerobic condi- 
tions at 30” in a mineral medimn’* (devoid of yeast extract) 
supplemented with catechol (4mM) as sole source of 
carbon. The mineral medium consisted of K,HPO, (O.lS%), 
KH,PO, (O.OS%), MgSO,.7 H,O (0.02%) and NH,CI 
(0.5%); the pH was adjusted to 7.3. The bacteria were 
adapted to the biodegradation of 4mM catechol by in- 
duction, i.e., by growth in the presence of a gradually 
increasing concentration of catechol. The pH of the growth 
medium was maintained at 7.3. The outflow of the chemo- 
stat was collected in a sterile flask. A 500-ml portion of the 
suspension was centrifuged to separate the cells from the 
growth medium. The cells were then washed twice with the 
mineral medium. 

Determination of uranium in samples 

The washed cells, free from extraneous nutrients. were 
suspended in 500 ml of saline uranyl nitrate solution (0.1 
or 0.5 mM). This suspension was incubated at 30” and 
aerated by shaking. At the desired time, cells were separately 
harvested from t&o lo-ml aliquots of the suspension, by 
centrifugation for 20 min at 5000 g. The pellets were washed 
twice with distilled water and recentrifuged. Bach batch of 
washed cells was then resuspended in 4 ml of distilled water 
and sonicated for 1 min at 0” with a Techpan model UD- 11 
ultrasonic disintegrator. The sonicated suspensions (each 
4 ml) were placed in separate @ass vials, then 6 ml of gelling 
scintillator (Unisolve-1) were added to each vial and the 
mixture was vigorously shaken in order to obtain a homoge- 
neous gel. The radioactivity of the samples was determined 
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Table 1. Comparison of radiometric determinations of 
uranium in sonicated and untreated cells of Pseudomonas 

putida 

Parameter 

Uranium count rate 
in bacterial suspension 

Sonicated Untreated 

Mean value f (5 samples), 580 575 
cpm 

Standard deviation, s, 3 29 

cpm 
Relative standard 0.5 5.0 

deviation, s,, % 
Confidence interval 58024 515 + 36 

by measuring the integrated count rate with the LKB 1215 
RackBeta liquid scintillation counter, with natural uranium 
added to one vial as an internal standard. The uranium in 
the bacterial cells was determined either by comparing the 
count rate (in cpm) of the sample with that of the corre- 
sponding sample plus internal standard or by use of a 
calibration graph obtained for a series of standard samples 
of known uranium content. 

RESULTS AND DISCUSSION 

The radioactivity of the samples was measured 
exactly 3 days after their preparation, to avoid errors 
resulting from a rise in the activity of the samples due 
to the appearance of uranium decay products (Pa). 

Liquid scintillation measurements usually require 
thorough homogenization of any biological material 
and its even distribution in the scintillation cocktail. 
In this study the use of ultrasonication for disruption 
of cells and release of cytoplasm and cell membrane 
material, appeared to be a relatively simple and 
efficient method of homogenization. The efficiency 
of homogenization was checked spectrophoto- 
metrically. I3 Ultrasonication for 60 set at 0” was 
found to be sufficient to produce a homogeneous 
suspension suitable for the radiometric mea- 
surements.14 

The effect of homogenization of the samples on the 
reliability of the radiometric measurements was ex- 
amined statistically. Ten samples containing equal 
amounts of cells (3.0mg dry weight) and uranium 
(1.3 pmole) were counted, half previously sonicated 
and the rest untreated. The results are presented in 
Table 1. Statistical analysis of the experimental data 
by Snedecor’s test showed that the reliability of 
counting was significantly enhanced after sonication 
of the sample. The same could be concluded from 
comparison of the standard deviations for the mea- 
surements, but the means of the two sets of mea- 
surements did not differ at the 95% significance level 
(Student’s r-test). It can be concluded that homoge- 
nization of a bacterial suspension with 20-kHz ultra- 
sound for 1 min is sufficient to ensure adequate 
accuracy of the radiometric determination of ura- 
nium in bacterial cells. The relative standard devi- 
ation of the radiometric measurement with the LKB 
liquid scintillation counter was preset at 5%, which 

0 2 4 6 6 10 12 14 

Concentration of cells (dry wt, mg) 

Fig. 1. The effect of cell concentration (dry weight) on the 
quenching of the scintillation process. Each sample con- 

tained 1 pmole of uranium. 

was achieved by preselecting the number of counts to 
be accumulated before data print-out (1 pmole of 
uranium gave 450 cpm, and the counting time for this 
was 3 rnin). There is a possibility that the bacterial 
biomass might quench the scintillation process and 
decrease the counting efficiency. To examine this 
possibility the effect of the concentration of bacterial 
cells on the measurement efficiency was determined 
(Fig. l), and found that to be insignificant. Within the 
biomass concentration range 200-800 mg/l. (dry 
weight) the calculated change in the efficiency of 
counting was 2.3%. 

The uranium associated with the cells was deter- 
mined from a calibration graph obtained for a series 
of standard solutions containing various amounts of 
uranium (0.1-1.5 pmole) and 3.5 mg of cells (dry 
weight) per vial. The standard solutions were then 
homogenized by sonication. The calibration graph is 
presented in Fig. 2. A calibration graph for uranium 

loo0 7 
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Uranium content @mole per vial) 

Fig. 2. Calibration graphs for the radiometric determination 
of uranium: (A) in bacterial cells (3.5 mg dry weight) 

(@-a), (B) in solution (0-O). 
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Fig. 3. Uranium accumulation by Pseudomonas puridu 
ATCC 33015. The initial uranium concentration was 
0.1 mM, concentration of cells (dry weight) 350mg/l., 

pH 5.0. 

in the supematant liquid obtained after separation of 
the bacteria by centrifugation was prepared similarly, 
but with the microbial cells omitted from the stan- 
dard samples. A linear relationship was obtained for 
0.1-1.5 pmole of uranium per vial (see Fig. 2). 

The method described here was used to study 
uranium accumulation in Pseudomonas putida cells. 
The changes in uranium content in the intact cells and 
in the incubation medium during a 24-hr exposure are 
shown in Fig. 3. The cells exposed to uranium were 
able to accumulate 180 pmole of uranium per g dry 
weight of cells. The accumulation level reached the 
saturation plateau after 1 hr of incubation and re- 
mained practically unchanged during further ex- 
posure to uranium. 

The uranium in the cell fractions isolated by the 
procedure of Horitsu et ~1.‘~ was determined in a 
similar way. The samples containing subcellular frac- 
tions differed slightly in colour and turbidity. Because 
these factors might cause an increase in the quench 

Table 2. Distribution of uranium in cellular 
putida ATCC 33015 cells; the cells (350mg/l. 

components of uranium-loaded Pseudomonas 
dry weight) were fractionated by the Horitsu 

method” after 1 hr incubation in the presence of 0.5 mM UOz+ at pH 5.0 

Uranium distribution in cellular components 

level and decrease the counting efficiency, and hence 
affect the measured count rates, an internal standard 
was used in the radiometric measurements. The sam- 
ples (in duplicate, 4 ml each) were placed in two 
scintillation vials and 6 ml of the scintillation solution 
(Unisolve-1 or Dimilume-30) were added to each. 
Then 0.1 ml of 0.01 mM uranyl nitrate was added to 
one vial. The number of counts per p mole of uranium 
was calculated as the difference between the count 
rates obtained for the pair of samples. The same 
procedure was used for each cell fraction isolated by 
the Horitsu method from the uranium-loaded Pseu- 
domonusputidu cells. These results are summarized in 
Table 2. Uranium was found in various cell com- 
ponents but most of it (82.5%) was distributed in the 
lipid and the polyphosphate-polysaccharide fraction. 
The remaining cell membrane heteropolymers such as 
lipopolysaccharides, mucopeptide and poly-fl - 
hydroxybutyrate bound only 3.5% of the total cell- 
associated uranium. A small amount of uranium 
(4.9%) was found in the microsomal fraction and the 
nucleic acids. 

The large proportion of uranium found in the lipid 
and the polyphosphate-polysaccharide fraction did 
not appear to have any significant effect on the 
permeability or other properties of the cell envelope. 
However, the accumulation of many metals by DNA 
can lead to marked effects on genome function, as has 
been previous noted in studies on Bacillus subtilis.16 

CONCLUSIONS 

The method presented in this paper enables trace 
amounts of uranium (10-7-10-6mole) to be deter- 
mined, as well as higher concentrations of this ele- 
ment dissolved in aqueous media or associated with 
whole cells and the subcellular fractions of bacteria. 

The use of ultrasonic cell disruption for homoge- 
nization of samples allowed mineralization of bacte- 
rial cells to be avoided. The sonication of samples 
resulted in enhancement of counting efficiency and 
improvement in the accuracy and reliability of the 
measurements. 

Fractions 

Whole cells 
Lipids 
Polysaccharides, polyphosphates 
Lipopolysaccharides, mucopeptide, 

poly-b-hydroxybutyrate 
Nucleic acids 
Proteins 
Microsomal fraction 
Undetermined losses 

mle/g (dry weight) of cells % 

830 100.0 
348 42.0 
336 40.5 
29.0 3.5 

18.3 2.2 
5.0 0.6 

22.4 2.1 
60.7 8.5 
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With whole bacterial cells in a sample the uranium 
count rate was affected by a slight quenching of the 
scintillation process. For the cell concentration range 
200400mg/1. (dry weight) the counting efficiency 
was decreased by about 2%. 
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Summary-Cyclam tetraacetic acid (CTA) is used to determine semimicro quantities of calcium in the 
presence of other alkaline-earth metals in natural and synthetic water samples. End-point detection is 
achieved amperometrically with Zn(en):+ as the indicator. Magnesium and barium do not interfere. In 
the presence of strontium, two distinct end-points are obtained when its concentration is comparable with 
that of the calcium. If the concentrations are substantially different, calcium and strontium appear to he 
titrated together. 

Calcium can be determined in the presence of mag 
nesium gravimetrically, and by titrimetric methods 
using ethylenediaminetetraacetic acid (EDTA) or 
its analogues. ‘M Fluorescence,6 atomic absorption,’ 
spectrophotometric,“LO ion-specific electrode poten- 
tiometric,” and thermometr@ techniques have also 
been used. The titrimetric methods in general are 
based on either titration of calcium after separation 
from magnesium or after precipitation of magnesium 
hydroxide at high pH, and use of indicators such as 
calcein.13 The latter method obviates the need for 
prior separation. End-point detection can also be 
achieved amperometrically by using electroactive spe- 
cies as described by Laitinen and Sympson,14 Ring- 
born and Wilkman I5 Reilley et al I6 and Kainz and 
Sontag.17 In the dir&t titration of calcium at high pH, 
the amount of calcium found is less than the the- 
oretical value, and this error increases at calcium 
concentrations less than millimolar. 

In the present study, 1,4,&l l-tetraazacyclotetra- 
decane-N,N’,N”,N”‘-tetraacetic acid, a relatively new 
analytical reagent,*! is used for the direct titration of 
calcium in the presence of magnesium and other 
alkaline-earth metal ions. Cyclam tetraacetic acid 
(CTA) is a trivial name we use to designate this 
reagent. 

CTA 

End-point detection is achieved amperometrically 
with tris(ethylenediamine)zinc(II), Zn(en):+, as the 
indicator. By this method, submilligram amounts of 
calcium in synthetic and natural (Chicago) water 

samples, and strontium in the presence of calcium, 

have been determined. 

EXPERIMENTAL 

Apparatus 
A PAR Model 170 electrochemical unit with a three- 

electrode system was used for the amperometric deter- 
minations. Titrant was delivered to the polarographic cell 
from a precision micrometer burette. 

Reagents 

All chemicals used were of analytical or primary standard 
grade unless otherwise noted. Cyclam tetraacetic acid was 
prepared by the reaction of 1,4,8,1 I-tet raazacyclotetra- 
decane with monochloroacetic acid in aqueous alkaline 
medium.” Reaction conditions were identical to those 
described by Desreux for the synthesis of the related tetra- 
axatetra-acetic acid macrocycle DOTA.i8 The CTA was 
purified by precipitation from aqueous solution at the 
isoelectric point and standardized against 0.02OOM calcium 
solution (prepared by dissolving 1.002 g of dried calcium 
carbonate in 500 ml of O.lOOM hydrochloric acid), with 
amperometric end-point detection. The supporting electro- 
lyte was prepared by mixing equal volumes of 0.9M aqueous 
solution of ethylenediamine and 2.OM potassium chloride 
solution and adjusting the final pH to 11 with 2M hydro- 
chloric acid. An approximately 0.02M amperometric indi- 
cator solution was prepared by dissolving 275 mg (2.0 
mmole) of anhydrous zinc chloride in 100 ml of the support- 
ing electrolyte. Standard 0.02OM solutions of magnesium, 
strontium and barium were prepared from the chlorides. 

Procedure 

Amperometric titrations were done in a standard polaro- 
graphic cell. Known volumes (0.050-2.00 ml) of the solution 
to be titrated, along with 0.500 ml of the indicator solution 
and 25 ml of the supporting electrolyte were placed in the 
cell and deaerated by purging with nitrogen for 5 min. The 
polarogram was then recorded over the potential range from 
- 1.2 to - 1.6 V us. the saturated calomel electrode (SCE). 
The reduction current for the zinc-ethylenediamind indi- 
cator complex was measured at - 1.60 V. Titrant was then 
added to the polarographic cell in 0.050 or 0.100 ml 
increments from a precision micrometer burette. After each 
addition of titrant, nitrogen was bubbled through the 
solution for about 1 min before the diffusion current was 
measured. The end-point of the titration was obtained from 
the in&section of the best straight lines drawn through the 



232 NIRMAL MAITRA et al. 

Table 1. Titration of synthetic and Chicago water samples 
with CTA* 

Amount taken, mg Amount found, mg 

Cal+ MgZ+ Srrc Ca2+ si5+ 

Synthetic samples 
0.320 - - 0.318 f 0.008 - 
0.410 0.25 - 0.407 f 0.009 - 
0.820 0.05 - 0.816 f 0.010 - 
0.041 0.25 - 0.042 + 0.005 - 

- - 0.438 0.435 f 0.013 - 
0.410 - 0.438 0.409 f 0.009 0.431 + 0.013 
0.820 0.438 0.818 + 0.010 0.431 f 0.013 
0.410 0.876 0.407 i 0.010 0.868 + 0.012 

City watert 
0.185 0.050 0.001 0,187 *0.006 

*Portions of calcium and other alkaline-earth metal ion 
solutions were added to 25 ml of supporting electrolyte 
solution plus 0.500 ml of the xinc-ethyIenediamine 
complex. 

jTbe amount of calcium, magnesium and strontium in 5.00 
ml of City water as reported by the Department of Water 
Purification Laboratories for the City of Chicago. 

data points in a plot of diffusion current 0s. volume Of 
standard CTA solution added. The diffusion currents were 
corrected for the dilution factor when the volume of titrant 
used exceeded 1 ml. 

Determination of calcium in Chicago water 
A 5.00~ml sample of Chicago tap water was added to 

25 ml of the supporting electrolyte and 0.500 ml of the 
indicator solution. After deaeration the solution was titrated 
with CTA as described above. Total cakium and mag- 
nesium in the water sample was determined by titration with 
EDTA, with calmagite as indicator. The magnesium present 
was determined by difference. 

RRSULTS AND DECUSSfoN 

Synthetic and Chicago water samples containing 
calcium, magnesium, strontium and barium were 
analysed by the procedure described. The results 
summarized in Table 1 are the average of six 
determinations. 

The success of a direct detonation of calcium in 
the presence of other alkaline-earth metals ions de- 
pends upon the magnitude of the formation constants 
of the complex ions in solution during the titration. 
With CTA as the titrant and tris(ethylenediamine)- 
zinc(I1) as the amperometric indicator, the important 
complexation reactions to consider are: 

M”(aq) + CIA’-+M(CTA)*-(aq); K, (1) 

Zn*+(aq) + CTA4-+Zn(CTA)*-(aq); K, (2) 

Zn*+(aq) + 3en*Zn(en):+; K3 (3) 

The formation constants and the calculated con- 
ditional constants for these reactions are,shown in 
Table 2. For Zn(en):+ to be a useful indicator for the 
determination, CTA must readily displace the ethyl- 
ene&amine from it at the end-point and the mag 
nitude of the equilibrium constant for the reaction 

Table 2. Formation constants and calculated conditional 
constants* 

Ion log Kr log K; log KS log K; 

Mg(CTA)*- 3.02t 2.67 0.690 1.88 
Ca(CTAt2- 9.48t 9.13 -5.77 -4.58 
Sr(CTA)z- 6.1fq 5.80 -2.44 - 1.25 
Ba(CfA)*- 4.327 3.97 -0.61 0.580 
Zn(CTA)*- 15.81t 15.46 
Zn(enX+ 12.1ot 10.916 

*The conditional constants, K’, have been calculated for pH 
1 I, from the formation constants for the CTA-metal 
complexes and the successive ply, values for CTA, oiz. 
3.46, 4.31, 9.75 and 11.07. 

TFrom reference 19. 
$From reference 20. 
~Zinc-ethylenediamine conditional constant calculated for 

pH 11 and an ethylenediamine concentration of 0.4N. 

[equation {4)] should be relatively large. 

Zn(en):+ + CTA4- z$Zn(CTA)*- + 3en; K4 (4) 

The value of this equilibrium constant, K4, is 
obtained from the equilibrium constants for the 
reactions shown in equations (2) and (3), in the usual 

way; 

[Zn(CTA)2-][en]3 K2 

y” = [Zn(en):+][CTA’-] = K 

The conditional equilibrium constant K; was calcu- 
lated to be lO’.$’ at pH 1 I and an ethylenediamine 
con~ntration of 0.4~V. A further req~rement is 
that the competitive equilibrium between Zn*+ and 
analyte (M*+) for CTA should favour the analyte. 
Specifically, the equilibrium constant for the reaction 
between the indicator complex and the CTA-analyte 
complex, equation (S), must be relatively small. 

Zn(eng+ + M(CTA)*- 

+Zn(CTA)*- + M*+(aq) $3en; K, (5) 

The value of this equilibrium constant, K,, is calcu- 
lated from the formation constants for the reactions 
shown in equations (l)--(3): 

K = EZ~CW- JM*+ 1 [enI _ lu, 
5 [Zn(en)$+][M(CTA)*- ] K, K, 

As seen in Table 2, the conditional constant KS is 
relatively small for M = Ca*+ or Sr*+ and these ions 
are titrated with CTA prior to Zn(en):+ in the 
dete~nation. Further, because of the small for- 
mation constants of the magnesium and barium 
complexes with CTA, these ions do not interfere in 
the direct determination of calcium or strontium by 
this method. 

The zinc-ethylenediamine reduction currents ob- 
served during the titration of alkaline-earth metal 
ions with CTA are shown in Fig. 1. The pM values 
for calcium, strontium, and barium calculated by 
using the appropriate conditional formation con- 
stants are shown in Fig. 2. It can be seen from these 
figures that the titration of calcium and strontium 
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1 

0.500 1.000 1.400 

VOLUME (ml) 0 0200 M CTA 

Fig. 1. Amperometric titration of calcium, strontium, 
barium and xinc-ethylenediamine. 

with CTA is feasible and that satisfactory end-points 
can be obtained with Zn(en):+ as the indicator. The 
amperometric titrations show that though the ob- 
served diffusion current for the indicator complex 
with barium ion is present is somewhat higher than 
when this ion is absent, barium does not interfere in 
the determination of calcium or strontium. It is also 
apparent that complexation of zinc from the indi- 
cator by CTA occurs only after the titration of 
calcium and strontium is complete. The sharpness of 
the end-point in the titration of solutions containing 
calcium and strontium depends upon the concen- 

C.‘* 
#---- 

0.2 0.0 1.0 1.4 

CCTA3/CM2+3 
Fig. 2. Theoretical titration curves for 0.0004M calcium, 

strontium and barium with 0.02OOM CTA. 

tration of both ions present. Two distinct end-points 
are observed when the concentrations of these ions 
are comparable. Both ions may be determined se- 
quentially provided the amount of calcium and stron- 
tium present is greater than 0.15 mg and the amount 
of strontium is less than 1.2 mg in the solution in the 
titration cell. However, when the concentrations are 
substantially different, calcium and strontium appear 
to be titrated together. If this situation prevails, 
only the total concentration of the ions may be 
obtained. 

Calcium in natural (City of Chicago) and synthetic 
water samples has been determined with an approxi- 
mate precision of + 6 pg. This corresponds to a range 
of kO.008 ml of 0.02M CTA at the intersection of 
the two best lines defined by the data points in the 
amperometric titration. This is comparable to the 
precision obtainable by visual end-point detection. In 
general, the relative error decreases with increasing 
amounts of calcium titrated. 

At pH 11 or below, up to 0.5 mg of magnesium will 
remain in solution in the 25 ml or so of electrolyte in 
the polarographic cell, and even at higher concen- 
trations magnesium does not interfere. At this pH, 
aluminium is not complexed by CTA and therefore 
does not interfere. 

Transition-metal ions in general have relatively 
large formation constants with CTA.19 These ions will 
be co-titrated with calcium and if present should be 
removed prior to the calcium determination either by 
electrolysis at a mercury cathode or by other methods 
such as liquid-liquid extraction, ion-exchange or 
precipitation, or they should be masked.4 

Phosphate, fluoride and other anions which form 
precipitates with calcium and strontium in alkaline 
solution interfere. Carbonate in the amounts nor- 
mally present in natural samples does not interfere, 
nor does it interfere in analysis of dolomite or 
limestone, since carbonate is eliminated during acid 
dissolution of the sample. 

1. 

2. 
3. 

4. 

5. 

6. 

7. 

8. 
9. 

10. 

11. 
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SHORT COMMUNICATIONS 
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DETERMINATION OF THE HERBICIDES 

ATRAZINE, PROMETRINE AND SIMAZINE 
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(Received 15 July 1987. Accepted 23 October 1987) 

Summary-A differential pulse polarographic method, using the dropping mercury electrode, for the 
determination of the herbicides atrazine, prometrine and simazine is described. The optimum pH is 2. The 
limit of detection is 8 x lO_sM, corresponding to about 15 pg/l. The electrochemical behaviour of the 
compounds on glassy-carbon and mercury-coated glassy-carbon eleetrodes was also examined with a view 
to its use for electrochemical detection of the herbicides after their separation by HPLC. 

Derivatives of s-triazine are used extensively in agri- 
culture as herbicides. Several analytical procedures 
for their determination are available,’ particularly 
chromatographic methods.” Extensive studies of the 
use of HPLC have been published by York and Roths 
and by Dufek.’ A recent paper on the dete~ination 
of triazines by capillary gas chromatography* gives 
references to analysis for them in water. 

Electroanalytical techniques”‘* have also been used 
and the present work is concerned with application of 
pulse polarography to determination of atrazine, 
simazine and promet~ne. 

EXPERIMENTAL 

An Amel model 466 polarograph was used with a three- 
electrode cell containing a dropping mercury electrode 
@ME), with mechanical detachment of the drop from the 
capillary, a platinum counter~l~tr~e and a calomel refer- 
ence electrode. An Amel 492/GC3 glassy-carbon electrode 
was also used. The poiarograms- were recorded on a 
Hewlett-Packard X-Y recorder, model 7040 A. 

A stream of nitrogen was used to deoxygenate the sol- 
utions and keep them oxygen-free. Measurements of pH 
were made directly in the polarographic cell. 

The glassy-carbon electrode was mercury-coated by 
el~tro-de~sition at -0.7 V (vs. SCE), with stirring, from 
a deaerated 10v3M mercury{fI) solution in 0.1M potassium 
nitrate. The electrode surface area was 0.03 cm* and the 
mercury film was about 1 pm thick, requiring about 10 min 
to form. The film appeared grey, and the surface was 
prepared for each test by wiping with a soft paper tissue. 
The reproducibility was quite good.14 

Triazine stock solutions were prepared in methanol and 
were found to be stable for at least two months. 

The pH of the polarographic solutions was adjusted to 
<2 with hydrochloric acid and increased by addition of 
sodium acetate as required. 

All solutions were prepared from analytical grade chemi- 
cals with doubly distilled water. 

RESULTS AND DISCUSSION 

Polarographic behaviour of atrazine, prometrine and 
simazine 

The electroanalytical behaviour of the triazines was 
strongly dependent on the pH of the solution. Figure 
I indicates (from peak current as a function of pH) 
that the protonated form is reduced in acid solution; 
it also shows the variation of E,, vs. pH. 

Analysis of the d.c. polarograms at pH 2.0 
suggests that the reduction process is irreversible 
(Ejlog[(i, - i)li] = 70 mv). 

The peak currents show a maximum at about 
pH 2, which is recommended as the working pH. 

Eflects of modulation amplitude 

Figure 2 shows the dependence of it, and Ep on the 
pulse amplitude. The peak height increases with pulse 
amplitude, but E = 50 mV is r~mmend~ to avoid 

-‘y4 

12- 

1.1 - 

1.0 I 

Pig. 1. Effect of pH on the wave heights and peak potentials 
for 2 x lO-$M atrazine (a), simaxine (m) and prometrine 
(A) in 0.05M KC1 containing HCl and CH,CGDNa. !3can- 

rate 2 mV/sec; modulation amplitude -50 mV. 
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Fig. 2. Dependence of the peak heights and peak potentials 
on the modulation amplitude for lo-‘M atrazine in 0.05M 

KC1 at pH 2.2. 

-0.6 -0.7 -0.8 -0.9 

E/V 
Fig. 3. Differential pulse polarograms of 10e4M atrazine in 
O.OSM KC1 at pH 2.2. (a) Glassycarbon working electrode 
with periodic renewal of the diffusion layer. (b) Mercury 
coated glassy-carbon electrode. Scan-rate 2 mV/sec; modu- 

lation amplitude -50 mV. 

having an Ep too close to that for discharge of 
hydrogen ions. 

Figure 2 also shows the dependence of the peak 
potentials on the pulse amplitude. The slope is 0.4, 
consistent with irreversibility of the reduction. 

Calibration curves and detection limits 

Calibration plots for the compounds examined 
were linear up to 10b6M when the dropping mercury 
electrode was used with a scan-rate of 2 mV/sec and 
a modulation amplitude of -50 mV at pH 2.2. 

The detection limit was taken as 3&,/m where S, is 
the standard deviation of the background current and 
m the slope of the calibration curve. S, was estimated 
to be 7 nA, which gives detection limits of 8 x lo-*A4 
for atrazine and simazine and 7 x IO-*M for pro- 
metrine. The detection limits correspond to about 
15 pg/l. for each of the three herbicides. 

Behaviour of glassy-carbon and mercury-coated 
glassy-carbon electrodes 

With regard to the possible utilization of electro- 
chemical detection after HPLC separation of the 
triaxines, their behaviour at the glassy-carbon elec- 
trode (GCE) (with and without mercury coating) was 
studied. 

Figure 3 shows the voltammetric curve for the 
GCE and lO-4A4 atrazine. No reduction waves 
appear, so this type of electrode is useless for triazine 
detection after HPLC. However, if a mercury-coated 
GCE is used, a reduction wave, attributable to 
atrazine, appears before the hydrogen discharge. 

Work is in progress to explore the applicability 
of this electrode for electrochemical detection of 
s-triazines in HPLC. 
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A SIMPLE SPECTROPHOTOMETRIC METHOD 
FOR DETERMINATION OF ISOXSUPRINE 

HYDROCHLORIDE IN PHARMACEUTICALS 
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Summary-A spectrophotometric method has been developed for the determination of isoxsuprine 
hydrochloride and its dosage forms, based on its coupling reaction with diazotized sulphanilic acid. The 
yellow chromophore has an absorption maximum at 440 nm. Beer’s law holds over the range 0.8-8 pg/ml 
in the final solution. 

Isoxsuprinehydrochloride is an orally and par- 
enterally active peripheral and cerebral vasodilator. 
In addition to adrenolytic action, it has a direct 
relaxant effect on the smooth muscular tissue of the 
blood vessels and of the uterus.* A spec- 
trophotometric method2 and a column chro- 
matographic method3 for its determination have been 
described. Calorimetric methods available make 
use of sodium cobaltinitrite,4 2,6-dichloroquinone- 
chloroimide,5 Bromophenol Blue, Bromocresol Pur- 
ple, Bromocresol Green, Bromothymol Blue 
and Methyl Orange.6 Spectrophotometric methods 
using diazotized benzocaine’ or D-nitroaniline,’ an 
infrared absorption method’ and an ultraviolet spec- 
trophotometric method9 employing an automatic 
analyser system have also been reported. Other meth- 
ods include gas chromatography”’ and HPLC cou- 
pled with calorimetry.” 

We report here a new spectrophotometric method 
employing diazotized sulphanilic acid as a coupling 
agent in alkaline medium. 

EXPERIMENTAL 

Reagents 

Standard drug solution. Isoxsuprine hydrochloride was 
checked for purity and strength according to the U.S.P. 
specification and found to meet those requirements. The 
sample used in the investigation was 99.6 f 0.5% pure. A 
standard solution was prepared by dissolving 20 mg of the 
pure substance in 100 ml of distilled water. 

Diazotized sulphanilic acid solution. Add dropwise 20 ml 
of freshly prepared 2% sodium nitrite solution to 40 ml of 
1% sulphanilic acid solution in 1M hydrochloric acid. This 
reagent should be used within 1 hr after preparation. 

Preparation of samples 

Tubbers. Weigh and powder 20 tablets. Weigh out an 
amount of the equivalent to about 20 mg of isoxsuprine 
hydrochloride and extract it with 100 ml of distilled water. 

Injections. Pipette out a volume of injection equivalent to 
about 20 mg of isoxsuprine hydrochloride and dilute it to 
100 ml with distilled water. 

*Author for correspondence. 

General procedure 

Transfer volumes of 0,O. 1,0.2,0.3, . . 1 .O ml of standard 
drug solution into 25-ml standard flasks with a suitable 
micropipette. To each flask add 4 ml of diazotized sul- 
phanilic acid solution and 5 ml of 5% sodium hydroxide 
solution and make up to the mark with distilled water. 

O.!X 

A 0.25 

0 

s 
I 

400 600 

Wavelength (nm) 

Fig. 1. Absorption spectrum of azo-dye formed by reaction 
of isoxsuprine hydrochloride and diazotized sulphanilic 

acid. 
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Table 1 

Samples 

Nominal Amount found 
amount of by present Amount of ISH Found, Recovery, 
ISH, mg method* added, mg mz % 

Tablets 
fr,) IsH 
(T,j ISH 

10 9.84 & 0.05 20 20.20 f 0.03 101.0 
10 40 0.02 _ _* 9.84 i 0.07 40.12 f 100.3 

Cr,) ISHt 10 9.79 f 0.06 20 19.85 f 0.06 99.2 
(MTS, ETD) 

Cr,) ISH 20 19.86 f 0.06 60 59.74 f 0.06 99.6 
Injections 
0,) M-I 10 mg/2 ml 9.86 + 0.05 20 19.86 4 0.06 99.3 
(I,) ISH 10 mgf2 ml 9.85 + 0.06 40 41.52 4 0.04 103.8 

*Each result is the mean of ten replicates, &standard deviation. 
tLaboratory preparation. 
ISH Isoxsuprine hydrochloride. MTS Methyltestosterone. ETD Ethinyloestradiol. 

Measure the absorbance at 440 nm against a reagent blank. 
Construct a vibration plot. Beer’s law is obeyed in the 
range 0.888 pg/ml in the final solution. Use the same 
procedure to analyse the sample solutions. 

RESULTS AND DISCUSSION 

The method is based on the reaction of the diazo- 
nium salt of s~phanilic acid with isoxsuprine hydro- 
chloride to produce a yellow species with &,2,,, at 440 
nm. The absorption spectrum of the coloured com- 
pound is shown in Fig. 1. The coupling reaction is 
shown below. 

The colour develops instantaneously and is stable 
for more than 4 hr. The diazotization and coupling 
reactions could be performed at room temperature, 

and excess of sodium nitrite does not interfere. This 
method does not sufTer interference from common 
excipients such as starch, talc, elc. or from methyl- 
testosterone and ethinyloestradiol in analysis of tab- 
lets. The recoveries obtained in standard addition 
experiments ranged between 99 and 103% and are 
comparable to those reported in the literature.‘,’ The 
proposed method is simple, rapid and reproducible, 
and suitable for quality-~ntrol analysis of pharma- 
ceuticai formulations containing the drug. 

yt 

0 0 

SO,H 
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AQUEOUS SOLUTION 
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Summary-Modified reverse pulse polarography (MRPP) is proposed for measuring the quantity of a 
reduction product formed at the initial potential in reverse pulse polarography. A double potential-step 
method is employed for this purpose. MRPP has been applied to the study of the electrochemical 
behaviour of magnesium in aqueous solution. For magnesium the height of the MRPP anodic wave was 
proportional to concentration at low pH, but not in unbuffered neutral solution. This difference is 
attributed to formation of hydroxo-magnesium complexes because of depletion of hydrogen ions near the 
electrode in a neutral solution. 

In scan-reversal normal pulse polarography, also magnesium, many indirect polarographic methods 
called reverse pulse polarography (RPP),’ diffusion- have been reported. 4~5 We have already tried to apply 
controlled reduction of a substance of interest takes RPP to direct polarographic determination of mag- 
place at the initial electrode potential and then a nesium,6 but obtained only an ill-defined anodic 
potential pulse is applied in a positive direction and wave, considered to arise from oxidation of amal- 
the current sampled. It is useful for studying the gamated magnesium. It is difficult, however, to ob- 
electrochemical behaviour of reduction products gen- tain reproducible RP-polarograms of magnesium 
erated at an electrode held at the initial potential. even in neutral solutions, because hydrogen bubbles 
RPP has been used not only for the study of electrode generated during application of the initial potential 
processes but also for analytical purpo~es.~~~ It is adhere to the mercury electrode and disturb the 
well-known that for a neutral magnesium solution a measurement. This difficulty in RPP results from the 
large reduction current without a limiting value long reduction period, so this is avoided in MRPP by 
appears in the d.c. polarogram and that hydrogen is applying only a short reduction period towards the 
evolved during the measurement.) As the reduction end of the life of the mercury drop. Figure 1 shows 
current cannot be used for determination of the the timing sequences for RPP and MRPP. In MRPP, 

RPP 

t 
-E 

4 ----_ 

MRPP 
t 

-E 

1-r 
U 

i 

Dislodgement of 1 
Hg drop 

I 
Current sampling I I 

Time - 

Fig. 1. Potential-time sequences in RPP and MRPP. 
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three potentials are successively applied during the 
lifetime of one mercury drop, and are denoted by E, , 
E2 and ES. E, and E2 are fixed during a run, and E3 
is changed steadily in a positive direction from one 
drop to the next. E; is held for Period fl, I$ for period 
tz, and the electrolysis current is sampled at a time t3 
during the application of potential E3. Potentials Et 
and E2 are selected so that no reaction omurs at E, 
and diffusion-controlled reduction of the substance of 
interest takes place at E2. 

This paper describes the application of MRPP, 
normal pulse polarography (NPPJ and modified nor- 
mal pulse polarography (~NPP)6,7 for dete~ination 
of magnesium in aqueous solutions. 

EXPERIMENTAL 

Apparatus 
The poiarograph used in this study was constructed in our 

laboratory. The ~tentios~t had a positive feedback circuit 
for compensating the iR-drop? and could supply up to 
60 mA electrolysis current. It was controlled by a Fujitsu 
FM-77 &bit personal computer, with an MBL68BO9 central 
processing unit. The applied potential was generated by an 
Analog Devices AD7524 S-bit DA converter. The electroty- 
sis current was amplified by an Analog Devices ALU24 
inst~men~tion amplifier, placed between a potential con- 
troller and a ~Unter~I~tr~e. The output sign& of the 
amplifier was fed to a National Semiconductor ADC 0804 
8-bit analogue-to-digital converter through an active filter 
and a Hrris HAl-2425 sample-hold circuit and stored 
in tbe memory of the computer. The sampled current was 
not averaged-the instantaneous value was recorded. After 
the complete measurement cycle, the polarogram was 
printed out by a dot-matrix printer. The mercnry ffow-rate 
of the DME was kept at 0.630 mg/sec, and the drop lifetime 
was controlled by the computer and a solenoid knocker. The 
current was sampled 2.0 msec after application of potential 
E3. Time intervals were measured with a Matsushita 
VP-4546A electronic counter. 

Reagents 
The solutions of ma~e~urn and calcium chloride were 

standardized bv EDTA titration with E&chrome Black T 
as indicator. keagent-grade tetramethylammonium bro- 
mide (Me,NBr) was used as supporting electrolyte without 
further purification. The sample solutions were deaerated by 
the passage of nitrogen in the usual manner. 

Use of RPP for determining calcium, strontium 
and barium was reported in our previous paper.6 
Since calcium required the most negative ~tential 
for reduction the initial study of MRPP was per- 
formed with calcium as the model test substance. The 
diffusion~ontrolled reduction of calcium proceeds at 
potentials more negative than -2.35 V, and the 
limiting oxidation current for amalgamated calcium 
appears at potentials more positive than -0.85 V. 
The effect of varying the reduction period, tz. is 
shown in Fig. 2. The sum of t, and t2 was kept 
constant in this experiment in order to compare the 
calcium wave-heights for the same surface area of the 
mercury drop. The extreme right point on the curve 
in Fig. 2 indicates the wave height in RPP. Evidently 

I I I I I I 
0 0.2 0.4 0.6 0.8 1.0 1.2 

rz b3ec) 

Fig. 2. Effect of reduction period, r2, in MRPP on the anodic 
wave beigbt for calcium: 4.16 x 10-‘&f CaCl,, O.IM 
MeJWr, pH 5.7, t,+t,= 1.047 set, E, = -1.00 V, 

& = -2.50 v. 

decreasing t2 in MRPP causes little loss in sensitivity. 
Moreover, it is very convenient for the polarography 
of alkaline-earth metal ions at tow pH, because it 
minimizes the evolution of hydrogen bubbles, which 
adhere to the mercury electrode and interfere in 
measurement of the polarograms. Hence 46.0 msec 
was selected for r2 in subsequent experiments. 

Figure 3 shows three types of pulse polarogram for 
ma~esi~ in an unbuffered pH-5.5 aqueous sol- 
ution. They are similar to those reported previouslyy.6 
The MRP-polarogram is more reproducible than the 
RP-polarogram because the evolution of hydrogen is 
suppressed by the shortening of the reduction period, 
t2. The ill-defined anodic wave in MRPP results from 
oxidation of the amalgamated magnesium formed 
by electrolysis at potential E2. The NPP and MNPP 
waves for magnesium have no limiting value and are 
very different in magnitude, because the NPP current 
contains the large reduction current for the evolution 
of hydrogen but the MNPP current does not. The 
NPP current at fixed potential for magnesium in 
neutral solution increaskd abnormally with increase 

f0 PA 5OpA (NPP) 

I 

(3) 

I 

1 I I i I 
-0.5 -1.0 -1.5 -2.0 s -2.5 

&(V us. SCE) 

Fig. 3. Three types of pulse ~l~o~arn for ma~~ium 
in a neutral solution: pH = 5.5, 4.57 x 10m4M MgCl,, 
0.1M Me,NBr, t, = 1.00 see, rz = 46.0 msec, (I) NPP, 
4 = - 1.00 V; (2) MNPP, E, = - 1.00 V, $ = -0.70 V; 

(3) MRPP, E, = - I .OO V, E, = - 2.48 V. 
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Fig. 4. Two types of pulse polarogram for magnesium at 
pH 2: 4.57 x lo-‘M MgCI,, O.lM Me,NBr, I, = 1.00 set, 
I, = 46.0 msee, (1) MNPP, E, = Es = -0.70 V, scanned 
from -0.7 V; (2) MBPP, E, = - 1.00 V, E2 = -2.48 V, 

scanned from -2.48 V. 

in magnesium concentration, whereas the MNPP 
wave height was almost independent of magnesium 
concentration above 2 x 10e4M. 

Two types of pulse polarogram for magnesium at 
low pH are shown in Fig. 4. The anodic current in 
MNPP at pH 2 (curve 1) does not have a limiting 
value. With decrease in pH, the MNPP wave becomes 
higher and steeper, and the anodic MRPP wave also 
becomes higher. In unbuffered neutral solutions, the 
magnesium ions at the electrode surface may form 
hydroxo-complexes because of local increase in pH, 
due to depletion of hydrogen ions at the electrode 
surface by evolution of hydrogen. The hydroxo- 
magnesium species cannot be reduced at the 
electrode, so the wave height for magnesium is lower 
for neutral solution than at low pH. 

The dependence of the MRPP anodic current at 
-0.80 V on the concentration of magnesium was 
investigated as a function of pH and the results are 
shown in Fig. 5. The reduction potential, E2, was held 
at -2.48 V throughout. The relationship was linear 
at pH 2, but non-linear at pH 3.0 or 5.5. The 
non-linearity at higher pH can be attributed to the 
formation of magnesium hydroxo-complexes at the 
electrode surface. The anodic current in MNPP at 
pH 2 increases with magnesium concentration. The 
relative standard deviation of the wave height in 
MRPP for 4.57 x 10m4M magnesium at pH 2.0 was 
5.6% (five replicates). Because the reduction of mag- 
nesium at E, in MRPP is not diffusion-controlled, the 
reproducibility of the anodic wave height for mag- 
nesium in MRPP is not so good, but that of the other 
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Fig. 5. Relationships between the anodic wave height 
in MBPP and concentration of magnesium ion: O.lM 
Me,NBr, E, = -1.00 V, Es= -2.48 V, 1, = 1.00 set, 

t, = 46.0 msee, (1) pH = 2.0, (2) pH = 5.5. 

alkaline-earth metals is diffusion-controlled and 
hence their anodic oxidation is very reproducible. 

Thus MRPP is well suited to the study of the 
electrochemical behaviour of a reduction product 
formed at an extremely negative potential and 
accompanied by evolution of hydrogen. When tetra- 
methylammonium chloride is used as supporting 
electrolyte for amperometric determinations by 
MRPP, neither dissolved oxygen nor hydrogen ions 
interfere in the determination of magnesium, just as 
in MNPP.6 However, many metal ions, especially 
those of the alkali, alkaline earth and heavy metals, 
interfere in the determination of magnesium, so a 
prior separation would be required. Amperometric 
detection by MRPP would probably prove very 
useful for the determination of the four alkaline 
earths by ion-chromatography. 
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Summary-Simple and sensitive spectrophotometric methods for the assay of terfenadine are described. 
The first is based on the reaction of terfenadine with iodine to give a molecular charge-transfer complex, 
the terfenadine acting as an n-electron donor and iodine as a u-electron acceptor. The second depends 
on the formation of a highly coloured stable radical anion between terfenadine and 7,7,8,8-tetra- 
cyanoquinodimethane (TCNQ) as a n-electron acceptor. Beer’s law is obeyed over the terfenadine 
concentration range 0.2-1.2 mg/lOO ml. The proposed methods have been successfully applied to the 
analysis of commercial terfenadine tablets. 

Terfenadine is a new selective histamine H,-receptor 
antagonist devoid of the sedative and anticholinergic 
properties commonly associated with antihistamine 
therapy. 

C(CHd, 

Terfenadme 

As it is a relatively new drug, few procedures have 
heen described for its determination. A radio- 
immunoassay method’ has heen reported for its 
determination in human plasma. Iodine and 7,7,8,8- 
tetracyanoquinodimethane (TCNQ) have proved to 
he useful reagents for the analysis of a wide range of 
pharmaceutical compounds,2-5 and their application 
for spectrophotometric determination of terfenadine 
is described here. 

EXPERIMENTAL 

Reagents 

Pharmaceutical grade terfenadine powder was used as a 
I-mg/ml solution in anhydrous chloroform as a stock 
standard, and diluted tenfold as required. Iodine solution, 
0.025%, in chloroform and TCNQ solution, 0.2%, in 
acetonitrile were utilized as chromogenic reagents. All 
reagents and solvents used were of analytical grade. 

Calibration graphs 

Iodine method. Various volumes (l-6 ml) of 0.1 mg/ml 
working standard terfenadine solution were transferred into 
50-ml standard flasks. The solution in each flask was mixed 
with 5 ml of iodine solution and diluted to volume with the 

*Author for correspondence. 

same solvent. The solutions were left in the dark for 30 min 
and their absorbances were measured at 290 and 365 nm, 
against chloroform as a blank. 

TCNQ method. Various volumes (l-6 ml) of working 
standard solution (0.1 mg/ml) were transferred into 50-ml 
standard flasks. The solvent was removed by immersing the 
flasks in a water-bath at 70”. The flasks were cooled and the 
residues dissolved in about 10 ml of acetonitrile. A 2.5-m] 
portion of TCNQ solution was added to each flask and the 
volume made up to 50 ml with acetonitrile. The solutions 
were left at room temperature for 30 min and the absorb- 
antes measured at 845 nm against a blank prepared simul- 
taneously without terfenadine solution. 

Tablet analysis 

An accurately weighed quantity of the well mixed powder 
from 20 tablets, equivalent to about 60 mg of terfenadine, 
was transferred into a 50-ml standard flask. The base was 
then extracted by sonic treatment of the powder with 30 ml 
of chloroform for 20 min. The mixture was diluted to 
volume, thoroughly mixed and filtered. The first W-ml 
portion of filtrate was rejected and the remainder was 
collected. An aliquot (10 ml) was accurately diluted to 50 ml 
with chloroform. A 5-ml aliquot of this solution was 
analysed by the procedure for calibration with iodine, 
and a 4-ml aliquot was used for analysis with TCNQ. 
Completeness of extraction of terfenadine base from the 
powdered tablets was confirmed by TLC. A negative test 
was obtained with chlorofonn:methanol (90: 10) as mobile 
phase and iodine vapour as detecting agent. 

Stoichiometric relationship 

Master solutions of terfenadine and iodine (0.5 x 10m4M) 
in anhydrous chloroform were prepared. A series of lo-ml 
quantities of mixtures containing a total volume of 10 ml of 
the master solutions in different proportions (from 0: 10 to 
10:0) were made up in W-ml standard flasks. The flasks 
were left in the dark for 30 min and the absorbances were 
measured at 290 nm against chloroform. 

Association constant and molar absorptivity 

Terfenadine solutions in chloroform were prepared (1.5, 
2.0. 3.0. . .6 x lo-“M). These solutions and an iodine sol- 
ution in chloroform (8 x 10-5M) were placed in a water- 
bath at 25”. Then 5-ml volumes of the iodine solution were 
rapidly mixed with the same volume of each terfenadine 
solution and the absorbance was measured at 290 nm 
against chloroform. 
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Fig. 1. Absorption spectra of (-----) terfenadine, (-.-) 
iodine and (-) terfenadineiodine complex in chloroform 

(terfenadine 10 pg/ml). 

RESULTS AND DISCUSSION 

Terfenadine, being an n-electron donor, reacts 
instantaneously with either iodine or TCNQ, giving 
characteristic coloured reaction products. Upon reac- 
tion of terfenadine with a chloroform solution of 
iodine, a yellowish purple or yellow colour is formed, 
depending on the terfenadine concentration. The 
reaction product is distinguished from slow oxidation 
or substitution reaction products of iodine with 
amines by being easily dissociated on dilution with 
solvents of high polarity. The absorption spectrum of 
the coloured product exhibits intense bands at 290 
and 365 nm (Fig. 1). Terfenadine and iodine have 
almost negligible absorbances at these wavelengths. 
The product is assumed to be a molecular charge- 
transfer (CT) complex.2 

The mole ratio of the reactants in the CT complex 

0.6 

A 0.6 

0.4 

0.2 

I I I I I I 
0 0.2 0.4 0.6 0.6 1.0 

CD 

ccl+% 

Fig. 2. Continuous variations plot for terfenadine and 
iodine in chloroform (0.5 x 10e4M). 

Table 1. Effect of time on the absorbance of the terfenadine 
products 

Time after Iodine method, TCNQ method, 
mixing, min 290 nm 845 nm 

0 0.750 0.350 
10 0.810 0.430 
20 0.845 0.510 
30 0.860 0.580 
40 0.860 0.582 
50 0.848 0.580 
60 0.830 0.577 

100 0.820 0.570 
120 0.815 0.566 

was determined by the method of continuous 
variations,6 and found to be 1: 1 (Fig. 2). This is in 
agreement with the presence of a single tertiary 
nitrogen atom in the terfenadine molecule. The 
association constant and molar absorptivity of the 
terfenadine-iodine complex were determined by 
using the Benesi-Hildebrand equation.’ The iodine 
concentration was kept constant, and lower than the 
varied concentration of terfenadine. The association 
constant and molar absorptivity were found to be 
1.1 x lo4 and 0.4 x lo4 l.mole-l.cm-l, respectively. 
Although the complex was formed rapidly, constant 
absorbance readings were obtained only after the 
solution had stood for 30 min in the dark (Table l), 
and remained constant for about a further hour. At 
290 and 365 nm, linear calibration graphs (r 0.9984 
and 0.9989) were obtained over the concentration 
range 2-12 pg/ml in the tial solution measured. 

The reproducibility of the procedure was deter- 
mined by measuring replicate samples (10 pgg/ml 
terfenadine in the final test solution) at 290 and 
365 nm (Table 2). At this concentration level the 
coefficients of variation were 0.5% and 0.7% 
respectively. 

Interaction of terfenadine with TCNQ gives a 
bluish-green chromogen with a strong absorbance 
maximum at 845 nm (Fig. 3). The bands developed 
in the spectrum were attributed to formation of the 
TCNQ radical anion by complete transfer of n- 
electrons from the terfenadine molecule to TCNQ in 
polar medium.’ Maximum absorbance was attained 

Table 2. Precision study of the iodine and TCNQ methods 

Iodine method 
(10 rdml) TCNQ method 

- (8 r g/ml), 
290 nm 365 nm 845 nm 

0.740 0.461 0.631 
0.750 0.471 0.634 
0.748 0.466 0.639 
0.744 0.465 0.632 
0.745 0.463 0.636 
0.752 0.460 0.633 

Average 0.747 0.464 0.634 
SD 0.004 0.003 0.003 
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Fig. 3. Absorption spectrum of terfenadinc-TCNQ reaction product measured against reagent blank in 
acetonitrile (terfenadine 8 ag/rnl). 

Table 3. Recovery studies on known terfenadine samples and commercially available tablets 
fleldane*)* by the iodine (1) and TCNQ (2) methods 

Amount taken, 
or claimed 
per tablet, 

mz 

Concentration level, Amount found, 
&ml mg 

(1) (2) (1) (2) 

Recovery % 

(1) (2) 

Known samples 
40.0 8.0 8.0 39.9 
45.0 9.0 44.8 
50.0 10.0 

1X 
50.2 

60.0 12.0 8:4 60.5 

Overall recovery, % 
SD 
Theoretical r-value (P = 0.05) = 2.31 

Commercial tablets 
60.0 12.0 8.4 59.2 
60.0 12.0 8.4 59.9 
60.0 12.0 8.4 59.7 
60.0 12.0 8.4 60.2 

39.9 
44.5 
50.2 
60.1 

58.9 
60.3 
59.6 
59.8 

99.8 99.5 
99.6 98.9 

100.4 100.4 
100.8 100.2 

100.2 99.7 
0.55 0.6 

tuts = 1.24 

98.7 98.2 
99.3 100.5 
99.5 

100.3 

*Each tablet contains 60 mg of terfenadine (Merrell Dow, France). 

after 30 min and the colour remained stable for at 
least 2 hr (Table 1). Acetonitrile is ideal as the 
solvent, as it offers good solvating capacity for 
TCNQ, and gives the highest yield of the radical 
anion. A concentration of 5.0 mg of TCNQ in the 
total volume of 50 ml solution was considered opti- 
mum for colour formation. Under the experimental 
conditions described, a linear calibration graph 
(r 0.9995) over the terfenadine concentration range of i 
2-12 &ml in the final solution was obtained. 

The ~pr~ucibility of the TCNQ procedure was 
found by running 6 replicate samples, each contain- 
ing 8 pg/ml terfenadine in the final solution (Table 2). 
At this concentration level, the CV was 0.5%. 

Table 3 shows the accuracy of the proposed 
methods. Recovery studies were performed with four 
different concentration levels of terfenadine. The 
overall recovery was 100.2 and 99.7% for the iodine 
and TCNQ procedures, respectively. The results 
given by the two methods were statistically compared 
by the Student r-test and found not to differ signifi- 

cantly. Commercially available terfenadine tablets 
were analysed by the proposed methods. The results 
obtained are also presented in Table 3. 

The suggested methods are rapid and simple, and 
suitable for routine analysis of terfenadine tablets in 
drug control laboratories. 
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Summary-Electrolysis in combination with a cation-selective membrane is used to reduce the concen- 
tration of sodium hydroxide in the sample, prior to the ion-chromatographic determination of nitrate and 
sulphate. The advantage and disadvantage of this type of sample pretreatment are discussed. 

A 50% w/w sodium hydroxide solution (s.g. 1.54) 
cannot be easily analysed for trace anions by direct 
injection into an ion-chromatograph, because the 
anion peaks will be strongly distorted. Therefore, the 
concentration of sodium hydroxide must be de- 
creased before the sample is injected into the chro- 
matograph. In many cases a 1:lOO dilution of the 
sample will allow a satisfactory determination of 
chloride, nitrate and sulphate. However, such a high 
dilution cannot be used if the concentration of anions 
in the original sample is close to the instrumental 
detection limits. This situation may be encountered 
when sodium hydroxide samples produced by the 
amalgam process are analysed. Such samples, which 
frequently contain less than 10 pg/g nitrate or sul- 
phate, were of particular interest in this work. 

Instead of dilution, the 50% sodium hydroxide 
solution can be passed through a cation-exchange 
resin in the hydrogen form, which will remove the 
sodium hydroxide. However, in the procedure de- 
scribed by Hill’ the anions were washed through the 
column with water, resulting in a 25-fold dilution of 
the sample. In some preliminary experiments we tried 
to analyse the eluate from a cation-exchange resin 
directly, without elution with water, using a small 
amount of resin, and bromide as internal standard, 
but reproducible results could not be obtained. 

It was therefore of interest to find an alternative 
method of decreasing the high concentration of 
sodium and hydroxide ions, without dilution of the 
sample. The use of electrolysis in combination with 
a cation-selective membrane seemed an attractive 
approach. The use of this sample pretreatment 
technique is discussed below. 

EXPERIMENTAL 

Apparatus 

The electrolysis cell, which was made from Teflon, consis- 
ted of a l-ml anode compartment and a S-ml cathode 

compartment. A cation-selective membrane (Nafion 901; 
Du Pont), 0.1 mm thick and with an exposed area of 
0.8 cm*, separated the two parts, which were held together 
by screws. A small platinum-gauze electrode, with a surface 
area of co. 1 cm*, was placed inside each of the hvo cell 
compartments. A double-junction reference electrode 
@WHaQ/O.5M NaOH: Ineold) was dated in the anode . _, _ , 
compartment, and a Tekon&v&d m&net, for stirring, in 
the cathode compartment. An Amel 551 potentiostat was 
used for the controlled-potential electrolysis. 

The chromatograph was a Dionex model 12, with a QIC 
pump, a 184-pl double-stack injection valve, an AS4 separ- 
ator column and a hollow-fibre suppressor column. The 
eluent was 0.003M sodium bicarbonate/O.O024M sodium 
carbonate, and the suppressor solution was 0.02M sulphuric 
acid. 

Procedure 

Rinse the cell with dilute acetic acid and then with water. 
Transfer 1.0 ml of the 50% sodium hydroxide sample to the 
anode compartment, and fill the cathode compartment with 
5 ml of 0.5M sodium hydroxide solution. Start the stirrer 
and electrolyse for 3 hr, using an anode potential of +0.8 
V us. Hg/HgQ, and adding water to the anode compartment 
as requited, to maintain the volume at ca. 1.0 ml. The 
current limit for the membrane, 0.2 A/cm*, should not be 
exceeded. Check that the final concentration of sodium 
hydroxide is below 0.3M, by titrating a SO-p1 aliquot with 
standard acid. Terminate the eiectrolysis, add water to make 
up to the original volume (1.0 ml) and inject an aliquot of 
the neutralized sample into the ion chromatograph. Calcu- 
late the concentration of the anions from standard curves. 

If chromate is used as internal standard, the adjustment 
of the final sample volume prior to the analysis can be 
omitted. 

RFSULTS AND DISCUSSION 

The electrolysis step 

Perfluorinated Nafion membranes exhibit remark- 
able ion selectivity.* In this material, the anion trans- 
port is very much less than the cation transport. The 
membranes are widely used industrially, in chlor- 
alkali electrolysis cells. A particularly high current 
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efficiency is obtained with membranes that are sul- 
phonated on one side, and carboxylated on the other, 
like the one used in this work. The present work 
illustrates that these membranes can be useful also for 
analytical purposes. 

During the electrolysis, the hydroxide ions are 
oxidized at the anode according to the reaction 
40H-+ O2 + Hz0 + 4e-. Simultaneously, the so- 
dium ions move from the anode compartment 
through the cation-selective membrane to the 
cathode. The reaction at the cathode is 
4H,O + 4e - + 2H, + 4OH-. The membrane prevents 
the hydroxide ions from moving to the anode. 

The result of these processes is a decrease in the 
concentration of sodium hydroxide in the anode 
compartment, and a corresponding increase in its 
concentration in the cathode compartment. There- 
fore, the cathode compartment should be larger than 
the anode compartment, to keep the concentration in 
the cathode compartment reasonably low. 

During the experiments, it was noticed that the 
solution volume decreased in the anode compart- 
ment, and increased in the cathode compartment. 
From the redox equations the opposite effect would 
be expected, because water is produced at the anode 
and consumed at the cathode. However, the sodium 
ions are transported through the membrane in hy 
drated form, carrying 3.7 mole of water per mole of 
cation, according to the manufacturer.3 This process 
will predominate over the redox process, which only 
contributes 0.5 mole of water per mole of the hydrox- 
ide (or sodium) ion. Therefore, water has to be added 
to the anode compartment, or the cell would go dry 
before the completion of the electrolysis. 

Generally a complete neutralization of the 50% 
sodium hydroxide solution was not attempted. The 
electrolysis was terminated when the concentration 
had been decreased to cu. 1% sodium hydroxide (Le.. 
the concentration was decreased from 19M to 0.3M). 
At this level the sodium hydroxide did not interfere 
with the chromatographic response of the anions of 
interest. The time needed to reach this concentration 
depended on the electrolysis current, which in turn 
was a function of the electrolysis potential. Normally 
an anode potential of +0.8 V us. Hg/HgO was used. 
The current was then 0.15 A and the electrolysis time 
3 hr. A higher current was avoided, because the 
current limit of the membrane, 0.2 A/cm’, would then 
be exceeded. In such a case a slight release of sulphate 
from the membrane was observed. If necessary, the 
final concentration of sodium hydroxide was checked 
by titrating a 50-~1 aliquot with a standard acid. 

The Nafion 901 membrane is carboxylated on one 
side and sulphonated on the other. Reversing the 
membrane in the cell did not affect the results. 

Internal standard 

Because of the change in the sample volume during 
the electrolysis, the use of an internal standard, which 
could be added prior to the electrolysis, would be 

desirable. It would permit a direct analysis of the 
neutralized sample, with no need for adjustment of 
the final sample volume prior to the injection into the 
ion-chromatograph. Bromide seemed a possible 
choice, because of its absence in the sodium hydrox- 
ide samples analysed in this work, and its suitable 
retention time. However, when bromide was added to 
the sample, no bromide peak was observed after the 
electrolysis, indicating that the ion was oxidized 
during the electrolysis. A poor recovery was also 
obtained for bromate added to the sample prior to 
the electrolysis. The best results were obtained with 
chromate as internal standard. When a sodium 
hydroxide solution was spiked with chromate, a 
quantitative recovery was obtained. The chro- 
matographic response was the same for the electro- 
lysed sample as for a standard solution of chromate. 

The disadvantage of using chromate as internal 
standard is its long retention time, cu. 40 min, 
compared to 5-10 min for nitrate and sulphate. Also 
the peak area should be used for the chromate ion, 
instead of the peak height. 

Analysis of 50% sodium hydroxide 

A typical chromatogram obtained after the electro- 
chemical neutralization is shown in Fig. 1. The peaks 
correspond to chloride, nitrate, sulphate and chro- 
mate, respectively. As can be seen from the figure, 

Retention rime (min) 

Fig. 1. Chromatogram obtained after electrochemical 
neutralization of a 50% sodium hydroxide sample 

containing 13.5 rg/g nitrate and 7.5 pg/g sulphate. 
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Table 1. Recovery tests for 50% sodium hydroxide solution 

Added, 

Chloride Nitrate Sulphate 

Found, Recovery, Added, Found, Recovery, Added, Found, Recovery. 

0 0.4 - 0 6.5 - 0 16.9 - 
5 2.0 32 5 11.4 98 5 22.1 104 

10 2.9 25 10 17.0 105 10 26.5 96 

Table 2. Results obtained for 50% sodium hydroxide from three manufacturers 

Manufacturer n 

Nitrate Sulphate 

2, figcglg s,, % n & Wg/b s,, % 

A 6 6.8 3.6 6 16.3 6.4 
B 3 6.9 3.6 3 5.1 10.8 
C 3 18.0 1.8 3 5.7-10.7* - 

n = number of analyses; i = mean I& per g of 50% NaOH solution); S, = relative 
standard deviation. 

*Three different batches were analysed. 

well defined peaks were obtained for nitrate and 
sulphate, even though the 50% sodium hydroxide 
sample contained only 13.5 rg/g nitrate, and 7.5 pg/g 
sulphate. The results of a recovery test for chloride, 
nitrate and sulphate are given in Table 1. The test was 
made by spiking the 50% sodium hydroxide with 
known amounts of the anions. The values were cal- 
culated from the linear standard graphs obtained for 
aqueous solutions of the respective anions. Chromate 
was used as internal standard. The values found 
before the addition of the anion spikes correspond to 
the original concentration of the anions in the sodium 
hydroxide used for the test. As can be seen from 
Table 1, a satisfactory recovery was obtained for 
nitrate and sulphate, but not for chloride. 

Table 2 gives the results for 50% sodium hydroxide 
samples obtained from three different manufacturers. 
The sodium hydroxide samples were produced by the 
amalgam process, and thus contained low levels of 
anions, which originated primarily from the water 
used in the process. 

The number of analyses indicated in Table 2 refers 
to the number of complete neutralization and chro- 
matographic detection sequences. As can be seen 
from Table 2 the precision of the method was of the 
order of 5-10%. 

Only nitrate and sulphate are determined by the 
present method, because these anions contain the 
respective elements in their highest oxidation states. 
The corresponding anions of lower oxidation states, 

such as nitrite and sulphite, will be oxidized during 
the electrolysis, and will thus appear as nitrate and 
sulphate. However, in the sodium hydroxide samples 
analysed in this work the concentration of nitrite and 
sulphite was probably very low. 

In principle, the results obtained for nitrate and 
sulphate represent the total amount of nitrogen and 
sulphur in the sample. Therefore, if samples were 
analysed by this technique, as well as by a direct 
method (e.g., after a dilution of the sample), any 
significant difference between the results obtained by 
the two procedures should correspond to the concen- 
tration of the lower oxidation state anions in the 
sample. 

Halide ions could not be determined by the tech- 
nique, owing to oxidation during the electrolysis, as 
indicated by poor recoveries for chloride, bromide 
and bromate. However, the presence of perchlorate 
and perbromate ions could not be detected. 
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Summary-A general equation is given for the evaluation of proton dissociation constants from 
potentiometric data. The method is applicable to monobasic acids, and also polybasic acids, where the 
successive dissociation steps may or may not overlap. A computer program’ was employed for the 
~c~ations. The method was tested by evaluation of the constants for 22 acids, from monobasic to 
cctobasic, with satisfactory agreement with literature data. 

Potentiometric titrations have been widely used in the 
dete~ination of ionization constants of acids, and 
many books and monographs have been devoted to 
this topic.’ Recently, computational methods have 
been reviewed by Leggett.2 

Our method is based on an equation proposed by 
Rossotti and Rossotti,’ originally intended for the 
graphical evaluation of stability constants in mono- 
nuclear complex systems. With some modifications, 
and the help of a personal computer, the simulta- 
neous computation of up to eight ionization con- 
stants is possible. 

by: 

or 

Because, by definition, & = 1, we obtain; 

Analytical grade reagents were used without further 
purification. The titrations were done with stirring and a 
protective stream of nitrogen, though both were stopped 
during readings. The temperature and ionic strength were 
kept constant. The glass electrode was calibrated before 
each titration, against buffers of pH 4, 7 and 10. 

fi(l+iB,h’)=iWh’ 
and on rearranging: 

THEORY 

The following symbols are used: 

#$--overall protonation constant of acid H,L 
h-free hydrogen-ion con~ntration 

X,-dissociation constant of water 
K-number of ionizable protons 
A-Bjerrum formation function 
u-fraction of acid titrated 
L-total acid concentration 
B-titrant concentration 
Y-volume of titrant 

Fe-initiai volume of acid 

“;(i -A)j$h’= (1 -ti)@,h + (2 - ~)~2h2 + .s. 

+(K--)&hK (1) 

For h 6 10V2M, terms in h’ for i > 3 can be 
neglected, and the equation reduces to: 

E = (1 - ~)~, h + (2 - W)&h2 (2) 

Dividing equation (2) throughout by (1 -fi) h, we 
obtain: 

,,:6,h =f% +- (2 - A)h B (1 -a) 2 

Then, if we plot 

The Bjerrum function, the average number of Y(l,Z)=& us* X(1,2)= 
(2 - A)h 

protons ligand-bound per ligand, can be expressed (1 - ff) 
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the intercept at X = 0 gives 8, and the slope of the 
straight line obtained gives &. 

Once fl, and /12 are evaluated, if the h’ terms in 
equation (I), for i 3 5, are neglected, we obtain: 

ii = (1 - ?I)/l,h + (2 - 6)&!+ 

+ (3 - W)&h3 + (4 - ~)~~~~ 

Dividing this equation throughout by (3 - B)h3 and 
rea~an~ng, we obtain: 

Then the straight line obtained by plotting 

Y(3,4) = 
A + (iI - l)B,h + (A -2)flrP 

(3 - A)h3 
U.S. X(3,4) 

_ (4 - fi)h 
(3-R) 

yields fi3 and &. 
In general, we can obtain any pair of formation 

constants (pi, Ijr+, ) by plotting: 

i-1 

C(n’ -_Mjh’ 
Y(i, i _t 1) =‘=O 

(i - ii)hi 
us. X(i,i + 1) 

= (’ ;&I) h (3) 

When K is an odd number, two different methods 

can be applied: /3, j&, . . . , pK_, can be evaluated from 
(3), where i Q K - 1, then /SK is evaluated by plotting 

K-l 

t: (n’ -.&$h 
Y(K) = I-* 

(K - fi)hK-’ 
us. X(K) = h 

or instead, jl, can be evaluated by plotting 

Y(1) - (1 If. n’) us. X(1) = h -- 

and the rest of the overall protonation constants 
evaluated from (3), where i 2 2. 

From titration data (volume of titrant added and 
pH of solution), the experimental fi values are 
obtained from the expression 

KW 
-- 

h 
h 

rz=(K--a)+- 
L 

where a is given by: 

From the overall fornnztion constants, the ionization 
constants are obtained from the expression: 

&i - pE:i, -- 

Type 

Table 1. Comparison between evaluated and reported pK, values 

Reagent pK, found* p& reported* Ref. 

HL 
HL 
HL 
HL 

::: 
HL 
HL 
HL 
H2L 

H2L 

I-&L 

,“:k 

W- 

W. 

W- 

I-W 

W- 

W- 

H6L 

W- 

p-Chloroanilium ion 
Benzoic acid 
Acetic acid 
Cyclohexanone-2-pyridylhydrazone ion 
Tris 
Boric acid 
Ammonium ion 
Glycine 
p-Cresol 
Oxalic acid 
Succinic acid 
Adipic acid 
Cyclohexane-1,2-dione-2-pyridylhydrazone ion 
Cyclohexane-1,3-dione-2-pyridylhydrazone ion 
Citric acid 
Ethylenediaminetetra-acetic acid 

~-Phenylen~iaminetetra-acetic acid 

Phosphinidynetripropionic acid 
Anthrapurpu~n complexone 

Diethylenetriaminepenta-acetic acid 

Tr~ethylenetet~minehexa-acetic acid 

3.91 
4.14 
4.79 
6.88 
8.16 
9.27 
9.30 
9.88 

10.13 
1.47; 3.86 
4.19; 5.50 
4.43; 5.36 
4.98, 6.51 

2.72; 4.62; 8.48 
3.02; 4.41; 5.88 
1.93; 2.86; 6.31; 

10.12 
2.51; 3.48; 5.39; 

6.86 
2.89; 3.77; 4.50; 
2.92; 4.96; 7.61; 

9.84; 10.64 
1.38; 2.17; 4.53; 

8.47; IOSO 
2.38; 2.80; 4.23; 
6.17; 9.46; 10.14 
2.75; 4.04, 5.85; 
6.67; 7.34; 7.77; 

3.93 
4.12 
4.75 
6.89 
8.18 
9.27 
9.25 
9.88 

10.14 
1.40; 3.80 
4.16; 5.61 
4.42; 5.42 
4.95; 6.47 

2.70; 4.63; 8.50 
3.08; 4.39; 5.82 
2.07; 2.75; 6.24; 

10.34 
2.ss; 3.37; 5.39; 

6.85 
2.89; 3.81; 4.70; 

3.0; 5.3; 7.6; 
10.0; 10.7 

1.80; 2.55; 4.33; 
8.60, 10.58 

2.42; 2.95; 4.16; 
6.16; 9.40, 10.19 
2.40, 3.70; 5.32; 
6.46; 6.97; 7.69; 

1 
1 
4 
5 
1 
1 
4 
1 
1 
6 
7 
8 

: 
9 

6 

10 
8 

11 

12 

13 

9.39; 10.89 13 9.31; 10.37 

*For temperature and ionic strength conditions, see the corres~nding references. 
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J i--i÷2 

input data / 
K, B, C, Vo, N points 

V(1), pH(1) 

J L 

evaluate 
i - 1  
z Iff.jl~gj hJ j--0 

Y(I}= 
(i-n) h i 

X{l)= (i÷l-fi) h 
{i-1~) 

I=I*I 

evaluate 

A,~  .... ,#K / / 
Kal,Ka 2 ..... K a K /  

Fig. I 
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RESULTS AND DISCUSSION 

A program called POTEVK written in BASIC was 
used to evaluate the ionization constants of up to 
octobasic acids, with a TOSHIBA T-100 personal 
computer. The program needed about 16 kbytes of 
memory. Figure 1 is a flow diagram for the program. 

In the evaluation of any pair of constants @I,, /$+, ) 
of an acid H,L, the program uses only the 
experimental data fulfilling the condition 
iy - i -I- 0.8 > a > X: - i - 0.8. 

The neglect in equation (1) of terms in h’ for i 2 2 
is satisfactory, since for H, L with pK, = 4, even at pH 
2 the variation between the A values obtained from 
equations (1) and (2) will not differ by more than 7%. 

Any bias in the evaluation of &, j2, . . . ,&_2 
would accumulate in the evaluation of /IK_, and PK. 
Therefore, careful experimental work is required to 
ensure that reliable results are obtained. 

The method was used to evaluate the ionization 
constants of 22 acids, many of them polyprotic acids 
with overlapping constants. In some cases, the experi- 
mental data of other authors were used. The results 
obtained, summarized in Table 1, agree reasonably 
well with the reported values. Correlation coefficients 
of the straight lines were always higher than 0.990, 
and the standard deviations of pX,, calculated from 
the linear regression, were about 0.02. The standard 
deviations obtained from several titrations of the 
same sample were 0.01-0.16. 

The method is a computerized version of a graph- 
ical approach, and as such it cannot give results that 
give as good a fit to the data as a multiparametric 
curve-fitting program, but it would be very useful in 
conjunction with one of those programs, such as 
SUPERQUAD, as a means of finding suitable start- 
ing estimates for the ,8-values. 

The program has the advantages that the com- 
putation takes less than I min, even for the octoprotic 
acid and 50 data points, and can be easily modified 
for use with data from an automatic titrator unit. 

Listings of POTEVK are available from the 
authors on request. 

Acknowledgements-We thank Dr. A. G. Asuero for valu- 
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EXTRACTION-SPECTROPHOTOMETRIC DETERMINATION 
OF IRON(I1) BY TERNARY COMPLEX FORMATION 

WITH PYROCATECHOL VIOLET AND 
CETYLTRIMETHYLAMMONIUM BROMIDE 
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Summary-A method for iron(H) determination based on reaction with Pyrocatechol Violet to form a 
1:2 binary complex at pH 5-7 is described and has been extended to an extraction-spectrophotometric 
procedure. for the determination of iron(H) by formation of the 1: 2:2 iron(IIbPyrocatecho1 Violet- 
cetyltrimethylammonium bromide ternary complex. The molar absorptivities of the binary and ternary 
complexes at 595 and 605 nm are 6.55 x lo4 and 1.35 x 10’ l.mole-‘.cn-‘, respectively. The method has 
been successfully applied to the determination of iron in felspar, Portland cement and sodium hydroxide. 

Triphenylmethane dyes such as Xylenol 0range,tm4 
Methylthymol Blue, S-6 Eriochrome Cyanine R,7*8 
Pyrocatechol Violet,” Pontachrome Azur Blue B,t2 
Chrome Azurol S,13,‘4 Chromoxane Violet R,” 
Proline Thymol Blue, l6 Methyl Xylenol Blue” and 
Aluminon’* have heen used for the spectrophoto- 
metric determination of iron(III), and Methylthymol 
Blue has heen used for determination of iron(II).19 

The sensitivity of such methods is significantly 
increased by addition of long-chain cationic surfac- 
tants to the reaction system, e.g., determination of 
iron(II1) as a ternary complex with Chrome Azurol 
S and cetyltrimethylammonium bromide (CTAB),20eu 
Eriochrome Cyanine R and CTABUJ3 or tridodecyl- 
ethylammonium bromide (TDEAB),24 Pyrogallol 
Red and zephiramine,*’ Bromopyrogallol Red and 
CTAB:6 Chromal Blue G and CTAB,27 and Pyro- 
catechol Violet and TDEAB?* 

In the present work, the reaction of iron(I1) with 
Pyrocatechol Violet was studied, and also the ternary 
complex involving CTAB. The method developed 
was applied to the analysis of complex matrices for 
iron. 

EXPERIMENTAL 

Reagents 

All chemicals used were analytical-reagent grade and 
doubly-distilled water was used. 

iron solution, 1.00 x IO-‘M. Prepared by dissolving 
0.0980 g of ammonium iron sulphate hexahydrate in 
250 ml of O.lM hydrochloric acid. A working standard 
solution was prepared from it by dilution. 

Hydroxylamine hydrochloride solution, 5%. 
Pyrocatechol Violet solution (PV), 1.00 x IO-‘M. Pre- 

*TO whom all correspondence should be addressed. 

pared by dissolving 0.0966 g of PV (Aldrich) in 250 ml of 
water. 

Cetyltrimethylammonium bromide (CTAB) solution, 
1 x 10-3M. Prepared by dissolving 0.0911 g of CTAB 
(Fluka) in 250 ml of chloroform. 

Acetate buffers, 0.4M. 
Iron-free hydrochloric acid. Purified by removing iron by 

the Jackson and Phillips method.29 

Apparatus 

A Perkin-Elmer Model Lambda 3B double-beam spec- 
trophotometer with IO-mm fused silica cells and a Schott 
Geriite pH-meter Model CG 710 with a combination of 
glass-calomel electrode were used. 

Procedures 

Determination of iron as PV binary complex. For 
calibration, 0.2-20 pg of iron(I1) was mixed with 2.0 ml of 
hydroxylamine hydrochloride solution in a 25-ml standard 
flask. After 5 min, 5.0 ml of PV solution were added and 
the solution was made up to volume with acetate buffer 
(pH 6.0). After 30 min the absorbance was measured at 
595 nm against a reagent blank. 

Determination of iron as PV-CTAB ternary complex. 
A solution containing not more than 4.0 pg of iron(I1) and 
2.0 ml of hydroxylamine hydrochloride solution was mixed 
in a 50-ml separatory funnel. After 5 min, 5.0 ml of PV 
solution and 10.0 ml of acetate buffer (pH 5.15) were added. 
After 30 min, 10.0 ml of 5 x 10e4M CTAB in chloroform 
solution were added and the mixture was vigorously shaken 
for 5 min. The organic phase was separated and centrifuged 
at 3000 rpm for 2 mitt, then its absorbance was measured 
at 605 against a reagent blank prepared in the same way. 

Determination of iron in felspar and Portland cement. 
About 0.2 g of sample was accurately weighed, mixed with 
5 ml of concentrated hydrochloric acid and 1.0 ml of 
concentrated nitric acid in a porcelain dish, and the mixture 
was evaporated to dryness on a steam-bath. The dry mass 
was moistened with 5 ml of concentrated hydrochloric acid, 
and warmed on a steam-bath for 10 min, then 20 ml of hot 
water were added. Any residue was filtered off and washed, 
the filtrate and washings being collected in a 250-ml 
standard flask. A suitable aliquot of this solution was 
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treated with 1.0 ml of 0.2M malonic acid, 2.0 ml each of 
O.OlM ammonium citrate and tartrate solutions, and 
analysed for iron as described above. 

Determination of iron in sodium hydroxide. About 
0.2-0.4 g of sample was weighed and prepared according to 
the Marczenko and Kalowska method.22 The iron was 
determined as the PV-CTAB ternary complex after addition 
of 2.0 ml of O.OlM ammonium tartrate solution. 

RESULTS AND DISCUSSION 0.2 

Several authors have studied the reaction of tri- 
phenylmethane dyes with iron(III), but little attention 
has been paid to the reactions with iron(I1). In a 
preliminary study, experiments were performed to see 
whether addition of Xylenol Orange, Eriochrome 
Cyanine R and PV to iron(E) would show better 
sensitivity than that for iron(W). PV was the only 
one that did. Trials to increase the sensitivity further 
were made by addition of aqueous CTAB solution, 
but little improvement was found. Much better re- 
sults were obtained by using a chloroform solution of 
CTAB for extraction of the binary complex. The 
ternary iron(PV-CTAB complex formed in the 
organic phase had more than double the molar 
absorptivity of the aqueous binary complex. 

0 
400 450 500 550 600 

Fig. 2. Absorption spectra of PV at various pH values. 
Ipv] = 3.5 x 10W5M, l.OO-cm cells, pH values: curve 1, 5.0; 

2, 6.4; 3, 7.0; 4, 7.2; 5, 7.6; 6, 8.0; 7, 9.0. 

tion maximum at 595 nm in neutral or slightly acidic 
media. The extracted ternary complex shows a shift 
of the absorption maximum to 605 nm, with an 
increase in absorbance. 

Eflect of pH 

Absorption spectra 

The absorption spectra of the binary and ternary 
complexes and the reagent blanks are shown in 
Fig. 1. The green iron(PV complex has an absorp- 

The absorption spectra of 3.5 x 10e5M PV at 
different pH values are given in Fig. 2, and have an 
isosbestic point at 490 nm. The effect of pH on the 
absorbance of the binary complex at 595 nm is shown 
in Fig. 3 (curve 1). The absorbance reaches its 
maximum value at pH 5.0 and remains constant up 
to pH 7.0. Therefore, acetate buffer of pH 6.0 was 
used for formation of the binary complex. 

3 

0.6 

t 1 0.6 

A 

\--Y 
0 ’ I I I I -i- 1 

400 450 500 550 600 650 700 

X(nm) 

Fig. 1. Absorption spectra of iron(H)-PV in aqueous me- 
dium, iron(H)-PV-CTAB in chloroform, and their reagent 
blank. [pv], = 2 x 10m4M, 2.0 ml of 5% NH,OH.HCl, 
pH = 6 for aq. measurements, pH = 5.15 for extraction, 
l.OO-cm cells. Curve 1, iron(PV in aqueous medium, 
[Fez+] = 7 x 10a6M, vs. blank; 2, PV in aqueous medium vs. 
buffer (pH = 6); 3, iron(PV-CTAB in chloroform, 
[Fe*+ Jaq = 6.5 x 10W6M, [CTAB], = 5 x 10e4M, vs. blank; 

4, PV-CTAB in chloroform vs. blank. 

0.6 

Xhm) 

Figure 4 shows the effect of pH on the extraction 
of 4.6 x IO-‘M aqueous PV with 10.0 ml of 
5 x 10e4M CTAB in chloroform. The absorption 

0.6 

A 

I I 
0 2 4 6 6 

PH 

Fig. 3. Effect of pH on the absorbance of aqueous iron(II)- 
PV complex and the extraction of iron(PVCTAB com- 
plex into chloroform: 2.0 ml of 5% NH,OH .HCI, l.OO-cm 
cells. Curve 1, iron(PV complex, [Fez+], = 9 x lO-‘jM, 
LvLb= 2 x lo-‘,M, wavelength = 595 mn; 2, iron(II)-PV- 

complex m chloroform, V, = 25 ml, V, = 10.0 ml, 
[Fe], = 7.4 x 10e6M, [pv], = 2 x 10e4M, [CTAB], = 

5 x 10d4M, wavelength = 605 nm. 
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I 6 

650 700 

X (nm) 

Fig. 4. Absorption spectra of extracted PV-CTAB in 
chloroform as function of pH of the aqueous media. 
[PVJ, = 4.6 x lo-‘M, [CTAB], = 5 x 10-4M, 1.00~cm cells, 
pH values: curve 1, 5.6; 2, 6.2; 3, 6.6; 4, 6.8; 5, 7.0; 6, 7.2. 

band at 590 nm in the aqueous phase is shifted to 610 
mn in the organic phase. However, the spectral 
interference of the reagent blank with the ternary 
complex (which absorbs at 605 nm) is minimized 
in the presence of hydroxylamine hydrochloride, 
cf. Fig. 1, curve 4. 

The absorbance of the ternary complex in chloro- 
form is dependent on the pH of the aqueous phase 
from which it is extracted (Fig. 3, curve 2). The 
optimum pH for quantitative extraction is 4.9-5.4 
and pH 5.1-5.2 is recommended. 

Effect of PV concentration 

The optimum concentration of reagent for quan- 
titative formation of the binary complex from 20 pg 
of iron(B) was found to be 2 x 10m4M. The same 
concentration was used in the aqueous phase to 
prepare the ternary complex. Deviation from this 
concentration decreased the absorbance of the 
organic phase. 

1.2 j- 

0.8 - 

A 

0.4- i’ 
0, 
-5 -4 -3 -2 

log CCTMAI 

I I I I I I 
0 0.2 . 0.8 

CFeP’3~~CFe”;:LP”3~ 

1.0 

Fig. 5. Effect of CTAB concentration in chloroform on Fig. 6. Continuous-variation study of iron(PV and 
the formation and extraction of iron(PV-CTAB iron(PV-CTAB systems. Curve 1, [Fe*+], + [pvlq = 
complex. [Fe*+1, = 8 x 10d6M, [pv], = 2 x lo-‘M, 2.7 x 10m5it4, pH = 6.0, l.OO-cm cells, wavelength = 
[NH,OH.HCl], =0.72M, pH = 5.15, l.OO-cm cells, 595 nm; 2, [Fe*+], + [CTAB], = 2.2 x 10B6M, pH = 5.15, 

wavelength = 605 nm. l.OO-cm cells, wavelength = 605 nm. 

Extraction solvents 

Solutions of CTAB in benzene, toluene, xylene, 
carbon tetrachloride, n-butyl acetate and nitro- 
benzene were not useful for extracting the ternary 
complex, which either formed at the interface be- 
tween the aqueous and organic layers or was incom- 
pletely extracted. Extraction was quantitative with 
chloroform as solvent, however. 

Ejrect of CTAB concentration 

Figure 5 shows that a CTAB concentration 
between 4 x 10e4 and 5 x 10-4M in chloroform is 
optimum for quantitative extraction; the 5 x 10m4M 
solution is used in the recommended procedure. 
Concentrations outside this range give lower absorb- 
antes for the ternary complex. Concentrations 
> 10W3M produce a stable emulsion on shaking and 
the two phases do not separate. 

Shaking time, degree of extraction and stability 

Shaking for 4-10 min gives the same absorbance; 
shaking for 5 min was selected for the procedure. 

A repeated extraction of an aqueous solution of the 
binary complex showed that 98.7% of the binary 
complex formed with 2.2 pg of iron(I1) in 25 ml of 
aqueous phase is removed in one extraction with 
10.0 ml of 5 x 10e4M CTAB in chloroform. 

The absorbance of the binary complex gradually 
increased during the first 20 min after mixing and 
then remained constant for more than 3 hr. The 
absorbance of the ternary complex remained constant 
for about 90 min after the extraction. 

Calibration, molar absorptivities and precision 

In determination of iron(I1) as the binary and 
ternary complexes Beer’s law is obeyed up to 0.8 and 
0.35 pg/ml iron respectively in the final solution 
measured. The molar absorptivities of the binary 

LFe’+l/ (CFd*l+tCTMABl\ 

,.2 y 0; 0; 4” 0.; 1; 
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Table I. Effect of diverse ions on the determination of 2 pg of iron(H) as the 
ternary complex 

Tolerance limit, 
Bonll[Fe” 1 Diverse ions 

1000 BaZ+, Be2+, Bi’+“, Ca2+, Cd’+, Co2+, Cu2+, Mg2+, 
Mn2+, Ni2+, PdZ+, Zn2+, Cl-, NO;, SC$-, 
ascorbate, citrate, malonate, oxalate, tartrate 

500 As5+, Pb2+, Ti4+ 

200 A13+b, Mo6+‘, Th4+d 

100 Cr3+d, Gd’+, Hf4fd In3+c La3+, Nb5+‘, Pr’+, 
Sb3+d, SC’+~, Sm3+, ‘&,4+: Ta5+e, vS+‘, w6+‘, zr4+d , 

co.5 Ga”, Ge4+ 

*Masking agents 
81 ml of O.lM sodium chloride. 
bl ml of 0.4M malonic acid. 
‘1 ml of 10% thioglycollic acid solution. 
d2 ml of O.OlM ammonium citrate. 
e2 ml of O.OlM ammonium tartrate. 
‘3 ml of 10% hydroxylamine hydrochloride solution. 

Table 2. Determination of iron in felspar and Portland cement 

Fe2G3 Relative 
standard 

Certified, Found, No. of deviation, 
Sample % % determinations % 

Felspar 0.10 0.099 10 0.5 
Portland cement 2.05 2.04 10 0.4 

and ternary complexes, found by least-squares 
analysis of 15 results, were 6.55 x lo4 and 1.35 x 10’ 
1, mole-‘. cm-‘, respectively. 

However, the molar absorptivity of the ternary 
iron(III)-PV-CTAB complex in chloroform was only 
7.4 x lo4 l.mole-‘.cm-’ at 615 nm. This value is 
close to that reported by Shijo2a for the iron(III)-PV- 
TDEAB ternary complex in methyl isobutyl ketone 
(e = 7.76 x lo4 l.mole-‘.cm-’ at 623 nm). 

Composition of the binary and ternary complexes 

Job’s method” indicated that the Fe(I1) : PV molar 
ratio in the binary complex was 1:2 and that the 
molar ratios in the ternary iron(PV-CTAB com- 
plex were 1:2: 2 (Fig. 6). The ternary complex is 
probably [Fe(PV),]*- . (CTA+)2. 

Interferences 

The effect of more than 40 ions on the deter- 
mination of iron(I1) as the ternary complex was 
studied. The tolerance limit was taken as the amount 
that caused +2% error in the absorbance. Inter- 
ference of some ions such as Al(III), Cr(III), Hf(IV), 
In(III), Mo(VI), Nb(V), Sb(III), Sc(III), Sn(IV), 
Ta(V), Th(IV), V(V), W(V1) and Zr(IV) was elimi- 
nated by the addition of suitable masking agents 
(Table 1). Bismuth(II1) was precipitated as the oxy- 
chloride and did not interfere. However, gallium(II1) 
and germanium(IV) interfered when their concen- 
tration exceeded half that of iron(I1). Trials to mask 
these ions were unsuccessful. 

Application of the method 

The ternary complex method was successfully ap- 
plied to the determination of iron in felspar and 
Portland cement, the interference of aluminium(II1) 
and titanium(IV) being eliminated by the addition of 
malonate, tartrate and citrate as masking agents. 
The results (Table 2) were in good agreement with 
those from standard chemical and X-ray fluorescence 
methods. 

Determination of iron in sodium hydroxide re- 
quired preliminary separation by extraction as the 
thiocyanate complex into methyl isobutyl ketone.22 
The organic solvent was evaporated, the residue 
mineralized with concentrated sulphuric acid and 
iron determined by the iron(PV-CTAB method. 
Table 3 show the results for analysis of sodium 
hydroxide samples, together with recoveries of 
known added amounts of iron. 

Table 3. Determination of iron (10 replicates) in pure 
sodium hydroxide 

Iron 
Relative 

Sample Found standard 
weight, Added, deviation, 

g pg fl&? % % 

0.2 - 1.22 6.0 x lo-’ 0.1 
0.2 2.6 3.59 0.5 
0.4 - 2.50 6.35 x 1O-4 0.7 
0.4 1.3 3.16 0.5 
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BY FLOW-INJECTION ANALYSIS WITH ARSENAZO III, 
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Summary-The reactivity of Arsenazo III, Chrome Azurol S in the presence of cetyltrimethylammonium 
or cetylpyridinium bromide, 4-(2-pyridylazo)resorcinol and 5-bromo-2-(2-pyridylazo)-5diethylamino- 
phenol with various rare-earth elements (REE) has been studied and the optimum conditions have been 
established for the spectrophotometric determination of REE with stationary and flow systems. Arsenazo 
III is the most suitable for the determination of the sum of REE, especially La, Ce, Nd, by FIA with 
spectrophotometric detection at 660 mn, in systems containing 0.04 mM reagent and 0.2M formate buffer 
(pH 3) and for sample volumes of 30 ~1. The detection limits are 10.8 ng La, 11.0 ng Ce and 9.4 ng Nd 
in 30 ~1. Limited amounts of Fe(III) and Al(III) are screened with 10 mM ascorbic and 5-sulphosalicylic 
acids. The sum of the REE is obtained from calibration plots prepared with La(III) standard solutions. 
The method has been successfullv used for aoatites and REE oxide concentrates after various kinds of 
decomposition. 

The rare-earth elements (REE) have recently become 
important components of metallurgical materials and 
in some special technologies. The determination of 
the sum of REE in geological samples, concentrates 
and various technological materials has limited 
significance but is often demanded for character- 
ization. Among the analytical methods used for these 
purposes spectrophotometry is rapid and convenient. 
The sensitivity of procedures using various azo, bis- 
azo or triphenylmethane dyes as reagents1-16 is high 
enough, the molar absorptivities being in the range 
5-g x lo4 1 .moleeL .cm-’ but the selectivity is poor, 
and sophisticated masking or prior separation of 
REE from common interferents in samples with 
complicated matrices is necessary.” 

In the work reported in this paper the frequently 
used reagents Arsenazo III, 4-(2-pyridylazo)- 
resorcinol (PAR), Chrome Azurol S (CAS) in the 
presence of cetylpyridinium and cetyltrimethyl- 
ammonium bromide, and 5-bromo-2-(2-pyridylazo)- 
S-diethylaminophenol (BrPADAP) were examined in 
combination with flow-injection analysis (FIA) for 
the determination of REE. FIA has become very 
popular because of its reduced sample and reagent 
consumption, its rapidity and the possibility of full 
automation. The kinetic aspects of complex for- 
mation may also be followed by this technique.18 
Since there is generally no considerable difference in 
complex formation by various REE with a particular 
reagent, the interaction of the four reagents was 

*On leave from the Department of Analytical Chemistry, 
A. A. Zhdanov University, 199164 Leningrad, U.S.S.R. 

studied in detail only with lanthanum, to find the 
optimum conditions for their use as spec- 
trophotometric reagents in FIA of the REE. These 
studies are also of interest for the post-column de- 
tection of REE in ion-exchange chromatography or 
HPLC.‘e24 

EXPERIMENTAL 

Reagents 
Stock solutions of REE (10 m&f) were prepared by 

dissolving accurately known weights of the spectrally pure 
nitrates (La, Ce, Pr, Nd, Tb, Ho), oxides (Sm, Er, Y, Tm, 
Lu) or carbonates (Eu, Gd, Dy, Yb) in 1M nitric acid and 
diluting with doubly distilled water to give an acid concen- 
tration of 0.1 M. The solutions were standardized by chelo- 
metric titration, with Xylenol Orange as indicator.25 

Chrome Azurol S (CAS) trisodium salt (Merck) was 
carefully purified and converted into the free acid di- 
hydrate.26 The chromatographically pure sample contained 
85.0% of active substance (calculated as the acid). A 5 mM 
solution was prepared in water alkalized by 10-15 drops of 
15M ammonia solution. 

5-Bromo-2-(2-pyridylazo)-5-diethylaminophenol (BrPA- 
DAP, chromatographically pure, Merck) was used as 0. l-l 
mM stock solutions in ethanol or dimethylformamide. 

4-(2Pyridylazo)resorcinol (PAR, Lachema Chem. Co., 
Bmo) was recrystallized several times from methanol;*’ the 
product contained 89.7% of the active substance; 0. l-l mM 
aqueous stock solutions were prepared. 

Arsenazo III [2,7-bis-(o-arsonophenylazo)-1,8-dihy- 
droxynaphthalene-3,6disulphonic acid, disodium salt]; 
0.1-l mM stock solutions of the chromatographically pure 
acid*’ were prepared. 

Cetylpyridinium bromide (CP) and cetyltrimethyl- 
ammonium bromide (CTMA), (Lachema, Bmo), were repre- 
cipitated as the pure substances from ethanolic solutions by 
addition of diethyl ether, and used as 20% stock solutions 
in ethanol and water respectively. 
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Fig. 1, Flow diagram of FIA manifold. R-reagent solution 
(flow-rate, F,,, = 1 ml/mitt, hydrostatic overpressure); MP- 
membrane pump, RC-reaction coil (L, = 30 cm, id. 0.6 
cm), ~~~ophotomet~c detector (18 gl tIow-cell, 

330-850 nm), W-waste. 

Ethanol containing 5% (v/v) methanol was purified by 
distillation from solid EDTA disodium salt (1 g per litre). 
Di~e~ylfo~mide (Reach&, U.S.S.R.) was distilled at 
W/22 mm Hg. 

All dyestuff concentrations given are the true values (i.e., 
corrected for purity). All water used was doubly distilled in 
silica apparatus. 

Apparatus 
Radelkis OP-208/l pH-meter with OP 0718 P glass elec- 

trode and OP 0830 P SCE, regularly calibrated with NBS 
buffers, pH 2.18-7.01. A Specord M 40 double-beam spec- 
trophotometer with IO-mm silica cuvettes (Zeiss, Jena) was 
used at 24 f 1”. 

A block scheme of the FIA manifold is shown in Fig. 1. 
It uses a loop injector for 8-100 ~1 sample volumes or a 
chromatographic six-way cock with a 30-~1 sampling loop. 
The loops were filled with solution by means of a diap~a~ 
pump (Varian, Switzerland). A Spekol21 single-beam spec- 
trophotometer with a Z-shaped flow-cell (10 mm optical 
path-length, 18 ~1 volume) was used for detection at 
335800 nm in combination with a K 201 recorder (1 scale 
unit = 0.005 absorbance). Teflon capiflaries (bore 0.6 mm) 
were used for connections. The carrier stream containing the 
reagent, buffer, masking agent(s) and inert electrolyte was 
pulselessly transported from a reservoir by hydrostatic 
pressure at a flow-rate of 0.5-3 ml/min. Peristaltic or 
diaphragm pumps failed to give the required repeatability of 
flow-rate (0.1-l .O%). The maximum yield of reaction prod- 
uct in the various systems was obtained with a carrier 
flow-rate of 1.0 ml/min, injected sample volume 30 ~1, 
length of reaction capillary cu. 40 cm between injection port 
and detector cell, and degree of dispersion I) = co/c,,, * 7, 
where c0 is the signal for zero dispersion and c, the signal 
maximum when the sample zone passes through the de- 
tector.” 

I 
.r’ 

I 

3 6 9 
PH 

Fig. 3. Absorbance tx. pH plots for various stationary 
systems of reagent and La3+. c, = lO+f, I = 0.10 
(KNO, + NH,). Arsenazo III: 650 nm; curve 1, c, = 2&M; 
2, cL = 50p.W; cL = lOO@f. BrPADAP, 1560 nm; curve 4, 
c,, = 100/1M, 30% dimethylformamide. CAS + CP: L 620 
nm; curve 5, c,_ = 75pM, surfactant 200&f. CAS + CTMA: 
1 620 nm; curve 6, c, = 7$&i* surfactant ZOO&W. PAR: 

520 nm; curve 7, c, = 400,&f. 

Calibration plots were prepared from the heights of the 
peak maxima and the parameters were evaluated by linear 
regression analysis. The detection limits were baaed on the 
3sXu criterion, where sXY is the standard deviation of the 
spread of points around the calibration plot. The variances 
of several series of results were evaluated by means of the 
Cochran criterion, for 8 parallel determinations. The arith- 
metic means were compared by the Student or Dean and 
Dixon criteria?p 

RESULTS AND DISCUSSION 

Interaction of La3+ with BrPADAP. A character- 
istic double absorption maximum at 540 and 565 nm 
indicates complex formation from pH -C 4 in 30% 
(v/v) ~methylfo~amide, especially in solutions with 
excess of metal ion (2.OmM La3+ + 20@ &PA- 
DAP, Fig. 2). The absorbance us. pH plots reach a 
plateau at pH W-8.2 for solutions with 4O-1OOpM 
BrPADAP in excess (curve 4 in Fig. 3). At higher pH, 
the complex species decomposes on standing. A 
computer analysis of the results indicated stepwise 

IO 

400 460 500 550 600 

Xfnm) 

Fig. 2. Absorption spectra of BrPADAP solution with La’+ in excess. c,_ = 20@& clvl = 2mM, 30% 
dimethylformamide, I = 0.1 (HN03 + NH,) pH: curve 1, 4.34; 2, 5.26; 3, 5.67; 4, 5.98; 5, 6.32; 6, 6.65; 

7, 7.01; 8, 7.30; 9, 7.45; 10, 8.13. 



Determination of rare-earth elements 261 

1.0 

A 

0.5 

Fig. 4. Absorption spectra of PAR solution with La’+ in excess. cL = 17.9pM, clrl = 2OOyM; pH curve 
1, 3.77; 2, 4.56; 3, 5.11; 4, 5.63; 5, 6.00; 6, 6.23; 7, 6.38; 8, 6.50; 9, 6.83; 10, 7.01; 11, 7.25. 

formation of ML (at pH < 4) and ML, (at pH 4-8) 
in solutions with reagent excess (L is the fully dis- 
sociated anion of BrPADAP).5 The optimum condi- 
tions for spectrophotometric determination would be 
pH 8.1 + 0.1 (O.lM NH,/NH$ buffer) with 0.4mM 
BrPADAP and 30% dimethylformamide (condi- 
tional absorptivity 6.1 x lo4 l.mole-‘.cm-* at 568 
nm, but the hydrolytic decomposition of ML2 under 
these conditions makes the reagent unsuitable for the 
identification or determination of La3+ or other REE. 

Interaction of La’+ with PAR. The complex 
formation in aqueous solution with excess of La’+ 
(0.2mM La3+ + 17.5pM PAR) at pH 4-8 is charac- 
terized by J,,,= 509 mn (Fig. 4). The AA vs. pH 
plots for solutions with reagent excess (10pM 
Las+ + 0.2-0.4mM PAR) reach a plateau at pH 9-10 
(curve 7 in Fig. 3). The absorbance is constant 5 min 
after mixing of the components but in the next 5 min 
decreases by 5% at pH W-9.5 or 20% at pH 9.0-9.5, 
so the absorbance was read during the first 5 min. 
The computer treatment of the absorbance data at 
390-560 nm for solutions with reagent excess indi- 
cates a mixture of ML and MLH complexes at pH 
3.tX-6.2 and a more absorptive chelate ML, at pH 
6.2-9.5. The last chelate easily hydrolyses to 
M(OH)L and further hydrolytic products.5 For 
the determination of La3+ or other REE the ML2 
chelate is optimal at pH 9.c9.5 in solutions contain- 
ing 0.2mM PAR and O.lM NH,/NH: buffer, 
with conditional molar absorptivity e = 3.8 x lo4 
l.mole-l.cm-l at 510 nm. 

Interaction of La’+ with Chrome Azurol S in the 
presence of cationic surfactant. At least two ternary 
species, La3+-CAS-CTMA (or CP) with A,,,,, 620 and 
650 nm are evident from the absorption spectra of 
aqueous solutions containing 74.6pM CAS and 
0.5mM CTMA or O.lmM CP with increasing pH 
(Fig. 5) and from the AA vs. pH plots for solutions 
with the same reagent concentration and variable 

surfactant concentration, 0.0~1mM CTMA or CP 
(curves 5 and 6 in Fig. 3). The first species (A,, 
620 nm, c’ = 6.3-7.2 x lo4 l.mole-‘.cm-‘) is quan- 
titatively formed at pH 8.8-9.6 in the presence of 
0.1-0.2mM CTMA or CP. The optimum surfactant 
concentration and pH interval depend on the 
total concentration of CAS for a particular REE 
concentration, e.g., 0.4-0.5mM CTMA or CP for 
0.15-0.2OmM CAS and 1OpM La3+ at pH 9.2-9.6. 

The ratio c,Ufi~~tant/ccAS = 2-3 should always be main- 
tained. The same is valid for Y3+, Yb’+, Gd’+. 
Optimum conditions for the method correspond to 
80pM CAS and 0.2mM CTMA or CP at pH 9.4 & 0.2 
(0.1 M NH, /NH: buffer) for the concentration inter- 
val 2-10 pM REE. Another ternary species with 
e’=9.2-9.6 x 104 l.mole-L.cm-’ at 650 nm is 
formed at pH 9.8-10.2 in solutions containing 
40-80pM CAS and 0.10-O. 15mM CTMA or CP for 
all REE examined. The formation of such species is, 
however, slower with CTMA or CP concentrations 

0.6 

A 
0.2 

600 625 650 

Xfnm) 

Fig. 5. Absorption spectra in the system CAS-CTMA-’ 
La’+. cL = 75jd4, surfactant 2OOjd4, C~ = lOpM, I = 0.10: 
pH, curve 1, 7.63; 2, 8.10; 3, 8.41; 4, 8.73; 5, 9.14; 6, 9.27. 
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Xhmf 
500 700 

20 16 16 14 

GfkK) 
Fig, 6. Absorption spectra of Arsenazo III solutions with 
La3+ c = SOpPn, ch( = 20pM; I = 0.10: pH, curve 1, 1.25; 
2, 1.6913, 2.06; 4, 2.33; 5, 2.7Q 6, 3.01; 7, 3.61; 8, 4.51; 

9, 5.35. 

greater than 0.15mM. Small changes in the concen- 
tration of the reacting components may cause defor- 
mations of the linear calibration plots for small 
concentrations of REE.” 

rnier~~~i5~ of La’+ with Arsetzazo HZ. A double 
absorption peak at 610 and 660 nm in solutions 
containing 50pM Arsenazo III and 20pM La3 + at pH 
l-7 is typical for the complex formation (Fig. 6). The 
absorbance at 660 nm reaches a constant maximum 
value at pH 3.0-3.4 in 20&M equimolar solutions, at 
pH 2.8-3.1 for threefold and pH 2.2-2.4 for fivefold 
reagent excess, in contrast to pH 6-7, where a 
constant maximum absorbance value is reached at 
610 nm (Fig. 3). This is in agreement with earlier data 
in the literature.lz~‘s The conditional molar absorp 
tivity at 660 nm and pH 3.0 with 201M reagent is 
4.98 x lo4 l.mole-’ .cm-‘. The two & values indi- 
cate two different metal complexes, but the use of 
the shorter-wavelength 1,,, belonging to the more 
strongly absorbing ML2 complex is less suitable for 
the determination because of the higher reagent 
background and greater interferences. i2-L4 The opti- 
mum conditions for the ML complex at 660 nm are 
pH 3.0-3.3, O.llM formate buffer and 2.0,~M reagent 
for all REE, and the Lamhert-Beer Law is obeyed for 
l-8,& REE. 

Summarizing notes. The sensitivity of the afore- 
mentioned reagents for REE is greatly influenced by 
pH and the concentration of reagent in excess. CAS 
(with cationic surfactant), BrPADAP and PAR show 
the greatest sensitivity, which may differ considerably 
for various REE (Table 1) with PAR under the 
optimum conditions. BrPADAP is not suitable be- 
cause of the easy decomposition of its REE chelates 
in alkaline medium. The colour contrast 
AAmax = aWdekW) - J._(rregent) is 80 nm for PAR, 115 
nm for BrPADAP, Ia0 nm for CAS plus CTMA or 
CP and 130 nm for Arsenazo III. The lowest spread 
of points around the calibration plot is for Arsenazo 
III, and its average value of .sXy = 0.012 absorbance is 

equivalent to 21 ng/ml for Y3+, 33 ng/ml for La3+, 35 
ng/ml for Ce3+, 35 ng/ml for Gd3+ or 46 ng/ml for 
Ld+ respectively. It also leads to the best detection 
limit of all reagents tested for Eu and Dy, in spite of 
the molar absorptivities being lowest for the Arse- 
nazo III complexes. The differences in sX,, and derived 
parameters for various REE and a particular reagent 
are negligible. 

FIow systems 

Metal ion solution (30 ~1) was injected into the 
carrier solution containing the reagent in optimal 
concentration, 0.2M buffer, and the surfactant if 
necessary. The flow-rate was always 1 ml/min. The 
necessary parameters for the system are summarized 
for La’+, Ce3+ and Nd3+ with Arsenazo III, 
CAS + CTMA, CAS + CP or PAR in Table 2. Cali- 
bration plots were linear for 4-2OpM REE if the 
peak height was read from the detector record. 
BrPADAP is not recommended, because of the low 
repeatability of the measurements (relative standard 
deviation 15-20% for 10 parallel measurements) and 
the easy decomposition of its REE chelates in alka- 
line medium. 

Arsenazo III showed the best properties for the 
FIA determination of REE. It gives the best detection 
limit, a surprisingly high apparent molar absorptivity 
in comparison to CAS plus cationic surfactant, or 
PAR, in contrast to the stationary systems (cf. Tables 
1 and 2). Moreover, 0.8 mg of Al(II1) or 1.5 mg of 
Fe(III) in 30 ~1 may be screened with 10 mM ascorbic 
and 5-sulphosalicylic acids in the dete~ination of 
10-80 ng of REE at pH 3.0. Calibration plots were 
again linear but the slopes were lO-20% lower. 
Linear plots with decreased slopes were also obtained 
when 0.2M 2-DL-hydrpxyisobutyric acid (which is 
often used as a complexing eluent in ion-exchange or 
~gh-~rfo~ance liquid chromatography of REE) 
was present. 

Of the reagents tested, only Arsenazo III may be 
used for the determination of the sum of REE in 
various raw materials and oxide concentrates, es- 
pecially when the light REE such as La, Ce, Nd 
predominate in the sample. Parameters of the cali- 
bration plots for these particular elements differ only 
negligibly, which is not the case when PAR or 
CAS + CTMA or CAS + CP are used for the deter- 
mination of REE by FIA. Thus, a fairly small relative 
error (-3.4% for Ce or +2X% for Nd) is found if 
their concentration is evaluated from the calibration 
plot for La3+, and the variation in the contents of 
these three elements in the sample has negligible effect 
on this error. In contrast, considerable errors result 
if CAS (plus cationic surfactant) or PAR is used 
(Table 3). 

determination of the sum of REE in oxide c5n~en~r~tes 
and apatites 

Three procedures were compared for the decom- 
position of oxide concentrates (procedure A) and 
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apatites (procedures B, C). Several interfering com- 
ponents, e.g., phosphates, are removed by the use of 
a cation-exchanger during procedure B. 

Procedure A.M Weigh 5 or 50 mg of finely ground sample 
and dissolve ii in 10 ml of hydrochloric acid (1 + 100) or 
(1 + 10) containing 2-3 or 30-40 drops respectively of 30% 
hydrogen peroxide. Heat the mixture for 2-3 min, to 
boiling, cool, transfer quantitatively into a lOO-ml standard 
flask and dilute with water to the mark. Pipette an aliquot 
into a 25ml standard flask, add 2.5 ml of O.lM ascorbic acid 
and 5-sulphosalicylic acid and make up to the mark with 
water. Inject a 30-~1 aliquot into the flow stream containing 
4OpC1M Arsenazo III in 0.2M formate buffer @H 3) and 
flowing at 1 ml/min. 

Procedure B.” Weigh 5&100 mg of finely ground apatite 
sample containing 0.1-t % of REE, mix it with 2 g of Dowex 
cation-exchanger 50W x 8(50-100 mesh) in the H+ form, 
and 25 ml of water in an Erlenmeyer flask or test-tube 
provided with a ground joint, and stopper the tube. Shake 
the mixture vigorously for 3 hr at 50-60”, transfer it 
quantitatively to form a column in a glass tube, wash the 
column with 100 ml of water, and elute the REE with 50 ml 
of 8M nitric acid. Evaporate the eluate almost to dryness 
and dissolve the residue in water and dilute it to volume in 
a lOO-ml standard flask. Dilute a 5-ml aliquot of this 
solution to the mark in a 25-ml standard flask and inject a 
30-~1 aliquot into the FIA manifold. Then continue as for 
procedure A. 

Procedure CM Weigh 50-1QO mg of sample containing 
0.51% REE and dissolve it in 10 ml of nitric acid (1 + 1). 
dilute to 200 ml with water, add 10 ml of O.lM calcium 
chloride, 1.5 g of solid oxalic acid dihydrate, and heat to 
7&80” with stirring. Neutralize with dilute ammonia solu- 
tion until a precipitate just appears, and redissolve this by 
adding several drops of dilute hydrochloric acid. Add a few 
drops of Methyl Orange indicator and then dilute ammonia 
solution until the yellow colour of the indicator appears. 
Filter off the precipitate after 3 hr and wash it with 1% 
oxalic acid solution neutralized to pH 4 with ammonia. Dry, 
calcine and ignite for 10 min at 600” in a porcelain crucible. 
Dissolve the residue in 10 ml of nitric acid (1 + 50), dilute 
the solution with water to the mark in a IOO-ml standard 
flask and inject a 30-~1 aliquot into the FIA manifold. 

The preparation of a sample for the FIA takes 
10-15 min after decomposition and a further 20 set 
suffices for the analysis. The sum of REE is evaluated 
from calibration plots prepared from lanthanum 
nitrate standard solutions and expressed as the lan- 
thanum content, the small differences in the apparent 
molar absorptivities and the atomic weights being 
ignored. Thus. a sample containing 0.24% La, 0.33% 
Ce and 0.12% Nd (i.e., theoretical sum 0.69%) gave 
0.676 f 0.007%, 0.650 + 0.006% and 0.693 + 
0.007% for the total content of REE when the results 
were evaluated from calibration plots prepared from 
La3+, Ce3+ and Nd3+ standard solutions respectively. 
This indicates relative deviations such as -3.8% or 
+2.5% only when the results from the cerium and 
neodymium calibration plots are compared with 
those obtained from the lanthanum plot. Use of the 
neodymium plot might be best. 

Results for oxide concentrates agreed well for 
samples of various weights or for various standard 
additions of lanthanum nitrate to the sample solution 
(Table 4) and were tested by the Cochran and 
Student criteria respectively. Similarly the differences 
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Table 2. Determination of La, Ce and Nd by means of FIA with various spectrophotometric indicators 
(injected volume: 30 ~1, flow-rate 1 ml/min) 

Arsenazo 111s CAS/CTMAhv’ CAS/CPh*’ PARh 

La Ce Nd La Ce Nd La Ce Nd La Ce Nd 

a 660 620 620 520 
b 0.288 0.343 0.309 0.261 0.181 0.168 0.252 0.174 0.172 0.200 0.160 0.170 
c 10.8 11.0 9.4 13.7 17.2 21.3 14.5 14.8 13.0 23.1 18.1 28.7 
d 2.2 2.6 1.5 3.4 4.7 6.0 3.5 5.4 5.0 3.0 5.3 3.7 
e 2.5-20 2.5-20 2.520 5-25 7.5-25 7.5-25 5-25 7.5-25 7.525 5-30 5-30 5-30 
I 40 160 160 800 

“Wavelength (nm) used for indication; “apparent molar absorption coefficient, L’, (104 l.mole-‘.cn-I) 
recalculated from the peak height us. REE concentration plots for 30 ~1 injection; cdetection limit (ng/30 ~1) 
calculated from D.L. = 3 s Xvcm/k, where His peak height (recorder scale units) and kw is the slope of the 
plot of peak height vs. REE contents in 30 ~1; drelative standard deviation (%) for 82.2 ng La, 85.7 ng 
Ce and 87.2 ng Nd per 30 pl, from 8 parallel analyses; ‘optimum REE concentration range @M); ‘reagent 
concentration @M); s0.2M formate buffer (PH 3.0); %.2M NH,+ /NH, buffer; ‘0.4mM surfactant solution. 

Table 3. Contents of La, Ce, Nd related to the same absorbance signal and 
relative deviations for La if taken from calibration plots for Ce and Nd (50 

recorder scale units; for conditions see Table 2) 

Found, ng/30 ~1 
Relative deviation (%) for La 

taken from plots for 

Reagent La Ce Nd Ce Nd 

Arsenazo III 28.6 27.6 29.4 -3.4 +2.8 
CAS + CP 45.4 70.0 72.2 +54 +59 
CAS + CTMA 50.7 71.0 78.3 +40 +55 
PAR 89.3 111.3 106.1 f25 +19 

Table 4. Determination of the sum of REE in samples mainly containing La, Ce, 
Nd, with Arsenazo III by means of FIA’ (working conditions in Table 2) 

Sample Relative 
Decomposition taken, Sum of REE standard 

Sample procedure mg found, %b deviation, % 

Oxide concentrate I A 32.7 69.8 + 3.3 5.5 
A 66.6 70.7 k 0.8 1.4 
A 4.15 70.9 f 1.2 2.0 
A 4.99 68.6 + 1.7 2.9 

Oxide concentrate II A 4.56 68.6 f 1.0 1.8 
A 7.99 66.2 f 0.7 1.3 
A 4.16’ 68.2 + 1.5 2.7 
A 4.37d 68.8 f 1.6 2.8 

Apatite B 80.0 0.676 + 0.007 1.2 

: 103.9 41.2 0.654 0.661 f + 0.017 0.008 3.1 1.4 

: 58.3 40.6e 0.667 0.637 &- + 0.011 0.020 2.2 3.7 

“8 parallel analyses; bconfidence interval with ?(a = 0.05, v = 7); standard additions: 
‘1.37 mg of La3+, d2.47 mg of La’+, eO.685 mg of La3+. 

in variances and arithmetic means were negligible for 
apatite samples analysed by both decomposition vari- 
ants (B, C). The results for the apatite sample were 
in good agreement with the sum of content of La, 
Ce and Nd (the content of other REE oxides was 
less than 0.001%) obtained separately by atomic- 
emission spectrometry of high resolution with an 
N,O-acetylene flame, AAS, RFA, and ICP and DCP 
spectrometry during interlaboratory tests3’ 
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Summary-The room-temperature fluorescence (RTP), low-temperature phosphorescence (LTP) and 
room-temperature phosphorescence (RTP) characteristics of dibenxofuran and several polychlorinated 
dibenzofurans and dibenxo-p-dioxins are presented and are shown to be suitable for the determination 
of these compounds. The limits of detection are as low as 0.02, 0.2 and 0.7 for RTF, LTP and RTP, 
respectively. The relative standard deviations are between 1 and 4% for RTP. 

Polychlorinated dibenzofurans (PCDFs) and 
dibenxo-pdioxins (PCDDs) have been the subject of 
great concern for many environmentalists and analy- 
sts in recent years. These two groups of compounds 
exhibit similar physical, chemical and biological 
properties.’ The compounds are very stable and are 
found in fly-ash from municipal incinerators,“$ many 
chemicals such as chlorinated phenols and phenoxy 
acids and chlorobenxenes,6~7 outdoor air,* metal 
chlorides9 and herbicides. 1W12 The sources and fates 
of PCDFs and PCDDs have been reported.g*‘3-15 
Some of these compounds have highly toxic, terato- 
genie, mutagenic, and potentially carcinogenic prop- 
erties’4,‘6 and these properties differ from one isomer 
to another. Because of the complexity and toxicity of 
PCDFs and PCDDs, and their presence with other 
compounds such as pesticides, highly sensitive and 
selective analytical techniques are required for their 
determination and measurement. The most widely 
used methods for the analysis and determination 
of these compounds are high-resolution gas chroma- 
tography and mass spectrometry.8~17-2s The deter- 
mination of these compounds requires many 
preliminary steps such as extraction, concentration, 
and sometimes separation from similar chlorinated 
organic compounds. 

Luminescence spectrometry is a selective and sensi- 
tive technique, e.g., Moye et a1.26 have reported the 
phosphorescence characteristics of 52 pesticides, but 
little work has been done on the determination of 
PCDFs and PCDDs. In previous studies,*‘-*’ we 
reported the luminescence properties of biphenyl and 
several polychlorinated biphenyl isomers and their 
mixtures, examined by room-temperature fluor- 
escence (RTF), low-temperature phosphorescence 

(LTP), and room-temperature phosphorescence 

*Present address: Chemistry Department, Yarmouk Uni- 
versity, Irbid, Jordan. 

~To whom all correspondence should be addressed. 

(RTP) with and without the presence of external 
heavy atoms and found that luminescence spectro- 
metry is selective and sensitive for polychlorinated 
biphenyls (PCBs). Because of their similarity to PCBs 
in structural, physical and chemical properties, we 
decided to study the RTF, LTP and RTP properties 
of several PCDF and PCDD isomers, and also 
those of dibenzofuran. Although identification and 
measurement of the PCDF and PCDD isomers re- 
quire use of separation techniques, luminescence 
spectrometry could be combined with gas chroma- 
tography (CC) or liquid chromatography (LC). 
Other luminescence spectrometric techniques such 
as time-resolved spectroscopy, phase-resolved spec- 
troscopy and synchronous spectroscopy can be 
used for the determination of mixtures of these 
compounds. 

EXPERIMENTAL 

Apparatus 
All RTF and RTP measurements were made with a 

Perkin-Elmer LS-5 spectrofluorometer. This instrument is 
microprocessor-controlled and equipped with a xenon arc- 
lamp (pulsed at ac line frequency) as an excitation source. 
A Perkin-Elmer data station 3600 interfaced with the LS5 
spectrofluorometer was used to obtain all excitation and 
emission spectra, and these were printed by a Perkin-Elmer 
printer (600). 

In the RTF measurements, quarts cuvettes (10 x 10 mm) 
were used in the sample compartment, which has four 
different positions to accommodate the cuvettes. A 305nm 
cut-off iilter was used before the emission monochromator. 
The excitation and emission band-passes were adjusted at 10 
and 5 mn, respectively, for all measurements. 

In the RTP measurements, a paper-sample holder de- 
signed in our laboratory and described elsewhere28.30 was 
used to hold the filter paper. The distance of the filter paper 
surface from the front of the instrument and the angle 
between the excitation axis and the paper surface were 
critical and were adjusted for each sample to yield the 
highest RTP signal. The excitation and emission band- 
passes were again 10 and 5 nm, respectively. Delay and gate 
times used were 0.03 and 9 msec, respectively. A cut-off filter 
(305 mn) was used in the emission-side filter holder. 

261 
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Table 1. Room-temperature fluorescence characteristics of dibenzofuran and several polychlorinated dibenzofurans and 
dibenzo-p-dioxins 

Excitation Emission Limit of 
wavelen~h,* wavelength,* detection,? RSD,@ BRSD,$ 

Compound nm nm nglm? % % 

Dibenzofbran 246,285 316, 327 0.020 1.0 3.0 
1,2,3,4-Tetmchlor~i~~ofuran 252,292 338,407 0.15 1.0 6.0 
2,3,7,8-Tetrachlorodibenzofuran 257, 307 340 0.025 ::I 1.0 
1,2,3,4-Tetrachlorodibenzo-p-dioxin 230 342, 418 2.0 5.0 
1,2,7,8-Tetrachlorodibenzo-p-dioxin 230 346 0.70 2.0 8.0 
1.3.7.8-Tetrachlorodi~nzo-~-dioxin ‘ 232 343 4.0 2.0 5.0 
2;3;7;8-Tetm~hlorodibenzo-~-dioxin 235 343 1.3 
1,2,3,7,8-Pentachlorodibenzo-p-dioxin 232 342,416 1.8 
1,2,4,7,8-Pentachlor~i~zo-Ohioan 232 343 5.5 
1 , 2 t 3 , 4 I 7 3 8-Hexachlorodi~nzo-~-dioxin 230 340,409 4.5 
1 ,,,,,* 2 3 4 6 7 8-Heptachlorodibenzo-p-dioxin 232 343, 405 0.50 
1,2,3,4,6,7,8,9-Octachlorodibenzo-p-dioxin 232 341 2.5 

*The wavelength of the most intense peak is underlined (+2 nm). 
tLOD is the concentration that gives a signal 3 times the standard deviation of 16 blanks. 
!jBased on I6 measurements. - - 
~Inde~ndent of analyte concentration. 

2.0 4.0 
2.0 3.0 
4.0 3.0 
4.0 7.0 
2.0 8.0 
2.5 8.0 

In the LTP measurements, an Aminco-Bowman spectro- 
fluorometer was used to obtain the spectra of all com- 
pounds. This instr~ent is equipped with a 150-W xenon 
arc-lamp and an RCA IP28 photomultiplier tube operated 
at - 800 V (American Instrument Co., Silver Spring, MD). 
A phospborosco~ designed in our laboratory” was used to 
obtain the LTP signal. This phosphoroscope uses a rotating 
can driven by a motor connected to a variable auto- 
transformer (Type 2PF 1010, Staco Inc., Dayton, OH) to 
control the rotation rate. The sample cell was a silica tube 
about 25 cm long and 3 mm in bore. A silica Dewar flask 
filled with liquid nitrogen was used to freeze the sample, and 
a stream of-nitrogen gas (dried in a gas drying unit filled 
with anhvdro~ calcium sulnhate, W. A. Hammond Drier&e 
Co., Xema, OH) was passed continuously into the sample 
compartment to prevent frost formation. The volume used 
for each measurement was about 150 ~1, and the volume 
illuminate was about 50 p 1. All spectra were recorded with 
a Fisher Recordall Series 5000 recorder. The instrumental 
settings used were: entrance and exit slit-widths 1 mm each, 
sensitivity 3, and response time 4. 

Materials 
The compounds were all 299% pure except for 

1,2,3,4-tetrachlorodibenzofbran, 1,3,7,8-tetrachlorodibenzo- 
p-dioxin and 1,2,3,4,6,7,8-heptachlorodi~~o-p~ioxin, 
which were 95% pure. Dibenzofuran was obtained from the 
Environmental P;otection Agency (Research Triangle Park, 
NC 27709. USAh and the other PCDFs and PCDDs 
were from ~~~t~d~d Inc. (New Haven, CT 06511). The 
hexane and iso-octane were high-purity solvents (Burdick 
and Jackson Laboratories, Inc., Muskegon, MI 49442). 
Thallium nitrate (Fisher Scientific Co., Fair Lawn, NJ) was 
used to provide the heavy atom in RTP m~s~ements. The 
filter paper used for the RTP was Wbatman No. 1. 

Procedure 
For RTF and LTP measurements, working solutions were 

prepared by successive dilution of 50 &ml solutions with 
hexane. For RTP, the 50 pg/ml solutions were used, with 
iso-octane as the blank. The filter paper was cut into squares 
(6 x 4 mm), placed on the sample holder and secured by two 
small screws; a S-p1 portion of analyte or blank was spotted 
on the filter paper by syringe and the paper dried at 110” for 
15 min, then cooled in a pure nitrogen gas stream inside the 
sample compartment for 10 min. In examination of heavy- 
atom effects, 2 ~1 of 0.2M thallium nitrate were spotted 
directly onto the paper before the analyte or blank was 
added. 

LTP lifetimes were measured by recording the decay 
curve of the analytes after excitation had been stopped, and 
correcting for the response time of the instr~ent. RTP 
lifetimes were measured with the LS-5 spectrotluorometer 
and the ‘Decay-Obey” program. Gate and integration 
times were 0.1 msec and 20 set respectively. 

RESULTS AND DISCUSSION 

The RTF characteristics of dibenzofuran and 
several PCDF and PCDD isomers are shown in 
Table 1. The excitation and emission wavelengths for 
the PCDF isomers become longer as the number of 
chlorine atoms increases. However, for the PCDD 
isomers, increase in the number of chlorine atoms 
causes only small shifts. This may be a result of 
localization of the electron density around the oxygen 
and chlorine atoms, which behave as electron- 
withdrawing groups. This electron localization in- 
creases the energy required to excite the molecule, 
causing the excitation wavelengths of PCDDs to be 
shorter than those of the PCDFs. 

Column 4 of Table 1 shows the limits of detection, 
defined as the concentration of a compound that 
would give a signal equal to three times the standard 
deviation of 16 blanks. In general, as the number of 
chlorine atoms increases, the Iimits of detection be- 
come poorer, because the presence of chlorine in a 
molecule decreases the fluorescence intensity and 
increases the phosphorescence by increasing inter- 
system crossing (ISC). 

Column 5 shows the relative standard deviation 
(RSD) for each compound and this is practicahy 
independent of analyte concentration. Column 6 
gives the relative standard deviation of the blank 
(BRSD). These values were obtained by taking 16 
measurements of the analyte and blank at the maxi- 
mum excitation and emission wavelength of the 
analyte. The precision of RTF seems to be good, 
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Table 2. Low-temperature phosphorescence characteristics of dibenzofuran and several polychlorinated dibenzofurans and 
dibenzo-p-dioxins 

Excitation Emission Limit of 
wavelength,* wavelength,* detection,? Lifetime, RSD& BRSDJ 

Compound nm nm nglml set % % 

Dibenzofuran 234, 287 462 0.60 0.90 & 0.07 5.0 9.5 
1,2,3,4-Tetrachlorodibenzofuran 263 484 0.25 0.85 kO.13 9.0 9.0 
2,3,7,8-Tetrachlorodibenzofuran 258, 316 450, 470 1.2 0.70 + 0.09 6.0 9.0 
1,2,3,4-Tetrachlorodibenzo-p-dioxin 240, 314 480 12.0 1.03 f 0.07 2.0 2.0 
1,2,7,8-Tetrachlorodibenzo-p-dioxin 236, 306 412, 430 2.0 1.55 f 0.17 10.0 8.0 
1,3,7,8-Tetrachlorodibenzo-p-dioxin 243, 310 415, 44Jl 2.5 1.4OkO.15 7.0 7.0 
2,3,7,8-Tetrachlorodibenzo-p-dioxin 238, 316 415, 435 3.0 1.40 f 0.13 6.0 6.0 
1,2,3,7,8-Pentachlorodibenzo-p-dioxin 242, 317 420, 430 1.0 1.30 rt 0.06 4.0 7.5 
1,2,4,7,8-Pentachlorodibenzo-p-dioxin 246, 312 415,440 4.0 1.25 kO.11 5.0 7.5 
1,2,3,4,7,8-Hexachlorodibenzo-p-dioxin 248, 310 452 3.5 1.1 f 0.09 3.0 8.0 
1,2,3,4,6,7,8-Heptachlorodibenzo-p-dioxin 248, 309 425, 453 3.5 1 .O f 0.09 2.5 8.0 
1 ,,I,,,, 2 3 4 6 7 8 9-Octachlorodibenzo-p-dioxin 251 430, 457 

*The wavelength at the most intense peak is underlined ( f 3 nm). 
tLOD is the concentration that gives a signal 3 times the standard deviation of 16 blanks. 
§Based on 16 measurements. 
tIndependent of analyte concentration. 

the RSD being between 1 and 4% and the BRSD 
between 1 and 8%. 

LTP measurements 

The LTP (at 77 K) characteristics of dibcnzofuran 
and the PCDFs and PCDDs studied in this work 
are shown in Table 2. The excitation and emission 
wavelengths again became longer as the number of 
chlorine atoms on the rings increases. This trend is 
clearer for the excitation wavelengths than the emis- 
sion wavelengths. The excitation and emission wave- 
lengths for the PCDF isomers are clearly longer than 
for the PCDD isomers. This may be because local- 
ization of change on the two oxygen atoms in the 
PCDD isomers makes excitation more difficult, hence 
requiring shorter excitation wavelengths. The differ- 
ences in excitation wavelength between the LTP 
values in Table 2 and the RTP values in Table 3 
are primarily the result of the lack of instrumental 

correction in the LTP measurements (Aminco SPF) 
as opposed to the RTP measurements (Perkin-Elmer 
LS-5); also, the uncertainty in all wavelengths for the 
two instruments is f2 nm. 

Column 4 of Table 2 shows the limits of detection 
and demonstrates that LTP is quite sensitive but RTF 
is more sensitive for most compounds. Columns 6 
and 9 give the RSDs and BRSDs; the precision of 
LTP is not as good as that of RTF but is still 
reasonable (4 10%). Poorer precision may result 
from the use of liquid nitrogen causing condensation 
of moisture on the walls of the Dewar flask and to 
cracking during freezing of the sample. 

R TP measurements 

Table 3 shows the RTP characteristics of the 
PCDF and PCDD isomers on Whatman No. 1 filter 
paper with and without thallium nitrate to prove an 
external heavy-atom effect. It can be Seen that the 

Table 3. Room-temperature phosphorescence characteristics of dibenzofuran and several polychlorinated dibenzofurans 
and dibenzo-pdioxins on filter paper with and without heavy atom present 

Excitation Emission Enhancement Limit of 
wavelength,* wavelength,* factor,7 detection,$ Lifetime, RSDJ # BRSDJ 

Compound nm nm F ng msec % % 

Dibenzofuran 
Without Tl 231,248,m 417,=,461 - 2.5 1.65 6.0 3.0 
With Tl 251,282 415,442 4.5 0.75 0.50 1.0 2.0 

1,2,3,4-Tetrachlorodibenzofuran 
. Without Tl 286 472 - 10.5 1.05 2.0 3.0 

With Tl 287 472,502 2.0 9.0 0.95 2.0 2.0 

2,3,7,8-Tetrachlorodibenzofuran 
Without Tl 231,258,m 471 1.0 1.55 8.0 2.0 
With Tl 231,260,= 472 1.2 0.70 1.30 4.0 2.0 

Polychlorinated dibenzo-p-dioxins No useful RTP is detected 

*The wavelength of the most intense peak is underlined (&2 nm). 
tF is the intensity of emission from the analyte in the presence of heavy-atom divided by the intensity of the same 

concentration without heavy atom. 
§LOD is the concentration that gives a signal 3 times the standard deviation of 16 blanks. 
IBased on 16 measurements. 
#Independent of analyte concentration. 
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PCDF isomers exhibit RTP but, the PCDD isomers 
do not. The lack of phosphorescence may be due to 
instrumental limitations combined with short excited- 
state lifetimes for the PCDD isomers. We examined 
the addition of an external heavy atom to enhance the 
RTP signal, but the PCDD isomers still did not 
give any reasonable RTP under the experimental 
conditions used. Although the LS-5 delay time 
could have been decreased to examine instantaneous 
luminescence, this was not done. 

Columns 2 and 3 in Table 3 show that the exci- 
tation and emission wavelengths became longer when 
chlorine atoms are attached to the two aromatic rings 
of dibenzofuran, but the positions of the chlorine 
atoms have a greater effect on the excitation wave- 
lengths than on the emission wavelengths. The ex- 
ternal heavy atom makes both the excitation and 
emission wavelengths longer, and enhances the RTP 
intensity of PCDF isomers (column 4). The enhance- 
ment is greater for dibenzofuran than for the PCDF 
isomers, which may be due to the chlorine atoms 
behaving as internal heavy atoms. 

The limits of detection (column 5) are lower for all 
compo~ds in the presence of the heavy atom but the 
decrease is more noticeable for dibenzofuran than the 
PCDF isomers. The RSD and BRSD values (2-8 and 
l-3%, respectively) indicate good precision. 

Phosphorescence lifetime measurements 

The phosphor~~n~ lifetimes were measured at 
77 K and at room temperature with and without the 
presence of an external heavy atom. Column 5 in 
Table 2 shows the lifetimes of the PCDFs and 
PCDDs studied, corrected for instrumental response. 
The lifetimes decrease as the number of chlorine 
atoms on the rings increases and, the lifetimes of the 
PCDFs are shorter than those of the PCDDs. The 
difference in lifetimes may be insufficient for resol- 
ution of mixtures. Column 6 in Table 3 shows the 
lifetimes of PCDFs which exhibit RTP with and 
without thallium present. The lifetimes of these com- 
pounds are decreased by a factor of 3 in the presence 
of thallium. The decrease in lifetimes and increase in 
sensitivities caused by presence of an external heavy 
atom may be utilized to separate the emissions of 
these compounds in mixtures. 

CONCLUSION 

Luminescence spectrometry has been shown to be 
a sensitive and selective technique for the deter- 
mination of PCDF and PCDD isomers. RTF is 
known to be more sensitive than LTP and RTP, but 

atom effect is utilized or the differences in excited- 
state lifetimes are exploited, RTP it can provide a 
selective, sensitive, inexpensive and fast method for 
the analysis of their mixtures. 
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Summary-Borate anions, B(OH); , are known to associate with alkali and alkaline-earth metal cations 
in sea-water. The borate cation ion-pairs are of the general form MB(OH)r- I)+, where M”+ is the cation. 
In this work, the cation borate stability constants (K&s) have been evaluated for Na+, Li+, Mg*+, Ca*+ 
and Sr*+ where K&s = [MB(OH.$“-‘)+]/[M”+][B(OH);]. The K& values were obtained from values 
found for the stability constant of boric acid (Ki) in various electrolyte media at 25” and an ionic strength 
of 0.7. Acid-base potentiometric titrations were performed in the electrolyte media with a standard Pt/H, 
electrode and a junctionless Ag/AgCl reference electrode to monitor the emf. A non-approximative 
equation was used to linearize the titration data. The values obtained were: K&, = 0.89 k 0.02, 
J&s = 0.44 + 0.01, KG,,, = 13.6 f 0.7, K” sB= 11.4*0.15, K& = 3.47 f 0.06. The values for K& cor- 
relate with the charge-density parameter z /(r + 0.85) where r is the radius of the cation. The speciation 
of boron in sea-water was predicted from the K&, data for the major cations present. 

Nearly all the investigations of the chemistry of 
boron in sea-water have been concerned with the 
contribution of borate to the total alkalinity.‘-’ The 
alkalinity has become particularly important in re- 
cent years owing to widespread concern over the 
increase in atmospheric carbon dioxide caused by 
fossil-fuel combustion, and the relevance of the 
oceans as global sinks for carbon dioxide.6 Apart 
from work on the contribution of borate anions to 
the buffer mechanism of sea-water, some interest has 
been focused on the compounds formed by borate 
ions with the major cations present in sea-water, 
Na+, Ca*+ and Mgrf.3,7 Data for discrete ion-pair 
associations between major cations and anions in 
sea-water are essential for speciation calculations.’ 

The practical determination of the stability con- 
stants for ion-pairs of borate with cations has always 
been done potentiometrica11y.3.7 However, as in all 
investigations of proton-transfer equilibria in sea- 
water, direct intercomparison of data is made difficult 
by the use of three definitions for pH in sea-water: the 
NBS scale, the pH (SWS) or “total” hydrogen-ion 
concentration scale, and the “free” hydrogen-ion 
concentration scale.’ The first attempt to determine 
the stability constants of the ion-pairs of borate with 
Na+, Mg*+ and Ca*+ was made by using a “constant 
pH” method, and the NBS pH scale.’ The method 
involved addition of sodium tetraborate to aqueous 
solutions of the chlorides of Na+, Mg2+, Ca*+ and 
K+, until a constant pH was achieved. The constant 
pH value (measured by a glass and calomel electrode 
pair) was equal to the apparent dissociation constant 

*Present address: Water Research Centre, Henley Road, 
Medmenham, P.O. Box 16, Marlow, Bucks, England. 

of boric acid in the saline medium. The stability 
constants (K&) for the borate cation ion-pairs were 
calculated by assuming that association of potassium 
with borate was negligible.’ Other work, by Swedish 
workers using an acid-base titration procedure and 
the program LETAGROP, yielded a value for 

K&irton,, .3 
In our investigations, potentiometric acid-base ti- 

trations were performed in electrolyte solutions with 
a Pt/H, and Ag/AgCl (sleeveless) electrode pair. This 
choice of electrode couple, although inappropriate 
for in situ oceanographic measurements, is idea1 for 
laboratory studies. Provided that oxidizing or reduc- 
ing solutes are absent, the Pt/H, electrode exhibits 
Nernstian response. (Glass electrodes are subject to 
interference from sodium ions at high pH, and to 
changes in the asymmetry potential of the glass 
membrane.) Junction-potential variations that occur 
when electrode pairs are calibrated in low ionic- 
strength NBS buffers and then transferred to high 
ionic-strength solutions were avoided by calibrating 
the electrode system in the acid pH region during the 
titrations, by using an incremental method.4*5 

Values for the stability constant of boric acid (Kg) 
in the simple aqueous electrolyte solutions were cal- 
culated by using a non-approximative equation to 
linearize the titration data and these Kz values were 
then used to evaluate stability constants (K&s) for 
each cation borate ion-pair. 

EXPERIMENTAL 

Reagents 

All the salts and the boric acid used were of analytical 
grade. The aqueous solutions were made with water that 
had been distilled once, then passed through mixed-bed 
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ion-exchange resins, an activated carbon filter, and finally a 
membrane filter. The purified water had a resistivity of > 10 
MR.cm). The solutions of the alkali and alkaline-earth 
metal chlorides were irradiated with ultraviolet light for 3 hr 
in preweighed fused-silica ampoules with a I-kW mercury 
lamp to remove any trace of organic material.” This extra 
purification step was necessary to avoid poisoning or deac- 
tivation of the hydrogen electrode by reducible con- 
taminants. Any small loss of water by evaporation during 
irradiation was compensated for by adjusting the weight by 
dropwise addition of irradiated distilled water. The chloride 
solutions were then acidified to pH 3.3 with “Aristar” 
hydrochloric acid, and the boric acid was added and 
dissolved. The solutions were made 4 x 10m3M with respect 
to boric acid, and had a total ionic strength of 0.7. Before 
the titrations, hydrogen was bubbled vigorously through the 
solution to purge any residual carbon dioxide produced 
during the acidification. The sodium hydroxide titrant solu- 
tions were prepared by dilution of a filtered 12.5M stock 
solution. The titrant reservoir was guarded from carbon 
dioxide by a vent-tube filled with Carbosorb AS (612 mesh, 
63% Na,O) granules. A standard potassium hydrogen 
phthalate solution was used to standardize the sodium 
hydroxide solution, which was freshly prepared daily. 

Instrumentation 

The potentiometric titrations were conducted in a glass 
reaction vessel, sealed with a perspex lid held with G- 
clamps, and placed in a 100-I. water-bath. The desired 
temperature was maintained (+ 0.03”) by circulating water 
from a refrigeration unit in tandem with a thermostatically- 
controlled heating coil. The temperature of the water-bath 
was measured with a mercury thermometer, and checked 
periodically with an electronic thermometer. The reaction 
vessel was soaked in 5% “Decon 90” detergent, washed with 
concentrated hydrochloric acid and rinsed with copious 
amounts of ultrapure water, then dried at 100” in an oven. 

Samples were transferred to the cooled reaction vessel 
with a calibrated lOO-ml pipette. The potentials were 
measured with a Schlumberger/Solartron A210 digital volt- 
meter (accurate to 0.01 mV), supplied with a voltage fol- 
lower to increase the input impedance, and coupled with a 
Solartron A291 recorder drive unit and tape-punch unit. 
Titrant was delivered by a Radiometer ABUl2 Autoburette 
(2.5-ml) in 30-yl portions, each addition taking 45 set, 
during which the sample was stirred continuously. 

The sample was stirred for a further 45 set to allow the 
electrodes to equilibrate, then the stirrer was switched off 
and two successive readings of potential were recorded over 
a Csec period. The cycle was repeated for each addition. 

Gas-scrubbing 

Precautions were taken to avoid erroneous responses 
from the Pt/H2 electrode, caused by the presence of im- 
purities in the hydrogen stream. The hydrogen was passed 
through copper piping into a trap containing Carbosorb AS 
(6-12 mesh) granules to remove any carbon dioxide, an 
acidic ammonium vanadate/zinc amalgam trap to remove 
traces of oxygen (oxygen is reduced at the R/H, electrode), 
and finally through 0.6M sodium chloride/lM sodium hy- 
droxide solution to remove any carry-over of acid from the 
vanadium solution. 

Electrodes 

The Pt electrode was prepared by electroplating Pt foil for 
5 min with platinum black from a 1% platinum(IV) 
chloride/0.02% lead acetate solution by making it the anode 
at 2.5 V and 6.5 mA (the cathode was a Pt wire). After each 
experiment the Pt black was stripped off with boiling aqua 
regia. 

The clean Pt foil was then placed in 1M sulphuric acid 
and made the cathode at a potential of -2.5 V (Pt wire 
anode) for 10 min. (If the Pt surface was perfectly clean, 

hydrogen bubbles streamed from the whole foil surface; if 
not, the aqua regia cleaning was repeated.) The presence of 
lead acetate during the plating ensured adherence of the Pt 
black to the clean Pt foil.r2 However, because lead may be 
leached from the platinum surface and cause poisoning of 
the active surface by reduction under acidic conditions, any 
lead was removed from the electrode surface after the 
plating. This was achieved by soaking the freshly plated 
electrode in 1M perchloric acid for 2 hr. When the plating 
was completed the electrodes had a characteristic black 
velvet texture indicative of an active Pt surface, and were 
free from lead. The electrodes were then thoroughly rinsed 
and kept in irradiated ultrapure water until required. 
Nemstian behaviour of the hydrogen electrode was checked 
by plotting the measured emf values against log [H+] in the 
acidic region of the titrations. The slope was typically within 
0.3% of the theoretical 59.16 mV at 25”. The Ag/AgCl 
electrodes were prepared from l-mm diameter silver wire. 
The wire was cleaned with concentrated nitric acid and 
rinsed with ultrapure water, then made the anode against 
another silver wire in 1M hydrochloric acid, at a potential 
of 2.5 V, for 30 set, to form the AgCl coating. The Ag/AgCl 
electrode was stored, between experiments, in a saturated 
potassium chloride solution to which a few drops of 1M 
silver nitrate solution had been added. 

Procedures 

Electrode calibration. Samples of electrolyte solutions 
were measured into the reaction vessel with a calibrated 
IOO-ml pipette. Each Kt determination was preceded by 
acidification of the sample to pH 3.3 with hydrochloric acid, 
followed by purging with hydrogen to remove residual 
carbon dioxide. The solution was then titrated with 0.12M 
sodium hydroxide/0.6M sodium chloride which had pre- 
viously been standardized with a standard potassium hydro- 
gen phthalate solution. The standard electrode potential of 
the Pt/H, electrode vs. the Ag/AgCl reference electrode was 
calculated by use of a Gran function for the acidic part of 
the titration; the equivalence volume was calculated with the 
same functioni 

K*, and KS+ determinations. Because the non- 
approximative linearization plots used for Ki estimations 
required K& values for each electrolyte medium, the latter 
were determined in media without boric acid present, by 
using Gran plots. This method of K$. estimation has been 
used by other workers.3 

The values of K$ were determined by titrating the 
4 x IO-‘M boric acid/O.llMelectrolyte solutions with 0.12M 
sodium hydroxide/0.6M sodium chloride solution. The elec- 
trode potentials used for the Ki evaluations typically related 
to pH values between 7 and 9. The Gran plots and the 
Hofstee algorithm used to linearize the data are discussed in 
the next section. 

Theory and calculations 

Simple Gran functions have long been recognized as a 
useful means of linearizing potentiometric titration data. 
The Gran functions that were initially applied to sea-water 
alkalinity titrations did not, however, allow for minor 
protonation reactions,16 and this led to systematic errors. 
Errors of 12 ymole/kg for sea-water samples taken during 
the GEOSECS program were estimated to occur from 
neglecting minor side-reactions.” Of these minor pro- 
tonation reactions, those with borate ions are the most 
significant, but the contribution of orthophosphate to the 
alkalinity may become relevant in deep ocean waters (partic- 
ularly the Pacific Ocean), in areas of upwelling, and in 
anoxic bottom waters where orthophosphate is released 
from underlying sediments (e.g., the Baltic Sea). 
Modifications of the early Gran algorithms can avoid such 
systematic errors.‘s 

Although Gran functions are a useful means of linearizing 
potentiometric titration data, they cannot be used to evalu- 
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ate acidity constants with values near lo-‘, because of the 
assumption that [H+] > [OH-] or vice uersa;‘4*‘5 they there- 
fore lose their linearity when the buffer action is minimal. 

In this work, titrations were performed in simple electro- 
lyte media and minor side-reactions were not a problem. 
The Hofstee equation used to linearize the potentiometric 
data and to obtain values for stability constants was first 
used to study enzyme-substrate equilibria,‘0 where the 
end-point is usually unknown. Other workers have since 
recommended that the same equation be used to linearize 
data over the full pH.range of an acid-base titration.‘4.‘9 
Both the Gran and the Hofstee equations are derived from 
simple mass-balance equations, and each takes into account 
the effect of volume changes during the course of a titration. 
The essential difference between the Gran and Hofstee 
linearization methods is that standard electrode potentials 
need to be determined before the KHA evaluations in the 
Hofstee procedure. This is because absolute R-I+1 values. 
and not -simply values proportional to [H+],* need to be 
included in the linearization calculations. Derivation of the 
Hofstee equation is based on the electroneutrality condition 
of the solution: 

[H+]+[Na+]=[OH-]+[B(OH),-] (1) 

where [Na+] is the concentration of base (NaOH) added to 
the solution. The following relationships are also valid 

K: = PWWP(OW; 1 [H + I (2) 
where K,* is the stability constant of boric acid. The total 
boric acid concentration C;, after the addition of V ml of 
base (of concentration C,,) to V,, ml of boric acid solution 
of concentration Ca is 

cg = CsV,/(V + V,) (3) 

= [B(DH),I + MOW;1 (4) 

and the sodium concentration is 

Pa+1 = VC,./(V + VO) (5) 

At the equivalence point, V, ml, the amount of base added 
is equal to the amount of titratable boric acid: 

v, C,, = vo CL! (6) 

Combination of equations (lH6) produces a non- 
approximate equation of the form 

rK,*+s = V. (7) 

where 

r = V[H+]+[(V,,+ V)[H+]*-(V,+ V)K$llC,, (8) 

and 

s = (V,, + V)[H+]/C,, - K,.,/[H+l+ V 

A value for Kg is obtained from the slope of a plot of r 
against s, by use of a value of KS valid for the same 
electrolyte medium. The necessary K$ values were deter- 
mined by titration of the electrolyte solutions with sodium 
hydroxide in the absence of boric acid (Table 4). Although 
equation (7) is non-approximative, it requires a knowledge 
of absolute [H+] values and not simply values proportional 
to [H+] (as used in the Gran method). Hydrogen-ion 
concentrations were computed from the measured electrode 
potentials and the standard electrode potentials determined 
previously. All measured electrode potentials were corrected 
for the slight decrease in the chloride-ion concentration in 
the course of the titration, as the reference electrode 
(Ag/satd. AgCl) had no sleeve. The corrected [Cl-] at any 
point is given by 

[Cl-] = (0.6 V + 0.7 V,)/(V,, + I’). (10) 

This equation is used to calculate corrected values for the 
measured e.m.f. (E,,,) and the Gran function: 

E,,, = E, - 0.059159 log[Cl-I, (11) 

and 

F, = (V, + V) lOs+“‘/C,, (12) 

where k = @T/F) In 10. The Gran plot of F, vs. V yielded 
a value for E, from titration data in the range from pH 3 
to neutral, as 

E O(mrr, = -k log(slope). (13) 

After the equivalence point, titrations were continued into 
the alkaline region to provide data for KG estimation. The 
Gran function used to evaluate K$ was 

FZ = (V, + V) lO(~Cm”l- qam))lk/CNa 

A plot of F2 vs V has a slope of l/K&. 

(14) 

Data for the KB+ estimations were fitted to equation (7) by 
using a linear least-squares regression, run on an IBM 4341 
mainframe computer. 

An attempt was made to estimate the effect of errors in 
V,, Kg, T and other parameters on the value of KB+ 
obtained from the plot of r vs. s. This was achieved by 
generating theoretical [H+] and V values, inserting them 
into equations (8) and (9), and then estimating the effect of 
possible errors in K$. , T, C,, and V, on the calculated value 
for Kg. The theoretical p+] and V values were generated 
by computer from a quadratic equation derived from mass- 
balance equations, with selected values for K$. and Kg. It 
was found that a 0.3% error in V,, caused an error of 0.002 
in pK,+, a 0.2” error in T one of 0.003 in pK,*, and a 2% 
error in KG one of less than 0.001 in pKa . The method is, 
therefore, very insensitive to errors in Kg. Stoichiometric 
ion-pairing constants (Kc,) for the ion-pairing of B(OH); 
with cations M”+ were calculated from the equation: 

Kg = K&/(1 + Z[M”+] K&J (15) 

where K&, is the stability constant for boric acid in 0.7M 
potassium chloride medium. Values for K&, were calculated 
by assuming that borate ion-pairing with potassium cations 
is negligible (cf: Byrne and Kester’). - - 

Because the titrations were done with sodium 
hydroxide/sodium chloride solution, there will be a slight 
error in the K$,, value, because of sodium-borate ion- 
pairing, and thismay have caused an overestimate of up to 
1% in values for Ki, i.e. the pKg values in Table 1 may be 
too large by up to 0.005. We did not correct for this as the 
effect is small, and it does not affect the values for KGB 
(Table 2) which are calculated from the ratio of KB+ /K&, in 
equation (15). 

RESULTS 

The results of the K$ determinations in the electro- 

lytes used are presented in Table 1. Each value is the 
average of three or four determinations; the results 
varied over a range of less than f 0.003. The concen- 
tration of Mg*+ (0.02M) in the mixed electrolyte was 

Table 1. Values of DKZ in artificial electrolytes at 25” 

Medium 

0.7M NaCl 
0.7h4, NaClt 
0.68M NaCl 
0.725M NaCl 
0.7~44 KC1 

PK; 

8.850 
8.859 
8.853 
8.832 
8.966 
8.996 

0.7M LiCl 8.754 
0.056M CaClJ0.53M NaCl 8.694 
0.02&f MgCl,/064M NaCl 8.775 
0.056M SrClJ0.53M NaCl 8.812 

Reference 

this work 
3 
7 
2 

this work 
7 

this work 
this work 
this work 
this work 

TM, = mole/kg of solution. 
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less than that of the other bivalent cations (0.056M) 
because precipitation of Mg(OH), at higher mag- 
nesium concentrations caused curvature of the 
Hofstee plot. Potential readings used for the Hofstee 
plots typically corresponded to pH values between 7 
and 9. Ion-pair stability constants, K$,, were calcu- 
lated from Kg data by using equation (15), and 
assuming that ion-pairing of potassium and borate in 
0.7M potassium chloride medium is negligible. 

The assumption that K&, is zero or negligible when 
compared with the stability constants for the com- 
plexes of the other major cations has been made by 
other workers.’ However, this assumption is based on 
theoretical calculations using estimated and uncertain 
activity coefficients for B(OH), and B(OH)a , and this 
assumption is disputable. Nevertheless, the KEfie 
data obtained for the metal-borate complexes can 
be rationalized in terms of simple electrostatic and 
charge-density or polarization arguments. From the 
pK$ data in Table 4 it is evident that a lowering in 
pK$ accompanies the introduction of a more 
strongly polarizing cation into the medium. The 
polarizing power of a cation is useful for predicting 
the degree of hydrolysis in aqueous solutions and is 
given by (cation charge)*/(cation radius + 0.85). (The 
term 0.85 is an empirical correction to the Born 
function z2/r; it is the radius of the oxygen atom in 
a water molecule.‘) An increase in hydrolysis occurs 
with increasing polarizing power, in the order 
K+ < Na+ < Li+ c St+ c Ca2+ < Mg2+. The pK$ 
data in Table 4 confirm that the greater the cation 
polarizing power, the stronger are the M-O inter- 
actions (hydration), and the more acidic are the 
protons of the ligand water molecules i.e., the lower 
is pK&. 

It is clear from the values for KGB in Table 2 that 
the stability of the metal-borate ion-pairs also de- 
pends on the polarizing power of the cation. This 
trend can be explained by the same coulombic argu- 
ments that apply to cation hydrolysis. Figure 1 shows 
the correlation between K&, and z2/(r + 0.85). Other 
workers have also used this means of rationalizing 
stability-constant data.* From the K&, data obtained 
in this study it is clear that the alkali-metal ions form 
relatively weaker borate ion-pairs than the alkaline- 
earth metal ions do. Li+ and Na+ display weak 
association with borate, and K+ shows little or 

Table 2. Stabilitv constants for the formation of ion-pairs 
* with borate ions at 25” 

Ion-oair 

Byrne and Dyrssen and 
This work Kester’ Hansson 

(0.7M NaCl) (0.68M NaCl) (0.7& NaCl) 
LiB(OH), 0.89 f 0.02 - - 
NaB(OH), 0.44 f 0.01 0.57 f 0.02 - 
Mt#WHX 13.6 f 0.7 8.03 f 0.15 5.4 f 0.2 
CaB(OH): 11.4*0.15 13.0*0.15 - 
SrB(OH): 3.47 f0.06 - - 

*I& = mole/kg of solvent. 

Table 3. Inorganic speciation of boron in 
sea-water at 25”, 35% salinity and pH 8.2; 

values given as % of total boron 

Ion This work pH method’ 

B(OH), 59.7 76.4 
B(OH),- 21.2 13.3 
MgB(OH): 12.6 5.1 
NaB(OH), 4.4 3.6 
CaB(OH)$ 2.1 1.6 
SrB(OH): 0.005 - 

negligible borate ion-pairing. However, the under- 
lying assumption that the activity coefficients of free 
ions are independent of the electrolyte composition at 
constant ionic strength may explain the observed 
apparent differences in ion-pairing with Li+, Na+ and 
K+. In fact borate ion-pairing with these cations may 
be negligible. Improved Debye-Hiickel equations 
such as the Pitzer equationsz3 can make possible the 
calculation of activity coefficients of ions in high 
ionic-strength electrolytes. Pitzer interaction 
coefficients for the association of Ca2+, Mg2+ and 
borate ions have recently been calculated at ionic 
strengths from 0.5 to 6, and the negative Pitzer 
coefficients for the Cal+-borate and M$+-borate 
interactions indicate some degree of ion-pairing.24 

In contrast to the alkali-metal ions, Mg2+, Ca2+ 
and W+ show stronger and significant associations 
with borate anions, the strength of interaction de- 
creasing with increasing ionic radius (presumably 
because of the decreasing charge density). 

The ion-pairing stability constants have been used 
to deduce the speciation of boron in sea-water, and 
the distribution obtained can be compared with that 
yielded by using the constant-pH method’ (Table 3). 
The sea-water distribution is derived by using the 
equation 

K&v, = K&,,, ( 1 + Gaa[Na+ 1 

+K&B(M$+I + K&JCa2+] 

+ K$,[Sti+] + Klfis[Li+]) (16) 
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Fig. 1. Correlation of K& with cation polarizing power. 
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Table 4. Values of log Kc in various electrolyte solutions at 25” 

Dyrssen and Hamed and Sjoberg er. 
Medium This work Hanssonr Owen*’ ULZ 

0.7M LiCl 13.630 + 0.003 13.636 
(I = 0.5) 

0.7M NaCl 13.739 + 0.006 13.77 13.727 f 0.001 
(I = 0.6) 

0.7M KC1 13.774 f 0.007 13.77 
(I = 1.01) 

0.53M NaCl/O.O56M CaCl, 13.688 
0.53M NaCl/O.O2M MgCl, 13.295 

where KS,, is the stability constant for boric acid in 
sea-water. 

For sea-water of salinity 35% the cations con- 
cerned have the following concentrations: ma+] = 
0.479M; [Mg”] = 0.054M; [Ca*+] = O.OllM; 
[Srr+] = 9 x 10m5M; [Li+] = 2.6 x 10e5M. Our value 

for KS,, obtained from equation (16) is 2.242 x 10e9. 
It is evident from Table 3 that although Srr3+ shows 
significant association with borate, this ion-pair is 
unimportant in sea-water owing to the low concen- 
tration of Srr+. Lithium ion-pairing in sea-water is 
even less significant. The general pattern of speciation 
in sea-water is comparable with that outlined by 
Byrne and Kester.7 However, our value for log l/K& 
(8.649) differs from that obtained by Byrne and 
Kester7 (8.736), and consequently H,BO, is less im- 
portant in our system. Discrepancies between the 
speciation predicted from this work, and that sug- 
gested by Byrne and Kester7 are probably due to our 
adoption of the free hydrogen-ion pH scale, to re- 
sidual liquid-junction effects, and to Byrne and Kes- 
ter’s use of single data-point titrations. Nevertheless, 
both our study and that of Byrne and Kester7 confirm 
that the ion-pair MgB(OH)$ is the predominant 
cation-associated species in sea water. 

CONCLUSIONS 

The aim of this investigation was to measure the 
stability constants (KGB) for the ion-pairs formed by 
borate and “major sea-water cations”. It was 
achieved by using a procedure that avoided a major 
problem of marine electrochemical pH- 
measurements, the residual liquid junction potential 
effect. The free hydrogen-ion pH scale was used. The 
potentiometric titration data were linearized with a 
non-approximative equation for data points over a 
range of pH (7-9), rather than by a single point 
method.7 The resultant K&, data were reasonably 
rationalized by using cation polarizing power argu- 
ments. 

The method in this study could not be extended to 

direct Kg determinations in sea-water because of 
magnesium hydroxide precipitation. However, the 
incorporation of the cation-borate stability-constant 
data into a simplified “sea-water borate” speciation 
scheme provided a distribution comparable with that 
outlined in previous work that used the NBS refer- 
ence scale. The procedures adopted in our work could 
be extended to investigate the speciation of other 
weak acids in saline media. 
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Summary-Carbon-paste electrodes modified with crown-ethers were constructed by mixing the crown- 
ethers into a graphite powder/Nujol oil matrix. The electrodes so formed were able to bind mercuric ions 
chemically, and gave greater voltammetric response to mercury than that of ordinary carbon-paste 
electrodes. The response was characterized with respect to paste composition, crown-ether, precon- 
centration period, mercury concentration, repr~ucibility, possible interferences, and other variables. Best 
results were obtained with llf-crowu-6 and an acetate buffer @H 4.0). The electrode gave good linearity 
for 1 x 10e5-6 x 10-5M mercury, a detection limit of 2 x 10e6&4, and a relative standard deviation of 
11%. The investigation may lead to a new class of modified (complexing) electrodes, with different patterns 
of reactivity. _ 

The application of chemi~lly modified electrodes 
(CMEs) in elec~oanal~i~l m~surements is now a 
practical proposition. One promising approach in- 
volves attachment of a preconcentration agent to the 
surface, to accumulate analytes chemically prior to 
voltammetric measurement.’ This concept is im- 
portant because it can allow construction of sensitive 
voltammet~c sensors that are specific (or at least 
selective} for an analyte. The approach is analogous 
to anodic stripping voltammetry in that a precon- 
centration step is employed to enhance the sensitivity 
and selectivity. It can also enhance the scope of 
stripping measurements, as it utilizes a chemical 
(non~l~~olyti~) step for the a~umulation. The 
preconcentration agent may be introduced in the 
carbon-paste matrix2.’ or by substitution in an appro- 
priate polymeric coating.4.5 The modifier is commonly 
a ligand possessing high affinity for the analyte, or an 
ion-exchanger (resin or polyelectrolyte). 

In this paper, we describe a preliminary in- 
vestigation of crown-ethers as electrode modifiers 
for preconcentration/voltammetric measurements. 
Crown-ethers are macrocyclic polyethers that have 
received considerable attention6 and are highly suit- 
able neutral carriers for ion-selective electrodes (e.g., 
the valinomy~n-based potassium electrode). Voltam- 
metric applications of crown-ethers are rare however. 
Several groups, particularly those of Koryta,’ Peter,* 
and Luca,9 have used polarography and cyclic 
voltammetry to study the redox behaviour and 
thermodynamic stability of various crown-ether 
metal complexes in different organic solvents. How- 
ever, the utility of crown-ethers in voltammet~c 
analysis in general, and as electrode modifiers for the 
preconcentration/voltammetric concept in particular, 
has not been explored, although this approach 
appears very promising as it should combine the 

inherent selectivity of macrocyclic reagents with the 
high sensitivity of pr~on~ntration/voltammet~c 
measurements. In the work described below, the 
electrodes were modified by mixing the desired 
amount of crown-ether with a carbon-paste matrix; 
this allows easy variation of the modifier content and 
renewal of the electrode surface. The crown-ethers 
and their complexes remain stably incorporated in 
the carbon-paste matrix because of their very limited 
solubility in aqueous solutions. Mercury(I1) was used 
as model analyte, but the concept can be extended to 
determination of other metal ions through a judicious 
choice of the crown-ether (provided the reactivity at 
the electrode surface is the same as that in solution). 

Apparatus 
EXPERIMENTAL 

A Bioanalytical Systems Model VC-2 electrochemical cell 
was employed. The- working electrode, reference electrode 
(AglAgCl, Model RE-1. Bioanalvtical Svstemst. and _. _ 
platinum-wire auxiliary electrode were inserted into the ceil 
through holes in its Tetlon cover. The cell was placed on a 
magnetic stirrer and a 2.2-cm long stirring bar was used. 
Current-voltage data were recorded with an EG&G PAR 
Model 264A voltammetric analyser and a EG&G PAR 
Model 0073 X-Y recorder. 

Chemically modified carbon-paste electrodes were pre- 
pared by grinding the crown-ether crystals (Aldrich) with a 
mortar and pestle, then adding the graphite powder; after 
additional grinding of the mixture, nujol oil was added and 
the whole was thoroughly hand-mixed. In most studies 
the final composition was 54: 36: 10% w/w graphite/oil/ 
modifier. The paste was packed into one end of a glass tube 
(3 mm bore, 1 mm wall), to make contact with a copper wire 
inserted in the tube. Plain (unmodified) carbon paste was 
prepared in the usual manner, and contained 40% Nujol oil. 

Reagents 
All solutions were prepared with demineralized water. 

Stock solutions, 1 x 10W3M, of various metal nitrates were 
prepared and stored in polyethylene bottles. The supporting 
electrolyte was O.lM acetate buffer @H 4.0). 
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I llrp. 

I I I I 

0.2 -0.2 
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Fig. 1. Cyclic voltamperograms for 5 x lo-‘M Hg(II) ob- 
tained after 120 set stirring at +0.5 V us. Ag/AgCl, with (A) 
unmodified carbon paste, and pastes modified with (B) 10% 
w/w 18-crown-6, (C) dicyclohexano-18-crown-6, and (D) 
15-crown-5. Scan-rate, 50 mV/sec; electrolyte, acetate buffer 
(pH 4.0). The dashed lines represent the response without 

accumulation. 

Procedure 

A fresh working-electrode surface was used for each 
preconcentration/voltammetric cycle, and smoothed with a 
computer card. For the preconcentration step, the working 
electrode was immersed in 10 ml of stirred sample solution 
for a given time, during which it was held at +0.5 V OS. 
Ag/AgCl. (Though it was possible to accumulate mercury at 
open-circuit, this required a long equilibration time for a 
stable current to be achieved before the scan). After the 
preconcentration, the stirring was stopped, and the accumu- 
lated ion measured by cycling the potential between +0.5 
and -0.2 V, and recording the cyclic voltamperogram. The 
surface was then renewed by removing the outer 2 mm and 
refilling with fresh paste (this ensured a “mercury-free” 
surface and thus absence of memory effects). 

I IIIIIII 

0.6 0.2 - 0.2 

E,V 

Fig. 2. Effect of carbon-paste composition on the cyclic 
voltammetric response for 5 x lo-‘M Hg(I1) following 120 
set stirring at +0.5 V US. Ag/AgCl. Amount of 18crown-6 
in paste: (a) 0; (b) 0.05, (c) 0.20 and (d) 0.40 g. The dashed 

lines represent the response without accumulation. 

RESULTS AND DISCUSSION 

Figure 1 shows cyclic voltamperograms obtained 
with ordinary (A) and various crown-ether modified 
(ED) carbon-paste electrodes that had been im- 
mersed for 2 min in a stirred 5 x 10-5M Hg(II) 

solution. During the stirring period the electrode was 
held at +OS V vs. Ag/AgCl, at which electrolytic 
plating could not occur. The dotted lines represent 
the analogous response without the stirring period. A 
small mercury oxidation peak, which is not affected 
by the stirring period, is obtained with the ordinary 
electrode. In contrast, the crown-ether electrodes 
exhibit substantially larger mercury peaks, which are 
strongly influenced by the stirring period, hence 
indicating an effective non-electrolytic uptake of mer- 
cury. Notice that though the ordinary electrode ex- 
hibits a current “cross-over” point, characteristic of 
an electrolytic deposition-stripping mechanism, no 
such behaviour is observed for the l&crown-6 and 
15-crown-5 modified electrodes. Most subsequent 
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Fig. 3. Effect of preconeentration period on the cyclic vohammetric response for 5 x 10e5M H&I), with 
(A) 18_crown-6 modified carbon paste and (B) unmodified carbon paste. Emconcentration period: (a) 0, 

(b) 2 and (c) 5 min. Other conditions as in Fig. 1B. 

work was performed with 18-crown-6 as modifier, 
because it yielded the best signal-to-background 
characteristics. This compound is known to be an 
extracting reagent for the separation of mercury.6 
Electrodes modified with dibenzo- 18-crown-6 yielded 
a response similar to that of the ordinary electrode 
(not shown). 

Figure 2 shows the effect of the paste composition 
on the preconcentration/voltammetric response. 
Carbon-paste electrodes containing 0.05, 0.2 and 
0.4 g of 18-crown-6 (together with 1.2 g of graphite 
powder and 0.8 g of Nujol oil) were employed. As 
expected from the increased complexing capacity of 
the electrode, the amount of mercury ion accumu- 
lated and the resulting voltammetric peak, increased 
(non-linearly) with the amount of crown-ether in the 
paste. For example, the electrodes containing 0.05, 
0.2 and 0.4g of modifier yielded peak current en- 
hancement by factors of 2.1, 3.8 and 5.6, respectively, 
relative to the response without accumulation (shown 
as a dashed line). The corresponding voltamperogram 
at the unmodified electrode (a) exhibits a substan- 
tially smaller mercury peak. Notice also that the 
extent of the current cross-over decreases when the 
amount of modifier is increased. The electrode con- 
taining 0.2 g of modifier was employed for the 

majority of the work because of its better signal-to- 
background characteristics. 

Because crown-ethers, being neutral compounds, 
form cationic complexes with metal ions, we initially 
expected to monitor a reductive process following the 
accumulation at + 0.5 V, but only a small peak at ca. 
-0.18 V was obtained, that was not analytically 
useful. In contrast, on reversal of the scan direction 
(at - 0.2 V), the reduced form of the complex under- 
goes an oxidation step to yield the well-defined 
anodic peak (shown in Figs. 1 and 2). This peak must 
be distinguished from the stripping peak associated 
with electrolytic deposition (during the preceding 
cathodic scan). For example, with the 18-crown-6 
electrode the complex undergoes oxidation at +0.26 
V but the stripping process occurs at +0.31 V. 
Subsequent scans result in a sharp decrease of the 
oxidation peak for the complex, but a gradual in- 
crease of the stripping peak (as complete stripping 
does not occur). 

Figure 3 shows cyclic voltamperograms for 
5 x IO-‘M mercury(I1) after different preconcen- 
tration times. A rapid increase of the peak with 
increasing preconcentration time is observed for the 
modified electrode, indicating an enhancement of the 
mercury concentration on the surface. With S-min 
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preconcentration, a 7-fold peak current enhancement 
was observed. Longer times did not affect the re- 
sponse (not shown), possibly because of saturation of 
the binding sites. The response of the ordinary elec- 
trode is not affected by the change in precon- 
centration time. Again, note the different shapes of 
the voltamperograms obtained with the modified and 
ordinary electrodes (the latter exhibiting the charac- 
teristic “cross-over” point). The precision of the 
results was estimated by six successive measurements 
of 5 x 10-5M mercury (conditions as in Fig. 1B). The 
mean peak current found was 1.62 PA with a range 
of 144-l .85 PA and a relative standard deviation of 
11%. These data indicate that the electrode renewal 
gives a relatively reproducible surface. Such precision 
is commonly observed for other modified electrodes 
utilizing the preconcentration/voltammetric scheme. 
Possible interferences from coexisting metal ions 
capable of binding to 18-crown-6 were evaluated. 
Measurements of 5 x 10WsM mercury(I1) were not 
affected by the addition of 5 x 10m5M lead(II), sil- 
ver(I), nickel(II), zinc(II), iron( cadmium(I1) and 
copper(I1). Similarly, the large concentration excess 
of the supporting electrolyte cation (sodium) did not 
interfere. The effect of various electrolytes, such as 
potassium chloride, hydrochloric acid, potassium 
nitrate, or acetate, borate and phosphate buffers, was 
examined. Best results were obtained with the acetate 
buffer solution, but no response was observed for the 
chloride solutions (chloride ions compete with crown- 
ethers for the mercuric ions, log Kn,,,, = 16.9). The 
unstirred solution yielded a substantially lower re- 
sponse (by a factor of S), indicating the strong effect 
of mass-transport on the mercury uptake. 

Figure 4 shows the analytical signals of the 
modified carbon-paste electrode in a standard- 
additions experiment with 120~see accumulation from 
acetate buffer spiked with 1 x 10m5M (a), 2 x 10m5A4 
(b), and 3 x lo-‘M (c) mercury(I1). The response is 
proportional to the mercury concentration, and is 
substantially larger than the corresponding response 
without accumulation (shown as dashed lines), or 
with the unmodified carbon-paste electrode (not 
shown). These three measurements were part of a 
set for six concentration increments ranging from 
1 x lo-’ to 6 x 10m5M. Linearity between the peak 
current and concentration was obtained. A least- 
squares treatment yielded a slope of 390 
nA. 1. pmole-’ (correlation coefficient, 0.992). A de- 
tection limit near 2 x 10m6M is estimated, based on 
the signal corresponding to three times the noise of 
the response shown in voltamperogram a. Further 
lowering of the detection limit may be achieved by 
using longer preconcentration times or advanced 
voltammetric waveforms. 

In conclusion, although this study should be con- 
sidered preliminary, it serves to illustrate the poten- 
tial utility of electrodes modified with crown-ethers, 
for voltammetric analysis. The incorporation of other 
crown-ethers into the carbon paste matrix appears to 

I ~PA 

0.6 0.2 -0.2 

QJ 

Fig. 4. Cyclic voltamperograms for solutions containing (a) 
1 x 1O-sM, (b) 2 x 10-5M, and (c) 3 x IO-‘M Hg(II), with 
the 18-crown-6 modified carbon-paste electrode. Other con- 

ditions as in Fig. 1. 

provide a promising route for preconcentration/ 
voltammetric measurements of other metal ions at 
CMEs by an analogue of stripping voltammetry. In 
particular, sulphur- and nitrogen-containing macro- 
cycles should be extremely useful for the uptake and 
determination of various heavy or transition metals. 
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Summary-An equation has been derived which describes the e.m.f. of a liquid ion-exchanger membrane 
electrode in conditions of low concentration levels of the primary and interfering ions. The equation is 
based on the assumption that if the external solution contains no excess of ions which may exchange with 
the organic phase, then the concentration of the exchanger at the interface decreases, and this is 
responsible for formation of a diffusion layer inside the membrane. Therefore the potential response 
depends on the initial concentration of the ion-exchanger in the membrane phase, on the thicknesses of 
the diffusion layer on both sides of the interface, and on the diffusion coefficients of the species in both 
phases. This equation explains the non-Nemstian behaviour of the electrode in the presence of interferents, 
as well as the variation of the conditional selectivity coefficients. The parameters mentioned also influence 
the detection limit of an electrode. The electrode behaviour has been tested in unstirred solutions and in 
solutions stirred at different rates. Through its influence on the diffusion layer thickness, the stirring also 
influences the electrode potential and the characteristics of the electrode. 

Electrodes based on liquid ion-exchangers have 
found numerous practical applications in analysis 
and their behaviour has been widely discussed.‘-8 
Initially it was assumed that the selectivity coefficient 
which follows from the Nikolskii equation is a con- 
stant unequivocally defined by the thermodynamic 
characteristics of the system, namely the ratio of the 
partition coefficients of individual ions or more gen- 
erally the equilibrium constant of the exchange reac- 
tion. Nevertheless it has been shown that selectivity 
coefficients cannot be regarded as constants, because 
they change not only with the long-term changes in 
membrane composition’ but also with the activity 
level of the ion in solution. It has been establishedlO 
that with decreasing activity of the interfering ion the 
selectivity coefficients tend to approach a value of 
unity, regardless of whether they are greater or 
smaller than unity at higher levels of the interfering 
ions. Jyo and Ishibashi” have suggested a quan- 
titative model for this effect, which shows good 
agreement with experimental findings in the high and 
medium concentration range (> 10T4M), but fails for 
lower concentrations. 

In this paper another model is proposed which is 
in relatively good agreement with the experimental 
data over the whole concentration range accessible 
for ion-selective electrode measurements. The effect 
of solution stirring is also discussed and experi- 
mentally verified. This effect could also be predicted 
on the basis of the Jyo and Ishibashi” model, which 
takes into account the thickness of the diffusion layer, 

*Author to whom correspondence should be addressed. 

which in turn depends on the stirring rate, but these 
authors have not mentioned the effect of stirring rate 
on the electrode response. 

THEORY 

The model given by Jyo and Ishibashi” assumes 
that the apparent changes in selectivity coefficients 
are due to differences between the ion activities in the 
bulk of the solution (ai, a,), and those at the mem- 
brane surface in the external solution [ai( u,(O)] 
(Fig. 1) as well as to differences between the concen- 
tration of exchanger sites occupied by given ions 
inside the membrane (c,, c,) and at the interface [c,(O), 
c,(O)]. When ion-association is predominant in the 

membrane 
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Fig. 1. Scheme of the membrane-external solution interface: 
c,-ion-exchanger concentration; c,(O), c, (O)--concen- 
trations of ions I and J in the membrane at the interface, 
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membrane the concentrations should refer to the exchanger sites in the membrane remains constant. 
respective ion-associates (c,, and c,,). As a consequence, and taking into account electro- 

Like Jyo and Ishibashi,” we assume that the case neutrality, we obtain 
presented refers to univalent ions (Zi = z, = & 1), with 
equal mobilities of free ions in the membrane (u, = u,) 

c,(l) + c,(l) + c,(l) + c,,(l) = c, = const.(l) (6) 

as well as equal mobilities of the corresponding and hence 
ion-associates (u,, = u,,) for the membranes where 
association plays a significant role. We also assume X,(l)+Xj(l)= 1 (7) 

that the association inside the membrane does not where (I) denotes distance from the interface (thick- 
influence partition of the ion, i.e., it is either negligible ness d) inside the membrane (0 < I G d). 
or non-specific. Then x, and xJ denote the mole fractions 

Under these conditions the theoretical selectivity 
coefficients are defined by the actual activities and ci + Gs x, = - 
concentrations at the membrane interface. Thus for 
negligible association 

(14 
t8b) 

and for negligible dissociation 
In our model, however, the constancy of the number 
of exchanger sites in the membrane is not assumed, 
but leakage of ion-exchanger from the membrane is, 

(lb) so 

Because the fluxes of all species at steady-state follow c,(0 + CJ(O + cs(4 + cjs(O = cs(O (9) 

Fick’s law, then where 

c,(l) = c, - AC, (10) 

The term AC, denotes the decrease in exchanger 
where D' and D are the diffusion coefficients in the concentration due to leakage from the membrane, 
external solution and in the membrane, respectively, and 
and 6’ and 6 correspond to the thickness of the 
diffusion layers in the external solution and in the 

Xi(l) +X’(l) +X,(l) = 1 (11) 

membrane, respectively. Equation (2) for each ion where 
participating in the exchange reaction 

I+J’=I’+J (12) 

where the primed symbols refer to the external solu- In the membrane at a diffusion layer depth I= 6, we 
tion and the unprimed to the membrane phase, can have x, = 1, xJ = 0 and x, = 0, but at the interface, 
be transformed for each ion into the following re- I=O, x,+x,< 1 and x,#O. 
lationships Introduction of equation (11) along with (1) and 

ai( a, + z[C) - C,(O)] 
(5) allows calculation of the unknown boundary 

@a) values of the ion activities u,(O) and Uj(O) in terms of 
the bulk activities, Ui and uJ, the theoretical selectivity 

‘J(O) = ‘J + Sk’ - cJto)l 

coefficient K,,, parameter C and the mole fraction 

t3b) x,(O). In this relationship the actual activities at the 
membrane surface, u,(O), u,(O) and the theoretical 

On introduction of c, which represents the total selectivity coefficient K,' can be correlated to the bulk 
concentration of ion-exchanger sites inside the mem- activities, Ui, Uj and the experimental (conditional) 

brane, equations (3a) and (3b) can be expressed in selectivity coefficient KY'. Thus 

terms of the mole fractions of exchanger sites [x,, x,, 
x,(O), x,(O)] inside the membrane and at the mem- 

Ui(O) + K U (0) = U, + Kpota 1’ J J 

brane interface. Thus writing = MU, +“KiJ Uj - K,JC) 

c=gg +;x,(O)C(K,~ + 1) + +fi (13) 

where 
yields 

U,(O) = Ui + C[Xl- X,(O)] (5a) 
A = (U, + $uJ - $C>'+ 2KljC[2 - xA(O)](U, + 4) 

Uj (0) = Uj + C [XJ - XJ (O)] (5b) 

+C2{[KJx~(0) + ~I*+x~(O)*W~~ - I>* 

The model presented by Jyo and Ishibashi,” 
- K:[x,(O)+ l]*+ K;- I} 

amongst other things, assumes that the number of + 2x,(O)Cu, + 2K~X,(0)CUj (14) 
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When x,(O) = 0, this equation is reduced to the one 
presented by Jyo and Ishibashi.” 

When the external solution contains only the pri- 
mary ion, then all terms containing u, disappear and 
the primary ion activity at the membrane surface 
q(O) is given by 

u,(O) = a, + x,(O)C (15) 

This means that when the analytical concentration, 
and in consequence the activity, is equal to 0, then the 
limit of detection, L, can be expressed as 

L = x,(O)C - xa(0)csgg (16) 

and depends on the concentration of ion-exchanger 
in the membrane, c,, and on x,(O), as well as on the 
term which contains the characteristics of both 
diffusion layers. Because x,,(O) depends on the par- 
tition coefficient ki, it can be shown that this agrees 
with the derivation presented by Kamo et ~1.~~~ In 
their notation, the detection limit is related to A, 
where A, = 4a2/b,, Q being the total concentration of 
ion-exchanger in the membrane and b, the difference 
between the standard chemical potentials of the 
exchanger in the aqueous and membrane phases. In 
their equation Jyo and Ishibashi” do not explicitly 
mention the detection limit, but in their earlier 
paperI it was suggested that the limit of detection is 
determined by the leakage of the ion-exchanger into 
the aqueous solution. The experimental proof of the 
dependence on the exchanger concentration was also 
reported.3*‘2*‘3 

EXPERIMENTAL 

The electrode membrane was prepared as described else- 
where,‘O with 67% Aliqua-Br and 33% PVC. The total 
Aliquat concentration in the membrane was 0.002M. The 
e.m.f. was measured in the cell 

Ag ( AgBr ( KBr 1 PVC-Aliquat-Br 1 external solution I S.C.E. 

(0. 1M) 

with an LM1604 DC digital voltmeter (Solartron). 
The external solution was either unstirred (velocity 0,) or 

stirred with a magnetic bar at three different velocities (D,, 
vl, v,), the rate of rotation (w) of the stirring bar being 2.4, 
10.4 and 20 rps respectively. The electrode was situated at 
a distance r = 2 cm from the stirring axis, so the linear 
velocity under the electrode could be assumed as constant 
and equal to 30, 130 and 250 cm+ for v,, v2 and v, 
respectively. 

Potential response functions were obtained in solutions of 
potassium chloride, bromide and thiocyanate. Between 
measurements the electrode was removed from the solution, 
then again immersed after appropriate additions and thor- 
ough mixing. A selected stirring rate was then applied, and 
the potential response was recorded after 5 min. During the 
last minute the drift of e.m.f. was not larger than 0.5 mV. 

The ion activities were calculated by using the 
DebyeHiickel theory as shown by Meier et aLI4 

The selectivity coefficients IQ& were evaluated by the 
senarate solution method with O.lM KCl. KBr or KSCN. 
For chloride and thiocyanate as interfere&s the selectivity 
coefficients were 0.16 and 80, respectively. 

The membrane composition was estimated by HPLC with 
the Trilab 2000 chromatography data system, a Bruker LC 

21-B pump and a Perkin-Elmer LC-55 spectrophotometer. 
The column packing used was PL-Gel lOOA, 5 pm. Chloro- 
form was used as eluent at a flow-rate of 1 ml/min and a 
pressure of 4.6-4.7 MPa. 

RESULTS AND DISCUSSION 

The potential response function of the Aliquat-Br 
electrode in chloride, bromide and thiocyanate solu- 
tions was measured with and without stirring (Fig. 2). 
The values of C and x&(O) were obtained as follows. 
For each stirring rate three curves based on equation 
(13) (for Cl-, Br-, SCN-) were fitted to the three 
sets of experimental points simultaneously, i.e., the 
sum of the squares of the residuals was minimized. 
The values of C and x,(O) for different ions are 
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Fig. 2. Response pattern of bromide liquid-membrane elec- 
trode Aliquat 336S-Br, PVC: a, unstirred solution; b, 
maximal stirring rate (or). Experimental points: O-Cl-, 
x -Br-, O-SCN-; solid lines-theoretical curves calcu- 
lated from equation (13); dashed lines-theoretical curves 
calculated from the Jyo and Ishibashi equation.” Set of 
parameters: a, x,(O) = 0.14, C = 5.3 x 10m4; b, x,(O) = 0.32, 

c = 9.0 x IO-‘. 
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Table 1. Calculated and experimental values of 
x* (0) 

x,(O) 
Stirring Aa, 

pBr rate x lo5 talc. exper. 

5.0 03 3.5 0.43 0.32 
4.7 3.9 
4.3 4.0 
4.0 4.2 

5.0 “2 4.3 0.36 0.27 
4.7 4.5 
4.3 4.4 
4.0 4.3 

5.0 VI 7.5 0.29 0.22 
4.7 7.4 
4.3 6.2 
4.0 6.6 

5.0 00 9.6 0.16 0.14 
4.7 9.4 
4.3 7.8 
4.0 ’ 7.1 

assumed to be equal at constant stirring rate. The 
values of KBr,c, = 0.16, KBr,scN = 80, E” = - 170.06 
mV and S = 57.97 mV/decade used were those ob- 
tained from the experiments. 

Comparison of the curves calculated according to 
equation (13) and the equation used by Jyo and 
Ishibashi” shows excellent agreement for concen- 
trations higher than 10m3M. The functions calculated 
with the aid of both equations practically coincide. 
For lower ion activities, however, the curves based on 
equation (13) fit the experimentzl points well, 
whereas the curves calculated according to Jyo and 
Ishibashi do not. This discrepancy can be attributed 
to these authors’ invalid assumption of constancy of 
the ion-exchanger concentration in the membrane 
cross-section. When both activities a, and u, approach 
zero, then according to the Jyo and Ishibashi model” 
the logarithmic term in the Nikolskii equation tends 
to minus infinity, which is in obvious disagreement 
with the experimental results. At limitingly low activ- 
ities, the potential response in the absence of all 
interferents approaches a definite limiting potential 
value which is due to partition of the electrode-active 
material between the membrane and the external 
solution. 

Table 2. The set of parameters 
evaluated for various stirring rates: 
exchange reaction constants KBc, = 
0.16, KsacN = 30, E” = - 170.06 
mV, S = 57.97 mV/decade (experi- 

mental values) 

Stirring 
rate x, (0) c 

00 0.14 6.3 x 1O-4 
01 0.22 2.4 x 1O-4 
02 0.27 1.2 x 10-e 
VI 0.32 9.0 x 10-S 

The role of this partition is usually underestimated 
in analytical practice, as well as in theoretical consid- 
erations, in spite of the fact that there is general 
agreement that such processes have a pronounced 
effect on the limit of detection. 

Clear evidence for a drastic change in membrane 
composition was obtained by gel permeation chro- 
matography, for a membrane kept for 7 days in 
continuously stirred water. Removal of the ion- 
exchanger from the membrane was nearly quan- 
titative. The changes in membrane composition were 
also investigated with neutral carrier membranes by 
a similar procedure.15 The results were confirmed by 
elemental analysis of membranes freshly prepared 
and after leaching for 5 days with water. During this 
period the decrease in Aliquat 3363 content, as 
measured by the nitrogen content, was close to 50%. 
In all these experiments, the equilibrium concen- 
tration of Aliquat 3363 in the water, calculated from 
the amount leached out of the membrane, was in the 
range 24 x IO-‘M. This is in fair agreement with the 
Aa, = ai - a, values (Table 1) obtained from the 
potentiometric measurements. 

The depletion of ion-exchanger in the diffusion 
layer of the membrane compared with the concen- 
tration on the inside of the membrane is represented 
by the mole fraction x,, in our theoretical 
presentation. For given experimental conditions (stir- 
ring rate) the value of x,, was assumed to be constant, 
and independent of the ion-activity in the bulk of the 
external solution. This is only an approximation 
because an increase of ion-activity would without 
doubt inhibit the loss of ion-exchanger from the 
membrane, and thus decrease the value of x,(O). 
Despite that, the assumption made seems to be 
justified by the fact that for concentrations above 
10m3M the potential response functions calculated by 
using equation (13) and that of Jyo and Ishibashi” 
are the same, and the estimated value of x,(O) in the 
range from 10-5-10-4M potassium bromide is prac- 
tically constant under given experimental conditions 
(Table 1). 

The estimation of ~~(0) was based on the difference 
Au, = ui (0) - Ui measured experimentally in the 
range 10-S-10-4M bromide at fixed stirring rate. 
From equation (5a), assuming x,(S) = 1, and 
x, (0) - 1 - x, (0), the depletion fraction can be calcu- 
lated as 

x,(O) =2 (17) 

where C is constant under given conditions. The 
value of C was taken as one of the two parameters 
of the curves calculated by using equation (13). 

The agreement between the experimental points 
and the curve calculated by using equation (13) was 
tested for the unstirred solution and for three 
different stirring rates. The points fit sufficiently well 
in all cases, as shown for the unstirred solution and 
for the highest stirring rate, u) (Fig. 2). The trend of 
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the empirical parameters x&(O) and C is in accord 
with expectation (Table 2). The value of C given by 
MorfZ according to Jyo and Ishibashi” is 1.8 x 10e4, 
which is of the same order of magnitude as our results 
in Table 2. The more rapid stirring decreases the 
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Fig. 4. Determination of steady-state potential of bromide 
electrode (unstirred-o,, stirred-v,, 02) in 5 x 10m5M KBr: a, 
changes of potential values with time; b, extrapolation of 
I@‘)‘” to I -P co by linear regression (curve fit based on 

E(r) = E(a)) + s log (c/J;). 

thickness of the diffusion layer, 6’ in the external 
solution and thus C becomes smaller. Similarly x,(O) 
increases, indicating more vigorous removal of the 
exchanger from the membrane. 

The ratios of the experimentally observed C values 
for the different stirring rates u,, u2 and uj are 
C,:C,:C, = 20: 12:9. If the thicknesses of the diffusion 
layer are inversely proportional to the square root of 
the flow velocities then these ratios should be 
C,:C,:C, = 20:14.4:6.9. 

The predicted changes of potential response for the 
various stirring rates are in fair agreement with the 
experimental data (Fig. 3). Over the range of stirring 
rates investigated the measured potential changes by 
significant amounts, from approximately 20 mV for 
chloride and bromide, to several tens of mV for 
thiocyanate. Such a potential shift, which is observed 
for concentrations below 10T3M was until now un- 
derestimated. The general opinion was that in stirred 
solution the equilibrium potential is attained more 
rapidly but its value should not differ from that in 
unstirred solution. A better fit of the theoretical 
curves to the experimental points could be obtained 
by individual calculation, but only at the cost of 
losing the assumed constancy of C and x,(O) and 
hence loss of insight into the mechanism. 

The rate of attainment of a steady potential in the 
5 x 10m5M potassium bromide solution is different 
for various stirring rates (Fig. 4a). By extrapolation 
of 10~‘)Is as a function of l/d (Fig 4b) it can be 
shown that &co), i.e., the potential response after a 
sufficiently long time t(co), differs by even more than 
10 mV, thus also influencing the limit of detection. 

This discussion may also lead to some practical 
analytical consequences. In solutions stirred at a 
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constant but relatively high rate, the limit of detection 
for the primary ion can be improved. On the other 
hand, measurements in the presence of interferents 
with K,,B 1 are less affected by interference when the 
solution is not stirred. 

Acknowledgements-The authors are greatly indebted to 
8. 

Dr. Daniel Ammann and Dr. Urs Oesch (ETH, Zurich) for 
9 
’ 

fruitful discussions and to Miss Gabriela Suter (ETH, 
Zurich) for performing the gel permeation chromatography. 

16 
’ 

This research was partially supported by projects 11. 
MR-I-32 and CPBP-OI-17. 

REFERENCES 12. 
13. 

1. H. Freiser (ed.), Ion-selective Electrodes in Analytical 
Chemistry, Plenum Press, New York, 1978. . 14. 

2. W. E. Morf. The Princinles of Ion-selective Electrodes 
and of Membrane Transport, “Akadtmiai Kiado, Bud- 
apest; Elsevier, Amsterdam, 198 1. 

3. N. Kamo, N. Hazemoto and Y. Kobatake, Talanta, 15. 
1977,24, 111. 

N. Kamo, Y. Kobatake and K. Tsuda, ibid., 1980, 27, 
205. 
D. Midgley, Anal. Chem., 1977, 49, 1211. 
S. Kihara and Z. Yoshida, Talanta, 1984, 31, 789. 
T. Kakiuchi and M. Senda, Bull. Chem. Sot. Japan, 
1984, 57, 1801. 
T. Kakiuchi, I. Obi and M. Senda, ibid., 1985,!%, 1636. 
A. Hulanicki and Z. Augustowska, Anal. Chim. Acfa, 
1975, 78, 261. 
A. Hulanicki and R. Lewandowski, Chem. Anal. War- 
saw, 1974, 19, 53. 
A. Jyo and N. Ishibashi, private communication in ref. 
2, p. 262. 
N. Ishibashi and A. Jyo, Microchem. J., 1973, 18, 220. 
N. Ishibashi, H. Kohara and N. Uemura, Eunseki 
Kagaku, 1972, 21, 1072. 
P. C. Meier, D. Ammann, W. E. Morf and W. Simon, 
in Medical and Biological Applications of Electro- 
chemical Devices, J. Koryta (ed.) Wiley, Chichester, 
1980. 
D. Ammann, Ion -Selective Microelectrodes, Springer- 
Verlag, Berlin, 1986. 



T&wa, Vol. 35, No. 4, pp. 287-292, 1988 ~39-91~/88 $3.00 + 0.00 
Printed in Great Britain. AI1 rights reserved Copyright IQ 1988 F’ergamon Press pk 

,MEASUREMENT OF NANOMOLAR LEVELS OF 
PSYCHOACTIVE DRUGS IN URINE BY ADSOR~IVE 

STRIPPING VOLTAMMETRY 

LUCAS HERNANDEZ, ANTONIO ZAPARDIEL, JOSE ANTONIO PEREZ LOPEZ 

and ESPERANZA BERMEJO 
Department of Chemistry, Autonoma University, 28049 Madrid, Spain 

(Received IO August 1987. Accepted 30 October 1987) 

Summary-Adsorptive stripping voltammetry was used to determine nanomolar levels of the benxo- 
diaxepines pinaxepam, camazepam, bromazepam and thienodiaxepine (BrTDO) in urine. Measurements 
were made by differential pulse voltammetry at a hanghtg mercury drop electrode. The influences of 
various operational conditions on the stripping response were examined. The optimum adulation 
potentials and accumulation times were -0.40 V and up to 60 set for pinaxepam, -0.60 V and up to 
40 set for camaxepam, -0.40 V and up to 30 set for bromazepam and -0.60 V and up to 60 set for 
BrTDO, respectively. The effects of various urine components on the voltammetric response were also 
studied, and preliminary separation of the drugs was found necessary because of interference by creatinine 
and uric acid. The proposed method is appropriate for the determination of the four drugs in urine up 
to the 1000 ng/ml level with short accumulation periods (lo-60 set). The relative standard deviation for 
the 500 ng/ml level of the drugs in urine (30-see accumulation) was less than 3%. 

Benzodiazepines are a group of drugs primarily 
used as anxiolytics and hypnotics. Administration is 
usually oral, absorption varies from 0.5 to 6 hr, 
depending on the compound, and excretion takes 
place through the kidney. The extensive use made 
nowadays of benzodiazepine derivaties calls for con- 
trol of such compounds in biological fluids since, 
despite having a wide therapeutic margin, they are 
not completely free from contraindications and ad- 
verse side-effects. Dose adjustment, toxicological 
control and evaluation of the interferences of these 
drugs in other laboratory analyses are all factors that 
justify the need for such determinations. Urine is 
widely analysed as an aid to diagnosis and to check 
the treatments prescribed for various diseases, be- 
cause it provides relevant information on metabolic 
disorders, drug overuse and identi~cation of toxico- 
logical states, and offers the great advantage of being 
the only practical laboratory sample available for 
diagnosing the severity of certain types of poisoning. 
Many drugs, including the benzodiazepines, interfere 
with common laboratory analyses, giving false read- 
ings for barbiturates, alkaloids, corticosteroids, 
glucose, etc. Knowledge of their presence in urine is 
therefore important if wrong results and mistaken 
diagnoses are to be avoided. 

Adsorptive stripping voltammetry is a relatively 
recent technique that has proved sensitive for the 
determination of a great number of pharmaceutical 
compounds that can be adsorbed at an electrode 
surface. The technique uses controlled interfacial 
accumulation of the analyte on the working electrode 
as a preconcentration step before the voltammetric 
measurement of the surface-bound species. Pro- 

cedures for determining important drugs, at down to 
10-‘O-lO-gM levels, have been reported for cardiac 
glycosides,’ tetracyclines,’ tricyclic antidepressants,3 
streptomycinP nitrazepam and diazepam,5 dilti- 
azem,6 antit~our agents,7-9 benzodiazepines and 
thienodiazepines in human serum,‘“,” and many 
other drugs.*2*‘3 

Gas and liquid chromatography, thin-layer chro- 
matography and HPLC with different detectors are 
the techniques most frequently used for detection and 
dete~ination of the drugs under study in biological 
fluids.‘O*l’ Voltammetric and polarographic methods, 
usually differential pulse polarography, have also 
been described, but are generally not sensitive 
enough~~~.‘1,14,15 

In the present work the determination of benzo- 
diazepines and thien~~epines in urine was studied 
by adsorptive stripping voltammetry. Nanomolar 
levels of pinazepam, camazepam, bromazepam and 
BrTDO in urine can be measured after controlled 
analyte accumulation at the hanging mercury drop 
electrode. The structures of the drugs used are shown 
in Fig. 1. Conditions for enhancing the surface 
concent~tion of the drugs have been carefully opti- 
mized. In addition to the analytical utility of the 
study, the interfacial redox data Found can offer a 
better understanding of the drugs’ activity in urine. 

EXPERIMENTAL 

To allow complete automation of the stripping procedure 
a Metrohm 646 VA processor. together with a 647 VA stand 
was chosen. The hanging me&a drop electrode used was 
a multimode type (Metrohm 6.1246.020), and the surface 
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Fig. I. Structures of the drugs: (A) pinazepam, (B) camazepam, (C) bromazepam and (D) BrTDO. 

area of the drop was 0.60 mm2. The auxiliary electrode was 
a glassy-carbon rod (2 x 65 mm) and an Ag/AgC1/3M KC1 
reference electrode was used. The solution was stirred with 
a built-in rotor. All measurements were performed at room 
temperature and all potentials are expressed with respect to 
the Ag/AgC1/3M KC1 electrode. 

Reagents 

Stock solutions (1.00 x lo-‘M) of pure pinazepam 
(Zambeletti), camazepam (Farmasimes), bromazepam and 
BrTDO (Roche) were prepared by dissolving the com- 
pounds in methanol. The solutions were stored in the dark 
under refrigeration to minimize the risk of decomposition; 
1.00 x 10-SM solutions were prepared daily from the stock 
solutions. 

The supporting electrolytes were B&ton-Robinson, acet- 
ate and phosphate buffers, of different ionic strengths. All 
chemicals were analytical-reagent grade (Merck). Aqueous 
solutions were prepared in purified water (Milli Q and Milli 
Ro, Millipore). Urine samples from five human subjects 
were combined for use. 

Procedures 

Treatment of urine samples. A Waters Associates Sep-pak 
C,, cartridge was activated with 5 ml of methanol and rinsed 
twice with 3 ml of water. The cartridge was then buffered 
at pH 7.0 with 2 ml of 0.04M Britton-Robinson buffer (for 
bromazepam, pinaxepam and BrTDO) or at pH 9.2 with 2 
ml of O.OlM sodium tetraborate (for camazepam), after 
which the drug was separated by passing 1 ml of urine 
(containing lO&lOOO ng of the drug) through the cartridge, 
where the drug was retained. The cartridge was washed with 
4 ml of a methanol/water mixture (1: 3 v/v) and then rinsed 
with 2 ml of water. The drugs were eluted with two 2-ml 
portions of diethyl ether and the combined eluent was 
evaporated under a stream of nitrogen. The resultant resi- 
due was dissolved in 200 ~1 of methanol and diluted to 25 
ml with B&ton-Robinson buffer of pH 4.0 (for pinaxepam), 
or pH 5.0 (for bromazepam and BrTDO) or with acetate 
buffer of pH 5.0 (for camaxepam). The solutions thus 
obtained were ready for voltammetric analysis. 

Ahorptive stripping vohmmetry. Adequate deoxy- 
genation was obtained by passing nitrogen through the 
solution for 10 min before the initial cycle and for 30 set 
before each successive cycle. The accumulation potential 
appropriate for each drug was applied to the working 
electrode (HMDE) while the solution was continuously 
stirred. After a IO-set rest-time a scan towards more nega- 
tive potentials was initiated for differential pulse voltam- 
metry (pulse amplitude 70 mV and scan-rate 20 mV/sec) or 
by linear scan voltammetry (scan-rate 40 mV/sec) and the 
corresponding voltamperograms were recorded. 

RESULTS AND DISCUSSION 

The electrochemical studies conducted on the 
drugs under consideration indicate that adsorption 
takes place on the electrode surface during the drug 
reduction. This adsorption can be used as an effec- 
tive preconcentration step prior to voltammetric 
measurement. 

Figure 2 shows repetitive cyclic voltamperograms 
for 1.06 x lo-‘M camazepam in 0.04M acetate buffer 
at pH 5.0 and for 1.28 x lo-‘M bromazepam in 
0.04M B&ton-Robinson buffer at pH 5.0. 

When the solutions were stirred for 180 set at 
-0.60 V for camazepam and 90 set at -0.40 V for 
bromazepam before the cyclic potential scans were 
started, only one irreversible cathodic peak, at -0.93 
V for camazepam and at -0.58 V for bromazepam, 
was observed in the first scan (marked 1 in Fig. 2). 
Similar peaks were obtained for pinazepam at -0.81 
V and BrTDO at -0.89 V, but they are not shown 
in the figure. Such peaks can be attributed to the 
reduction of the azomethine group of the adsorbed 
species. The second and third scans (marked 2 and 3 
in Fig. 2) showed a drastic reduction in the heights 
of the cathodic peaks, with a slight shift towards 
more positive values, which is an indication of the 
quick desorption of the product from’the electrode 
surface. Subsequent scans also gave the same re- 
sponse, the peak being smaller by a factor of 36.5 for 
camazepam and 35 for bromazepam than that ob- 
tained in the initial scan. 

For the drugs under discussion, the voltammetric 
responses obtained with the linear scan and differ- 
ential pulse waveforms make it advisable to use the 
differential pulse stripping mode because, although 
the peak shapes are similar in both cases, the peak 
height is about 5 times greater. 

Figure 3 shows differential pulse voltamperograms 
for 1.21 x lo-‘M pinazepam, 1.06 x lo-‘M camaz- 
epam, 1.28 x 10-‘&I bromazepam and 8.13 x lo-‘M 
BrTDO, with accumulation times of 180, 180, 90 and 
480 set, respectively; the voltamperograms without 
accumulation are shown by broken lines. Short accu- 
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1 Fig. 2. Repetitive cyclic voltamperograms for: (A) 1.06 x lo-‘M camazepam in 0.04M acetate buffer at 
I 2H 5.0 (180 set at -0.60 V) and (B) 1.28 x lo-‘M bromazepam in 0.04M B&on-Robinson buffer at _ ._ __ _ .^ __. 

pH 5.0 (W set at --0.40 V). Scan-rate 40 mV/sec. 

mulation periods cause a substantial enhancement and -0.89 V for BrTDO. With the procedure above, 
in peak height under the conditions stated in Fig. 3 highly sensitive determinations of the compounds can 
(14 times higher for pinazepam, 15 for camazepam, be achieved by differential pulse adsorptive stripping 
13 for bromazepam and 33 for BrTDO). Well-defined voltammetry. 
stripping peaks were observed for all the compounds. Results in adsorptive stripping voltammetry are 
Stripping potentials were -0.85 V for pinazepam, often complicated by the presence of other substances 
-0.92 V for camazepam, -0.57 V for bromazepam capable of adsorption at the electrode surface, which 

Fig. 3. Differential-pulse adsorptive stripping voltamperograms: (A) 1.21 x lo-‘M pinazepam in 0.04M 
B&ton-Robinson buffer at pH 4.0 (180 set at -0.55 V), (B) 1.06 x lo-‘M camazpam in 0.04M acetate 
buffer at pH 5.0 (180 set at -0.60 V), (C) 1.28 x lo-‘M bromazepam in 0.04M Britton-Robinson buffer 
at pH 5.0 (90 set at -0.40 V) and (D) 8.13 x 10-*&f BrTDO in 0.04M Britton-Robinson buffer at pH 
5.0 (480 set at -0.60 V). Scan-rate 20 mV/sec; pulse amplitude 70 mV. The broken line represents the 

voltamperograms obtained without accumulation. 
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concentration @g/ml) 

Fig. 4. Effects of various mine components on stripping 
peak current for 5.34 x lo-*M camazepam, with 30 set 
accumulation time at -0.60 V: (A) creatinine, (B) uric acid, 
(C) albumin and (D) glucose. Other conditions as in Fig. 3. 

prevent the analytes from being adsorbed. For that 
reason, a study was made of the influence of various 
urine components on the stripping peak currents of 
the drugs. The following urine constituents were 
selected: creatinine (60 pg/ml), glucose (4 fig/ml), 
albumin (3.2 pg/ml), uric acid (32 pg/ml), urea (1200 
pg/ml), phosphate (40 pg/ml), chloride (284 pg/ml), 

Figure 4 shows the variation of the ratio between 
the peak current for camazepam after addition of a 
certain amount of each urine constituent and that 

potassium (125 pg/ml) and lead (4 pg/ml). The 

in the absence of the constituent. The presence of 

concentrations in brackets correspond to average 

creatinine and uric acid at concentrations of 9 and 
34 pgg/ml, respectively, lowered the voltammetric 

values in the urine of healthy subjects, allowing for 

response by 50% and at normal concentrations 
caused it to disappear almost entirely. Albumin and 

the 1:25 dilution for analysis adopted throughout 

glucose at the low levels at which they are usually 
present in urine lower the signal only by 3 and 2%, 

this work. 

respectively, causing almost no interference. It has 
also been proved that there is no interference from 
phosphate, chloride, potassium, lead and urea (not 
shown in Fig. 4) in amounts at least 4 times higher 
than those usually found in urine. The effect on the 
remaining drugs is similar to that on camazepam. The 
interferences caused by creatinine and uric acid neces- 
sitate the pretreatment of urine samples to isolate the 
drugs of interest. 

For determination of the drugs in urine and opti- 
mization of the accumulation conditions, several 
factors must be investigated: nature of the solvent, 
ionic strength, mass transport, pH, potential and 
time. Some of these, and also some instrumental 
conditions, directly affect the voltammetric response, 
mainly the shape and reproducibility of the waves. 

The effect of the pH and ionic strength of the 
electrolyte used was studied with different electrolytes 

10 20 30 40 50 so 70 
ta (set) 

J 

Fig. 5. Influence of accumulation time on voltamperogram 
peak current for drugs in urine: (A) pinazepam (661 ng/ml), 
(B) camazepam (700 ng/ml), (C) bromazepam (711 ng/ml) 
and (D) BrTDO (728 ng/ml). Other conditions as in Fig. 3. 

(Britton-Robinson, acetate and phosphate buffers 
of different pH and ionic strength) to find the 
best conditions for obtaining the corresponding volt- 
amperograms. The results showed that even though 
voltamperograms could be obtained for all four 
compounds with all the electrolytes tested, the largest 

The influence of accumulation time on peak cur- 
rent was studied, with the results for drugs in urine 

peaks were obtained with 0.04M acetate buffer @H 

shown in Fig. 5. An initial region of linear de- 

5.0) for camazepam, 0.04M B&ton-Robinson buffer 
(pH 5.0) for bromazepam and BrTDO and 0.04M 
B&ton-Robinson buffer (pH 4.0) for pinazepam. 
These optimal drug-buffer combinations were used 
for the rest of the study. 

60 B P.-c---*-*__, 

I I 
-0.2 -0.4 -06 -08 

E (I’) 

Fig. 6. Influence of accumulation potential on stripping 
peak current for drugs in urine: (A) pinazepam (944 ng/ml), 
(B) carnazepam (1000 ng/ml), (C) bromazepam (1016 ng/ml) 
and (D) BrTDO (1040 ng/ml). Accumulation time 30 sec. 

Other conditions as in Fig. 3. 
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Fig. 7. Stripping peaks for different concentrations of (A) pinazepam (t. = 30 set), (B) camazepam (r. = 30 
set), (C) bromazepam (t. = 10 set) and (D) BrTDO (r. = 60 set): (1) without drugs; (2) 283,200,203 and 
208; (3) 472,400, 406 and 520; (4) 661, 500, 610 and 728; and (5) 944, 700, 813 and 1040 ng per ml or 

urine, respectively. Other conditions as in Fig. 3. 

-0.40 V -a60 V -a40 v -CEOV 

pendence between Peak current and accumulation 
time can be observed up to 30 set (slope 0.53 nA/sec) 
for 661 ng/ml pinazepam, up to 10 set (slope 1.80 
nA/sec) for 700 ng/ml camazepam, up to 15 set (slope 
1.10 nA/sec) for 7 11 ng/ml bromazepam and up to 40 
set (slope 0.59 nA/sec) for 728 ng/ml BrTDO. 

The results indicated the maximum accumulation 
times for drug concentrations up to 1000 ng/ml in 
urine to be 60 set for pinazepam and BrTDO, 30 set 
for bromazepam and 40 set for camazepam. 

The influence of accumulation potential on strip- 
ping peak current was studied at potentials between 
0.0 and -0.75 V for the four compounds. Figure 6 
gives the results obtained and allows determination 
of the optimum accumulation potentials as -0.40 V 
for bromazepam and pinazepam and -0.60 V for 
BrTDO and camazepam. 

The instrumental conditions that can affect volt- 
ammetric measurement-rest-time, drop size, stirring 
speed, pulse amplitude, scan-rate and pulse 
repetition-were all studied. The peak current re- 
mained constant when rest-times of O-15 set were 
used; a value of 10 set was used in the rest of the 
study. For the remaining conditions, the optimum 
values were: 1920 rpm stirring speed, drop size (sur- 
face area) 0.60 mm2, pulse amplitude 70 mV, scan- 
rate 20 mV/sec and pulse repetition 0.4 sec. 

Under the above-mentioned conditions, cali- 
bration plots were obtained for each of the four 
drugs. Table 1 summarizes the results obtained for 
different accumulation times, including character- 
istics of calibration plots, detection limits (estimated 
as the concentration corresponding to a signal to 
noise ratio of 3) and recovery tests. 

Table 1. Results obtained for the determination of pinazepam, camazepam, bromazepam and BrTDO in urine at 
accumulation potentials of -0.40, -0.60, -0.40 and -0.60 V. resoectivelv 

Accumulation time, set 

Drug Parameter 10 20 30 40 60 

Pinazepam Sensitivity, nA.ml.ng-’ 0.015 0.024 0.031 0.039 0.047 
(recovery 8992%) Correlation coefficient 0.9998 0.9997 0.9992 0.9996 0.9996 

Detection limit, ng/ml 50 30 25 20 15 
Linear response, ng/ml 2Of-1000 20&1000 100-1000 100-1000 loo-700 

Camazepam Sensitivity, nA.ml.ng-’ 0.040 0.060 0.068 0.079 - 

(recovery 8993%) Correlation coefficient 0.990 0.991 0.992 0.995 
Detection limit, ng/ml 25 20 15 10 - 

Linear ng/mf response, 200-1000 100-1000 IOf-1000 loo-1000 - 

Bromazepam Sensitivity, nA. ml. ng -’ 0.026 0.035 0.041 - 
(recovery 92-96%) Correlation coefficient 0.9996 0.998 0.997 r - 

Detection limit, ng/ml 30 25 20 - - 
Linear ng/ml response, 100-1000 100-1000 100-1000 - - 

BrTDO Sensitivity, nA ml. -’ ng 0.022 0.030 0.038 0.050 

(recovery g&92%) Correlation coefficient - 0.998 0.998 0.9991 0.9992 
Detection limit, ng/ml - 45 30 25 20 
Linear response, ng/ml - 100-1000 loo-1000 100-1000 100-1000 
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The procedure described allows determination 2. J. Wang, T. Peng and M. S. Lin, Bioelectrochem. 
of the drugs in urine in the range 100-1000 ng/ml, Bioenerg., 1986, 15, 147. 

with sensitivities of 0.0 150.079 nA . ml. ng -’ 3. J. Wang, M. Bonakdar and C. Morgan, Anal. Chem., 

(r = 0.990-0.9998). The mean relative errors are less 
1986, 58, 1024. 

than 5.5%, the determination limits between 40 and 
4. J. Wang and J. S. Mahmoud, Anal. Chim. Acta, 1986, 

186.31. 

170 ng/ml in urine, and recoveries in the range 
89-96%. The method, moreover, is quick and fairly 
reproducible (relative standard deviations typically 
less than 3% for ten 500~ng/ml samples). 

If necessary, higher amounts of the drugs can be 
determined by taking smaller volumes of sample. The 
standard addition method could also be used in the 
concentration range in which the response is linear. 

Acknowledgement-The authors wish to thank CAICYT for 
financial support for this project (No. 2077-83). 
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Summary-The optimum conditions for formation of Er-PAN and Pr-PAN complexes in micelles of 
TX-100 are described, and methods proposed for s~trophotomet~c destination of the two elements. 
The molar absorptivities were 5.0 x 1041.mole-‘.cm-’ for Er and 4.6 x ltil.mole-‘.cm-’ for Pr. A 
simple method is proposed for simultaneous determination of Er and Pr without previous separation, 
based on a micellar masking process. 

For several years, the use of micellar media of tertiary 
metal~hromoph~re-surfactant systems has been a 
common practice in the spectrophotometric deter- 
mination of metal ions, with a view to enhancing 
sensitivity and/or selectivity.‘-’ The solubilizing 
power of micellar systems has allowed investigators 
to speed up and simplify many common analytical 
procedures when the chromophore or chelate formed 
is insoluble or only slightly soluble in water, thus 
avoiding costly and tedious extractions and allowing 
determination in homogeneous medium.5,6 

The growing importance of the rare-earth elements 
in advanced engineering and ~gh-technolo~ 
ceramics’-9 and in special glasses has made it neces- 
sary to develop simple and rapid analytical methods 
for determining traces of these elements. 

I-(2-Pyridylazo)-2-naphthol (PAN) has been 
widely employed both for the spectrophotometric 
determination of trace elements” and for the extrac- 
tion and separation of l~thanides.‘i-‘3 However, 
since the chelates obtained are insoluble in water, 
they are usually made in aqueous alcohol media or 
extracted into non-polar solvents,‘1*‘4q1s 

In the present work we describe the spec- 
trophotometric behaviour of the Er-PAN and 
Pr-PAN systems solubilized in micelles of TX-100. 
A method is also proposed for the simultaneous 
determination of Er and Pr without their previous 
separation. 

Reagents 

EXPERIMENTAL 

Standard solutions of Er and Pr were prepared by dis- 
solution of suitable amounts of the oxides (99.9% pure, 
Sigma) in small volumes of concentrated hydrochloric acid, 

*Author for correspondence. 

followed by dilution with distilled water. The 4 x 10e3iM 
solution of PAN (Merck, 99% pure) was prepared by 
dissolving 0.100 g in 100 ml of absolute ethanol. Aqueous 
solutions of octvlohenol polv(ethvleneslvcoll ether m- 100. 
Merck) (100 gh.j, and t&(h$droxym~tihylj aminimethand 
(tris) (IM) and boric acid/borate (0.20M) buffer solutions 
were also prepared. 

Apparatus 
A Varian Tech&on spectrophotometer model 635 with a 

Radiometer Rec.61 recorder and l.O-cm optical path 
cuvettes was used. The pH values were measured with a 
pHM 51 pH-meter. 

General procedure 
For calibration for the individual elements, add to 5.0 ml 

of buffer solution, in the following order, x ml of 4 x W3AJ 
PAN (5.0 ml for Er and 10.0 ml for Pr), a sufficient amount 
of TX-100 for the TX-!OO/PAN w/w ratio to be 100 for Er 
and 75 for Pr, and various amounts of the element of 
interest, and let stand for 30 min. Measure the absorbance 
at 535 nm against a blank. Analyse samples containing 
either Er or Pr (but nor both), by the same procedure. 

For sim~~eous dete~nations, obtain the sum of Er 
and Pr by measuring the absorbance at 535 nm in a medium 
buffered at pH 9.2 (boric acid/borate) and a TX-lOO/PAN 
w/w ratio of 75. To determine Er in the presence of Pr buffer 
the medium at pH 7.6 (tris buffer) and make the TX- 
lOO/PAN w/w ratio 50. In both cases measure the absorb- 
ance at 535 nm after 30 min. 

RESULTS AND DISCUSSION 

Absorption spectra 

Figure 1 shows the absorption spectra of the 
Er-PAN and Pr-PAN systems in 0.02&f boric acid 
borate medium (pH 9.2) in the presence (-) and 
absence of TX-100 (- - -) following extraction of the 
chelates into diethyl ether, which according to 
Shibata” is the most suitable medium for the individ- 
ual determination of these elements. For both Er and 
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Fig. 1. Absorption spectra of Er-PAN (a) and Pr-PAN (b): 
(-) in the presence of TX-100; (---) extracts in diethyl 
ether. (a) 8.0 x 10-6M Er, 8.0 x IOmSM PAN, 0.10 g/mg 
TX-W/PAN. (b) 8.0 x 10-6MPr, 8.0 x 10-5MPAN, 0.075 

g/mg TX- 1 OO/PAN. 

Pr the spectra obtained under the two sets of condi- 
tions were similar; Er exhibits two absorption max- 
ima at 535 and 560 nm and Pr shows a maximum at 
535 and a shoulder at 56Onm. However, it should be 
noted that the chelates are unstable in diethyl ether 
medium, particularly that of Pr. This is a drawback 
for analytical purposes. 

In the presence of micelles of TX-100, the behav- 
iour of both systems is modified: the absorbance 
increases with time until a constant value is reached, 
and the solutions are stable. 

It should be stressed that both the time needed for 
the colour to develop and the maximum absorbance 
reached do not depend, as is usually the case, on the 
total concentration of surfactant, but rather on the 
TX-lOO/PAN ratio; this is the starting point for the 
simultaneous determination of both elements, since 

0.25 0.50 0.75 

Triron X ?OO/PAN (g / mg 1 Triton X lOO/PA 

Fig. 2. Effect of TX-lOO/PAN ratio on the absorbance: Fig. 4. Variations of absorbance with time and TX- 
8.0 x 10-6M Er, 1.6 x IOvSM Pr, 8.0 x 10-‘&f PAN, 
pH = 9.2 (0.02M borate buffer), I = 535 nm, t = 30 min. 

lOO/PAN ratio. 1.6 x IOW5M Pr, 8.0 x 10e5M PAN, 
pH = 9.2 (0.02M borate buffer), 1 = 535 nm. 

Triton XlOO/PAN 

Fig. 3. Variations of absorbance with time and TX- 
lOO/PAN ratio: 8.0 x 10e6M Er, 8.0 x 10e5M PAN, 

pH = 9.2 (0.02M borate buffer), I = 535 nm. 

the Pr signal disappears as a result of micellar 
masking when the TX-lOO/PAN w/w ratio is greater 
than 50 (Fig. 2). The influence of the reaction time 
and TX-lOO/PAN ratio on the Er-PAN and Pr-PAN 
systems is shown in Figs. 3 and 4. 

The absorbance of the Er-PAN and Pr-PAN 
systems in the presence of TX-100 is strongly affected 
by the pH of the medium (Fig. 5); for both systems 
bell-shaped curves are obtained with plateaux at pH 
values between 7 and 9 for Er, and 8 and 10 for Pr. 
This difference could be utilized alone for deter- 
mination of both elements in the same solution, but 
in this work was used in conjunction with micellar 
masking of the Pr signal. 

The mole-ratio and slope-ratio methods show that 
the stoichiometry of both complexes is 1:3 
(Me:PAN). This ratio differs from the values re- 
ported by other authors. Shibata” found a stoichi- 
ometry of 1: 2 for the chelates extracted into diethyl 
ether; Czakis-Sulikowska et a1.‘2*‘3 found it to be 1: 1 
in several alcohol-water media, and Navratil16 found 
a ratio 1:4. However, Rao et al.17~‘* describe a 1: 3 
complex in 20% (v/v) ethanol. The different stoichi- 
ometry found for the chelates formed in micellar 
media can be ascribed to a rearrangement of the 
water molecules surrounding the metal ion, which 
would modify their co-ordination capacity. Similar 
effects have been reported by other authors.19 
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PH 

Fig. 5. Effect of pH on the absorbance: 8.0 x 10e6M Er and 
Pr, 8.0 x 10e5M PAN, 0.10 g/mg TX-lOO/PAN for Er and 

0.075 g/mg TX-lOO/PAN for Pr, Iz = 535 nm. 

Analytical characteristics of the individual deter- 
minations 

The Er-PAN system obeys Beer’s law up to 6.0 
pg/ml in the final solution, at 535 nm in buffered 
medium at pH 9.2 and in the presence of a TX- 
lOO/PAN w/w ratio of 100. For the Pr-PAN system, 
with a TX-loo/PAN w/w ratio of 75, and otherwise 
identical conditions Beer’s law is obeyed up to 5.5 
pg/ml. The detection limit (defined as the concen- 
trations equivalent to the blank plus three times its 
standard deviation) is 0.03 pg/ml for Er and Pr. 

Analytical characteristics of the simultaneous deter- 
minations 

The sum of Er and Pr was obtained by measuring 
the absorbance at 535 nm in a medium buffered at pH 

/ 
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Fig. 6. Calibration graphs: (-) Er; (---) Er +Pr 
(Pr/Er = 10); 0.075 g/mg TX-lOO/PAN, pH = 9.2 (0.02M 

borate buffer), rl = 535 nm. 

9.2 (boric acid/borate) and a TX-lOO/PAN w/w ratio 
of 75. For the determination of Er in the presence of 
Pr the TX-loo/PAN ratio and pH were optimized by 
the modified simplex method with final concen- 
trations of 4.0 x 10-6M Er and 4.0 x 10-5M Pr, 

and minimizing (AEr+ R - AEI)/AEr, (where A = 

absorbances, and found to be 75 and pH 7.2 re- 
spectively. 

Several later experiments showed that the condi- 
tions obtained were optimum if the final concen- 
tration of Er was less than 0.67 pg/ml that is, to a 
certain extent the optimum experimental conditions 
depend on the Er concentration. The system was thus 
reinvestigated, optimizing the variables one by one, 
the new optima1 values being pH 7.6, TX-loo/PAN 
ratio of 50, and reaction time 30 min. Under these 
conditions the Er-PAN-TX-100 system obeys Beer’s 
law for final concentrations up to 6.8 pg/ml. The 
amount of Pr was obtained by using the expression: 

CR= [A92 - .476~~r9J~~r,JI~r9~ 

where the numerical subscripts indicate the pH values 
at which the absorbances and molar absorptivities 
were obtained. 

For Er concentrations greater than 1.3 pg/ml, 
however, a certain anomaly may be seen when there 
is Pr in the solution: under the conditions in which 
the tertiary system Pr-PAN-TX-100 does not exhibit 
absorption, an increase in the signal of the 
Er-PAN-TX-100 system is observed (Fig. 6). This 
can be accounted for in terms of formation of a 
quaternary Er-Pr-PAN-TX-100 system (the molar 
absorptivity of which is greater than that of the 
Er-PAN-TX-100 system). The complex is formed 
only above a certain concentration of Er, since in the 
experiments detailed in Fig. 6, the Pr/Er ratio remains 
constant and equal to ten. The formation of this 
compound could easily explain the high errors re- 
ported in the literature for simultaneous deter- 
mination of lanthanides. 

Table 1 shows the results obtained in the deter- 
mination of 0.67 pg/ml Er in the presence of various 
concentrations of Pr. It may be seen that for Pr/Er 
ratios below 20, the error due to the presence of Pr 
is not very high (about 3%). Table 2 shows the results 
obtained in the simultaneous determination of both 

Table 1. Spectrophotometric de- 
termination of 0.67 pg/ml erbium 
with PAN in TX-100 micelles and 

the presence of praseodymium 

Pr added, Er found,* Recovery, 
&rglml pgglml % 

0.67 100 
0.67 0.67 100 
6.7 0.67 100 

13.4 0.69 103 
20.1 0.76 113 

*Mean value of three deter- 
minations. 1 535 nm, f 30 min. 
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Table 2. Simultaneous spectrophoto- 
metric determination of erbium and 

praseodymium 

Metal ions added, Metal ions found,* 
pgglml nglml 

Er Pr Er Pr 

1.0 0.28 0.99 0.27 
0.67 0.56 0.66 0.57 
0.33 0.85 0.31 0.87 

*Mean value of three determinations. 

Table 3. Spectroscopic characteristics of 
Ln-PAN-Triton X-100 systems* 

Lanthanide 
1, G 

nm 10’I.mole-‘.cm-’ 

Nd 
Sm 
Eu 
Gd 
Tb 
DY 
Ho 
Tm 
Yb 
Lu 

535 
535 4.9 
560 4.6 
535 
560 5.1 
560 5.3 
560 4.6 
560 4.9 
560 5.1 
560 4.9 

4.3 

4.3 

*Conditions: pH 9.2 (0.04M borate 
buffer), Triton X-lOO/PAN ratio 
100 w/w. 

lanthanides at varied but not very different concen- 
trations. 

Of the three forms of PAN in equilibrium 
(PANH:, PANH and PAN-) only the un-ionized 
form (PANH) is insoluble in water, though it dis- 
solves well in water-alcohol and dioxan-water mix- 
tures, and in ionic or non-ionic micelles. The mi- 
cellization induces modifications in the protonation 
and dissociation constants20s21 as a function of the 
concentration of surfactant in solution, However, 
since the dissociation constant, under our experi- 
mental conditions, should decrease (~Kincreased) the 
PAN must be present mainly in the undissociated 
form. Because the lanthanide would be present in the 
form of a hydroxo-complex, the complexing reaction 
may be expressed by: 

Ln (OH)L3-“)+ + 3 PANH 

$Ln(PAN), + 3H,O + (n - 3)OH- 

An experimental detail which should be noted is 
the decrease in the signal of both systems when the 
concentration of TX-100 is increased; the effect is 
more pronounced in the case of Pr. This could be 
accounted for by bearing in mind that an increase in 
the number of micelles would lead to a decrease in the 
concentration of the chromophore per micelle. Simi- 
lar findings have been reported by other authors.22,23 

The difference in the behaviour of Pr and Er as a 
function of the surfactant concentration can be re- 

lated to the higher formation constant of the 
Er-PAN system. 

Selectivity 

Under the working experimental conditions for 
both the individual and simultaneous determinations, 
all the other lanthanides interfere in that they form 
coloured chelates with absorption maxima at wave- 
lengths close to 535 nm (Table 3), and therefore must 
be absent. 

All the heavy elements also produce a positive or 
negative interference, according to the charge of their 
ions. This interference is eliminated by extraction of 
the corresponding diethyldithiocabamates from acid 
medium with a 1: 1 mixture of ethyl acetate and 
chloroform, into which the excess reagent is also 
extracted. The alkaline-earth and alkali metal cations 
do not interfere up to concentrations close to 0.01 
and 0. lM, respectively. 

Acknowledgement-The authors thank F. Becerro Domin- 
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Summary-A recent graphite-furnace atomic-absorption method for determining -0.2 pg/g or more of 
arsenic in ores, concentrates, rocks, soils and sediments, after separation from matrix elements by cyclo- 
hexane extraction of arsenic(II1) xanthate from u 8-1OM hydrochloric acid, has been modified to include 
an alternative hydride-generation atomic-absorption finish. After the extract has been washed with IOM 
hydr~hloric acid-2% thiourea solution to remove co-extracted copper and residual iron, arsenic(III) in 
the extract is oxidized to arsenic(V) with bromine solution in carbon tetrachloride and stripped into water. 
Following the removal of bromine by evaporation of the solution, arsenic is reduced to arsenic(II1) with 
potassium iodide in -4M hydrochloric acid and ultimately determined by hydride-generation atomic- 
absorption spectrometry at 193.7 nm, with sodium borohydride as reductant. Interference from gold, 
platinum and palladium, which are partly co-extracted as xanthates under the proposed conditions, is 
eliminated by complexing them with thio~mi~rba~de before the iodide reduction step. The detection 
limit for ores and related materials is _ 0.1 peg of arsenic per g. Results obtained by this method are 
compared with those obtained previously by the graphite-furnace method. 

The accurate determination of arsenic at trace and 
pg/g-levels in ores, concentrates, rocks, soils, process- 
ing products and related materials is important in 
many CANMET projects, including the Canadian 
Certified Reference Materials Project (CCRMP), and 
recently in this laboratory a relatively rapid graphite- 
furnace atomic-absorption spectrometric (GFAAS) 
method was developed for the dete~ination of 
-0.2 rig/g or more of arsenic in these materials.’ 
This method involves the preliminary separation of 
arsenic, after its reduction with titanium(III), from 
iron, lead, zinc, copper and other matrix elements by 
cyclohexane extraction of arsenic(II1) xanthate from 
-8-10M hydrochloric acid. After several washing 
steps to remove co-extracted copper, residual iron 
and chloride, arsenic is stripped from the extract 
with 16M nitric acid and ultimately determined by 
GFAAS in a 2% nitric acid-0.1% thiourea medium 
with palladium as matrix modifier. It was considered 
that, with an alternative stripping step involving 
bromine oxidation of arsenic(II1) in the extract 
followed by back-extraction into water, as described 
in an earlier method for arsenic based on xanthate 
extraction and a spectrophotometric molybdenum 
blue finish,2 this method could easily be modified 
to include a hydride-generation atomic-absorption 
(HGAAS) finish which would be very useful for 

Crown Copyright reserved. 

routine work. Results obtained for various reference 
materials by this modified method are compared with 
those obtained previously by the GFAAS method. 
An advantage of the proposed method for arsenic 
over many other HGAAS methods is that arsenic 
is separated from other interfering hydride-forming 
elements, oiz. lead, tin, bismuth, antimony, selenium 
and tellu~um. 

Apparatus 
EXPERIMENTAL 

A Varian-Techtron model AA6 spectrometer, equipped 
with a IO-cm laminar-flow air-acetylene burner and an 
arsenic hollow-cathode lamp, was used in this work. It was 
interfaced with a Varian model VGA-76 automated vapour- 
generation accessory, which features a continuous-flow 
design incorporating a peristaltic pump and is coupled with 
a flame-heated silica absorption cell. With this system, the 
sample solution, hydrochloric acid and sodium borohydride 
solution are pumped through a reaction or mixing coil and 
the arsine and other gaseous reaction products formed are 
then swept by means of a stream of nitrogen into a gas- 
liquid separator to remove liquid and water vapour. From 
there they are swept into the silica cell-heated by an air- 
acetylene flame-where the arsine is thermally decomposed 
and where, after a suitable delay period to allow the produc- 
tion of a steady-state atomic-absorption signal, the absorb- 
ance is integrated for a suitable time. A schematic diagram 
and a detailed description of the development of this 
accessory can be found elsewhere.3 The spectrometer and 
vapour generator were used under the following conditions. 

Wavelength: 193.7 nm 
Lamp current: 8 mA 
Spectral band-width: 0.5 nm 
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Air flowmeter reading: 6.5 (_ I1 l./min) 
Acetylene flowmeter reading: 3.0 (-2 l./min) 
Integration period for absorbance measurement: 

3 set after -40 set delay time 
Hydrochloric acid (10M) uptake rate: -. 1 ml/min 
Sodium borohydride solution uptake rate: _ 1 ml/min 
Sample solution uptake rate: -8 ml/min 
Nitrogen flow-rate: -90 ml/min 

Reagents 
Sodium borohydride, 0.4% solution containing - 0.5% 

sodium hydroxide. Store in a plastic bottle. Prepare a fresh 
solution every two days. 

Thiosemicarbazide solution, 2.5%. Dissolve 2.5 g of the 
reagent by heating with 100 ml of water containing 2 ml of 
concentrated hydrochloric acid. Cool and filter the solution 
into a plastic bottle. Prepare a fresh solution every three 
days. 

Potassium iodide (IO%bscorbic acid (1%) solution. 
Store in a plastic bottle. 

Hydrochloric acid, 1OM. Store in a plastic bottle. 
Doubly demineralized water was used throughout and 

lOO- and I-fig/ml arsenic solutions and all other solutions 
used in the extraction step were prepared as described 
previously.’ 

Calibration solutions 
Prepare 0.005, O.Ol-, 0.015 and 0.02~pg/ml arsenic solu- 

tions by adding 0.5, 1, 1.5 and 2 ml, respectively, of I-pg/ml 
standard arsenic solution to lOO-ml standard flasks. Dilute 
each solution to _ I5 ml with water, then add 10 ml of con- 
centrated hydrochloric acid and 4 ml of 2.5% thiosemi- 
carbazide solution and mix thoroughly. Add 1 ml of 10% 
potassium iodide-l % ascorbic acid solution, mix and allow 
the solutions to stand for -45 min to ensure the complete 
reduction of arsenic (Note 1). Add 10 ml more of concen- 
trated hydrochloric acid to each solution, then dilute to 
volume with water. Prepare a zero calibration solution in a 
similar manner (Note 2). 

Procedure 
After sample decomposition (including a blank) and the 

extraction of up to N 1 pg of arsenic, contained in a suitable 
aliquot of the initial 10M hydrochloric acid sample solution, 
as described previously,’ wash the extract once (or twice if 
necessary) with 5 ml of 1OM hydrochloric acid-2% thiourea 
solution, as described, to remove co-extracted copper. Drain 
off the acid phase, then add 3 ml of 20% bromine solution 
in carbon tetrachloride to the extract, stopper the funnel and 
mix thoroughly. Allow the solution to stand for -5 min to 
ensure the complete oxidation of arsenic(III) to arsenic(V), 
then add 5 ml of water and shake the funnel for -30 sec. 
Allow the layers to separate, then drain the aqueous phase 
into a loo-ml Teflon beaker. Wash the stem of the funnel 
with water and collect the washings in the beaker. Repeat 
the stripping step twice more, washing the stem of the funnel 
with water each time. 

Evaporate the resulting blank and sample solutions to 
_ 10 ml (Notes 3 and 4), then dilute them to _ 15 ml with 
water, add 10 ml of concentrated hydrochloric acid and 
proceed with the reduction of arsenic as described above, 
using half the volumes of thiosemicarbazide and potassium 
iodide solutions recommended for the calibration solutions. 
After the 45-min reduction period, transfer the resulting 
solutions, without further addition of concentrated hydro- 
chloric acid, to 50-ml standard flasks, then dilute them to 
volume with water and mix. 

Using the zero calibration solution to zero the spectrom- 
eter, measure the absorbance generated by the calibration 
solutions, followed by the blank and sample solutions (Note 
5) under the conditions described under “Apparatus”. 
Determine the arsenic concentration of both solutions either 
by reference to a graph plotted from the absorbance values 
obtained for the calibration solutions or calculate the 

concentrations from the values obtained for the calibration 
solutions that bracket the sample and blank concentrations 
(Note 6). Calculate the arsenic content of both solutions in 
ng and correct the result obtained for the sample solution 
by subtracting that obtained for the blank solution. 

Notes 

1. A standard arsenic solution prepared by dissolving 
arsenic(II1) oxide in sodium hydroxide solution as recom- 
mended previously’ may contain some arsenic(V) if it has 
stood for a considerable length of time, because arsenite is 
slowly oxidized by air to arsenate in an alkaline medium.4 
However, this will not cause problems in tests involving 
arsenic(III) as long as the test solution is taken through the 
reduction step. 

2. Although the calibration solutions become deep yellow 
on standing they are still stable for at least five days. 

3. At this point the solution should be colourless, 
indicating that all the bromine has been removed. If some 
remains it will interfere with the reduction of arsenic(V) 
to arsenic(II1) by iodide. This will produce a low result for 
arsenic. 

4. For samples of low arsenic content, a 25-ml final 
sample solution volume can be used, if desired, instead of 
50 ml as recommended in the procedure. However, in this 
case the solution should be evaporated to -7 or 8 ml, 
followed by the addition of 5 ml of concentrated hydro- 
chloric acid, 1 ml of thiosemicarbazide solution and 0.25 ml 
of potassium iodide-ascorbic acid solution for the reduction 
step. For samples of high arsenic content, a RIO-ml final 
volume can be used under the conditions described for the 
calibration solutions. 

5. If dilution is necessary, dilute suitable aliquots of both 
the blank and sample solutions with freshly prepared zero 
calibration solution and correct the result (ng of arsenic) 
obtained for the diluted sample solution by subtracting that 
obtained for the diluted blank solution. 

6. Although the calibration graph is not linear it was 
found that more accurate results, with minimal positive 
error, were obtained for arsenic if they were calculated on 
the basis of linearity between two calibration solutions that 
closely bracket the sample concentration. Much greater 
errors were obtained when calibration curves were used. 
This problem should not occur with the newer micro- 
processorcontrolled atomic-absorption spectrometers which 
feature direct concentration read-out with curve linearization. 

RESULTS AND DISCUSSION 

Stripping and HGAAS determination of arsenic 

Previously’ arsenic(II1) xanthate in the cyclo- 
hexane extract was oxidized with, and stripped into, 
16M nitric acid before the ultimate determination of 
arsenic by GFAAS. However, treatment of the ex- 
tract with bromine solution in carbon tetrachloride, 
followed by stripping of the arsenic into water as 
described in earlier work,* was considered advantage- 
ous for hydride-generation work because the residual 
bromine in the strip solution can be more quickly and 
efficiently removed by heating and evaporation of the 
solution than can nitric acid, which requires fuming 
of the solution with sulphuric or perchloric acid. 
Reduction of the resultant arsenic(V) to the tervalent 
state required for the hydride-generation step is 
readily accomplished by making the solution -4M 
in hydrochloric acid, adding potassium iodide and 
allowing -45 min for complete reduction.5s6 A 
potassium iodide concentration of -0.4% during the 
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reduction step was found to be adequate. As recom- 
mended by other investigators,3*6 using the same 
hydride-generation accessory, 10M hydrochloric acid 
and 0.6% sodium borohydride solution, which was 
confirmed to be the optimum concent~tion, were 
used in the acid and borohydride channels of the 
hydride-generator. Under these conditions, the final 
hydrochloric acid concentration of the sample 
solution, after the iodide reduction and dilution of 
the solution to volume with water, can vary from 
-0.5 to at least 1OM without affecting the sensitivity 
for arsenic. At the pumping rates specified, this 
corresponds to hydrochloric acid concentrations in 
the range N 1.4-9M during the arsine generation 
step. Other workers7-9 have also found that hydro- 
chloric acid concentrations > 1 M have no significant 
effect on the reaction. For convenience a final hydro- 
chloric acid con~ntration of 2M was chosen for the 
sample and calibration solutions in this work. 

Effect of diverse ions 

As found previously,’ platinum is slightly co- 
extracted and palladium and gold are largely co- 
extracted as xanthate complexes under the conditions, 
-g-lOM hydrochloric acid, used for the extraction 
of arsenic. Copper, which is also partly co-extracted, 
is largely removed from the extract by washing it 
with 10M hydrochloric acid containing thiourea. 
Although easily reducible elements such as these and 

the other platinum-group elements are known to 
interfere severely in the determination of arsenic by 
hydride-generation,” interference from these ele- 
ments can be eliminated or minimized by complexing 
them with ~ios~i~r~de.5,9*” Tests showed that, 
when 2ml of 2.5% ~io~rni~rba~de solution were 
added before the iodide reduction step, up to at least 
0.2 mg of gold, platinum and palladium and 2 mg of 
copper can be present individually in the final solu- 
tion (50 ml), or half these amounts of these elements 
can be present wllectively, without causing signifi- 
cant error in the result. However, as mentioned 
previously,’ these amounts of gold, platinum and 
palladium are considerably more than would be 
expected in the final sample solution on the basis of 
the largest sample taken and the largest aliquot used 
for extraction. Similarly, considerably less than 1 mg 
of copper wouid be present after the extract is washed 
as described above. Low results were obtained for 
arsenic in the presence of palladium and copper when 
the thiosemicarbaxide solution was added after the 
potassium iodide solution. Under these conditions 
palladium and copper form iodide complexes. 

Table 1 shows that the mean results obtained for 
arsenic in various CCRMP reference materials and 
in several National Research Council Canada and 
National Bureau of Standards marine and river 

Table I. Determination of arsenic in CCRMP and other reference ores, concentrates and related materials 

Sample* 

Certified value and 95% 
confidence limits, 

As, Mglg 

As found, fig/g 

GFAAS method? Proposed methodS 

CCU-1 Copper concentrate 
CCU-la Copper concentrate 
RL-I Uranium ore 
UTS-4 Uranium tailings 
SY-2 Syenite rock 
SY-3 Syenite rock 
MRG-1 Gabbro 
SO-l Regosolic soil 
SO-2 Podzolic soil 
SO-3 Calcareous C Horizon soil 
SO-4 Chemozemic A Horizon soil 
FER-I Iron formation rock 
FER-2 Iron formation rock 
FER3 Iron formation rock 
FER4 Iron formation rock 
NRCC MESS-l Marine sediment 
NRCC BCSS-1 Marine sediment 
NBS 1645’ River sediment 
NBS 1646 Estuarine sediment 

41.0 + 4.0 
53 + 5# 

19.6 & 1.1 
38.0 f 2.0 

177 
19ll 
0.q 

1.9 + 0.3” 
1.2 f 0.2” 
2.6 f O.l* 
7.1 & 0.7” 

5.9s 
l.8b 
l.lb 
3.4b 

10.6 f 1.2 
11.1 + 1.4 

66c 
11.6+ 1.3 

44.1 f 0.8 
48.7 f 0.7 # 
19.8 f 2.2 
39.6 f 2.6 
17.1 f 1.3 
17.9 * 1.1 
0.5, f 0.0, 
2.1 f0.3 
1.1 *to.1 
2.5 j: 0.2 
6.3 + 0.2 
5.9 & 0.4 
1.6 f 0.0 

0.8, f 0.0, 
2.9 + 0.1 

10.1 h 0.8 
10.5 f 0.4 
64.2 f 5.9 
10.4 + 0.7 

44.1 + 3.0 (5) 
48.6 + 1.4 (5) # 
21.5f0.4(4) 
40.5 + 1.8 (5) 
16.1 f 0.9 
17.9 f 1.7 
0.7, & 0.0, 
2.1 kO.2 
1.2 f 0.2 
2.4 + 0.3 
6.7 + 0.6 
6.0 + 0.5 (4) 
1.9 + 0.2 
1.1 f 0.1 
3.4 + 0.4 (4) 
9.8 i 0.7 

10.2 & 0.5 
69.9 + 3.4 (6) 
10.2 + 0.4 

*CCRMP reference materials except where indicated otherwise. Except for CCU-la nominal compositions are given in 
the previous work.’ The approximate percentage chemical composition of CCU-la is -27 Cu, -27 Fe, _ 3 Zn and 
-35 s. 

?Mean values and standard deviations obtained previously.’ 
$Mean and standard deviation for 3 values except where indicated otherwise in parentheses. 
~Consensus mean value (excluding gross outliers) obtained during the interla~rato~ certitication programme. 
# Mean of 5 results obtained by the authors during the interlaboratory certification programme. 
l/Most recent usable value.i2 
“CCRMP value given for information only (not certified). 
bMean value obtained during the interlaboratory programme.” 
Tentative value. 



300 ELSIE M. DONALDWN and MAUREEN E. LEAVER 

sediments are, in most cases, in good agreement with 
the certified values, with values given for information 
only or with the consensus mean or tentative values 
obtained during interlaboratory certification pro- 
grammes. Except for NBS 1645, they are also in 
excellent agreement with the results obtained pre- 
viously by the GFAAS method and with other re- 
ported values.’ Although the mean value obtained for 
NBS 1645 is slightly higher than the GFAAS value, 
it is still within the wide range of values (61-81 pg/g) 
reported by other workers.’ The mean result obtained 
for CCU-la, and which is at present undergoing 
certification by the CCRMP, which was not included 
in the previous work,’ is in excellent agreement with 
the mean GFAAS value obtained in this laboratory 
for certification purposes, but slightly lower than the 
current consensus mean value. In the present work, 
each of the individual results obtained for the refer- 
ence materials was the mean of 3 or 4 HGAAS runs 
involving duplicate measurements each time. 

The precision for arsenic by the proposed HGAAS 
method (Table 1) is comparable with that obtained 
by the GFAAS method. However, the practical 
detection limit, calculated as three times the amount 
of arsenic equivalent to the standard deviation of the 
reagent blank, based on a 50-ml aliquot (0.5 g) of 
sample solution taken through the extraction step, is 
-0.1 pg of arsenic per g. This is about half the limit 

found for the GFAAS method.’ The sensitivity or 
characteristic concentration is N 0.16 ng of arsenic 
per ml for 0.0044 absorbance. The reagent blank 
varied from -5 to 90 ng, depending on the size of 
the aliquot taken for extraction. This is comparable 
with the blanks obtained with the GFAAS method.’ 
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DETERMINATION OF Mo(V1) IN TAP-WATER 
AND SEA-WATER BY DIFFERENTIAL-PULSE 
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Summary-A new method is described for the microdetermination of MO(W) in natural waters and 
sea-water by differenti~-pan polarography based on the catalytic wave caused by MO(W) in nitrate 
medium following p~on~ntration by co-gotation on Fe@) hydroxide. In the case of sea-water samples, 
hexadecyltrimethylammonium bromide (HTAB) was used together with octadecylamine as the surfactant. 
For the analysis of natural water samples only HTAB is needed. Molybdenum in the range 0.7-5.7 ng/ml 
has been determined. 

It has been shown that the molybdate ion can be 
reduced ~larog~phically only at pH less than 6.‘,2 
Stern3 found that in acid solutions containing nitrate, 
a very large wave appeared, owing to a catalytic 
reduction process involving Mo(VI).+’ This wave was 
used by Lanza et aL8 in a procedure for the deter- 
mination of moly~enum in steel by differential-pulse 
polarography (DPP). 

Classical polarographic methods have not been 
used very much for the determination of trace ele- 
ments in sea-water, because the sensitivity is generally 
not good enough-stripping voltammetric methods 
are to be preferred.9 Prabhu et ~1.‘~ have used DPP 
following preconcentration by co-precipitation. 

Co-flotation is a technique which has received a 
great deal of attention in recent years”-I3 for sepa- 
rating and preconcentrating trace elements from 
natural waters, waste waters and sea-water. Kim and 
Zeitlini4 have determined molybdate in waters by 
co-flotation with Fe(II1) hydroxide, with sodium 
dodecylsulphate as surfactant, and spectrophoto- 
metric measurement. However, the combination of 
poiaro~aphy and flotation does not seem to have 
been used for the determination of trace metals. This 
approach should be very interesting because the high 
concentration factor obtained by flotation should 
make it possible to use the polarographic methods for 
determination of trace metals levels below the de- 
tection limits normally attainable by these tech- 
niques. The combination should also allow some 
interferences to be eliminated. 

The probable reason for earlier neglect of this 
combination of methods is that the surfactants 
needed in the flotation may suppress not only max- 
ima on polarographic waves, but even the waves 
themselves. 

This paper describes application of the combina- 

tion for the microdetermination of Mo(V1) in natural 
waters and sea-water by means of DPP, utilizing the 
cataiytic wave produced by Mo(V1) with nitrate, 
following preconcentration by co-flotation with 
Fe(II1) hydroxide by means of the surfactants hexa- 
decylt~methylammonium bromide and octadecyl- 
amine. 

EXPERIMENTAL 

Reagents 

All reagents used were of analytical grade, without further 
purification. The working solutions were prepared weekly 
by diluting aqueous stock solutions [lOtlO pg/ml No(W), 
0.05&f Fe(III), 4M ammonium nitrate, O.OOSM hexa- 
d~ylt~methyl~mon~um bromide (HTAB), SM nitric 
acid], and 3-g/l. ethanolic solution of octadecylamine (OA). 
Solutions of possible interfering ions and of several other 
surfactants were also prepared. Amberlite IR-120 resin 
(300-1000 pm) was used as the ion-exchanger. 

Apparatus 

The polarographic measurements were made with a Met- 
rohm E.506 polarograph, ES05 stand, EA427 Ag/AgCl 
reference electrode and EA285 platinum auxiliary electrode. 
All pH-m~s~ments were made with a Metrohm 654 
pH-meter. The flotation device used has been described 
previously.‘s~‘6 

Procedures 

Place 500 ml of the water sample in a 6Wml beaker, and 
add 1.0 ml of HTAB solution and 1.0 ml of OA solution. 
In another baker, precipitate Fe(II1) hydroxide by adding 
2.0 ml of 2M ammonia to 1.0 ml of 0.005M Fe(III), and 
transfer the precipitate to the beaker containing the water 
sample. Adjust the pH to 4.00 f 0.1 by careful addition of 
nitric acid, stirring the mixture for 17 min. Transfer the 
contents of the beaker quantitatively into the flotation 
column, already containing 2.0 ml of ethanol, and set the air 
flow-rate to 32 ml/min, to allow co-flotation to take place. 
After 5 min interrupt the air flow and discharge the solution 
in the column (mostly through the side-trap of the column, 
the remainder by suction through the sintered-glass plate 
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at the bottom of the column. Dissolve the precipitate with 
12 ml of 1.25M nitric acid then wash the column walls with 
more nitric acid, and dilute the combined solution and 
washings to 25 ml with distilled water. 

Pass this solution through a 2 x 20 cm column packed 
with Amberhte IR-120 resin, previously washed with 200 ml 
of 0.5M nitric acid, collecting the effluent in a %-ml 
standard flask containing 8.0 g of ammonium nitrate. Elute 
with OSM nitric acid, collecting the eluate in the same 
standard flask until the solution reaches the mark. 

Transfer some of the eluate to a polarographic cell, and 
analyse by DPP, with initial potential 0.0 V, drop-time 
0.6 set, scan-rate - 8.3 mV/sec, recorder sensitivity 1.5 
~/mm, mercury column height 57.0 cm, pulse amplitude 
- 50 mV. 

Determine the concentration of molybdenum by making 
standard additions of 1000 ng/ml MO(W) solution. 

Use the same procedure for natural waters and waste 
waters of low salinity, but with only HTAB as surfactant. 

RESULTS AND DISCUSSION 

The catalytic wave in saline medium 

A calibration curve was constructed by the method 
described by Lanza et al.: but with a medium 
containing 35 g of sodium chloride per litre. Under 
these conditions a well-defined peak with Ep - 0.13 V 
(Fig. 1) was obtained. The relationship between the 
Mo(V1) concentration and the intensity of the peak 
was a linear function of the molybdenum concen- 
tration in the range 0.01-10.0 pg/ml. 

The effect of, several surfactants on the polar- 
ographic behaviour was then investigated to find the 
most suitable from a polarographic point of view: 
these were then tested in the co-flotation process. The 
test solutions contained 1 mg of Mo(V1) and 35 g 
of sodium chloride per litre of 2M ammonium 
nitratejO.25M nitric acid. Increasing quantities of 
the surfactants HTAB, Triton X-100, Aliquat 336, 
~~yldimethyltetradecylammonium chloride (zefir- 
amine): sodium oleate, tetramethylammonium bro- 
mide and octadecylamine were tried, and changes in 
peak potential and peak height were noted for DPP 
and of the half-wave potential for d.c. polarography. 
The results obtained for peak height are shown in 
Fig. 2. 

The half-wave potential was shifted to more nega- 
tive values by HTAB concentrations above 125 mg/l. 
The same effect was observed for more than 12 mg/l. 
Triton X-100. Zetiramine, sodium oleate and Aliquat 
336 produced precipitates in the medium, which 
caused osciilations of the polarographic current, 
making measurements difficult. Octadecylamine also 
caused turbidity in the solution but the polarographic 
determination was not affected until the surfactant 
concentration exceeded 120 mg/l. Such observations, 
and the results given in Fig. 2, indicated that HTAB 
would be the most convenient surfactant because it 
did not affect the polarography and was excellent in 
the co-flotation process for solutions of low salinity.” 
In solutions of high salinity, it proved necessary to 
add octadecylamine as well. 

I 0.015&A 
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Fig. 1. DPP peak corresponding to a sea-water sample 
(h, , unspiked sample; h,, sample spiked with 2.0 ng/ml MO; 

b blank). 

Next, a systematic study was made of possible 
interferences in presence of HTAB. Different cationic 
and anionic species were selected either because they 
could form complexes with Mo(V1) or because they 
are normally present in natural waters or sea-water. 

I I I I I I 
50 100 I!50 200 250 

Surf&ant concentration ( ppm) 

Fig. 2. Variation in DPP peak intensity for Mo(VI) deter- 
mination, as a function of the nature and quantity of 
surfactant added (I, HTAB; 2, Triton X-100; 3, Aliquat 336; 
4, zefiramine; 5, sodium oleate; 6, tetramethylammonium 

bromide; 7, octadecylamine). 
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Table 1. Study of interferences in the polarographic 
determination of molybdenum (interference positive 

if an error exceeding +3% is observed) 

Concentration 
Species Interference ratio, ion : MO(W) 

Cu(I1) + >OS:l 
Pb(I1) loo:1 
Cd(I1) - loo:1 
Zn(I1) - 1OO:l 
Ni(I1) - 1OO:l 
Co(I1) - 100: 1 
I-WI) - 1OO:l 
Mn(I1) + >O.S:l 
Mg(II) + >l:l 
Fe(II1) + >100:1 
WW - 1OO:l 
bromide - 1OOO:l 
iodide + >5:1 
nitrite - 1oO:l 
phosphate - 15OO:l 
oxalate - loo:1 
tartrate - loo:1 

The results are shown in Table 1. In each case the 
concentration range studied was determined by the 
interferent:analyte ratio usually found in sea-water. 
Cu(II), Mn(II), MgZf and iodide interfered seriously. 
Fe(II1) caused ‘an appreciable reduction in peak 
height when present at Z IOO-fold ratio to Mo(V1) 
but it was still possible to measure the Mo(V1) 
quantitatively by the standard-additions method, up 
to an Fe(II1): MO(W) ratio of 200: 1. These inter- 
ferences and the sensitivity levels achieved made it 
evident that the polarographic method could not be 
used directly for sea-water, and that a precon- 
centration would be essential to improve the sensi- 
tivity and eliminate the interferences. 

Co-flotation 

The preconcentration step was optimized in two 
stages. In the first, synthetic samples containing 
5 mg/l. Mo(V1) were used because it was then easier 
to monitor the kinetics and the yield of the process 
by measurement of the residual Mo(V1) in the bulk 
solution at different times during the co-flotation. 
Once optimum conditions had been found in this 
way, the second stage was commenced, in which the 
co-floated molybdenum was determined polarogra- 
phically, its initial concentration being progressively 
reduced until ng/ml levels were reached. The opti- 
mum conditions obtained in the first stage served 

only as a guide in the second stage, because the 
Mo(VI):co-precipitant and Mo(VI):surfactant ratios 
were very different in the two series of experiments. 

Natural and low-salinity waters 

HTAB was used as the surfactant and Fe(II1) 
hydroxide as the co-precipitant (because this was the 
most commonly used co-precipitant in co-flotation 
procedures16s1’ and is convenient because its colour 
can be used for monitoring the flotation). An initial 
pH of 4.0 was used for the co-flotation, to eliminate 
most interferences. [The optimum pH-range for co- 
flotation of Cu(I1) with Fe(II1) hydroxide is >7,‘* 
and Mn(I1) is floated as the hydroxide by 
dodecylsulphate” at pH 11.5; neither Mn(I1) nor 
iodide seems to be floated at this pH.zo,2’] Moreover, 
colloidal Fe(II1) hydroxide has maximum positive 
charge at this pH and is capable of quantitatively 
adsorbing the anionic Mo(V1) present in solution, at 
pH > 1.0.” 

The experimental conditions were optimized by 
means of the simplex program COFLOT.22 The air 
flow-rate, co-precipitant and surfactant concen- 
trations, pH and induction time were the variables. 
Table 2 gives the initial simplex for this investigation. 
For samples containing Mo(V1) at the pg/ml level the 
optimum set of values, obtained after 21 experiments, 
was air flow-rate 32 ml/min, co-precipitant 2.26 ml of 
0.05M Fe(III), surfactant 2.46 ml of O.OOSM BHTA, 
pH 3.75, induction time 17 min. 

Further experiments were then performed for fine 
adjustment of the operating conditions, starting with 
those provided by COFLOT, and confirmed the 
optimal ranges yielded by the program. These experi- 
ments also showed that the co-flotation was initially 
faster when the gas flow in the column was increased, 
as shown in Table 3, but the foam consistency became 
poorer as the air flow-rate increased, causing the 
precipitate to settle back into the solution. The 
conditions found by using COFLOT were indeed 
optimal, but not all critical; 30% variation of the 
amount of surfactant or co-precipitant or in the 
induction produced no appreciable difference in the 
co-flotation yield, but the pH-value had to be strictly 
controlled within the range 4.0 + 0.1 for reproducible 
results to be obtained. 

Under these conditions triplicate experiments gave 
yields of 93.0, 92.9 and 93.6%. The best results were 
obtained by co-flotation at 17 + 3”. As already stated, 

Table 2. Initial simplex for optimization of MO(W) co-flotation in low-salinity waters 

Air Surfactant Induction MO(W) 
flow-rate Co-precipitant, (HTABr), time, recovery, 

Vertex mllmin ml ml pH min % 

1 100 1.0 3.0 4.0 10 83.0 
2 45 1.0 3.0 4.0 10 90.9 
3 100 2.0 3.0 4.0 10 91.3 
4 100 1.0 2.0 4.0 10 84.0 
5 100 1.0 3.0 9.0 10 13.6 
6 100 1.0 3.0 4.0 5 84.2 
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Table 3. Effect of the gas flow-rate in the 
column on the kinetics of Mo(V1) co-flotation 
[recovery of MO(W) as a function of the time 

elapsed in the co-flotation process] 

Time, min 
Flow, 

rn~~rn~n 0.5 1.0 5.0 10.0 15.0 

32.0 31.6 86.0 92.0 92.0 93.0 
60.0 29.4 72.0 90.5 90.5 90.5 
80.0 76.0 90.4 92.0 92.0 92.0 

100.0 77.7 86.7 89.2 90.0 90.0 

after the co-flotation only the presence of iron causes 
problems with the Mo(V1) determination. Other im- 
purities in the regents do not produce peaks in the 
working potential range, and the typical blank value 
of 0.25 ng/ml is satisfactory. 

Obviously the use of thorium or aluminium hy- 
droxides as co-p~ipitant should eliminate the 
interference experienced with iron(II1) in the DDP 
technique. However, use of thorium hydroxide as 
co-precipitant showed a significant lack of re- 
pr~ucibiiity, the average recoveries of Mo(V1) rang- 
ing around 70%. Use of aluminium hydroxide was 
even worse, only 20% of the Mo(V1) being recovered 
at best. 

Salifze wakers 

When the experimental conditions given above for 
low-salinity samples were used to preconcentrate 
molybdenum from high-salinity samples, 10.4% of 
the MO@?) added was recovered. We have reported 
previously on the inability of HTAB-metal hydroxide 
systems to separate trace metals by co-flotation from 
media with salinity similar to that of sea-water. 

For such samples, the HTAB-GA combination 
(based on previous results)23 proved to be the best for 
the co-flotation. Gctadecylamine has low solubility in 
aqueous media, so to get good recovery in the 
co-flotation it was necessary to use it at the lowest 
concentration that was still efficient. It was found 

Table 4. Results for analysis of synthetic samples 

MOW) MOW) 
added, found, Recovery, 

No. Sample* nglml nglml % 

1 LS 1.00 0.86 86 
2 LS 1.00 1.00 100 
3 LS 1.00 0.93 93 
4 LS 1.00 0.82 82 
5 LS 1.00 0.98 98 
6 LS 1.00 1.20 120 
7 LS 1.00 0.98 98 
8 HS 2.00 1.92 96 
9 HS 2.00 2.00 100 

10 HS 2.00 1.75 87.5 
11 HS 2.00 1.92 96 

12 HS 2.00 1.78 13 HS 2.00 1.77 iz.5 
14 HS 2.00 2.06 103 

*LS = low salinity sample (distilled water); HS = high 
salinity sample (synthetic sea-water). 

Table 5. Results for analysis of two real 
samples 

Mo(VI) found, 
No. Sample type* nglml 

: 
TW 0.72 
TW 0.67 

3 TW 0.70 
4 SW 5.5 
5 SW 5.8 
6 SW 5.8 

*TW = tap-water; SW = sea-water samples 
taken from C&iii Bay. 

that 12 mg/l. octadecylamine in the bulk solution and 
a con~ntratjon of HTAB similar to that used for 
non-saline media gave good separation without 
difficulty. A higher concentration of OA in the 
samples did not improve the co-flotation yield and 
interfered in the final DPP analysis. 

A series of optimization experiments showed that 
the best results are obtained under conditions similar 
to those previously established for non-saline waters, 
so those conditions (plus addition of 12 mg of octa- 
decylamine per litre) were adopted for subsequent 
fine-tuning optimization. 

Sublate analysis 

In the second stage of the optimization process, 
polarographic analysis was used to determine the 
co-flotation yield after 5 min of flotation. Synthetic 
saline and non-saline samples with Mo(V1) contents 
of 100 and 10 ng/ml were tested. With decreasing 
Mo(V1) concentration, the results became less satis- 
factory because the polarographic wave was seriously 
affected by the high levels of surfactant species and 
co-precipitant. Also, the pH-value initially selected 
(3.75) then caused rather poor reproducibility. A 
flotation pH of 4.0 and use of lower quantities of 
surfaciant and co-precipitant were found to provide 
less critical conditions for the precipitation, and 
satisfactory results were obtained. Even under 
these conditions, however, Mo(V1) concentrations of 
1 ng/ml could not be determined properly, because 
the high Fe(III):Mo(VI) ratio of 2800 seriously 
affected the polarographic signal. The Fe(III) and 
Mo(V1) were therefore separated by ion-exchange, 
and the conditions given in the experimental section 
were established as optimal for samples with low 
concentrations of Mo(VI) (l-100 ng/ml). The results 
obtained under these conditions for the analysis of 
synthetic samples are shown in Table 4. 

determination fff Mo(vI) in real samples 

Once suitable experimental conditions had been 
found for the determination of trace levels of Mo(VI), 
samples of tap-water and sea-water were analysed. 
The results are shown in Table 5. Good re- 
producibility was obtained, with average values of 
0.7 ng/ml for the tap-water samples and 5.7 ng/ml for 
the sea-water. 
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Summary-After stabilization of sulphite by addition of a five-fold excess of formaldehyde, mixtures of 
sulphite, sulphate and thiosulpbate are readily separated by HPLC. For use with Vydac columns (302IC 
or 3OOIC) a suitable eluent is l-3mM phthalic acid @H S-6), and the eluted ions may be detected by means 
of the change in refractive index or the absorbance at 290 nm. With a flow-rate of 2 ml/min, anion elution 
times are about 2.7 (0.7) min for HOCHrSO,, 7.5 (2.6) min for SO:- and 8.4 (5.2) mitt for S,O:-, the 
values in parentheses being those for the shorter 3001C column. Detection limits for sulphite and sulphate 
were around 1 mg/l., with relative standard deviations of 2-3% at higher levels. The sensitivity for S,O:- 
was an order of magnitude lower. The proposed met&d has advantages over earlier procedures based 
on alkaline eluents. 

The determination of sulphite in solutions containing 
other oxyanions of sulphur is of interest in many 
areas. For example, sodium sulphite is added to 
boiler waters to scavenge residual oxygen, and the 
sulphite to sulphate ratio provides au indication of 
the effectiveness of feed-water deaeration. In the food 
and pharmaceutical industries, sulphite is widely used 
to minimize oxidation and bacterial growth, and 
the addition of this ion to photographic fixers and 
developers retards oxidation of other components. 
Photographic products (and diluted efhuent samples) 
also contain high levels of thiosulphate. 

Ion-chromatography can be used to determine low 
levels of sulphur anions such as sulphate, sulphite and 
thiosulphate,’ but application of this technique is 
limited by rapid oxidation of sulphite to sulphate 
during the analytical cycle2 and long thiosuIpha~ 
retention times. 

Sulphite oxidation can result from dissolved 
oxygen in the diluent water, interaction at sample/air 
interfaces, or even oxygen diffusion through the 
PTFE tubing used in some instruments. The process 
is catalysed by Fe(II1) and Cu(I1) salts.’ Purging 
solutions with nitrogen or argon retards (but does not 
eliminate) sulphate formation. The observed ratio of 
sulphate to sulphite varies with the concentration 
of sulphite injected* and this introduces errors if 
attempts are made to correct for sample oxidation by 
subtracting the sulphate level detected in standards (a 
procedure used in boiler water studies3). 

Sulphite in solution can be stabilized through 
interaction with aldehydes or ketones to form 
hydroxysulphonic acids 

so; 
\ \/ 

e-g., C=O+HSO;+ ,C, . 
/ / 

‘OH ] 

*Author for correspondence. 

The efficiency of different stabilizers for ion- 
chromatography studies has been investigated4 and 
found to decrease in the order HCHO > other 
carbonyls > alcohols > saccharides. The addition of 
equimolar quantities of HCHO stabilized suiphite 
solutions for up to 72 hr, and almost no oxidation 
was observed in chromatographic runs provided the 
sample was directly injected into deaerated eluent. 
However, the size of the sulphite peak was found to 
depend on the HCHO:SO:- ratio as well as on the 
sulphite concentration. 

For stabilization of the SO::- content of photo- 
graphic materials addition of 2% (v/v) formalin (38% 
HCHO, 10% CH,OH) has been recommended.5 

Most studies have used Dionex@ separation 
columns in conjunction with a suppressor column, 
conductimet~c detection and a basic eiuent (e.g., 
3mM NaHC0,/2.4mM Na,C0,4,5 or 5mM Na,CO,/ 
4mM NaOH’). Unfortunately, at high pH the 
formaldehyde/sulphite adduct hydrolyses. This leads 
to an elution peak located near the normal sulphite 
position, with a size and shape influenced by the 
stabilizer ~n~nt~tion, and it has been suggested 
that it reflects an average retention time for sulphite 
partially oxidized to sulphate. With weakly basic 
eluents (e.g., 1mN NaHCO,), and excess of form- 
aldehyde (or formalin) in the eluent, a new peak 
(for the stabilized HOCHrSO;) appears, with a 
short retention time. This peak is clearly separated 
from any organic acids present (as in photographic 
samples’) but elution of sulphate and thiosulphate is 
extremely slow, and regular flushing of the column 
with 5ChnM Nar CO, is required to remove accumu- 
lations of these ions. 

Since the instability of sulphite solutions prior to 
injection into the chromato~aph is a major problem, 
HOCH,SO,Na has been recommended as the sui- 
phite standard. 2,4~6 This compound is stable towards 
aerial oxidation and hydrolysis, and the stability in 
pH 4 buffer has been found to be excellent.’ 
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On this evidence, it was predicted that use of 
a weak acid eluent and a single column might 
effectively separate HOCH, SO; from sulphate, and 
this paper describes the results of our investigation of 
this modified approach. 

With standard alkaline eluent mixtures the reten- 
tion time for the thiosulphate ion is much longer than 
that of sulphate and the peaks tend to tail badly. 
Chromatograms showing sulphate and thiosulphate 
well separated have appeared in the literature8*9 (with 
an S,O:- retention time of around 12 min) but the 
reported retention times imply poor separation of 
SO:- and SO:-. With a very short column and a high 
eluent flow-rate, S,C)- can be eluted in about 4 min, 
but all other anions present (including SO:-) are 
eluted as a single early peak.‘O To overcome these 
problems, it has been proposed” that determination 
of sulphite/sulphate and thiosulphate contents be 
based on separate IC runs, with the eluents most 
suitable for each. To separate the three anions on a 
single chromatogram in a time period of less than 15 
min, gradient elution has been recommended.6 Two 
Dionex separator columns were joined in series and 
the basicity of the eluent was increased from 4.8mM 
NaHCO,/4.8mM Na,CO, to 6.9mM NaHCO,/ 
8.6mM Na,CO,. Even with optimized gradient con- 
ditions, however, the thiosulphate peak broadens and 
tails, indicating partial decomposition in the sup- 
pressor column. This effect was not pronounced when 
a weakly acid eluent was used. 

EXPERIMENTAL 

The liquid chromatography unit used for the single- 
column anion separations consisted of a Kortec pumping 
unit, a Vydace anion column (either a 2%cm 302 IC or a 
5-cm 300 IC), a sample loop (50 or 500 ~1) and an Erma 
ERC-751 refractive-index detector unit. The eluent (l-3mM 
phthalic acid, adjusted to pH 5.6) was delivered at 2 ml/mitt. 
Some comparison studies were made with a Waters liquid 
chromatograph fitted with a Lamda-Max Model 481LC 
spectrophotometer detection unit. With this system, the 
anion peaks were identified by the indirect ultraviolet 
absorption method (wavelength set at 290 nm). 

Standard solutions containing millimolar concentrations 
of sulphite, sulphate, thiosulphate, dithionite and tetra- 
thionate ions were prepared from analytical-grade sodium 
salts. Stabilized sulphite solutions were prepared from the 
sodium salt of hydroxymethylsulphonic acid. Sulphite ions 
present in test samples were stabilized by the addition of 
excess of formaldehyde (e.g., five times the sulphite level). 
Tetrathionate ions were not detected after their intro- 
duction into the column and dithionite solutions were 
visibly unstable. 

The dilute phthalic acid eluent solutions, containing 
analytical grade reagent, were adjusted to the desired pH 
range (5-6) by addition of sodium hydroxide solution before 
being degassed by filtration under vacuum through a 
0.45~pm membrane. 

Before introduction of sample the separation columns 
were equilibrated with eluent for several hours to ensure a 
stable baseline. With thiosulphate and excess of HCHO 
present, performance declined after several days of con- 
tinuous use, and regular back-flushing of the column was 
needed to maintain sharp peaks and clear separations. The 
sensitivity of the detection units was adjusted to give peaks 
of measurable size for each anion concentration examined. 
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Fig. 1. Elution pattern showing separation of a mixture 
containing sulphite (a), sulphate (b) and thiosulphate (c), at 
room temperature. A, Each ion present at 1mM level in 
5mM HCHO; Vydac 302 IC column, 2mA4 phthalic acid 
(pH 5) eluent flowing at 2 ml/min; refractive index detection. 
B, Separation of 2mM SO:- (a), 3mM SOi- (b) and 4mM 
S,O:- (c) in 1OmM HCHO on a Vydac 308 IC column. 
Eluent 3mM phthalic acid (pH 6), flow-rate 2 ml/min. 

Indirect detection at 290 nm. 

The experimental variables studied included eluent con- 
centration, pH and flow-rate, relative concentrations of 
anions, precision and sensitivity, and effect of different 
detection modes. 

RESULTS AND DISCUSSION 

As shown in Fig. 1, mixtures of sulphite, sulphate 
and thiosulphate can be successfully separated in less 
than 10 min by using a Vydac column, l-3mM 
phthalic acid as eluent, and formaldehyde stabiliz- 
ation of sulphite. Optimum conditions varied slightly 
with type of column used and detection mode. 

Without HCHO stabilization, mg/l. concentrations 
of sulphite were rapidly oxidized to sulfate (e.g., 
in minutes), whereas in stabilized solutions the 
HOCHr SO; ion was eluted close to the initial nega- 
tive system-peaks, with no significant sulphate re- 
sponse. The presence of HCHO (the minimum excess 
required was fivefold) did not affect either the sul- 
phate or thiosulphate peak responses. 

With the Vydac 302 IC (25~cm) column the elution 
times for 1rnM ion levels were about 2.5 
(HOCHrSO,) 6.9 (SO:-) and 8.4 min (S,O:-) (cJ 
Fig. 1A). With the shorter (S-cm) 300 IC column and 
optimized conditions (e.g., 3mM phthalic acid, pH 6, 
flowing at 2-2.5 ml/min) the elution times were 
reduced to 0.8, 3.5 and 6.9 min for SO:-, SOi- and 
SrO:-, respectively (c$ Fig. 1B). The peak shape was 
sensitive to eluent pH, as shown in studies with 2mM 
phthalic acid as displacing agent. At pH ~6, the 
SZ O:- peak tailed and had an accompanying negative 
trough; at pH ~6.5 the sulphite-formaldehyde ad- 
duct peak merged into the solvent-system peak. At 
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flow-rates below 2 mlfmin, the elution times were 
doubled and the thios~phate response greatly broad- 
ened. At pH 6, increasing the organic acid concen- 
tration from 1 to 3mM reduced the elution times, but 
use of still higher concentrations again caused over- 
lap of HOCH,SO; with the solvent peak. 

With ion concentrations not exceeding 2mM (SO:- 
or SO:-) or 5mM (S,O:-), varying the relative 
concentration of two ions had no significant effect 
on the peak size for the third. In other words, no 
inte~ction effects were observed. 

In precision studies, the relative standard devi- 
ations of peak height measurements were found to be 
around l.S”/ for sulphate peaks and less than 3.0% 
for the sulphite and thiosulphate peaks (with 2-6 cm 
peak heights). 

With 500-fl I samples the detection limit for sulphite 
and sulphate was around 1 mg/l. (i.e.. lOpM), but the 
high detector amplifi~tion required for these low 
levels resulted in a noisy background. With ion 
concentrations > 1OmM the column was overloaded, 
and broad distorted peaks were obtained. The thio- 
sulphate ion responses tended to level off slowly at 
con~ntrations > 3mM (i.e., > 350 mg/l.). 

Linear calibration curves were obtained for sul- 
phite and sulphate over the l-50 mg/l. range (i.e., up 
to 5~~~). The intercepts calculated from regression 
line plots (peak height us. ion con~ntration) were 
generally small (a few mm), and the correlation 
coefficients were around 0.99. The slope of the re- 
gression lines varied with eluent concentration (and 
pH), detector ~pli~~tion setting, sample volume 
and ion of interest. For example, with 2mM phthalic 
acid (pH 5) as eluent and refractive-index detection, 
the slopes for sulphate were 25 cm.l.mmole-’ with 
SO-p1 samples and 195 cm.l.mmole-i with SOO-~1 
samples. Changing the eluent to 1 .SmM phthaiic acid 
(pH 5.5) reduced the slope to 21 cm.l.mmole-’ and 
the sulphite adduct slope to 19 cm.l.mmole-‘. With 
these conditions the initial baseline was difficult to 
establish, the sulphite intercept was large (N 1 cm) 
and the points were more scattered. A plot which did 
not pass through the origin was also obtained by 
using indirect ultraviolet detection and sulphite levels 
of 0.2~1mM (i.e., up to 80 mg/l. SO:-), again owing 
to the adduct peaks partially overlapping the trough 
corresponding to the solvent. The slope of the 
calibration plots prepared by using ultraviolet de- 
tection was much smaller. For example, with 3mM 
phthalic acid (pH 6) as eluent, slopes of around 2.5 
cm. 1. mmole-’ (SO:- or SO:-) or I .8 cm _ 1. mmole-i 
(S,e-) were observed for SO-p1 samples. 

With a liquid chromatograph fitted with an ultra- 
violet detector, however, the 300 IC column did yield 
well defined peaks (as shown in Fig. 13) with elution 
times shorter than those observed with the other in- 
strument {e.g., with a mixture of 2mA4 HOCH,SO;, 
1mM SO:- and 4mM S20$- the corresponding peaks 
appeared after 0.7, 2.6 and 5.2 min). 

The need for a sulphite stabilizer when using 

degassed acidic eluents was quickly apparent. For 
example, with freshly prepared 100 mg/l. sodium 
sulphite solution, a second 50-~1 injection made just 
3 min after the first was found to yield a large 
sulphate peak preceded by a small (m 5 mm) sulpbite 
peak. The same standard, stabilized with HCHO, 
yielded an HOCH,SO, peak N 175 mm high. 

In comparison studies made with 1OmM sodium 
sulphite containing varying amounts of HCHO, it 
was found that the sulphate peak height decreased to 
a minimum value as the aldehyde level was increased 
from 1 to SOmM, the adduct peak sharpening and 
attaining a maximum value at tbe same point. It was 
concluded that a five-fold molar excess was the 
minimum amount of stabilizer needed to inhibit 
aerial oxidation of sulphite. Though the presence of 
this amount of stabilizer reduced sulphate blanks to 
a minimum, it was observed that the calibration 
graphs for sulphite did not necessarily pass through 
the origin. Some of the shift is due to the difficulty in 
defining a baseline when the peak is preceded by a 
negative signal for the solvent. To try to improve the 
situation, the eluent flow-rate (usually 2 ml/min) was 
reduced, but this resulted in peak broadening without 
any shift in peak position. Varied weights of phthalic 
acid were also added to the sulphite samples, but 
instead of eliminating the negative solvent signal, this 
procedure added a shoulder on the leading edge of 
the sulphite peak. 

The suitability of other sulphite stabilizers men- 
tioned by previous authors4 was re-examined, and 
yielded dismal results. With solutions initially 1OmN 
in SO:-, large excesses of fructose, propan-2-01 or 
glycerol failed to prevent oxidation, and the baseline 
was distorted by a broad peak just preceding the 
sulphate peak. The inclusion of increasing amounts 
of acetone resulted in smaller sulphate peaks, but no 
adduct peak was detected, probably because this 
additive caused broadening of the initial negative 
solvent signal. 

Compa~son of the retention times for other anions 
under similar operating conditions indicated that a 
peak for fluoride would overlap the HOCH,SO; 
peak, but subsequent peaks due to ions such as 
chloride (overlap with I&PO; peak), nitrite (overlap 
with bromide) and nitrate should all precede the 
SO:- and S,C$- peaks. 

With the 300 IC column it was found that the 
operating conditions had to be modified to achieve 
separation of the sulphite-HCHO adduct from chlor- 
ide. As shown in Fig. 2, operating at a higher pH 
(e.g., 6.5) yielded a separation time of around 
0.2 min. The presence of chloride reduced the adduct 
peak size, and the calibration plots indicated that the 
standard sulphite solutions used should also contain 
chloride if this ion is present in the sample. Varying 
the relative amounts of SO$- (OS-2mM) and Cl- 
(O.ZS-ImM) showed that such variations did not 
affect measurement of the individual peak heights. As 
might be expected, the position of the phosphate ion 
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by tailing. When thiosulphate present in a sample is 
not to be determined, it is recommended that the 
column be flushed with a stronger eluent followed 
by water after every 30 injections.’ As noted earlier, 
regular back-flushing of the Vydac columns is also 
recommended to remove some ill-defined secondary 
products that slowly reduce the column efficiency. 
Two possible contaminants are colloidal sulphur and 
polymerized formaldehyde, but this aspect has yet to 
be investigated. It was estimated that owing to the 
noisy background and lower sensitivity of detection, 
the detection limit for thiosulphate would normally 
be around 250puM (N 60 mg/l.). The upper limit was 
set by the column becoming overloaded with ion 
concentrations > 1OmM (broad peaks) and non- 
linear calibration curves being obtained. 

Practical applications have yet to be tested, but 
areas of potential interest are the determination of 
sulphite/sulphate ratios in boiler waters, and analysis 
of photographic solutions. 

0 2 4 6 6 

Time (min.) 

Fig. 2. Elution pattern showing separation of a mixture 
containing 1mM levels of HOCH,SO, 0; Cl- 0; NO; 
0; SO:- 0; and S,O:- 0. Room temperature; Vydac 
3OOlC column; 2mMphthalic acid (PH 6.5) eluent, flow-rate 

1.5 ml/min; 50 ~1 sample; refractive index detection. 

peak varied with eluent pH, coming before that of 
nitrate at pH 6.5, but after it at pH 8.6. 

The separation of sulphate and thiosulphate 
by single-column chromatography appears to yield 
better results than the procedures outlined by earlier 
investigators. 6*8-11 With alkaline eluents the retention 
time for thiosulphate is usually unacceptably long 
when ion-chromatography conditions ideal for 
sulphite/sulphate separation are used. One answer is 
to have two separate runs with different eluents, but 
this is time-consuming and inconvenient. The other 
alternative proposed is stepwise gradient elution6 
but nearly 15 min will still be required for total 
thiosulphate displacement, and the peak is distorted 
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COMMUNICATIONS 

SPECTROPHOTOMETRIC MICRODETERMINATION OF 
BISMUTH IN ORGANIC COMPOUNDS AFTER 

OXYGEN-FLASK COMBUSTION 

H. N. A. HASSAN, M. E. M. HASSOUNA* and Y. A. GAWARGIOUS~ 
Microanalytical Research Laboratory, National Research Centre, Dokki, Cairo, Egypt 

(Received 26 June 1987. Revised 24 November 1987. Accepted 8 December 1987) 

Sumtnar-A method has been developed for the micro and submicro determination of bismuth in organic 
compounds, based on combustion in an oxygen-filled flask, provided with a silica spiral instead of the 
conventional platinum holder (which alloys with bismuth). After absorption of the products in 
hydrochloric acid (1 + l), the solution is chemically treated to convert the bismuth into the orange-yellow 
BiI; complex, then the absorbance is measured at 465 nm. Analysis of 12 organic compounds containing 
2&74% of bismuth yielded satisfactory results with a maximum standard deviation of 0.4%. 

Bismuth is used in medicinal compounds, pharma- 
ceutical preparations,’ and many synthetic industrial 
products. The methods available for its determi- 
nation employ Parr-bomb fusion or wet digestion for 
decomposition of organobismuth compounds, fol- 
lowed by gravimetriq2 titrimetric,3A polarographiq4 
spectrophotometric’ or other” measurements. 

Although reasonable attention has been paid to the 
spectrophotometric determination4s5 of traces of in- 
organic bismuth, no simpler and faster means for the 
decomposition of organobismuth compounds have 
been described. The present work has extended 
the use of oxygen-flask combustion to bismuth com- 
pounds, followed by spectrophotometric measure- 
ment of bismuth as the orange-yellow iodide 
complex,5 BiI;, at 465 nm. 

EXPERIMENTAL 

Apparatus 

The combustion flask is a 500-ml “Schiiniger” flask, the 
stopper of which carries a spiral of 5-6 turns made of 2-mm 
diameter silica or borosilicate glass rod, the free end of 
which is 74 cm distant from the stopper. 

Reagents 

Except where otherwise stated, all reagents were of ana- 
lytical grade and doubly distilled water was always used. A 
1 mg/ml standard bismuth solution was made by dissolving 
0.2321 g of Bi(NO,), in 50 ml of nitric acid (1 +, 1) and 
diluting to 1 litre with water. This solution was diluted 
further as required. 

Sample pretreatment for pharmaceutical preparations 

Bismonil. Bismuth subsalicylate was kindly supplied by 
The Nile Co. for Pharmaceutical & Chemical Industries, 
El-Amiria, Cairo, Egypt, as an oil suspension in ampoules, 

*Present address: Chemistry Department, Faculty of Science 
at Beni-Suef, Cairo University, Beni-Suef, Egypt. 

tTo whom correspondence should be addressed. 

each containing 0.2 g of C,H,O,Bi. To extract the active 
ingredient the contents of the ampoule were transferred to 
a porosity-3 sintered-glass disk, suction was applied, and the 
residue on the disk was washed with diethyl ether and then 
with alcohol until the powder was freed completely from the 
oil. It was dried at 105” and stored. 

De-Nol. Tripotassium dicitratobismuthate (C,,H,,O,,K,Bi), 
was produced by Gist-Brocades nv (Delft, Netherlands) and 
provided as a suspension. To extract the active ingredient, 
20 ml of the suspension were heated on a steam-bath until 
a sticky semi-solid was left. This was covered with alcohol, 
crushed with a thick glass rod, heated to remove the alcohol, 
then dried at 105”. 

Procedure 

Weigh 3-5 mg of the organobismuth compound and 
transfer it onto a piece of ashless filter paper. Fold the paper 
into a cylindrical shape, and fix it tightly in the silica spiral. 
Light the fuse and bum the sample in the usual way in a 
500-ml oxygen-filled flask containing 10 ml of hydrochloric 
acid (1 + 1). Shake the flask for 10 min, rinse the stopper, 
add 1 ml of concentrated sulphuric acid, and evaporate the 
solution, first on a hot-plate and then on a steam-bath, 
nearly to dryness. Transfer the flask contents quantitatively 
with water into a 50-ml standard flask, then add 3 ml of 
sulphuric acid (1 + l), 2 ml of 2% ascorbic acid solution and 
5 ml of fresh 20% potassium iodide solution, in that order, 
and dilute to the mark with water. Mix well and after 5 min. 
measure the absorbance of the orange-yellow iodide com- 
plex at 465 nm against a blank. Determine the weight of 
bismuth by reference to a graph covering the range 0.1-2.5 
mg of bismuth and prepared by treatment of 0.1-2.5 ml of 
standard bismuth solution with 5 ml of sulphuric acid 
(1 + I), ascorbic acid and potassium iodide, and dilution to 
50 ml, as above. 

RESULTS AND DISCUSSION 

The first combustions, conducted in 250-ml 
oxygen-flasks, yielded bismuth recoveries that were 
low by 30-40%, in agreement with Macdonald and 
Sirichanya,3 who reported some alloying with plati- 
num even in the presence of fusion agents such as 
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Table 1. Spectrophotometric determination of Bi in organobismuth compounds after oxygen-flask 
combustion 

Compound and formula 

Bi, % Standard 
Concentration deviation,* 

measured,* jf,g/ml Theory Found* Bi, % 

Tri~henvlbismuth, &H,,Bi 
Bismuth oxalate, C$,,Bi, 
Bismuth citrate. C,H.O,Bi 
Bismuth pyrogallaie, >CC,HH,O,Bi 
Bismuth subacetate, C,H,O,Bi 
Bismuth oxinate, C,,H,sO,N,Bi 
Bi dimethylglyoximate, C,H,N*O,Bi* 
2,~-Bip~dylbismuth trichloride, 

C,,H,N,BiCl, 
Bi diethyldithiocarbamate, 

CAP&Bi 
Bi tetramethylenedithiocarbamate, 

Ct,H,N&Bi 
Bismuth subsalicylate (Bismonil), 

C,H,O,Bi 
Trinot~i~ dicitratobi~uthate (De-NOB, 

12.0-35.3t 
15.0-31.2 
18.2-31.3 
12.4-30.7 
20.5-31.8 
17.2-36.8 
12.6-36.0 

47.46 
61.28 
52.50 
62.93 
73.58 
31.69 
74.09 74.c74.7 

21.0-32.2 44.32 44.1-44.6 

14.7-30.1 31.97 31.8-32.3 0.3 

21.2-33.2 32.26 32.1-32.5 0.2 

24. I-30.7 57.71 57.4-58.0 0.4 

47.347.5+ 
61.5-61.6 
52.3-52.8 
62.763.2 
73.3-73.9 
31.5-31.8 

O.li 
0.3 
0.3 
0.4 
0.3 

z:: 

0.3 

&HdW3Bi 13.1-27.4 28.37 28.2-28.5 0.2 

*Four determinations; concentrations refer to final solution. 
tTen determinations. 

sodium peroxide, and therefore applied wet com- 
bustion instead. Other workers3*@ also found alloy 
formation or insoluble oxide formation with closed- 
flask decomposition of organic bismuth, antimony, 
arsenic, lead, iron and copper compounds, causing 
seriously low results. This alloy formation was as- 
sumed to occur only in the reducing atmosphere 
formed around the platinum contact surface6 by 
partial combustion of the carbon-rich filter paper. 
Surprisingly, ignition of ashless filter paper alone, 
after addition of bismuth nitrate solution to the 
hydrochloric acid absorption solution, also resulted 
in low bismuth values. Thus, it seems that hot 
platinum can alloy with bismuth even on contact with 
the bismuth solution during the shaking. This is in 
accordance with a report’” of bismuth losses of 
20-90% during the decomposition of silicates in 
platinum ware. No improvement was achieved on 
boiling the platinum sample holder in the acid ab- 
sorbent for periods even longer than 10 min. Benzoyl 
peroxide as auxiliary oxidant has been reported” to 
prevent platinum alloying with arsenic when the 
absorption solution is aqueous iodine alone,” or 
containing four drops of OSM nitric acid.12 Use of 
this procedure for bismuth compounds did not raise 
the low bismuth figures, however. 

Further combustions were performed with use of a 
quartz spiral, as utilized for arsenic compounds,9*‘~‘6 
with iodine” or iodine-nitric acid mixtureI for ab- 
sorption, but low bismuth results were still obtained 
even with shaking periods of up to 30 min. This was 
ascribed to incomplete dissolution of the yellowish 
traces of Bi,O, deposited on the quartz spiral. 

When 10 ml of hydro~hlo~c acid (1 + 1) were used 
as absorbent, the ashless filter paper was reduced in 
size, and more oxygen was made available by use of 
500-ml flasks, combustion of 3-5 mg samples yielded 
correct bismuth analyses. Although the use of 10 ml 

of nitric acid (1 + 1) as absorbent proved equally 
satisfactory, hydrochloric acid was preferred for gen- 
erality because it was also suitable for organonickel* 
and copper compounds, ” For comparison, some wet 
digestions with the conventional HZS04-H202 mix- 
ture were performed, but the results were no better. 

Use of this relatively unselective spectrophoto- 
metric finish is possible because organic compounds 
containing more than one metal are unusual. Also, 
high sensitivity is not essential since the micro pro- 
cedure requires use of at least a 3-mg sample of 
the bismuth compounds. The iodide method selected 
has adequate sensitivity and selectivity, is rapid and 
simple, and uses inexpensive readily available re- 
agents. Chloride interference is eliminated by re- 
moval as hydrogen chloride by heating with sulphuric 
acid; other possible interferences5 are not observed in 
the proposed procedure. 

New organic reagents for bismutht”20 are not 
necessary for this application. 

Analysis of triphenylbismuth by the proposed pro- 
cedure (10 determinations) gave a maximum error of 
& 0.5%. Four analyses of each of another 11 organic 
bismuth compounds (28-74% Bi), including two 
pharmaceutical preparations, yielded satisfactory re- 
sults (Table 1) (average standard deviation 0.3%). 
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EXTRAKTION VON GINSENOSIDEN MIT AMMONIAK 
UND KOHLENSAURE UNTER ERHi)HTEM DRUCK 

J. R. KIM* und H. LENTZ 
Universitit-Gesamthochschule Siegen, Fachbereich Chemie, Postfach 101240, D-5900 Siegen, BRD 

(Eingegangen am 23. September 1987. Angenommen am 21. November 1987) 

Zusammenfissung-Die Extrahierbarkeit von Ginsenosiden aus Ginsengpflanzen durch Ammoniak und 
durch Kohlensiiure wurde untersucht. Kohlensiiure kann Ginsenoside praktisch nicht extrshieren, such 
dann nicht, wenn Wasser zugesetzt wird. Die mit Ammoniak gewonnenen Extrakte haben einen deutlich 
hiiheren Ginsenosidanteil als Extrakte, die mit Wasser oder Methanol gewonnen wurden. Mit Ammoniak 
1ieS sich eine Ginsenosidkomponente mehr gewinnen als mit Wasser. 

Summary-Extraction of ginsenosides from plant material with carbon dioxide and ammonia has been 
examined. Carbon dioxide cannot extract the ginsenosides from either dry or wet material, but ammonia 
gives a higher yield of the ginsenoside fraction than conventional extraction with water or methanol, and 
extracts one more component than water does. 

Als wirksame Inhaltsstoffe der Ginsengarten gelten 
Triterpen-Saponine oder Ginsenoside.’ Diese wurden 
von Shibata et al. mittels Diinnschichtchroma- 
tographie getrennt und als Ginsenoside Rx 
klassifiziert.*.’ Ginsenoside sind durch die Hydroxyl- 
gruppen in den Glucosidringen gut in polaren 
Liisungsmitteln 18slich, so darj Ginsengextrakte nor- 
malerweise durch die Extraktion mit Alkohol oder 
Wasser gewonnen werden.4 

In neuerer Zeit ist fiir viele empfindliche 
Inhaltsstoffe als wirksames und schonendes Extrak- 
tionsverfahren die Extraktion mit komprimierten 
Lijsungsmitteln angewandt worden. Das gilt be- 
sonders fiir das Liisungsmittel Kohlendioxid, das im 
industriellen MaBstab zur Decoffeinierung von 
Kaffee und zur Gewinnung von Hopfeninhaltsstoffen 
eingesetzt wird. Die Kohlensiiure kann dabei iiberkri- 
tisch (“Extraktion mit iiberkritischen Gasen”) aber 
such unterkritisch sein, z.B. unter dem eigenen 
Dampfdruck stehen. 

Aus Versuchen, eine Chromatographie mit iiber- 
kritischen Liisungsmitteln durchzufiihren, ist be- 

*Stiindige Anschrift: Department of Chemistry, Hanyang 
University, 396 Daehak-dong, Ansan, Kyongki-do, 
Republic of Korea. 

kannt,5 dal3 Ammoniak (kritische Temperatur 132”, 
kritischer Druck 113,5 bar) viele Stoffe und besonders 
stickstoffhaltige Substanzen gut l&en kann. 
Beispielsweise ist die Liislichkeit von Cofrein in 
Ammoniak6 deutlich grinder als dessen Liislichkeit in 
Kohlenslure.’ Sehr oft jedoch ist die Reaktivitlt des 
Ammoniaks fiir die Anwendung als Extrak- 
tionsmittel schiidlich. 

In der vorliegenden Arbeit sollte die Mbglichkeit 
einer Extraktion von Ginsenosiden durch Kohlen- 
slure und durch Ammoniak untersucht werden. 
Dabei wurden die Versuche mit Ammoniak auf die 
Bedingungen 100” und 100 bar beschriinkt, da eine 
Variation der Versuchsbedingungen erst sinnvoll 
erscheint, wenn das Verfahren wirtschaftlich 
vielversprechend ist, so da0 optimale Bedingungen 
gesucht werden miissen. 

EXPERIMENTELLES 

Die Ginsengwurzeln stammten aus Korea (Panax Gin- 
seng C. A. Meyer). Sie wurden grob zerkleinert und dann 
der Extraktion unterzogen. 

Als ExtraktionsgefZD diente ein Autoklav aus V4A-Stahl 
mit einem Innendurchmesser von 17 mm, einem 
AuDendurchmesser von 25 mm und einer Hiihe von 410 
mm. Der Autoklav wurde elektrisch beheizt und die Tem- 
peratur elektronisch auf + 1” geregelt. Der Druck wurde 
durch eine Dosierpumpe erzeugt und mit Federmanometern 

Tabelle 1. Bedingungen und Ausbeuten der Ginsenosidextraktionen 

Druck, Temperatur, Extraktionszeit, Ausbeute, 
Extraktionsmittel bar “C min Gew.% 

Methanol @O%ig) 1 50 90 33 
Wasser 1 70 90 34 
Ammoniak 100 104 15 19 
Ammoniak 100 104 20 20 
(zu 21,5% feuchter 

Ginseng) 
Kohlendioxid 200 104 60 <l 
Kohlendioxid 150 51 40 <1 

(feuchter Ginseng) 
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gemessen. Das Extraktionsmittei dumhstr~mte den Auto- 
klaven und wurde durch ein geregeltes Ventil in ein 
GlasgefiO hinein entspannt. Dabei fiel der geliiste Extrakt 
aus. Das verbrauchte Gas konnte nach der En~pannung 
ebenfalls bestimmt werden. Die Apparatur ist im Detail an 
anderer Stelle beschriebens 

Ein Teil der xerkleinerten Gin~n~u~ln wurde mit 
Methanol bzw. Wasser in einer Soxhlet-Apparatur extra- 
hiert, urn Vergleichsproben zu haben. Die Analyse der 
Extrakte erfolgte dumb ~nn~hi~htchro~togmphie. Ah 
Standard wurde der Inhalt von Ginsana Weich- 
gelatinekapseln (Weimer, Rastatt) verwendet. Die Diinn- 
~hichtchromato~aphie wurde auf ~-~~niumfolien, 
Typ Kieselgel 60 F,, (Merck) mit einem Laufmittel aus 
Chloroform, Methanol und Wasser im Verhiiltnis 65 : 35 : 10 
durchgef~h~.’ Nach der Trennung wurde die Platte ge- 
trocknet, mit einer Mischung aus Essigsiiureanhydrid, 
Schwefelslure und Ethanol (5:5: 90) bespriiht und bei 105” 
10 Minuten nachgetrocknet. 

ERGEBNISSE UND DISKUSSION 

Die Ausbeuten (trockene Extmktgewichte bezogen 
auf die eingesetzten trockenen Ginsengmengen) der 
Extraktionsversuche sind mit den Drucken, Tem- 
peraturen und Extraktionszeiten in Tabelle I an- 
gegeben. 

Die Ausbeute an Extrakt ist noch nicht die Aus- 
beute an Ginsenosiden. Durch die Aufnahme von 
Verdiinnungsreihen wurde ein linearer Zusammen- 
hang zwischen den Substanzmengen und den Flachen 
auf der Dtinnschichtplatte gefunden. Deshalb kann 
aus diesen Flachen auf die einzelnen Gin- 
senosidfraktionen und auf den gesamten Gin- 
senosidanteil zuriickgeschlossen werden. Fiir jeden 
Extrakt wurde die gleiche Menge (3 ~1) auf die 
Dunnschichtplatte gegeben. Die prozentuale Ver- 
teilung der Gin~noside (*0,2) und ihre Reten- 
tionswerte (R,) sind in Tabelle 2 angegeben. Aus der 
GesamtgrGBe der Flecken l&St sich der Gin- 
senosidanteil angeben, indem der Inhalt der Ginsana- 
Kapseln als Vergleichssubstanz benutzt wird. Deren 
Ginsenosidanteil ist nach Herstelleranga~n l,O%; 
nlmlich 4 mg Ginsenosid auf 400mg Kapselinhalt. 
Die letzte Spalte der Tabelle 2 ergibt sich also aus 
dem Fl~chenverglei~h der Extrakte zum benutzten 
Standardpriiparat und ist nur eine relative Angabe. 

Die vorliegenden Ergebnisse lassen sich dahin 
zusammenfassen, dab iiberkritische Kohlensaure 
nicht als Extraktionsmittel fiir Ginsenoside geeignet 
ist. Ammoniak dagegen scheint fur ein Extrak- 
tionsverfahren der Ginsenoside wegen seiner guten 
Selektivitiit und seines geringen Zeitbedarfes brauch- 
bar zu sein. Mit Ammoniak la& sich ein Ginsenosid 
mehr extrahieren als selbst mit Wasser. Es kiinnte 
sich zwar such urn eine Modifizierung eines Gin- 
senosids durch Reaktion mit Ammoniak handeln. 
Jedoch ist das den Prozentzahlen nach un- 
wahrscheinhch. Die Venvendbarkeit von Ammoniak 
als Extraktionsmittel fur Naturstoffe ist vermutlich 
selten gegeben. Denn oft stijrt die Reaktivitiit des 
Ammoniaks. So werden Hopfeninhaltsstoffe ab- 



gebaut und Kaffeebohnen durch Amidbildung ges- 
ch&digt.8 
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~~-R~sonably linear correlations have been obtained for spectral lines from different elements 
in an double-chamber hollow-cathode lamp when the spectral-line intensity-ratio fluctuations are plotted 
vs. the photon energies and ionization energies of these lines. When these fluctuations are plotted as a 
function of the upper level energies, no linear relation at all is obtained. The analyses were done by using 
a computerized image-dissector echelle-spectrometer system. 

The principle of use of internal standards in spec- 
trometry is based on relating the intensity ratio of 
selected spectral lines of the analyte and intemal- 
standard elements to concentration ratios and was 
introduced by Gerlach.’ In later work there was a 
tendency to exclude “bad” line-pairs from the analy- 
sis, without giving any satisfactory explanation. In a 
theoretical paper by Barnett et al.’ the principles 
behind choosing analyte and internal-standard lines 
were given. Suckewer’ studied the essential sources of 
spectroanalytical errors connected with the deter- 
mination of the density ratios in plasmas for different 
elements. These authors and others assume that the 
line intensity from an atomic transition E,+E, is 
proportional to the Boltzmann factor exp( - E,,,/kT), 

where E,,, is the energy of the upper energy level, and 
hv,, = E,,, -En is the energy of the emitted photon. 
Thus the conventional intensity formula is written 

&,, = CL,, exp( - E~/kT)/~gi exp( - E:fkT) (1) 

where IL is the intensity of light with photon energy 
hv,, from sample constituent “a”, CL, is a composite 
of factors derived from the transition probability, 
electron and atomic densities, density, quenching, 
absorption effects, sample geometry, and apparatus 
constants, Z, g, exp( - E,/kT) is the partition sum of 
all energy levels of an atom, and gj is the statistical 
weight of an energy level. 

In the work described here the spectral-line 
intensity-ratio fluctuations have been studied with use 
of a double-chamber hollow-cathode lamp (DCHC)! 
The results show that the data fit badly to equation 
(1) but fit fairly well to a formula with a new 
exponential factor instead of the one in (1). 

The experimental work was done at the Swedish Institute 
for Metals Research, Stockholm, where a double-chamber 
hollow-cathode (DCHC) lamp was studied for spectro- 

analytical purposes together with an image-dissector 
echelle-spectrometer system (IDES). This DCHC lamp is a 
new excitation source in optical emission spectroscopy and 
is used for trace element analysis of steel samples. The 
operating conditions used are given in Table 1. The hollow 
steel sample was sputtered from both ends in the lamp and 
the elements studied were Mn, V, Ni, Al, Si, Cu, Ti, MO, Cr, 
W, Co, Ag, Ca and Fe. The spectral lines used are listed in 
Table 2. The steel samples used were JKSA, 7A, ZB, and 1B 
for the i 70-W experiment and JK 2B and 6A for the 250-W 
experiment. 

As registration system the image-dissector echelle- 
suectrometer (IDES) systems was used. This svstem. which 
works with photon counting, is very versatile-and &mists 
of an echelle spectrograph with high resolution, an image- 
dissector tube, and a minicomputer system which controls 
the peak measurements. 

Table 1. Experimental parameters 

DCHC-lamp 
Flush time 60 set 
Prebum time 60 set 
Pressure, Ne 1 mmHg 
Current 1100 and 700mA 
Power 250 and 170 W 

Sample 
Tube-shaped, 30 x 4 mm bore 

Spectrometer 

‘Me Echelle (IDES) 
Wavelength region 200-800 nm 
Linear dispersion 0.16 nm/mm at 200 nm 

0.32 run/mm at 400 nm 
Entrance and exit slits 35jfm 
Integration time 6Osec 
Integration time per line 1.5 set 
Integration time per measurement point 0.1 sac 

Table 2. Spectral lines used 

Wavelength, Wavelength, 
Element nm Element nm 

Mn 279.5 MO 386.4 
V 438.0 Cr 425.5 
Ni 341.5 W 429.5 
Al 396.2 co 345.4 
Si 
cu 

288.2 Al& 328.1 
324.8 Ca 396.9 

*Formerly “Kiruna C&physical Institute”. 
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Every spectral line was measured IS times, each for 0.1 SW 
at the peak of the integrated signal, equivalent to a total 
integration time of 1.5 set, long enough to give adequately 
precise results. 

RESULTS AND DISCUSSION 

In previous papers@ a new method of analysis was 
presented, where the fluctuations of the intensity 
ratios from two simultaneously measured spectral 
lines were studied, with ICP light-sources (“end-on” 
and “side-on”) and a hollow-cathode lamp for flat 
metal samples (FSHC)9~‘o together with two different 
IDES systems. 

From the ratio between the intensities of two 
simultaneously measured lines from sample constitu- 
ents “a” and “b” respectively, and differentiation of 
the logarithmic form of equation (I), we obtain 

+ & $(E;-E:.-E”W) (2) 
( > 

where E” is the Boltzmann mean value 

li[i 2: gi ewt - & lk T) 
1 

estimated from the term scheme of each element.‘* 
In this and the previous papers the absolute values 

of the derivatives have been identified as the maxi- 
mum relative deviations in the observed data set. 
These data have been obtained from a series of 
repeated simultaneous measurements of line inten- 
sities. The ratios of pairs of simultaneously measured 
line intensities are averaged for each line-pair. The 
maximum relative deviation from the average value 
of each line-pair ratio is taken as the absolute value 
of d(Z~/Z~,“,)I(Z~,/Z~.,) in equation (2). 

If R is used as an abbreviation for the maximum 
relative deviation, and 1 E& - E,$ - E” -I- Eb/ is de- 
noted by D(E), we can write equation (2) in the form 

According to this equation it should be mathemati- 
caIly possible to obtain a straight line with slope 
R(T)/kT by plotting R(Z;,/Zk.,) vs. D(E) for 
spectral line-pairs of elements a and b. 

From repeated intensity measurements of different 
spectral lines with the ICP-IDES and FSHC-IDES 
systemsb-8 it was discovered that no linear re- 
lationship could be obtained for the data points by 
use of equation (3). A much better result was ob- 
tained with an intensity formula with an exponential 
factor exp[ - (.Za + hv&)/kT], giving 

D(E) = 13” - Jb + ha,” - h&J (4) 

than by the standard formula, which is based on the 
assumption of local thermal equilibrium (LTE). J is 
the ionization energy and hv,, is the photon energy. 
These papers also give a more profound discussion of 

the statistics and how the different parts of equation 
(3) relate to each other. Theoretical considerations 
and work by S. Yngstriim’* have given strong support 
to this method of fluctuation analysis of line-pairs 
from different elements. 

Similar linear and non-linear relationships for 
different ~(E)~xpressions, as mentioned above, have 
also been obtained with the DCHC lamp, as shown 
in Figs. 1 and 2. Four different steel samples were run 

lZ/ 
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00 I 
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Fig. 1. Relative fluctuations of spectral line-pair intensity 
ratios plotted VS. D(E) = 1.E: - Ei. - EP + Ebl, for use of 
the DCHC-lamp at 170 W. For information about samples 

and runs see text. 
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1 

l 

. 

. 

Fig. 2. Relative fluctuations of spectral line-pair intensity 
ratios plotted vs. D(E) = 1.P - Jb + hv:, - hv$,.I for use of 

the DCHC-lamp at 170 W. 



Another conclusion from this investigation is that 
in analytical work it is important to use line-pairs 
with D(E)-values that are as small as possible, to 

*0 
t I 

1 2 
make them temperature-independent. This can be 

D IeW 
done very easily with the IDES-system, giving good 

Fig. 3. Plot for Fig. 1, for DCHC-lamp run at 250 W. 
analytical precision. The results obtained agree well 
with those in the previous papers and also with those 
of a study for seventeen elements, involving absolute 

‘m 
intensities from standard intensity tables.” 
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show good correlation with an intensity formula with 
the factor exp[ -(.I” + hv&)/k;rl, see Fig. 2. The same 
phenomenon is also clearly seen from the plots in 
Figs. 3 and 4, where two different steel samples were 
run 10 times each in succession at a power of 250 W. 
For these figures 10 different elements were studied. 

As seen from Figs. 2 and 4, moderately good 
correlation coefficients are obtained. The slope in 
Fig. 2 is larger than that in Fig. 4, since R(T)/kT 
is larger for Fig. 2 because of the lower mean 
temperature. The correlation coefficients for use of 
D(E)=[Ea,- EL,-E”+Ebl, Figs. 1 and 3 are 
extremely poor, 

AB, Sandviken for providing laboratory facilities. 
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TRICARBONATOCOBALTATE(III)-I 
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PHENOTHIAZINE DERIVATIVES 
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Summary-Hexa-amminecobalt(II1) tricarbonatocobaltate(II1) (HCTC) has been used for the deter- 
mination of six N-substituted phenothiazine derivatives. The drugs in 10% v/v sulphuric acid medium 
were titrated with 5 x lo-‘44 HCTC with visual or spectrophotometric end-point detection. The 
stoichiometry of the reaction was assumed and a reaction mechanism suggested. The methods were applied 
to the analysis of dosage forms with results comparable to those given by the official methods. 

Certain salts of tervalent cobalt have high oxidation 
potentials, which if properly utilized could be useful 
in the determination of many compounds.’ Several 
cobalt(II1) compounds have been reported as anal- 
ytical reagents, viz. cobalt(II1) acetate,’ cobalt(II1) 
sulphate in sulphuric acid3 and cobalt(II1) mixed- 
ligand complexes4 These reagents are either unstable 
or not easily prepared. Moreover, their oxidation 
potential is markedly decreased by the presence of 
complexing agents. 

The complex hexa-amminecobalt(II1) tricarbo- 
natocobaltate(II1) (CHTC) was first described, evalu- 
ated and used as an analytical reagent by Baur and 
Bricker.’ It is stable in suitably buffered solutions for 
more than a month, and for years in the dry state. It 
has been used for determination of several organic 
and inorganic compounds.610 The purpose of our 
investigation was to extend the applications to in- 
clude some pharmaceuticals, specifically pheno- 
thiazines. 

EXPERIMENTAL 

Reagents 

HCTC was prepared as described by Baur and BrickerS 
and used as a 5 x lo-‘M solution made by dissolving 3.0 g 
of the dry powder in 1 litre of water saturated with sodium 
bicarbonate, by stirring for 2-3 hr, after which it was 
filtered, and standardized iodometrically. 

Sodium thiosulphate solution, 5 x IO-‘M. 
Potassium iodide, 10% solution. 
Sulphuric acid, 10% v/v. 
Phenothiazines. Pure dmg samples were kindly provided 

by several pharmaceutical companies, and used as received. 
Dosage forms containing the compounds studied were 
collected from commercial sources. Standard solutions of 
the phenothiazines were prepared in 10% v/v sulphuric acid. 

*To whom correspondence should be addressed. 

Procedures 

Visual titrations. A convenient volume of the pheno- 
thiazine solution, accurately measured (about 5 ml), is 
transferred to a 50-ml conical flask. The titrant is added 
slowly, with continuous stirring by magnetic stirrer. At first 
a red or orange colour develops, and the titration is 
continued until this colour has completely disappeared. 

Spectrophotometric titration. Aliquots (5 ml) of the 
sample solution are transferred to 50-ml standard flasks. 
Titrant is added to each flask, in increasing volumes, 
followed by dilution to the mark with 10% v/v sulphuric 
acid. The absorbanccs are measured at the specified I_ 
(Table 1) against water as a blank. The titrant is initially 
added in volumes increasing in l-ml increments until the 
colour intensity is seen to begin to decrease, and then in 
0.2~ml increments. The end-point is determined by plotting 
absorbance vs. volume of titrant added. 

The amount of the drug is calculated from 

Amount of drug = Vh4RjN mg 

where V = ml of HCTC used in the titration, M = 
molecular weight of the drug, R = molarity of HCTC, 
N = number of moles of HCTC reacting with 1 mole of 
analyte. 

Procedures for dosage forms 

Tablets. Weigh and pulverize 20 tablets. Weigh accurately 
an amount of the powder equivalent to about 100 mg of the 
pure drug. Extract this with three 30-ml portions of 10% v/v 
sulphuric acid, and filter into a lOO-ml standard flask. Wash 
the filter and dilute to the mark with the acid. Apply either 
visual or spectrophotometric titration to a suitable aliquot 
of the solution. 

Ampoufes. Mix the contents of 20 ampoules. Transfer an 
accurately measured volume equivalent to 100 mg of the 
pure drug into a lOO-ml standard flask, complete to the 
mark with 10% v/v sulphuric acid, mix, and analyst an 
aliquot as for tablets. 

RESULTS AND DISCUSSION 

The method is based on the fact that cobalt(W), 
released from tricarbonatocobaltate(II1) in acidic me- 
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Table 1. Determination of phenothiazines by the proposed and of&al methods* 

Visuai titration Spectrophotometric titration 
Molar Official 

Compound ratio Recovery, % Range, mg hli, nmt Range, mg Recovery, % met~~,i“i2 % 

Promazine.HCI I:2 99.9 2-1s 510 I-10 100.5 99.7 
(I.61 (0.4) (0.6) 

Promethazine ‘ HCI 1:2 IO1.4 2-l 5 510 l-5 100.9 101.2 
(0.6) (0.7) (0.6) 

Levomepromazine - HCI I:2 98.8 2-U 570 - - 101 
(1.0) (1.6) 

Perphenazine 1:2 101.6 2-1s 525 l-9 100.8 100.7 
(0.4) (0.9) (0.81 

Fluphenazine .2HCl 1:2 100.6 2-15 495 1-7 101.9 101 
(0.3) (051 (0.5) 

Mesoridozine be&ate I:2 101.5 2-15 520 I-IO lOi. IO2.5 
(1.71 (0.7) (1.7) 

*The figures in parentheses am the coefficients of variation, The results given are the averages of 1 S separate determinations. 

dium, directly oxidizes phenothiazines first to red 
phenothiazonium free radicals, and finally to the 
colourless sulphoxides. A proposed mechanism is 
presented in Fig. 1, in accordance with the 1:2 
reaction ratio observed. The m~hanism of oxidation 
of chlorpromazine in aqueous medium was reported 
by Merkle and Discher. 

For visual detection of the end-point, the titration 
must be performed slowly, with continuous and 
efficient stirring to avoid local excess of the reagent 
and hence the possible oxidation of water.’ 

The spectrophotometric titration seems to be more 
accurate. In the final part of the plot of absorbance 
VS. volume added, two straight lines are produced, 
and their intersection corresponds to the end-point. 
Potentiomet~c titration was att~pt~, but the end- 
point was sluggish and the results were inaccurate, 
either because of further oxidation of the pheno- 
thiazine sulphoxides to the corresponding sulphone,” 
or because of oxidation of water. 

Interference from drugs likely to be present to- 
gether with the phenothiazines in formulations was 

Fig. 1. Proposed mechanism of reactian between phenothiazines and HCTC. 



Table 2. Determination of phenothiazines in their dosage forms* 

Proposed method recovery, % 
Official method,“,‘* 

Preparation Visual titration Spectrophotometric titration recovery, % 

Sparine vial 99.3 99.6 99.5 
(Promazine - HCl 50 mg/ml) (1.0) (0.4) (1.6) 
Promantine ampoules 106.1 106.0 106.7 
(Promethazine . HCl 25 mg/ampoule) (0.9) (0.1) (1.3) 
Levomepromazine.HCl tablet 98.1 - 100.7 
(Levomepromazine.HCl 25 mg/tablet) (1.7) - (1.5) 
Trilafon tablets 102.1 101.8 102.5 
(Perpbenazine 8 mg/tablet) (1.1) (0.7) (0.5) 
Moditen tablets 90.2 89.9 90.6 
(Flupbenazine . WC1 1 mg/tablet) (0.9) (0.7) (2.7) 
Mesoridazine besylate tablets 101.5 102.1 102.8 
(Mesoridazine besylate 5 mg/tablet) (0.8) (0.7) (2.3) 
*The figures in parentheses are the coefficients of variation. The results given are the averages of 10 separate determinations. 

studied, codeine, ephedrine, citric acid, paracetamol, 
atropine, pethidine and amitryptiline did not interfere 
under the described conditions. This is due to the 
preferential reaction of phenothiazines with the re- 
agent, and the self-indication system provided by the 
phenothi~oni~ free radicals. Chloride was also 
found not to interfere with the determination. 

The suggested method was applied to the deter- 
mination of the studied compounds in dosage forms. 
The results in Table 2 indicate that the method gives 
good accuracy and precision, with satisfactory agree- 
ment with the results given by the official methods.“~‘* 

Statistical analysis of the results by the f;- and 
t-tests showed no significant difference between the 
performance of the methods.15 

Although phenothiazines have been determined by 
a variety of techniques, *W the method described here 
is rapid, convenient and does not require special 
working con~tions, unlike many other reagents. 
Moreover, owing to the stability of the solid reagent 
and reasonable stability of its buffered solution,” the 
titrant can be used for routine analysis. 
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Summary-A method for determination of small amounts of dimethyi sulphoxide and non-hindered 
sulphoxides is proposed, based on selective reaction with the aquapentacyanoferrate(I1) ion, leading to 
stable complexes which can be detected electrochemically. 

Dimethyl sulphoxide (dmso) is a very important 
solvent for many inorganic and organic com- 
pounds. is2 In co-ordination chemistry, it behaves as 
an ambidentate ligand which may bind to metal ions 
through either the sulphur or the oxygen atom,3 and 
as a Leaving group, it has found interesting appli- 
cations in transition-metal chemotherapy.q 

The methods for determination of dmso in 
aqueous solution are mainly based on redox 
reactions, e.g., with permanganate.’ In general, how- 
ever, they are susceptible to interference, even from 
mild reducing species such as alcohols and un- 
saturated compounds. In this work we propose an 
altemative,method based on the reaction of dmso 
with the aquapentacyanoferrate(I1) ion, yielding the 
[Fe(CN),dmso]‘- complex.6 The starting complex 
and the product exhibit reversible redox behaviour 
in aqueous solutions, and can easily be detected 
by eI~tr~hemi~1 techniques, such as cyctic 
voltammetry. 

EXPERIMENTAL 

Reagents 
The complex Na,[Fe(CN),NH,].3H,O was prepared 

from Na~~~CN)~NO] .2H,O (Carlo Erba), according to 
the conventional procedure.’ C,H,N,O,FeNa, requires C 
18.42%, N 25.77%, H 2.76%: analysis gave C 18.6%. N 
25.8%, H 2.77%. Aminopentacyanofe&ate(II) complex 
solution (O.lM) was freshly prepared by dissolving the solid 
in deaerated water. All other reagents were of high purity 
and were used as supplied. 

[RuCl,(dmso),] was prepared from R&l,, 3H20 
and dmso by the procedure of Bora and Sin&* 
C,H,O,S,Cl,Ru requires C 19.83%, H 4.99%: analysis 
gave C 19.6%, H 4.9%. 

Measurements 
Cyclic voltammetry measurements were made with a 

Princeton Applied Research instrument, consisting of a 
Model 173 potentiostat and a Model 175 universal nro- 
grammer. A gold disk electrode was emnloved for-the 
m~su~ments, along with the conventional &g&n capillary 
with an A&A&l (1M KC0 reference electrode. The aux- 
iliary electrodewas’a platinum wire dipping into the electro- 
lyte solution (OSM KCI) in a small compartment separated 
from the working solution by a fine glass frit. The measured 

potentials were converted onto the normal hydrogen elec- 
trode (NHE) scale by adding 0.222 V. 

The titrations were performed according to the following 
procedure: a 3.00-ml sample, containing dmso (l-5mM), 
and the electrolyte solution (0.W KCl), were transferred 
into the electrochemical cell and kept under an argon 
atmosphere for about 10 min. The aminopentacyano- 
ferrate(I1) complex (O.lw) was added stepwise, with a 
Gilmont ultraprecision micrometer syringe. After each 
addition, the solution was stirred for 5 min, and a cyclic 
voltamperogram was recorded in the range O-l V 0s. NHE, 
at a typical potential scan-rate of 50 mV/sec. 

RESULTS AND DISCUSSION 

Dimethyl sulphoxide forms a very stable complex 
with the aquapentacyanoferrate(I1) ion, by co- 
ordinating specifically through the sulphur atom.6 
The reaction is very rapid?’ proceeding with a 
specific rate of 380 1 .mole-’ .sec-’ at 25”. The 
product is rather inert to substitution6 exhibiting a 
dissociation kinetic constant of 7.5 x IO-’ WC-‘. The 
equilibrium constant for9 the formation of the 
[Fe(CN)sdmso13- complex, equation (1), is 4.9 x lo6 
(ionic strength 0.M). 

[Fe(CN)~H~O13- + dmso~[Fe(CN)~~so]3- + II,0 

(1) 

The dmso complex absorbs radiation only slightly in 
the visible-ultraviolet region. The ligand-field band6,g 
which appears at 352 nm (6 =210 l.mole-‘.cm-I), is 
not suitable for direct s~ctrophotometri~ analysis 
because of its weak intensity, and the strong overlap 
with the absorption spectrum of the aquapentacyano- 
ferrate(I1) ion. 

In aqueous solution, the dmso-pentacyano- 
ferrate(I1) complex exhibits reversible electrochemical 
behaviour,‘* with a redox potential of 0.850 V vs. 
NHE, which is much higher than that of the aqua- 
pentacyanoferrate(I1) ion,9 0.370 V. Consequently, 
electrochemical methods are more appropriate than 
spectrophotometric ones for detection of the dmso 
complex. 

323 
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h 

h 
V vs. NHE 

I I I I I 
1.0 0.8 0.6 0.4 0.2 0 

Fig. 1. Titration of dmso with aminopentacyanoferrate(I1) complex, monitored by cyclic voltammetry at 
25” in 0. IM KC1 medium (a-h correspond to the measurements after successive additions of 0.040 ml of 

the cyanoferrate complex (0.115M) to 3.8 ml of 4.2mM dmso. 

Unfortunately, the aquapentacyanoferrate(I1) ion 
cannot be obtained with reasonable purity in the solid 
state owing to its tendency to dimerize and de- 
compose in aqueous solution.‘iJ2 For this reason, the 
aminopentacyanoferrate(I1) complex has been used 
as a convenient source of the aquapentacyano- 
ferrate(II) ion.” This complex can be easily obtained 
in pure form.’ It undergoes rapid dissociation in 
aqueous solution,i3 yielding the aquapentacyano- 
ferrate(I1) ion, as in equation (2). 

[Fe(CN),NH313- + H20+[Fe(CN),H,0]3- + NH, 

(2) 

.E 4~ 

The dissociation equilibrium is completely shifted to 
the right in highly dilute solutions, or in the presence 
of acids or buffers. The redox potential of the amino- 
pentacyanoferrate(I1) complex’ is 0.340 V, much 
lower than that of the dimethyl sulphoxide complex. 

2( 

A typical titration of dmso with the aminopenta- 

A 

i I 

L i 1 
lo 

0 

0.1 0.2 0.3 0.4 

V(ml) 
cyanoferrate(I1) ion, monitored by cyclic voltam- 
metry, is shown in Fig. 1. Initially, the titration leads 

Fig. 2. Plots of the anodic Peak currents measured at 

to a systematic increase of the electrochemical waves 
(A) 0.36 and (B) 0.88 V against the volume of 0.1 15M 
aminonentacyanoferrate(I1) comulex solution added in the 

at around 0.85 V, corresponding to the one-electron titration of 3.8 ml of i.2mM hmso aqueous solution. 
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oxidation of the [Fe(CN),dmso13- complex. AS the their derivatives, also form strong complexes with the 
titration proceeds, the excess of the aminopenta- pentacyanoferrate(I1) ion, but they would be better 
cyanoferrate(II) complex gives rise to a peak at detected by spectroscopic methods, owing to the 
0.34 V in the cyclic voltamperograms. In this way, the occurrence of strong charge-transfer bands in the 
equivalence point can be obtained in duplicate from visible region.17 
plots of the anodic peak currents, corrected by the 
dilution factor, against the volumes of titrant added, Acknowledgements-We thank CNPq, FAPESP and 
as shown in Fig. 2. The reproducibility and error FINEP for financial support. 
obtained with this method were better than 2%. 

As an interesting application of this method, 
we investigated the dissociation reactions of the 
[RuCl,(dmso),] complexL5 in aqueous solution. This 
complex has three dmso ligands co-ordinated 
through the sulphur atom, and one labile dmso ligand 
co-ordinated through the oxygen atom.i5 The redox 
potential of the [RuCl,(dmso)] couple is 1.55 V in 
dichloromethane,i6 and no electrochemical wave has 
been observed for it in the range of potentials from 
0 to 1 V, in aqueous solution. Titration of freshly 
prepared solutions of the [RuCl,(dmso),] complex 
with the aminopentacyanoferrate(I1) ion led to 
equivalence points corresponding exactly to 1: 1 
stoichiometry, confirming the dissociation of one 
dmso ligand, as previously proposed in the 
literatureI [equation (3)]. 

[RuCl,(dmso),] + H,O 

+ [RuCl,(dmso),H,O] + dmso (3) 

The method was also successfully employed in 
the determination of dimethyl sulphoxide in several 
solvent mixtures, containing, for instance, methanol, 
ethanol, 2-propanol, or acetone. It can be extended 
to non-hindered sulphoxides, such as methyl alkyl 
sulphoxides and tetramethylene sulphoxide. N- 
Heterocyclic bases, such as pyridine and pyrazine and 
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Summar-A durable chloride ion-selective field effect transistor (ISFET) is proposed with Urushi as the 
membrane matrix. The chloride ion-sensing material is a quatemary ammonium chloride: trioctylmethyl- 
ammonium chloride (TOMA-Cl) or tridodecylmethylammonium chloride (TDMA-Cl). The optimum 
composition of the Urushi membrane was found by use of Urushi ion-selective electrodes. The mixture 
with the most favourable composition was coated on the gate region of the FET device. The Urushi ISFET 
with TDMA-Cl proved to be superior to that with TOMA-Cl, in sensitivity, linearity and selectivity. The 
Urushi ISFET with TDMA-Cl showed a linear response of about - 5 1 mV per decade change of chloride 
ion activity in the range 10-4-lM. The Urushi ISFET showed excellent stability and durability for over 
two months, because of strong adhesion of the membrane to the S&N, gate. 

Recently, various kinds of chemical sensor sensitive 
to chemical species have been investigated.’ Ion- 

selective electrodes (ISEs) and ion-selective field 
effect transistors (ISFETs) are well-known as ion 
sensors. It is hoped that ion sensors can be routinely 
used for continuous in vivo monitoring of biological 
fluid electrolytes. ISFETs are miniature ion sensors 
developed from the ISE and solid-state microelec- 
tronics technologies and have been attracting much 
attention for clinical and biological applications. 

Despite the advantages of ISFETs, their wide- 
spread commercial use has been delayed. Brown et 
al.* have pointed out that ISFETs suffer from serious 
problems; lack of calibration stability, inaccuracy due 
to chemical cross-sensitivity, difficulty of encapsu- 
lation, and poor membrane adhesion, the last of 
which is the most serious. Although many of the 
better ion-sensing materials are organic compounds, 
ISFETs with organic gate coatings have short life- 
times and are unreliable because of poor adhesion of 
the membrane to the gate of the device.’ 

To resolve this problem, Blackburn and Janata4 
used the suspended mesh method and Kawakami et 
al.’ proposed use of photoresist matrix membranes 
cross-linked by photopolymerization. Oesch et aL6 
used highly lipophilic plasticizers in the matrix to 
achieve the same effect. We have proposed durable 
ISFETs with Urushi as the membrane matrix.’ 
Urushi is a natural oriental lacquer used for lacquer- 
ware* and has Urushiol (60-80%) water (lo-30%), 
rubber substances (7-8%), nitrogen compounds 
(2-3%) and lactase, an oxidizing enzyme, as its 
components.’ Since Urushi lacquer shows excellent 
durability and mechanical strength, we have used it 
as the membrane matrix to make very durable 
ISEs.r”.” As the Urushi matrix membrane is hard, 
lustrous and smooth, the lifetimes of Urushi elec- 
trodes exceed 1000 hr. 

Shiramizu et al. reported chloride ISFETs 
made with AgCl and AgCl-Ag,S membranes and 
polyfluorinated polyphosphazene as the membrane 
matrix.r2 Vlasov et al. reported chloride ISFETs 
with vacuum-deposited AgCl-AgBr membranes.r3 
Marsoner et al. studied a chloride ISE more suitable 
for clinical use than such chloride-sensing materials 
as AgCl, neutral carriers and quatemary ammonium 
chlorides,r4 but found that the last-named sensors 
yielded the best selectivity. 

In our work, the best composition for a chloride 
ion-sensing membrane containing quaternary am- 
monium chloride and Urushi was estimated by use of 
an Urushi ISE. Urushi ISFETs were then fabricated 
by coating the gates of the devices with the optimal 
Urushi mixture. We report the electrochemical char- 
acteristics of the Urushi ISFET. 

EXPERIMENTAL 

Fabrication of Urushi ISEs 

The quatemary ammonium chloride, i.e., trioctylmethyl- 
ammonium chloride (TOMA-CI, Dojin Research Labora- 
tories Co. Ltd.) or tridodecylmethylammonium chloride 
(TDMA-Cl, Polysciences Inc.) was mixed in different por- 
tions with Urushi latex (Saito Co. Ltd.) on a watch-glass. 
The mixture was coated onto a copper base (10 mm in 
diameter) which was then fitted to the end of the poly- 
carbonate electrode bodylo (I 2 mm diameter, 120 mm long). 
After the coating, the Urushi membrane was hardened for 
10 days at 30” at 90% relative humidity. The surface of the 
Urushi membrane was lustrous and smooth. 

Fabrication of Urushi ISFETs 

The mixture of quaternary ammonium chloride and 
Urushi latex found optimal for ISEs was coated on the gate 
of the deviceI (0.5 x 6.5 x 0.23 mm; donated by the Central 
Research Laboratory, Shimadzu Corporation). After coat- 
ing, the Urushi membrane was hardened in the same way 
as for the Urushi ISE. The Urushi matrix membrane is 
lustrous, smooth, and strongly adhesive to the S&N., gate. 
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Measurements with Vrushi ISEs 

After the prepared Urushi ISE was conditioned in lo-‘A4 
chloride solution for a few hours, its potential response was 
measured us. a silver-silver chloride double-junction refer- 
ence electrode with an outer chamber filling solution of 
O.lM lithium acetate (Orion Research model 90-02) in 
stirred solutions. The chloride activity was calculated by the 
DebyeHiickel equation. 

TOMA-Cl 50% 

Urushi 5036 

Measurements with Vrushi ISFETs 
The Urushi ISFET response was measured with a 

source-follower circuit in the dark (because of some 
photosensitivity) and without stirring [stirring affected the 
potentials by GO.2 mV (up to 500 r.p.m.)] 

RESULTS AND DISCUSSION 

Composition of chloride-sensing Urushi membranes 

The best composition for chloride-sensing 
Urushi membranes (TOMA-Cl/Urushi or TDMA- 
Cl/Urushi) was estimated from the response of 
Urushi ISEs. The electrochemical characteristics of 
the two series of chloride ISEs are summarized 
in Tables 1 and 2. The ion-sensing membranes 
made with equal weights of quarternary ammonium 
chloride Urushi showed the best electrochemical 
characteristics for both TOMA-Cl and TDMA-Cl. 

Concnjnblooc 
J ’ ’ ’ ’ ’ ’ ’ 
76543210 

- log(oc,) 

Fig. 1. Potential response of Urushi ISFET in presence 
of (a) no interferences, (b) O.lM SO:-, (c) O.lM HPO-, 

(d) O.lM HCO;. 

Nikolskii-Eisenman equation. Selectivity coefficients 
for the electrolytes in blood were measured by the 
mixed-solution method. The responses of Urushi 
ISFETs to O.lM concentrations of interfering ions 
(HCO;, HPO$- and SO:-) are shown in Figs. 1 and 
2. The selectivity coefficients calculated by the con- 
ventional graphical method are summarized in Table 
3: the Urushi ISFET with TDMA-Cl was more 
selective than that with TOMA-Cl. The selectivity of 
the Urushi matrix ISFET is the same as that of the 
corresponding PVC matrix ISFET.16 It is considered 
that the selectivity is independent of the matrix 
materials. In view of these selectivities (and the 
absence of interference from cations), the Urushi 
ISFET with TDMA-Cl should be capable of operat- 

Electrochemical characteristics of Urushi ISFETs 

The Urushi ISFET was fabricated by coating the 
best Urushi mixture on the gate of the ISFET. The 
potential response of an Urushi ISFET with TOMA- 
Cl is shown in Fig. 1; the response to chloride activity 
was linear from 1M down to 10-3.5M with a slope 
factor of ca. 46 mV/pCl. The Urushi ISFET with 
TDMA-Cl showed a linear response in the 10-4-1M 
range, with slope of ca. 51 mV/pCl (Fig. 2). The 
Urushi ISFET with TDMA-Cl was superior to that 
with TOMA-Cl in sensitivity and linear response 
range. 

Selectivity of the Urushi ISFET 

The selectivity of the Urushi ISFET is represented 
by the selectivity coefficients KG defined by the 

Table 1. Electrochemical characteristics of Urushi ISEs with 
TOMA-Cl 

Weight ratio of Slope, Linear range, 
TOMA-Cl and Urushi WI V/PC1 aci9 M 

40:60 36 10-3-l 
45:55 36 10-3-l 
50:50 44 1o-3s-1 

55:45 43 lo-‘5-I 

TDMA-Cl 504: 

76543210 

- log(afJI 

Fig. 2. Potential response of Urushi ISFET in presence 
of (a) no interferences, (b) O.lM HCO;, (c) O.lM HPO:-, 

(d) O.lM Sq-. 

Table 2. Electrochemical characteristics of Urushi ISEs with 
TDMA-Cl 

Weight ratio of Slope, Linear range 
TDMA-Cl and Urushi WI V/PC1 ac19 M 

40:60 50 10-4-I 
45:55 50 10-4-I 
50: 50 54 10-4-l 
55:45 51 10-4-l 
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Table 3. Selectivity coefficients, Kg; 2. 

Interfering Concn. in blood, log Q.% 
ion (X) M a b c 

HCO; 2.1 x lo-‘-2.9 x 1O-2 0.5 -1.6 -1.5 

;z- 
5.3 x 10-4-1.6 x lo-) 1.0 -1.6 -1.3 

Br4 
1.0 x 10-4-9.9 x 1O-3 0.8 -1.2 -1.2 
8.8 x 10-6-1.7 x 10-d 1.4 0.2 1.1 

SCN- 4.7 x lo-‘-9.8 x lo-+’ 2.3 2.2 3.5 
F- 3.2 x lo-‘-l.2 x 1O-6 0.2 -1.7 - 
I- 3.0 x lo-‘-48 x lo-’ 2.8 2.3 2.7 

a TOMA-Cl/Urushi, b TDMA-Cl/Urushi, c TDMA- 
Cl/PVC.‘6 

ing without interference from the electrolytes in 
blood. The problem of its becoming coated with 
protein when monitoring biological fluids remains to 
be solved, however. 

Durability of the Urushi ISFET 

The Urnshi ISFETs~maintained the same potential 
response for over two months, indicating that the 
membrane was adhering strongly to the S&N, gate. 
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DETERMINATION OF COPPER IN THE PRESENCE OF A 
LARGE EXCESS OF BISMUTH BY DIFFERENTIAL-PULSE 

ANODIC-STRIPPING VOLTAMMETRY WITHOUT 
PRELIMINARY SEPARATION 

ALEKSANDER CISZEWSKI 
Institute of General Chemistry, Technical University of Poznali, 60-965 Poznali, Poland 

(Received 20 March 1987. Revised 10 June 1987. Accepted 23 October 1987) 

Summary-Conditions have been found which make possible the determination of copper in the presence 
of a large excess of bismuth by differential-pulse and anodic-stripping voltammetry without preliminary 
separation. The electrochemical activity of the bismuth, which usually interferes in the determination of 
copper, is inhibited by using tetrabutylammonium chloride (TBAC) as surfactant. In 0.2M EDTA and 
O.OlM ascorbic acid at pH 4.5 as supporting electrolyte without the surfactant present, trace levels of 
copper (1.5 x 10-*M) can be determined accurately if the molar ratio of bismuth to copper is not higher 
than 3, but if the electrolyte also contains TBAC at O.OlM concentration, bismuth can be tolerated in 
concentrations up to 10e4M, and the height of the copper peak is unaffected. 

Differential-pulse anodic-stripping voltammetry 
(DPASV) is widely used for determination of trace 
metals in environmental, biological and industrial 
samples, but its application is sometimes difficult or 
even impossible because of interference. The most 
frequent problem is overlap of the peaks for the 
analyte and interferent, e.g., in the determination of 
thallium in the presence of lead or of indium in the 
presence of cadmium. Another cause of difficulty 
arises in determination of a trace metal in the pres- 
ence of a large excess of another substance which 
gives an anodic peak in the stripping step, at less 
negative potential than the ion of interest. Though in 
this case the stripping peaks are quite far apart a high 
concentration of the foreign ion will substantially 
increase the background current, thus causing inter- 
ference, e.g., the determination of thallium in the 
presence of bismuth or copper. Similar difficulties 
occur when the deposition of the analyte is accom- 
panied by a simultaneous electrode reaction (in sol- 
ution) of another substance, present in excess. During 
the stripping process, the substance in solution under- 
goes the reverse electrode reaction, which may cause 
interference by producing a peak in the vicinity of the 
peak of interest. 

The objective of the present study was to apply 
electrochemical masking’-’ to DPASV determination 
of copper in the presence of a large excess of bismuth, 
without preliminary separation. In most solutions 
both copper and bismuth give well developed waves 
or peaks in the vicinity of -0.1 V vs. SCE, which 
causes difficulty in determination of one in the pres- 
ence of the other. Up till now, the problem has been 
solved by solution exchange after the deposition 
stepsT6 or by using surfactants.‘.’ In the last case 
3,4-dichlorobenzyltriphenylphosphonium chloride 
was used as surfactant in 0.05M EDTA or 0.05M 

DPTE solution, which allowed determination of 
copper in the presence of 25- or 300-fold excess of 
bismuth, respectively.’ 

In the present study a common reagent-tetra- 
butylammonium chloride (TBAC)---was used as sur- 
factant for the electrochemical masking of bismuth,3 
with EDTA as complexing agent. 

EXPERIMENTAL 

Apparatus 

Anodic stripping voltamperograms were obtained with a 
Telpod (Poland) pulse polarograph model PP-04, and an 
Endim (GDR) 620.02 XY recorder. A classical three- 
electrode system was employed. The hanging mercury-drop 
electrode (HMDE) was a Radiometer Kemula Equipment 
E69 model with a drop size corresponding to 3 divisions 
travel of the micrometer screw. A platinum wire was used 
as auxiliary electrode and an SCE as reference. The 
differential-pulse amplitude was 50 mV and scan-rate 11.1 
mV/sec. During the deposition step the solutions were 
stirred. All potentials reported are referred to the SCE. 

Reagents 

Merck TBAC, EDTA (disodium salt) and ascorbic acid 
were used. Standard solutions of bismuth and copper 
(lo-*M) were prepared by dissolving the metals in nitric 
acid, and diluted to give concentrations below 10m3M just 
before use. Water was doubly distilled in a silica still. The 
background electrolyte was 0.2M EDTA + O.OlM ascorbic 
acid + O.OlM TBAC, pH 4.5 f 0.2, adjusted with purified 
potassium hydroxide solution. Before measurement all solu- 
tions were brought to 20 f 0.5” in a thermostat. 

Determination of copper in the presence of bismuth 

Adjust the mixture of 1 ml of tested sample plus 20 ml of 
0.25M EDTA, 0.25 ml of 1M ascorbic acid and 0.25 ml of 
1M tetrabutylammonium chloride to pH 4.5 f 0.2 by drop- 
wise addition of 10% potassium hydroxide solution, trans- 
fer the solution to a 25-ml standard flask and make up to 
the mark with water. Transfer the solution into the electro- 
chemical cell and pass purified nitrogen or argon through it 
for 15 min. Stop the flow of gas, form a mercury drop at 
the capillary tip of the working electrode and start the 
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stirrer. Perform the electrolytic deposition at -0.900 V US. 
SCE for a few minutes, depending on the expected copper 
content. After the deposition, switch off the stirrer, change 
the potential to -0.400 V, wait for 20 set, then record the 
voltamperogram from -0.400 to 0 V. Repeat the measure- 
ment cycle twice more on the same solution, with a 
new mercury drop each time. Estimate the copper by the 
standard-addition method, by making three successive 
additions of a known fixed volume of copper standard 
solution to the same solution, repeating the measurement 
cycle each time, beginning from the deposition stage. From 
the linear plot of peak height us. amount of copper standard 
added, read the amount of copper in the sample. 

RESULTS AND DISCUSSION 

A 0.2M EDTA +O.OlM ascorbic acid +O.OlM 
TBAC solution, pH 4.5 was chosen as background 
electrolyte. 

The copper deposited on an HMDE under these 
conditions gives a stripping peak at -0.22 V with 
peak-width 55 mV. Figure 1 shows that the proposed 
medium allows satisfactory determination of copper 
at a concentration of about lo-“M. A deposition 
potential of -0.900 V was chosen as optimal. A 
linear relation of peak-current to copper concen- 
tration was found over the range 1 x lo-*- 
1 x 10m6M. The plot of peak-current US. deposition 

-EdeD CVI 
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Fig. 1. Dependence of the differential-pulse anodic-stripping 
peak current for copper on the deposition potential e, 
deposition time b and copper concentration c, [Cu]; a, b, 
7.5 x lo-*M. Deposition potential; b, c, -0.900 V. Depo- 
sition time: a, c, 900 sec. Curve a’ shows the dependence 
of the differential-pulse anodic-stripping peak current for 
bismuth on the deposition potential; [Bi] 1 x lo-‘M, 

deposition time 900 sec. 

-E CVI 

Fig. 2. Voltamperograms for copper and bismuth in the 
absence (A) and presence (B) of TBAC. Deposition poten- 
tial -0.900 V. Deposition time 900 sec. (A) [Cu]: 1,O; 2-6, 
1.5 x lo-*i&K [Bi]: 1, 2, 0; 3, 1 x lo-*M; 4, 2 x 10-*M; 5, 
3 x IO-*M; 64 x lo-*M. (B) [Cu]: I, 0; 2-5, 1.5 x lo-*M. 
[Bi]: 1, 0; 2, 1 x lo-‘M; 3, 2 x lo-‘M; 4, 3 x IO-‘M; 5, 

4 x lO_‘M. 

time was linear for deposition periods ranging from 
1 to 15 min. 

Bismuth, in the chosen background electrolyte but 
in the absence of TBAC, gives a stripping peak at 
- 0.13 V. Figure 1, curve a’, shows the dependence 
of the bismuth peak-current on the deposition poten- 
tial. From the shape of curves a and a’ it is evident 
that the simultaneous presence of copper and bis- 
muth will result in two peaks on the voltamperogram, 
and difficulty in the determination because the peaks 
overlap. 

The purpose of the study was determination of 
copper in the presence of bismuth. Figure 2A shows 
a few differential-pulse anodic-stripping curves for 
test solutions with a constant concentration of copper 
(1.5 x IO-*&f) and increasing concentration of bis- 
muth (from 1 x lo-* to 4 x lo-*M). It was estimated 
that if the molar ratio of bismuth to copper is higher 
than 3, the determination of the copper will be 
incorrect. Greater tolerance for bismuth was achieved 
by introducing TBAC into the background electro- 
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Pig. 3. Variation in the size of the bismuth peak vs. 
deposition potential and TBAC concentration. [Bi]: a, d, 
2 x IO-%f; b, 1 x 1O-4M; c, 5 x 10-sb4. FBAC]: a-c 
O.OlM. Deposition potential: d, -0.900 V. Deposition time: 

a-d, 300 see. 

lyte. This surface-active agent does not influence the 
anodic peak-current of copper, and its influence on 
that of bismuth depends on the bismuth concen- 
tration, TBAC concentration and deposition poten- 
tial, as shown in Fig. 3. It is shown that in the 
presence of O.OlM TBAC and at a deposition poten- 
tial of -0.900 V the peak-current of bismuth is 
completely damped for concentrations of 1 x 10B4M 
and below without athecting the copper peak. This 
makes possible the determination of traces of copper 
in the presence of a several thousand-fold excess of 
bismuth. Figure 2B shows differential-pulse anodic- 

Table I. Accuracy and precision of the determination of 
copper in the presence of bismuth and TBAC (7 replicates) 

Added cu Std. Relative 
Bi, Cu, found, devn., std. devn., 

Series pgtgiml ng/ml ngiml nglml % 

I 
2o.a 

1.9 1.7 0.48 28 
II 1.9 1.6 0.55 34 
III 41.6 31.0 31.0 1.66 5 

stripping curves for test solutions containing 
1.5 x lo-‘M copper, O.OlM TBAC and increasing 
concentrations of bismuth. The shapes of these curves 
are identical to those in Fig. 2A but the concen- 
trations of bismuth are higher by a factor of 104. 
Hence use of these conditions meets the aim of the 
work. 

The precision and recovery for the dete~ination 
of copper in the presence of a large excess of bismuth 
were examined near the limiting conditions. The 
results, given in Table 1, show the precision for the 
determination of copper in the presence of a 104-fold 
ratio of bismuth to be typical for such voltammetric 
m~surements. Better results were obtained when the 
concentration ratio of bismuth to copper was about 
103. 
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LETTER TO THE EDITOR 

Sir, 

We were surprised to find in Harju's paper in the September 1987 issue of Talanta (page 820) 

the statement: 

"For calcium complexes with glycine, Daniele et al. reported [l] the formation -- 

constants $?$Fy= 101'05 and ~~$$H=108'80. From the co-ordination chemistry 

point of view, the high stability constant reported for the protonated species, 

CaHGLY, seems doubtful. The corresponding constant for the protonated calcium 

complex with EDTA...... for instance, is 10 
3.18. 1' 

This statement seems to us to arise from a misunderstanding, and is not correct in its 

implication about the validity of our work. For one thing, the constant 10 
8.80 is the 

protonation constant of CaGLY+, not the equilibrium Ca2+ t HGLY = CaHGLY2'). For another, 

the comparison with the EDTA complex is not of like with like, and hence misleading and use- 

less. In fact, the protonation constant simply reflects the ability of the complex to bind 

a proton, which is generally inversely proportional to the stability of the unprotonated 

complex, for a certain series of ligands, as shown by the examples reported in the Table. 

Table 
_____________________________________---_________----______-------_____---------________--_-- 

Equilibrium log K T, "C r, !! Ref. 
-__________________________________-----_______------_____--------___-----------_------------ 

Ca2+ + GLY- = CaGLY' 

CaGLY' t Ht = CaHGLY2' 

Ca2+ + TMDTA4- = CaTMDTA2- 

zDTA2- 

t H+ = CaHTMDTA- 

+ L4-.= CaL2- 

CaL2- t Ht = CaHL- 

Ca2+ t EDTA4- = CaEDTA2- 

CaEDTA2- + Ht = CaHEDTA- 

1.05 25 0.25 

8.80 25 0.25 

7.28 20 0.1 

6.34 20 0.1 

9.60 20 0.1 

4.47 20 0.1 

10.69 20 0.1 

3.18 20 0.1 

Die-rboxylic ligand~___--------_-----------------------------_----------------_-__---_------- 

Ca2+ t succ2- = CaSucc 1.45 25 0.25 1 

CaSucc t Ht = CaHSucc' 4.51 25 0.25 1 

Ca2+ + Ma12- = CaMal 1.64 25 0.25 1 

CaMal t Ht = CaMal 4.26 25 0.25 1 

Ca2+ t 0DA2- = CaODA 3.46 25 0.25 1 

CaODA t Ht = CaHODA- 2.92 25 0.25 1 
__________________________________________________------------________----------------------- 

L = meso-(1,2-dimethylethylene)dinitrotetra-acetate; 

Succ = succinate; Ma1 = malonate; ODA = oxydiacetate 
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SOFTWARE SURVEY SECTION 

Softuare package TAL-001188 
FLUOPACI 

Contributors: F. Garcia Sanchez and A.L. Ramos, University of Malaga, 
Dept. of Analytical Chemistry, The University, 'Malaga 29071, Spain; and 
R.T. Oms and V. Cerda, University of Ealeares, Spain. 

Brief description: The software package is for use * research in 
spectrofluorimetry. The first step in FLUOPACl is d::a acquisition: 
excitation - emission fluorescence spectra are digitized and stored in disc 
files. The stored data may then be presented either as an isometric 
representation (contour map), or in three-dimensional representation. A new 
option is the measurement of asynchronous variable-angle fluorescence 
spectra. The contour plots are useful as a guide in the design of optimal 
variable angle spectra. The package is particularly valuable for the 
manipulation and analysis of multicomponent samples uith overlapping 
fluorescence spectra, for uhich conventional or synchronous spectrometry 
uould be unable to accomplish the analysis. 

Potential users: Analytical chemists, molecular luminescence spectroscopists 

Fields of interest: -_ Analytical and environmental chemistry 

This package has been developed for the IBM PC, and is written in BASIC 
(cornpi led), to run under PC-DOS. It is available on 5.25-in disc. The 
memory required is 256K. 

Distributed by the contributors. 

An IBM-PC computer, or clone, is required, along uith a Perkin-Elmer LS-5 
Spectrofluorimeter uith RS232 interface, and a suitable printer. No 
modifications are required to the instrument or computer. The package is 
self-documenting. The source code is not available. The package has been 
fully operational for about 1 year. The contributors are uilling to deal 
with enquiries. 

Software package TAL-004188 

FLEET STREET EDITOR/FLEET STREET PUBLISHER 

Contributor: Mirrorsoft Ltd. 

Brief description: A range of desk-top publishing software. 

Potential users: Any workers requiring high quality integrated text and 
graphics. The packages are suitable for both the novice and experienced 
professional user. 

This range of software is nou available for Atari Mega 2 or 4 ST, BBC Micro, 
IBM PC and compatibles, and the Amstrad PCW. The Atari package can be used 
uith the SLH804 laser printer. 

Distributed by Mirrorsoft Ltd, 01-337 4837. 
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Software package TAL-002/88 
SOPHD 

Contributors: R. Sambasiva Rao, A. Satyanarayana and P.V. Krishna Rao, 
School of Chemistry, Andhra University, Waltair- 003, India. 

grief description: SOPHD simulates pH vs. volume data for proton - ligand 
and metal - ligand complexes, including protonated and hydroxylated 
complexes. These data are useful for validating chemical models and 
investigating the effects of systematic and random errors in calculating 
equilibrium constants. The algorithm is based on the Gauss-Neuton method. 
Theoretical distribution diagrams are drawn, and optimal experimental 
conditions for determination of stability constants are predicted. The 
algorithm uas described in Proc. Summer Simul. Conf., 1985, 359. 

Potential users: Researchers in complex equilibria and simulations. 

Fields of interest: -- Complex equilibria, chemometrics. 

This program is uritten in FORTRAN 77, and it will run on an IBM PC or 
compatible, or a Microvax II, under MS-DOS or UNIX. It is available on 
5.25-in disc. The memory required is 256K. 

Distributed by the contributors. 

The program has extensive external documentation. The source code is 
available. The program has been fully operational for 3 years. The 
contributors are uilling to deal uith enquiries. 

Softuare package TAL-003188 
GHS 

Contributors: P.V. Krishna Rao, R. Sambasiva Rao and A. Satyanarayana, 
School of Chemistry, Andhra University, Waltair- 003, India. 

Brief description: GHS is a computer program for evaluation of 
thermodynamic parameters of complex equilibria, including change in free 
energy, enthalpy and entropy. The original version uas implemented in 
FORTRAN IV for a mainframe computer, but now a user-friendly version has 
been written in MS FORTRAN 77. Change in enthalpy is calculated by assuming 
the logarithm of the equilibrium constant to be a Harned's parabolic 
function or a polynomial in temperature. Data can be input from the 
keyboard or from a data file. 

Potential users: Researchers in equilibrium constants calculation. 

Fields of interest: -- Complex equilibria, chemometrics. 

This program is written in FORTRAN 77, and it wi 11 run on an IBM PC or 
compatible, or a Microvax II, under MS-DOS or UNIX. It is available on 
5.25-in disc. The memory required is 256K. 

Distributed by the contributors. 

The program is self-documenting. The source code is available. The 
contributors are willing to deal with enquiries. 
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DETERMINATION OF LEAD IN FLY-ASH FROM 
A GARBAGE INCINERATOR BY ATOMIC-ABSORPTION 

AND X-RAY FLUORESCENCE SPECTROMETRY 
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(Received 17 September 1987. Revised 4 January 1988. Accepted 13 January 1988) 

Smtmtary-The lead content in fly-ash collected by an electrostatic precipitator has been determined by 
atomic-absorption spectrometry (AAS) after decomposition by four different leaching/dissolution tech- 
niques, and also determined by X-ray fluorescence spectrometry (XRFS) by the standard-addition 
method. The XRFS data were evaluated by non-linear regression since the standard additions affected 
the attenuation coefficient of the sample. Good agreement was obtained between the results obtained with 
AAS and XRFS. It is concluded that lead is quantitatively extracted by hot 1M nitric acid or treatment 
with hydrofluoric acid/nitric acid. Direct measurement of briquetted samples by XRFS is suggested for 
rapid monitoring of the lead content in fly-ash from garbage incineration. 

Because of the high cost of fuels for energy pro- 
duction, the expense of management of waste, and 
the scarcity of suitable land-filling sites for solid 
waste, there is increasing use of incineration to reduce 
the volume of garbage and, at the same time, to 
provide an additional energy resource. Refuse 
incinerators create problems, however, because the 
fly-ash usually contains considerable amounts of 
heavy metals. Toxic organic compounds, such as 
dioxins, can also be formed under improper 
combustion conditions. Most of the fly-ash is 
collected by electrostatic precipitators and scrubbers, 
but some of it will enter into the atmosphere. There 
will also be problems connected with disposal of the 
fly-ash and bottom-ash. Leaching of the ashes could 
cause increased concentrations of heavy metals in 
ground water and vegetation at the disposal sites. 
Hence there is a need for a simple and rapid method 
for monitoring the content of heavy metals in fly-ash. 
Lead is ubiquitously present in fly-ash, often at a 
substantial concentration. This metal may therefore 
be selected as a convenient indicator of the heavy 
metal content of fly-ash. Atomic-absorption spec- 
trometry (AAS) and X-ray fluorescence spectrometry 
(XRFS) have been studied in this work, as the means 
for determination of lead in fly-ash from an incin- 
erator for household refuse. 

The AAS technique requires that some 
dissolution/leaching method is included in the ana- 
lytical procedure. Many investigators have used 
digestion with strong acids in a bomb. A combination 
of nitric, hydrochloric and hydrofluoric acid has been 
used for coal fly-ash’*2 and coal and fly-ash.’ A 
mixture of nitric and hydrofluoric acids has been used 
for coal or coal ash4-6 and dust.’ Extraction with 
nitric acid at various temperatures has been described 
for analysis of stabilized coal waste,’ coal fly-ash,’ 
fly-ash collected on filter paper,4ps By-ash from 

garbage incineration collected on a filter’ and 
bottom- and fly-ash from garbage incinerationlo A 
room-temperature dissolution method employing 
hydrofluoric and boric acid has been presented for 
coal fly-ash” and stabilized coal waste.* 

Fusion with lithium tetraborate and caesium iod- 
ide, followed by dissolution in acid, has been used for 
coal and fly-ash3 and fusion with lithium metaborate 
followed by dissolution in 1.6M hydrochloric acid 
has been used for coal fly-ash.r2 Behel et al.” have 
studied many combinations of hydrochloric, nitric, 
sulphuric, perchloric and hydrofluoric acids for di- 
gestion or extraction of mixed bottom- and fly-ash 
from garbage incineration, to determine the total 
content of cadmium and lead. They concluded that 
extraction with 1 .OM hydrochloric acid was the best 
procedure with respect to simplicity and re- 
producibility, but it gave slightly lower results for 
cadmium than some of the other methods did. 

In the XRFS methods, pressed briquettes, with or 
without some diluent, have been used for analysis of 
coal and coal fly-ash’2+‘4*‘5 and raw and stabilized coal 
wastes.* Fusion with lithium tetraborate and lan- 
thanum oxide or tungstic oxide has been used for 
urban dusts and fly-ash.’ Purdue and Williamsr6 used 
a smear technique, with an internal standard, to 
prepare thin films for powdered samples such as 
furnace dust, and Davison et aL2 suspended coal 
fly-ash in propanol and dispersed it ultrasonically 
before its collection on 0.4 pm Millipore membrane 
filters. 

EFFECl- OF STANDARD ADDITIONS 
ON XRFS LINE INTENSITIES 

In quantitative XRFS the concentrations of the 
analytes are generally evaluated by mathematical 
treatment of the intensities of the characteristic lines, 
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with a large computer program. Calibration with 
standards is also necessary in order to obtain accu- 
rate results. Suitable standards for fly-ash are not 
readily available. In addition the general method is 
less attractive when a single element is to be deter- 
mined in samples which may have very different 
overall composition. The method of standard addi- 
tions is then an alternative, especially when the 
samples are fine powders. It has been used for the 
determination of low concentrations of lead (< 300 
pg/g) in powdered samples.” The additions can be 
made directly and no treatment is needed other than 
drying and mixing before pressing the briquette. 

The expression for the intensity of a fluorescence 
line excited by a continuous spectrum is complicated. 
In the present study two simplifications can be made. 
First, a heavy metal, lead, is to be determined in a 
matrix where all the main components are light 
elements. Therefore enhancement effects can be 
neglected. Secondly, the concentration of the analyte 
is small, about l%, and the matrix will only be 
moderately changed by the standard additions. The 
equivalent wavelength, i.e., the wavelength of mono- 
chromatic radiation representative of the poly- 
chromatic distribution of wavelengths exciting the 
sample, will then remain almost constantI and the 
expression for the line intensity of an analyte X, Z,, 
can be written” 

where Q, is a proportionality constant, C, the con- 
centration of the analyte expressed as a mass fraction, 
and p,* the effective mass-attenuation coefficient of 
the specimen. 

In the standard addition, B g of a compound 
containing the analyte at concentration C, is added 
to A g of the sample. The analyte concentration in the 
“spiked” specimen will then be 

C= 
AC, + BC, 

AfB ’ 

The effective attenuation coefficient is 

(2) 

where ~2 and ~2 represent the corresponding 
coefficients of the original sample and the added 
compound, respectively. From equations (l)-(3) we 
obtain 

where y is the ratio B/A. The subscript x will now be 
dropped, for simplicity. 

The line intensity is thus a non-linear function of 
y, containing three parameters. The analyte concen- 
tration can be found by fitting equation (4) to the 
experimental data (I; y) by non-linear least-squares 
methods. Since linear regression programs are more 

readily available, the following approximate variant 
of equation (4) has been developed. Provided the 
second term in the denominator of the equation is 
small compared to 1, terms of higher order than two 
can be omitted, and 

with 

z = a, + a,y + a,y2 (5) 

(6) 

The coefficients %, a,, a2 can be found by fitting 
equation (5) to the data by linear regression. C is then 
obtained by solving the equation 

p__ al c+ f j 
GJi -=o. (7) 

\ a2 / a2 
. , 

In applications of the standard-additions method it 
is generally assumed that ZJ: in equation (1) is 
constant. From equation (4) it is seen that this 
assumption is fulfilled when AyX>>Bpg or ~1 *pg. 
The first case represents the determination of very 
low concentrations of the analyte. The corresponding 
standard-addition functions are 

and 

I=Q’(c+vG>; Q’=Q/pZ (8) 

(1 +Y)Z = Q’CC +YG) (9) 

When the condition ApzsBpz does not hold, the 
plot of equation (8) will be non-linear, with a slope 
decreasing with increasing y. The regression line will 
then yield an erroneous analytical result. A somewhat 
more correct result may be obtained from equation 
(9), which partly compensates for the non-linearity. 
In practice, however, this equation can hardly be 
expected to be followed exactly. Therefore equation 
(4) should be tried if equation (8) leads to a non- 
linear plot. If the range of the standard additions is 
small, then the non-linearity may be difficult to 
detect. 

A linear variation of equation (4) would be 

= Q’CC + ~‘3 (10) 

which is of limited use since it requires calculation of 
the effective attenuation coefficients and hence re- 
quires a knowledge of the concentrations of the major 
components of the sample. 

EXPERIMENTAL 

Six fly-ash samples collected at different times were 
examined. The samples were homogenized and agglomer- 
ates were broken up in a mixer. 
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Reagents 

All reagents were of p.a. quality. Standard solutions of 
lead were prepared from the nitrate. The standards for AAS 
were made up with 1% v/v nitric acid and for XRFS with 
demineralized water. 

Apparatus 
The atomic-absorption measurements were performed 

with a Perkin-Elmer 2380 atomic-absorption spectrometer 
at 217.0 nm, with use of a deuterium lamp for background 
correction. The operating conditions recommended by the 
manufacturer were used. For the X-ray measurements a 
Philips PW 1410 X-ray spectrometer equipped with a PW 
1710 processor was used. The PbL,, PbL,+ and background 
intensities were measured with a chromium-target X-ray 
tube operated at 60 kV/36 mA, a lithium fluoride crystal 
(200) and a scintillation detector. The counting time was 5 
set for each line and background. 

Dissolution-extraction methocis for the AAS determinations 

A. Leaching with nitric acid. About 100 mg of ash was 
weighed into a Teflon tube and 25 ml of 1 M nitric acid were 
added. The tube was capped and allowed to stand overnight 
at 90”. The solution was diluted to 100 ml with demin- 
eralized water and filtered (Munktell Il-cm OOH paper). 
Finally, the solution was diluted to contain about 4 pg/ml 
lead. 

B. Leaching with EDTA in acetic acid/acetate buffer. A 
75-100 mg portion of ash was weighed into a Teflon tube, 
25 ml of O.lM EDTA in acetic acid/acetate (0.7M/OSM) 
buffer, pH 4.5, were added and the tube was allowed to 
stand overnight at 90”, after which 10 ml of 1M nitric acid 
were added before dilution to 100 ml with demineralized 
water and filtration. Before measurement the solution was 
diluted to contain about 4 rg/ml lead. 

C. Leaching with hydrofluoriclboric acid. A 30-50 mg 
sample of By-ash was weighed into a Teflon tube, and IO ml 
of demineralized water and 2 ml of hydrofluoric acid (48% 
w/v) were added. The tube was shaken at room temperature 
for 48 hr, then 20 ml of saturated boric acid solution were 
added and the tube was shaken for another 48 hr at room 
temperature, and finally in an ultrasonic bath for 1 hr. The 
solution was diluted to 100 ml with saturated boric acid 
solution and filtered. This procedure is a modification of 
published methods for coal fly-ash” and stabilized coal 
waste.* 

D. Leaching with hydro$uoric/nitric acid. A 50-mg portion 
of ash was weighed into a Teflon tube. A few drops of water 
were added to wet the sample, followed by 2 ml of 
hydrofluoric acid (48% w/v). The tube was shaken at room 
temperature for 3 hr and then the hydrofluoric acid was 
driven off by heating at 100” overnight. Twenty ml of IM 
nitric acid were added, and the tube was allowed to stand 
at 90” for 2-5 hr, then in an ultrasonic bath for 2 hr, and 
tinally shaken at room temperature overnight (16 hr). The 
solution was then diluted to 100 ml with demineralized 
water, filtered, and diluted further to a lead concentration 
of about 2 rg/ml before measurement. 

Reagent blanks were carried through all steps of the 
different dissolution methods and were used to prepare 
calibration graphs. The lead content of the ash was evalu- 
ated from these plots. Two determinations were made on 
each ash. 

Sample preparation for the X-ray measurements 

A 4.000-g sample of ash was weighed into each of six 
Teflon containers holding two steel balls (diameter 11 mm). 
Standard additions of O-l .OO ml of a standard lead solution 
(about 160 mg/ml) were then made. The spiked samples 
were dried at 110” overnight and allowed to cool at room 
temperature for l-2 hr. The containers were shaken for 5 
min in a Braun “Mikro-dismembrator II” (West Germany) 
to mix and grind the samples. Briquettes were made by 

Table 1. Results (%) from the determinations of lead in 
fly-ash by AAS after different dissolution methods 

Method 

Ash A B C D 

1 1.23; 1.20 1.15; 1.15 -; 1.18 1.23; 1.21 
2 1.06; 1.06 1.00; 1.00 1.05; 1.03 I .08; 1.05 
3 1.01; 1.00 0.95; 0.93 1.01; 0.99 1.03; I .03 
4 1.33; 1.32 1.26; 1.26 1.34; 1.33 1.34; 1.31 
5 1.08; 1.09 1.04; 1.02 1.08; I.16 1.10; 1.07 
6 - - - 0.83; 0.84 

transferring a 2.00-g sample to a die. The sample surface was 
smoothed and 1.0 g of cellulose powder was added to act as 
a backing. The die was subjected to a pressure of 11 MPa 
for 1 min. The briquettes were covered with mylar film. The 
PbL, and PbL, lines were measured together with two 
background counts for each line. The net intensities were 
used to evaluate the lead content. All determinations were 
made in duplicate. A standard of leaded glass was repeat- 
edly measured to check the stability of the instrument. 

RESULTS AND DISCUSSION 

The results from the AAS determinations of the 
lead content of six ashes are presented in Table 1. 
Leaching with nitric acid (A), hydrofluotic/boric acid 
(C) or hydrofluoric/nitric acid (0) gives about the 
same results. With method (C) greater signal noise 
was observed, caused by the presence of boric acid. 
It is better to drive off the hydrofluoric acid if 
elements which do not form volatile compounds are 
to be determined. Leaching with EDTA (B) gives 
lower results than the other methods. This is not 
surprising, since this is a rather gentle method. 

The results from the XRFS measurements are 
shown in Table 2. There is no significant difference 
between the results from the PbLB and PbL, lines. A 
systematic difference would be expected if a substan- 
tial amount of arsenic is present in the sample, 
because the PbL,, and ASK,, lines overlap. The X-ray 
spectra of the samples indicate that small amounts of 
arsenic were present in some of the samples, but were 
too low to affect the determination of lead. 

A typical standard addition plot according to 
equation (9) is shown in Fig. 1. The plot is curved. 

50000 - 

+ 
coooo - + 

? 
& 30000 - 

+ 

? + 
z 20000- + 

10000 - 

I , 
0 a02 a04 0.06 0.06 

Y 
Fig. 1. Standard-addition plot according to equation (9). 
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Table 2. Results (%) from the determinations of lead in fly-ash with XRFS and different evaluation methods 

Equation (4) Equations (S), (7) Equation (9) Equation (10) 

Ash L, L, Lb L, Lb LO 4 (Ld 4 (Ld L, 

1 1.20 1.22 1.23 1.21 1.26 1.28 1.28 1.26 1.54 1.55 1.52 1.50 1.22 1.24 1.26 1.28 1.27 1.25 
2 1.06 1.06 1.08 1.08 1.09 1.10 1.12 1.12 1.34 1.34 1.31 1.32 1.06 1.06 1.10 1.10 1.09 1.10 
3 0.95 0.98 0.99 1.01 0.99 1.02 1.02 1.04 1.28 1.30 1.27 1.28 1.02 1.02 1.05 1.06 1.06 1.06 
4 1.28 1.36 1.25 1.36 1.33 1.40 1.30 1.40 1.65 1.63 1.61 1.60 1.32 1.29 1.36 1.33 1.35 1.33 
5 1.11 1.14 1.19 1.16 1.15 1.18 1.22 1.20 1.41 1.41 1.38 1.40 1.12 1.13 1.16 1.16 1.15 1.17 
6 0.82 0.89 0.83 0.91 0.85 0.91 0.85 0.93 1.07 1.07 1.07 1.07 0.85 0.85 0.88 0.88 0.89 0.89 

Hence the assumptions behind equations (8) and (9) 
are not valid and the results obtained with this 
approach will be too high, as confirmed by the results 
presented in Table 2. 

The analytical results obtained when the data were 
fitted to equation (4) are given as the first entry in 
Table 2. They are compared with those from the AAS 
determinations in Fig. 2. In this comparison the mean 
of the concentrations found from the PbL, and PbL, 
lines has been used. The AAS concentrations are 
those obtained by leaching with hydrofluoric/nitric 
acid and nitric acid. The agreement between the two 
methods is good. It can be seen from Table 2 that the 
reproducibility of the X-ray results is not quite 
satisfactory in some cases. An inspection of the 
primary data revealed that they agreed much better 
than did the analytical results calculated from them. 
It is therefore suspected that evaluation according to 
equation (4) is sensitive to small errors in the mea- 
surements. This point will be further investigated. 

Results obtained by means of extraction methods 
A and D and AAS analysis thus agree with the 
determinations by XRFS. This indicates that lead is 
quantitatively extracted from the fly-ash with 1M 
nitric acid. This is contrary to the results for sta- 
bilized coal waste.s Low recoveries were obtained for 
all elements when the leaching was done with concen- 
trated nitric acid. Low results were also found for 
coal fly-ash treated with boiling nitric acid (1 + 1)’ 
The dissimilarity in behaviour between coal fly-ash 
and incinerator fly-ash is caused by a difference in the 

Fig. 2. Comparison between analytical results obtained with 
XRFS [equation (4), Lti and LB] and AAS (dissolution 
methods A and D). A line of unit slope passing through the 

origin has been drawn. 

location of the lead in the two types of ash. In coal 
fly-ash a considerable part of the element is appar- 
ently present in the interior of the particles, whereas 
it is present on the surface of the incinerator fly-ash, 
as a result of condensation from the gas phase.20 

The results from the leaching with EDTA, where 
recoveries of about 95% were obtained, also show the 
ready availability of the lead. However, a word of 
caution might be added here. In our preliminary 
work with the extraction methods there were indi- 
cations that the recovery dropped when a large 
amount of sample was taken. This could be due to the 
formation of slightly soluble lead compounds when 
the concentrations in the extracts become too high. 
For instance, lead sulphate could form, as the 
amount of sulphur is quite high in the ashes. 

The XRFS data were also evaluated according to 
equations (5) and (7). As seen from Table 2 the 
analytical results are high by about 4%. It can be 
shown that a systematic error of this magnitude is 
introduced by neglect of the terms of higher order in 
the series expansion of equation (4). 

One ash was analysed for the major elements 
(Table 3). The results were employed in an evaluation 
of the XRFS measurements according to equation 
(10). The concept of the effective excitation wave- 
length was utilized in the calculation of the effective 
mass attenuation coefficients. As the effective wave- 
length, 213 of the wavelength of the appropriate 
absorption edge was used.21 For PbL,,, calculations 
were performed for the L,i and LIll edges, since the 
corresponding PbL, lines were not resolved. Mass 
attenuation coefficients were taken from Thinh and 
Leroux.22 The data for the other ashes were also 
evaluated by using the composition in Table 3. The 
rationale for this is the moderate change in p * caused 
by changes in the concentrations of the major ele- 
ments. Theoretical calculations indicated that if 10% 
of one of the two main elements, calcium and potas- 
sium, was exchanged for an equivalent amount of 
magnesium and sodium, respectively, p* changed by 
only 2%. As can be seen from Table 2, fairly accurate 
results were obtained despite the crude assumptions 
involved. 

Table 3. Concentration of major elements in ash No. 5 (%) 

Al Ca Cl Fe K Mg Na S Si Ti 

4.0 8.5 10.5 0.3 13.5 1.1 3.6 1.5 11.6 -2 
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measurements of briquetted samples would thus 
constitute a rapid method for monitoring the lead 
content of the fly-ash. 
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Fig. 3. Calibration graph obtained from ashes 1-6. 

Fly-ash from a garbage incinerator typically con- 
tains OS-2% lead. It is evident from the results in 
Table 2 that X-ray measurements of standard addi- 
tions made directly to such ashes will provide accu- 
rate analytical results if evaluated by equation (4). 
However, it is a time-consuming method. The mod- 
erate influence, on p*, of changes in the amounts of 
the main components, suggests that properly ana- 
lysed samples could be used to establish a calibration 
curve. Figure 3 shows the calibration plot obtained 
from the six samples analysed here. It has been used 
to evaluate XRFS measurements on additional 
samples taken from the same incinerator. Data 
obtained for ashes spanning the concentration range 
of the calibration graph are presented in Table 4. 
They indicate that the lead content so obtained is 
accurate to within about 5%. Direct XRFS 
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Table 4. Comparison of lead (%) deter- 
mination in fly-ash [XRFS measurements 
(Pb$) evaluated from a calibration curve] 

Ash AAS XRFS 
7 1.34 1.29 

8 1.04 1.00 
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SPECTROPHOTOMETRIC DETERMINATION 
OF GALLIUM IN ALLOYS AND FLY-ASH 

WITH PYRIDOXAL DERIVATIVES OF 
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Sunnnar-The symmetric derivatives of pyridoxal with thiocarbohydraxide and carbohydraxide, and the 
asymmetric derivatives of pyridoxal and salicylaldehyde with the same hydrazides have been synthesized 
and their analytical potential for spectrophotometric and kinetic fluorimetric determination of metal ions 
was studied. Gallium(II1) and PyMAU(1,3-bis{[4-(2-methyl-3-hydroxy-5-hydrox~ethyl)py~dyl]methyl- 
eneaminouma at pH = 4.2 form a complex with a single absorption maximum at 425 nm, which can be 
extracted into cyclohexanone in the presence of a controlled amount of sodium perchlorate. The extract 
has maximum absorbance at 435 nm. Both systems can be used for determining gallium. The optimal 
range of gallium concentration for measurement in a l-cm cell is OS-l.25 pg/ml for the procedure in 
homogeneous medium (tas = 3.76 x 10’1 Imole-’ .cm-‘) and 0.251.25 pg/ml for the extraction procedure 
(eqj5 = 5.30 x 10’ 1 .mole-i .cm-‘). The latter procedure has been applied to the determination of gallium 
in alloys and fly-ash. 

Numerous thiocarbohydrazones and carbohydra- 
zones have been used in trace analysis’-5 and sensitive 
and selective procedures proposed for several 
metals.“r4 

Attention has now turned to pyridoxal 
derivatives” and in the present work four compounds 
have been synthesized and studied: 

CHzOH 

R= H,C OH 

OH 

used in the electronic industry and as antitumour 
agents,‘6’8 and sensitive analytical methods are 
needed for its determination. SpectrophotometrPzl 
and fluorimetric’9*20 methods using organic reagents 
have been employed for determining gallium in vari- 
ous types of sample. The procedure proposed here is 
sensitive and suitable for estimation of gallium in 
nickel and aluminium alloys and in fly-ash. 

EXPERIMENTAL 

Apparatus 

HO CHI Perkin-Elmer 1310 and Varian XL 200 spectrometers 
were used for recording infrared and NMR spectra. Absorb- 
antes were measured with a Perkin-Elmer 554 spectro- 

x= photometer and fluorescence with a Perkin-Elmer LS-5 

Is 0 
spectrofluorimeter, equipped with an 8.3-W xenon discharge 
lamp pulsed at line frequency. A K5 ultrathermostatic 
water-bath circulator (Colora Messtechnik GmbH) and 

PyMAT PyMAU 1 x l-cm silica cells were used. 
Reagent solutions. Stock solutions of the organic reagents 

(1.25 x lo-‘M), containing 10% v/v DMF were used for 
the absorbance-pH studies and for the tluorimetric in- 
vestigations of the catalytic effect of metal ions on the 
oxidation of the reagents. For photometric studies of the 

PySMAT PySMAU 
metal-ion complexes formed, 0.05% solutions of the re- 
agents, containing 10% v/v DMF, were used (but in the 
recommended procedure for gallium determination the 
DMF is unnecessary). These solutions are stable for a week 
if stored in an amber bottle in a refrigerator. 

PyMAU gives a good reaction with gallium, which Gallium stock solution. Prepared by dissolving 3.211 g of 

is considered in detail, since gallium compounds are GaCI, in 100 ml of 1M hydrochloric acid. This solution was 
standardized by EDTA titration, and diluted with distilled 
water as required. 

tTo whom correspondence should be addressed. 
Bu$er solution, pH 3.8. Sodium acetate-acetic acid 

(0.8M). 
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Titanium(ZZZ) chloride stock solution (15%) in 1M hydro- 
chloric acid (Merck). All other solutions or solvents were 
prepared from analytical-reagent grade salts or materials, 
and distilled demineralized water was used throughout. 

Reagents 
Preparation of the thiocarbohydraride and carbohydraride 

deriuatiues. The symmetric reagents were prepared by con- 
densation of thiocarbohydrazide or carbohydrazide with 
pyridoxal in the usual way for S&X’s bases. For synthesis 
of the asymmetric derivatives a previous step is necessary, 
to obtain the corresponding monosalicylaldehyde derivative 
by the method described by Brown et al.:’ and this product 
is used to prepare the final reagent by condensation with 
pyridoxal. 

For PyMAU and F’yMAT, carbohydrazide or thio- 
carbohydrazide (0.025 mole) was dissolved in 10 ml of 
water, 0.5 ml of concentrated hydrochloric acid was added 
and the solution was gently heated, 0.05 mole of pyridoxal 
hydrochloride in 50 ml of ethanol was slowly added, and 
the mixture was heated for 10 min. A crude yellow precip- 
itate was formed, filtered off and recrystallized from 
ethanol:water (4: 1) acidified with hydrochloric acid. 

For PySMAU and PySMAT, mono(salicylidene) carbo- 
hydrazone or thiocarbohydrazone (0.025 mole) was dis- 
solved in 50 ml of ethanol acidified with 1 ml of glacial acetic 
acid, then 0.025 mole of pyridoxal hydrochloride dissolved 
in 10 ml of water containing 0.5 ml of concentrated hydro- 
chloric acid was added. The mixture was refluxed until 
a crude precipitate appeared. The product was recrystallized 
from ethanol-water (2: 1). 

Elemental analysis gave the following results: 

PyMAU (m-p. 264-5”) C,,H,N,O, .2HCl.H,0 

C H N Cl 
Calculated, % 42.58 5.01 17.50 14.80 
Found, % 41.9 5.1 17.2 14.8 

PyMAT (m.p. 255-7”) C,,H,N,O,S. 2HCl 

C H N S Cl 
Calculated, % 42.77 4.61 17.61 14.88 15.18 
Found, % 42.4 4.3 17.8 15.2 16.3 

PySMAU (m.p. 222-3”) C,,H,,N,O, . HCl 

C H N Cl 
Calculated, % 50.60 4.14 18.44 9.35 
Found, % 50.6 4.9 18.2 9.6 

F’ySMAT (m.p. 217-8”) C,~H,,N,O,S.HCl.H,O 

C H N S Cl 
Calculated, % 46.43 4.84 16.92 7.73 8.50 
Found, % 45.5 5.0 16.4 7.2 8.6 

The compounds are readily soluble in water, especially the 
carbohydrazide derivatives. The infrared spectra (KBr discs) 
show the characteristic stretching vibration bands of the 
structure assigned to these reagents (Table 1). 

Some features of the ‘H NMR spectra (Table 2) in 
d,-dimethylsulphoxide indicate the structure of the reagents. 
The integrated signals agree with the number of hydrogen 
atoms in the molecules. For the azomethene protons (posi- 
tions 1 and 5), the asymmetric compounds exhibit two 
signals as expected. In general, the azomethine signals 
are doublets suggesting the existence of Z-E isomers, 
analogously to oximes, with the equilibrium: 

“\C=N/=H\C=fi 
/ .. / \ 

except for EyMAU, which shows only a singlet, probably 
because of formation of a hydrogen bond between the 
electron pairs of these nitrogen atoms and the phenol groups 
on the pyridoxal rings, which causes greater rigidity of the 
molecule, especially for PyMAU. Finally, the peaks of the 
imine protons (positions 2 and 4) disappear on deuteration, 
which confirms their nature. 

The ultraviolet spectra of aqueous solutions of the re- 
agents are red-shifted when the pH is increased (Table 3). 

The ionization constants were determined by classical 
spectrophotometric methods,23s24 but the presence of several 
equilibria made it difficult to interpret the results from 
Fig. 1. The thiocarbohydrazide derivatives show pK values 
corresponding to the pyridinium, thioimidol and phenol 
groups. For FySMAT the values were 3.8, 7.7 and 9.6 
respectively. The symmetric derivative PyMAT exhibits 
overlapping dissociation equilibria for the two pyridinium 
groups, the pK values of which were 3.4 and 5.0; as shown 
in Fig. l(A) the curve for A VS. pH at 360 nm shows an 
inflection point and the pK values were evaluated one at 
each side of it, the BudiZinsky methodz5 being used to prove 
that only one proton is liberated before and one after this 
inflection point. The other equilibria for this reagent are 

Table 1. Infrared bands* (cm -‘) 

Reagent 

EyMAU PySMAU EyMAT EySMAT Assignments 

3500-2600 m 3500-2500 m 3500-2600 m N-H, O-H and C-H (aromatic) 
3400-2700 m stretch 

1725 s 1680 s - - C=O (amide I) stretch 

1615 w 1605-1620 w 1615 w 1605w C=N stretch 

1530 s 1535 s N-H (amide II) in plane 
deformation 

MOO-1450 m 1600-1450 m 1600-1450 m 1600-1450 m C=C (aromatic) stretch 

1360m 1360m - - CO-N (amide III) stretch 

- - 1200s 1170s C=S stretch 

750 m 155 m 745 m 760m 
C-H (aromatic) in plane 
deformation 

*Abbreviations: s, strong; m, medium; w, weak. 
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Table 2. ‘H NMR spectra in d&nethylsulphoxide*, S (ppm) 

Assignments 

H H (OH-, H (OH-, 
Reagent H (-CH,) H (--CH,-) (2-hydroxyphenyl) pyridoxal) H (-CH=) 2-hydroxyphenyl) H (-NH-) 

F’yMAU 2.68 s 4.80 s - 8.90 s 8.15s - 12.15 s 

6.90 

2.62 4.76 7.34 > 8.34 
8.15d 

10.20 
11.27s 

PySMAU s s m s s 7.95 8.70 d 11.77s 

PyMATt 2.62 d 4.77 d - 8.85 s 8.19d - - 

6.95 

PySMAT 2.85 d 5.02 d 7.45 > 9.30 
8.48 d 12.90 s 

m s 8.05 8.80 d 10.20 s 13.35 s 

*Abbreviations: s, singlet; d, doublet; m, multiplet. 
tSparingly soluble in dimethylsulphoxide. 

Table 3. Spectral characteristics at various pH values 

PH 

1.76 7.50 12.62 

F’yMAU 340 2.5 385 2.5 390 2.9 
EySMAU 330 1.7 335 2.1 370 2.1 
PyMAT 362 3.0 396 2.5 405 2.9 
F’ySMAT 355 2.8 360 2.5 395 2.9 

*nm. 
tl04l.mole-‘.cn-I. 

0.6 

0.6 

0.4 

0.6 

characterized by pK values of 6.8 (tbioimidol) and 9.2 
(phenol group). The carbohydraxide derivatives have pK 
values of 4.9 and 4.4 for the pyridinium groups of 
EySMAU and EyMAU respectively; and 7.5 and 9.5 for the 
hydroxy group of the pyridoxal and the phenol group of 
PySMAU, the higher acidity of the OH-group of pyridoxal 
being in accord with the literature.X The pyridoxal OH- 
groups of EyMAU yield two pK values, at 8.2 (Fig. lD, 
Iz = 305 nm) and 8.8 (Fig. lD, L = 360 nm). 

The solutions of the reagents in water are readily oxidized 
or reduced (Table 4), the thiocarbohydraxide derivatives 
being especially unstable in alkaline medium. The catalytic 
effect of numerous metal ions on the oxidation of the 
reagent by hydrogen peroxide was tested in acetate and 

(A) (C) 

I I I I I I I I I I I I 

(B) (D) 
. . . . . 

0. c 

2 4 6 6 10 7z z 9 D e, 1” IL 

PH 

Fig. 1. Effect of pH on absorbance of the reagents (2.5 x 10T5M): A, F’ySMAT; B, PyMAT; C, PySMAU; 
D, PyMAU. A 305 nm; 0 330 nm; l 360 nm; A 396 nm. 
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Table 4. Effect of oxidation and reduction on the ab- 
sorption spectra of the reagents (decrease in absorbance in 

1 hr, %) 

Ascorbic acid Hydrogen peroxide 
(0.12%) (0.16%) 

Reagent pH =4.5 pH =9.5 pH =4.5 pH =9.5 

PyMAU 5 9 I 22 
PySMAU 17 7 23 23 
PyMAT 10 25 10 45 
PySMAT 7 14 50 56 

ammonia buffers, and several were found to catalyse the 
oxidation of the reagents (particularly in ammonia medium) 
to fluorescent products, which can potentially be used for 
the kinetic determination of these elements (Table 5). 

Procedures 
Determination of gallium in homogeneous medium. Into a 

25-ml standard flask transfer a suitable volume of sample 
solution containing 15-30 pg of gallium, and add 4 ml of 
aqueous 0.05% PyMAU solution, adjust to pH 3-5 with 3 
ml of buffer solution (sodium acetate-acetic acid) and mix. 
Then dilute to volume and measure the absorbance at 425 
nm against a reagent blank. 

Determination of gallium by extraction into cyclohexanone. 
To an aqueous solution of gallium (2.5-10 pg) in a separ- 
ating funnel, add 3 ml of sodium acetate-acetic acid buffer 
solution to adjust the pH to 4-5, 2 ml of 2M sodium 
perchlorate, and 1.5 ml of 0.05% PyMAU solution and 
dilute to 10 ml with distilled water. Shake the solution 
vigorously with 5 ml of cyclohexanone (accurately mea- 
sured) for 2 min, collect the organic phase, and shake the 
aqueous phase with another 5 ml of cyclohexanone. Dry the 
combined extracts with anhydrous sodium sulphate. Mea- 
sure the absorbance at 435 nm against a blank similarly 
prepared. 

Dissolution and preparation of samples. Weigh 1 g of 
nickel alloy into a conical beaker and dissolve it in 20 ml of 
aqua regia and 2 ml of saturated bromine water. Evaporate 
to dryness on a sand-bath, cool to room temperature, 
dissolve the residue in 2 ml of concentrated sulphuric acid 
and evaporate until white fumes appear. Cool again to room 
temperature, and take up the residue in a little 6M hydro- 
chloric acid, filter off the silica, wash it and dilute to 50 ml 
with 6M hydrochloric acid. 

Weigh 1 g of aluminium alloy into a conical beaker, 
dissolve it in 6M hydrochloric acid, and dilute the solution 
to 50 ml with 6M hydrochloric acid. 

Weigh 0.5 g of fly-ash (previously calcined at 800” for 2 
hr), dissolve it in 6M hydrochloric acid, and filter off and 
wash the silica residue. Dilute accurately to 50 ml with 6M 
hydrochloric acid. 

Separation of gallium from the samples. Treat the samples 
thus prepared, by the method proposed by Busev et al.M to 
separate the gallium. Transfer the prepared 50-ml sample 
into a separating funnel, rinsing the beaker with 2-3 ml of 
6M hydrochloric acid. Carefully add titanium(II1) solution 
until a violet c&our persists. Allow the solution to stand for 
2-3 min, then add 30 ml of diethyl ether, and shake the 
mixture vigorously for 1 min. Discard the lower layer and 
wash the extract with two 2-ml portions of 6M hydrochloric 
acid. Strip the gallium with two IO-15 ml portions of water, 
shaking for 1 min each time, and place the combined 
strippings in a porcelain dish containing 0.1 g of sodium 
chloride, and evaporate the solution to dryness on a sand- 
bath. Dissolve the residue in water and transfer the solution 
into a 25-ml standard flask for altinium and nickel alloys 
and a 50-ml flask for fly-ash, and finally dilute to the mark 
with distilled water. 

RESULTS AND DISCUSSION 

Reaction with metal ions 

The chromogenic properties of the reagent on 
reaction with metal ions were tested in both hydro- 
chloric acid/potassium chloride @H 2.1) and acetic 
acid/sodium acetate @H 4.5) media (Table 6 sum- 
marizes the most important results). The reactivity is 
favoured by the presence of a sulphur atom in the 
molecule of the reagent, the reactions being more 
sensitive at pH 2.1. PyMAU is more interesting as a 
spectrophotometric reagent, because its solution in 
water is more stable, the absorbance of the blank is 
lower, and the selectivity greater than for the other 
reagents. In addition the absorption maximum of the 
gallium chelate with PyMAU at pH 2.1 shows 
a bathochromic shift relative to the outer metal 
complexes. 

Study of the gallium-PyMAU system 

Gallium solutions rapidly form a yellow chelate 
with an excess of PyMAU in aqueous medium, and 
the absorbance remains stable for 60 min. This 
chelate can be extracted into non-aqueous solvents 
such as cyclohexanol and cyclohexanone, but the 
extraction is complete only with the latter (in the 
presence of sodium perchlorate). Other solvents such 
as chloroform, methyl isobutyl ketone, ether, 
2-propanol, isobutanol and isoamyl alcohol have 
proved inefficient for extraction of the chelate from 
the aqueous medium. 

Table 5. Catalytic effect of metal ions (1 pg/ml) on oxidation of the reagent at pH = 9.2 with 
0.06% H,O, 

1 A,, ex 3 
Reagent nm nm Metal ions and relative catalytic activity* 

PyMAU 349 431 Cu*+(2.42) > Mn*+(l.OO) > Co*+(O.53) 

PySMAU 350 455 Mn*+(l.OO) > Cu*+(O.91) > V5+(0.24) > Co*+(O.l9) 

PyMAT 380 499 Co*+(l.42) > Mn’+(l.OO) > Au’+(0.68) > Ti’+(0.62) > Cu*+(O.55) 

PySMAT 348 438 Ti’+(2.25) > Pd2+(l.80) r Ce’+(l.74) > Cr’+(l.57) 
> Mn*+(l.OO) > Cu*+(O.96) > Zfi+(l.95) > Au’+(0.64) 

*The fluorescence obtained after 5 min in presence of Mn*+ is taken as 1.00. 
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Table 6. Photometric characteristics of the complexes in solution* 

PyMAU PySMAU PyMAT PySMAT 

pH = 2.1 pH = 4.5 pH = 2.1 pH = 4.5 pH = 2.1 pH = 4.5 pH=2.1 pH = 4.5 

Cations I c I, 6 1 e 1 6 J. c 1 6 1 f I 6 

CuflI) 405 1.0 405 1.1 - - - - 405 1.4 - - 430 1.1 440 0.6 
Ga(III) 452 0.8 425 3.3 420 3.0 - - 425 1.3 - - 420 0.7 - - 
Ni(I1) - - 405 0.6 _ _ _ _ _ _ _ _ _ _ _ _ 
Co(H) - - - - - - - - - - - - 430 0.9 440 1.3 
II(vI) - - - - 420 4.3 _ _ _ _ _ _ _ _ _ _ 
Fe(II1) - - - - - - - - 410 I.0 - - - - 430 1.1 
Al(II1) - - - - - - 415 2.6 _ _ _ _ _ _ _ _ 
Au(III) _ _ _ _ _ _ _ _ 415 5.1 - - - - - - 
Zr(IV) 425 1.2 425 2.0 _ _ _ _ _ _ _ _ _ _ _ _ 
V(v) 390 1.2 - - - - - - - - - _ _ _ _ _ 

l L_(nm) and c,(1041.mole-‘.cm-I). 

The absorption spectra of the gallium chelate in 
water and cyclohexanone are shown in Fig. 2. They 
show only one absorption maximum at 425 nm in 
water, which shifts to 435 nm in a less polar solvent 
such as cyclohexanone. 

In$uence of pH 

The effect of pH on colour development was 
studied by preparing a series of samples at different 
pH values in the range from 1.5 to 11 (Fig. 3A), and 
the absorbance was found to be independent of pH 
in the interval 3.0-5.0. When solvent extraction is 
used this plateau is restricted to pH 4.0-5.0 (Fig. 3B) 
and the absorbance is higher, suggesting that the 
sensitivity and selectivity in the determination of 
gallium will be increased by use of extraction. For 
adjustment of the pH to a suitable range for both 
cases an acetic acid/acetate buffer of pH 3.8 was 
selected. 

0.6 

It 

g o-4 

(D 

9 

0.2 

0 

Stoichiometry of the complex 

The Ga(III)-PyMAU chelate in both the homoge- 
neous and extraction systems was found to have 1: 1 
composition. 

Other variables studied 

The influence of several factors which can affect the 
absorbance, such as type and amount of buffer 
solution, ionic strength adjuster, order of addition of 
the reagents, and concentration of PyMAU was 
examined. 

Other variables were tested in the extraction pro- 
cedure. The concentration of perchlorate as counter- 
ion is critical and must be between 0.2 and O.&U; a 
lower concentration does not completely extract the 
chelate and a higher one causes a decrease in the 
absorbance and prevents separation of the two layers. 
A shaking-time of at least 2 min was found adequate 
for extraction of the complex into cyclohexanone. 
The optimum volume ratio was established as 2:l 
aqueous phase: organic phase for double extraction of 
the aqueous phase. 

0.6 

0.6 

0.4 

0.2 

375 400 425 450 475 500 2 4 6 6 10 

Xlnm) PH 

Fig. 2. Absorption spectra of gallium(III~PyMAU com- Fig. 3. Absorbance VS. pH curves for the gallium(II1~ 
plex: A, in aqueous solution; A’ blank; B, in cyclohexanone; PyMAU complex: A, in aqueous solution, at 425 nm; B, in 

II’, blank. Gallium 1 pg/ml, pH 4.2. cyclohexanone at 435 nm. Gallium 1 pg/ml. 
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Spectrophotometric determination of gallium with Py- 
MAU 

Without extraction. Beer’s law is obeyed over the 
gallium range 0.1-2.0 pg/ml, and the optimum con- 
centration range evaluated by a Ringbom plot is 
0.5-1.25 pg/ml. The molar absorptivity at 425 nm is 
3.76 x lC? 1 .mole-i .cm-’ and the relative standard 
deviation is 0.4% for 0.75 pg/ml (11 samples). 

With extraction. Beer’s law is obeyed for gallium 
concentrations between 0.1 and 1.5 pg/ml at 435 nm 

(6435 = 5.3 x lo4 l.mole-‘.cm-i) and the optimum 
concentration range is 0.25-1.25 pg/ml, the relative 
error being 2.9%. 

The results of interference studies on both methods 
are given in Table 7. The tolerance limit for a foreign 
ion was considered to be the greatest amount that 
caused an error of not more than 5% of the absorb- 
ance of a 0.75~pg/ml pure gallium solution. An upper 
test limit of 100 pg/ml was fixed in the study for 
cations and 1000 pg/ml for anions. 

In general, there is higher tolerance for several 
species such as Co(II), Ni, Zr, V(V), Mo(VI) and 
Ti(IV) in the extraction procedure, but the inter- 
ference of oxalate and pyrophosphate is more severe. 
Because of its better selectivity, the extraction pro- 
cedure is preferable, even though it is more tedious. 

Determination of gallium in alloys and fly-ash 

Gallium was determined by the extractive photo- 
metric method in aliquots of the solutions prepared 
as described. The results are shown in Table 8. For 
the fly-ash samples, which did not contain gallium, a 
spike of 2.5 mg of gallium was added to the 50 ml of 
sample solution in order to test the recovery. 

Conclusions 

Pyridoxal derivatives of thiocarbohydrazide and 
carbohydrazide show a higher sensitivity for the 
spectrophotometric determination of metal ions, par- 
ticularly for gallium, which can be selectively deter- 
mined with PyMAU, especially if the method is 
combined with Busev’s method for prior separation 
of gallium. Of the four reagents considered, PyMAU 
is the best for gallium determination, because it 
exhibits higher solubility and stability, and the blanks 
are lower. In addition, the method can be applied 
either in homogeneous medium or with solvent ex- 

traction (which decreases the interferences). Finally, 
PyMAU compares favourably in sensitivity with 
classical reagents for gallium such as Rhodamine, 
Gallion, Xylenol Orange and Malachite Green, with 
which the use of solvent extraction is also necessary. 
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Summary4,6-Di-rerr-butyl-3-methoxycatechol (DBMC) has been developed as a new reagent for boron, 
the complex anion formed being extracted as an ion-associate with Ethyl Violet into toluene, and the 
absorbance measured at 610nm. The calibration graph is linear up to 0.43 pg of boron, the molar 
absorptivity is 1.02 x 10’ 1. mole-‘. cm-’ and the relative standard deviation 1.2%. The method has been 
applied to the determination of boron in sea-water and river water with satisfactory results. 

Spectrophotometric determination of boron by 
measurement of an extracted ion-associate formed 
between an anionic boron-reagent complex and a 
cationic dye will be sensitive if the dye cation has high 
molar absorptivity. As complexing reagents for 
boron, fluoride,’ various a -hydroxy-acids,’ benzoic 
acids,3*4 catecholss and naphthols’j are available. Of 
these, fluoride is the most popular. However, the 
method based on fluoride and Methylene Blue re- 
quires close control of the acid concentration, reac- 
tion time and temperature in formation of the 
tetrafluoroborate. Moreover, there is a large reagent 
blank, which is a general disadvantage of such 
extraction-spectrophotometric procedures. We re- 
ported earlier a method’ based on complexation of 
boron with 3,5-di-tert-butyl-catechol and extraction 
of the ion-associate formed with Ethyl Violet, the 
high absorbance of the reagent blank being lowered 
by treatment with hydrogen peroxide. To eliminate 
the peroxide treatment, we have synthesized a new 
complexing reagent, 4,6-di-tert-butyl-3-methoxy- 
catechol (DBMC), which with Ethyl Violet gives a 
highly sensitive method for boron determination. 

EXPERIMENTAL 

Reagents 
Standard boron solution (1 x lo-%). Dissolve 0.1546 g of 

boric acid in 250 ml of demineralized water. Preoare work- 
ing solutions by accurate dilution. 

DEMC. Synthesized similarly to 3,5-di-tert-butyl- 
catechol.s Dissolve 14 II. of 3-methoxvcatechol in 35 ml of 
terr-butyl alcohol and carefully add i0 ml of concentrated 
sulphuric acid, keeping the temperature below 20”; use 
fused-silica (not borosilicate) apparatus. Disperse the solid 
product in water, collect it, wash it with water, then 
recrystallize it three times from petroleum ether @.p. 
30-70”). White plates are obtained (m.p. 129-131”). The 
identity of the product has been confirmed by ‘H NMR 
(CDCI,): 8 = 1.35 (18H, s), 3.80 (3H, s), 6.75 (lH, s), and 

the mass spectrum [m/z 252 (M+ )I. The DBMC is used as 
a 3.5 x lO’*M solution in to&&~ 

Ethvl Violet. F’renare a 4 x lo-‘M solution in water. 
U& analytical-&ade reagents and demineralized water. 

Store all solutions in polyethylene bottles, except the toluene 
solution. For the extractions use 20-ml stoppered test-tubes 
made of soda glass or fused silica. 

Procedure 
Transfer 2 ml of sample solution (containing up to 2 pg 

of boron) to the extraction tube, and add 0.5 ml of 
phosphate buffer solution (O.lM, pH 8), 0.5 ml of 
4 x 10m4M Ethyl Violet, and 5 ml of 3.5 x 10eZM DBMC 
solution in toluene, then shake the mixture on a mechanical 
shaker, for 50 min. Measure the absorbance of the toluene 
layer at 610 nm. If fused-silica extraction tubes are used, 
shaking for 30 min is enough. 

RESULTS AND DISCUSSION 

Selection of catechol derivative 

In our earlier work,’ we tested 8 catechols and 
chose 3,5-di-tert -butylcatechol for the determination 
of boron with Ethyl Violet as counter-ion. The molar 
absorptivity was high (1.05 x 10’ l.mole-‘.cm-‘) but 
so was the absorbance of the reagent blank, necessi- 
tating the addition of hydrogen peroxide and sub- 
sequent centrifuging to decrease the blank. In trying 
to find more useful reagents for boron, we tried 
synthesizing other catechol derivatives by reacting 
tert-butyl alcohol with 3-methyl-, 3-isopropyl- and 
3-methoxycatechol in a similar way to the synthesis 
of 3,5-di-tert-butylcatechol. No product was ob- 
tained from tert -butyl alcohol and 4-methylcatechol 
and the product from isoamyl alcohol and catechol 
was a pale violet tar. The catechol derivatives ob- 
tained were examined by essentially the procedure 
described above. DBMC was chosen because it was 
the only one of the reagents tested that did not 
necessitate a special procedure to minimize the re- 
agent blank. The results are shown in Table 1. 
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Table 1. Comparison of catechol derivatives 

Catechol substituents 

3-methyl-S- 3-isopropyl- 3-methoxy-4,6- 
Optimal conditions 3-methyl terr-butyl 5-rert-butyl di-ieri-butyl 

Extraction pH 5.5 6.0 8.0 8.0 
[Ethyl Violet], M 5 x 10-d 8 x lo-’ 8 x lo-’ 4 x 10-d 
[Reagent] M 0.3 0.01 0.03 0.035 
r&o21 %* 17.5 17.5 3.5 - 
Standing time, mint 40 30 15 - 

Blank absorbance 0,143 0.237 0.422 0.080 
Molar absorptivity, 8.9 10.0 8.5 IO.2 
104i.mole~‘.cm-’ 

Aqueous phase: 2 ml of boric acid solution f 0.5 ml of buffer solution + 0.5 ml of 
Ethyl Violet solution; organic phase: 5 ml of DBMC solution in toluene. 

*One ml was added to diminish the reagent blank. 
TTime elapsed between addition of H202 and measurement of absorbance. 

Absorption spectra 

The absorption spectra of the ion-associate formed 
between the boron-DBMC complex anion and Ethyl 
Violet in toluene, and of the reagent blank, are shown 
in Fig. 1. The absorption maximum is at 610 nm. The 
molar absorptivity is 1.02 x lo5 l.mole-‘.cm-‘. The 
mean absorbance for 0.216 pg of boron (10 repli- 
cates) was 0.479 (relative standard deviation 1.2%). 
The blank absorbance was about 0.08. 

@kt of exFerimentu1 variables 

Contamination from reaction vessels. Borosiiicate 
(from suppliers A and B), fused-silica and soda-glass 
test-tubes were tested. The results are shown in 
Table 2. Borosilicate glass causes considerable and 
variable contamination, but the silica and soda-glass 
tubes cause practically no contamination. In practice, 
soda-glass test-tubes are recommended on grounds of 
lower cost. 

Effect of pH. This is shown in Fig. 2. Citrate buffer 
was used for pH 4.0-5.0, phosphate buffer for pH 
6.0-8.5, ammonia buffer for pH 9.0-10.0. Maximum 
and constant absorbance was obtained at pH 7.0-8.5, 
so pH 8 is recommended for use. 

1.0 r 

I 
600 550 600 60 700 

Wavelength f nm) 

Fig. _l. Absorption spectra in toluene: 1, boron 0.432 pg, . _ _.. _ 

Table 2. Contamination from the extraction vessels 

Absorbance* 

Extraction tube B 0.423 Rg Reagent blank 

Borosilicate glass A 
(20 mi) 

B 

Fused silica (20 ml) 

Soda glass (11.5 ml) 

0.907 0.141 
0.955 0.138 
0.899 0.180 

0.886 0.258 
0.932 0.184 
0.936 0.167 

0.870 0.080 

0.876 0.085 

*Reference: toluene. 

Fig. 2. Effect of pH on reaction and extraction: 1. boron 
0.432 pg, reference toluene; 2, reagent blank, reference ._ _. . 

reterence toluene; 2, reagent blank, reference toluene. toluene; 3, boron 0.432 pg. reference reagent blank. 
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Ethyl Violet concentmtion (x 10m41) 

Fig. 3. Effect of Ethyl Violet inflation: 1, boron 0.432 
cg, reference toluene; 2, reagent blank, reference toluene; 3, 

boron 0.432 pg, reference reagent blank. 

Effect of Ethyl Violet concentration. Ethyl Violet 
was chosen as counter-ion on the basis of the pre- 
vious work. The effect of its concentration is shown 
in Fig. 3. Maximum and constant blank absorbance 
is obtained with 0.5 x 10e4-2 x lO-4M Ethyl Violet 
concentration in the aqueous phase, so use of 0.5 ml 
of 4 x lo-4M solution is recommended 
(zz 0.7 x 10F4A4 in the aqueous phase). 

0.6 - 

0.4 - 

8 

Ii 0v3 
* 

fl 0.2- 

T 1 , 2'1 I I 

10 20 30 4050 60 

Shaking Time fminf 

Fig. 5. Effect of shaking time. Curves 1, 2 and 3, aqueous 
phase 2 ml of boric acid solution f0.5 ml of buffer 
solution + 0.5 ml of Ethyl Violet solution; organic phase 4 
ml of DBMC toluene solution, with soda-glass test-tube. 
Curves l’, 2’ and 3’, aqueous phase 5 ml of boric acid 
solution + 0.5 ml of buffer solution + 0.5 ml of Ethyl Violet 
solution, organic phase 5 ml of DBMC toluene solution, 
with fuse&silica test-tube. l,l’, boron 0.262 gg, reference 
toluene; 2,2‘, reagent blank, reference toluene; 3,3’, boron 

0.262 pg, reference reagent blank. 

Shaking time. Figures 4 and 5 show that constant 
absorbance was obtained with 30 min shaking except 
when small-volume (11.5 ml) test-tubes were used 
with 5 ml of organic phase and 3 ml of aqueous phase 
(because the mixing was then less efficient). The 
shaking time is fixed at 50 min for safety. 

O.l~O.O 
0.0 10 20 33 40 50 60 

Shaking time (mln) 

Fig. 4. Effect of shaking time. Curves 1,2 and 3, with 11.5 ml soda-glass test-tubes (left-hand scale); curves 
l’, 2’ and 3’, with 20-ml fused-silica test-tubes (right-hand scale): 1, l’, boron 0.262 pg, reference toluene; 
2,2’, reagent blank, reference toluene; 3,3’, boron 0.262 ~g, reference. reagent blank. Aqueous phase 2 ml 
of boric acid solution + 0.5 ml of buffer solution + 0.5 ml of Ethyl Violet solution; organic phase 5 ml 

of DBMC solution in toluene. 
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Sample volume (ml ) 

Fig. 6. Effect of sample volume: 1, boron 0.262 pg, reference 
toluene; 2, reagent blank, reference toluene; 3, boron 0.262 
Pg, reference reagent blank. Aqueous phase: x ml of boric 
acid + 0.5 ml of buffer solution + 0.5 ml of Ethyl Violet 
solution; organic phase 5 ml of DBMC toluene solution. 

Effect of sample volume. Figure 6 shows that in- 
creasing the sample volume from 1 to 10 ml decreases 
the absorbance because of the decreasing concen- 
tration of the reagents, but linear calibration graphs 
are obtained for sample volumes up to 5 ml, and up 
to 0.43 pg of boron. If the following procedure is 
adopted, 10 ml of sample solution can be analysed: 
transfer 10 ml of sample solution to a 20-ml fused- 
silica test-tube, and add 0.5 ml of 0.5M phosphate 
buffer (pH 8), 0.5 ml of 6 x 10e4M Ethyl Violet, and 
5 ml of 4 x 10e2M DBMC solution; then shake the 
mixture for 40 min and measure the absorbance of 
the toluene phase at 610 nm. 

Interferences 

The effect of concomitant ions was examined and 
the results are shown in Table 3. The metal ions 
which can precipitate as hydroxide at pH 8 were kept 
in solution by addition of 0.5 ml of O.OlM EDTA 
adjusted to pH 8 with sodium hydroxide. EDTA 
at this concentration does not interfere with the 
determination. 

Application to practical samples 

Boron in sea-water and river water sampled in 
Okayama Prefecture was determined by the proposed 
method. The results are shown in Table 4. Sea-waters 
were diluted 20 times with demineralized water and 
the river water at Ogawa bridge (which was mixed 
with sea-water) was diluted 10 times. As the concen- 
trations of other ions present in the sample solutions 
were less than those listed in Table 3, addition of 
EDTA was not necessary. The boron contents of 
these sample solutions were also determined by an 
HPLC method? The results obtained by both meth- 
ods were in good agreement, as shown in Table 4. 

Conclusion 

Some new complexing reagents for boron have 
been synthesized by introduction of tert-butyl groups 
into catechol derivatives. DBMC (4,6-di-tert-butyl-3- 
methoxycatechol) was found the most useful because 
synthesis and purification of the reagent are easy, use 
of a washing procedure to reduce the reagent blank 
is unnecessary, and the determination of boron is 
simple. Moreover, the proposed method is highly 
sensitive (6 = 1.02 x 10s l.mole-l.cm-‘). Boron in 

Table 3. Effect of other species 

Without EDTA With EDTA (0.0014M) 

Ions Tolerance level, M Ions Tolerable level, M 

NH: 
Na+, K+ 
Cl-, Br-, I-, 
NO,, SO:- 
MS+, HCO; 
Ca2+ 
CO:-, SCN- 
Sr2+, ClO; 

1 x 10-l 
5 x 10-Z 

5 x 10-3 
1 x 10-j 

2.5 x lo-’ 
1 x lo-’ 

Zn2+ 
Ni2+ 

A13+ Pb2+ 
,;,+ 
Fe)+ 

car+, cu2+ 
Dodecylsulphate 

2.5 x 10-s 
2 x 10-j 
1 x 10-3 
5 x 10-d 
1 x 10-4 
5 x 10-S 

2.5 x 1O-7 

Table 4. Determination of boron in sea-water and river waters 

Boron found, pgglml 

Sample Dilution Absorbance* This method HPLC 

Sea-water 
Shin Okayama Port l/20 0.791 f 0.008 3.85 f 0.15 3.85 
Ushimado l/20 0.885 f 0.004 4.45 f 0.03 4.31 
Kuban l/20 0.687 f 0.010 3.35 f 0.04 3.34 

River water 
Ogawa Bridge l/10 0.352 f 0.002 0.704 f 0.006 0.77 
Yuujou Bridge - 0.118~0.001 0.0132 f 0.0002 0.0125 

*Mean and range of three measurements. 
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Smmmuy-Extraction of gallium(III), indium(II1) and ~allium(II1) with n-octylaniline in chloroform at 
various concentrations of hydrogen halide acids (HCl, HBr, HI) has been studied and a scheme for their 
separation proposed. The procedure can be successfully apphed to the separation and dete~ination of 
gallium in presence of mercury, bismuth, manganese, zinc and lead; indium in presence of bismuth, 
antimony, lead, mercury, cadmium and zinc; and thallium in presence of mercury, cadmium, manganese, 
aluminium, tin and antimony. The advantage of the method is that the reagent can be recovered for reuse. 
The method is simple, rapid, and effects clear-cut separation. 

Liquid ion-exchanges have been used for the solvent 
extraction of many metals.‘*2 Liquid anion- 
exchangers are based on primary, secondary and 
tertiary aliphatic amines. Owing to their generally 
greater solubility, primary amines are used less fre- 
quently than secondary amines. The presence of an 
octyl group in the pura position in aniline renders this 
amine more basic and less soluble in water, and 
p-n-octylaniline has been used as a group extractant 
for the noble metals.3*4 However, this application had 
limitations, such as the difficulty caused by the ten- 
dency of the reagent, which was synthesized from 
octylbenzene, to form emulsions. Later5 it was re- 
ported that the formation of emulsions is minima1 if 
the reagent is synthesized from n-octanol and aniline. 
Here, the use of p-n-octylaniline as an extractant for 
gallium, indium and thallium(II1) from hydrogen 
halide acids is reported. The advantage of the method 
is that the reagent can be recovered for reuse without 
loss of extraction efficiency. 

Other extractants useful for gallium, indium and 
thallium(II1) include TBP? ~-~n~laniline,’ mesityl 
oxide,’ 4-methylpentan-2-ol,9 trioctylamine’O and Ali- 
quat 336,‘O but all are subject to limitations.‘o The 
method described here offers a rapid and clear-cut 
separation of gallium, India and thallium(II1) from 
each other. 

EXPERIMENTAL 

Reagents 

Standard solution of gallium(III) and indium(IIi). Pre- 
pared as described earlier.“J2 

Standard solution of tha~l~um(rrI). Prepared by dis- 
solution of the hydroxide in concentrated hydrochloric acid, 
and dilution. Standardixed complexomet~~lly after addi- 
tion of bromine water to ensure all the thallium was in the 
tervalent state.” 

*Author to whom correspondence should be addressed. 

B&k sohrtio~~ Prepared by dissolving 27.2 g of sodium 
acetate tetrahydrate in 400 ml of water, adding 17 ml of 
glacial acetic acid and diluting to one litre. 

Reagent solution. p-n-Gctylaniline was prepared accord- 
ing to the method given by Pohlandt,s and used as a 10% 
v/v solution in chloroform, and diluted further as required. 

The chloroform and all other materials used were of 
guaranteed grade. Doubly distilled water was used through- 
out. 

Extraction of the individual elements (in the absence of the 
others) 

Adjust the hydrochloric acid concentration to 8.OM for 
gallium (W360 pg/ml), 2.OM for indium (40-320 pg/ml; 
8.OM lithium chloride medium), and O.lM for thallium 
(20-80 p&lml). Shake 25 ml of test solution for 1 min with 
10 ml of 3, 8 and 1.5% reagent solution in chloroform for 
Ga, In and Tl respectively. Allow the phases to separate. 
Strip gallium and indium from the organic phase by shaking 
it for I min with two 25ml nortions of distilled water. For 
Tl(II1) use two 35ml portions of acetate buffer for stripping. 
Determine the metal ion in the aqueous phase complexo- 
metrically. 

Recovery of reagent 
Shake the residual organic phase two or three times with 

IO-ml portions of ~monia solution (s.g. 0.88 solution 
diluted 1: 1 with water), and then with distilled water. Distil 
off the chloroform, and treat the p-n-octylaniline with 
sodium hydroxide pellets to remove the last traces of water. 
After decantation, distil the reagent under reduced pressure 
before use. 

Rl?SULTS AND DISCUSSION 

Gallium, indium and thaflium were extracted from 
their solutions in hydrochloric, hydrobromic or hy- 
driodic acid, with different concentrations of p-n- 
octylaniline solution in chloroform. Figure 1 shows 
the results. The effect of lithium chloride as salting- 
out agent on extraction of gallium and indium from 
hydrochloric acid is shown in Fig. 2. The results given 
in Fig. 1 and Table 1 show that it is possible to 
separate the three elements by appropriate choice of 
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kl 
60 

Acid molarity 

Fig. 1. Extraction of Ga (1.4 mg), In (2.6 mg), Tl (2.0 mg) 
with n-octylaniline (R) as a function of HCl, HBr or HI 
concentration. 1, Ga, HCl 3% R; 2, Ga, HBr, 3% R; 3, In, 
HI, 1.5% R; 4, In, HCl, 7% R; 5, Tl, HCI, 1.5% R; 6, Tl, 

HBr, 1.5% R. 

conditions. Because thallium(II1) is reduced to thal- 
lium(1) by iodide, it is essential to remove thallium 
before hydriodic acid is used in the separation 
scheme. Fortunately gallium and indium are not 
extracted at all at low enough hydrochloric acid 
concentration, whereas thallium can be completely 
extracted if the concentration of the organic base is 
high enough. Gallium is not extracted at all from 
hydriodic acid solution, whereas indium is completely 
extractable from a 1 SM solution of potassium iodide 
in 2.5M sulphuric acid. Finally, gallium can be 
extracted from 8M hydrochloric acid. The method is 
shown as a flow-chart in Fig. 3. 

0 1 2 3 4 5 

HCl (MI 

Fig. 2. Extraction of Ga (1.4 mg) and In (2.6 mg) as a 
function of salting-out agent (LiCl) concentration: @-Ga; 

O-In. 

Gallium is extracted quantitatively when the total 
chloride concentration is about 8M. For quantitative 
extraction of indium(II1) from 2M hydrochloric acid 
in a single step it is necessary to use 8M lithium 
chloride as the salting-out agent. Other salting-out 
agents such as ammonium chloride and magnesium 
chloride have no significant effect on the extraction of 
gallium and indium. However, aluminium chloride 
cannot be used, as it interferes in the final deter- 
mination. 

Log-log plots of distribution coefficients vs. amine 
concentration at fixed acidity for gallium, indium and 
thallium indicate a 1:l limiting mole ratio of amine 
to metal, which suggests that the species extracted is 

Table 1. Percentage extraction and distribution coefficient (in brackets) as the 
function of n-octylaniline concentration in chloroform (R) 

R, % Ga(III)* In(III)t In(III)$ Tl(III)* 

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

5.0 

7.0 
10.0 

53.0 
(2.8) 
69.2 
(5.7) 

(Y3::) 
91.0 

(25.3) 
93.0 

(;;.o’) 

(;;:;) 

(125:O) 
camp. ext. 
comn. ext. 

25.0 camp. ext. 92.7 
(0.8) (31.8) 
37.0 camp. ext. camp. ext. 
(1.5) 
48.0 camp. ext. camp. ext. 
(2.3) 
60.0 - camp. ext. 
(3.8) 
71.0 - camp. ext. 
(6.1) 
80.3 - - 

(;;.;) 
- - 

(66:7) 
camp. ext. - 
camp. ext. - - 

Ga, In, Tl taken, 1.4, 2.6 and 2.0 mg, respectively. 
*Ga(III), 6M HCl; Tl(II1) 0.N HCI. 
tIn(III), 2M HCl + 8M LiCl. 
§In(III), 1.5M KI + 2.5M H,SO,. 



Ga(III) l-9 mg, In(II1) l-8 mg, Tl(II1) 0.5-2.0 mg 
I 
I O.lM HCl or pH = 1.0 in a total 
I volume of 25 ml 
1 (Extract for 1 min with 10 ml of 
0 1.5% n-octylaniline in chloroform) 

I I 
I I 

Organi: phase 
I 

Aqueous phase 
Cn) (Ga, In) 

Strip with two 35ml portions of Evaporate aqueous phase to reduce the volume 
acetate buffer solution and estimate and add sufficient KI and H,SO, to make their 
complexometrically in the aqueous phase concentrations 1.5M and 2.5M in volume of 25 ml, 

respectively. Then extract for 1 min with 10 ml 
of 1.5% n-octylaniline in chloroform 

I 

Grganic phase 
(In) 

I 

I 

Aqueous phase 
(Ga) 

I 
I 

Strip with two 2Lml portions 
of distilled water and estimate 
complexometrically 

I 
I 
I 

Evaporate the aqueous phase almost to dryness 
to remove HI, dissolve the residue in water, add 
sutlicient HCl to make its concentration 8.OM in 
a volume of 25 ml. Then extract for 1 min with 
10 ml of 3% n-octylaniline in chloroform 

I I 

Organic’ phase Aqueoui phase 
(Ga) rejected 

Strip with two 25-ml portions of 
distilled water and estimate 
complexometrically 

Fig. 3. Flow-chart for separation, 

Diverse 
inn .___ 

added 

Table 2. Effect of diverse ions 

Amount tolerated, mg Diverse 
inn 

Amount tolerated, mg 

Ga(II1) In(II1) Tl(II1) --- added Ga(II1) In(II1) Tl(II1) 

Mn WI 
H.&II) 
V(v) 
w-v 
n(w) 
In(II1) 
Ga(II1) 
WW 
Cr(vI) 
Mo(VI) 
Zn(I1) 
Sn(I1) 
WII) 
Bi(II1) 
Sb(II1) 
pb(II) 
Ti(IV) 
Co(I1) 
Cu(II) 
Ni(I1) 
Al(II1) 
As(III) 
Mg0I) 
ReWI) 

: 15 

20 2: 
20 5 

co-ext. co-ext. 
co-ext. - 

- co-ext. 
20 5 

: 15 5 
20 5 

co-ext. 5 

20 15 1: 

10 10 t: 
5 5 
5 5 

5 5 2: 
5 20t 
5 5 
5 5 

15 15 

20 
20 
10 
20 

20 
20 
20 
10 
5 
5 
5 
5 

co-ext. 
20 

co-ext. 
10 
10 
10 
10 
5 

10 
20 
10 

Au(II1) 
Ag(I) 
Pt(IV) 
Pd(I1) 
Ru(II1) 
Rh(II1) 
Te(IV) 
Fe(II) 
Fe(II1) 
Fluoride 
Citrate 
Ascorbate 
Acetate 
Phosphate 
Thiourea 
Thiocyanate 
Tartrate 
H,02 30% 
(100 vol.) 
Thiosulphate. 
Gxalate 
EDTA 
Malonate 
Salicylate 

10 2 
5 5 
2 5 
5 5 
2 2 
5 5 
2 5 

co-ext. co-ext. 
co-ext. co-ext. 

200 100 
200 200 
200 100 
100 200 
100 200 
100 50 
100 50 
100 200 

lml lml 

80 200 
50 100 
25 
80 1; 

100 200 

5 
5 
5 
2 
5 
5 
5 

& 
100 
100 
Int. 
200 
200 
Int. 
Int. 
200 

1.5 ml 

Int. 
200 
100 
80 

200 

Ga, In, Tl taken, 1.4, 2.6 and 2.Omg, respectively. 
*Masked with ascorbate. tbfasked with thiosulphate. $Masked with fluoride. 
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Table 3. Separation and determination of gallium, indium Table 4. Determination of gallium, indium and thallium in 
and thallium synthetic mixtures: results of three determinations of each 

Elements taken, mg Elements found, mg sample 

1.40 2.57 2.31 1.39 2.57 2.31 
2.80 2.57 2.31 2.78 2.57 2.31 
7.11 7.71 1.15 7.07 7.67 1.15 
5.67 5.14 2.31 5.61 5.09 2.31 
9.95 5.14 1.15 9.88 5.14 1.15 
2.81 7.71 2.31 2.80 7.70 2.31 

Ga In n Ga In Tl 
Ga, In or Tl, tng 

Diverse elements 
taken, mg Taken Found 

Hg(I1) 10, Bi 5, 14OGa 1.40, 1.40, 1.39 
Mn(I1) 10, Zn 5 14OGa 1.39, 1.42, 1.42 
Mn(II), 15, Pb 5 
Bi 5, Sb(II1) 5 2.57 In 2.57, 2.53, 2.55 
Hg(I1) 5, Cd 5, 2.57 In 2.49, 2.52, 2.52 
Pb 5, Zn 5 
He(B) 5. Cd 2. 2.31 Tl 2.25. 2.23. 2.30 
M;;(B) 10 

I I 

probably RNH: . MCI; where R is C8H&H,, and Al 2.5, Sn(II) 5, 2.31 Tl 2.31, 2.30, 2.31 
M is Ga, In or Tl. Sb(II1) 10 

Extraction was found to be more than 99.9% 
complete in 30 set, so a I-min shaking period is 
recommended for all three extractions. 

Eflect of diverse ions 

Several ions were examined for interference (Table 
2) in the proposed method. An error of f 1.5% in 
analyte recovery was considered tolerable. The spe- 
cies which seriously affect the extraction are Tl(III), 
In(III), Sn(I1) and Fe(I1, III) for gallium; Tl(III), 
Ga(II1) and Fe(I1, III) for indium; Pb(II), Bi(III), 
thiosulphate, thiocyanate, thiourea and ascorbate for 
thallium. 

4. 

5. 
6. 
7. 

Separation and &termination of Ga, In and TI 8. 

Tables 3 and 4 show the results for analysis of 
mixtures containing the three elements, and for ana- 
lysis of mixtures containing only one of them. 
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Stunmary-A new perrhenate ion-selective electrode has been developed, incorporating a nitrobenxcne 
solution of nitron perrhenate as a liquid membrane. The electrode gives near-Nemstian response to 
3 x 10-s-10-2M perrhenate over the pH range 3-g. Most common anions (except for periodate and 
perchlorate) give little interference. The electrode has been satisfactory for direct potentiometric 
determination of as little as 10 pg/ml rhenium. The average recovery and standard deviation were 99% 
and 2.1%, respectively. Measurements of the solubility products of some sparingly soluble perrhenates 
gave results that agreed closely with those recorded in the literature and obtained by other procedures. 

Rhenium is used for the production of some hard 
corrosion-resistant alloys and as a catalyst for indus- 
trial hydrogenation and dehydrogenation reactions.’ 
Most of the procedures for its determination involve 
conversion with hydrogen peroxide into perrhenate, 
which can be assessed by gravimetric,” spectro- 
photometric,H indirect atomic-absorption spec- 
trometric,’ polarographic,” and isotopic dilution” 
methods. Most of these techniques involve several 
time-consuming manipulation steps and are neither 
selective nor sensitive. 

It has been reported that the commercial 
perchlorate? and nitrate” ion-selective electrodes 
with membranes containing nickel bathophen- 
anthroline perchlorate and tributyloctadecylphos- 
phonium nitrate, respectively, can be used, after 
appropriate membrane conditioning, as perrhenate 
sensors. Electrodes responsive to perrhenate as a 
primary ion have been based on the ion-pair com- 
plexes of perrhenate with tetraoctylammonium,‘4 tetra- 
decylamm~nium,‘~ triheptyldodecylammonium,16 tetra- 
phenylarsonium,“*r8 triaquo-oxahexakis(stearato)- 
trichromium(III)‘9 and some basic dyeGo dispersed in 
lipophilic solvents or polymer matrices. Many of 
these electrode systems, however, suffer from serious 
interference by Cl-, NO<, SCN-, I-, ClOh, We-, 
VOj- and MoOi- ions.r%1%15.17.19 

Recently we described some membrane electrode 
systems for IO:,21 Cl0~,~~ BF;23 and SCN-24 based 
on the ion-pair complexes of these ions with nitron. 
In this investigation, the nitron-perrhenate ion-pair 
complex was prepared and tested as electroactive 
species for use in an electrode responsive to per- 
rhenate. A liquid membrane consisting of a nitro- 

benzene solution of nitron perrhenate was found 
to respond to 3 x 10-5-10-2M ReO; over the pH 

*To whom correspondence should be addressed. 

range 3-8 with minimal interference from many 
anions. 

Apparatus 

EXPEEIMENTAL 

All EMF measurements were made at 25 & 1” with the 
nitron perrhenate liquid membrane electrode and a Corning 
pH/ion meter (Model 135). An Orion Ag/AgCl double 
junction reference electrode (Model 90-02) with the outer 
barrel filled with 10% potassium nitrate solution completed 
the cell. An Orion combined glass electrode was used for pH 
adjustment. The electrochemical cell used for potential 
measurements was: Ag-AgCl/lO-*M aqueous NH4ReQ4 + 
10m2M NaCI/10-2M nitron perrhenate in nitrobenxene// 
porous membrane//ReQ; test solution/Ag-AgCl reference 
electrode. 

Reagents 

All reagents were of analytical arade unless otherwise 
stated and doubly distilled water w& used throughout. A 
10e2M nitron solution was nrenared in 10% v/v acetic acid. 
A lo-*M aqueous perrhenate stock solution &as prepared 
from ammonium perrhenate of purity not less than 99.8%. 
Dilute perrhenate solutions (10-6-10-3M) were freshly pre- 
pared by serial dilution. 

Nitron perrhenate complex was prepared by mixing about 
20 ml of lo-*M ammonium nerrhenate and 25 ml 10-2M 
nitron acetate. The grey precipitate was collected in a G4 
sintered-glass crucible, washed with cold water, dried at 80 
for 1 hr and ground to a fine powder. Elemental analysis of 
the precipitate gave C 42.4%, H 2.9% and N 9.7%; 
C,H,,N,.HReQ,; C 42.6%, H 2.9% and N 9.7%. The 
most significant absorption bands in the infrared spectrum 
of the precipitate were those at 3240-3260 cm-’ and 
920-940 cm-‘, assigned to stretching vibrations of the 
secondary amine and perrhenate groups, respectively. 

Elecirode preparation and calibration 

An Orion electrode barrel (Model 92) was used with an 
Orion microporous membrane (92-06-04) to separate the 
organic and aqueous phases. The organic ion-exchanger 
liquid membrane was a IO-*&f solution of the nitron 
perrhenate complex in nitrobenxene, and the internal refer- 
ence solution was a mixture of equal volumes of aqueous 
10-*&f ammonium perrhenate and sodium chloride solu- 
tions. The electrode was conditioned after preparation, by 
being soaked in 10-3M ammonium perrhenate for at least 
24 hr and was stored in the same solution when not in use. 
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The perrhenate electrode and the reference electrode were 
immersed in approximately 20 ml of 10-6-10-2M standard 
perrhenate solution in a 50-ml beaker. The emf readings 
were recorded when stable to f 1 mV and plotted as a 
function of pRe0,. 

Measurement of solubility products 
About 0.5 g of a freshly prepared sparingly soluble 

perrhenate was suspended in 20 ml of doubly distilled water 
and kept in an airtight Erlenmeyer flask. The mixture was 
shaken vigorously for 3 hr in a thermostat adjusted to 
25 f 1” and allowed to stand for 1 hr before the ootential 
was measured. The concentration of perrhenate in solution 
and hence the solubility product was calculated. 

RESULTS AND DISCUSSION 

Electrode response and stability 

The performance of the electrode system was char- 
acterized by measuring the useful linear response 
range, slope, effect of pH, response time, membrane 
selectivity and electrode stability. The IUPAC 
recommendationszs were used fey evaluating these 
parameters. In pure aqueous ammonium perrhenate 
solutions, the electrode displayed near-Nemstian re- 
sponse for 3 x 10-s-10-2M perrhenate with a slope 
of a 56 mV/pReO,. The limit of detection was 
4.5 x lo-‘M. Figure 1 shows the dependence of the 
electrode potentials on pRe0,. Similar results were 
obtained for perrhenate solutions in O.lM sodium 
chloride. 

Least-squares analysis of data collected for 3 
different electrodes over 3 months gave the re- 
lationship: E (mv) = (-56 + 0.6) log C - (12 f 0.Q 
the standard deviation being 1.2 mV. The re- 
producibility of the potential readings from day-to- 
day measurements for the same solutions was within 
f 2 mV and the variation in the slope. did not exceed 
2 mV/pReO, over a period of 6 weeks. The useful 
lifetime of the electrode is 5-6 weeks, after which the 
membrane of the electrode should be renewed. The \ \ \ I\ \ 220 

- t 
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Fig. 1. Potential-response curve for the nitron perrhenate 
liquid membrane electrode. 

lO-2 M Em 
e0OO 12 

PH 

Fig. 2. Effect of pH on the potential response of the nitron 
perrhenate liquid membrane electrode. 

electrode was stored in doubly distilled water between 
measurements and in 10m3M ammonium perrhenate 
when not in use.. The stability of the nitron perrhenate 
membrane is attributed to the stable aromatic struc- 
ture of the triaxolium cation of nitron, which is 
closely related to the well known stable tetraxolium 
cation.26 

The static response time of the electrode was 
evaluated by exposing the electrode to a rapid change 
in perrhenate concentration and recording the re- 
sulting emf as a function of time. Steady potentials 
were established after 30 set for concentrations 
2 lo-‘M, 50 set between 10m3 and IO-‘M, and 80 set 
for concentrations Q lo-‘M. The potential readings 
remained stable within +2 mV for at least 5 min. 

EfSect of pH and foreign ions 

The effect of pH on the electrode potential readings 
was studied for 10-2-10-4M perrhenate adjusted to 
different pH values with sodium hydroxide solution 
or hydrochloric acid. The potential-pH plots (Fig. 2) 
indicate that the potentials were almost independent 
of pH in the range 3-8. At low pH there is hydrogen- 
ion interference, and at high pH the emf decreases, 
probably owing to dissociation of the membrane 
material. 

The effect of some common anions on the potential 
response of the electrode was tested by determining 
the selectivity coefficients of the membrane by the 
separate solutions method, as described pre- 
viously.z’-2s The results (Table 1) show good select- 
ivity relative to 14 common anions at the 10e2M 
level. The electrode shows poor selectivity, however, 
with respect to periodate and perchlorate, both of 
which also interfere with some previously described 
perrhenate electrodes.‘5*‘9 

Rhenium is commonly associated with molyb- 
denum and tungsten in its ores and alloys. Prior 
separation by solvent extraction2’+r* or 
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Table 1. Potentiometric selectivity 
coe&ients for some anions, ob- 
tained by the separate solution 

method 

Interferent (B)* Q&s 

Cl- 5.1 x lo-’ 
ClO,- 6.7 x 1O-3 
ClO, 0.76 
Br- 3.5 x 10-3 
I- 2.1 x 1o-2 
IO, 0.91 
NO, 4.2 x IO-’ 
NO, 4.6 x lo-’ 

F$- 4.0 x 10-r 

&- 
5.6 x lo-’ 
3.1 x lo-’ 

Mk- 
3.8 x 10-S 
4.8 x lo-’ 

Ace&e 
1.5 x 10-J 
3.8 x lo-” 

Oxalate 1.1 x 10-j 

*All tested at W2M level. 

chromatography29sW is thus an unavoidable step in 
almost all previous procedures for analysis of 
rhenium-molybdenum and rhenium-tungsten mix- 
tures. Molybdate and tungstate seriously interfere 
with some perrhenate membrane electrodes,19 but 
have negligible effect on the response of the proposed 
nitron perrhenate electrode. Up to a 200-fold molar 
ratio of either ammonium molybdate or ammonium 
tungstate to 10-5-10-3M ammonium perrhenate has 
no significant effect on the electrode potential. 

Determination of perrhenates 

Analysis of lo-2000~pg/ml rhenium solutions pre- 
pared from standard sodium perrhenate solutions, in 
triplicate, by direct potentiometry with the membrane 
electrode and a calibration graph prepared with 
ammonium perrhenate solutions gave the results 
shown in Table 2. The average recovery was 98.7% 
and mean relative standard deviation 2.1%. 

The solubility products of some sparingly soluble 
perrhenates were also determined as described, and 
the results (given in Table 3) agreed fairly well with 
the reported values. 3’,32 For silver perrhenate, how- 

Table 2. Direct potentiometric determination 
of perrhenate 

Standard 
Rhenium Recovery,* deviation, 

added, pgglml % % 

10.0 98.8 2.1 
30.0 99.1 2.0 
70.0 98.9 1.9 

100 99.5 2.2 
150 98.1 2.1 
200 99.5 1.9 
400 98.1 1.8 
800 98.7 2.0 

1200 98.2 2.2 
1800 98.0 2.3 

*Mean of 3 measurements. 

Table 3. Direct potentiometric determination of the solu- 
bility products of some sparingly soluble perrhenates 

k;, 

Electrode method Literature 
Compound (?I = 4) values Reference 

KReG, 2.6 f 0.1 x lo-’ 1.9 x 10-j 31 
CsReG, 4.0 f 0.3 x 10-4 4.0 x 1o-4 31,32 
TlReG, 1.2 f 0.2 x lo-s 1.2 x 10-s 31 
AgReO, 6.8 f 0.2 x lO-4 7.9 x lo-’ 31 
Nitron-HReOd 6.3 + 0.3 x lo-* 9.0 x lo-* 2 

ever, the value found was 6.8 x 10m4 (literature value 
7.9 x 10e5). The value found by measuring the silver 
ion concentration with a silver sulphide ion-selective 
electrode (Orion 94-16) was 6.3 x 10e4, close to the 
value obtained with the perrhenate electrode. 

The results show that direct potentiometric mea- 
surement of perrhenate with the nitron perrhenate 
electrode gives a simple and rapid determination of 
this ion. The electrode system proposed shows useful 
sensitivity, reasonable selectivity, fast response times 
and adequate stability. The method involves minimal 
sample pretreatment, compared with many of the 
previously described procedures.2-” 
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Summary-This paper describes a simple operational relationship between the drop-time of a dropping 
mercury electrode and the interfacial tension at a charged mercury/aqueous solution interface. An 
apparatus and technique for measuring drop-times is reported, and examples are given of the fit of 
experimental drop-times to literature values of interfacial tensions. The operational relationship is 
independent of temperature in the range 293-313 K. 

The adsorption of organic molecules at charged 
interfaces has been widely studied because of its 
practical and theoretical importance in bioelectro- 
chemistry. The main methods of obtaining quan- 
titative information on adsorption at a charged 
mercury/aqueous solution interface, as a function of 
the electrical potential difference applied across the 
interface, are based on the determination of the 
interfacial tension or the differential capacity. In 
general terms, the interfacial tension is difficult to 
measure experimentally but, being a direct thermo- 
dynamic parameter, is relatively easy to interpret and 
to use in adsorption isotherms. On the other hand, 
with a modest amount of electronic equipment the 
differential capacity is relatively easy to measure but, 
being an indirect thermodynamic parameter, is less 
easy to interpret. 

There are many techniques for determining liquid/ 
liquid interfacial tensions, ranging from absolute, 
static methods, such as the pendant and sessile drop 
techniques, to relative, dynamic methods, such as 
those based on drop-weight, drop-volume, and drop- 
time. The former methods are usually delicate and 
tedious to operate, whereas the experimental par- 
ameters of the latter methods can be measured easily. 

In electrocapillary studies of low molecular-weight 
organic and inorganic species at charged mercury/ 
aqueous solution interfaces, the drop-time method 
has received much attention because (a) it is simple 
to operate, (b) measurement is independent of the 
mercury/solution/glass contact angle, (c) little mer- 
cury is used, (d) large amounts of data are produced 
rapidly, (e) there are many types of sensitive drop-fall 
detectors available,’ and (f) the whole process can be 
automated.2 The method, however, suffers from one 
serious disadvantage: the relationship between drop- 
time and interfacial tension is inexact, and therefore 
the conversion of drop-time data is complicated. 

‘To whom correspondence should be addressed. 

The basic equation (l), derived by Smith3 and used 
by Barradas and Kimmerle: equates the weight of a 
mercury drop immediately prior to its detachment 
from the glass capillary, with the difference between 
the upward force of the interfacial tension around the 
circumference of the capillary orifice and the “back- 
pressure effect”, due to the curvature of the drop, 
which opposes the upward force, i.e., 

D-d ( ) 2nr2y 
- Mg=2m-pR 

D 
(1) 

where D = density of the heavy phase (mercury), 
d = density of the light phase (aqueous solution), 
A4 = mass of the mercury drop, g = gravitational 
acceleration constant, y is the interfacial tension, 
r = radius of the capillary orifice and R = radius of 
the mercury drop (assumed to be spherical just prior 
to detachment). 

The last term in equation (1) is the correction for 
the back-pressure, which is more pronounced during 
the early stages of drop growth. The (D - d)/D term 
is the correction for the buoyancy of the drop. 

Equation (1) can be rearranged to give: 

Y =($q)($)(+J (2) 

Harkins and Browns derived for their drop-weight 
experiments a similar equation which can be ex- 
pressed in a similar form: 

where f is a function which will be discussed later. 
Barradas and Kimmerle used equation (2) in the 
form: 

Y =r+)($)(l +a) (4) 

where u = r/(R - r). 

There are three disadvantages in applying equation 
(2) to drop-time data. The first is due to the assump- 
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tion that just prior to detachment the drop is spheri- 
cal, the second is due to the assumption that the 
whole of the spherical drop falls on detachment: both 
captions have been shown by high-speed 
photography6 to be invalid. The third disadvantage is 
that, as a result of the back-pressure effect, the 
mercury flow-rate is not constant but varies with 
drop growth. Barradas and Kimmerle used an aver- 
age back-pressure, b, and flow-rate, and related all 
drop-times to that, rmf, of a solution of known 
interfacial tension, ynr, for example, the electro- 
capillary maximum of O.lM potassium chloride at 
298 K, to obtain the expression: 

N2 

GS 

(5) 

Hg 

Pig. 1. Dropping mercury electrode. Hg = mercury reser- 
voir; WE, RE and CE = working, reference and counter 
electrodes; GS = gas scrubber; S = solution; “MARKS’ = 
limit of horizontal travel of head of mercury; dotted fines 

indicate ~e~ostati~ally controlled regions. 

where K is a constant and h is the hydrostatic head 
of mercury in the electrometer column. An initial 
value of K = 1 is assumed, from which the primary 
values of a and b are determined. Equation (5) is then 
re-evaluated by an iterative process until a constant 
value of K is obtained. 

Corbusier and Gierst’ had earlier derived a simpler 
relationship which may be expressed in the 
differential form: 

dy=R’dt 
Y t 

where K’ was found to tend to a value of unity for 
small-bore capillaries and large hydrostatic heads 
of mercury (K’ = 0.973 when r N 30 pm and 
h N 80 cm). We have found equation (5) to be 
accurate but inconvenient to use and equation (6) to 
be progressively less accurate as the drop-time t 
differs from rRr. 

Smith’ has shown that M can be expressed in terms 
of a time series, or more simply by: 

M = a,tfll (7) 

where a1 and B, are constants. Thus equation (2) 
becomes: 

where a, = a,g/2xr. 
Harkins and Brown realized that the Tate 

equation6 relating y and M was only an approxi- 
mation because of the invalidity of the assumptions 
regarding drop shape and mode of detachment, and 
their correction factor, f in equation (3), a function 
of r and drop volume, was found quite empi~~lly 
from an analysis of drop-times of solutions of known 
surface tension. In a similar empirical manner, we 
have found that: 

R 
- = a3th 
R-r 

(9) 

where a1 and /I2 are constants. For a reference 
solution with density dnf, equation (2) reduces to the 
simple relationship: 

=a@ WY 

whe~~=a~a~,~=~,+~~,~~da=a~(D-d~)/D. 
For a solution of density d,, equation (10) yields 

EXPERIMENTAL 

Reagents 
Potassium chloride, AnalaR grade (BDH), was dried 

before use; water was doubly distilled in Pyrex apparatus; 
mercury was washed with dilute nitric acid, rinsed with 
distilled water, dried, filtered, and t~ply~stiI1~ under 
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high vacuum; dimethyldichlorosilane (BDH) was used as Table 1. Drop-time-interfacial tension data for O.lM KC1 
R!XXiVed. at 298 K 

Apporotus 
The glass electrometer shown in Fig. 1 consisted of a tall 

(-80 cm) column with a horizontal arm at the top to 
provide a constant head of mercury during operations. The 
bottom of the column ended in a glass capillary (bore. 
-30 pm) serving as a dropping mercury electrode (DME). 
The inner bore of the DME was silicone-coated with 
dimethyldichlorosilane. The reference electrode was a O.lit4 
KCl/calomel electrode but all electrode potentials were 
reported with respect to the standard hydrogen electrode 
(see Fig. 2 and Table 1). 

Interfacial tension, 

Electrical Drop-time,? 
mN/m 

potential,* V see D&P4 This work2 

Electronics 

The potentiometer consisted of a 1.5-V d.c. source and a 
I-kD IO-turn helipot, the voltage being applied to the 
working and counter electrodes. A high-impedance wigit 
voltmeter (Weston 2462) was used to monitor the potential 
between the working and the reference electrodes. The 
precision drop-fall detector is described in a separate papers 
The lifetime of consecutive drops was measured by feeding 
the output pulse (+ 5 V, I-IL-compatible) from the detector 
into the first of the one-bit inputs of an Apple He 
microcomputer9 fitted with a l-MHz computer clock 
(Mountain, card number MTNOOI). A back-up counting 
device consisted of a pair of TTL-compatible digital coun- 
ters (Newport Electronics 613OA) desynchronized so that 
one counted the odd-numbered drops, and the other the 
even-numbered drops. Drop-times for our particular capil- 
lary were about 8-9 set (see Table 1) and were reproducible 
to better than k5 mscc. For each experiment, at least 135 

0.334 8.160 378.5 378.8 
0.284 8.373 388.0 387.6 
0.234 8.557 396.2 395.8 
0.184 8.718 403.3 403.2 
0.134 8.855 409.5 409.6 
0.084 8.971 414.6 414.9 
0.034 9.066 418.8 419.1 

-0.016 9.139 422.1 422.3 
- 0.066 9.192 424.4 424.5 
-0.116 9.222 425.8 425.8 
-0.166 9.237 426.4 426.3 
-0.216 9.232 426.2 426.0 
-0.266 9.211 425.2 425.1 
-0.316 9.175 423.6 423.6 
-0.366 9.126 421.5 421.5 
-0.416 9.066 418.8 418.9 
- 0.466 8.996 415.7 415.8 
-0.516 8.917 412.2 412.3 
-0.566 8.829 408.3 408.3 
-0.616 8.733 404.0 404.0 
-0.666 8.628 399.4 399.2 
-0.716 8.514 394.3 394.0 
-0.766 8.389 388.7 388.5 
-0.816 8.253 382.7 382.6 
-0.866 8.108 376.2 376.3 
-0.916 7.954 369.3 369.6 

/. 
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Fig. 2. Electrocapillary curves for O.lM KNO, at various 
temperatures. V from Vane];” C&M, this work. The poten- 
tial of the mercury electrode is given with respect to the 

standard hydrogen electrode. 

-0.966 7.796 362.3 362.3 

*The potential of the DME was measured with respect to 
a O.lM KCI/Hg,Cl,/Hg electrode but is reported here 
relative to the standard hydrogen electrode. 

tEach drop-time is an average of 5 observations. 
$Interfacial tension values of Devanathan and Peries.” 

Regression analysis of In y (D&P) vs. In t (experimental) 
gave a = 50.344, b = 0.96099, and a correlation coef- 
ficient of 0.99995. 

$Computed from t with a = 50.344 and /I = 0.96099. 

drop-times were used in the evaluation of the polynomials 
in equation (12b). 

Data processing 

The data of Devanathan and Peries” for 0.1 M potassium 
chloride at 298 K were chosen as standard data for instru- 
ment calibration. Processing of data can be done at two 
levels, elementary and advanced. If the cell reference elec- 
trode has the same characteristics as those of the electrode 
used by Devanathan and Peries, then the drop-time data are 
inserted into equation (10) to obtain the instrument par- 
ameters a and j. We have found, however, that the cell 
reference electrode potential can vary by a few mV from day 
to day, so a more complicated process of evaluation is 
required. The y vs. E and t vs. E data are separately analysed 
by a computer” to obtain the cofficients of the seventh order 
polynomials: 

y =o,+b,E+c,E2+...+h,E7 (124 

t=o,+b,E+c,E2+...+h2E7 Wb) 

The multiple correlation coefficients (Rz), which give an 
indication of the degree of fit of the polynomial to the data, 
for the 7th-10th orders were respectively 0.99998, 0.99998, 
0.99999, and 0.99999, so the seventh order polynomials were 
chosen for routine calibration purposes. 

Equations (12a) and (12b) were differentiatedI to obtain 
the respective potentials of zero charge, E,,(y) and E,,(t). 
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These potentials may differ by AE: 

AE = E&Y) - &?&) (13) 

The drop-time potentials were then increased by AE and 
drop-times evaluated with equation (12b) for potentials 
corresponding to those selected by Devanathan and Peries, 
and the shifted drop-times were inserted into equation (10). 
The computer programi contains a subroutine to increase 
and decrease AE by successive increments of 0.5 mV to see 
whether there are any improvements in the correlation 
coefficients. Any further shift found necessary allows for 
either Ep value being miscalculated because of scatter in the 
data in the vicinity of these potentials. 

ping mercury electrode and inter-facial tensions is 
inexact. Of the two commonly employed relation- 
ships, equation (5) is accurate but difficult to use, 
whereas equation (6) is easy to use but is pro- 
gressively inaccurate as the potential differs from the 
potential of zero charge. However, equation (11) has 
both the accuracy of equation (5) and the simplicity 
of equation (6). The experimental procedure is 
simple, efficient and economic in terms of time and 
material, and its use in the study of the electro- 
capillary properties of ammo-acids and peptides will 
be reported in later papers. 

RESULTS 

The drop-time data for a 0. IM potassium chloride 
solution at 298 K are given in Table 1, together with 
the values of a and /3 obtained by regression analysis 
of the logarithm of the experimental drop-times 
against the logarithm of the interfacial tension data 
of Devanathan and Peries. The correlation coefficient 
in this case was 0.99995. The terms TV and /I have been 
found to be relatively temperature-independent in the 
interval 293-313 K, i.e., from laboratory to body 
temperature, the region of importance in our study of 
the electrocapillary properties of biomedical mol- 
ecules. The instrument can therefore be calibrated 
with a O.lM potassium chloride solution at 298 K to 
obtain a and 8; thereafter, only the solution densities 
are needed in order to transform drop-times into 
interfacial tensions. To demonstrate this, the electro- 
capillary curves of O.lM potassium nitrate at 293, 
298, 303, 308 and 313 K, calculated in this way, are 
compared in Fig. 2 with those obtained at 277, 298 
and 3 18 K by Vanel. I3 Agreement between the two 
sets of curves is good. 
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Summary-Apparatus is described which allows continuous electro-optic signals to be obtained from 
aqueous suspensions of bentonite. A radiofrequency-field generator and external electrodes are used to 
allow the suspension to be contained in an all-glass cell. The magnitude of the response is found to depend 
both on cation charge and on concentration. There appears to be little chemical selectivity save under 
circumstances which cause the ion population available to the suspension to be depleted. 

Bentonite clays are found in many areas of the world, 
and are widely employed in a variety of technical 
applications.‘*’ The material consists primarily of 
montmorillonite, which is a layered structure built up 
of units comprising two sheets of silica tetrahedra 
with a central sheet of aluminium-oxygen octahedra 
between them, the three sheets forming one layer. The 
sheets are permeable to aqueous solutions, resulting 
in a high degree of swelling of the material and 
causing the interior to become accessible to ions 
present in the solution. The physical and chemical 
properties of the clay depend on the origin and 
history of the sample because, for instance, up to a 
maximum of about 15% of the silicon atoms can be 
replaced, normally by aluminium, within the tetra- 
hedral sheets,‘v2 and the aluminium in the octahedral 
sheet can be replaced by various ions of lower 
valency. This behaviour is primarily responsible for 
the cation-exchange capacity of the clay. 

In water, bentonite readily forms a polydisperse 
suspension within which the individual particles take 
the form of thin flakes, as a result of cleavage of the 
layered structure, with widths in the size range of 
-0.01-10 pm. The surfaces are hydrated, the inner- 
most water dipoles being mutually aligned.3 In ad- 
dition, each particle carries an overall negative charge 
and is surrounded by co- and counter-ions. The 
innermost ionic layer is considered to be bound. The 
ionic distribution around each particle is regarded as 
an electric double or triple layer.3,4 

Montmorillonite shows a cation-exchange capacity 
of 0.8-1.5 meq/g.* The primary reasons for this have 
been mentioned; the substitution of silicon and alu- 
minium produces a charge imbalance which makes 
cation adsorption sites available, and the per- 
meability of the layered structure makes these access- 
ible to the solution. Minor exchange can also occur 
at the broken edges of the particles. The latter 
mechanism accounts for about 20% of the total 
cation-exchange capacity.* It also provides one of the 
mechanisms for anion-exchange (0.2-0.3 meq/g in 
montmorillonite*). The ionic environment of the clay 

particles associated with ion-exchange processes 
strongly influences the properties of the material. In 
particular, it is its effect on the induced dipole 
moment which is of present interest. 

In aqueous suspension the clay particles adopt a 
random orientation, but undergo partial alignment in 
the presence of an external electric field, as a result of 
field-dipole interactions5 The alignment of physically 
anisotropic particles causes the suspension to become 
optically active, i.e., the material shows a Kerr effect. 
The Kerr effect in bentonite exhibits various unusual 
features, such as its low frequency response and the 
reversal of birefringence at high field strengths.6*7 Of 
particular interest, however, is the observation that 
significant optical rotation can be obtained at field 
strengths down to 5 or 10 V/cm; a result which 
requires a remarkably high value for the Kerr 
coefficient. The sensitivity which is implied by this 
behaviour has not been examined for any possible 
analytical utility. The present work describes some 
preliminary results from such an examination. 

EXPERIMENTAL 

The apparatus used is shown in Fig. 1. The outer dimen- 
sions of the cell were 7.5 cm length x 5 mm width x 2.5 cm 
depth. The cell was built from glass microscope slides of 
1 mm thickness, glued with silicone rubber to minimize 
stress birefringence in the end-windows. Altinium foil was 
taped outside the two longest faces of the cell to serve as 
electrodes. The electric field was produced by a radio- 
frequency supply which delivered up to 5 kV peak-to-trough 
at 2.2 MHz. This arrangement prevented direct contact 
between the electrodes and the suspension. The maximum 
frequency response of the suspension (a 100 Hz) is in- 
sufficient to allow the electro-optic response to follow the 
RF field. Thus the alignment of the clay particles in this cell 
is entirely the result of interactions between the applied field 
and an induced dipole. Hence the electro-optic signals are 
expected to show a 4th-power dependence on the field 
strength, and to carry no RF modulation. 

The remaining apparatus comprised a quartz-halogen 
lamp (Sylvania BXT), dichroic sheet polarizers with an 
extinction ratio of 1 x 10e4, and a Jarrell-Ash 82-410 mono- 
chromator, reciprocal dispersion 3.2 mn/mm, slit-width 
100 pm. The light was chopped at 72 Hz. Signals were 
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CELL 

Fig. 1. Apparatus. S: source. Li, L2: lenses. P,, P,: polarizer 
and analyser. C: chopper. E: RF field supply. M, PM: 
monochromator, photom~tiplier. Al, A2: limiting aper- 
tures, used to prevent scattering and depolarization of the 

incident beam by the cell walls. 

detected by a 1 P 28 photomultiplier. Electronics were built 
in the Iaboratory. 

Bentonite suspensions were prepared by adding about 
1 g of bentonite (Anachemia) to 500 ml of IM sodium 
nitrate. After stirring for 24 hr the suspension was allowed 
to settle. The bulk of the solution was decanted and the clay 
desalted by dialysis against demineralized distilled water for 
3-6 days. The clay was then resuspended in a graduated 
cylinder containing 2 litres of distilled water, and allowed to 
settle for one week. The top 500 ml were removed for use 
as a stock suspension, to be diluted as required later on. The 
stock concentrations were typically between 2 and 3 g/l. A 
problem encountered at this stage was the ability of the 
suspension to adsorb cations after prolonged exposure to 
glass (e.g., 1-2 weeks). This required the stock suspension 
to be periodically checked and renewed: it also required the 
sample cell to be soaked with suspension prior to use, to 
clean the inner surfaces. 

RESULTS 

General behaviour 

In operation all glassware was first cleaned with 
fresh suspension, which was then discarded. The test 
suspension was diluted to the required level. If any 
salts were to be added, the addition was normally 
made at this stage. Finally the suspension was trans- 
ferred to the cell by pipette. To obtain a response 
the RF supply was switched on for a few seconds, 
the resulting signal being compared with that from 
distilled water. 

The most satisfactory results were obtained for 
suspension concentrations in the range IO-100 mg/l., 
with a path-length of 7.5 cm. At lower concentrations 
the signals were too weak to allow a satisfactory 
working range to be found, and at higher concen- 
trations the conductivity of the solutions tended to 
increase sufficiently to cause over-heating of the cell. 
Within the stated range the particular concentration 
used did not appear to be critical. 

The types of response seen are illustrated by the 
signals shown in Fig. 2. It is clear that the relaxation 
of the suspension is not always the simple thermal 

fb) 

Fig. 2. Examples of different types of response: (a) ‘normal’; 
(b) steady drift under constant field conditions; (c) memory 

effect following the decay of the applied field. 

randomization implied by Fig. 2(a). However, apart 
from a few general observations, such as a greater 
tendency towards more complex behaviour with in- 
creasing field strengths, we were unable to define 
reproducible conditions under which a particular 
type of response would be obtained. Quantitative 
measurements were made on the signal amplitude at 
a fixed time (10 set) after the field was switched on. 

The signals were found to depend on the bentonite 
suspension concentration and on field strength more 
or less in the manner expected on the basis of 
a particle alignment resulting from field-induced- 
dipole interactions. Thus the dependence on concen- 
tration (Fig. 3) was approximately quadratic, and the 
curve appears to be fairly normal save for the initial 
minimum (a result induced by a reduction in the 
background transmission of the apparatus when the 
field was applied with a suspension of low concen- 
tration in the cell). The dependence on field strength 

Bentonite , mg/ 1. - 

Fig. 3. Response us. bentonite concentration. Lower curve: 
experimental behaviour. The upper curve is the function 

y=x? 
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Observations on the Kerr e&t 
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Fig. 4. Response vs. field strength up to the maximum 
supply voltage. 

(Fig. 4) gave an exponent of 3.1 at 5 kV rather than 
the expected value of 4. The exponent increased to 3.6 
when the supply voltage was reduced to 2 kV, results 
which indicate the onset of a saturation effect for the 
alignment process. Deviations from Kerr’s law at 
high field strengths have been reported by earlier 
workers5”* 

The wavelength response of the electro-optic signal 
is shown in Fig. 5. The profile was found to be 
independent of the nature of any material adsorbed 
on the clay; the observations provide no spectral 
selectivity. This probably results from the combi- 
nation of low concentration and the low absorption 
coefficient of the species studied, rather than from 
any inherent property of the system. The rn~irn~ 
in the electro-optic response corresponds quite well 

(a) (b) (cl (d) 

Fig. 6. Blank (a) and signals for solutions containing 4, 8, 
12 pg/l. Pb’+, as Pb(NO,), (b, c, d, respectively). 

with the emission peak of a quartz-halogen lamp, 
and allows good sensitivity to be obtained by use of 
an optical system of low resolving power and large 
aperture. 

E#ect of cations 

The electro-optic response of a freshly prepared 
suspension of bentonite was found to be very weak, 
being barely detectable over the background trans- 
mission of the polarizers. However, the addition 
of small concentrations of cations produced strong 
enhancements of the signal (Figs. 6 and 7). The 
enhancement is approxi~tely quadratic at low con- 
centrations; the levelling off in Fig. 7 is probably the 
result of saturation of the available adsorption sites, 
since it occurs at cation concentrations of the order 
of the CEC. The curves in Fig. 7 show a marked 
dependence on cationic charge. This trend is further 

OJ 
700 

Wavelength, nm - 

Fig. 5. Wavelength-dependence. Upper curve: absorbance. 
Lower curve: uncorrected electro-optic response. The 
red-end decay is the result of reduced photomultiplier 

sensitivity. 

0 25 
Concentration prq/l.- 

Fig. 7. Response vs. cation concentration. Points x , 0 are 
for La3+ and Na+, respectively, as their chlorides, 
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Concentrqtion /.t eq/ 1. - 

I 4 I 

12 
Concentration Peq/l. - 

Fig. 8. Response vs. concentration for univalent cations. Fig. 9. Response W. concentration for bivafent cations, 
Points CT, 0, +, V, x are for Nat, Li+, K’, es+, NE$, Points x I 0, +, U, +, V, +, 0 are for Cu”, Niz+, Cdzf, 

as the chlorides. Fez*, M2+, Caz+, Sr2+, ISa*‘, as the chlorides. 

illustrated by the results in Figs. S-10, in which the 
ratio of the electro-optic response relative to that for 
La3+ is given for groups of uni-, bi- and tervalent 
species. These curves tend towards liiting values 
of 1, 2 and 3 respectively at the high end of the 
concentration range (corresponding to the region of 
peak response in Fig. 7). Thus the magnitude of the 
response apparently yields information on the mag- 
nitude of the ionic charge rather than the nature of 
the cation. 

The limits observed in these figures cover a range 
of values, which is to be expected unless chemical 
effects are completely absent. Thus, for example, the 
results for Cs+ are uniformly high, which might 
reasonably be interpreted as arising from the un- 
usually strong binding of this ion to montmoriC 
lonite.‘~* Similarly the values for Fti+ are consistently 

low, which is interpreted below as the result of 
hydrolysis in solution. 

The nature of the anion was not found to exert 
any obvious effect on the ma~itude of the response 
(Fig. 1 I), possibly because of the relative scarcity of 
anion-exchange sites. 

EQ@vr of pH 

Hydrogen ions can influence the electro-optic re- 
sponse dire&y, effectively converting the clay into a 
weak polyprotic acid, or indirectly by their e&et on 
the aqueous equilibria which influence the nature of 
the available cation population. The latter type of 
effect is illustrated in Fig. 12, in which the electro- 
optic signals for Fe3+ and La3+ in the presence of 
different amounts of hydr~hlo~~ acid are shown. 
The anomaly in the response of Fe3$ (Fig. 10) is seen 

Table 1. Relative responses for the oxidation of Fe*’ and Fe2+4ay systems with H,O, 

Order of mbdng 

A + day 
(A + Fe2* ) -t clay 
(clay + Fez+ ) + A 
~A+La3+)+cIay 

Response in water Response in 5 x IO-*&4 HCI 

A=twie.e A=twice 
distilled water A = E&O2 distilled water A = k&O, 

0.78 0.85 0.68 0.67 
1.9 0.89 1.6 2.7 
2.0 2.7 
3.0 3.0 , - 

{ciay+La3+)+A 
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Fig. IO. Response vs. concentration for tervalent cations. 
Points x, 0, e,D, + a&for Al’+, Y3+, Sc3+, Pr3+, Fe3+, 

as the chlorides. 

in Fig. 12 to become less apparent as the pH is 
lowered. This is interpreted as the result of reduced 
hydrolysis in the solution, leading to an increase in 
the amount of Fe3+ available to the clay. 

An indirect effect of pH was observed during the 
oxidation of Fe2+ by H,O, . A series of measurements 
was made in which Fe*+, H,O, and clay were mixed, 
in different sequences, in water and in hydrochloric 
acid. The results are summarized in Table 1. In the 
absence of the acid the signal of Fe” pre-adsorbed 
on the clay remained constant and at a level charac- 
teristic of a bivalent ion even after addition of H,OZ. 
However, no signal was observed when Fe*+ was 
mixed with H,Oz prior to addition of the clay. The 
behaviour in the presence of hydrochloric acid was 
quite different. The magnitude of the signal no longer 
depended on whether the H,O, was added to the 
solution of Fe*+ before or after addition of the clay, 
and in both cases the size of the signal was closer to 
the range characteristic of a tervalent than of a 
bivalent ion. These results suggest that Fe*+ ions 
which are pre-adsorbed onto the clay are protected 
from oxidation in the absence of hydr~hlo~c acid, 
but appear to become more mobile in the acidified 
solution. These results are primarily of interest be- 
cause they illustrate the non-invasive nature of the 
electro-optic technique, which allows it to probe 
directly at the environment within the clay particles . . 

I 
. 5 

2- 0 

x 

t 
D 

E 

. 

a 

P .< ____ ____-___--_-__- 
I! 
B 1 : 0x0 

3t 
__________-__-_--__-- 

0 I I 
0 12 

Concentration rueq/l.- 

Fig. Il. Response us. con~ntra~on for various sodium 
salts. Points 0, 0, 0, + , x are for Cl-, SW,-, Br-, PO$-, 

NO,. 

Oc/ 
0 40 

Cancmtrati0n Lreq/t.- 

Fig. 12. Response of La3+ (0) and Fe’+( x ). Curves (a), (b), 
(c) were measured for distJlcd water, 1 x lo-‘M HCl, 

5 x 10d4M HCl media, respectively. 

INCLUSIONS 

A number of problems have emerged with the 
electro-optic procedure in the form described here. 
These problems are mainly associated with the nature 
of the clay suspension. Samples must be prepared in 
an identical manner in order for consistent results without perturbing the chemistry of the system. 
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to be obtained, and even minor departure from a 
particular procedure can lead to a marked variability 
in behaviour. Certain aspects of this variability, such 
as the memory e&et which can be observed as the 
eiectric field decays, remain unclear both as to their 
origins and method of control. Even when a consist- 
ent preparation is achieved, the useful lifetime of the 
material is limited because of ion-exchange between 
the suspension and the walls of the container. 

Despite the experimental difficulties observed in 
this work, the electro-optic technique is felt to be of 
potential value. The inherent sensitivity of the 
method is high, and it is likely that further im- 
provements are possible (for instance by the use of 
optical linearization procedures4. The ability of the 
technique to give information on the oxidation state 
of adsorbed cations is also of interest, since such 
measurements are made by an essentially spectros- 
copic probe which introduces a minimal degree of 
perturbation into the system under study. 
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Summary-An accurate, rapid and very simple spectrophotometric method for the assay of tetracyclines 
(tetracycline. HCl, chlorotetracycline. HCl, demeclocycline, oxytetracycline . HCl and doxycycline) has 
been deveioped. The method is based on the complexation of iron(III) with tetracyclines in O.OOlM 
sulphuric acid. it has been successfully applied to the assay of tetracyclines in drug formulations, and the 
interferences of excipients have been examined. The results have been ~tisti~lly compared with those 
obtained by two standard methods and found to be very satisfactory. 

The tetracyclines and their derivatives (tetracycline, 
oxy~~ycline, chlorotetracycline, dem~l~yc~ne 
and doxycycline) are extensively employed as bacte- 
riostatic antibiotic drugs. Various methods for their 
determination have been reviewed.’ In the British 
Pharmacopoeia2 a biological assay for tetracycline is 
given but it is an elaborate method not suitable for 
routine analysis. Iron(III) was early recommended 
in the U.S. Pharmacopeia3 for the dete~ination of 
oxytetracycline. A simple spectrophotometric method 
for the assay of tetracycline was recently described’ 
but it is not suitable for the assay of other derivatives. 
Two spectrophotometric methods for the assay of 
some tetracycline derivatives have been described 
based on oxidation with about vanadate’ and 
sodium cobaltinitrite,s but neither is specific. 

The present work is based on the ability of tet- 
racyclines to form metal-ion comp1exes.6s7 Chelation 
with cations such as iron(III), aluminium, copper( 
nickel, cobalt(II), zinc, vanadium(III), thorium, lan- 
thanum, magnesium and calcium is well estab- 
lished.P-‘8 It has been reported that iron(II1) has 
higher affinity than other cations for chelation with 
tetracyclines in uitr~.~~“~~J~ 

In the method presented here, tetracycline is added 
to iron(II1) and the absorbance of the brown com- 
plex formed is measured. 

EXPERIMENTAL 

Apparatus 

A Varian Model DMS 100 Spectrophotometer connected 
to a Varian Model DS 15 Data Station and a 
Hewlett-Packard Model 82905 B Printer was used for all 
absorbance rn~sur~en~. Matched sets of 1Omm cells 
were used throughout. 

Reagents 
High-purity distilled water was used throughout. Stock 

solutions were prepared from analytical or pharmaceutical 
grade chemicals, and working solutions were prepared from 
these by appropriate dilution. 

Ferric ammonium sulphate solution (1 m&ml) was pre- 
pared by dissolving about 1 g, accurately weighed, in a litre 
of 0.001&f sulphuric acid. 

Tetracycline solution (1 mg/ml) was freshly prepared by 
dissolving the reouired amount in O.OOlM sulphuric acid bv 
warming~ then cooling and making up to‘ volume in a 
standard flask. For analysis of capsules, the contents of 10 
were mixed and weighed and a quantity of the powder 
equivalent to 250 mg of tetracycline was accurately weighed 
out, and stirred with 200 ml bf O.OOlM sulphuric acid for 
10 min, with warming, then the solution was filtered (What- 
man No. 41 tilter-paper), the paper was washed with hot 
O.OOlM sulphuric acid and the filtrate and washings were 
diluted to volume with O.OOlM sulnhuric acid in a 2%ml 
standard flask after cooling to room temperature. 

General procedure 
Place 10 ml of ferric sonic s&hate solution and an 

appropriate amount of tetracycline-~lution in a 50-ml 
standard flask. Swirl and leave for 20 mm for tetracvcline 
hydrochloride but only 5 min for the other derivatives; then 
dilute to the mark with O.OOlM sulphuric acid. Measure the 
absorbance at the appropriate wavelength against a reagent 
blank treated similarly. 

RRRUL’IR AND DISCURRION 

Mechanism 

The tetracyclines were added to iron(II1) solution 
in sulphuric acid of different concentrations. A brown 
soluble compound was always obtained, with each 
derivative giving a characteristic wavelength of max- 
imum absorption, at 423 nm for tetracycline and 435 
nm for the four derivatives examined. The maxima 
can be attributed to complex formation of iron(II1) 
with the tetracyclines. When iron(I1) was used no 
colour change was observed. The tetracycline struc- 
ture contains numerous sites at which chelation with 
metal cations might occur, the most important of 
these being in the portion of the molecule which 
contains the two enolized 1,3-diketone group- 
ings. 6*M-22 Such enol groups readily form six- 
membered rings with metal ions, with the two oxygen 
atoms as donors.“” Job’s method23,24 showed that 

375 



316 SALAH M. SULTAN et al, 

the ratio of iron(II1) to tetracycline is 1: 2. This ratio 
has also been reported for combination of copper( 
nickel and zinc with tetracycline.*O Accordingly, it is 
suggested that iron(II1) chelates with tetracycline as 
follows: 

@#; 

o\F$o OH O 
+ 2H+ 

Wavelength (nml 

Fig. 1. Absorption spectra for reactants [3 mg of tetra- 
cycline + 6 mg of iron(III)] in 50 ml of solution, measured 
against a reagent blank at different sulphuric acid 
molarities: 1-0.000~ 2-0.0005; 3-0.001; 4-0.003; 

HO- -CH, 

All the iron(II1) complexes thus formed are stable 
for 24 hr. Figure 1 shows that the absorbance of the 
tetracyclint+ron(III) complex at 423 nm decreases as 
the sulphuric acid concentration is increased, be- 
coming minimal at 0.1 M acidity. In the sulphuric acid 
range O.OOOS-0.002M the absorbance is almost con- 
stant and O.OOlM acidity is optimal. At sulphuric acid 
concentrations >O.lM protonation of the tetra- 
cycline molecule is possible and an absorbance peak 
for the protonated form appears at 441 nm as in 
curve 9. At acidities lower than O.OOOSM, hydrolysis 
of iron(II1) is expected and the maximum is not as 
well defined (curve 1). For this reason, O.OOlM 
sulphuric acid was selected as optimum. 

Spectral data 

Beer’s law was found to hold over the range 10-200 
rg/ml for all five compounds examined. Table 1 gives 
the molar absorptivities at the wavelength of max- 
imum absorption. 

5-0.005; 6-0.01; 7-0.05; 8-0.10; 9-2. 

Applications 

The method was applied to the assay of tetra- 
cyclines in drug formulations (commercial products 
randomly collected from local pharmacies). Typical 
results are given in Table 2 and show good agreement 
with those obtained by other methods. The sodium 
molybdate method was used for tetracycline, and the 
sodium cobaltinitrite method5 for the other four 
compounds. The t-values (Table 3) showed no 
significant difference between the means obtained 
(95% confidence limit). 

Interferences 

The results for analysis of the compounds in drug 
formulations with the constituents listed in Table 2 
indicate that the excipients usually present in dosage 
forms, such as starch, lactose and glucose, did not 
interfere. Troleandomycin, glucosamine . HCl and 
vitamin Kr did not interfere with the determination 
of tetracycline. Thiamine, pyridoxine and folic acid 
did not interfere with the determination of oxy- 
tetracycline. Vitamins B, , B,, B,, B,,, nicotinamide 
and calcium pantothenate did not interfere with the 
determination of tetracycline or oxytetracycline. Sul- 
phamethizole and phenazopyridine. HCl, however, 

Table 1. Analytical appraisal for compounds (in pure form) investigated 

LX, 
Generic name Supplier nm I.moler’i .cm-i 

Tetracycline. HCl Lederle 423 4646 
Demethylchlorotetracycline Lederle 435 5190 
Chlorotetracycline.HCl Lederle 435 5533 
Oxytetracycline.HCl FYizer 435 5240 
Doxycycline Pfizer 435 4922 
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Table 2. Results for all drugs investigated by the proposed method and/or the sodium molybdate? and sodium cobaltinitriteb 
methods 

Drug proprietary name, 
and supplier 

Tetrerba. Carlo Erba 
Uropol, Bristol-Myers 

Generic name 

Tetracycline 
Tetracycline 

Proposed method 
Standard 

Found per Error, method, 
capsule, mg* %t found, mg 

262 +4.9 262a 
429 + 243 302” 

Dum~ycline, Dumex Tetracycline 
Tetrambexim, Lepetit Tetracycline 
Sigmamycin, Pfixer Tetracycline 

Tetracycline 
Tetracycline 

Nominal 
composition, mg 

250 tetracycline. HCl 
125 tetracycline. HCl 
250 sulphamethizole 

50 phenazopyridine . HCl 
250 ~tracycline . HCl 
250 tetracycline.HCl 
167 tetracycline. HCl 
83 troleandomycin 

250 tetracycline. HCl 
250 tetracycline.HCl 
250 glucosamine.HCl 
2.5 Vit. B, 
2.5 Vit. 8, 
2.5 Vit. B6 
2.5 Vit. B,, 

75 Vit. C 
0.5 Vit. K, 

25 nicotinamide 
5 calcium pantothenate 

100 doxycycline 
125 0xyte~a~yc~ne.H~ 
250 sulphamethiaxole 

50 phenaxopyridine . HCl 
250 oxytetracycline. HCl 
2.5 thiamine 
2.5 riboflavin 
25 niacinamide 

5 calcium pantoth~ate 
0.5 pyridoxine 
0.375 folic acid 

1 Vit. B,, 
75 ascorbic acid 

250 oxytetracycline 
pure analytical reagent 
(another batch) 
pure analytical 

257 f2.6 258” 
251 +0.5 253” 
155 -7.0 1558 

Achromycin, Lederle, 
Latycin, Biochemie 

249 -0.3 249a 
149 -40 263# 

Vib~my~n, Pfmer, 
Urobiotic, Pflxer 

Doxycyclin 
Dx~etracycline.HCl 

102 
478 

+1.5 
+2s2 

-31 

102b 
330s 

Terramycin SF., Pfixer Oxytetracycline . HCl 173 381b 

Terramycin, Pfizer 
Demeclocycline, Lederle 

Oxytetracycline . HCl 
Demethylchloro- 

tetracycline 
C~orotetracyc~ne.HCl 

259 
- 

- 

f4.0 
-1.4 

-0.5 

26Ob 
- 

*Mean of 7 determinations. 
TDifference from nominal content. 

reagent (another batch) 

Table 3. Statistical comparison of the results obtained (7 replicates) by the proposed method 
with results obtained by the sodium molybdate’ and/or sodium cobaltinitriteS method 

Recovery f standard deviation, % 

Drug proprietary name Method* 

Tetrerba 104.8 f 0.9 
Dumocycline 102.6 + 0.6 
Achromycin V 99.8 + 0.7 
Tetrambexim 180.5 * 0.7 
Sigmamyein 93.0 + 0.2 
Vibramycin 101.6 f 0.4 
Terramycin 103.6 f 0.6 
Demeclocycline 99.1 f 0.2 
Chlorotetracycline.HCl 95.3 f 0.6 

*Proposed method. 
@odium molybdate method. 
&kdium cobaltinitrite method. 
$Theoretical value = 2.45 (P = 0.05). 

Method? Methodg t Cakulated~ 

105.0 + 0.2 - 0.38 
103.2 f 0.2 - 1.71 
99.5 f 0.4 - 0.81 

101.2kO.4 - 1.75 
93.0 + 0.8 - 0.51 

- 102.0 f 0.5 0.68 
- 104.1 f 0.8 0.56 
- 99.5 f 0.2 1.10 
- 94.9 * 0.5 0.43 
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gave a large positive error in the determination of 6. P. J. Neuvonen, Drugs, 1976, 11, 45. 
both tetracycline and oxytetracycline. 7. J. J. Stezowski, Jerusalem Symp. Quantum Chem. Bio- 

Vitamin C also interfered with the determination of them., 1977, 9, 375. 

tetracycline and oxytetracycline, but with a negative 
8. A. Albert, Nature, 1953, 172, 201. 

systematic error. This may be due to decrease in the 
9. A. Albert and C. W. Rees, ibid., 1956, 177, 433. 

10. Idem, ibid., 1963, 172, 201. 
iron(II1) concentration by reduction with ascorbic 11. P. J. Neuvonen, G. Gothoni, R. Hackman and K. 
acid, but addition of extra iron(II1) failed to eliminate Bjorksten, Brit. Med. J., 1970, 4, 532. 

the interference. 12. P. J. Neuvonen, P. J. Pentikainen and G. Gothoni, Brit. 
J. Clin. Pharmacol., 1975, 2, 94. 

Conclusion 
13. T. F. Chin and J. L. Lath, Am. J. Hosp. Pharm., 1975, 

This method is accurate, simple, rapid and suitable 
32, 625. 

14. T. Sakaguchi, M. Toma, T. Yoshida and H. Takasu, 
for routine analysis of all commonly used tetra- Pharm. Bull., 1958, 78, 117. 

cyclines. There is no interference from most corn- 15. M. Saiki and F. W. Lima, J. Radioanal. Chem., 1977, 

pun& added to drug formulations containing tetra- 36, 435. 
16. D. E. Williamson and G. W. Everett, Jr., J. Am. Chem. 

cvclines. Sot.. 1975. 97. 2397. 
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Summary-Aromatic diamine hydrochlorides have been determined in the presence of different amounts 
of hydrochloric acid by acid-base titration followed potentiometrically, by linear sweep voltammetry, by 
differential pulse voltammetry and also by direct DPV measurement. Tests on simulated and production 
samples have shown that the best results are obtained by using DPV at a mercury electrode, because of 
its good resolution, which makes it possible to achieve good accuracy (error < - 1%) and good precision 
(rsd 1 .S%) at 0. IM levels. Moreover. it has the advantage that neither preliminary treatment of the sample 
nor a trial titration is required. 

Aromatic di-isocyanates are of great commercial 
interest as precursors of polyurethanes, which are 
polymers with many practical applications. Di- 
isocyanates are generally produced industrially by 
reacting the corresponding aromatic diamines with 
phosgene: 

Ar(NH,), + 2COC1, 

+Ar(NHCOCl), + 2HCl (1) 

+Ar(NCO), + 2HCl (2) 

Ar(NH,), + 2HCl -+Ar(NHJC1), (3) 

Ar(NH,Cl)* + 2COC12 

+Ar(NHCOCl), + 4HCl (4) 

The presence of appreciable amounts of residual 
unreacted aromatic diamine hydrochloride in the 
final product indicates both that the process is not 
running efficiently, and also that the product is 
sufficiently contaminated to be only of low commer- 
cial value. Consequently, there is a need for a simple 
and fast method for determining aromatic amine 
hydrochlorides (moderately weak acids) in the pres- 
ence of large amounts of a strong acid such as the 

hydrochloric acid formed in the process above. Such 
a method could be employed not only to test the 
purity of di-isocyanate samples, but also to help 
optimize the process so as to avoid the production 
of undesired substituted-urea derivatives as by- 
products. This second goal is usually achieved by 
using mathematical models to relate the parameters 
regulating process conditions (flow-rate, temperature 
and pressure) to the concentrations of all the species 
involved (monitored on samples suitably chosen from 
the process stream), the determination of which also 
requires reliable analytical procedures. 

Aromatic diamine hydrochlorides are usually de- 
termined in industrial practice by potentiometric 
acid-base titration either directly, or by back- 
titration. Samples are pretreated with methanol or 
propanol to eliminate the residual phosgene and to 
convert the di-isocyanates into the corresponding 
urethanes.‘** It is difficult with such procedures to 
distinguish between the hydrochloric acid and the 
aromatic amine hydrochlorides, so the accuracy and 
precision are poor, and only a total acid content 
is usually reported for commercially available 
di-isocyanates. 

With the aim of devising a more convenient 
method for this analysis, we compared the pex- 
formance offered by potentiometry with that given by 
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more sophisticated electroanalytical techniques such anical control of the drop-time or a platinum disc pre- 
as differential pulse and linear sweep voltammetry. activated as described above. 

The tests were made on mixtures of hydrochloric An Amel 552 potentiostat in conjunction with an Amel 

acid and either 2,4-diaminotoluene (DAT) or 
568 digital logic-function generator was used in the LSV 

bis(4-aminophenyl)methane (BAPM), corresponding 
measurements, and the DPV experiments were performed 
with an Amel 472 multipolarographic unit. DPV tests on 

to samples drawn from the process streams of two platinum were also performed with this last unit coupled to 

commonly employed di-isocyanates supplied by an Amel 568 function generator to ensure that any scan was 

Montedipe, Italy. 
automatically preceded by the pre-activation sequence de- 
scribed above. Voltamperograms were recorded on an Amel 

CHa 
863 X-Y recorder. 

Preliminary DPV tests at the DME showed that the best 
NH. peak-separation was obtained with drop-time = 1 set, pulse 

height = 20 mV, scan-rate = 2 mV/sec. Lowering the scan- 
rate led to peak broadening, probably because of the quite 

I DAT 
long electrode-solution contact time, which caused 

NH, 
progressive poisoning of the activated platinum surface6s7 

Potentiometric titrations were done with a glass electrode 

This paper reports the relevant findings. and a Beckman 5000 pH-meter; the equivalence points were 
detetmined by the first-derivative method. 

EXPERIMENTAL. 

Chemicals 
RESULTS AND DISCUSSION 

All the chemicals used were of reagent-grade quality. Potentiometric titrations 
BAPM .2HCl and DAT. 2HCl were prepared by slightly 
modifying a method reported elsewhere.’ Methanolic hydro- Figure 1 shows the curves obtained when 
gen chloride solution (made by bubbling the gas through BAPM .2HCl (line a) and DAT .2HCl (line b) were 
methanol, and standardized bv titration with methanolic 
sodium methoxide solution) was added to the appropriate 

titrated with sodium methoxide solution in methanol. 

diamine in methanol and the resulting solution was concen- 
In BAPM .2HCl, the two protonated amine func- 

trated by evaporation. The white crystals produced were tional groups behaveas relatively weak acids of equal 
filtered off and dried under vacuum at 50”. Stock solutions strength, as expected on the basis of the lack of 
of sodium methoxide in methanol were obtained by reacting 
metallic sodium with an excess of methanol, and were 

conjugation between the two aromatic rings, and the 

standardized by titration with hydrochloric acid. 
titration curve displays only one potential break, 
corresponding to the reaction: 
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Apparatus and procedure 
All measurements were made on methanol solutions at 

20”. Samples drawn from the process stream, as well 
as samples of the final product, were reacted first with 
methanol to eliminate residual phosgene and to convert 
di-isocyanates into the corresponding urethanes. 

Voltammetric experiments were done in a three-electrode 
cell: the working electrode was surrounded by a platinum 
spiral counter-electrode and its potential was probed by use 
of a Luggin-capillary reference-electrode compartment 
made adjustable in position by being mounted on a syringe 
barrel. An aqueous SCE was used as the reference electrode. 

For the linear sweep voltammetry (LSV) the working 
electrode was either a gold sphere freshly covered 4th 
mercury or a platinum disc mirror-polished with graded 
alumina powder. In the latter case the most reproducible 
voltamperograms were obtained when the platinum 
working ele&de was pre-anodized at an appropriate acti- 
vation potential ( + 1.1 V us. SCE) for 4 set prior to each 
volta&etric scan (no improvement in performance was 
obtained with longer pre-anodization times). After pre- 
anodization the solution was stirred for 15 sec. at + 0.1 V 
us. SCE to reduce the PtO formed’*s and to re-equilibrate the 
solution. The pre-anodization procedure seemed to be more 
effective when large amounts of chloride ions were present, 
probably thanks to the cleaning effect of the chlorine 
evolved at the platinum surface. This observation suggested 
to us the use of tetrabutylammonium chloride (TBACI) as 
the supporting electrolyte. 

The differential pulse voltammetry (DPV) was performed 
at either a dropping mercury electrode (DME) with mech- 

- - 

In contrast, the curve for DAT .2HCl shows that 
the two protonated amine groups have different acid 
strengths (Ap& = ca. 3.1), so that two equivalence 
points are detected, corresponding to the reactions 

&Nz~3~- G$ eNHa+ CH,OH (6) 

NH: iHI 

The higher acidity of the protonated o-amino 
group, expected on the basis of combined mesomeric, 
inductive and steric effects,8 is comparable with that 
of hydrogen chloride in methanol medium (line c in 
Fig. 1). The protonated p-amine group shows a 
relatively lower acid strength, comparable with that 
displayed by BAPM .2HCl. The accuracy and pre- 
cision of these titrations are summarized in Table 1. 
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Table 1. Accuracy and precision of potentiometric and monoamperometric titrations on 
HCl/amine solutions 

Protonated Accuracy,? Relative standard 
Analytical procedure amine* % deviation, % 

Potentiometric titration 
in HCl-free soln. 

Potentiometric titration 

BAPM .2HCl 
DAT .2HCl 

BAPM .2HCl 

+ 1.1 1.5 
+ 1.0 1.7 
+ 2.0 2.8 

after evaporation DAT .2HCl 
Monoamperometric BAPM .2HCl 

titration DAT .2HCl 

*Concentration = 1mM. 
tMean error of five replicate measurements. 

+ 3.5 4.7 
+ 2.0 3.1 
+ 2.2 3.2 

The addition of increasing amounts of methanolic 
hydrogen chloride solution to these solutions of 
protonated amines caused a progressive worsening in 
the resolution of the end-points on the titration 
curves, eventually making it impossible to distinguish 
the end-point for the protonated amine from that for 
the hydrogen chloride when the HCl: amine molar 
ratio was about 10 (see line d in Fig. 1 for DAT). The 
direct potentiometric titration of the protonated 
amines in samples containing an excess of hydrogen 
chloride is therefore not possible unless a preliminary 
treatment for eliminating the excess of hydrogen 
chloride is used. As we have shown, a simple evapor- 
ation under vacuum is sufficient to bring the ratio 
below this critical level. 

Titrations done after this pretreatment give satis- 
factory accuracy and precision, as shown in Table 1. 

Linear sweep voltammetry 

The cathodic voltammetric behaviour of both 
BAPM .2HCl and DAT. 2HCl agrees with that ex- 
pected on the basis of the potentiometric titrations. 
As shown in Fig. 2, line a, the voltamperogram for 
BAPM .2HCl at a platinum working electrode is 
characterized by one cathodic peak at -0.520 V, 
which corresponds to the simultaneous reduction of 
both protons linked to the amine groups. 

0.4 

1 ” 10 
v/ml 

Fig. 1. Potentiometric titration curves of methanol solutions 
containing: 1mM BAPM .2HCl (curve a); 1mM DAT .2HCl 
(curve b): 2mM HCl (curve c): 1mM DAT .2HCl and 1omM 
HCl (curve d). T&ant &nM CH,ONa solution in 

methanol. 

For DAT.2HCl (line b), however, two separate 
cathodic peaks (at -0.300 and -0.520 V) are de- 
tected, in agreement with the different basicity of the 
o- and p-positions, mentioned above. Moreover, the 
potential of the first of these two peaks coincides with 
the reduction potential for methanolic hydrogen 
chloride solutions. 

When a mercury-covered gold electrode is used as 
the working electrode, the voltamperograms obtained 
(lines c and d in Fig. 2) differ from those recorded 
with a platinum electrode only by the typical over- 
potential affecting the reduction of protons on Hg. 

All the Peaks mentioned are diffusion-controlled in 
the scan-rate and concentration ranges explored by 
us (U-500 mV/sec and 0.4-8.0mM), so they can be 
used for analytical determinations. 

An excess of hydrogen chloride interferes in 
these measurements too, precluding the direct volt- 
ammetric determination of the protonated amine 
unless the hydrogen chloride is first removed by 
evaporation under vacuum. 

However, if LSV is used to detect the end-points in 
acid-base titrations of the original sample, quite 
satisfactory results are obtained, allowing the time- 
consuming and troublesome evaporation step to be 

10 
a 
P 
2 

5 

‘\ 

E/V 

Fig. 2. Linear sweep vohamperograms recorded with a 
platinum electrode (curves a and b) and with a mercurv- 
covered gold electrode (curves c and d) for O.lM TBACl 
solutions in methanol, containing 1mM BAPM .2HCl 
(curves a and c) and 1mM DAT.ZHCl (curves b and d). 

Scan-rate 50 mV/sec. 

TAL 35,%-D 
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~ i_/, I‘y 1 k, * 
-0.5 1.0 2= ?.Z 

E/V v/ml 

Fig. 3. (a) Sequence of voltamperograms recorded during the monoamperometric titration of a O.lM 
TBACl solution in methanol, initially containing OSmM BAPM .2HCl and 5mM HCI. Working electrode 
platinum; scan-rate 50 mV/sec; t&ant 4omM CH,ONa solution in methanol. (b) Mon~m~romet~~ 
titration curve drawn from voltammetric cnrves. Working potentiah - 0.300 V (a-8); - 0.520 V 

(*-*). Ir = in&& volume, D = vohnne added. 

omitted. Figure Ja shows a succession of volt- 
amperograms recorded during such a titration. 

The stronger acid (WCl) is progressively neutral- 
ized until only the protouated amine remains. This 
can he detertniued easily by finear extrapolation of a 
plot of iP tw. volume of titrant added (see Fig. 3,b). 
The accuracy and precision for this type of am- 
perometric titration are reported in Table 1. Similar 
results should be obtained more simply by moni- 
toring the titration atupercnu&rieaBy at a fixed poten- 
tial, first at -0.3 V to detect the end-point for 
hydrogen chloride and then at about -0.52 V to 
determine the amine, 

E/V 

-0.f 0.5 
I I 

Fig, 4. Ditlbrential pulse ~lt~~ro~rns recorded on a 
O.lM TBACI solution in methanol: 0. fmM BAPM .2HC1 
and S.OmM HCl (curve a); O.lmM BAPM .2HCl and 
0.8mM HCl (curves b and d); O.lmM BAPM .2HCl and 
0.02mM HCl (curve c). For curves a,b,c: working electrode 
platinum; pulse height 20 mV, scan-rate i 20 mV/sec. For 
curve d: working electrode DME; drop-time 1 set; pulse 

height 20 mV, scan-rate = 2 mV/sec. 

&@erential pulse voltammetry 

As the differential pulse technique offers higher 
resolution of close peaks than does the linear scan 
method, an attempt was made to determine the 
protonated amines directly in the presence of an 
excess of hydrogen chloride, without titration, thus 
avoiding any preliminary treatment of samples. 

Figure 4, lines a-c, shows three differential pulse 
vo~t~~rograms recorded at a platinum working 
electrode for mixtures of hydrogen chioride and 
PAP&i. 2HQ in different molar ratios. Two well 
separated peaks (AEr=O.240 V) are obtained, the 
less negative of which is due to reduction of the free 
hydrogen chloride. Such a separation allows good 
resolution to be achieved when comparable concen- 
trations of the two components are present (line b in 
Fig. 4), but the resolution becomes poorer as the ratio 
departs markedly from unity (Iines a and c in Fig. 4). 

A similar pattern is observed when a mercury 
working electrode is used (line d in Fig. 4), the only 
difference being a cathodic shift of both peaks owing 
to the well known overpotential for proton dis- 
charge on mercury, already mentioned for the LSV 
experiments. 

The results obtained by this technique for a series 
of simulated samples confirm the conclusions drawn 

Table 2. Accnracy and precision of DPY dete~~nations on 
HCljamine solutions 

Relative standard 
Accuracy, %t deviation, % 

HCl/amine Pt Pt 
molar ratio* electrode DME electrode DME 

0.2 + 1.1 l +0*8 3.2 3.0 
1 - 0.7 - 0.5 1.2 0.8 

IO - 0.8 - 0.5 0.8 
20 - 1.0 -0.7 ::: 1.4 

1: - - 1.3 1.0 - - 0.8 1.0 ::: 2.2 1.4 

*The amine concentration was kept constant at O.ImM. 
TMean error of gve replicate measurements. 



Determination of aromatic amine hydrochlorides 

Table 3. Relative standard deviation for the analysis of process samples 

Relative standard deviation, % 

3APM. 2HCl DAT.ZHCl 

Analytical procedure min max min max 
Potentiometric titration after evaporation 3.3 3.9 5.1 5.5 
Monoamperometric titration on Pt electrode 3.1 4.0 3.0 4.1 
Monoamperometric titration on Au/Hg electrode 3.3 4.2 3.3 4.1 
DPV 0”t) 2.2 3.8 2.4 4.0 
DPV (DME) 2.0 3.1 2.1 3.3 
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from Fig. 4, that the accuracy and precision depend 
on the HCl : amine molar ratios (see Table 2) though 
they are satisfactory over a wide range of ratios. 
However, it is worth noting that when a dropping 
mercury electrode is used instead of a platinum one 
for the DPV, the results are better thanks to the good 
reproducibility of the electrode surface and the 
slightly improved resolution between peaks, gained 
by employing a slower scan-rate (see experimental 
section). 

Analysis of process samples 

The electroanalytical methods used above for 
simulated samples of known concentration were also 
applied to process samples and finished products, 
since other matrix components (such as chloro- 
benzene and urethanes) are uniikely to cause 
interference. 

Measured volumes of samples drawn from the 
process stream were reacted with an excess of meth- 
anol to convert isocyanates into urethanes and to 
destroy the dissolved phosgene, according to the 
ASTM recomm~dations.l The protonated amines 
were then present in the mh4 concentration range 
in the methanol solutions and accompanied by a 
lo-lOO-fold excess of hydrogen chloride. Con- 
sequently, any of the electroanalytical methods 
described above could be used, though a higher 
dilution was required for the more sensitive DPV 
technique, and pretreatment under reduced pressure 
was required with the other methods. In all tests, 
the reproducibility was good, as can be seen from 
Table 3. 

Agreement between the results obtained for the 
same sample by the different methods employed was 
satisfactory, the maximum relative difference between 
the concentrations found for the protonated amines 
being about 7%. This must be considered in the 

1. Plastics II, in Book of Methodr of the American Society 
for Testing and Materials, Vol. 08.02, pp. 40-60. ASTM, 
Easton, 1983. 

2. 

3. 

4. 

5. 

6. 

Recueil de normes francaises des plastiques, Vol. 4, 
AFNOR, Paris, 1982. 
I. Konstantinov and A. I. Ko~u~h~hkina, Zh. 
P&lad. wlimi., 1976, 49, 596. 
A. V. Tripkovik and R. R. AdZi& J. Electroanal. Chem., 
1986, 205, 335. 
W. C. Barrette, Jr. and D. T. Sawyer, Anal. Chem., 
1984, 56, 653. 
R. F. Lane and A. T. Hubbard, J. Phys. Chem., 1977, 

context of industrial practice, where a precision of 
f 5% is regarded as satisfactory. 

For the refined or crude finished products, only 
analysis by DPV gave reliable results, owing to the 
quite low concentrations of acid species resulting 
from dissolving even large amounts of these samples 
in methanol. DPV analyses of solutions in which the 
total acid concentration was not less than ca. 0.2mM 
(irrespective of the HCl: amine ratio) had relative 
standard deviations that in the worst case were 6-8% 
for use of platinum electrodes and 56% for mercury 
electrodes. The relative standard deviation was con- 
siderably higher when solutions of real samples with 
total acid content below ca. 0.2mM were analysed. 
Again the precision is satisfactory for process work, 
since a + 10% error is acceptable for lo-50 ppm 
amine content (as in the samples examined by us). 
For refined products with 2~-1~0 ppm amine 
content the acceptable error range is f 5%. 
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Summary-Distribution coefficients with the macroporous cation-exchange resin AG MP-50 in 
HCl-acetone mixtures ranging from 0.2 to 4.OM HCl and from 0 to 95% acetone have been determined 
for 46 elements. The ion-exchange behaviour of the elements is discussed, some possible separations are 
indicated, and elution curves demonstrating separations of the combinations Au(III)-Bi-Zn-PCSr; 
Rh(III)-In-Ga-Cu-Ni and Cd-Fe(III)-Li-Al-Yb are presented. 

For the planning of ion-exchange separations system- 
atic information (in the form of tables) about distri- 
bution coefficients is of great value. In the case of 
gel-type microporous cation-exchangers such infor- 
mation is available for aqueous HCl,‘** HN0,,3 
H$O, ,3 HBr,4s5 HC104 ,26 HCl-HC104 mixtures,’ 
HF 8,9 HF-HNO, mixtures lo HF-H,S04 mixtures lo 
HFlH,B03 mixtures,” acetic acidI and tartaric a&d 
or tartrate media’)-‘s as well as for HC1-ethanol,‘6 
HC1-acetone,‘7-‘9 HBr-acetone4*” and various other 
systems. For the so-called macroreticular or macro- 
porous cation-exchangers this kind of systematic 
information is to a large extent lacking. The early 
work of Fritz and Kawazu and their co-workers,21-23 
who used a macroporous resin to minimize resin- 
volume changes during high-pressure liquid chro- 
matography, and HCl-organic solvent mixtures to 
elute elements having tendencies to chloride-complex 
formation, contains only limited information. The 
coefficients published relate almost entirely to a few 
elements with medium strong chloride-complex for- 
mation tendencies, and to use of acetone media. 

Marsh et a1.24 have published a study of distribu- 
tion coefficients for 53 elements with a microporous 
resin in nitric acid. Unfortunately, the results are 
presented as percentage of sorption, in the form of 
small graphs without experimental points, and allow 
only an approximate estimation of the actual values 
of the coefficients. This is not very satisfactory for 
estimating optimum conditions for critical sepa- 
rations. Studies of distribution coefficients and the 
ion-exchange behaviour of 46 elements with a micro- 
porous resin in aqueous hydrochloric acidZ5 and for 
46 elements in hydrochloric acid-methanol mixtures26 
were published earlier, and numerical values of the 
coefficients were given. 

Acetone, because of its lower dielectric constant, 

promotes chloride-complex formation considerably 
more strongly than does methanol and therefore 
should provide conditions favourable for separations 
at considerably lower solvent or hydrochloric acid 
concentrations. In addition, cation-exchange sepa- 
rations of many elements with relatively weak tenden- 
cies to chloride-complex formation, which are 
difficult or impossible with HCl-methanol mixtures, 
are greatly facilitated and often become very easy. 
Since no comprehensive study of distribution 
coefficients and exchange behaviour of cations with a 
macroporous cation-exchange resin in HCl-acetone 
mixtures (or other low dielectric constant solvents) 
Seems to be available at present, the results of such 
a study are presented here. 

Reagents 

EXPERIMENTAL 

The AG MP-SO macroreticular sulphonated polystyrene 
cation-exchanger (100-200 mesh) marketed by Bio-Rad 
Laboratories, Richmond, California, was used. The resin as 
received was found to contain appreciable amounts of 
calcium (about 1 mg/g of dry resin). For purification it was 
packed into large columns (3 cm diameter) and then washed 
with 5M nitric acid until the effluent was free from calcium. 
All water was distilled and, for further purification, passed 
through an Elgastat demineralizer. Only chemicals of 
analytical-reagent quality were used. 

Standard solutions were mainly prepared from the chlo- 
rides of the elements, but the nitrates were used for Hg(II), 
Pb(II), UPI) and Tl(I), and for Sc, Y and the lanthanides 
the oxides were dissolved and converted into the dry 
chlorides. Gold and platinum metals were dissolved in aqua 
regia, a pressure bomb lined with Teflon being used for 
dissolving Rh and Ir, to yield Rh(II1) and Ir(III/IV). Most 
standard solutions were made up in 5.OM hydrochloric acid, 
but for the alkali metals only the 2.5M acid was used. The 
Ti(IV) solution was prepared in 2.5M hydrochloric acid and 
V(V), Mo(V1) and W(V1) solutions were made up in 0.5M 
hydrochloric acid, all four with hydrogen peroxide added 
for stabilization. 
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Equipment 

Borosilicate glass tubes (16.5 mm bore, length about 400 
mm) were used as columns, fitted with a No. 1 porosity 
sintered-glass disc and a burette tap at the bottom, and a 
B19 joint at the top. The columns were f&d with a slurry 
of the AG MP-50 resin in the hydrogen form to give a bed 
volume of 27 ml of settled resin, corresponding to 10 g of 
dry resin. The resin was purified by passage of about SOt!t ml 
of 5M nitric acid at a flow-rate of 2-3 mUmin. followed by 
100 ml of demineralized water. 

Atomic-absorption m~surements were made with a 
Va~an-T~htron AA-5 insolent, with air-acetylene or 
nitrous oxideacetylene flames. A Zeiss PMQII instrument 
was used for spectrophotometric measurements. 

Distribution coescients 

The cleaned resin was dried in a vacuum pistol with 
magnesium perchlorate (anhydrone) and kept over anhy- 
drone in a desiccator. Residual water was determined by 
drying at 120” and the weights of resin were corrected 
accordingly. 

Distribution coefficients were determined by equilibrating 
2.500 g of dry resin in the hydrogen form with 250 ml of 
solution by shaking for 24 hr at 20 f 1” in a mechanical 
shaker. The solutions contained 2 meq of the cation and the 
concentrations of hydrochloric acid and acetone indicated 
in the tables. For example, “0.5M HCl containing 80% 
acetone” was meoared bv mixina 12.5 ml of iOM hydro- 
chloric acid wh 57.5 ml-of wat&, 200 ml of acetone and 
10 ml of standard solution (added last). Volme changes on 
mixing were disregarded. When the standard solution al- 
ready contained free acid, the amounts of 10M acid and 
water used were adjusted accordingly. In a few cases [pb(II), 
T&I), Bi(III) and !?b(III)] amounts smaller than 2 meq were 
used because of the limited solubility of these ions in 
chloride media. 

After equilibration, tbe resin was separated by filtration 
and the amounts of the element in the aqueous and resin 
phases were determined. In most cases filtration was done 
with a sintered-glass plate in a glass column and the element 
retained was eluted with a suitable reagent. In some cases, 
when quantitative elution of an element appeared difficnlt 
(Ih, Zr, Hf, SC, lanthanides and Ba) a filter paper was used, 
the resin was ashed and the ash either dissolved for sub- 
sequent analysis or weighed directly after ignition at a 

So/ption 
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suitable temperature. From the results, the equilibrium 
distribution coefficients’ were calculated. 

In order to explore the separation ~~ibiliti~ of 
HCl-acetone mixtures with the macroporous resin, elution 
curves of some multi-element mixtures were prepared. 

Separation ofAu(ZZZ)-Bi-Zn-Pb-Sr (Fig. 1). A solution 
containing about 0.2 mmole of each element in 50 ml of 
0.2M hydrochloric acid was loaded on the column of 27 ml 
(10 g) of the purified resin (H+ form), followed by small 
nortions of 0.2M hvdrochloric acid. and the aold(IIIl eluted 

E&ion curves 

&ith a total of l&ml of the same.acid.The\ bismuth was 
eluted with 150 ml of OSM HCl in 30% acetone, zinc with 
150 ml of OSOM HCI in 60% acetone, lead with 150 ml of 
l.OM HCl in 80% acetone and strontium with 150 ml of 
aqueous 5M HNO,. The flow-rate was 2.5 + 0.5 ml/min 
throughout. Fractions (10 ml in volume) were collected with 
an automatic fraction-collator from the beginning of the 
sorption step, because gold is not sorbed and passes 
through. The elements in the fractions were determined by 
flame atomic-absorption spectrometry after evaporation of 
the organic solvents, dissolution and dilution as required. 

Seporution ofRh(ZZZ)-Zn-Gu-Cu-Ni (Fig. 2). A mixture 
of 0.3 mmole of rhodium(II1) and 0.2 mmole each of 
indium, gallium, copper and nickel was separated by the 
procedure just described, and the elution sequence 16 ml 
of 0.2OM aaueous HCl for rhodium: 150 ml of 0.50M HCl 
in 60% aceione for indium; I50 ml’of O.SOM HCl in 75% 
acetone for gallium; 150 ml of 0.50M HCl in 90% acetone 
for copper, and 150 ml of aqueous 3.ON HCl for nickel. 
Again fractions were collected starting from the beginning 
of the sorption step and flame atomic-absorption spec- 
trometry was used for determination of all the elements. 

~~arut~on of C~-Fe(ZII~~i-pi-Yb (i.L?mmole ofeach), 
Fig. 3. Sorption took place from 50 ml of O.OSM HCl in this 
case, and the elements were washed into the resin with the 
same reagent. The elution sequence was 150 ml of 0.20M 
HCl in 70% acetone for cadmium; 150 ml of 0.50M HCl in 
80% acetone for iron(II1); 150 ml of 1 .OOM aqueous HCl for 
lithium; 150 ml of 3.OM HCl in 20% acetone for aluminium 
and 150 ml of aqueous 6.OM HCl for ytterbium. The 
fractions (10 ml) were taken from the start of the elution 
step. Again flame atomic-absorption spectrometry was used 
for determination of the elements. 

~o.MM NH-O.!BM tiCI-+-O.!%%l HCI~IAM HCI -5.OM HN& 
30% acetofm 60% oeetone 8056 acetone 

7 11.4 6.6 11.6 

tn 

100 200 300 400 500 600 700 

ELuata (ml) 

Fig. 1. Elution curve for Au(W)-Bi-Zn-Pb-Sr. Column of 27 ml (10 g) of AG MP-50 resin, 100-200 mesh, 
127 x 16.5 mm. Flow-rate 2.5 50.5 mlfmin; 0.2 mmole of each element. 
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Sorption 
‘/o.2OMHCI=l-O.sOM HCI -O.bOM HCI -0. !5OM HCI + 3.0M HCI 

60% acetone 75% acetone 60% acetone 

6.6 16.9 13.2 16.6 10.2 

h 

400 500 60 3 

NiD) L > 

700 

Eluate (ml) 

Fig. 2. Elution curve for Rh(III)-In-Ga-Cu(II)-Ni. Column and flow-rate similar to those for Fig. 1; 
0.3 mmole of Rh and 0.2 mmole of each other element. 

!=-0.20M WI -0.50M I-ICI --I-- LOOM HCIh3.OM HCI __(c 6.OM HCI 
70% acetone 60% acetone 20% acetone 

9.2 13.9 13.6 9.5 9.9 t 
Al 1 

x)0 300 400 500 600 

Yb L 
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Eluate (ml) 

Fig. 3. Elution curve for Cd-Fe(III)-Li-Al-Yb. Column and flow-rate similar to those for Fig. 1; 
0.2 mmole of each element. 

RESULTS AND DISCUSSION 

The results for the distribution coefficients are 
shown in Tables 1-6, in each of which the ions are 
arbitrarily arranged according to their distribution 
coefficients in aqueous solution, except for Sb(III), 
which is given last because it is believed that its 
distribution is partially due (high values in Tables 1 
and 2) to effects other than ion-exchange, probably 
precipitation inside the resin pores, where the hydro- 
chloric acid concentration is lower than that outside. 

The cation-exchange distribution coefficients gen- 
erally decrease with increasing acid concentration 
from 0.20 to 4.OOM HCl and they increase with 
increasing acetone concentration until the hydration 

field around the cation is weakened sufficiently to 
allow replacement of the water molecules in the 
co-ordination shell by chloride ions. This causes a 
sudden decrease in the value of the coefficients on 
further increase in acetone concentration. In the 
HCl-acetone mixtures, this decrease takes place at 
considerably lower HCl and/or solvent concen- 
trations than in the corresponding HCl-methanol 
mixtures,26 because acetone, owing to its lower di- 
electric constant, promotes chloride-complex for- 
mation much more effectively. Numerous separations 
of ion-pairs such as Fe(III)-Cu(II), Cu(II)-Co(II), 
and Co(II)-Mn(II), which are difficult or even impos- 
sible with a macroporous resin in HCl-methanol 
mixtures, therefore become easy with HCl-acetone. 
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Table 1. Distribution coefficients with AG MP-SO resin in 0.2M HCI with various amounts of acetone 

Acetone, % 

Species 0 20 40 60 80 90 95 

2 
Hf 
La 

? 
Yb 

&n,* 
Ga 
Al 
Fe(IlI) 
Sr 

:I)+ 
Bi(IlI)$ 
Mn(I1) 
WI) 
Cu(I1) 
Fe(U) 
Zn 
Co(H) 
Ni(I1) 
Mg 
Sn(IV) 
Be 

&IV) 
cs 
Rb 
Ti(IWl 

? 
Na 
Li 
Te(W 
Au(II1) 
RWI) # 
Ir(III/IV) # 
W(II) # 
R(IV)# 
T&III) 
W(VIy- 
MO(W)** 
Vff)tt _ 
mm 
As(II1) 
As(V) 

>los 
>I05 
>lO' 
2-10’ 
>lO’ 
-6.00 x IO’ 
-6.00 x 10’ 

2.80 x 10‘ 
2.30 x IO” 
1.50 x lo” 
1.10 x lo’ 
6.60 x IO3 
5.70 x 10” 
3.70 x 103 
1.26 x IO’ 
1.79 x lo’ 
1.07 x 103 

970 
740 
710 
690 
670 
580 
469 
385 
307 
286 
236 
228 
201 
197 
171 
16.5 
64 
22.3 
15.5 
2.2 
1.8 
1.8 
1.8 
1.1 
0.9 
0.8 
0.5 
0.4 

<OS 

464 

>lOf 
>105 
>lOS 
>I05 
>lOJ 
-10’ 
-10’ 

5.00 x la” 
3.30 x lo’ 
3.00 x Iti 
2.20 x IO’ 
9.00 x 103 
1.10 x 10’ 
7.20 x 10’ 
1.75 x 10’ 

486 
1.93 x 103 
1.64 x 103 
1.21 x ld 
1.27 x IO3 
1.12 x 10’ 
1.08 x 10’ 

770 
790 
81 

398 
216 
366 
340 
321 
339 
203 
294 
105 
33.3 
22.6 

1.2 
1.4 
1.6 
2.6 
0.8 
1.0 
0.7 
0.4 
0.5 

<OS 

580 

>I@ 
>lO’ 
>lOS 
Z-105 
>lOS 
>I05 
>lOS 
-10’ 

3.00 x 104 
-105 

5.60 x 10’ 
2.20 x lo’ 

>lO’ 
>lO’ 

2.62 x IO3 
60 
4.70 x Id 
3.25 x I@ 
2.09 x 103 
3.20 x ld 
1.25 x Id 
2.65 x 10’ 
1.06 x 10’ 
1.81 x 10’ 

16.9 
640 
128 
720 
650 
660 
810 
152 
560 
199 
61 
38.2 

1.3 
1.7 
1.8 
1.8 
1.2 
1.0 
0.9 
0.6 
0.9 

co.5 

540 

SIOJ 
>I05 
>lO” 
>10’ 
>lOS 
>lOJ 
>10* 
>105 

8.90 x lo-’ 
-10s 
>lOS 

3.30 x 103 
>lO’ 
r10’ 

3.09 x Id 
41 

1.00 x IO’ 
5.10 x lof 
4.01 x 10’ 
7.30 x 103 

89 
5.60 x 10’ 
1.75 x 10’ 
4.93 x Id 
1.9 
1.09X tti 

31.5 
1.53 x 103 
1.18 x IO3 
1.30 x lo) 
2.00 x l@ 

12.9 
1.71 x IO’ 

560 
110 
55 
0.8 
1.5 
2.2 
1.6 
0.9 

x:: 
0.5 
2.0 

10.5 

6.5 

>lO' 
>I03 
>I05 
>lO’ 
>lOJ 
>lO’ 
>I05 
>I05 
137 
19.4 

>lO’ 
27.1 

>104 
>I04 
1549 

2.2 
1.20 x lo* 

920 
500 

1.85 x 10’ 
3.4 
7.60 x 10’ 
1.91 x 103 
7.11 x Id 
2.0 
1.18 x IO’ 
1.9 
1.82 x 10’ 
2.27 x 103 
2.50 x IO3 
2.70 x 10’ 
2.0 
4.10 x 103 
1.27 x 10’ 

201 
2.5 

t.:, 
2:1 
1.6 
1.1 

::: 
0:4 
4.1 

<0.5 

1.1 

>ld z-10’ 
4.30 x l(r 3000 
8.00 x 104 5800 

>lO’ >I05 
>I05 >lO’ 
>lOJ >lO’ 
>lO’ >lOS 
>lO$ >ld 

3.4 3.5 
2.1 2.2 

> 105 >lOJ 
2.1 5.2 

>lO’ >lo’ 
>lO’ 2104 
ll@ 555 

1.9 1.8 
2.54 x IO3 147 

25.1 3.7 
11.4 1.9 
11.4 1.5 

1.6 1.8 
287 9.8 

1.93 x 10’ 1.11 x lo-’ 
5.80 x 10’ 5.80 x Id 
2.0 1.8 

790 620 
1.8 1.9 

720 203 
2.75 x lo) 2.38 x 10’ 
3.00 x lo’ 2.60 x 10’ 
2.80 x Id 2.20 x 10’ 
2.0 2.1 
4.80 x IO3 4.30 x I@ 
1.44 x Iti 1.41 x Id 

283 337 
1.6 1.6 
0.8 0.7 
1.5 2.3 
1.5 2.2 
1.7 1.4 
0.7 1.0 
0.6 0.6 
0.8 0.9 
0.3 0.4 
2.4 1.7 

<OS 

0.9 

<OS 

1.4 

‘0.2 mmde. 
to.05 mmole. 
$0.1 mmole. 
IVisible precipitation. 
IO.5 mmole, 0.3% H202. 
# Equilibration time, 2 hr. 
**0.3% H,O,. 
ttO.3% H,O,, 2 hr equilibration time. 

AS with the 8% cross-linked microporous resin the equilibration time is reduced to 2 hr. Bi(III), Cd, 
used earlier,‘* some elements with quite strong ten- In and Sn(IV), which also form relatively stable 
dencies to chloride-complex formation, such as chloride complexes, are strongly sorbed from 0.2M 
Hg(II), Au(III), Tl(III), Rh(III), Pd(II), Pt(IV) and HCl and only weakly from OSM HCl. Their distri- 
Ir(III,4V), show little or no sorption over the whole bution coefficients decrease with increase of conum- 
range of acetone con~ntrations at the lowest HCl tration of acetone. The relatively large dist~bution 
concentration. The same applies to elements which coefficient for Sn(IV) in aqueous 0.2M HCl could be 
tend to form oxyanions, e.g., Mo(VI), W(VI), V(V), partially due to hydrolysis inside the resin pores, 
As(II1) and As(V). The first three of these require the because of the strong tendency of this ion to hydro- 
presence of hydrogen peroxide for stabilization, and lyse. The distribution coefficients of many other 
V(V) shows signs of some reduction to V(IV) at a elements with medium or low tendency to form 
con~ntration of 60% or more acetone, even when chloride complexes show an initial increase with 
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Table 2. Distribution coefficients with AG MP-50 resin in 0.W HCI with various amounts of acetone 

Acetone, % 
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SptXiCS 0 20 40 60 80 90 

i-b 
zr 
Hf 

kz 

:b 

&II)* 
Sr 
Ga 
Fo(III) 
Al 

%I)+ 
Ugn) 
M&II) 
Cu(I1) 
WI) 
COW) 
CS 
Ni(I1) 
Zll 
Rb 
M6 
K 

&Iv) 
WW 
Na 
Cd 
Bi(III)S 
Ill 

&IV) 
Sn(IV) 
Au(II1) 
Rh(III)ll 
Ir(III/Wll 
PdUI)T 
n(lV)ll 
Ti(II1) 
WW) R 
-V(V)** 
Mo(VI) # 
WII) 
As(II1) 
AsO 
sc(Iv) 

>lO’ 
>lO’ 
-lOJ 

6.80 x 10’ 
1.80 x 10’ 
7.40 x I@ 
7.10 x lcr 
4.80 x 10s 
1.39 x l@ 

990 
890 
810 
720 

z 
201 
172 
117 
116 
108 
102 
101 
101 
89 
88 
75 
51 
42.2 
36.0 
28.3 
15.2 
10.5 
10.1 
9.8 
5.5 
5.0 
1.3 
1.3 
1.2 
1.2 
1.0 
0.7 
0.7 
0.5 
0.4 

<0.5 

sq111y 218 

>ld >lo’ >lO’ >I@ 
>lOJ >lof >lO’ >I05 
>lo-’ 210’ >lOJ >lO” 
>lO” >lOS >lOS >lOJ 

3.70 x w 8.00 x lo’ >lOS >lO’ 
1.70 x lo” >lO’ Zla’ >I04 
1.50 x lo* 3.00 x 104 -105 >lO$ 
8.40 x lo-’ 1.60 x Iti 3.10 x id 6.30 x 1& 
1.59 x IO’ 1.07 x lo’ 219 4.6 
1.89 x 10% 5.40 x Id >lO’ >l(r 
1.64 x 103 4.35 x Id 610 1.8 

980 1.79 x Id 378 2.3 
1.44 x 103 3.40 x 10’ 9.10 x 10’ 1.10 x l(r 
1.26 x 10’ 3.30 x ld 8.50 x 10’ >104 

435 560 590 178 
314 520 610 54 
293 630 1.37 x Id 1.33 x IO’ 
179 311 338 22.7 
198 413 860 101 
188 410 920 540 
149 259 488 860 
158 251 415 459 
128 40.2 3.2 1.8 
138 253 498 910 
139 284 700 l.19 x lo, 
136 279 820 1.98 x l@ 
52 72 109 159 
62 119 230 254 
59 129 349 740 
49.6 98 260 378 
14.9 5.4 2.0 2.1 
5.8 4.3 3.1 1.9 
7.5 5.0 2.2 2.2 

13.9 23.2 49.1 84 
7.9 10.9 8.2 1.5 
3.1 2.1 1.9 1.7 
1.4 1.1 0.8 0.9 
1.5 1.4 1.2 1.4 
1.3 1.4 1.1 1.4 
1.4 1.2 1.3 1.4 
0.8 0.9 1.0 0.7 
0.9 0.8 0.7 0.6 
0.8 0.8 0.7 0.6 
0.6 0.7 1.2 2.3 
0.4 0.3 0.4 0.3 

<0.5 <OS 

1.0 

co.5 

1.2 

<0.5 

1.1 135 

7Id 

4.90 x IO’ 
8.70 x 10’ 

ZIO’ 
>lOJ 
>lO’ 
>10-’ 
-105 

2.1 
>l(r 

2.6 
1.9 
6.60 x 10’ 

>I@ 
59 
3.3 

54 
1.7 
0.7 
5.6 

:: 
1.6 
1.01 x 103 
1.08 x Id 
1.91 x id 

162 
74 

1.04 x 10’ 
380 

1.9 
1.6 
2.1 

130 
1.3 
1.8 
0.7 
1.7 
1.5 
1.1 
0.8 
0.5 
1.0 
2.2 
0.4 

<0.5 

0.7 

l 0.2 mmole. 
to.05 mmole. 
(JO.5 mmole, 0.3% H202. 
$0. I mmole. 
VEquilibration time, 2 hr. 
# 0.3% H,O,. 
l *0.3% H202, 2 hr equilibration time. 

increasing ~n~tration of acetone but a decrease at 
still higher acetone concentrations. The position of 
the maximum is a good indication of the tendency 
of the cation to chloride-complex formation in 
acetone. Even ions with rather small or negligible 
tendencies to chloride-complex formation, such as 
Zr, Hf, Al, Be and Ni, show a slight decrease in 
distribution coel%ient in 0.2 and OSM HQ at the 
highest acetone concentrations. At higher acid con- 
centration (> 1M) these ions mostly show an increase 
in distribution coefllcient with increase in acetone 
concentration. 

Some ions such as Ca, Sr, Ba, Pb, SC, Th and the 

lantha~des have much larger dis~bution CoefIicients 
with the macroporous resin than with the micro- 
porous resin. The values can increase by factors 
ranging from 3 to about 20 (Pb) which stretches the 
selectivity scale considerably. Some of these ions, e.g., 
Pb, U(W), Sc and the heavy alkali-metals, change 
their position in the selectivity sequence compared 
with that obtained on a gel-type resin. As a result zinc 
and lead can easily be separated with the macro- 
porous resin in HCl-acetone (Fig. l), a separation 
which is not possible with a geEtype resin, with which 
their distribution coefficients in HCl-acetone do not 
show much difference, 



390 FRUZ W. E. STRELOW 

Table 3. Distribution coefficients with AG MP-50 resin in l.OM HCl with various amounts of acetone 

Spies 0 20 

Acetone, % 

40 60 SO 

Th 
Zr 
Hf 
La 
SC 

: 
Yb 
Sr 
Ca 

&I,* 
Pb(II)t 

&II) 
UfvI) 
Cs 
Mn(I1) 
Rb 

&Q 
Fe(I1) 
(XII) 
M(D) 
Mg 
Zn 
Be 

t&q 
Tim 
L.i 
Te(IV) 
Cd 
Bi(III)f 

&IV) 
Wcn)? 
VO# 
Mo(VI)ll 
H&II) 
As(II1) 
As(V) 
se(Iv) 
Sb(III)T 

4.40 x lo’ 
1.90 x 104 
5.60 x 10’ 
4.50 x 10’ 
2.18 x IO3 
1.18 x lb’ 

740 
710 
233 
154 
118 
101 

67 
53 
45.6 
44.8 
36.9 
30.0 
29.0 
27.7 
27.5 
23.8 
19.7 
14.5 
14.4 
12.1 
10.7 

::: 
2.1 
1.6 
1.4 
1.1 
0.7 
0.4 
0.4 

CO.5 

1.1 

9.40 x 104 
5.30 x 104 
1.60 x 10’ 
9.8 x 10’ 
5.4 x 10’ 
2.82 x 10 
1.26 x 10) 
1.54 x 10” 

440 
276 
202 
118 
91 

165 
111 
101 
74 
75 

:: 
48.9 
47.7 
41.4 
47.3 
37.8 
13.6 
14.9 
23.0 
17.1 
18.4 
7.6 
2.9 
1.8 
1.2 

::; 

:; 
0:3 

CO.5 

1.2 

> 10s 
> IO5 

4.20 x 104 
2.80 x 104 
1.50 x 104 
6.80 x IO3 
2.70 x 10’ 
5.40 x 10’ 
1.38 x lo3 

670 
429 
134 
50 

sso 
138 
143 
120 
147 
123 
128 

;; 

;: 
76 
2.4 

20.0 
48.4 
30.4 
40.0 
12.1 
3.8 

:*; 
1:2 

A:: 
0.6 
0.3 

co.5 

0.9 

> 105 
> 105 
>lOJ 
-lOS 

4.40 x 104 
1.60 x 10’ 
7.90 x 103 
1.60 x l@ 
6.5 x 10’ 
1.88 x 10’ 
7.4 

116 
8.9 
1.04 x 103 

10.9 
124 
209 
287 
243 
285 
193 
lS6 
39.9 

128 
186 

2;:: 
106 
58 

113 
21.5 

2.9 
0.6 
0.9 
0.9 
1.0 
0.6 
1.1 
0.3 

<OS 

0.7 

>l@ 
6.00 x lo4 

310’ 
z-10’ 
-105 

3.80 x 10’ 
>lO’ 

2.10 x l(r 
>104 

7.10 x 10” 
2.0 

107 
1.8 
1.44 x 103 
1.4 

32;7 
103 
401 
321 

14.3 
1.5 
1.7 

142 
314 

1.5 
54 

155 
38.0 

426 
44.2 

1.4 
0.7 
0.9 
0.8 
1.1 
0.7 
1.2 
0.4 

co.5 

0.7 

*0.05 mmole. 
TO.2 mmole. 
$0.5 mmole, 0.3% H,O,. 
$0.1 mmole. 
70.3% H,O,. 
# 0.3% H,Oz, 2 hr equilibration time. 

Alkali metals. All the distribution coefficients and 
especially those of lithium increase with increasing 
acetone concentration faster than they do with meth- 
anol concentration. For this reason methanol is a 
better organic solvent for separating lithium from 
sodium or the heavier alkali metals. A separation 
factor of ap=6 can nevertheless be obtained in 
2.0&f HCl containing 60% acetone, which is better 
than c@ = 5 in 1 .OM NC1 containing 80% methanol 
with a gel-type AGSOW-X8 resin. Elements with 
relatively strong tendencies to chloride-complex for- 

mation [Zn, Cd, In, Bi(III), Sn(IV) and ~(III)] can 
be separated by elution with 0.2M HCl in 85% 
acetone, whereas the alkali metals are strongly re- 
tained (DLi = 245). For the elution of Au(III), Tl(III), 
Hg(II), As(III), Se(IV) and the platinum metals, 0.1 M 
HCI in 90% acetone is quite satisfactory; lithium 
(B > 500) is even more strongly retained under these 
conditions. 

Beryllium, magnesium and the alkaline-earth met- 
als. Distribution coefficients for all five increase with 
acetone concentration and follow the same pattern as 
observed for HCl-methanol mixtures.*‘j When beryl- 
lium is eluted with 2.OM HCI in 60% acetone, Mg, 
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Table 4. Distribution coefficients with AG MP-50 resin in 2.OM HCl with various amounts of acetone 

Acetone, % 

Species 0 20 30 60 IO 

Th 1.00 x 104 
Zr 800 
La 
Hf 
Sc 
Ba 

h 
Sr 
Ca 
cs 
WI) 
-WI)* 
Rb 
K 
Ga 
Al 
Mn(II) 
Fe(II1) 
Na 
Co(I1) 
PeOI) 
Mg 
Ni(I1) 
Cu(I1) 
Pb(II)t 

&V)S 
WV) 
Li 

z 
In 

481 
441 
287 
282 635 
97 165 
83 
14 
50 
24.2 
24.1 
20.6 
20.1 
16.9 
15.4 
14.4 
11.5 
10.1 
8.3 
7.1 
7.1 
7.0 
6.9 
5.1 
4.9 
4.5 
3.9 
3.8 
2.6 
1.8 
1.4 
1.2 

2.60 x 104 
2.12 x 103 

752 
1.24 x lo3 

720 

156 
135 
84 
31.9 
30.0 
23.3 
29.1 
31.9 
24.5 
21.3 
18.1 
11.4 
13.4 
10.7 
10.9 
10.1 
11.9 
6.1 
3.8 
5.2 
6.9 
5.2 
3.4 
1.1 
1.0 
1.3 

5.30 x 104 
6.80 x 10’ 
1.32 x 10) 
4.20 x 10’ 
2.35 x 10’ 
1.93 x lo3 

345 
424 
321 
173 
48.8 
38.0 
19.3 
49.0 
66 
16.5 
51 
31.5 

2:; 
18:9 
16.9 
18.6 
19.4 
6.4 
2.3 
1.1 

14.8 
8.7 
5.3 
0.9 
0.7 
0.9 

7.80 x 10’ 9.00 x lti 
2.80 x 104 8.80 x 103 
3.20 x 10’ 5.10 x 10’ 
1.20 x 104 1.20 x lo4 
8.60 x IO3 1.80 x 10’ 
5.40 x 10’ 1.04 x 104 

950 1.72 x 10’ 
1.41 x 103 2.40 x 10’ 

920 1.75 x 10’ 
510 1.05 x 103 

81 108 
11.1 2.4 
13.1 11.2 
99 133 

135 151 
1.9 1.5 

138 198 
54 25.3 
6.1 2.3 

63 99 
22.3 3.1 

2.1 1.2 
46.2 14 
38.9 55 

1.7 1.8 
1.1 1.1 

12.5 16.1 
46.2 110 
16.5 15.8 
10.6 15.4 

1.3 1.1 
0.5 0.6 
0.7 0.8 

*0.05 mmole. 
TO.2 mmole. 
$0.5 mmole, 0.3% H,O,. 

Ca, Sr, Ba, Ni, Mn(II), Na, K, Rb, Cs, Al, SC, Y, the 
lanthanides, Ti, Zr, Hf and Th will be retained, but 
the separations of some of these elements from 
beryllium are not as good as in HCl-methanol and 
fairly large columns are required for these. Cobalt(I1) 
and U(V1) accompany beryllium. Zn, Cd, In, Bi, 
Sn(IV), Te(IV), Hg(II), Au(III), Pd(II), Rh(III), 
Ir(III), Tl(III), As(II1) and Se(IV) can be eluted very 
easily with 0.2M HCl in 85% acetone, and Be and the 
alkaline-earth ions are retained very strongly. This 
separation is more effective than the corresponding 
one in HCl-methanol and can be carried out on much 
smaller columns. 

C@), Fe(ll), Co(ZI), Mn(ZI), Ni(ZZ). All five 
show some degree of chloride-complex formation in 
dilute HCl at high acetone concentrations. The ten- 
dency to form chloride complexes is relatively strong 
for Cu(I1) and Fe(I1) whereas that for Ni(I1) is almost 
negligible. Copper( Fe(I1) and Co(I1) can be 
eluted with 0.5M HCl in 90% acetone, while Mn(I1) 
and Ni(I1) are retained together with many other 
ions, including Li and the other alkali-metal ions, Be 
and the alkaline-earth metal ions, Ti(IV), V(IV), Al, 
SC, Y, the lanthanides and other species not forming 
chloride complexes. Zn, Cd, In and the other ions 

named above, which form stable chloride complexes, 
can be eluted easily with 0.2M HCl in 85% acetone 
or with OSM HCl in 65% acetone, while copper(I1) 
and the other metal ions are strongly retained. With 
0.2M HCl in 92% acetone copper(I1) can be eluted 
while Co(I1) is retained together with Mn(I1) and 
Ni(I1). All five ions can be eluted effectively with 
4.OM HCl in 45% acetone while Ca, Sr, Ba, SC, Y, 
Zr, Hf, Th and the lanthanides are retained. 

SC, Yb, La, Zr, HA Th. All are very strongly sorbed 
and show considerably increased distribution 
coefficients with increasing concentration of acetone. 
Zr and to a lesser degree Hf, show a slight tendency 
towards decreased distribution coefficients at the 
highest acetone concentration, indicating some 
chloride-complex formation. Th and Sc cannot be 
eluted by hydrochloric acid of any concentration and 
elution of the light lanthanides is very difficult and 
prolonged. Mixtures of a good replacing cation and 
a complexing agent such as ammonium acetate plus 
EDTA or DPTA are required for effective elution of 
these elements, as has been demonstrated for the very 
strongly adsorbed scandium.*’ As has been pointed 
out, the selectivity scale for the lanthanides from 
ytterbium to lanthanum is considerably larger for the 
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Table 5. Distribution coefficients with AG MP-50 resin in 3.OM HCI with various amounts of 
acetone 

Acetone. % 

Species 0 20 40 60 

Tb 1.91 x 103 6.20 x lo3 2.10 x 104 5.00 x 104 
La 128 250 600 1.92 x 10’ 
Zr 
SC 
Ba 
Hf 
Y 
Sr 
Yb 
Ca 
cs 
D(vI) 
Rb 

:(I)* 
Na 
Mn(II) 
Ga 
Al 
Ni(II) 
M8 
Co(H) 
Fe(H) 
Be 
Ti(IV)t 
Fe(III) 
V(IV) 
Li 
Cu(II) 
Pb(II)# 
Zn 
In 
Cd 

122 
121 
117 
71 
37.6 
36.8 
26.3 
23.0 
13.4 
12.0 
11.9 
10.7 
6.3 
5.4 
4.7 
4.6 
4.5 
3.9 
3.3 
3.1 
2.9 
2.5 
2.3 
2.2 
2.1 
1.9 
1.9 
1.6 
1.0 
0.8 
0.7 

346 
282 
250 
208 
63 
69 
53 
41.3 
17.2 
16.0 
17.1 
17.4 
5.5 
9.0 
6.0 
6.5 
6.6 
4.8 
5.2 
4.5 
3.9 
2.9 
4.1 
2.3 
3.0 
2.6 
2.0 
1.4 
0.9 
0.7 
0.8 

1.27 x lo3 2.80 x 10’ 
880 3.60 x 103 
710 2.78 x IO3 
760 3.40 x 103 
127 328 
162 500 
134 488 
91 280 
28. I 49.2 
13.7 2.4 
30.3 55 
31.4 58 
4.4 3.2 

19.8 45.0 
9.7 9.9 
1.5 1.5 

15.6 55.0 
8.2 13.0 
8.4 23.1 
7.1 2.4 
4.8 1.0 
4.4 6.5 

11.2 42.6 
1.8 1.2 
4.7 6.9 
3.6 7.6 
1.5 1.4 
0.9 0.8 
1.1 0.8 
0.9 0.6 
0.7 0.6 

*0.05 mmole. 
TO.5 mmole, 0.3% H,O,. 
$0.2 mmole. 

macroporous resin than for the a gel-type resin such 
as AG50W-Xgz6 but as in the case of methanol there 
is not much further improvement on addition of 
acetone. The separation of the lanthanides from 
aluminium is not as good as that in HCl-methanol. 
The separation factors for ytterbium and scandium 
from aluminium are 9.9 and 67 respectively in 4.OM 
HCl containing 40% acetone, as compared with 12.6 
and 89 in 3.OM HCl containing 40% methanol. The 
major cause for the decreased separation factor is the 
fact that the distribution coefficients of aluminium 
increase more with acetone than with methanol con- 
centration. This is also the reason why a higher HCl 
concentration is required for fast elution of alumi- 
mum when acetone mixtures are used. Iron(II1) and 
gallium are much more effectively separated from SC 
etc. in HCl-acetone. A lower concentration of HCl 
can be used and elution is very fast with 0.5M HCl 
in 85% acetone, while scandium etc. are retained 
extremely strongly, with distribution coefficients 
> 104. With l.OM HCl in 85% acetone even 
uranium(VI), which is difficult to elute with 
HCl-methanol mixtures, is eluted effectively. Te(IV), 

Mn(II), Fe(II), Mg, Ni, Co(II), Cu(II), Ti(IV), V(IV), 
Be, Li, Cd, In, Bi and several other species have lower 
distribution coefficients than aluminium, and are 
eluted very easily with 4.OM HCl in 40% acetone and 
accompany aluminium. Most of them can be eluted 
effectively at considerably lower concentrations of 
HCl with much larger separation factors when the 
separation of aluminium is not required. Zr, Hf and 
Th accompany the lanthanides and SC. The elution of 
K, Rb and Cs with 4.OM HCl in 40% acetone is 
prolonged and shows considerable tailing. Better 
separation is possible in 4.OM HCl containing 20% 
of acetone or methanol, though ytterbium and the 
heavy lanthanides are less strongly retained under 
these conditions, so larger columns are required. 
Al, Fe(ZZZ), Ga, U(VZ), V(ZV), Ti(ZV). The de- 

crease in distribution coefficients with solvent concen- 
tration for iron(II1) and gallium is very much more 
pronounced in acetone mixtures than in methanol. 
Both can be effectively eluted wityh 0.2M HCl in 90% 
acetone or with 0.5M HCl in 80% or even 75% 
acetone (Figs. 2 and 3), while Co(II), Mn(II), Ni, Li 
and the other alkali-metals, Be and all the alkaline- 
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Table 6. Distribution coefficients with AG MP-50 resin in 4.OM HCI with various amounts 
of acetone 

Acetone, % 

Species 0 u1 40 50 

Tb 580 1.95 x 103 7.60 x 103 1.60 x l(r 
Ba 72 159 406 890 

E II 61 180 122 498 308 960 580 
Zr 37.1 108 413 170 

:f 22.2 20.6 41.5 66 292 110 246 1.31 x 103 
Y 19.0 35.7 87 155 
Ca 14.2 26.0 65 120 
Yb 12.2 26.0 73 141 
cs 8.8 10.9 20.6 21.2 

EVI, 1.9 7.9 11.6 8.9 19.1 7.4 25.3 2.1 
K 7.6 11.9 23.0 36.2 

;I,* 3.9 3.0 6.3 2.7 14.5 2.4 22.8 1.9 
Mg 2.8 4.1 6.3 9.4 
Ni(I1) 2.8 3.5 5.2 5.9 
Ga 2.1 3.6 1.4 1.4 
Mn(I1) 2.5 3.4 4.4 4.5 
Al 2.4 3.5 1.4 15.9 
CofII) 2.0 2.1 2.8 1.4 
Be 1.9 2.2 2.9 3.7 
Fe(I1) 1.9 2.1 1.8 1.0 
Ti(IWt 1.8 3.6 10.7 18.3 
V(Iv) 1.7 2.2 3.2 4.0 
Li 1.5 1.9 3.0 3.5 
Fe(II1) 0.9 1.0 0.8 0.8 
In, Cd, Zn 
Cu(I1) 

> 

<l <l cl Cl 
Pb(I1) 

*0.05 mmole. 
TO.5 mmole, 0.3% H,Oz. 

earth metals, Ti(IV), Zr, Hf, Th, Al, SC, Y and the 
lanthanides are strongly retained. When OSM HCI in 
75% acetone is used for elution, Cu(I1) and U(V1) are 
also retained. 

V(IV) and Ti(IV) can easily be eluted with aqueous 
l.OM HCl containing hydrogen peroxide, while Al, 
Ga, Fe(III), U(V1) and also Pb, Ca, Sr, Ba, SC, Y, Zr, 
Hf, Th and the lanthanides are retained. All the 
species in this group, including uranium(VI), can be 
eluted together, with 4M HCl in 40% acetone, while 
Ca, Sr, Ba, SC, Hf, Zr, Th, Y and the lanthanides are 
retained. Uranium(V1) can be eluted with 0.5M HCl 
in 91% acetone and separated from V(IV), Ti(IV), 
Ni(II), Mn(II), Li and the other alkali-meals, Be and 
the alkaline-earth metals, Al and all species with 
negligible tendency to form chloride complexes. 

Zn, Cd, Hg(ZZ), In. Zinc shows an initial slight 
increase followed by a decrease in sorption with 
increasing acetone concentration in 0.2 and OSM 
HCI. At higher acidities the decrease in sorption is 
continuous with increasing acetone concentration. 
Sorption of cadmium and indium decreases con- 
tinuously with increasing acetone concentration at all 
concentrations of HCl. Mercury(I1) is virtually not 
sorbed from any HCl-acetone combination in- 
vestigated. Separations can be achieved by eluting 

Hg(I1) with aqueous 0.2M HCl, Cd with OSM HCl 
in 35% acetone and Zn with OSM HCI in 60% 
acetone. Indium accompanies cadmium. Ga, Fe(III), 
Pb(II), Cu(II), Co(II), Ni, Mn(II), V(IV), Ti(IV), Be, 
Mg, Al and many other species are retained when 
zinc is eluted as described. 

Pb(il), Bi(ffl), Sn(IV), Te(lV). Lead is much 
more strongly sorbed by the ~cro~rous resin than 
by AGSOW-X8. From 0.2 and OSM HCl the sorption 
increases with acetone concentration up to about 
30% and then decreases. Good separations with quite 
large separation factors comparable to those ob- 
tained with OSM HCl containing 40% methanol are 
possible by eluting Bi, Sn(IV) and Te(IV) with OSM 
HCI in 30% acetone. Lead is strongly retained but 
can be easily eluted with 3.OM HCI. Many other 
metal ions, e.g., Au(III), Hg(II), In, Se(IV), As(II1) 
and the platinum metals are also eluted with OSM 
HCl in 30% acetone and separated from lead. For Cd 
and Zn, 0.5M HCl in 60% acetone provides faster 
elution and better separation. Though lead is not 
retained as strongly, the separation is nevertheless 
satisfactory, provided a 5 or 10 g resin column is used 
(Fig. 1). When hydrogen peroxide is present, small 
amounts of V(IV), Mo(IV) and W(VI) can also be 
eluted with OSM HCl in 30% acetone and separated 
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from Pb. Larger amounts of lead, together with 
larger amounts of these elements, will tend to precip- 
itate. With l.OM HCl in 80% acetone lead can be 
eluted quite effectively, while Li and the other alkali- 
metal ions, Be and the alkaline-earth metal ions, Ni, 
Mn(II), Ti(IV), Zr, Hf, Th, Al, Sc, Y and the 
lanthanides are still retained. 

Au(ZZZ), Pt(ZV), Pd(ZZ), Rh(ZZZ), Zr(ZZZ/ZV), 
As(ZZZ), As(V), and Se(ZV). As with other resins and 
HCl-methanol these species are sorbed only slightly 
or not at all at any acidities. Acetone does not seem 
to cause any significant changes of the distribution 
coefficients in 0.2 and OSM HCl, the only acidities 
investigated for these elements. These species can be 
eluted with aqueous 0.1 or 0.2M hydrochloric acid 
and thus separated from most other ions, including 
In, Cd and small amounts of Bi. Problems can be 
caused by ions which tend to hydrolyse, precipitate or 
polymerize, such as Sn(IV), Sb(III), and large 
amounts of Bi, Mo(VI), W(V1) and V(V), though the 
last three can be stabilized by hydrogen peroxide 
when gold is absent. Hg(I1) accompanies Au(II1) and 
the other metal ions. Au(III), Se(IV), As(III), As(V), 
Pt(IV) and Pd(I1) can be separated from Te(IV) by 
elution with 0.2M HCl in 60% acetone, Te(IV) being 
retained, as described for an AGSOW-X8 resin.*’ The 
macroporous resin retains the tellurium slightly more 
strongly and the low-level tailing of Au(III), Pd(II), 
Rh(II1) and Ir(III/IV) is considerably reduced when 
acetone is used instead of methanol. 

V(V), Mo( VI), W( VI). These require the presence 
of hydrogen peroxide to prevent polymerization or 
precipitation from causing difficulties in the ion- 
exchange process. Mo(IV) and W(V1) are virtually 
not sorbed from 0.2 and OSM HCl at any concen- 
tration of acetone. V(V) is slightly sorbed at acetone 
concentrations 2 60%. This is probably due to reduc- 
tion to V(IV) as indicated by a slight greenish discol- 
oration of the resin. When the equilibration time is 
increased to 24 hr, a more complete reduction can be 
observed. For the elution of these species O.OlM HCl 
containing 0.15 % hydrogen peroxide is very effective 
and separates them from all others except mercury(I1) 
and the platinum metals above. Gold(II1) will be 
reduced to the metal. Species which hydrolyse easily, 
such as Sn(IV) and Ti(IV) should be absent; when 
they are present, the concentration of hydrochloric 
acid has to be increased. W(V1) precipitates at an HCl 
concentration >2M, even in the presence of hydro- 
gen peroxide. 

Sb(ZZZ) and T&Z). These two ions cause special 
problems because of their tendency to precipitate in 
hydrochloric acid medium. Visible precipitates are 
formed when larger amounts of Tl(1) are present in 
dilute hydrochloric acid (Q 1M) at all acetone con- 
centrations. With the 0.05 mmole of thallium used for 
this work, visible precipitation occurred only in 0.2M 
HCI containing 90 and 95% of acetone. It is sus- 
pected that precipitation may have occurred inside 
the resin particles and that the solution outside may 

also have contained some semi-stable colloidal thal- 
lium(1) chloride. It was observed in elution experi- 
ments that thallium(I), in 0.2M aqueous HCl or its 
mixtures with acetone, partially passes through the 
column despite the quite large distribution coefficient 
(Table 1). The “sorbed” part of the thallium(I) on the 
other hand is difficult to elute and shows very pro- 
longed tailing. Precipitation and/or colloidal precip- 
itate formation are also suspected for Sb(II1) in 
aqueous 0.2 and 0.5M HCl, 0.2M HCl containing 
20% and 40% of acetone, and 0.5M HCl containing 
20% acetone. Sb(II1) also passes partially through 
the column with these eluents, despite fairly large 
distribution coefficients (Tables 1 and 2). 

General aspects 

Comparison of the results presented in this paper 
with those available for HCl-methanol mixtures26 
clearly shows the greater ability of acetone to pro- 
mote chloride-complex formation in the external 
phase, with a resulting decrease in the distribution 
coefficients, which, in the case of acetone, can often 
be quite dramatic. The distribution coefficients in 
0.5M HCl containing 80% methanol or acetone are 
830 and 2.3 respectively for Fe(II1) and 1310 and 1.8 
for Ga, and for Cu(I1) in 0.5 M HCl containing 90% 
of these solvents are 48 and 1.7. As a result these 
three species and others such as Co(I1) and U(VI), 
which otherwise require 2,3 or even 4M aqueous HCI 
or 2M HCl in 70% methanol [Fe(III), Ga, Cu(II)] for 
elution, can easily be eluted with 0.5M or even with 
0.2M HCl (Table 1) when acetone is used as the 
chloride complexation-promoting solvent. This opens 
up various possibilities for new separations with the 
macroporous resin, that are not possible with meth- 
anol as solvent. 

It also appears that many ions, including Bi, Cd, 
In, Ga, Zn, Fe(II1) and Cu(II), are eluted very 
sharply by HCl-acetone mixtures (Figs. l-3). The 
peaks show almost no tailing and the exchange 
kinetics seem to be better for HCl-acetone than in 
HCI-methanol mixtures.26 Furthermore, in addition 
to the marked change in selectivity for some species 
such as Pb, Sr, Ba, Sc, U(V1) and the lanthanides, 
from that with an 8% cross-linked gel-type resin,26 
there are also some smaller changes in selectivity 
which could lead to improved separations by use of 
a macroporous resin. 

The best separation between Co(H) and Mn(I1) by 
cation-exchange in HCl-acetone has been described 
by Victor.** The optimal separation factor in 0.35M 
HCl containing 90% acetone was 7. A separation 
factor of 15 seems to be possible in 0.2M HCl-95% 
acetone and of 10 in 0.5M HCl-90% acetone with the 
macroporous resin (Tables 1 and 2). The reason is 
that Mn(I1) is distinctly more strongly sorbed than 
Co(I1) by the macroporous resin (a?: N 1.5 for 
0.2-l.OM HCl). With a gel-type resin both elements 
are almost equally strongly sorbed in this acid range. 
Many other new separations should become possible 
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and others improved considerably by use of a macro- 
porous resin with HCl-acetone mixtures as eluting 
agents. In other cases a gel-type resin or another 
eluent system may offer advantages. Which resin or 
eluting system provides the best separation for a 
given problem has to be decided from case to case by 
intelligent use of available tables of distribution 
coefficients and consideration of the kinetic exchange 
behaviour of the elements involved. 
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Summary-A new kinetic method for the determination of Hg(I1) based on its inhibitory effect on the 
Pd~I)~t~y~d reaction between Co(II1 jEDTA and h~p~~~te is proposed. The reaction is 
followed spectrophotometrically at 540 nm by measuring the induction period. Both the influence of the 
reaction variables and the interference of many ions have been studied. A mechanism for the inhibition 
process is also proposed. Under the selected ex~~rnen~l conditions of 2.7 x lW3&f Co(IIIjEDTA, 
pH-3.2 Britton-Robinson buffer, 0.3M H,POF ,0.35 fig/ml Pd(II), and temperature 18 f 0.2”, Hg(I1) was 
determined in the range 13-120 q/ml. The method was applied to the determination of Hg(I1) in 
sphalerites and p~a~uti~ls. 

In an earlier paper’ we reported on the 
Pd(II)-catalysed reduction of the Co(III)-ethylene- 
diaminetetra-acetate complex by hypophosphite, 

and this led us to propose a new kinetic method for 
the dete~nation of palladia. The interferences 
studied showed that Hg(I1) exerted a strong in- 
hibitory effect, appearing as an induction period 
which was related to the H&II) concentration. 

The toxicity of mercury salts and vapours has 
fostered the development of a number of micro- 
methods for the determination of this element. Most 
of these methods have been listed in reviews.““’ A 
significant number of them are based on the catalytic 
action of Hg(I1) on l&and-exchange reactions’“16 and 
slow redox processes,“-*’ or on their inhibitor effect 
on catalytic indicator systems.22-25 In this paper we 
describe a kinetic method for the determination of 
Hg(I1) based on its inhibitory effect on the 
H,PO;-[Co(III)--EDTAI-Pd(I1) system. The pro- 
cedure has been successfully applied to the deter- 
mination of mercury in sphalerites with low mercury 
contents, as well as in pharmaceuticals. 

EXPERIMENTAL 

Absorbance-time (A-r) curves were recorded on a 
Perkin-Elmer 550SE dual-beam s~trophotometer with 
l-cm cells, kept at constant temp&aturd by means of a 
Colora Minicrvostat MC III. A Radiometer PHM 63 
pH-meter was &d for pH rn~su~ents. 

Reugen ts 
Co(lfI)-EDTA, 0.04 M. Exactly 50 ml of 0.1 M cobaltous 

nitrate and 50 ml of O.lM EDTA were pipetted into a 
250-ml beaker. After addition of 3 g of potassium per- 
ox~sulphate the solution was adjusted to pH 6 with a 1: I 

*To whom correspondence should be addressed. 

v/v dilution of s.g. 0.88 ammonia solution, and boiled gently 
for about 20 min to decompose the excess of per- 
oxodisulphate. Finally, the solution was made up to volume 
in a 125~ml standard flask.= 

Sodium hypophosphite solution 3M. Prepared weekly and 
stored in a dark bottle. 

PdCI, solution, 5 x IO-IM. Prepared in 0.2M hydro- 
chloric acid. 

Mercuric nitrate solution, fO-%K Prepared in 0.5M sul- 
phuric acid, and standardized according to the method 
given by Schwarzenbach and Flaschka.2’ 

Litton-Rob~on bu$e, pH 3.2. Solutions of metal 
nitrates and sodium salts of several anions were used for 
interference studies. All reagents were of analytical-grade 
and solutions were prepared with doubly distilled water. 
Lower concentrations were obtained by appropriate dilu- 
tion before use. 

The experiment was started by placing 0.4 ml of 0.02M 
Co(II1 jEDTA, 1 ml of Britton-Robin~n buffer and 0.4 ml 
of 2.5 x IO-‘M palladium chloride (in that order) in soec- 
trophotometric &lls, and then adding appropriatd vol;mes 
of 2 x 10W6M mercuric nitrate so that the final Hg(I1) 
concentrations were between 13 and 120 ng/ml. The soiu- 
tions were diluted to 2.7 ml with water. The cells were placed 
in a thermostatic bath at 18 + 0.2” for about 10 min. Then, 
0.3 ml of sodium hypophospiite solution was added to the 
test cell and the spectrophotometer recorder was started. 
The solution was shaken, the cell placed in the spec- 
trophotometer, and the A-t curve at 540 nm recorded. The 
data obtained were used to dot the calibration eraoh of 
induction period vs. Hg(I1) concentration. 

Cells were cleaned after use bv immersion in nitric acid 
(1 + 1) for 15 min to remove traces of palladium adsorbed 
on their walls. 

Procedure for determination of mercury in sphaierites 
A 0.1-g sample was dissolved in 1.5 ml of hydrochloric 

acid (1 + 1) and 2 ml of concentrated nitric acid. added 
conse&tiv~ly, with gentle heating during the proce&. Once 
the sample was dissolved, 2 ml of concentrated sulphuric 
acid were added and heating was continued until persistent 
white fumes appeared. After transfer of the solution to a 
200-ml standard flask and dilution to volume, mercury was 
determined by the recommends procedure. 

TAL 35/S-E 
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Procedure for &termination of mercury in pharmaceuticals 
For determination of Hg(I1) in cleaning solutions for 

contact lenses, samples of 5-10 ml were treated with 1 ml 
of concentrated sulphuric acid and 10 ml of concentrated 
nitric acid, and the mixtures were heated until persistent 
white fumes appeared. They were then made up to volume 
with water in 250~ml standard flasks and mercury was 
determined by the recommended procedure. 

RESULTS AND DISCUSSION 

Previous work demonstrated that over a wide 
pH-range hypophosphite does not reduce Co(III)- 
EDTA at an appreciable rate, but that Pd(I1) is a 
sensitive catalyst for this process. We have found that 
Hg(I1) has no effect on the H,PO;-[Co(III)-EDTA] 
system. On the other hand, it has a strong inhibitory 
effect on the Pd(II)-catalysed reaction, manifested as 
an induction period associated with the Hg(I1) con- 
centration 

The reaction is followed spectrophotometrically by 
measuring the time elapsed until the absorbance of 
Co(III)-EDTA starts to decrease. Figure 1 shows 
A-t curves corresponding to mixtures at pH 3.2 with 
concentrations of 2.7 x 10e3M Co(III)-EDTA, 0.3M 
hypophosphite, 0.35 pg/ml Pd(I1) and up to 147 
ng/ml Hg(I1). Once the induction period has elapsed,> 
the reaction rate is similar to that observed in the 
absence of Hg(I1). 

Infllrence of pH 

The influence of pH on the inhibited reaction was 
studied with reactant concentrations similar to those 
described above, and solutions containing 53 ng/ml 
Hg(I1). The pH was adjusted to between 1.5 and 4.0 
with B&ton-Robinson buffer. As seen in Fig. 2, the 
induction period remains unchanged over the pH 
range 2.1-3.6. All subsequent investigations were 
performed at pH 3.2. 

Influence of various variables 

The influence of the Co(III)-EDTA concentration 
[other conditions: 0.3M hypophosphite, 0.35 pgg/ml 
Pd(I1) and 53 ng/ml Hg(II), pH 3.21 was studied in 

0.6 - 

A 

0.3 - I I I I 
60 120 160 240 

t (5) 

Fig. 1. Absorban-time curves: 2.7 x lo-)M Co(III)- 
EDTA; 0.3M H,PO,; 0.35 lug/ml Pd(I1); pH 3.2; 18” 
[Hg(II)I, rig/ml: (1) 0; (2) ;7:; ;;VpO; (4) 67; (5) 93; (6) 120; 

60 - 

(s) 

30 - 

; 
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. /’ 
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Fig. 2. Variation of induction period with pH: 2.7 x IO-‘M 
Co(III)-EDTA; 0.3M H,PO;; 0.35 pg/ml Pd(I1); 53 ng/ml 

Hg(I1); 18”. 

the range 6.7 x 10m44 x 10m3M. The induction 
period increases with Co(III)-EDTA concentration 
up to 2 x 10M3M and then becomes constant. A 
concentration of Co(III)-EDTA of 2.7 x 10m3M, 
which yielded suitable absorbance values, was 
selected. 

The influence of the hypophosphite concentration 
was similarly studied in the range 0.1-0.6M. The 
induction period decreases rapidly with increasing 
hypophosphite concentration in the range 0.1-0.2M 
and becomes constant at concentrations > 0.2M. A 
concentration of 0.3M was therefore selected. 

Figure 3 shows the influence of temperature on the 
induction period; a temperature of 18 f 0.2” was 
selected for further experiments. In the absence of 
Pd(I1) the reaction does not take place, even at the 
highest temperature tested (60”). 

Figure 4 shows that the induction period decreases 
with increasing Pd(I1) concentration. 

The two graphs in Fig. 5 correspond to two series 
of experiments with the selected concentrations of 
Co(III)-EDTA and hypophosphite, pH and tem- 
perature, and containing 0.35 pg/ml (curve 1) and 

Fig. 3. Variation of induction period with temperature: 
2.7 x IO-)M Co(III)-EDTA; 0.3M H,PO,; pH 3.2; 0.35 

pg/ml Pd(I1); 106 ng/ml Hg(II1). 
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I I I I I 

0.3 0.4 0.5 0.6 

pg/ml PdUI) 

Fig. 4. Dependence of induction period on Pd(I1) concen- 
tration: 2.7 x lo-“M Co(III)-EDTA, 0.3M H&Q; pH 

3.2; 18”; 53 ng/ml Hg(I1). 

0.53 pg/ml (curve 2) W(U) and varied Hg(I1) concen- 
tration. The use of 0.35 pg/ml Pd(I1) gives greater 
sensitivity and better reproducibility. The calibration 
graph is linear from 13 to 120 ng/ml Hg(I1). 

The coefficient of variation for the determination 
of 68 ng/ml Hg(I1) (10 determinations) was 1.2%. 

Mechanism of the inhibited reaction 

In the earlier work’ we found that the catalytic 
effect of Pd(I1) on the reduction of Co(III)-EDTA by 
hypophosphite seems to be due to heterogeneous 
catalysis attributable to elemental Pd formed in the 
fast reduction of Pd(I1) by hypophosphite. This pal- 
ladium catalytically decomposes the excess of hypo- 
phosphite, yielding active hydrogen (H*) which rap- 
idly reduces the Co(III)-EDTA, as in some processes 
involving hypophosphite and dyes and catalysed by 
Pd(II).2839 

The mechanism of the process inhibited by Hg(I1) 
is thought to be similar to that suggested for an 
analogous process:“’ the hypophosphite reduction of 
Pd(I1) induces simultaneous reduction of Hg(I1). The 
Hg formed is in close contact with Pd, thereby 

1 , 

i 

ng/ml Hg (II) 

Fig. 5. Calibration graphs for Hg(I1): 2.7 x 10e3M Co(III)- 
EDTA, 0.3M H,PG,; pH 3.2; 18”; lPd(II)], /&nl: (1) 0.35; 

(2) 0.53. 

Table 1. Interference of foreign ions in the determination of 
80 ng/ml of Hg(I1) 

Limiting 
molar ratio, 

Ion added* [~WUW~N 

ww 16000 
~(&U$(II) 8000 

F-; C&II) z 
Cl- 700 
Fe(III), Au(II1) 50 
Mn(I1) 10 
Cll(I1) 5 
Pb(I1); Bi(II1); Ag(1); V(V) 1 
I-; Br-; Pt(IV); Sn(I1) < 0.5 

*ClO; ; SO:- ; NO; do not interfere. 

reducing the active surface of the latter. Thus, it takes 
some time (induction period) to produce the thresh- 
old amount of H* needed to act upon the Co(III)- 
EDTA complex. When this amount is reached, the 
catalysed reduction of the complex begins and pro- 
ceeds at the same rate as in the absence of Hg(I1). The 
induction period is a linear function of the 
[Hg(II)]/[Pd(II)] ratio, so at fixed temperature, pH 
and concentrations of Co(III)-EDTA, hypo- 
phosphite and Pd(II), the induction period depends 
on the Hg(I1) concentration, so allowing the kinetic 
determination of this ion. 

Effect of other ions 

The determination of 80 ng/ml Hg(I1) tolerates the 
presence of foreign ions at the levels given in Table 
1, the criterion for interference being an error greater 
than 4% in the determination of Hg(I1). 

Application 

The proposed method was satisfactorily applied to 
the determination of mercury in cleaning solutions 
for contact lenses, where it is present as phenyl- 
mercury nitrate (certified content 0.0033%, found 
0.0030%) or sodium ethylmercurithiosalicylate, thio- 
mersal, (certified content 0.004%, found 0.004%). 
The coefficients of variation (5 determinations) were 
3.4 and 2.9%, respectively. 

The procedure has also been applied to the deter- 
mination of mercury in sphalerites. The results found 
(0.069 and 0.064% mercury) are comparable with 
those obtained by atomic-absorption spectrometry 
(0.068 and 0.064% mercury, respectively). The 
coefficients of variation (5 determinations) were 2.8% 
and 3.5%, respectively. 
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Summary-This paper describes the construction of a rugged yet very precise detector for use in 
polarographic and electrocapillary work. It employs an a.c. bridge technique to utilize the large and abrupt 
change in capacitance on drop-detachment. Timing and recording of drop-times is achieved with a 
laboratory microcomputer or a counter/timer. 

In polarographic and electrocapillary experiments the 
lifetime of a natural drop from a dropping mercury 
electrode needs to be known with millesimal precision. 
Currently, drop-fall detectors use a superimposed a.c. 
voltage, or a light pulse,’ or a frequency-modulated 
transmitter where the DME forms part of the an- 
tenna? This paper describes the construction of a 
rugged yet sensitive drop-fall detector based on the 
a.c. bridge technique commonly used in differential 
capacity measurements. Its output is compatible with 
a laboratory computer to time, record and manipu- 
late data for consecutive drops. 

*To whom correspondence should be addressed. 

EXPERIMENTAL 

Apparatus 
The four arms of the Wheatstone bridge, Fig. 1, are 

formed by resistors RI and R2, the cell, and the variable 
resistance VRl in series with switched capacitors Cl-CS, 
this last arrangement allowing a wide range of C/R ratios 
to be selected to balance the bridge. The out-of-balance 
signal appearing across the bridge is fed to a preamplifier 
stage (TRl) through an isolatory screened transformer 
(TXl). The signal is further amp&d by an operational 
amplifier stage (ICl) which has its gain manually controlled 
by VR2. The Y output signal can be viewed on an oscillo- 
scope, and is also applied to a full-wave rectifier stage (IC7, 
D5, D6, and associated components). The d.c. voltage 
appearing across C24 is used to drive the meter M2, thus 
giving visual indication of the out-of-balance signal. The Y 
output signal is also fed to a squaring circuit (TR2, Dl), the 

n 
COUNT 
PULSE 
OUT 

--15v 

Fig. 1. Block diagram of the drop-fall detector. 
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Table 1. Drop-times of a dropping mercury electrode in O.lM 
potassium chloride at 25”. Potentials were measured with respect 
to a O.lM potassium chloride/calomel electrode but are reported 

here with respect to the standard hydrogen electrode 

rop time, set 
Potential, 

V Drop 1 Drop 2 Drop 3 Drop 4 Drop 5 

0.334 5.095 5.094 5.098 5.095 5.097 
0.284 5.307 5.305 5.304 5.307 5.307 
0.234 5.450 5.454 5.451 5.452 5.449 
0.184 5.578 5.575 5.573 5.576 5.574 
0.134 5.677 5.680 5.683 5.678 5.680 
0.084 5.769 5.769 5.771 5.773 5.770 
0.034 5.844 5.850 5.847 5.845 5.845 

-0.016 5.908 5.907 5.911 5.908 5.905 
- 0.066 5.955 5.954 5.954 5.954 5.951 
-0.116 5.990 5.989 5.985 5.988 5.987 
-0.166 6.006 6.008 6.011 6.007 6.007 
-0.216 6.015 6.017 6.015 6.015 6.015 
- 0.266 6.008 6.013 6.011 6.011 6.018 
-0.316 5.997 6.001 6.001 6.000 6.004 
-0.366 5.978 5.977 5.976 5.981 5.977 
-0.416 5.944 5.948 5.948 5.945 5.947 
-0.466 5.909 5.910 5.910 5.910 5.907 
-0.516 5.865 5.867 5.861 5.869 5.860 
-0.566 5.818 5.813 5.813 5.817 5.815 
-0.616 5.758 5.758 5.756 5.760 5.755 
-0.666 5.694 5.697 5.694 5.697 5.695 
-0.716 5.625 5.621 5.624 5.628 5.625 
-0.766 5.549 5.550 5.549 5.551 5.547 
-0.816 5.473 5.468 5.470 5.469 5.468 
-0.866 5.383 5.385 5.383 5.384 5.381 
-0.916 5.291 5.290 5.293 5.291 5.293 
-0.966 5.191 5.197 5.192 5.196 5.194 

resultant signal being applied to a Schmitt trigger oC2) to 
provide a clean output pulse for triggering the monostable 
oscillator (X3). The time constant of IC3 is set at 2 set and 
during this period the light-emitting diode (D2) is lit and a 
‘ITL +5-V oulse is available at the emitter of the buffer 
stage (TR3).- In this particular case the output is fed to 
two counting devices: the tirst contains a pair of counters 
(Newport Universal, Model 613OA), one counting the odd- 
numbered and the other the even-numbered drops; in 
the second device, the signal is fed into the first of the 
one-bit inputs of an Apple He microcomputer fitted with a 
Mountain computer l-MHz clock (card number MTNOOI). 

The a.c. signal (10 mV, 100 Hzjapplied to the bridge is 
derived from either an internal oscillator (IC4) through a 
buffer stage (TR4) or an external oscillator through C28. 
The d.c. polarizing voltage is applied to the bridge through 
Ll, which presents a high impedance to the a.c. signal, 
thereby preventing this signal from being shunted by the 
external d.c. supply. To provide an indication of the ampli- 
tude of the ac. signal, this is amplified (IC5, TR4) and 
rectified (IC6), and the magnitude of the resultant d.c. signal 
can be observed on the meter Ml. The power supply 
consists of a f 15-V rail with a +5-V regulated supply 
from a voltage regulator (Ql). 

The a.c. bridge can be set so that a zero out-of-balance 
signal is obtained either at the birth of the drop or at the 
point of its detachment. The first option was chosen in the 
present studies of the electrocapillary properties of bio- 
medical components where large changes in differential 
capacity and interfacial tension, and hence in drop times 
and sixes, were observed. The drop-fall detector is very 
rugged and has required no maintenance in two years of 
constant use. It has the advantage that the out-of-balance 
signal is constantly monitored, allowing the bridge cap- 

acitors to be switched to maintain optimum operating 
conditions. 

With addition of a simple timer/drop-knocker unit, re- 
placement of Cl-C5 with a series of decade capacitors, and 
display of the Y-out signal on an oscilloscope, the detector 
may be used to obtain differential capacity measurements by 
the method of Hills and Payne.” 

RESULTS 

Table 1 shows typical drop-times in O.lM potas- 
sium chloride, at 25”, as a function of electrical 
potential. A simple operational relationship between 
drop-times and interfacial tensions is given in a 
separate paper.4 A detailed circuit diagram and com- 
puter program are available on request. 
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Summary-Pressurized atomization in argon purge gas considerably enhances the Peak area in AAS 
determination of aluminium, owing to the decrease in the diffusion rate of atoms with increasing pressure. 
If lower heating rates are used, the diffusional loss mechanism becomes more important. Thus pressure 
then has an even more pronounced influence on signal strength. Atomization under pressure in argon 
purge gas is shown to be beneficial only for light elements. It can be expected that if instrumental matrix 
modification is made by using hydrogen as purge gas, increasing the atomization pressure may prove 
beneficial for all elements. 

Earlier papers from both our laboratories’-’ discussed 
the effect of pressure on the signals from several 
elements in electrothermal atomic-absorption spec- 
trometry (ETAAS). The present paper continues our 
work by examining the case of aluminium and draw- 
ing some general conclusions as to the usefulness of 
pressurized atomization. 

EXPERIMENTAL 

We used the Instrumentation Laboratory IL-555B CTF 
and the IL-655 electrothermal atomizers, both in the 
temperature-feedback mode. These atomizers are similar in 
design, the only important difference from the point of view 
of the present paper being that with Ramp 0, the heating 
rates are cu. 1 lW/sec and 8OO”/sec respectively. Pyrocoated 
graphite tubes were used as supplied by the manufacturer. 

Ashing and atomization were done at the temperatures 
recommended by the manufacturer* (looo” and 2500” re- 
spectively). Argon was used as purge gas. The atomization 
pressure was read on the built-in manometer of the furnace 
power supply. When not pressurized, the argon flow-rate 
was 5 l./min. 

Absorbance signals were monitored with an IL-551 Video 
I or an IL-951 Video II spectrometer. The primary radiation 
source was an IL hollow-cathode lamp operated at 10 mA. 
The 309.3 nm quasi-resonance* line was used with a spectral 
band-width of 0.5 nm. The peak shapes were followed on 
the video display of the spectrometers. 

Samples were deposited from an aerosol by means of an 
IL-254-FASTAC autosampler into the furnaces preheated 
to 150”. 

Stock standard solutions were prepared from oxysalts, 
though it has been shown9 that when the aerosol deposition 
technique is used the chemical form of the sample is not of 
paramount importance. Dilute standards were predarcd 
just before use and contained 0.05% v/v concentrated nitric 

*The 309.3 nm line actually originates at 112 cm-’ above the 
ground state. However, for all practical purposes it still 
behaves as a resonance line, hence the name quasi- 
resonance line. 

acid. Some experiments were repeated with an IL-257 
spectrometer and an IL-555B CTF electrothermal atomizer. 

RESULTS 

Figure 1 shows the relative effect of pressure on the 
peak-height and peak-area signals of aluminium, 
when the IL-655 atomizer was used. Though the 
peak-height is only insignificantly affected, the peak 
area increases threefold as the pressure is raised from 
atmospheric to 4 kg/cm’. Similar results were ob- 
tained with the IL-555B CTF atomizer, but the 
enhancement factors were somewhat lower. The 
reasons for this will be discussed later. 

Figure 2 shows the shapes of the absorption peaks 
obtained with normal and pressurized atomization 
with the IL-555B CTF atomizer. The whole evolution 
of the peak, and especially the removal of atoms, is 
slower with pressurized atomization. Similar peak 
shapes were obtained with the IL-655 atomizer. 

Figure 3 shows the calibration plots for aluminium 
at various pressures and heating rates of the furnace. 
When lower heating rates (Ramp 5, cu. 3OO”/sec) are 
used, the enhancement factors are much more pro- 
nounced than with the high heating rates (Ramp 0). 
It should also be noted that with the lower ramp rates 
there is also significant enhancement of the peak- 
height with increasing pressures. This is contrary to 
what we have observed at high heating rates (see 
Fig. 1). 

DISCUSSION 

The slower evolution of the atomic vapour in 
pressurized atomization (Fig. 2) inherently means 
that: 

(a) the relative time-resolution of the detection 
system improves with increasing atomization pres- 
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I I I I I 
0 1 2 3 4 

pressure ( kg /cm2 1 

Fig. 1. Relative influence of pressure on the determination 
of aluminium by ETAAS with an IL-655 atomizer. 

l-peak-height; 2-peak-area. 

sure, with a consequent improvement of precision 
and accuracy, and 

(b) the slower evolution of the absorption signal 
also means that the atom-vapour temperature will be 
higher, so any vapour phase dissociation should be 
more complete. 

It is quite clear that several factors affect the 
behaviour of a given analyte vi&vis atomization 
pressure. The most important of these are as 
follows. 

(a) The Lore& broadening and the accompanying 
shift (to the red in argon) of the absorption lines with 
increasing pressure. This should result in a decrease 
of absorption since the centre of the absorption lines 
will be shifted away from the wavelength of the 
hollow-cathode lamp emission line. 

(b) The reduction of the diffusion coefficient of the 
atoms with increasing pressure. In the case of alu- 
minium the reduction of the diffusion rate is quite 
evidently so important that it more than compensates 
for the effect of line broadening and shift. 

Our previous works’” on the effect of pressure on 
various analytes were based on the misconception 
that pressure should prove beneficial in the case of 

1 2 lIL__l 
0 1 2 3 

time, set 

Fig. 2. Peak shapes for aluminium with normal and pressur- 
ized atomization (IL-551 Video I +IL-555 B CTF). 
I-atomization at ambient pressure; 2-atomization at 

4 kg/cm*. 

volatile elements. Our only excuse may be that we 
were following the footsteps of other workers” who 
could not avoid the same pitfall. It was only after our 
experience with beryllium’ that we finally realized that 
pressurized atomization may enhance signals only in 
the case of light elements and only when the removal 
of atoms from the furnace is mostly diffusion- 
controlled. The volatile elements studied by us 
(cadmium,‘v6 silver,’ thallium4 and lead’) will leave the 
furnace mostly by convectional effects and pressure 
can have little if any influence on this. In such cases 
the predominant effect of pressure is the Lorentz shift 
and broadening, with a resultant worsening of sensi- 
tivity. It should be noted here that all the volatile 
elements studied by US,‘~ as well as those studied by 
others,‘O are all heavy elements, so their diffusion 
coefficients are already very small. As a consequence, 
any reduction of the diffusion rate by an increase in 
pressure will have insignificant effects. In view of this, 
it is to be expected that pressurized atomization in an 
argon atmosphere would also be beneficial for light 
elements such as lithium and boron. 

As the heating rate of the electrothermal atomizer 
decreases, the convectional losses become less im- 
portant, while the diffusional losses become more 
important. This is probably why, with the lower ramp 
rates, the enhancement factors are much more pro- 

a 

0 400 800 0 400 800 wAL 

Fig. 3. Calibration plots for aluminium in the peak-area (a) and the peak-height (b) modes as obtained 
with an IL-655 atomizer. l-ambient pressure atomization, ramp 0; 2-ambient pressure atomization, 

ramp 5; I-atomization at 4 kg/cm2, ramp 0; 4-atomization at 4 kg/cm2, ramp 5. 
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nounced for aluminium, as shown in Fig. 3. It may 
also be the reason why we have seen some enhance- 
ment of the cadmium signal” with the IL-655 atom- 
izer (heating rate 8OO”/sec) and a decrease of signal 
with the IL-555B CTF (heating rate llOO”/sec). 

Since the diffusion coefficient plays such a 
significant role in the behaviour of analytes as a 
function of pressure, it is to be expected that the 
nature of the purge gas is also of importance. Thus 
if the purge gas is hydrogen or helium the diffusion 
of atoms will be very rapid. This should mean that 
pressurized atomization would prove beneficial in 
such cases, in enhancing signals. 

Some readers may believe that it requires a rather 
special mentality to use hydrogen as purge gas. The 
term “instrumental matrix modification” has been 
defined and discussed in a recent paper.‘* The use of 
hydrogen during atomization” is an unjustly ne- 
glected means of instrumental matrix modification. 
The use of hydrogen overcomes many interferences 
and also reduces background absorption. However, 
not unexpectedly” the signal obtained in hydrogen is 
much smaller than that in argon. As a consequence 
we believe it could be beneficial to use pressurized 
atomization in such cases in order to restore the 
signal to the magnitude normally recorded in argon. 

It is still unclear to us why different lines of 
the same element’ behave differently in atomization 
under pressure. However, in the light of our findings 
we believe that it is worthwhile to study further 
the various theoretical and practical implications of 
pressurized atomization. 

CONCLUSIONS 

Pressurized atomization has been shown to be 
beneficial for the determination of ahuninium. The 
explanation is that aluminium is a light element and 
the analyte loss from the atom reservoir is mostly 
diffusion-controlled. Thus an increase of atomization 
pressure will lower the diffusion rate, hence im- 
proving the peak-area signal for aluminium. 

The heating rate of the atomizer is an important 
factor in considering the effect of pressure on various 
analytes. The lower the heating rate, the more im- 
portant the diffusional atom loss, hence the more 
significant the effect of pressure. 

In the light of our experience, pressurized atom- 
ization in an argon atmosphere can only be useful for 
light elements. However, pressurized atomization 
may prove beneficial for all elements if hydrogen is 
used as purge gas. Further investigations of various 
theoretical and practical aspects of pressurized atom- 
ization would certainly be a worthwhile venture. 

We have previously reported’ different enhance- 
ment factors for various aluminium lines, but this 
observation was later found to be due to an instru- 
mental artifact. 
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!Summary-Atomic-absorption methods for determination of antimony at pg/g levels in rocks and 
sulphide ores by flame atomization (FAA) and electroihermai atomization (ETAA) have been described. 
T&e FAA method involves the separation of antimony from matrix eIements by extraction as the iodide 
into methyl isobutyi ketone containing tri-n-octylphosphine oxide, from dilute hydrochloric acid solution, 
followed by direct aspiration of the extract into an air-acetylene flame. If necessary, antimony is first 
separated from copper and lead by co-precipitation with hydrous ferric oxide from ammoniacal medium 
and by precipitation of lead as lead sulphate. The ETAA method involves co-precipitation of antimony 
with hydrous ferric oxide followed by dissolution of the precipitate in dilute nitric acid, mixing with nickel 
solution as releasing agent, and ETAA measurement by use of a tungsten strip atomizer. 

Antimony is a comparatively rare element, occurring 
only at pg/g levels ia certain rocks and minerals. 
Flame atomic-absorption (FAA) methods have not 
sufficient sensitivity to permit its determination at 
such low Ievels. Electrothermai atomic-Abelson 
(ETAA) methods have the requisite sensitivity but 
are subject to various interferences. Obviously the 
FAA determination requires a preconcentration step, 
and both FAA and ETAA require a separation step 
to remove potential interferents. With ETAA meth- 
ods interferents may aIso be dealt with by addition of 
matrix modifiers. Welsch and Chao,’ and Donaldson 
and Wang,’ have proposed FAA methods involving 
extraction of antimony iodide into methyl isobutyl 
ketone (MIBK) and stripping into an aqueous phase. 
Here we describe an extraction FAA method which 
is essentially similar to one proposed by Burke’ for 
determination of low amounts of antimony in iron-, 
aluminium- and nickel-base alloys. It has enabled us 
to reach much lower detection limits for deter- 
mination of antimony in rocks and minerals. We have 
also deveioped an ETAA method for the deter- 
mination. 

EXPERIMENTAL 

Apparatus 
Flame AA measurements were made at 217.6 nm with a 

Varian AA-6 atomic-absorption spectrometer and hollow- 
cathode lamp. An air-acetylene &me was used. ETAA 
measurements were made with a scintrex AA2-2 Zeeman- 
modulated atomic-absorption spectrometer, with sample 
atomization on a heated tungsten strip. The conditions used 
were as follows. 

Source 
Wavelength 
Purge gas 

H.C. lamp (Varian) 
217.6 nm 
Argon 

Volume of 
solution injected 
Dry at 
Ash at 
Ramp 
Atomize at 

Reagents 

IO/f1 
120” 
500” (for r&se@ 
WJsec 
2ooo” 

A standard antimony solution (1000 pg/ml) was prepared 
by dissotving the metal (99.9% purity) in nitric acid, and 
diluted, as required, with 5% v/v nitric acid. Nickel 
(1000 &ml) and iron@) solutions (1W agfml) were 
prepared by dissolving the 99.9% pure metals in the mini- 
mum amount of agtra regiu$ and diluting with nitric acid 
(5% v/v). TOPO-MKBK reagent was prepared by dissolving 
1 g of tri-n-octylphosphine oxide in 100 ml of methyl iso- 
butyl ketone. 

Sample decomposition 
Powdered sample (silicate rock or sulphide ore, OS-1 g) 

is weighed into a Teflon beaker and treated with a mixture 
of concentrated nitric acid @ml), 48% w/v hydrofluoric 
acid (10 ml) and concentrated perchloric acid (5 ml). The 
mixture is slowly evaporated to dryness on a hot-plate. The 
dried mass is treated with perchloric acid (2 ml) and again 
evaporated to dryness. This operation is repeated and the 
residue is dissolved in 20 ml of 50% v/v hydrochloric acid 
and diluted to volume in a MO-ml standard flask. 

For s&ate rock samples, this solution is directly used for 
liquid-liquid extraction and FAA measurement. For 
sulphide ores, it is subjected to further treatment, as 
described below, before liquid-liquid extraction and FAA 
measurement. 

Copter stdphide ores. An aliquot of sample solution 
containing 5-50 gg of antimony is diluted to about IO0 ml, 
iron(II1) solution (la00 p&ml, 5 ml) is added, foliowed by 
the dropwise addition of dilute ammonia solution until the 
solution is distinctly alkaline, then 5 ml more ammonia 
solution. The mixture is boiled for a minute, let cool to room 
temperature, and filtered. The precipitate is washed several 
times with water and then dissolved in 20ml of 50% v/v 
hydrochloric acid. This solution is used for the liquid-liquid 
extraction and FAA measurement. 
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Lead sulphide ores. An aliquot of sample solution contain- 
ing S-50 ng of antimony is diluted with water to about 
100 ml and heated to boiling. Sulphuric acid (25% v/v, 5 ml) 
is added to the hot solution with stirring, and the precipitate 
formed is allowed to settle for an hour, then filtered off and 
washed several times with hot water. The filtrate and 
washings are evaporated to about 50 ml and this solution is 
used for the liquid-liquid extraction and FAA measure- 
ments. 

If this solution is likely to contain 5 mg of copper or more, 
it is further treated as described above for copper ores. 

Extraction and FAA measurement 

To the solution obtained after separation of copper or 
lead, or an aliquot of silicate-rock sample solution contain- 
ing 5-50 pg of antimony, 5 ml of concentrated hydrochloric 
acid are added and the volume is brought to about 60 ml by 
addition of water or by evaporation, as required. Ascorbic 
acid (2 g) and potassium iodide (1 g) are added and dis- 
solved then the solution is transferred to a separatory funnel 
and shaken vigorously with 5 ml of TOPO-MIBK reagent 
for 1 min. The phases are allowed to separate and the 
aqueous phase is rejected. The organic phase is collected in 
a dry test-tube containing about 1 g of anhydrous sodium 
sulphate. The clear liquid is directly aspirated into a lean 
flame for FAA measurement. 

For calibration, standard solutions containing O-50 pg of 
antimony are mixed with 10 ml of concentrated hydro- 
chloric acid, diluted to 60 ml with water, and after addition 
of ascorbic acid (2 g) and potassium iodide (1 g) are 
extracted with 5 ml of TOFQ-MIBK reagent as above. A 
complete reagent blank is run through the whole procedure 
and appropriate blank corrections are made. 

ETAA measurement 
An aliquot of the sample solution containing 2-10 peg of 

antimony is mixed with 5 ml of lOOO-pg/ml iron(II1) 
solution and hydrous ferric oxide is precipitated as described 
for copper sulphide ores. The precipitate is filtered off, 
washed with hot water, and dissolved in 10 ml of 50% v/v 
nitric acid. The solution is mixed with 5 ml of lOOO+g/ml 
nickel solution and diluted to volume in a 50-ml standard 
flask. A lo-p1 aliquot of this solution is injected into the 
furnace for ETAA measurement. 

Calibration solutions are prepared by taking 0, 2,4, 6, 8 
and 10 pg of antimony in 50-ml standard flasks, adding 5 ml 
each of the lOOO-pg/ml iron(M) and nickel solutions and 
diluting to volume with 5% v/v nitric acid. Ten-p1 aliquots 
are then taken for ETAA measurement. A blank is run 
along with the experimental solutions and appropriate 
blank corrections are made. All measurements should be 
made in triplicate and the average used. 

RESULTS AND DISCUSSION 

Interferences 

Extraction of antimony by TOPO-MIBK mixture 
is adversely affected by the presence of large amounts 
of copper and lead, which are likely to be present in 
many sulphide ores, so separation of the antimony 
from copper and lead is necessary when these are 
present in amounts exceeding 5 mg in the sample 
aliquots. Antimony is separated from copper by 
co-precipitation with hydrous ferric oxide, and from 
lead by precipitation of lead sulphate. We have found 
no loss of antimony in these separations. The anti- 
mony iodide extraction is reasonably quantitative 
over a wide range of hydrochloric acid concentration 
(l-4&2). Other elements forming extractable iodides, 
(mercury, bismuth, cadmium, indium etc.) are also 
partly extracted but do not cause any interference if 
present in low amounts (below 5 mg), which is nor- 
mally the case with common sulphide ores. 

The ETAA method employing tungsten strip at- 
omization is subject to severe interelement inter- 
ferences (Table 1). We observed that iron reduces the 

Table 1. Effect of foreign ions on ETAA 
measurements for antimony (Sb taken 

lOpg, final volume of solution 5Oml) 

Amount, 
Foreign ion* mg Sb absorbancet 

None 0.090 
Fe’+ 1 0.086 
Fe’+ 5 0.078 
Fe’+ 10 0.076 
Fe’+ 20 0.078 
Ni*+ 1 0.104 
Ni2+ 5 0.123 
N?+ 10 0.126 
cu2+ 5 0.080 
Pb2+ 5 0.095 
Al’+ 5 0.087 
W+ 5 0.092 
Ca2+ 5 0.075 
K+ 5 0.057 
Na+ 5 0.068 

*The nitrates were used. 
tAverage of three measurements. 

Table 2. Determination of antimony in rocks and minerals 

This work, This work, Reported 
Sample FAA method ETAA method value 

Copper sulphide ore 1 12 14 - 
Copper sulphide ore 2 35 32 - 
Lead sulphide ore 1 7.2 8.0 - 
Lead sulphide ore 2 31 32 - 
Lead sulphide ore 3 205 197 - 
Granodiorite, GSP- 1 (USGS) 3.3 3.8 3.2* 
Andesite, AGV-1 (USGS) 4.5 5.1 4.4. 
Granite, B-26 (GSI) 3.5 3.0 3.6t 
Copper concentrate IGS-44 3.4 x 10’ - 3.5 x lop 

*Recommended value from Gladney et al.$ 
tConsensus value obtained by different other methods. 
SRecommended value (0.35%) from Lister.’ 
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antimony absorbance but the effect levels out for iron 
concentrations of 100 pg/ml and above. Nickel has 
an enhancement effect which becomes maximal at a 
nickel con~ntmtion of about 100 &ml in the sol- 
ution. Alkali metals and calcium cause serious inter- 
ference in the ETAA determination of antimony. So 
removal of alkali and alkaline-earth metals from the 
measurement solution, and maintenance of an opti- 
mum concentration of nickel and iron is essential in 
the ETAA dete~ination. 

Applications 

The proposed methods have been applied to the 
determination of antimony in a number of materials 
of different types, such as copper sulphide ores, lead 
sulphide ores, silicate rocks etc., and the results are 
shown in Table 2. The methods have been validated 
by analysis of standard reference samples. Replicate 
analyses of our own Geological Survey of India 
reference sample (Granite, B-26) showed that the 
relative standard deviation (rsd) of the FAA method 
(5.8%) was much superior to that of the ETAA 

method (13.7%). The large rsd for the ETAA method 
was partly due to the uncertainty of measurement of 
the IO-PI samples and partly to the instrumental noise 
in the m~surements. The rsd of the FAA results was 
due shghtIy more to the chemical processing than to 
the instrumental noise. The only advantage of the 
ETAA method is that it can be applied to much 
smaller amounts of sample. The FAA method can be 
used for determination of antimony down to 2 rg/ml 
in geological samples. 
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Bummary-2-Iodylbenzoate is proposed as an oxidimetric agent, in the presence of 4-N-methylamino- 
phenol, for the spectrophotometric determination of primary aromatic amines. The purple-red product 
absorbs maximally at 525 nm and Beer’s law is obeyed over a range corresponding to 4-32 pg/rnl amine 
in the final solution. In contrast to dic~omate or ~-bromosu~~mide, previously used as the oxidant, 
2-iodylbenzoate avoids errors arising from too large an excess of the oxidant, instability of the coupling 
intermediate, and the oxidation of the amine. 

The widespread use of primary aromatic amines as 
raw materials, intermediates and finished products 
necessitates simple and accurate methods for their 
determination.’ The most frequently used spec- 
trophotometric methods are based on diazotization 
and coupling, 2-4 Schiff’s base formation5s6 and oxi- 
dative coupling.7-‘0 A very sensitive method of gen- 
eral appli~bility involves the formation of a purple- 
red colour when primary aromatic amines are made 
to react with 4-N-methylaminophenol (metol) and 
an oxidizing agent, which may be dichromate,“~‘* 
N-bromosuccinimide,‘3 or iodate, hexacyano- 
ferrate(III), chloramine-T or peroxydisulphate.i4 The 
order of addition of the reagents and the amount of 
oxidant used play critical roles. The recommended 
order of addition is oxidant, 4-N-methylaminophenol 
and the primary aromatic amine. Any delay in the 
addition of amine, or change in the order of addition 
of the reagents, causes lower absorbance values. The 
colour is completely bleached when more than the 
requisite amount of oxidant (for which there is a 
narrow tolerance range) is added. We have used 
2-iodylbenzoate as an oxidimetric reagent in a num- 
ber of analytical determinations1s-18 and now report 
its use to circumvent this problem. 

Reagents 

2-Iodylbenzoic acid was synthesized by the procedure 
described by Fieser and Fieser,” and by the bromate 
oxidation method of Banerjee et ~l.,~ modified as follows. 
To a boiling mixture of 12-g of 2-iodobenxoic acid, 50 ml 
of anhydrous acetic acid and 100 ml of 40% v/v sulphuric 
acid, slowly add, over a period of 20 min (with vigorous 
stirring, in a fume-comer) a solution of 9 g of potassium 
bromate in 100 ml of warm water. Reflux the mixture for 
90 min, during which all the bromine evolved will be 
removed. Cool, filter off the product and wash it 
with water. Yield 13 g (90%) of 2-iodylbcnzoic acid, 
m.p. 222” (decomposition), purity -95% (determined by 
iodometry2’). 

2-Zoaylbenzoute, 0.4% solution. Dissolve 0.4 g of the free 
acid in a slight excess of potassium hydroxide solution 
(0.2 g in 25 ml of water), and dilute to volume in a lOO-ml 
standard flask. 

4-N-Methylaminophenol n&hate (0.2%) solution, freshly 
prepared. 

Acetic acid, I % v/v. 
Test samples. Solutions of individual primary aromatic 

arnines prepared by stirring an accurately weighed mass of 
the amine with 2 drops of 10% v/v hydr~~o~c acid, 
diluting to volume in a standard flask, standardizing by 
previously reported procedures,3~~22-26 and diluting appro- 
priately with water. 

Procedures 

Preparation of calibration graph. Prepare a 200~pg/tnl 
standard solution of the primary aromatic amine as de- 
scribed above. Treat OS-4 ml volumes of this solution with 
2 ml of 0.2% 4.~-methylaminophenol solution, 1 ml of 1% 
acetic acid and 1 ml of 0.4% 2-iodvlbenxoate solution. dilute 
to about 10 ml with water, allow to stand for 20 min; dilute 
to volume in a 25.ml standard flask and measure the 
absorbance at 525 nm against a reagent blank. 

Drug samples. Weigh a known number of tablets and 
grind them to a fine powder. Accurately weigh a portion 
containing about 50 mg of analyte, stir it with 2 drops of 
10% hydrochloric acid, dilute to about 100 ml with water, 
filter off any insoluble matter (starch, etc.) (Whatman No. 
41 filter paper) and wash it with water. Dilute the combined 
filtrate and washings to volume in a 250~ml standard flask. 
Take a portion of the solution containing lOO-t300 fig of 
analyte, and analyse it as described for the preparation of 
the calibration graph. 

RESULTS AND DISCURSION 

The absorption spectrum of the chromogen ob- 
tained on reacting the amine with the product 
of oxidizing IN-methylaminophenol with Ziodyi- 
benzoate shows a maximum in the range 520-530 mn; 
the absorbance is measured at 525 mn for all amines. 
The reagent blank has only negligible absorbance. 
The optimum pH range for obtaining maximum 
colour intensity is 2.5-4. For convenience, 1 ml of 
1% acetic acid is used. Though larger volumes do not 
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affect the absorbance values, 2 ml of 0.2% 
4-N-methylaminophenol solution and 1 ml of 0.4% 
2-iodylbenzoate solution will yield maximum colour 
intensity. 

The first step in the colour development is oxi- 
dation of the 4-N-methylaminophenol to 1,4-benzo- 
quinonemethylimine (which has a short life in 
aqueous solution, being prone to hydrolysis to 
1,Cbenzoquinone and methylaminez7) and then its 
coupling with the primary aromatic amine. Neither 

1,4-benzoquinone nor a mixture of hydroquinone 
and 2-iodylbenzoate will couple with amine to give a 
colour. Dichromate,‘i~L2 N-bromosuccinimide,” or 
other oxidants used previously,‘4 react with primary 
aromatic amines and if the amine is not added last, 
lower absorbance values are produced. Thus the 
4-N-methylaminophenol and oxidant (order imma- 
terial) must be mixed first, and then the amine added. 
Because of the appreciable loss of l,Cbenzo- 
quinonemethylimine by its rapid hydrolysis, any 

Table 1. Determination of primary aromatic amines in pure solutions 

[Amine], pgcglml 

Amine Taken 

Found by 
present 

method* 
RSDt Molar absorptivity, 

% 10’ I.mole-‘.cm-’ 

Sulphanilic acid 

4-Aminobenzoic acid 

4-Aminosalicyclic acid 

Sulphadiazine 

Sulphanilamide 

Sulphaphenazole 

Sulphamoxole 

Sulphasomidine 

Sulphamethoxypyridazine 

Sulphadimethoxine 

Sulphacetamide 

Sulphamethiazole 

4.02 4.05 
14.07 14.11 
20.30 20.19 
28.14 27.96 

5.21 5.25 
15.62 15.56 
26.05 26.12 
31.25 31.01 

3.38 3.42 
6.76 6.72 

13.52 13.46 
18.24 18.39 
23.63 23.75 
31.04 31.19 

3.86 3.92 
9.21 9.13 

16.80 16.75 
22.54 22.41 

5.26 5.20 
12.31 12.29 
19.06 19.10 
25.73 25.81 
4.58 4.53 

13.91 13.86 
25.13 25.04 
30.62 30.82 

5.03 5.07 
14.71 14.67 
26.59 26.68 
31.21 31.10 
4.98 5.04 

17.61 17.56 
25.80 25.92 
32.11 31.95 

5.52 5.55 
12.39 12.43 
19.06 19.00 
29.32 29.12 

6.15 6.10 
18.42 18.41 
26.71 16.55 
30.59 30.27 
4.13 4.18 

16.06 16.19 
21.55 21.43 
28.90 28.72 
4.82 4.78 

16.39 16.49 
27.52 27.38 
31.68 31.42 

0.3 7.3 

0.3 7.2 

0.3 6.4 

0.2 7.2 

0.2 7.0 

0.4 6.6 

0.4 7.0 

0.5 6.5 

0.6 7.1 

0.5 6.9 

0.2 6.4 

0.5 6.0 

*Mean of 6 replicates. 
tAverage RSD for entire concentration range. 
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Table 2. Analysis of sulpha drugs 

411 

Sulpha drug Sulphonamide 
formulation* present 

Diastrep’ 
Sulfuno 
Orisul 
Urolucosil 
Elkosin 
LAS 

Lasibon 
Nebasulfb 

sulphadiazine 
sulphamoxole 
sulphaphenazole 
sulphamethiazole 
sulphasomidine 
sulphamethoxy 
pyridazine 
sulphadimethoxine 
sulphacetamide 

Amount, mg 

Comparison 
Nominal Present method 
amount methcdt (reference) 

100 108 f 0.4 105 (26) 
500 510 + 0.5 514 (22) 
500 510 f 0.4 507 (22) 
500 509 f 0.4 513 (22) 
500 525 + 0.6 521(23) 
500 536 &- 0.6 530 (26) 

500 490 + 0.5 495 (23) 
60 65 f 0.4 68 (26) 

*The drugs also contained (a) chloramphenicol (125 mg) and streptomycin 
sulphate (125 mg); (b) necomycin sulphate (5 mg) and bacitracin (250 units). 

tMean k relative standard deviation (%) for 6 replicates. 

delay in addition of the amine also results in low 
(and variable) absorbance values.“-I4 Since 2-iodyl- 
benzoate does not react with primary aromatic ami- 
nes,r5 both errors (due to reaction of the oxidant with 
amines, and the instability of l&benzoquinone- 
methylimine) can be avoided. Any order of addition 
of reagents, excepting premixing of the 2-iodyl- 
benzoate and 4-N-methylaminophenol, can be used. 

Beer’s law is valid over a range corresponding to 
4-32 pg/ml primary aromatic amine in the final 
solution. Results are given in Table 1 for the assay of 
individual amines in pure solutions, and in Table 2 
for the analysis of sulpha drugs. 
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Summary--The distribution equilibria of the complexes cadmium-cnha and cadmimn-cnha-4- 
methylpyridine in the water-methyl isobutyl ketone system have been studied at 25”, by using ‘“Cd as 
a radiotracer to measure the metal distribution ratio. A very sensitive method for detection of ‘““Cd, based 
on the use. of a liquid scintillator, has been developed. From the 8raphical treatment of the ~~b~~ 
data, it has been deduced that CdL, is the compiex extracted in the absence of ~~~ylpy~~ne, and that 
the adduct Cd&B is extracted when the second i&and is present. This model has been checked by treating 
the data with the program LETAGRGP-DISTR and the following equilibrium constants have been 
obtained: stability constants of CdL,, log& = 2.82 It 0.14, log & 3: 5.981 f 0.004, distribution constant 
of CdLz, log K, = -0.49 f 0.01; adduct formation constant of CdL,B, log & = 2.70 & 0.07. 

The industrial applkatims of cadmium have in- 
creased considerably in recent years.’ Because this 
element is hi&ly toxic even at very low concen- 
trations it must be determined in enviromental sam- 
ples. 

Although some analytical methods for cadmium 
determination are very sensitive, low ~n~ntra~ons 
are generally determined after use of a precon- 
centration technique such as solvent extraction. 
Several authors have proposed systems for cadmium 
extraction.z-‘3 Reagents such as dithiione,2p3 thio- 
uxineT3 and some di~~~at~,4,6,~ co-ordinating 
through sulphur atoms, have often been studied. 
When the co-ordination takes place through nitrogen 
or oxygen atoms, a second ligand (pyridine, picolines, 
l,lO-phenanthroline, TOPO, TBP, . . .) has often 
been added to the system to enhance the extraction 
as a result of formation of a ternary complex.b’O~lz 

In the present paper, as a part of a wider study to 
assess the utility of ~~yclohexyl*~-~trosohy~oxyl- 
amine @ha) as an agent for extracting metals into 
methyl isobutyl ketone (MIBK),‘4Js we report the 
study of the distribution equilibria of Cd-cnha and 
Cd-cnba-4-methylpyridine complexes. The cnha- 
MIBK system has proved useful for the deter- 
mination of Cu(I1) in river water by atomic- 
absorption spectrometry*4 and its application to the 
determination of other heavy metals in natural and 
waste waters is now being studied. 

The use of radioactive tracers is one of the best 
methods for studying the distribution of metals be- 

tween immiscible phases. In the present work, rosCd 
was used and a very sensitive method for its de- 
tection, based on the use of a liquid scintillator, has 
been developed. 

&?ag#zts 
The sodium salt of Ncycloh~l-N-~trosohydraxyf- 

amine was obtained from the potassium salt (BASP) as 
described earlier.“’ 

A stock solution of cadmium (1 g/l.) was made by 
dissolving the metal (analytical-reagent grade) in a small 
vohtme of concentrated nitric acid, then adding perchloric 
acid and boiling until white fumes were evolved. The 
solution was cooled, transferred to a 1-Iitre standard thtsk 
and diluted to the mark. 

Carrier-free tWCd (t,,r 453 d) was supplied by Amersham 
International as CdCl,. The radiotracer was added to the 
cadmium solution before the extraction. 

Analytical~rea8ent grade pyridine (Fluka), tri-n-butyl 
phosphate (Carlo Erbaf, ~-n-~~lph~ oxide iMerck) 
and ~1~~~yI~~d~yl~~~~ chloride t&k& 
Trioctylamine, 95% (Merck) and cl-methvlnvridine. 96% 
(Fluk& The content bf 4-metbylpyridineVii ihe comtner- 
cially available product was checked by gas chro- 
matography, Liquid scintillation cocktail Insta-Gel (pack- 
ard). 

All other chemicals wem of analytical grade and were 
used without further purl&&ion. 

A coaxial Ge(Li) semiconductor detector (Grtec), with an 
effective volme of 58 cm3, cormected to a 4092”chamrel 
multichannel analyser (Silena) was used for gamma-ray 
measurements~ A dual liquid-scintillation counter (Bertold 
LB 5048) was used for beta part& measurements. 
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A pa-meter (Radiometer PHM 64), equipped with a 
glass+alomel electrode pair, and standardized with buffer 
solutions at pH 4.008 and 6.865 (25”) prepared from Merck 
salts according to DIN 19266, was used. 

Procedure 
Ten ml of aqueous phase saturated with the organic 

solvent and containing an appropriate concentration of 
cadmium (labelled with ‘@‘Cd), the sodium salt of cnha and 
Cmethylpyridine (the last only when the distribution of the 
ternary complex was studied) were shaken with 10 ml of 
MIBR, saturated with water, in a thermostatic bath at 
25.0 + 0.1” for 15 min. The DH of the aaueous chase was - 
adjusted with either perchloric acid or an acetic aid-sodium 
acetate buffer, and sodium perchlorate was added to give a 
constant ionic strength of 0.1. After phase separation, the 
metal distribution ratio (0) was measured by one of the 
following procedures. 

(a) For D > 0.1 equal volumes (4 ml) of both phases were 
measured by pipette into suitable counting tubes and their 
activities measured at constant geometry. Then 

D = AJA, (1) 
where A, and A, are the activities of the organic and 
aqueous phases respectively. 

Q) For D < 0.1, 4 ml of each aqueous phase were taken 
and their y-activities determined; the same volume of each 
organic phase was mixed with 15 ml of the liquid scintillator 
and the activity measured. The distribution ratio was calcu- 
lated by means of the expression 

D = A, (liquid scintillator) x F 

A, (gamma) 
where F is defined as 

F= 
Activity of organic phase (gamma) 

Activity of organic phase (liquid scintillator) (3) 

and is found for each series of experiments by use of organic 
phases with activities measurable accurately by means of 
both techniques. 

The quench of the samples was determined by the channel 
ratio-external standard method. All the samples of each 
series showed the same quench. 

RESULTS AND DISCUSSION 

Measurement of ‘09Cd activity 

The nuclear transformation of ‘@‘Cd takes place by 

electron capture to give “‘@“Ag, which decays to the 
ground state by an 88-keV gamma transition 
(N 3.8%) or emission of internal conversion electrons 
( w96.2%).16 When the metal solution is labelled with 
‘09Cd, the distribution ratio may be determined, after 
phase equilibration, as the ratio of the gamma activ- 
ity of the organic phase to that of the aqueous phase. 
However, the low probability of gamma-ray emis- 
sion, together with the low efficiency (-4%) of the 
Ge(Li) detector for the geometry used, made it 
necessary, when D was lower than 0.1, to increase the 
quantity of radiotracer added to the system or to use 
long counting periods in order to measure the activity 
of the organic phase with adequate accuracy. 

The advantageous features of liquid scintillation 
measurements for detecting low-energy beta emitters 
seemed favourable for the detection of internal con- 
version electrons of lBCd and also the subsequent 
Auger electrons. Since these electrons are mono- 
energetic, their pulse-height distribution curve will be 

Channel number 

Fig. 1. Spectrum of the Auger and internal conversion 
electrons of ‘09Cd. 

peak-shaped and the area under the curve will give 
their total number. Figure 1 shows the spectrum 
obtained by mixing a solution of known activity of 
‘09Cd with the liquid scintillator. The lowest energy 
peak, at 18 keV, corresponds to the Auger electrons 
and the 65 and 84 keV peaks correspond to the 
internal conversion electrons. The spectrum may 
contain a small contribution from the gamma-rays, 
which can interact with the scintillator and produce 
an electric pulse. 

From the total number of counts, obtained from 
integration of the spectrum and the activity of the 
‘@Cd solution, an overall apparent efficiency of 120% 
was obtained, because of the simultaneous detection 
of the Auger and internal conversion electrons. 
Hence, this method is 800 times as sensitive as the 
Ge(Li) detector method, for the same counting time, 
and is suitable for measuring the activity of the 
organic phases when the distribution ratio is very 
low. 

Distribution of the cacimium-cnha binary complex in 
the water-MIBK system 

Influence of shaking time. The distribution ratio 
values obtained at pH 7.20, with shaking times 
between 1 and 60 min, show that the distribution 
equilibrium is attained after 5 min of shaking. In 
subsequent experiments an extraction time of 15 min 
was adopted. 

Influence of ionic strength. The ionic strength of the 
aqueous phase was varied over the range O.Ol-l.OM 
by the addition of sodium perchlorate. The distribu- 
tion ratio, at constant pH and cnha concentration, 
was independent of ionic strength up to 0.3M; at 
higher values, the distribution ratio slightly de- 
creased. In the rest of the work the ionic strength was 
adjusted to 0.1&f. 

Injluence of metal concentration. Varying the cad- 
mium concentration between 8.93 x 10w6M and 
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PH 

Fig. 2. Influence of pH on the distribution ratio. 
c* = 1.0 x IO-*M. c, = 9.0 x lo-*A4. 

7.14 x 10m4M, at pH 7.1 and with a reagent concen- 
tration of 1.0 x lo-‘M, had no effect on the distri- 
bution ratio, suggesting that only mononuci~r 
species were extracted. 

Influence of pH and ligand concentration. The 
influence of pH on the distribution ratio was studied 
for 1.0 x 10-zM cnha. The various pH values were 
obtained by addition of dilute perchloric acid to the 
aqueous phase. The results are plotted in Fig. 2. 
Because of the low buffer capacity of the aqueous 
phases, the pH measurements were very slow; there- 
fore, in the subsequent experiments an acetic 
acid-acetate mixture, at total concentration 
6.0 x lo-‘M, was added to the aqueous phases to 
facilitate the pH me~urement. 

Figure 3 shows values of log I), obtained for four 
different ligand concentrations, plotted us. pH. If the 
curve, in Fig. 2 is compared with that for the same 
reagent concentration in Fig. 3, it is evident that the 
curve for the acetate medium is displaced by about 
0.4 pH units to higher values, although both curves 
coincide in the region of maximum extraction. This 

I I I I 1 
4 5 6 7 6 

PH 

Fig. 3. Influence of pH on the distribution ratio in the 
presence of an acetic acid-acetate buffer. c, = 9.0 x 
to-JM. CC, = 05.0 x lo-‘M; cl 1.0 x lo-*M; 0 2.5 x 

10-2M; A 5.0 x lo-‘M. 

suggests that acetate forms non-extractable cadmium 
complexes in the aqueous phase, and that this de- 
creases the distribution ratio. A later series of experi- 
ments done in the absence of cnha confirmed that 
cadmium is not extracted with acetate into MIBK. 

Composition of the extracted species and calculation 
of the equilibrium constants. Since variation of the 
cadmium concentration demonstrated that only 
mononuclear species are extracted, the metal distri- 
bution ratio is given by 

D= 
;; [ML,(HL)J, 

(4) 
[Ml, + C [ML,], + c [MX,lw 

P g 
where M represents the metal, HL the extracting 
agent, X another ligand present in the aqueous phase 
and the subscripts o and w denote the organic and the 
aqueous phases respectively. Charges have been omit- 
ted for simplicity. 

If only the species ML,,(HL), is extracted and the 
metal is present in the aqueous phase predominantly 
as the cation Mui, the following equation can be 
obtained: 

log D = log & + npH + (m + n)log[HL], (5) 

where X;,, the extraction constant of ML,(HL),, is 
K,,, KrJ3,K~IK$a (j,, = formation constant of ML,; 
Km =~s~bu~on constant of ML,; Km= adduct 
formation constant in the organic phase, Ka and 
KDR = dissociation and distribution constants of the 
reagent, respectively). 

When species other than ML, can be neglected in 
the aqueous phase, the following equation is valid: 

log I) = Iog(K, K,) + m log [HLf, (6) 

(a) Graphicul treatment 

The curve shown in Fig. 2 is linear up to pH 5.8, 
with a slope of 1.7. In accordance with equation (S), 
this suggests that n = 2, although the presence of a 
mixture of Cd2+ and CdL’ in the aqueous phase 
must be considered. The small variations of [HL], 
over the pH range 4.9-5.8 have been neglected in 
the slope analysis of the curve log D vs. pH. At higher 
pH values the slope of this curve decreases and 
finally, at pH 7.0, the distribution ratio becomes 
inde~ndent of the pH, minting to the validity of 
equation (7). 

The curves obtained in the presence of acetate in 
the aqueous phase (Fig. 3) are very similar to the 
curve in Fig. 2, with a linear segment having a slope 
of 1.5-1.6. 

To examine the iniiuence of cnha ~on~ntmtion on 
the distribution ratio, at constant pH, the values of 
log D corresponding to each reagent concentration 
were calculated from the curves in Fig. 3 at pH 5.10, 
5.40, 5.50, 5.70, 5.90 and 6.00. These values, plotted 
against log [HLL, give straight lines with slopes of 
1.8-1.9, and this, according to equation (S), suggests 
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Table 1. Survey of the equilibrium constants for the extraction of Cd(I1) with cnha into 
methyl isobutyl ketone 

Method 

Graphical -0.49 3.0 6.0 2.60 

LETAGROP- -0.49 f 0.01 5.981 + 0.004 0.0146 
DISTR 2.82 rf: 0.14 0.0618 

3.35 f 0.14* 0.0680 
2.70 & 0.07 0.0673 

*Value obtained in the presence of acetate in the aqueous phase. 
The limits eiven for the constants correspond to log[B f 3a(jI)]; c(logD) = 

(Wag 4; - log D,,,,)2/W’2 

that m + n = 2. Since all the curves in Fig. 3 tend to 
the same maximum value of log D, it is unlikely that 
any adduct species is extracted, so m = 0 and n = 2 
and 

log D = log K, (7) 

The slopes of the distribution curves suggest that 
the species extracted is the simple 1:2 chelate CdL,. 
Its distribution constant, evaluated as the average of 
the distribution ratio values obtained at pH values 
above 7.0, is log K, = -0.489 + 0.008. 

To check the proposed model, as well as to calcu- 
late Koc and the stability constants /I1 and /I2 of CdL2 
in the aqueous phase, Sillen’s curve-fitting method” 
was applied to the data obtained in the absence of 
acetate. The normalized curves are given by 

D* = u*/(l +pu + u*) (8) 

where the normalized variables and the parameter p 
are defined by D* = D/K,, II =fl:‘*[L-] and 

P = B1/SY2. 
The values of the constants obtained by this 

method are given in Table 1. The good agreement 
between the experimental points and one of the 
normalized curves confirms the proposed model. 

(b) Numerical treatment 

The values of the constants obtained graphically 
were refined by means of the program LETAGROP- 
DISTR.‘* The data obtained in the absence of acetate 
were subdivided into two groups. From the group of 
points obtained at pH above 7.0, K, and /I2 were 
refined. The points at lower pH were used to obtain 
/Il. Treatment of all the data at once leads to less 
precise values of /.I2 and Km. The results are given in 
Table 1. 

In the computer treatment of the data obtained in 
the presence of acetate in the aqueous phase, the 
formation of cadmium-acetate complexes must be 
taken into account. Literature values for the stability 
constants of these complexes” were adjusted for an 
ionic strength of 0.1 by the method of Linder and 
Murray.2Q 

The data obtained in the presence of acetate were 
used only to find the constant /I,; the other constants 
were not refined because, as can be seen in Fig. 3, 
there were few experimental points for the condi- 

tions where the complex CdL, is the predominant 
species in both phases. The final value of /I1 is given 
in Table 1. 

The distribution of cadmium among the various 
species was calculated by HALTAFALL.*’ Figures 4 
and 5 show distribution diagrams calculated for an 
aqueous phase with and without acetate. 

5 6 I 6 

PH 

Fig. 4. Distribution diagram of species. ccnhs = 1.0 x 10-2M. 

a 0.4 - 

0.3 - 

CCdL& 

0.2 - 

0.1 - 

5 6 7 6 

PH 

Fig. 5. Distribution diagram of species in the presence of 
acetate. cEllr = 1.0 x lo-*A4; caatpte = 0.06M. 
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Table 2. Influence of the presence of a second ligand on the 
degree of extraction (R) of cadmium; cFnh. = 1 .O x lo-‘A4 

Ligand Concentration pH R, % 

Trioctylamine 5.0 x IO-2M 7.73 44 
Pyridine 1.0 x 10-3M 7.82 25 

5.0 x lo-2A4 7.96 71 
4-Methylpyrldine 1.0 x lo-‘A4 7.92 25 

5.0 x lo-2M 8.06 88 
Zephiramine 5.0 x lo-2M 7.40 
Tributyl phosphate 1.0 x 10-3M 7.98 ; 

5.0 x lo-2iu 7.92 28 
Trioct ylphosphine 1.0 x lo-)A!f 8.02 25 

oxide 5.0 x lo-2lu 7.73 93 

DISTRIBUTION OF CADMIUM-a&a-4-METHYLPYRIDINE 
TERNARY COMPLEX IN THE WATER-MIRK SYSTEM 

To enhance the extraction of cadmium by for- 
mation of a ternary complex, a second ligand was 
added to the system. The influence of various com- 
pounds on the degree of metal extraction was studied 
and the results are shown in Table 2. Of the 
substances found to enhance extraction, Cmethyl- 
pyridine (y -picoline) was chosen as synergic agent 
because it is more readily available. 

To find out whether any cadmium-y -picoline com- 
plexes are extracted into MIBK in the absence of 
cnha, some extractions for pH = 5.4-7.5, [metal] = 
9.0 x 10V5M and [y-picoline] = 5.0 x lo-*A4, were 
tried. Since 99.0 + 0.5% of cadmium remained in the 
aqueous phase at all pH values, the extraction of 
cadmium in the absence of cnha can be neglected. 

E$ect of pH and cnha concentration 

Three series of extractions at varied pH were 
performed, each series corresponding to one ligand 
concentration. In all the experiments the cadmium 

1 

a 

a 

B 
-1 

-2 

5 6 7 6 

Fig. 6. Influence of pH on the distribution ratio for 
the ternary complex. Ccd = 9.0 x lo-SM. 
5.0 x lo-*Iv. c,, = 0 5.0 x 10-3M; 

CrPloo,,M = 
A 1.0 x 10-2M; 

0 5.0 x lo-2M. 

and y -picoline concentrations were kept constant at 
9.0 x lo-rM and 5.0 x 10m2M, respectively. The re- 
sults are shown in Fig. 6. 

Effect of pH and y -picoline concentration 

Similarly, three series of extractions at varied pH 
and different y -picoline concentrations were carried 
out. The metal concentration was 9.0 x 10-SM and 
that of cnha 1 .O x IO-*A4 in all cases. These results 
are shown in Fig. 7. 

The influence of y -picoline concentration, in the 
region where the distribution ratio is independent of 
pH, was also studied. [B], was calculated from the 
values of the distribution constant of y -picoline (6.59) 
and the dissociation constant of the picolinium ion 
(7.00 x lo-‘) previously determined.22 Figure 8 
shows a plot of log D us. log[B],. 

Composition of species extracted and calculation of the 
adduct formation constant 

Taking into account the formation of ternary 
complexes with y -picoline, the metal distribution 
ratio is given by 

WLI, + 1 W-J,Io 

,? 

i ) 
r 

1+ CKPI", ~,B,K:[HLI: 
s 

= 

KnDrJHK 
i 

1+ ~&[L]pw + ~B,[xlt + CBJBI:, 
P 4 I 

(9) 

where, besides the symbols previously defined, B 
represents y -picoline and KS is the adduct formation 
constant in the organic phase. When the cation M”+ 
is the predominant species in the aqueous phase and 
[B], is kept constant, 

logD=logK+nlog[HL],+npH (10) 

where 

K=(l+~KJB]:)~ (11) 

If the metal is present in the aqueous phase predom- 
inantly as the complex ML,, equation (12) is de- 
duced: 

D = K,+ K,xK,[B]:, (12) 
s 

(a) Graphical treatment 
The curves of log D vs. pH, plotted in Fig. 6, have 

linear segments with slope 1.8, so according to equa- 
tion (lo), it is probable that n = 2. At higher pH 
values the slope decreases progressively to zero and 
the three curves coincide, a fact which confhms that 
self-adduct complexes with cnha are not extracted. 

The slope of the linear segments of the curves of 
log D vs. pH in Fig. 7 is 1.8. The values of log D 
corresponding to each y -picoline concentration were 



418 ANALYTICAL DATA 

concentration, the complex CdL, is the predominant 
species in both phases and equation (12) becomes 
IogD = K,; at higher concentrations the adduct 
CdLrB is the main species in the organic phase and 
equation (12) becomes 

log D = log&,&) + log[BJ, (14) 

which explains the existence of a linear segment with 
a slope close to 1. 

I 

6 

PH 

To calculate the adduct formation constant, a 
curve-fitting methodI was applied to the data of Fig. 
8, The normalized curve D * = 1 f u was obtained by 
substituting the normalized variables D* = D/K, 
and u = &[B], in equation (12) for s = 1. The value 
log i& = 2.60 was obtained. 

(b) Numerical treatment 
The value of J& was refined by means of the 

program LETAGROP-DISTR,‘* the final result 
being log K, = 2.70 + 0.07 with o(log d) = 0.0673 
(Table 1). 

I 
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Summary-1,2-Naphthoquinone-2-thiosemicarbazone is proposed as an acid-base indicator for use in 
isopropyl and tert-butyl alcohol media. The dissociation constants have been determined in both media 
and the colour transition, sensitivity and sharpness of the indicator are described by means of chromatic 
parameters. The indicator has been used for determination of some organic acids, with errors of less than 
ix. 

1,2-Naphthoquinone-2-thiosemicarbazone (NQT), 
mixed with picric acid and Sandolan Turquoise 
E-AS, has been proposed as a screened acid-base 
indicator for use in aqueous solution.’ It is now 
shown to be useful in isopropyl and tert -butyl alcohol 
media as well. 

Isopropyl alcohol (4 = 10-20~8, t = 19.9 at 25”) 
and tert-butyl alcohol (K, = 10-28.5, c = 10.0 at 30”) 
show good acid-strength differentiating ability, 
hydrogen-bond accepting capability’*’ and very good 
solvating power which prevents homoconjugation 
phenomena. In addition, their low volatility and wide 
availability in highly purified form make them 
excellent media for titration of acids.4 

The present work deals with a spectrophotometric 
study of NQT in these alcohols, and the deter- 
mination of its pK, values and colour change inter- 
vals by means of the CIE and complementary sys- 
tems.>’ The optimum concentration for the indicator 
has been determined according to the Kotrly and 
Vytias method.**9 This method has been applied to 
the CIELAB and CIELW co-ordinates for the 
indicator transitioni and the colour change sensi- 
tivity has been measured in terms of SCD values.” 

The behaviour of the indicator has been tested by 
titration of some acids in both solvents and the results 
are precise, accurate and similar to those obtained by 
titrations in aqueous method, with visual indicators. 

EXPERIMENTAL 

Apparatus , 
A Beckman Acta M-VII spectrophotometer with lO-mm 

cells was used for recording spectra, and a Hewlett-Packard 
Series 200 computer for calculations. A Radiometer PHM 
64 pH-meter with glass/calomel electrodes was used for pH 
measurements. For work with isopropyl alcohol solutions 
the calomel electrode was f&d with a saturated solution 
of potassium chloride in methanol and used with a salt 
bridge containing a saturated solution of tetramethyl- 
ammonium chloride in isopropyl alcohol.‘2 For work with 
tert-butyl alcohol solutions a reference electrode similar 

to this, and used successfully by Marple et al.,” was 
prepared. The SCE was immersed in the aqueous phase of 
a water/tert -butyl alcohol mixture saturated with potassium 
chloride. The organic phase of the mixture was in contact 
with a IM solution of tetrabutylammonium bromide in 
tert-butyl alcohol containing 5% v/v isopropyl alcohol 
to prevent freezing or variations in concentration with 
temperature drop. The electrode was kept at 30”. The 
measurements obtained show good reproducibility. A 
Gibson Minipuls 2 peristaltic pump was used to circulate 
the solutions. 

Reagents 
NQT was prepared and purified according to Luque de 

Castro et af.” and its characteristics have been reported.’ 
Merck GR grade isopropyl alcohol and tert-butyl alcohol 
were used, and their water content was determined by the 
Karl Fischer method and found to be 0.076 and 0.073% 
respectively. A 0.1 M tetrabutylammonium hydroxide 
(TBAH) solution in isopropyl alcohol (Carlo Erba), with a 
methanol content of 8% (determined by gas chroma- 
tography), was used; it was standardized against benxoic 
acid. Picric acid (Doesder AR-ACS grade, vacuum-dried) 
and benzoic acid and Verona1 (Merck GR grade) were used. 

Determination of standard potentials 
The potentiometric systems were calibrated by titration of 

nitric acid with TBAH.“v” because the dissociation con- 
stants of pi& acid and tetrabutylammonium picrate in 
both solvents are known.‘6*‘7 

Indicator solutions (approximately 5 x 10e5M) buffered s 
with Verona1 were titrated with TBAH solution, and moni- 
tored simultaneously by potentiometry and continuous 
measurement of the absorbance values at lo-nm intervals 
between 380 and 770 mn. The solutions were stirred with a 
stream of nitrogen and continuously circulated between the 
titration vessel and the spectrophotometer cell by means of 
a peristaltic pump. The absorbance characteristics of the 
completely undissociated and dissociated forms of the indi- 
cator were determined with its solution in sulphuric or 
benzoic acid and TBAH media, respectively. The tem- 
perature was 25 f0.2” for work with isopropyl alcohol 
solutions and 30 f 0.2” for tert-butyl alcohol solutions. 

Computation methods 
To calculate the standard potentials from the titration 

data the program ACETERISO,” written in BASIC, was 

419 
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Fig. 1. Visible spectra of NQT in i-PrOH at some pH values in the transition range. Acidic form -@-, 
basic form +. Intermediate pH values: 9.71; 10.54; 11.56; 12.02; 12.26; 12.51; 12.69; 12.91; 13.32 and 

14.80. 

500 600 700 

nm 

Fig. 2. Visible spectra of NQT in f-BuOH at some pH values in the transition range. Acidic form -a---, 
basic form +. Intermediate pH values: 10.53; 14.65, 14.99; 15.16; 15.27; 15.35; 15.45; 15.52; 15.59; 

15.65; 15.71; 15.77; 15.83; 15.90, 16.04; 16.31; 16.78 and 17.52. 
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Fig. 3. Experimental transition colour points in the CIE (x, 
y) chromaticity system at the optimum concentration: 
x x x NQT in i-PrOH; 000 NQT in r-BuOH. Experi- 
mental transition complem~ta~ colour points (Q, Q,): 
+ ++ NQT in i-PrOH; AAA NQT in t-BuOH. pH 

values as in Figs. 1 and 2. 

used. To determine the chromaticity parameters, the 
weighted-ordinate method with the coefficients for standard 
~~inant C and IO” angle of vision were employed. 
The pllr, values were calculated from complementary 
chromaticity co-ordinates, by use of the SUPERCOLOR 
program,” written in BASIC. 

RESULTS AND DISCUSSION 

The visible spectra of NQT at selected pH-values 
in the transition range are given in Figs. 1 and 2. The 
stability with time in 5 x 10-SM isopropyl alcohol 
solutions was tested by continuous measurement at 
the absorption maxima. NQT shows no decom- 
position during at least one week in isopropyl alcohol 
solution, a day in acidic medium and 2 hr in basic 
solution. Because room temperature is normal@ 
lower than the 30” required for titrations in tert-butyl 
alcohol media, no stability study was performed, and 
it is recommended to use isopropyl alcohol solutions 
in everyday titrations. 

The NQT colour changes are described by means 
of the CIE (19’76), CIELAB and CIELW chro- 
maticity co-ordinates, and the complementary chro- 
maticity coordinates for the limits and some inter- 
mediate points of the transition range, Figs. 3 and 4, 
The chromaticity co-ordinate values are given for the 
optimal indicator ~on~ntrations for titrations and 
were determined from the CIELAB and CIELUV 
coordinatesi Both systems show no significant 
differences in the results obtained. Figure 5 shows the 
colour-change perceptibility index as a function of 
indicator concentration. The minima of the curves 
show the optimum concentration for use. in both 

-25 
t 

~~_~ 
25 50 75 100 

u* or u* 

Fig. 4. Experimental transition colour points in the CIE- 
LAB chromaticity system (a*, b*): x x x NQT in i- 
PrOH; 000 NQT in t-BuOH. Experimental transition 
colour points in the CIELUV chromaticity system (u*, u+): 
+ + + NQT in i-PrOH; AAA NQT in t-BuOH. All the 
points (pH values as in Figs. 1 and 2) are plotted for the 

optimum concentration. 

media studied, this value was 10d4M. It is not 
specified more closely because of the wide minima, as 
normally found.g 

The pK, values given in Table 1 are the average of 
those obtained from QX, QY and Q, because all these 
parameters show an adequate variation in the tran- 
sition ranges. The values agree with those calculated 
from the standard absorbance method at 530 and 
410 mn. 

Figure 6 shows the plot of AE, the total colour 
difference between any point in the transition range 
and the colour point of the acidic form of the 

0.030 - 

0.025 - 

2 
2 0.020 - 

a” 
0.015 - 

0.0 $0 - 

:I:: 
-1.0 -0.5 0.0 0.5 1.0 

tog (C/Cref f 

Fig. 5. Dependence of the index of colour change percep 
tibility on the relative change of indicator concentration. 
The reference concentration was 3.63 x lO_rM for i&OH 
and 5.48 x lO-$M for I-BuOH solutions. From CIELAB 
coordinates: --- NQT in i-PrOH; ----NQT in t-BuOH. 
From CIELUV coordinates: -. - NQT in i-&OH; - 

NQT in t-BuOH. 
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Table 1 

Medium 

Optimum concentration 
PG 
SCD 
DH_- 

Isopropyl alcohol tert -Butyl alcohol 

10-4&f IO-4M 
12.44 f 0.05 15.73~0.10 

55 {CIELAB); 59 (CIELUV) 99 (CIELAB); 106 (CIELUV) 
12.2 15.5 

r--- 

-0.2 -0.2 
1.7 0.9 

10.4-13.9 14.5-16.2 

-125 

- 75 

\u 

a 

- 50 

- 25 

Fig. 6. Change in the chromatic diierence values (AE) and 
SCD values (AElA pH) with pH. Symbols as in Figs. 4 

and 5. pH values as in Figs. 1 and 2. 

I 1 1 1 1 f I 1 I 

60.0 0.2 0.4 0.6 0.8 1.0 1.2 4.4 I.6 

Neutralized fraction 

Fig. 7. Titration curves for some acetic acids in ferr-butyl 
alcohol. 0 Acetic acid, f chloroacetic acid, A dichloro- 
acetic acid and x trlchloroacetic acid. 0 Transition range 

of NQT in terr-butyl alcohol. 

indicator, 11s. pH, and also the derivative curve. The 
derivative curve shows the specific colour discrimi- 
nation (SCD) of the indicator, calculated from the 
CIELAB and CIELW systems. The sensitivity, ex- 
pressed as SCD values, and sharpness, calculated at 
the half-bandwidth, (APH~,*~~), of the SCD peak, 
are given in Table 1. 

NQT shows good indicator properties in both 
alcohols, with greater sensitivity and narrower transi- 
tion range in tert-butyl alcohol than in isopropyl 
alcohol. This behaviour agrees with that of the usual 
acid-base indicators.‘2s15 In both media the maximum 
colour change occurs at a pH value very near the pK, 
value and the optimum concentrations, referred to a 
lo-mm path-length, are the same. 

Finally, to evaluate the practical usefulness of 
NQT, various acidic organic substances were titrated. 
Amounts of about 100 mg were dissolved in iso- 
propyl or tert-butyl alcohol and titrated with TBAH, 
with NQT as indicator at the optimum concentration. 
The results obtained show that salicylic, ascorbic, 
benzoic and nicotinic acids can be determined with 
good accuracy in both terr-butyl and isopropyl alco- 
hols, with relative standard deviations smaller than 
1%. As an example of the use of NQT as indicator, 
Fig. 7 shows the titration curves (for tert-butyl 
alcohol medium) of a set of acids of the same 
chemical family which differ in acid strength. Tri- 
chloroacetic, dichloroacetic and chloroacetic acids 
are strong enough to be titrated with NQT as indi- 
cator with good accuracy and precision, but acetic 
acid, being the weakest of the series, cannot be 
titrated successfully. 
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Summary-By use of a multifunction pump delivery system with which any flow patterns are easily 
programmed, the potential of the flow-gradient function in FIA has been investigated. The mechanical 
stability and reproducibility of the pump system are very high because of the use of a central programming 
unit, and this enabled further and closer investigation of the function. A new parameter (dispersion 
volume) is proposed for evaluation of flow-gradient systems. 

Flow-injection analysis (FIA) has been extensively 
developed and is now a widely applied technique.‘** In 
the usual FIA system the flow-rate of the carrier is 
kept constant because constant flow is simple and 
easily controlled. Recently Rios et ~1.~ reported a 
fundamental study of a new gradient technique in 
which the flow-rate of the carrier is varied, and 
proved that it had many advantages. In particular, it 
has a high washing effect and gives sharper peaks. 
However, the instrument was rather complex and no 
further applications have appeared. . 

In high-performance liquid chromatography 
(HPLC), programmed flow-rate systems are com- 
monplace and are used in combination with reversed- 
phase chromatography to afford better resolution in 
elution of organic and biological compounds.4$s 
Moreover, a high-quality multifunction pump deliv- 
ery system for use in HPLC and FIA has been 
produced commercially6 and provides highly precise 
analysis with reversed-phase chromatography. The 
system can also be used to give a flow-rate gradient. 

In earlier work’*’ flow-control was obtained with a 
reservoir of carrier at a given height, and Rios et al. 
used a reservoir that was raised or lowered.3 How- 
ever, with these gravity-flow arrangements accurate 
programming of the flow-rate gradient was difficult. 

In the multifunction pump system the flow-rate is 
accurately programmed by a central programming 
unit (CPU) which controls the movement of a 
plunger by means of a high-quality pulse motor, 
giving a precise flow-gradient. In this paper the 
fundamental characteristics of the flow-gradient 
technique are described, along with the gradient 
dispersion characteristics for a non-reacting system, a 
fast chemical reaction and a slow biological reaction. 
For slow reactions, a combined flow-gradient and 
stopped-flow technique is particularly suitable. 

EXPERIMENTAL 

Reagents 
Arsenaao III was obtained from Dojinkagakukenkyusho 

(Japan) and used without further purification. Commercial 

calcium (1000 me/l.) and glucose (2000 and 5000 mg/l.)] 
standard solutions were diluted with demineralized water as 
required. For the determination of glucose a Wako C 
Glucose Test kit (Wake Pure Chemicals, Japan) was 
modified and used as in earlier work. The carrier streams 
used were as follows. 

Dispersion study: demineralized water. 
Determination of calcium: 0.0544 NaH,POJNa,HPO, 

(pH 5.0, 5.5, 6.0); 4 x 10-5M Arsenazo III. 
Determination of glucose: O.lM NaH,PO,/Na,HPO,, pH 

7.4; 0.025% phenol; 3000 U/l. glucose oxidase (E.C.1.1.3.4) 
from A. Niger; 400 U/l. peroxidase (E.C.1.11.1.7) from 
horseradish; 66.6 U/l. mutarotase (E.C.5.1.3.3) from hog- 
kidney cortex; 0.26mM Caminoantipyrine 

Apparatus 

The system consisted of a CCPM multifunction (metal- 
free; Tosoh Co.), a Rheodyne 7125 injection valve (equipped 
with a 100~~1 Teflon loop) or a Rheodyne 7413 injection 
valve, a reactor tube (0.4 mm bore x 250 cm) and a back- 
pressure tube (0.2 mm bore x 200 cm) after the detector 
flow-cell. The absorbance was monitored with a UV-8000 
spectrophotometer (Tosoh Co.) equipped with an 8-pl 
flow-cell, and the results were recorded on a CP-8000 data 
station (Tosoh Co.). A signal from a marker fitted to the 
injection valve started the programmed flow-gradient and 
the FIA data-acquisition simultaneously and automatically. 
The pressure change in the flow system was measured with 
a pressure sensor fitted to the pump. A typical FIA manifold 
is shown in Fig. 1. 

Interpretation of the data 
The flow-gradient parameters are as follows: Q 

(ml/min) = slope of the flow-gradient, f (ml/min) = flow- 
rate for isocratic elution, F (ml/min) = flow-rate when the 
peak maximum is passing through the detector under 
gradient flow, F, (ml/min) = initial flow-rate on injection 
into the gradient flow, H (mV) = peak height, A 
(v X msec) = peak area, T (min) = residence time. W 
(set) = peak width at half height, D -= dispersion coefficient. 

RESULTS AND DISCUSSION 

System without chemical reaction 

The study was started by determining the mechan- 
ical stability and reproducibility of the FIA system 
with isocratic and flow-gradient elution, for Q = 0.5 
(F,=O), 0 (F,=O.S) and -0.5 (F,= l), i.e., for 
positive, zero (isocratic) and negative gradient. The 

TAL. 35,6-A 
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Fig. 1. Schematic diagram of flow system: 1, pump controller; 2, pump delivery 3, 
reaction tubing; 

system; injector; 4, 
5, detector; 6, data station. 

Table 1. Reproducibility (7 replicates) of the flow-gradient system with a nonchemical 
system 

Q, 4, Time, R.S.D., Peak height, R.S.D., Peak R.S.D., 
ml/mid mllmin min % mV % area* % 

0.5 0 1.34 0.35 35.2 0.90 4.97 2.16 
0 0.5 0.72 0.00 33.7 2.45 6.11 2.78 

-0.5 1.0 0.39 0.00 34.9 1.46 3.91 2.56 

Sample, 0.1% aqueous acetone solution: sample volume 20 pl; reaction tube, 0.4 nun 
bore x 250 cm; back-pressure tube, 0.2 nun bore x 200 cm; detector wavelength, 254 run. 

*Integrated valw, units are 10” mV. sec. 

carrier was demineralized water and the sample systems dispersion has been mainly investigated by 
solution 0.1% v/v acetone solution in water. The means of the dispersion coefficient D = H,JH_, 
absorbance was monitored at 254 mn and the results where H, is the steady-state signal and H_ the peak 
are summarized in Table 1. The reproducibility was height. However, in the study of gradient flow H, is 
slightly better for the positive gradient than for the identical for every gradient slope and the use of D is 
others, partly because of the larger residence time and sometimes nonsense. Hence H_ is used first as a 
lower initial flow-rate (F,). coefficient for evaluation. In isocratic FIA, D is 

The fundamental parameters of the positive 
gradient were next investigated. The results are 
summarized in Table 2. Both peak width and height 
were decreased as Q was increased, in agreement with 
Rlos et al.” who called this the “washing effect”. It is 
one of the advantages of the flow-gradient method. A 
positive gradient decreases tailing and shortens the 
time needed to return to the baseline (Fig. 2). 

The washing effect is explainable by the usual 
dispersion theory for isocratic FIA systems. In these 

Table 2. The results for positive flow-gradient (details as in 
Table 1) 

Q, Peak height, Peak width, 
mllmin2 Time, min mV see 

0.2 2.35 40.7 15.4 
0.25 2.02 40.2 14.3 
0.3 1.76 38.8 14.2 
0.35 1.65 37.7 13.4 
0.4 1.49 38.6 13.2 
0.45 1.42 37.4 13.9 
0.5 1.33 36.9 12.2 
0.55 1.26 36.0 11.6 

8:; 1.09 1.19 35.8 36.3 11.2 10.8 

I I I I I 
0 1 2 3 4 

min 

Fig. 2. Typical r&order traces for positive flow-gradient. 
Slope: LO.6 ml/n&*; 2,0.4 ml/min*; 3,0.2 ml/min2; sample, 
0.1% aqueous acetone solution; sample volume, 20 ~1; 
reaction tubing, 0.4 mm bore x 250 em; detector wave- 

length, 254 nm; first flow-rate, 0 ml/min. 
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3. Relation between peak hei@ and fi for positive 
Row-gradient. Details as in Table 2. 

roughly proportional to fl (T = residence time), so 
the relation between H,,,, and fi was examined 
(Fig. 3), and found to be linear. So the usual 
dispersion theory applicable to isocratic FIA 
might be thought applicabie to flow-gradient FIA. 
Unfo~unately, however, the peak height was some- 
times unstable when F was increased, so a new 
parameter was tried, the dispersion volume, K = WF, 
which should behave like D. If the dispersion of the 
injected sample is large, K is large. Fi re 4 shows 
that K is inversely proportional to J” T, suggesting 
that K can be used as a fundamental parameter in 
flow-gradient FIA. The same relation was observed 
for the negative gradient, but the correlation was 
much poorer (r = 0.7850) than that for the positive 
gradient (r = 0.9815), because of the shorter 
residence time and relatively high initial flow-rate. 

The results for the effect of injection volume are 
summarized in Table 3, and suggest that in 
flow-gradient FIA peak height is proportional to 
injection volume, as in isocratic FIA. For both 
methods the signal was a linear function of volme 
up to 50 ~1. The results, however, suggest another ad- 

1.0 1.1 1.2 1.3 1.4 1.5 

Th lminlh 

Fig. 4. Relation between K (dispersion volwne) and fi for 
positive flow-gradient. Details as in Table 2. 

vantage of Sow-gradient FIA. That is, the peak width 
is reduced although the residence time in 
flow-gradient FIA is longer than that in isocratic 
FIA. 

System with chemical reaction 

Several investigations with a fast chemical reaction 
were performed with FIA parameters based upon the 
results for the system without chemical reaction. 
Arsenazo III has been used as a component of the 
mobile phase in determination of calcium by ion- 
exchange chromatography,” so this system was 
adopted as a model reaction for investigation of 
flow-gradient FIA. The reactions of Arsenazo III are 
known to be fast.1**‘2 The sample solution was a 20 
pg/ml standard calcium solution and the absorbance 
was monitored at 600 nm. 

The effect of pH on H_ vs. ,/? was investigated 
over the range 5-6, but- the Correlation was very poor 
and an inverse relation was obtained only at pH 6.0. 
The results suggest that D cannot be adopted as a 
main parameter for the system evaluation of 
flow-gradient FIA. In contrast, plots of K us. fi 
were linear for both pH 5.5 and 6.0 (Fig. 5). Evidently 
K (the dispersion volume) is a suitable parameter for 
the evaluation of flow-~adient FIA. 

Mode 
Isocratic 

Q, 
ml/mid 

0 

Table 3. EEect of injection volume (details as in Table 1) 

Fo, Volume, Peak height, Peak width, 
ml Jmin d Time, min mV set 

1 5 1.19 6.9 22.0 

: 1.14 1.16 29.3 15.5 21.5 20.8 
30 1.11 42.5 21.6 
so 1.06 67.9 22.6 

H,(mV) = 1.34V($) + I.S6; r =O.PPPl 

Peek area* 

1.68 

3.69 6.73 
lo.58 
19.20 

Gradient 0.4 

*Units am lo3 mV.sec. 

0 S 
10 
20 
30 
so 

1.48 8.9 a.9 0.81 
i .4a 17.5 a.3 1.68 
1.47 35.9 a.4 3.38 
1.44 54.2 8.6 5.19 
1.43 83.6 9.0 8.31 

H,(mV) = 1.67V(ltl) + 1.54, r = 0.9984 



428 

j!:\ 
& 13-__. 

12- -*\ 

111 

&h$+dce . . . 
T’Q(minl’4 

JIJN’ICHI TOEI 

It was established that when a chemical reaction 
takes place in the flow-gradient system the dispersion 
is different from that when no chemical reaction 
occurs, so various types of flow-gradient were 
investigated with the same reaction. 

Stepwise change in flow-gradient is widely used in 
HPLC, but does not seem to have been used in FIA, 
so this was investigated tirst. Typical flow-gradient 
patterns are shown in Fig. 6(a). The flow-rate was 
kept constant at 1 ml/min for 18 set (by which time 
the sample plug had almost reached the detector) 
after the injection and thereafter changed to various 
values in the range 0.5-2.5 ml/min and kept constant 
at the new value. Figure 7 shows that K is roughly 

Fig. 5. Relation between K and fi for positive flow- 
inversely proportional to fi, suggesting that both 

gradient. Sample, 20 ppm calcium; sample volume, 20 pl; flow-rates affect the dispersion in the same way. 

carrier, 0.05N NaH,PO,/Na,HF’O,; pH, 0 5.5, 0 6.0; Next, flow-gradients with the same slope Q but 
detector wavelength, 600 nm. Other details as in Table 2. different initial flow-rate F, were investigated. Typical 

(a) 

2.50 

2.00 

1.50 * 

1.25 w 

1.00 w 
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Fig. 6. Typical flow patterns for (a) step gradient, (b) positive flow-gradient with the same slope, 
(c) positive and negative flow-gradient; carrier, pH 6.0; other details as in Fig. 5. 
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Fig. 7. Relation between K and fi for step gradient. 

flow patterns are shown in Fig. 6(b). When F, was 
increased, the residence time and peak width were 
decreased. A ain K was roughly inversely propor- 
tional to Jg T. However, when F, was not zero, the 
scatter was larger and the stability worse, because the 
sample was injected into a flowing solution (in which 
case a difference between the carrier and sample 
flow-rates results in more variable dispersion). 

When a flow-gradient is used with fast reactions, 
higher Q is preferred because of the sharper peak 
shape and shorter analysis time. However, in analyses 
with slow reactions such as enzymatic assays, where 
a longer reaction time is needed, higher Q is not 
always preferred. Further work was therefore under- 
taken with the same residence time (0.98 min) and the 
same fast reaction, but with three flow-gradient pat- 
terns [Fig. 6(c)] and an isocratic system. To ensure 

I 1 kq/Cni' 

li 
‘\ 
, 
t_ - -._._.. 

e m 

2min 

Fig. 8. Recorder traces for the pressure change in pattern 2 
in Fig. 6(c). 

Table 4. The results for various flow patterns 

R.S.D., Peak R.S.D., 
Type Time, % height, % 

[in Fig. 6(c)] min (n =5) mV (n = 5) N 

0 0.97 0.64 336 1.17 14 
1 0.98 0 298 0.93 51 
: 0.98 0.97 0.76 0.51 332 302 2.06 1.14 84 51 

Sample, Ca 20 ppm; sample volume, 20 & detector wave- 
length, 600 nm. 

that the pump delivery system gave the correct 
flow-gradient function, the pressure change was 
measured with a pressure sensor in the pump (Fig. 8). 
The flow-gradient was found to be performed with 
high precision. 

The results in Table 4 shows that the re- 
producibility of the peak height was poorer for the 
complex flow patterns (types 2 and 3) than for the 
others. As the residence time was almost the same 
throughout, the peak shape could be evaluated 
mathematically by using the theoretical plate number 
N, which is usually used for evaluation of resolution 
in HPLC: 

N = 5.54 (T/W)2 

where T is the residence time and W is the half-width 
of the peak. N was lowest for isocratic flow and 
higher for flow-pattern 2, presumably because Q was 
then maximal and the flow-rate was higher when the 
peak maximum was passing through the detector cell. 

Slow biological reaction 

The specific reaction of glucose oxidase with 
/9-D-glUCOSe13J’ proceeds in two steps 

a-D-&lCOSC - muuIotasc /? -D-&lCOSe 

&KM oxidpae . . 
- glucomc acid + H,O, 

and has been successfully used for the determination 
of glucose in serum. Okuda et al.‘* used the reaction 
of H,O, with Caminoantipyrine and phenol, cata- 
lysed by peroxidase, to determine glucose, and this 
reaction was employed to test the flow-gradient FIA 
system. 

OH - 

(Reaction time 5 min) 
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Table 5. Effect of aradient sloues for the enzymatic assay 

Peak Peak Analysis 

Q? Time, height. width, Peak time, 
ml/mi$ min mV set area* EC 

0.2 2.31 215 24.5 5.56 188 

8:: 1.55 1.25 167 140 17.6 15.0 2.22 3.16 130 102 

Carrier as shown in test; sample, gh~cose 2 g/l.; sample 
volume, 0.5 al; detector wavelength, 505 nm. 

*Units are lo3 mV.sec. 

First, a positive flow-gradient was investigated by 
varying Q from 0.2 to 0.6 ml/min.2 The results in 
Table 5 show that as Q is increased the peak height 
is decreased and the residence time shortened, and 
hence with high Q the reaction time was much too 
short for the enzymatic reaction to proceed very far. 
Although linear calibration plots were obtained for 
lower Q (they were non-linear for higher Q), both the 
residence time and analysis time were very long, so 
new flow patterns were sought for fast determination 
of glucose in clinical samples. 

Stopped-flow was an obvious possibility, and the 
pump delivery system had a facility for combining 
this with use of the flow-gradient. The flow patterns 
used are shown in Fig. 9, and are based on type 3 in 
Fig. 6(c). The “stopped-flow” pattern was applied 
only after the injection. A shorter reaction tube 
(0.4 mm bore x 80 cm) was used in order to reduce 
analysis time and reagent consumption. In earlier 
work the sample volume was relatively large (20 ,x1), 
resulting in high sensitivity, but in the present work 
a low sample volume (0.5 ~1) is adopted in order to 
reduce sample and reagent consumption, so a short 
reaction tube and low maximum flow-rate can be 
used. The effect of reaction time on peak height was 
investigated by varying the duration of stopped-flow 
and the results are shown in Fig. 10. In the previous 
work it took 5 min to reach a steady-state for the 
reaction, but in the present case only 2-3 min 
because of the small sample volume. The calibration 
plots were found to be linear up to about 5 mg/ml 

c 1 
3.63 

Stop time fmin) 
0 0.6 1.6 2.6 4.9 

Time (min) 

Fig. 9. Typical flow patterns for the determination of 
ghxose by enzymatic assay: reactiqn tubing 0.4 mm 

bore x 80 cm; detector wavelength, 505 nm. 

I I I I I 
0 1 2 3 4 5 

Stop time fmin) 

Fig. 10. Effect of stop time on peak height: sample, 2 g/l. 
glucose; sample volume, 0.5 PI; other details as in Fig. 9. 

glucose in the sample (i.e., the normal range for 
serum samples), for stop times ranging from 1 to 2 
min, but the linearity was the poorer, the shorter the 
stop time. A time of 1.5 min was selected to give a 
compromise between short analysis time and higher 
linearity. The detection limit was low enough to allow 
serum samples to be diluted by a factor of 20, and 
the analysis could be performed at the rate of 30 
injections per hour. 

CONCLUSIONS 

A new tv of flow function, of successive positive 
and negative flow-gradients, followed by a positive 
flow-gradient combined with stops-flows has been 
found to give high sensitivity (peak height) and 
reproducibility. The method is applicable to clinical 
analysis of glucose by enzymatic assay, and should be 
generally useful for biological assays. 
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Satnmary-Two sulphonated axe-dyes, which bear a nitrogen donor atom in the diaxo group and are 
known to complex many heavy metal ions in aqueous solution, have been found to be sorbed by a 
strong-base anion-exchange resin (Dowex I-X8) simply by ion-exchange. The resin comaining the dyes 
behaves like a chelating resin, able to sorb copper(H) and nickel(H) from aqueous solution, if the proper 
conditions are chosen. The acidity, ionic. composition and volume of the aqueous solution, and the amount 
and nature of the sorbed ligand are the factors which determine the fraction of metal ion sorbed when 
the batch technique is used. The experimental results are interpreted by using a model of the resin based 
on the Donnan equilib~um concept, which allows pillion of the sorption conditions on the basis of 
some ind~nd~dy determined q~titi~, such as the p~tonation and complex fo~ation constants in 
aqueous solution, and the activity of the counter-ion in the resin phase. The exchange of protons between 
the resin and the aqueous solution can also be explained with this model. 

In the present paper the sorption properties of a 
strong-base anion-exchange resin, Dowex l-X8, 
loaded with a suitable azo-dye, for hydrogen ions and 
copper and nickel(I1) ions are described. Two 
sulphonated axodyes were considered: T-azo-R 
[ 1 -(tetr~olyl~o)-2-hydrox~aphthalene-3,6-~sul- 
phonic acid] and T-axe-C [2-(te~olyl~o)-1,8- 
dihydrox~aphthalen~3,~~sulpho~c acid]. Their 
synthesis and use as s~~ophotome~c reagents for 
a number of metal ions were reported earlier.‘” 
owing to the presence of the two sulphonic acid 
groups, the dyes are easily sorbed from aqueous 
solutions by an anion-exchanger. Some preliminary 
observations showed that Dowex I-X8, loaded with 
one of these two axe-dyes, is able to sorb heavy metal 
ions from aqueous solution of proper acidity. Sorp- 
tion systems of this kind can be very useful, because 
the active part is easily varied, without recourse to the 
sometimes difficult and time-consuming procedures 
needed for covalently linking the reagent to the 
skeleton of the resin. 

There are many chelating agents which incorporate 
an anionic group that is not involved in the chelation 
of metal ions, for instance a sulphonate group. Some 
of them have already been used as loading agents on 
anion-exchangers, e.g., azothiopyrine disulphonic 
acid, for uptake of mercury, copper and cadmium 

*Author for correspondence. 

from aqueous solutions: and Pyrocatechol Violet for 
preconcentration of aluminium from drinking water.’ 

The aim of this paper is not only to describe an 
effective method for separating copper and nickel 
from aqueous solutions, but also to point out the 
factors which affect the exchange properties of the 
loaded resin and to correlate them with the pro- 
tonation and complex fo~ation onset of the 
reagents in aqueous solution, and with some proper- 
ties of the resin, measured independently. 

The practical hnportance of this point is evident. 
For example, it should be possible to predict the best 
conditions for analytical operations such as separ- 
ation or preconcentration of metal ions by the batch 
technique. 

From this point of view, the most suitable model 
is probably that first proposed by Gregof and now 
widely accepted,’ that the resin is treated as an 
aqueous phase, separated from the external solution 
by a boundary across which all the molecular and 
ionic component of ,the system, except the 8xed 
quate~a~ about groups, can diffuse. Electro- 
neutra~ty must be maintained in both phases, but at 
the boundary an electric potential (Donnan potential) 
is set up, owing to the difference in the activities of 
the ionic components in the two phases. It can be 
demonstrated*” that for any strong electrolyte &C, 
the following relationship (the Donnan equilibrium) 
holds 

{A}“(C)‘= {x}4{c}c (1) 
431 
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where {A} and {C} are the activities o f  the ions A and 
C and a bar over a symbol indicates that the resin 
phase is referred to. The reference and standard states 
are the same in both the solution and the resin 
phase, a° 

Using a Donnan-based model,  Madnsky  and co- 
workers sin:: were able to demonstrate that  the inter- 
nal protonat ion and complex formation constants o f  
each monomeric  component  of  a number of  resins are 
equal to those of  the related water-soluble mono-  
merle analogues, despite the fact that  the apparent 
constants alter as the reactions proceed, and the 
composit ion of  the aqueous solution changes. 

In the systems considered here, the active groups 
are fixed inside the resin simply by ion-exchange 
instead of  being covalently bound, as in the resins 
investigated by Marinsky, and thus it must be dem- 
onstrated that equat ion (1) holds in this case too. 

EXPERIMENTAL 

Reagents 
T-azo-R and T-azo-C were synthesized as previously 

described, 1,2 and their standard solutions prepared by direct 
weighing of the solid. All other reagents were of analytical 
grade. 

Dowex I-XS, 100-200 mesh, in chloride form (which has 
benzyltrimethylammonium groups as the active fixed 
groups) was !obtained from Bio-Rad, and purified by a 
procedure similar to that proposed by Gregor, ~3 before use. 
The resin was stirred for 10 hr in 0.1M sodium hydroxide, 
then for 10 hr in 0.1M hydrochloric acid (or nitric acid), and 
finally washed with water until the washings were neutral. 
The purified resin was dried at 60 ° to constant weight 8 and 
stored in a desiccator. With this treatment the impurities 
leachable from the resin were drastically reduced. 

The total capacity of the resin for anions, and its water 
content (g of water per g of dry resin after equilibration in 
the test solution) were determined by the usual methods) TM 

The capacity was found to be 3.20 meq/g of dry resin. The 
modified resin was prepared simply by stirring a weighed 
amount of Dowex l-X8 with an aqueous solution contain- 
ing the required amount of dyestuff. The sorption could be 
followed spectrophotometrically. The loaded resin was 
filtered off, dried at 60 °, and stored in a desiccator. 

Procedures 
The protonation of the resin was studied by poten- 

tiometric titrations in aqueous solutions of different ionic 
strengths, at fixed temperature (25.0 °) and under a small 
nitrogen overpressure, in a cell equipped with a Ross glass 
electrode (Orion 810-100) and a Wilhelm-type js reference 
electrode, in which the filling solution of the bridge had the 

same composition as the external solution in order to 
minimize variation in the liquid-junction potential. Contact 
with the test solution was made through a porous glass 
membrane, in order to avoid diffusion of the resin 
inside the reference electrode. The test solution, at an ionic 
strength ranging from 0.010 to 2.500M sodium chloride, 
held in suspension a known amount of loaded resin. Before 
each titration, the cell was standardized as previously de- 
scribed, 1 by determining the standard potential E 0, the 
liquid-junction potential Ej, and the ionic product of water 
Kw. The titrations were performed automatically, under 
control by a specifically designed microcomputer, with the 
titrant delivered by a Metrohm 655 DOSIMAT automatic 
burette. An Orion 701 A digital potentiometer was used to 
measure the potential of the cell at each titration point. 

To study the sorption of metal ions, the same procedure 
was used, and in addition a known volume of the clear 
solution was removed at each titration point, and analysed 
for its metal ion content by standard atomic-absorption 
spectrometry (AAS) procedures with an air/acetylene flame 
or electrothermal atomization (IL model 551 spectro- 
photometer). 

Both the proton and metal-ion exchanges are slow reac- 
tions: 1-2 hr is required for equilibrium to be reached after 
each addition of titrant. The equilibrium was considered as 
established when the drift of the potential of the glass 
electrode was less than 0.2 mV in 10 rain. 

nV.SULTS ANn atSCUSSION 

Swelling o f  the resin and uptake o f  salts 

Some data on swelling and water and salt uptake 
of  Dowex I-X8 are reported in Table 1 for different 
compositions of  the external aqueous solution. Be- 
cause of  the rigidity of  the resin, its external volume 
increases only slightly with the ionic strength of  the 
solution, even when the water content  decreases. On 
the other hand, the external volume is influenced by 
a change of  the counter-ion from chloride to 
perchlorate. 

Strong electrolytes enter the resin phase also by 
diffusion, but this invasion is notable only when the 
molal ionic strength of  the external solution is higher 
than lm. It can be calculated by applying the Donnan  
relationship) When a = c = 1, the equation reduces 

to 

[A] [C] = [A] [C] (2) 

where the concentrations ([ ]) are expressed as mol- 
alities and C is the co-ion (cation). Equat ion (2) is 
valid when the ratio of  the activity coefficients is 

Table I. Sorption of water and sodium chloride by Dowex I-X8 

Water NaCI NaCI Volume of 1 g 
Composition sorbed by 1 g sorbed by 1 g sorbed by 1 g of dry resin 
of the of dry resin,* of dry resin,* of dry resin,? after equilibration,* 
solution g mmole mmole ml 

Pure water 0.60 
0.010m NaCI 0.60 I.I x 10 -5 
0.110m NaCI 0.59 I.I × 10 -3 0.01 
1.000m NaCl 0.46 0.06 0.09 
1.000m NaCIO4 0.23 

1.26 

1.36 
1.38 
1.05 

*Experimentally found values. 
?Values calculated by equation (3). 
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equal to 1, which can be considered true for sodium 
chloride solutions. Suppose that the resin Dowex 1 in 
the chloride form is suspended in aqueous lm sodium 
chloride. Some sodium chloride diffuses into the resin 
owing to the difference in the ion activities in the two 
phases, and as electroneutrality of the resin phase 
must be maintained, equation (2) becomes 

where [G] is the “concentration” of the quatemary 
ammonium groups in the resin phase. The concen- 
tration of sodium in the resin is a measure of the salt 
invasion. The values calculated by equation (3) are 
reported in Table 1, where the experimentally found 
values are also shown. The most interesting point is 
that the chloride concentration inside the resin from 
ionic invasion is negligible relative to that due to the 
neutralization of the fixed quaternary ammonium 
groups, for external electrolyte concentrations up to 
lm. 

Proton sorption by Dowex I-X8 

The titration curve of Dowex l-X8, Fig. 1, shows 
that some weakly basic groups (0.05 meq/g of dry 
resin), which are neutralized at pH 3-9, are still 
present even after the purification. This confirms an 
early observation of Gregor’” that 0.02 meq of weak 
base per g of dry resin is titrated at pH 3-7, and 0.03 
me& at higher pH. The protonations of the resin 
itself must, of course, be taken into account as 
concomitant equilibria when the protonation of the 
sorbed reagents is studied. 

Sorption of uzo-dyes on Dowex I-X8 

When T-azo-R and T-azo-C are sorbed by the 

resin, three counter-ions are displaced by each azo- 
dye molecule. The maximum capacity of the resin for 
these reagents is 1.07 mmolejg of dry resin. There- 
fore, in spite of their large size, the two azo-dyes are 
able to neutralize all the positive charges in the resin 
(3.20 meq/g of dry resin). 

The capacity is independent of the acidity of the 
external solution over the pH range 2-12, but de- 
pends on its anionic composition, particularly at 
ionic strengths higher than 0. Im. For instance, in lm 
sodium chloride the maximum capacity for the two 
azo-dyes is reduced to 0.1 mmole/g of dry resin. This 
is because all the anions can be sorbed by the 
exchanger, and therefore displace more or less the 
azo-dyes, depending on their activities in the aqueous 
and resin phases. The selectivity coefficients of 
T-azo-C and T-azo-R with respect to some common 
univalent anions were determined spectrophoto- 
metrically, and are reported in Table 2. They are 
almost constant for resin-phase forms ranging from 
100% azo-dye to 100% univalent anion, and are in 

Table 2. Selectivity coefficients of az,o-dyes 
(L) with respect to univalent anions (A) on 

Dowex l-X8 

log 4. I,,* 
Anion (A) 

log K.4, I,,* 
T-azo-C T-azo-R 

Acetate -6.0 
Chloride -2.7 
Bromide -0.8 
Nitrate -0.8 
Perchlorate +2.2 +3.7 

*KU = U~l’~L~,,/(ii;l,rA13. 
All concentrations are expressed in mol- 

ality. 
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Fig. 1. Potentiometric titration of Dowex 1-X8: m x 10 = pmoks of If+ in analytical excess; 0: 25 mI 
of O.OlOm sodium chloride, containing 0.0400 mmole of hydrochloric acid (solution A); 0: solution A, 
containing also 1.1000 g of Dowex l-X8; l : solution A, containing also 1.1000 g of Dowex l-X8 and 

0.0300 meq of T-azo-C. 
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Fig. 2. Rotonation curve of T-azo-C sorbed on Dowex 
l-X8, in sodium chloride solutions of different concen- 
trations. V = 25 ml, 1.1008 g of Dowex I-X8, 0.0300 meq 
of T-azo-C. Curves A: n OS. pH. Curves B: n US. pH + pC1. 

0: I = 2.5OOm; 0: z = O.lOOm; 0: I = O.OlOm. 

good agreement with those reported by the manu- 
facturer of the resin. 

Knowledge of the numerical value of the selectivity 
coefficients is important because it allows calculation 
of the azo-dye/counter-ion ratio inside the resin at 
which the reagent is sorbed simply by ion-exchange. 

Some bivalent anions (sulphate, monohydrogen 
phosphate, carbonate) have also been considered. 
They are not able to displace the azo-dyes from the 
resin, even at concentrations as high as 3M. 

Exchange of protons by Dowex 1-H loaded with 
T-azo-C and T-azo-R 

The titration curve in Fig. 1 shows that, as ex- 
pected, one proton is exchanged for each molecule of 
reagent present in the resin phase. 

When dealing with such equilibria in aqueous 
solutions, it is usual to calculate a protonation curve” 
of n vs. pH, where n is the average number of 
neutralizable protons linked to each molecule of 
ligand. The same treatment can be applied to the 
two-phase equilibria considered here. Some pro- 
tonation curves (n vs. pH) for T-azo-C at different 
ionic strengths of the solution are shown in Fig. 2, 
and the corresponding data for T-azo-R are reported 
in Table 3. It is evident that the composition of the 
external solution strongly affects the position of the 
curves, and therefore the observed protonation con- 
stants (K,,) which can be calculated from them. This 
is usually the case for acidic groups fixed in a solid 
phase (either natural, such as iron hydroxide, sili- 
cates, etc., or synthetic)‘*~i2 and finds an explanation 
in the Donnan-based model of the resin reported 
above. 

By definition, n is given by 

n = [HL]/[L], (4) 

where E_]* is the total ligand molality in the resin 
phase (IL], = [HL] + [I]). 

Table 3. Protonation of T-azo-R sorbed on Dowex l-X8, suspended in solutions 
containing different concentrations of sodium chloride (V = 50 ml; 0.0760 rnmole of 

ligand; 1.0218 g of resin) 

I = O.OlSm NaCl I = 0.096m NaCl 

PH n log & - log [A] pH n log I& - log [A] 

7.25 0.85 9.81 
7.50 0.73 9.74 
7.72 0.61 9.72 
7.95 0.48 9.72 
8.20 0.36 9.76 
8.55 0.28 9.95 

I = 0.964m NaCl I = 1.929m NaCl 
PH n log rr; - log [A] PH n log &k;,i - log El 

8.50 0.93 9.64 8.60 0.93 9.44 
8.75 0.80 9.38 9.02 0.83 9.43 
9.05 0.77 9.59 9.33 0.72 9.45 
9.23 0.66 9.51 9.55 0.62 9.48 
9.43 0.56 9.55 9.75 0.51 9.48 
9.68 0.41 9.54 9.92 0.41 9.48 
9.85 0.36 9.62 10.10 0.31 947 

10.05 0.27 9.64 10.25 0.25 9.49 

7.55 0.93 9.68 
7.95 0.83 9.65 
8.20 0.72 9.62 
8.43 0.62 9.65 
8.65 0.50 9.66 
8.87 0.40 9.70 
9.12 0.29 9.74 
9.40 0.19 9.78 
9.70 0.10 9.76 

10.22 0.18 9.58 10.42 0.19 9.50 
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In the resin phase the protonation equilibrium evaluated by the specific interaction theory.M3’ The 
(charges omitted for simplicity) is activity cc&l&m yo of the chloride ion is given by 

E + L + EL 
- -- 

Ka,i = JHL]/[H][L] (5) 

which is more or less shifted to the right,depending 
on the equilibrium constant values and [HI, which in 
turn depends on the composition of the external 
solution, according to the Donnan equation 

-- 
[HI [Al = WI [Al. (6) 

Thus the intrinsic protonation constant 4,i and the 
observed protonation constant Z& are related by the 
equation 

log Yci = -D + b(Cl, QHtil (9) 

where D = 0.51 fi/( 1 + l.S& at 25”, [Q] repre- 
sents the molal concentratrion of ammonium groups 
inside the resin, and b(C1, Q) is the interaction 
coefficient of chloride and the ammonium groups (Q) 
and can be assumed to be equal to -0.05, which is 
the interaction coefficient of chloride and glycinium 
in aqueous solution, reported by Ciavatta.*l 

&ii = ZL [;II/[Al 

and n is given by 

(7) 

n = K,i[Hl [Al [~I/(K,i[Hl WIKI + 1) (8) 

from which the curves of n us. pH are expected to 
depend on [A], whereas the curves for n vs. (pH + PA) 
should be independent of the iznic composition of the 
external solution insofar as [A] is independent of it. 
In the cases considered here, the plots of n us. 
(pH + PA) are indeed almost identical. An example is 
reported in Fig. 2 (B). This is a further demonstration 
that the ionic invasion is practically negligible up to 
about lm sodium chloride concentration. Similar 
results were obtained for T-azo-R (Table 3). 

The activity of chloride in the resin phase can thus 
be estimated to be 1.6m (at Z = 5.45m), in reasonable 
agreement with the expected value of lm. However, 
further investigation is required to confirm this point, 
for instance to give a better estimate of the specific 
interaction coefficient. 

Sorption of copper and nickel(ZZ) by Dowex l-X8 
loaded with T-azo-R and T-azo-C 

It is worth stressing that these values, for both 
T-azo-C and T-azo-R, are independent of the degree 
of protonation. This behaviour is quite different from 
that of most polymeric materials, though similar 
results have been obtained for a series of insoluble 
poly(amidoamines).‘* 

Comparison with other systems of similar structure 
is not possible at the moment, because no in- 
vestigations on the protonation properties of reagents 
tixed on a resin by ion-exchange have been found by 
us in the literature.flowever, such behaviour can be 
expected, because [A] is still constant when the degree 
of protonation changes [equation (7)]. This is because 
in the systems investigated here the amount of ligand 
sorbed is usually only a small fraction of the total 
amount of chloride inside the resin, so that the 
change in the counter-ion concentration required to 
maintain electroneutrality of the resin phaseI is 
negligible. 

The capacity of the loaded resin for copper(I1) and 
nickel(I1) depends on the acidity of the external 
solution and its maximum value was found to bc 
equal to the number of mmoles of T-azo-R or 
T-azo-C sorbed per g of dry resin. This indicates that 
the metal ion can be sorbed only by chelation. 

The fraction (f) of total metal ion sorbed on the 
resin at a particular acidity of the solution was 
experimentally determined. Data for sorption of 
copper( under different conditions, on Dowex 
l-X8 loaded with T-azo-C, are reported in Table 4. 
Copper(I1) is so strongly sorbed by Dowex l-X8 
loaded with T-azo-R that it is impossible to elute 
it even at pH < 1. Therefore this system was not 
further investigated. 

The corresponding data for nickel(I1) are reported 
in Table 5. To reproduce analytical conditions, the 
ligand is always in large excess with respect to metal 
ions. It can be seen from Tables 4 and 5 that the 
factors which mainly influence the sorption of metal 
ions are the composition and volume of the solution 
phase, and the amount of sorbed l&and. This can be 
explained on the basis of the model proposed above: 
if the metal ion can enter the resin phase only by 
reacting with the azo-dye, and is present in the 
solution phase only as the aquo-ion, then f is given 

by 
The mean values of the protonation constants 

obtained from four independent titrations with 
different amounts of ligand sorbed on different 
amounts of resin are log k;i = 8.93 f 0.08 for 
T-azo-C, and 9.62 f 0.09 for T-azo-R, which are very 
similar to the values in aqueous O.lM sodium 
perchlorate medium,’ 8.30 and 9.10, respectively. 
This indicates that the activity _of the chloride 
counter-ion inside the resin phase ({A}) is around lm, 
much lower than its concentration, which should 
be 5.45-7.1 Im, depending on the amount of water 
sorbed. 

f = [=lg/([=lg + PW (10) 

where g indicates the number of grams of water in the 
resin in equilibrium with V ml of metal ion solution 
of concentration [Ml. 

The complexation reaction and its equilibrium 
constant inside the resin are 

HL+M+%E+H 
---- 

K = WlM/[W[Ml 
-- 

The activity of the chloride in the resin can be 

= ml WI [AI/WI WI HI (11) 

where the second form of the complexation constant 
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Table +continued 

V = 25 ml, 0.0527 mmole of ligand; 
0.0050 mmole of copper(D); 
0.3140 g of resin 

PH f log & - log [A] 
1.16 0.20 0.91 

Table 4. Sorption of copper from 
aqueous solutions at different sodium 
chloride concentration on Dowex l-X8 

loaded with T-axe-C 

I = 0.030m NaCl; V = 25 ml; 0.0506 
mmole of ligand; 

0.0050 mmole of copper( 
1.4930 g of resin 

23:: 0.56 f log KC 2.01 - log [A] 

2.60 0.75 2.09 
2.80 0.84 2.14 
2.98 0.86 2.02 

I = O.lOOm NaCI; V = 25 ml; 0.0506 
mmole of ligand, 

0.0050 mmole of copper(I1); 
1.4930 g of resin 

PH f log K, - log [K] 
1.38 0.34 2.02 
1.53 0.47 2.11 
1.75 0.60 2.12 
2.07 0.70 1.99 
2.75 0.88 1.81 

V = 100 ml, 0.0500 mmole of ligand; 
0.0010 mmole of copper(I1); 
0.1500 g of resin 

PH f 
1.50 0.16 

log lii2;o&J Fl 

1.82 0.31 2.13 

;*: 
0.41 2.05 

2:53 
0.62 1.96 
0.65 

2.97 0.86 
3.55 0.94 

V = 100 ml; 0.1000 mmole of ligand; 
0.0010 nnnole of copper(D); 
0.2050 g of resin 

PH f 
1.69 0.33 
1.89 0.50 2.11 
2.13 0.59 2.03 
2.55 0.78 2.00 
3.27 0.95 2.01 

V = 500 ml; 0.0500 mmole of ligand; 
0.0050 mmole of copper( 
0.7610 g of resin 

z 
f log & - log [K] 

0.12 2.10 
2.55 0.29 2.06 
2.55 0.46 2.10 
3.00 0.59 2.16 
3.60 0.71 1.79 
4.00 0.92 2.06 

I = l.OOOm NaCl V = 25 ml; 0.0506 
mmole of ligand; 

0.0050 mmole of copper( 
0.7610 g of resin 

PH f log 4 - log [X] 
1.04 0.23 1.11 
1.58 0.43 0.97 
2.08 0.63 0.83 
2.52 0.84 0.88 
3.03 0.96 1.03 

1.55 0.45 1.04 
2.03 0.65 0.91 
2.30 0.75 0.85 
2.57 0.88 1.03 

Table 5. Sorption of nickel(I1) from 
aqueous solution at different sodium 
chloride concentrations on Dowex 
I-X8 loaded with T-azo-C and T-axo- 

R 

T-axe-C 

V = 50 ml; 0.0102 mmole of ligand; 
0.0910 mmole of nickel(D); 
0.3000 g of resin 
Z = 0.06Om 

PH f log K, - log [i] 
5.00 0.16 -0.81 
5.72 0.54 -0.74 
6.54 0.75 -1.15 

I=O.lOOm 

PH f log 4 - log [E] 
4.93 0.19 -0.87 
6.12 0.70 -1.06 
6.66 0.87 -1.14 

I = 2.OOm 

PH f log x; - log [A] 
3.93 0.13 -1.37 
4.93 0.53 -1.49 
6.16 0.95 -1.49 

T-axe-R 

V = 50 ml; 0.2052 mmole of ligand; 
0.0910 mmole of nickel(I1); 
0.035 g of resin 
I=O.lOOm. 

PH f log t& - log [K] 
1.70 0.24 1.19 
2.10 0.46 1.22 
2.64 0.69 1.09 
3.03 0.80 0.96 

is obtained by applying the Donnan equilibrium to 
the exchange of protons and bivalent metal ions. 

As in the acidity range considered the sorbed 
ligand is present only as HL, f is given by 

(12) 
and insofar as [x] is constant, is a unique function of 
pH - PA. Equation (12) also shows that the volume 
of the s$ution (V) and the total amount of sorbed 
ligand (L, strongly affect the sorption of metal ions. 
On the other hand, the total amount of resin is not 
expected to be important, which is also verified in 
practice. 

The data reported i Tables 4 and 5 allow evalu- 
ation of log K, - log [A] by use of equation (12). The 
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results, reported in the third column of Tables 4 and 
5, show an acceptable agreement with the complex- 
ation constants of the corresponding complexes in 
O.lM sodium perchlorate [log K, = 1.63 and -0.88, 
respectively, for the complexes of copper(I1) and 
nickel(I1) with T-azo-C, and log K, = 1.27 for the 
nickel(II)/T-azo-R complex]. This further confirms 
that the activity of the counter-ion inside the resin 
must be about lm. 

The calculated complexation constant of 
Cu/T-azo-C in l.OOOm sodium chloride solutions is 
somewhat lower than expected, probably owing to 
the competing complexation of copper(H) by chloride 
ions. Indeed early published values= of the stability 
constants of the copper(II)/chloride complexes ac- 
count for the observed difference for l.OOOm sodium 
chloride media. This is further confirmed by the fact 
that this difference is not observed for sorption of 
nickel(I1) ions, which form weaker complexes with 
chloride. 

The conclusion that can be drawn from the results 
obtained in the present research is that equation (12) 
is really useful to calculate the fraction of metal ion 
sorbed on a properly loaded anion-exchange resin. 
The quantities which must be known are the total 
amount of chelating reagent sorbed, the compositions 
of the aqueous solution and of the resin phase 
(capacity and water sorbed), volume and acidity of 
the aqueous phase, and the complex formation and 
protonation constants in the aqueous phase of the 
particular complex considered. All of these are either 
already known, or easily determinable. 
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Summary-A chelating sorbent loaded with dithizone was obtained by chemical reaction with 
styrene-DVB (5%) copolymer as matrix. The analytical characteristics of the sorbent were established and 
optimum sorption conditions for Ag, Cu, Cd, Pb, Ni, Co and Zn under static and dynamic conditions 
determined. The sorbent was applied to determination of copper and lead in river water and of silver in 
electrolytic copper. After separation of traces of metals on the sorbent and desorption with hydrochloric 
acid, the metals were determined in the e&tent by atomic-absorption spectrophotometry. 

It is to be expected that a chelating sorbent loaded 
with dithizone would be useful in analysis, because 
dithizone is one of the most versatile chelating re- 
agents forming complexes with heavy metals. Such 
sorbents have been prepared by deposition of dith- 
izone on polyurethane foam’s* and polystyrene 
beads,’ and used for preconcentration of mercury 
from sea-water, but the recovery was not always good 
enough, because of instability of the sorbent. The best 
dithizone-resin on polystyrene beads3 had to be kept 
in the refrigerator for a few days. Braun and Farag 
have also deposited dithlzone on polyurethane foam 
and used the sorbent for collection of silver’ and 
mercu$ and detection of zinc and lead.6 

A chelating resin was prepared by Tanaka et ~1.’ by 
treatment of a strongly basic anion-exchanger (Am- 
berlite IRA 400) with a sulphonic acid derivative of 
dithizone. 

Another way of preparing chelating resins is by 
chemical reaction. Griesbach and Lie& have de- 
scribed the synthesis of fifteen sorbents, including one 
loaded with dithizone, but the products were not 
analysed and the properties of the sorbents obtained 
were not studied. 

In the present work a chelating resin loaded with 
dithizone was made by chemical reaction. A matrix 
(a styrene-divinylbenzene copolymer) was nitrated, 
reduced, diazotized and coupled with dithizone. It is 
possible to couple with dithizone because in weak 
acid medium its amine groups are able to activate the 
benzene ring for electrophilic substitution. The condi- 
tions for each stage of synthesis were adopted from 
Davies et aL9 The conditions given by Griesbach and 
Lieser (especially for the coupling) did not yield good 
results. 

EXPERIMENTAL 

Reagents 

Standard I-mg/ml stock solutions of Cu, Pb, Bi, Zn, Cd, 
Co, Ni, Ag were prepared by dissolving the metals or 

appropriate salts in a suitable acid or acidified distilled 
water. 

Synthesis 
The method was the same as that for production of a 

chelating sorbent loaded with Arsenazo I.‘O The 
styren&VB (5%) copolymer (10 g) was nitrated with a 
5:2 v/v mixture of concentrated sulphuric and nitric acids 
at 60” for 30 min, and reduced to the amine by treatment 
with a mixture of 80 g of tin(H) chloride dihydrate. 90 ml 
of concentrated hydrochloric acid and 100 ml of ethanol for 
10 hr at 90”. After washing, about half of the reduction 
product was diazotized by alternate slow additions of equal 
amounts of 2M hydrochloric acid and 2M sodium nitrite at 
0”, then washed with cold water and introduced into a cold 
solution of 2.5 g of dithizone in 450 ml of glacial acetic acid 
and 200 ml of acetone (the dithizone was initially ~urificd 
according to Marczenko, ‘I then precipitated -4th 6M 
hydrochloric acid and collected). The coudinn reaction 
was conducted at 0 f 3” for 24 hr. The sorbekt Gas filtered 
off and washed, then treated with hypophosphorous acid for 
10 min. The product was dark brown. 

Experimental techniques 
The sorption of various metals was examined under static 

and dynamic conditions. To determine the capacity and 
stability of the sorbent, optimum sorption conditions (kinet- 
ics, pH) and desorption conditions, the static method was 
used. To determine optimum pH, flow-rate, and sample 
volume in the column process, the dynamic method was 
used. 

The degree of sorption was determined by atomic- 
absorption spectrophotometric determination of the test 
element in the effluent and the eluate. An air-acetylene flame 
was used, with observation at 10 mm above the burner, with 
the following wavelengths (nm): Cu 324.8; Pb 217; Cd 228.8; 
Zn 213.9; Co 240.7; Ni 232; Bi 223.1; Ag 328.1. 

Sorption kinetics. Samples (10 ml) of lo-‘M copper or 
zinc, at pH 6.0-6.1 were shaken for 30,60,90 and 120 mitt 
with 0.5 g of the sorbent in separatory funnels. 

Desorption comfitions. Portions of resin (0.5 g) were 
shaken for 60 min with lO-ml portions of lo-‘M copper 
(PH 6.0) and then stripped by shaking for different times 
with 10 ml of 2M or 4M hydrochloric acid. The stripping 
solutions were analysed by MS. 

Total sorption capacity. This was determined under the 
following conditions: amount of sorbent 0.5 g, vohtme of 
solution 10 ml, amount of metal 2.5 mg, pH appropriate for 
the element concerned, time of shaking 60 min. The resin 
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was separated, washed with water of appropriate pH and 
stripped with 4M hydrochloric acid. The metals in the 
strippings were determined by AAS. 

Sorption under dynamic conditions. A column 9 mm in 
diameter was made with 2 g of the sorbent, and washed with 
water of appropriate pH. Then a 50-ml volume of test 
solution of appropriate pH containing a fixed amount of 
metals was passed through the resin at a flow-rate of 
2 ml/mm. The resin was next washed with water at appro- 
priate pH, and the metal ions were eluted with 15 ml of 4M 
hydrochloric acid and 20 ml of water and determined by 
AAS. The efIsct of flow-rate on the sorption was studied 
over the range 2-5 ml/min. The influence of the sample 
volume was studied by passing 50, 100, 200, 500 and 
1000 ml volumes of metal solutions through the column at 
a constant flow-rate of 2 ml/min. In the examination of 
group sorption of metals, bismuth could not be examined 
because of its hydrolysis under the conditions used. 

Analysis of water samples. A I-litre sample of water was 
filtered and its pH adjusted to 4.5. A column, 9 mm in 
diameter, of 4 g of sorbent was initially washed with 20 ml 
of redistilled water adjusted to pH 4.5. The sample was then 
passed through the column at 5 ml/min, followed by 20 mi 
of redistilled water (PH 4.5). The trace metals were eluted 
with 15 ml of 4M hydrochloric acid and 20 ml of water. 
After evaporation to low bulk the eluate was diluted to 
volume in a lO-ml or 25-ml standard 8ask, as appropriate 
for the amount of element to be determined and the 
sensitivity, and analysed by AAS. 

Determination of silver in cathode copper. The copper 
sample (l-3 g) was dissolved in concentrated nitric acid, and 
the solution was heated to remove nitrogen oxides and then 
evaporated until copper nitrate began to crystallize. The 
residue was dissolved in water and enough nitric acid to give 
a 2M concentration of acid after dilution to volume in a 
SO-ml standard flask. 

aliquot of sample solution was passed through it at 
2 ml/min. The column was washed with water until the pH 
ofthe e&rent was about 3. The silver sorbed was then eluted 
with 10 ml of 0.5M sodium thiosulphate, and after dilution 
of the eluate to volume in a 25-ml standard flask was 
determined by AAS. 

RESULTS AND DISCUSSION 

A column, 3 mm in diameter, of 0.5 g of the sorbent 
was washed with 15 ml of 2M nitric acid, and a 5- or lo-ml 

Table 2. Total sorption capacity, 
mmole/g of sorbent 

Ion 

Cu(I1) 
Pb(I1) 
Zn(I1) 
Ni(I1) 
Cd(I1) 
Co(I1) 
AgO) 
Bi(II1) 

PH Capacity 

5.5 0.08 
4.8 0.05 
6.4 0.04 
6.0 0.04 
6.0 0.05 

(lM?INQ) 0.06 
0 0.06 

2.5 0.03 

amount of sulphur determined, suggesting that there 
is steric hindrance. 

The infrared spectra of the styrenedivinylbenzene 
copolymer (curve l), dithizone alone (curve 2) and 
the synthesis product (curve 3) are shown in Fig. 1. 
The absorption bands at 1200-1300 cm-‘, character- 
istic for -SH groups, are very intense in the spec- 
trum of dithizone and also prominent in the spectrum 
of the dithizone-resin (but not so intense, of cause), 
and may be taken as proof of the presence of the 
dithizone-group in the product. 

Sorption tender static conditions 

The study of the sorption kinetics showed that 
shaking for 1 hr is needed for equilibrium to be 
reached. From the sorption curves (Fig. 2) it can be 
seen that all the elements studied are almost quan- 
titatively sorbed (sorption 90-100%). According to 

The sorbent is highly stable and can be used 
repeatedly. A sample used 25 times in succession 
under static conditions did not decrease in sorption 
efficiency. A column of sorbent was used con- 
tinuously for about 6 months with good results. Our 
findings are quite different from those previously 
published for sorbents prepared by deposition of 
dithizone on polymer beads.lm3 

Characteristics of the reagent 

The results of elemental analysis of the amine- 
derivative of resin and the final product of synthesis 
are given in Table 1. The results for nitrogen 
(9.8-10.6%) in the final product suggest incomplete 
reduction (the amount of nitrogen corresponding to 
the amount of sulphur determined is 8.4%). 

The metal-ion capacity ranges from 0.03 mmole/g 
of dry so&tent for bismuth to 0.08 mmole/g for 
copper (Table 2), and is lower than expected from the 

Table 1. Elemental analysis of products of synthesis 

Content, % 

Element 

C 

H 

N 
S 

Amine-derivative Dithizone-resin 

62.6-63.8 56.3-56.9 

5.9-6.1 4.54.1 

14.0-14.3 9.8-10.6 
- 3.0-3.2 

1300 1100 900 

Wovenumber (cm-’ 1 

Fig. 1. Infrared spectra (oil medium): l-the matrix, 
2-dithizone, 3-the dithizone-resin. 
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Fig. 2. Relationship between sorption and solution pH. 

the optimum pH of sorption, the metals studied can Silver is desorbed by shaking with three portions of 
be divided into three groups: OSM sodium thiosulphate, each for 10 min. 

(a) metals which are quantitatively sorbed only in 
alkaline medium: nickel, cobalt, zinc and cadmium; 

(b) metals which are quantitatively sorbed both in 
alkaline and acid medium: copper, bismuth and lead; 

(c) metals which are quantitatively sorbed only in 
acid medium: silver. 

Column method 

The dithizone sorbent is selective for silver, which 
can be separated in aqueous acidic solution from 
each of the other metals studied. The sorbent can 
be applied to isolation of a group of metals, e.g. 
pH 5-6.5 is optimum for sorption of Cu, Pb, Cd, CO, 
Ni, Zn. 

All the elements retained by the sot-bent, except 
silver, are easily stripped by shaking with three 
portions of 4M hydrochloric acid, each for 10 min. 

The results for sorption of a group of metals (Cu, 
Pb, Cd, Co, Ni, Zn) at different pH values (Table 3) 
show that the column method is more efficient than 
the static method, all six elements being sorbed 
quantitatively at pH 2 5. The flow-rate affects the 
degree of sorption, except for copper and lead (Table 
4). Also, increase in the sample volume decreases the 
degree of sorption (except of copper and lead) for 
a fixed amount of sorbent and fixed total amount 
(50 p(p) of metal (Table 5). Thus for the group 
separation of all the elements the optimum flow-rate 
is 2 ml/min and the optimum sample volume is 50 ml. 

The results obtained show that copper and lead are 
the best sorbed. The optimum pH for sorption of 

Table 3. Group column sorption of metals at different pH values; 50 ml 
of solution, flow-rate 2 ml/min, amount of each metal 50 Pg 

Sorption, % 

pH Cu Pb Zn Cd co Ni 

4.0 100 100 95.5 100 74.0 93.0 
5.1 100 100 100 100 100 100 
6.5 100 109 98.6 98.5 100 100 

Table 4. The influence of the flow-rate on the degree of sorption 
at pH 5.1 

Sorption, % 
Flow-rate, 

mllmin Cu Pb Zn Cd co Ni 

2 100 100 100 100 100 100 
5 100 100 63.5 62.5 43.0 45.0 
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Table 5. The influence of the samnle volume on the degree of sorption at 
pH 5.2; flow-rate 2ml/min; 50 pg of metal _ 

Sample 
volume, 

ml 

50 
100 
200 
500 

Sorption, % 

Cu Pb Zn Cd 

100 100 100 100 
100 100 89.5 91.0 
100 100 87.5 91.5 
100 100 75.2 78.5 

co Ni 

100 100 
73.0 17.5 
73.5 73.5 
50.0 50.0 

1000 100 100 69.5 64.0 44.0 45.0 

Table 6. Analysis of synthetic water; pH 5.2; sample 100 ml, 
flow-rate 5 ml/mm 

Added, Found, Recovery, 
Element pg pg % n 

CU 25 24.3 97.2 6 
15 14.6 97.0 4 

Pb 50 49.5 99.0 6 
25 24.7 98.8 4 

copper and lead in the column method is lower than 
for the other elements (Table 3). Also the 
effectiveness of sorption of copper and lead does not 
depend on the flow-rate and the sample volume. 
These facts suggest that the copper and lead com- 
plexes in the system studied are much more stable 
than the complexes of the other elements. However, 
stability of the complex is only one of the many 
factors which affect the affinity of an ion for the 
sorbent. 

Applications 

Our investigations show that the dithizone-resin 
can be applied to the separation of copper and lead 
from water and to the separation of silver from other 
metals, and results for the determination of copper 
and lead in river water and of silver in copper cathode 
metal are given below. 

Analysis of water. A synthetic water sample having 
the composition (mg/l.) Na+ 30, K+ 8, M$+ 40, 
Ca*+ 110, Cl- 248, SC)- 158, conforming to accept- 
able limits for drinking water, was analysed for two 
levels of copper and lead, and the results in Table 6 

show that the salts present in the water do not affect 
the degree of sorption of copper and lead. Analysis 
of a river water gave a relative standard deviation of 
about 1.5% for both copper and lead at the 5.3 and 
7.8 pg/l. level respectively. 

Analysis of cathode copper. The results of deter- 
mination of silver in copper by separation with the 
dithizone-resin and analysis by AAS were in good 
agreement with those obtained by the independent 
method described by Boguszewska et al.,” as shown 
in Table 7. 
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&mnmry-An extractive atomic-absorption spectrophotometric (AAS) procedure is developed for fast 
and accurate determination of up to 20 &g antimony in lead and zinc concentrates and other smelter 
products. The procedure involves digestion of the sampIe with potassium bisulphate and sulphuric acid, 
addition of hydra&e to reduce all antimony to Sh(III), reoxidation to Sb(v), extraction of the 
chloro-complex of antimony(V) with n-butyl acetate, and AAS analysis of the organic phase for antimony. 

~te~i~tion of antimony by ato~c-abortion 
spectropbotometry (AAS) has been dealt with in fair 
detail in the literature.‘-5 Donaldson’ has developed 
several methods for the determination of small 
amounts of antimony in copper, nickel, lead, zinc and 
moly~enum concentrates and related materials. 
These methods involve preliminary separation of 
antimony(II1) from the matrix elements by co- 
precipitation with hydrous ferric and lanthanum ox- 
ides. The precipitate is dissolved in dilute hydro- 
chloric acid and antimony is determined either by 
AAS or, if the sample contains < 100 fig/g antimony, 
by the spectropbotometric iodide method after fur- 
ther separation from iron, lead and other co- 
extracted elements, by chloroform extraction as anti- 
mony xanthate. Although these methods yield 
accurate results for antimony, they are time- 
consuming, particularly the spectrophotometric 
method, and the AAS method is not applicable to 
samples of high lead and iron contents. Recently 
Donaldson and Wang6 publisb~ another method for 
tbe determination’ of 5 ,ugfg or more of antimony as 
well as small amounts of bismuth, indium, copper 
and cadmium in ores and related materials. However, 
this method is also not rapid, because it involves an 
iron co-precipitation step to recover antimony re- 
tained by lead and calcium sulpbates, followed by 
methyl isobutyl ketone (MIBK) extraction, and strip- 
ping of the iodide complex before the AAS deter- 
mination. 

In general, the sensitivity of antimony deter- 
mination in aqueous solutions by AAS is not very 

*Author for correspondence. 

high. Solvent extraction not only helps in separating 
and concentrating the desired species, but also in- 
creases the sensitivity.2 Several workers have em- 
ployed ketones and esters, viz. amyl acetate, MIBK 
and n-butyl acetate for the extraction of the chloro- 
complex of antimony~) from hydr~~o~~ acid solu- 
tions and determined antimony by aspirating tbe 
organic phase into the flame.*’ These procedures 
were developed mainly for metallurgical samples and 
geological prospecting. 

We have worked out a procedure for the deter- 
mination of antimony in our lead and zinc smelter 
products, viz. concentrates, lead sinter, blast furnace 
slag and zinc calcine. Tbe procedure involves suitably 
decomposition of the sample, and taking up the salts 
in 6M by~~~o~c acid. Sodium nitrite is added to 
oxidize antimony(II1) and the cbloro-complex of 
antimony(V) is immediately extracted with n-butyl 
acetate, the extract then being aspirated into tbe 
flame. n-Butyl acetate was chosen as solvent hecause 
its solubility in bydr~hlo~c acid of high concen- 
tration is much less than that of MIBK5 and it still 
gives a good sensitivity enhancement.2 The time 
interval between oxidation and extraction is too short 
for problems to arise from hydrolysis of anti- 
mony(V). This procedure is found to be fast and 
reliable. 

EXPERIMENTAL 

Apparatus 
A Varian Teehtron AA-275 event was used. The 

air-flow was set at 8.5 and a pressure of 40 psig, and the 
acetylene-flow was set at 2.0 on the gas manifold, with 
pressure 10 psig. The aspiration rate was 3.5-4.0 ml/mm and 
the measurements were made at 217.6 nm. 
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HCt (86) 

Fig. 1. Effect of HCl concentration on the extraction and 
determination of 50 pg antimony. Aqueous phase, 50 ml; 
n-butyl acetate, 10 ml; 5% NaNOr solution added 0.5 ml. 

Reagents 
Standard antimony solution. Pure antimony metal 

(1.0000 g) is heated with 10 ml of concentrated sulphuric 
acid in a 250-ml beaker on a hot-plate till dense white fumes 
are evolved. The beaker is cooled, a little water and 1 g of 
hydraxine sulphate are added and the solution is heated 
again till dense white fumes have evolved for 15 min. The 
beaker is then cooled in ice-water, 100 ml of 2M hydro- 
chloric acid are added and the mixture is allowed to attain 
room temperature. The contents of the beaker are trans- 
ferred to a l-litre standard flask and made up to the mark 
with 2M hydr~~o~c acid, This solution contains 1 mg/ml 
antimony, and is diluted with 6M hydrochloric acid to give 
a IO-&ml working standard. 

Sodium nitrite solution, 25%. Freshly prepared. 

Procedures 
Calibration. To 40 ml of 6&f hydrochloric acid in each of 

six 125-ml separating funnels 0, 2, 4, 6, 8 and 10 ml of 
antimony working standard solution are added from a 
burette, and the total volume is made up to 50 ml by 
addition of the required quantity of 6M hydrochloric acid. 
One ml of sodium nitrite solution is added to each sepa- 
rating funnel, followed immediately by 10 ml of n-butyl 
acetate from a safety pipette. The separating funnels are 
shaken gently for 3Osec and the layers are allowed to 
separate. The lower aqueous layers are drained off and the 
organic layers are washed with 10 ml of 10% v/v hydro- 
chloric acid solution. The aqueous layers are discarded and 
the organic layers are drained off into test-tubes through 
rolled-up filter paper placed in the stems of the separating 
funnels. The organic solutions then measured by AAS, with 
pure n-butyl acetate used for setting the xero. The absorb- 
ance of the blank (zero added antimony), if any, is deducted 
from the absorbance values of the standards. 

Sample treatment. Depending on the antimony content, 
0.1-1.0 g of the sample is weighed accurately and into a 
250-ml beaker. One g of potassium bisulphate and 10 ml of 
concentrated sulphuric acid are added and the beaker is 
covered with a watch-glass (Note 1). The beaker is heated 
for 1 hr on a hot-plate. The beaker is cooled and its walls 
are washed down with a small quantity of water (10 ml). 
One g of hydra&e sulphate is added and the heating is 
repeated till dense white fumes are evolved. The beaker is 
cooled in ice-water, 50 ml of 6M hydr~hloric acid are 
added and the beaker is warmed just enough for the salts to 
dissolve, and is then cooled. The contents of the beaker are 
transferred to a lOO-ml standard flask and made up to the 
mark with 6M hydrochloric acid (Note 2). An aliquot 
containing 20-100 pg of antimony is taken in a 125-ml 
separating funnel and 6M hydr~~o~c acid is added to 

make up the volume to 50 ml. The solution is then processed 
as described under calibration, starting from the addition of 
sodimn nitrite. Antimony is determined in the organic 
solutions by comparing with standard solutions (Note 3). 

Notes 
(1) In the case of blast furnace slag, the sample is taken 

in a Teflon beaker, and 15 ml of concentrated hydrofluoric 
acid are added after the potassium bisulphate and sulphuric 
acid. 

(2) For samples containing less than 0.01% antimony, a 
l-g sample is processed and the whole sample solution is 
used without dilution to 100 ml. 

(3) The organic extracts are quite stable and can be read 
even on the next day provided the tubes containing them are 
tightly stoppered. 

DISCUSSION 

Eflect of hydrochloric acid concentration on the ex- 
traction of antimony 

It is well known that the degree of extraction of 
antimony(V) increases with hydrochloric acid con- 
centration. Hannaker and Hughes5 recommended 
8M hydrochloric acid for extraction with n-butyl 
acetate, but in general, the higher the acid concen- 
tration, the greater the mutual solubility of the two 

phases. Figure 1 shows that the antimony extraction 
into n-butyl acetate is complete even from JM hydro- 
chloric acid. Hence an acid concentration of 6~ is 
recommended. 

Effect of sodium n&rite concentration 

Nitrite is generally preferred for the oxidation of 
antimony prior to extraction.3~4~7*8 Yanagisawa et aL4 
noted that when excess of sodium nitrite is used, with 
MIBK as solvent, the organic layer becomes brown- 
ish yellow and the antimony signal is lowered. With 
n-butyl acetate as solvent, we found that although a 
brownish yellow colour developed with increasing 
sodium nitrite concentration, there was no effect on 
the antimony signals (Fig. 2). Further, washing the 
organic phase with 10% v/v hydrochloric acid to 
remove any co-extracted iron also removed the 
brownish yellow colour completely, although it failed 
to do so when MIBK was used as the extractant. It 
is interesting that Walker et aL3 did not record any 
such effect even though more nitrite was used (2 ml 

140r T 

p20 \ 

ii 
2 100 

ho= = = = O 
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0 1 2 3 4 5 

Vol. of 5% NaNOs solution (ml) 

Fig. 2. Effect of sodium nitrate on the determination of 50 
pg of antimony, 0, n-butyl acetate; A, MIBK. 
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Fig. 3. Effect of ferrous iron on the determination of 50 pg 

of antimony. A, I ml of 25% NaNOZ solution; 0, 0.5 ml 
of 5% NaNO* solution. 

of 20% potassium nitrite solution) with n-amyl 
acetate as solvent. When amyl acetate is used in our 
method, washing the organic layer again removes the 
brownish yellow colour that is formed initially. 

Effect of ferrous iron concentration 

In the initial studies, when only 0.5 ml of 5% 
sodium nitrite solution was used, the antimony re- 
sults for lead blast furnace slag were very low. Since 
this slag contained 30-35% iron, mostly as ferrous 
oxide, it was suspected that the sodium nitrite was 
being consumed by the ferrous iron, thus inhibiting 
the oxidation of antimony, and this was confirmed 
experimentally. Different quantities of ferrous iron to 
a known quantity of antimony at two different 
concentrations of sodium nitrite (Fig. 3). Hence, the 
quantity of sodium nitrite added was increased to 1 
ml of 25% solution. 

Eflect of decomposition procedure 

Decomposition with potassium bisulphate 
sulphuric acid mixture gave smooth decomposition 
for all samples. In the case of highly siliceous samples 
such as blast furnace slag, though the silica gel 
produced did not affect the final results, it caused a 
separate phase during extraction, creating difficulties 
in transfer of the organic layer. This was overcome by 
treating the sample according to Note 1. With zinc 
calcine, the digestion procedure yielded very low 
values for antimony. It was suspected that in zinc 
calcine, a product from the fluidized bed roaster, the 
antimony was probably present in its higher oxi- 
dation state. Addition of hydrazine sulphate during 
the digestion resulted in complete recovery of the 
antimony, confirming that part of the antimony was 
probably in the quinquevalent state. It is well known 
that for quantitative extraction of antimony(V), the 
antimony(II1) must be oxidized just before the extrac- 
tion, to avoid the problem of hydrolysis.3*S’i Similar 
behaviour was expected for the lead sinter, but in this 
case addition or exclusion of hydrazine sulphate did 
not appreciably affect the analytical values (Table 1). 
This may be due to the fact that lead sinter is not 
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Table 2. Antimony results obtained for lead-zinc concentrates and other related products with 
the recommended method 

Sample 

Certified Sb tSb found by 
*Antimony Standard value and AAS 
found, % deviation range. % method’. % 

1. Zinc concentrate CZN-1 

2. Zinc concentrate 
(Zawar Mines) 

3. Zinc calcine 
4. Lead concentrate 

(Agnigundula Mines) 
5. Lead concentrate 

(Zawar Mines) 
6. Lead concentrate 

(CPB-1) 
7. Lead sinter (1) 
8. Lead sinter (2) 
9. Lead blast furnace slag 

*Average of five results. 
tReference 1. 

0.054 

0.0025 

0.035 
0.0064 

0.035 

0.374 

0.225 
0.226 
0.025 

subject to such severe oxidative treatment as the zinc the method can be conveniently applied for deter- 
calcine. However, the addition of hydrazine sulphate mination of antimony in lead and zinc concentrates 
is still recommended as a general precaution for and its various smelter products. An analyst can 
dealing with quinquevalent antimony present in the comfortably complete the analysis of 6-8 samples in 
sample or arising during the decomposition.‘,” less than 8 hr (one shift). 

Digestions involving nitric acid, followed by 
fuming with sulphuric acid, yielded low values for 
antimony. Addition of hydrazine sulphate during 
the fuming stage improved the antimony values, but 
they were still always marginally low (Table 1). As 
suggested by Donaldson,’ this effect, which occurs 
whether hydrazine sulphate is added or not (Table 2), 
is caused by the formation of an unreactive mixed 
antimony (III + V) species, which is formed in the 
presence of oxidizing acids and is not readily reduced 
with hydrazine sulphate. 
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Summary-The performance of 5 combination pH electrodes with special design features has been 
assessed. Two electrodes were intended for measurements in low-conductivity waters, two were designed 
to have a rapid and stable temperature response and one electrode shared both features. The performance 
in low-conductivity waters was either poor or merely acceptable; better results have been obtained with 
separate glass and reference electrodes. The electrodes designed to have good temperature response were 
better in this respect than conventional combination electrodes, but the same or better performance can 
be obtained by use of separate glass and remote-junction reference electrodes. It should be noted that the 
temperature coefficients of these combination electrodes were the same as for almost all pH electrodes: 
any improvement was only in the rate and stability of response. 

Combination pH electrodes have the glass membrane 
electrode and the reference electrode built into a 
common body. In studies of pH measurement in 
poorly buffered, poorly conducting, waters,‘” such 
electrodes have tended to give larger errors than are 
obtained with separate glass and reference electrodes. 
The errors are associated with the reference half of 
the combination electrode,2*4*5 the design of which is 
a compromise to make it fit into the standard elec- 
trode body, particularly so with regard to the liquid 
junction. Nevertheless, combination electrodes ap- 
peal to users because they are thought to be con- 
venient to handle. A few combination electrodes from 
the wide range commercially available have, there- 
fore, been selected for testing. On the basis of pre- 
vious work with reference electrodes in general, cer- 
tain types were not expected to be satisfactory and 
these were excluded from the tests, namely electrodes 
with reference filling solutions immobilized in any 
way, ‘*‘s8 and electrodes in which solutions saturated 
with silver chloride contact a ceramic-frit junction.4*5*9 
Those selected have features designed to improve on 
“standard” electrodes with regard to temperature 
response or errors in poorly buffered media. The test 
procedures have been described elsewhere.4*‘0 

THEORY 

pH response 

At constant temperature, the pH response of a 
combination electrode is given by a form of the 
Nernst equation: 

E=E;- EO!-kpH+Ej (I) 

where E:, and EL are the standard potentials of the 
glass and reference electrodes, respectively, E, is the 
liquid-junction potential and k is the slope factor, 

theoretically equal to 2.303 RTIF with R the gas 
constant, F the Faraday constant and T the absolute 
temperature. The pH at which E = 0 is the zero-point 
pH for the electrode and its denoted by EOpH. 

Temperature response 

The e.m.f. of an electrode over a range of tem- 
peratures can be approximated by use of the iso- 
potential coefficient,11~12 pH,. The derivation and 
limitations of this approach have been discussed.” 
Equation (1) can be reexpressed as 

Ea:E,-k@H-pH,) (2) 

where Es contains the temperature-invariant com- 
ponents of E$, EL and El, and pH, allows for the 
temperature-dependent components. 

EXPERIMENTAL 

Apparatus 
E.m.f. values were measured with a digital pH meter 

reading to 0.1 mV. The temperature was controlled by 
means of a Techne C-100 thermocirculator connected, when 
necessary, to a Techne 1000 refrigerator unit. 

Reagents 

Standard NBS buffers were prepared from BDH 
“AnalaR” materials: 0.05m potassium hydrogen phthalate 
(PH 4.005 at 25’) and 0.025m potassium dihydrogen 
phosphate/O.O25m disodium hydrogen phosphate (pH 
6.865 at 25”). Dilute mineral acid solutions (10e4N and 
3 x lo-‘N) were prepared by dilution of a stock solution 
made up from an ampoule of concentrated volumetric 
reagent (BDH). 

Electrodes tested 
The manufacturers’ descriptions of the electrodes tested 

are summarized in columns l-7 of Table 1. All the elec- 
trodes conformed to the “standard” body size (12 mm in 
diameter and 90-100 mm head of filling solution). The 
distinctive features of their design are listed in columns 8 
and 9 of Table 1. 
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RESULTS 

There are no agreed tolerances for the performance 
of pH electrodes, even in standard documents,15~*6 
although what constitutes an acceptable total error 
inevitably depends on the purposes and conditions of 
the analysis. The criteria in Table 2 are proposed by 
the author as practical measures for assessing elec- 
trodes, based on tests of commercial pH and refer- 
ence electrodes.4*5s’0 Other criteria could be proposed, 
especially with regard to changes in performance with 
age, but the working analyst is unlikely to have time 
for more than spot checks, and an undamaged elec- 
trode should be capable of working for 6-12 months 
unless exposed to especially hostile physical or chem- 
ical conditions. By application of these criteria it 
should at least be possible to avoid the worst elec- 
trodes. 

Tests on low-conductivity waters 

The results are summarized in Table 3. Com- 
parison with Table 2 shows that electrodes XI and 
XII were unacceptable in almost every respect and 
the replacement electrode XXI was the only one 
meeting all the criteria. Electrodes XVI and XXII 
were good or acceptable except with respect to noise. 
Electrode XXII was peculiar in that medium-term 
(OS-1 min cycle) rather than short-term (~5 set 
cycle) instability was the main problem and that this 
also occurred in unstirred solution: it may be that the 
rate of outflow of filling solution was too high to 
produce a stable junction. 

These results show the difficulty of predicting a 
priori whether an electrode will be good or bad for a 
given application. Selection on the basis of geometry 
of the liquid junction (frit or sleeve) is clearly un- 
reliable since good and bad electrodes of both types 
were found. In the nominally identical electrodes 
XXI and XI, the junctions had very similar flow-rates 
and electrical resistances, yet differed grossly in the 
important characteristics of junction bias and re- 
sponse. The two electrodes with plastic sleeves (XVI 
and XXII) differed by factors of 100 in flow-rates and 
10 in electrical resistance, but showed considerable 
similarity in the way their potentials behaved. The 
uselessness of anything but extremes of flow-rate and 
electrical resistance in the prediction of performance 
has been noted before.4s5 

Temperature tests 

A reliable pair of separate electrodes was included 
for comparison: a Corning 003 11101 J glass electrode 
(XIV in Ref. 10) and a calomel electrode with a 
remote ceramic frit junction (VIIIE in Refs. 4 and 
10). In these tests the electrodes were generally im- 
mersed just sufficiently to ensure electrical continuity, 
so there was no question of the whole electrode being 
at thermal equilibrium. Electrode XV, however, was 
immersed up to the level of the internal bafIle, so 
the temperature of the glass and reference half-cells 
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Table 2. Proposed criteria of acceptability for pH and reference electrodes 

Electrode classification 

Performance characteristic* “Good” “Acceptable” 

Slone factor? (mV/nH) at 298.15 K 58.8 f 59.4 57.5-60.0 
No&# (mV)’ . * . <O.l d 0.2 
Shift on stirring5 (mV) <0.2 *IO.3 
Response time (set) c20 660 
Junction biast$ (mV) 1.5-2.0 63 
E“pH (difference from expected value) *0.2 kO.5 
Isopotential pH (difference from expected value) io.2 &OS 

*The following approximate equivalences may be useful: 1 mV (or 0.017 pH, 0.01 pH = 0.6 

tit zy be noted when calculating these characteristics that good buffer solutions have a 
tolerance of ~0.003 pH” and some commercial buffer powders may give a tolerance 
no better than &to.02 PH. 

#See footnotes to Table 3. 

Table 3. Measured characteristics of combination electrodes at 25” 

Junction 
electrical Slope Shift on Response Junction 

Flow-rate, resistance, factof, Noid, StiITillg: timed, bias’, 
Electrode Wr kR m VIM mV mV set mV E”pH 

zz %:‘: 0.3 0.3 58.8 58.6 0.2 0.4 -0.3 0.5 9060 9,18 6.9 1.1 7.89 7.13 
XII* 17 2.1 58.8 o.st 600,180 7.05 

:; 0.4 0.2 11 1.8 58.5 59.4 

::: 

0.7 0.3 120,- 40,200 

::: 

1.0 7.12 7.03 
XXII 190 1.1 58.6 0$!2F, 0.4 30,3 0.9 7.11 

%leaaured in pH-4 and pH-7 buffer solution. 
bPeak-to-trough in stirred 3 x lO_sN HrSO,. 
%.m.f. (stirred)--e.m.f. (quiescent) in lo-*N HrSO,. 
@I’iie to reach ~~lib~~ after (a) stopping and (b) restarting stirring in IO-‘N H2S04. 
%.m.f. in pH-4.005 phthalate bufIer--e.m.f. in quiescent pH-4.006 (lo-‘N) H,SO,. 
*Data on reference half-cell from Ref. 4. 
tARer transient of -5 mV. 
#The higher figure represents slow (N 30 set) fluctuations. These also occurred at an amplitude of about 

0.3 mV in unstirred solution. 

should have been very close to that of the solution (cf. 
electrode I in Ref. 10). Each electrode of the separate 
electrode pair should have been at thermal equi- 
librium, but there would have been a temperature 
gradient along the junction tube, except at 25”. These 
arrangements correspond to normal practice. 

Temperature coeficient of the slope factor. The 
ratios of the observed to theoretical values of t?k JaT 
obtained in several experiments are shown in Table 4. 
As with separate glass and reference electrodes,“’ the 
observed values do not differ from the theoretical 
ones within experimental error. 

Recovery of original e.m.f. The changes in e.m.f. as 
the electrodes were taken through temperature cycles 

starting and finishing at 25” were generally less than 
1 mV (Table 5) and so hysteresis was of little or no 
significance. Over 3 or 4 runs like those in Table 5, 
the electrodes (with the exception of XVI) usually 
gave larger changes on the first cycle, especially after 
a period of storage. These differences may arise from 
the condition of the junction after storage, because 
they were smaller for the fast-flowing junction of 
electrode XII and random for electrode XVI, in 
which the junction is re-formed for each immersion. 

Time course of the temperature response. Figure 1 
shows how the e.m.f. found in potassium hydrogen 
phthalate buffer solution varied with temperature for 
various electrodes. Figures 1A and 1B show the e.m.f. 

Table 4. Temperature coefficient of the slope factor 

Electrode XXI xv XVI XXII XIV + VIII 

Temp. range (“C) 9-50 11-72 9-50 9-50 9-50 
O~~~/theo~ti~l* 1.000 0.997 1.000 0.996 1.001 
Std. devn. 0.004 0.004 0.007 0.004 0.005 
No. of trials 5 5 4 5 7 

* AklAT . 
2.303R/F 
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Table 5. Evidence for tharmal hysteresis 

EIectrodes 
XII XXI xv XVI XXII xIv+vI11 

Extreme temp., Cycle no. Change in e.m.f. on return to 250C, rn~ 

50 1 1.8 3.6 -0.3* 0.0 -0.8 0.7 
2 -0.8 0.2* 0.6 0.0 0.0 

10f 1 1 0.4t 0.2 -0.2 0.3 0.6 0.3 
2 0.5t -0.4 -0.4 0.0 -0.4 -0.6 

*Extreme temperature = 72°C. 
tExtreme temperature = 15°C. 

responses in successive cycles as the temperature was 
varied smoothly. Electrodes XV and XXII tended to 
overshoot and electrode XXII showed ~nsiderable 
ins~bility on the first cycle. Figure 1C shows the 
responses for a direct transfer from solution at 25” to 
an identical solution at 40”: those of electrodes XVI 
and XXII went through a maximum and that of 
electrode XXI showed instability. Figure 1D shows a 
direct transfer between solutions at 25” and 74”: 
electrode XV overshot slightly but the separate pair 
(XIV + VIII) responded very sharply. Electrodes 
XVI and XXII always gave responses that went 
through a maximum on an increase in temperature 
(or a minimum for a decrease) and this reflects the 
different thermal capacities and positions of the glass 
and reference halves of these electrodes. Figure IA 
shows electrode XXII at its worst: generally the 
potential changed smoothly. The response of elec- 
trode XXI sometimes changed smoothly and some- 
times as in Fig. 1C: the thermal matching of the two 
halves of the electrode was seemingly imperfect. 
Electrode XV had a relatively small tendency to 
overshoot, showing the near-equivalence of the two 
parts of the electrode. 

The advantages of matching the internal and exter- 
nal reference elements are shown by the better per- 
formance of electrodes XV and XXI compared with 
electrodes XVI and XXII, although the performance 
of the former pair also showed that the matching was 
imperfect. Figure ID shows that if electrodes were 
switched between solutions at different tem~~tur~, 
then using a glass electrode with a small thermal 
capacity and a remote junction reference electrode 
(XVI + VIII) gave a sharper response than was ob- 
tained even with a thermally matched combination 
electrode. 

ZsopotenfiulpH. Table 6 shows the results calculated 
for ranges of temperature either side of 25“. In the 
higher range the results for combination electrodes 
are grouped closely around the expected value of 7, 
but the values in the lower range are much smaller. 
This discrepancy arises from two main sources. 

(a) The temperature coefficients of the standard 
potentials are not truly linear.‘3 

(6) The thermal gradients inside the electrodes are 
different for hot and cold test solutions, because of 
convection.1o 

In the case of the separate pair of electrodes 
(XIV + VIII), the difference should arise only from 
non-enmity of the tem~rature coef%ient of the 
glass electrode’s standard potential, because the refer- 
ence electrode was at a constant temperature and the 
glass electrode should have been in thermal equi- 
librium with the test solution. 

DISCUSSION 

The various performance characteristics have al- 
ready been discussed in terms of the construction of 
the electrodes, and these will now be considered 
individually. 

Ross electr~s 

One example with a fkit junction (XI) had a poor 
performance in low~nductivity waters, whereas the 
other (XXI) was highly acceptable. The version 
specifically designed for such measurements (XII) 
was the worst of all those included in these tests. Two 
electrodes (XI and XII) deteriorated rapidly, with 
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Fig. 1. Response to changes in temperature in pH 4 bufTer. 
A, B and C 25-M”; D 25-74”. 
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Table 6. Isopotential pH 

Electrode 
Temp range, 

“C XXI XI XII xv XVI XXII xIv+vI11 

25-50 PH, 7.08 7.15* 7.Y 7.18 6.74 6.84 7.90 
s.d. 0.65 - 1.3 0.44 0.31 0.23 0.18 
n 8 1 3 3 7 6 4 

25-10 f 1 PH, 6.30 6.67 6.50 6.15 5.27 5.69 7.28 
s.d. 0.30 - 0.90 0.17 0.33 0.42 0.49 
n 3 1 5 3 3 3 3 

*Range 25-35°C. 

visible changes in the reference half-cell. The refer- 
ence filling solution changed from yellow-brown to 
an opalescent pale yellow (at which stage E” had 
shifted by about 50 mV, but the slope factor was 
unchanged) and finally, about 3 months after pur- 
chase, became colourless, and a steady e.m.f. could 
then not be obtained. The iodine in the reference 
solution had apparently been consumed and in the 
absence of a well-poised redox couple a steady e.m.f. 
could not be expected. The solution inside the glass- 
electrode half of the combination electrode was not 
visibly changed and measurement of the individual 
half-cell potentials us. a separate calomel electrode 
showed that only the reference half was faulty. This 
fault prevented the full range of tests being applied to 
electrodes XI and XII. There was no access to the 
reference half-cell to allow the solution to be analysed 
or replaced. With a replacement electrode (XXI) the 
same problem had not arisen within a space of 6 
months, during which the standard potential changed 
by -8 mV. 

Since these electrodes are designed to have superior 
temperature characteristics, their performance in this 
respect was disappointing. Table 6 shows that the 
isopotential pH was determined with less precision 
than for other electrodes and the discrepancy in 
response to warm and cold solutions, although 
smaller than for the other combination electrodes, 
was no better than that obtained with a glass elec- 
trode and a separate remote junction reference elec- 
trode. The expected simple and rapid responses to 
changes in temperature were not always obtained, as 
exemplified by Fig. 1C. Electrode XI also showed the 
largest discrepancy between E”pH and pH,, which 
with many pH meters leads to inaccurate temperature 
compensation: this was probably because of the 
deteriorating reference half-cell. 

It should be noted that the design of this electrode . 
does not reduce the temperature coefficient of the cell: 
the temperature coefficient of the slope factor is a true 
constant that is not under the analyst’s control and 
the temperature coefficient of the standard potential 
(expressed as pHim) is designed to be the same as that 
for all standard commercial electrodes (pH, = 7). 
Descriptionis of these electrodes as being “virtually 
temperature insensitive” is very misleading. 

Ingold 405-EQ (Equithal) 

The Equithal electrode is not optimized for use in 
low-conductivity waters, and its performance in this 
regard was only modest. After one year, despite being 
stored in 3M potassium chloride when not in use, its 
slope factor suddenly dropped to 52 mV/pH, which 
is typical of a frit becoming blocked with precipitated 
silver chloride (electrodes II and III in Ref. 4). 
Although initially the filling solution is not saturated 
with silver chloride, it is always possible for silver 
chloride to dissolve from the electrode itself and be 
transported to the frit, especially when the electrode 
is being stored and there is no outflow of filling 
solution. Measurement against a calomel electrode 
confirmed that the reference half of the combination 
electrode was at fault. Some recovery in performance 
was evident when the filling solution was replaced by 
fresh 3M potassium chloride and the electrode was 
soaked for 1 month in the same solution. 

The electrode is designed to have good thermal 
properties, and Fig. 1 shows that the e.m.f. changed 
smoothly with temperature, with only a slight over- 
shoot of e.m.f. on change of temperature, i.e., the 
glass and reference half-cells were well (but not 
perfectly) balanced. The results for isopotentials in 
Table 6, however, showed that the precision of pH, 
and its variation with temperature were un- 
remarkable. 

Ingold 40588TE 

This electrode has a liquid junction designed for 
high-precision measurements. It had a fairly accept- 
able performance in low-conductivity waters, but use 
of a separate reference electrode with a similar type 
of junction gave even better performance.’ Although 
the reference electrode is of the silver-silver chloride 
type, the junction is relatively immune to clogging 
with silver chloride and can easily be cleaned if 
necessary. The consumption of internal filling solu- 
tion is remarkably low for a sleeve-junction electrode 
and this is of considerable convenience. 

The thermal properties of the electrode have not 
been optimized and the e.m.f. always overshot when 
the temperature was changed, because of temperature 
gradients within the electrode. The variation of iso- 
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potential with temperature was greater than for the 
~uithal electrode or a separate glass/remote refer- 
ence arrangement. 

RusseN CIVL-LCW 

This electrode is designed for use in low- 
conductivity waters and the bias in such solutions 
was small, although this was the only electrode to 
show slow fluctuations of potential in such solutions. 
The high rate of outflow of the reference solution 
poses problems in monitoring over periods of more 
than an hour or two because enough potassium 
chloride may leak into a small volume of test solution 
to affect the activity coefficients and the liquid- 
junction potential, and hence the indicated pH. The 
head of electrolyte solution drops fairly quickly and 
the properties of the electrode may change, until it 
ceases to work because the calomel element is no 
longer immersed. Keeping the reservoir full would be 
an insignificant maintenance burden in laboratory 
use but inconvenient for any permanent installation. 
Previous tests with a variety of electrodes4*s do not 
suggest that such a high flow-rate is necessary. 

The use of a calomel reference half-cell should 
avoid the junction blockages found with the silver 
chloride types, but is unlikely to confer good thermal 
properties. In fact, the electrode’s thermal per- 
formance was better than might have been expected 
from m~s~ements with separate calomel reference 
electrodes,i” although the isopotentia1 pH varied con- 
siderably with temperature and the e.m.f. always 
overshot the equilibrium values on changes in tem- 
perature. Hysteresis was not a problem in these tests. 
The calomel element was “semi-remote” from the 
glass bulb, and this probably explains the thermal 
characteristics. Increasing its remoteness would im- 
prove the performance. 

CONCLUSIONS 

None of the combination electrodes had an out- 
standingly good performance in measuring pH in 
low~onductivity waters, although the Ingold 
40588TE and one example of the Ross 82-01 were 
acceptable. Electrodes expressly sold as being suitable 
for this purpose were no better than the others, as has 
been found for other makes of electrode.‘” 

The Ross and Equithal type of combination elec- 
trodes showed rather better temperature response 
than other combination electrodes, in that the prob- 
lem of overshooting the equilibrium e.m.f. was much 
reduced, but neither the constancy of pH,, with 
temperature nor its reproducibility within a fixed 
temperature range was exceptionally good. There was 
no evidence that these electrodes are batter than 
separate glass and smote-junction reference elec- 
trodes. 

Only small numbers of electrodes have been tested 
and recommendations for or against individual types 
are not proposed: each offers at least one character- 

istic that could make it preferable to “standard” 
~mbination electrodes in particular applications and 
in some cases more generally. The results reinforce 
the view that, before use in poorly buffered waters, 
indiuidual electrodes should be tested for their 
suitability4qs and that when temperature- 
compensation is required the precision and accuracy 
of the pHi, value should not be taken for granted.‘0,‘3 

It may be instructive to try to draw from these and 
othel”p5*7-‘0 results an outline of an “optimal” combi- 
nation electrode for general use, within the con- 
straints imposed by the properties of available mate- 
rials. Little can be said about the glass membrane and 
the internal filling solution from tests on commercial 
electrodes, because the exact compositions of these 
components are not available. There are, however, 
indications’” that the temperature coefficients of the 
filling solutions could be improved. Most problems 
arose from the reference half-cell, because of liquid- 
junction potentials4s5 and temperature gradients.‘O 

Liquid junction 

As noted here and elsewhere?5 the geometry of the 
junction and its gross characteristics such as flow-rate 
and electrical resistance are poor predictors of satis- 
factory performance, and each electrode needs to be 
tested individually in some sort of secondary stan- 
dard similar to the test sample, e.g., IO-“N strong 
acid in the case of poorly buffered, poorty conducting 
waters. 

There is ample evidence4’$ that immobilized filling 
solutions are associated with large errors, but a low 
rate of loss of filling solution is desirable, both for 
convenience and to minimize contamination of the 
sample. Frit junctions are generally better than sleeve 
junctions in this respect, but the PTFE-on-glass 
arrangement in electrode XVI combined a low rate of 
flow with fairly good performance. Frits always seem 
to become blocked with silver chloride eventually, 
even if the filling solution is not pre-saturated with 
silver chloride (as in electrode XV): a double-junction 
arrangement would delay the onset of the problem, 
but would complicate const~ction of the electrode. 
The easily-cleaned sleeve junction avoids this prob- 
lem in the short term, but is not necessarily satis- 
factory over long periods.19 

An ion-exchange barrier has been proposed9 to 
prevent silver chloride (as AgCl;) from reaching the 
frit, but the use of calomel electrodes appears to 
avoid junction blockage completely. The other com- 
monly used reference elements, of the Thalamid and 
Ross types, require double-junction arrangements 
and so do not directly affect the junction with the test 
solution. 

Temperature effects 

These tests confirm that placing the inner and outer 
reference electrodes s~et~~lly to minimize the 
thermal gradient between them has advantages of 
speed and smoothness of response to temperature 
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changes. No preference can yet be expressed between 
arrangements in which both electrodes are at the 
same temperature as the test solution (XV, with 
Ag-AgCl electrodes) and those in which both are 
remote from the test solution (XI, XII, XXI: Ross 
electrodes); in both types a small degree of asym- 
metry was still evident from the results. There is no 
fundamental reason for associating one arrangement 
with a particular type of electrode; indeed 
silver-silver chloride electrodes have been used suc- 
cessfully in separate “doubly remote” glass and refer- 
ence electrodes.” Because of its thermal hysteresis, 
the calomel electrode is the least suited for 
measurements at sharply varying temperatures, but 
might be acceptable in the doubly remote 
configuration. These configurations have so far not 
improved the constancy or precision of the iso- 
potential pH compared with other arrangements and 
more attention may need to be paid to glass electrode 
filling solutions.” 

It may be noted that the opposite extreme of 
configuration (with a remote reference electrode) 
works very well with separate electrodes (XIV and 
VIII) and may be applicable to combination types. 
Electrode XXII approached this configuration and 
had a better temperature response than expected. The 
glass electrode should have a minimal volume of 
filling solution (and hence low thermal capacity) and 
a silver-silver chloride inner reference. The outer 
reference electrode should be mounted high up the 
stem and a baffle placed between one third and 
halfway up the stem to reduce convective heating.” 
In this position, the electrode is vulnerable to drying 
out and a low rate of outflow of filling solution is 
therefore desirable; a double-junction arrangement 
would make the electrode more reliable, but would 
complicate the construction. As the temperature of 
the reference electrode is intended to be practically 
constant (at least over the period of calibration and 
a few measurements), the calomel electrode should be 
acceptable in this application. If the temperature does 
change, however, the change in apparent pH reading 
obtained with a silver-silver chloride electrode would 
be less than one fifth of that with a calomel elec- 
trode.” Provided the liquid junction can be kept 
clear, as discussed above, the silver-silver chloride 
electrode would be preferred. 

Almost all the desirable features mentioned above 
(symmetrical configuration, protection of electrodes 
by double-junction arrangements, reduction of con- 
vection and prevention of silver chloride con- 
tamination) complicate the design and manufacture 
of electrodes, especially if they are to be made to 

standard dimensions. All these features are available 
with commercial electrodes, although not collectively. 
The choice of liquid junction still seems largely 
empirical, however, and even nominally identical 
electrodes can differ appreciably in their electro- 
chemical properties. 

The Ross electrode shows that new reference sys- 
tems are possible and many others may be worthy of 
consideration. Cells incorporating more reactive 
redox systems than silver- and mercury-based elec- 
trodes, however, may need protection from oxygen or 
other contaminants and the stability of such systems 
over long periods may need investigation. Im- 
provement of traditional systems is still possible and 
may be implemented more speedily. 
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Summar-The mechanism of amperometric detection with a copper electrode has been studied with four 
amino-acids in four different carrier liquids containing aqueous buffer and methanol. It is concluded that 
the response is produced by complexation of the test substances with cupric ions in the outer, porous layer 
of the passivating film, with formation of CuL+ species. The increase in detector current is primarily 
determined by the complexation kinetics and to a lesser degree by the stability of the complex formed. 
The complexation rate strongly decreases with increasing amounts of organic solvent in the carrier liquid. 
The optimal detection conditions are discusssed on the basis of the detection mechanism. Results are given 
for the detection of various structural types of amines and amino-alcohols. 

Considerable attention has recently been paid to the 
use of complexation reactions of various substances 
with cupric ions for electrochemical flow detection of 
the ligands. As a means of detection, equilibrium 
potentials of cupric ion-selective electrodes,‘4 and 
copper metal tubular” or wire”14 electrodes have 
been monitored. Alternatively, measurements can be 
made amperometrically with a copper metal electrode 
in wall-jet,1S18 tubulari or copper fibre-arrayI sys- 
tems. This type of detection has been applied mainly 
to amino-acids, but other ligands have also been 
studied, e.g., organic acids,‘*s inorganic anions,p*‘2 
choline” and proteins. ‘* Various inorganic ions have 
been detected indirectly,‘* including those of the 
alkaline-earth metals.10~*1~13 Most of the papers deal 
with HPLC detection, but the technique is also 
applicable to flow-injection measurements and con- 
tinuous monitoring. 

The principal drawback of potentiometric mea- 
surement is sluggish response of the sensor, which is 
especially undesirable in HPLC, as it broadens the 
elution curve. Moreover, potentiometric measure- 
ment is not particularly sensitive and the calibration 
plot is non-linear. 

It has been shown by Hitchman and Nyasulu” that 
cathodic electrochemical pretreatment is necessary 
for reliable functioning of copper potentiometric 
sensors; the authors conclude that the response 
is based on interaction of the ligand with copper 
adatoms on the electrode surface. In amperometric 
measurementslS1p the electrode is also cathodically 
pretreated to clean the surface and to produce a fresh, 
active copper layer, but then it is polarized in a 

solution of pH about 6 or higher, at mildly positive 
potentials (typically + 0.15 V us. Ag/AgCl), at which 
a passive oxide/hydroxide layer is formed. It is 
assumed that the sensor response arises from the 
interaction of the ligand with the cupric ions con- 
tained in the passive layer and this model has been 
studied by batch experiments with a rotating disk 
electrode” and in flow-through systems of the 
wall-jet,16 tubularI and fibre-array electrodeI type. 

In view of the potential applicability of this prin- 
ciple to a wide range of substances, and also of the 
complexity of a detection mechanism involving mass 
transport and complexation kinetics and thermo- 
dynamics, the present paper deals with the detection 
mechanism and the selection of the optimal experi- 
mental conditions and also gives experimental data 
on detection of various classes of compounds. 

EXPERIMENTAL 

Apparatus 

The measurements were made with apparatus consisting 
of either an MHPP 20 (Laboratomi Pfistroje, Cxecho- 
Slovakia), or a 2150 (LKB, Sweden) HPLC pump, an 
LCI30 injection valve with 0.5 and 3.0 ~1 sample loops, 
cells with copper tubular or fibre-array electrodes (internal 
volumes of 0.6 and 0.2 ~1, mspectively),1p3o an ADLC 1 
meter and TZ 4100 line recorder (all from Laboratomi 
Pflstroje). The individual parts of the apparatus were con- 
nected by short stainless-steel capillaries 0.2 mm in internal 
diameter. A stainless-steel counter-electrode and a saturated 
silver/silver chloride reference electrode were used. All the 
potential vahres am referred to this reference electrode. 

The stopped-flow spectrophotometric measurements of 
the complexation reaction rates were made with a Durrum 
(USA) instrument, at the appropriate absorption maxima. 
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Chemicals A. Thermodynamic: the stability of the complex 
Four different carrier solutions were used: 0.025M potas- 

sium dihydrogen phosphate, in 10% v/v methanoljwater 
adiusted to OH 6.8 (A) or DH 3.0 (B); 0.0294 potassium 
dihydrogen phosphate. in 50% v/v aqueous methanol at pH 
6.8 (C); 0.02SM potassium borate in 10% v/v methanol/ 
water at pH 6.8 (D). The pH values were adjusted with 
phosphoric acid and potassium hydroxide solutions and are 
the meter-readings. All the substances were 0fp.a. grade and 
were not further purified. 

formed between Cu*+ and the test substance. 
B. Kinetic: 

(a) rate of formation and dissolution of the 
passivating bilayer; 

(b) rate of transport of the test substance in 
solution; 

(c) rate of transport of the test substance and 
CU*+ in the outer porous layer of the passivating 
film; 

(d) rate of complex formation. 

The pure test substances were obtained from various 
manufacturers. The liquid substances were purified by 
distillation. 

Stock solutions of the test substances (and of cupric 
nitrate for stopped-flow kinetic measurements) were pre- 
pared at a concentration of 10m3M in the appropriate carrier 
solution and were diluted, as required, with the carrier 
solution prior to measurement. 

Procedure 
Before each series of measurements (or more often, if 

necessary) the working electrode was activated by polar- 
ization for 15 min at -0.3 V in the given carrier solution. 
Unless otherwise stated, the measurements were made at 
+0.15 V (which lies in the optimal potential region, see 
below) after stabilization of the baseline. The hydrodynamic 
voltamperograms were obtained in the flow-through cell, 
point-by-point, allowing for stabilization of the current. In 
some experiments, the solution was deaerated by passage of 
nitrogen that was freed from traces of oxygen in traps 
containing anthraquinone-/I-sulphonate and alkaline pyro- 
gall01 solutions, continuously regenerated by amalgamated 
zinc granules. 

The measurements were made at laboratory temperature 
(22 &2”). The calibration plots were obtained by linear 
regression and the limits of detection are the absolute 
amounts of analyte in the injected volume producing 
currents equal to twice the average noise amplitude. 

RESULTS AND DISCUSSION 

Detection mechanism and optimal conditions 

It has repeatedly been shown’5*‘6~19 that a copper 
electrode responds to complexing agents only at a 
solution pH greater than ca. 6, that the measuring 
sensitivity increases with increasing pH and decreas- 
ing ionic strength, strongly depends on the kind of 
ions in solution (high sensitivity in phosphate or 
carbonate, poor sensitivity in borate media) and that 
the response is not obtained at electrode potentials 
below -0.1 V vs. Ag/AgCl.19 

As demonstrated in the extensive literature*’ the 
passive layer on copper is formed by oxidation at pH 
34. First a compact, highly insoluble layer of Cu,O 
is formed and then a loose amorphous layer 
consisting of CuO, Cu(OH), and basic cupric salts, 
its composition depending on the solution com- 
position.** This layer is much more soluble and thus 
a certain constant thickness of the bilayer film is 
eventually attained, when oxidation of the copper 
metal is counterbalanced by dissolution of CuO. The 
amperometric response of copper electrodes thus 
results from the interaction of complexing agents 
with Cu2+ ions contained in the porous outer layer, 
leading to enhanced solubility of the film. 

Therefore, the magnitude of the current at a copper 
electrode depends on a number of parameters. 

The relative importance of these factors can be 
assessed from the dependences of the background 
current and the signal on the experimental conditions 
and on the rate and stability constants for the 
complexation reaction. Using the results of our pre- 
vious work,19 we selected four carrier solution com- 
positions, involving a dihydrogen phosphate solution 
permitting sensitive detection (A), the same solution, 
but with a low pH (B) or containing more methanol 
(C) and a borate solution (D), in which poor detec- 
tion sensitivity is obtained. Methanol was added to 
the solution because an organic modifier is usually 
required in HPLC separations. Four L-amino-acids 
were chosen as test substances giving different sensi- 
tivities, as detection of amino-acids has been studied 
most thoroughly. 

The effect of the carrier solution on the rate of 
formation and dissolution of the passivating film is 
demonstrated in Fig. 1. It is evident that at low pH 
no passivating layer is formed and the current corre- 
sponds to direct oxidation of Cu to Cu*+ (curve 1). 
In phosphate at pH 6.8 (curve 2), the formation of the 
passive layer is demonstrated. The presence of a 
higher amount of organic solvent of low polarity 
(curve 3) evidently suppresses the solubility of the 
passivating film. In the presence of borate (curve 4), 
the solubility of the passsivating film is progressively 
enhanced at higher electrode potentials. These de- 
pendences illustrate the suitability of the phosphate 
medium at pH 6.8. From the point of view of the 
background value in detection, higher contents of 
organic solvents have a favourable effect. 

The signals of the test substances, corrected for the 
background, in these carrier solutions, are plotted in 
Fig. 2 as functions of the electrode potentials. It can 
be seen that, unfortunately, the presence of higher 
contents of organic solvents also strongly suppresses 
the interaction of the test substances with the pas- 
sivating film. No signals were obtained from these 
substances in the medium at pH 3.0. The optimal 
electrode potential is between 0.1 and 0.2 V, as at 
higher values the current is poorly reproducible and 
the baseline noise is high. 

It has been shown23 that in the reaction of histidine 
with cupric ions, the Cuhist + species predominates in 
solution at pH 5-7 and that the Cu(OH)hist and 
Cu,(OH),hist, species predominate at higher pH 
values. The Cubist, species content attains a max- 
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Fig. t. Dependence of the background current on electrode 
potential in the carrier liquids studied. (1) Solution B; 
(2) solution A; (3) solution C; (4) solution D. Flow-rate, 

20 pl/min. 

imum of cu. 7% at cu. pH 6.5. Assuming analogous 
behaviour of the other amino-acids, the complexation 
reaction, 

-5 CuLf CL?+ f L- k_, (1) 

can be considered to be responsible for the detector 
response. Table 1 lists the stability constants taken 
from the literature,24 the homogeneous complexation 
reaction half-times obtained by using the stopped- 
flow method with the carrier liquids studied, the rate 
constants k, calculated from the half-times assuming 
that the reaction is second order, the experimental 
detection sensitivities (slopes of the calibration plots) 
and the detection limits. 

The rate constants in the media studied are 
substantially lower than the values given for three 
a~no-amide in the literature, for purely aqueous 
solutions at 25” and ionic strength, I = O.lM 
(L-leucine,25 k, = 1.6 x 109 l.mole-3.sec-‘; r.-serine,% 
k, = 2.5 x lo9 l.mole-‘ . see-‘; N-methylglycine,2’ 
k, = 2.8 x 109 1. mole-’ . set-‘, by a temperature jump 
method), but are similar to the values that were 
selected” to fit the experimental current-values in 
work with a copper rotating disk electrode. As fol- 
lows from the high values of the stability constants, 
reaction (If is strongly shifted to the right. The 
overall rate of the complexation reaction at a copper 
electrode will be somewhat lower than that of the 
homogeneous reaction, as transport of the reactants 
within the porous oxide/hydroxide layer is also in- 
volved. This contribution is constant under constant 
experimental conditions. 

I I I I I I I I 1 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.9 0.9 

V/Ag /AgCl 

Fig. 2. Dependences of the signal magnitude for the test 
substances on electrode potential in the carrier liquids 
studied. (1) Iiistidine, solution A, (la) hi&line, solution G, 
(1 b) histidine, solution D, (2) se&e, solution A, (3) valine, 
solution A, (4) aspartic acid, solution A. Flow-rate, 
20 fil/min. Injected volume, 0.5 ~1. Solute concentrations: 
histidine, 5.24 mg/ml; serine, 7.33 mg/ml; valine, 4.95 
mg/ml; aspartic acid, 5.79 mg/ml. The background va!ue 

was subtracted from the signal. 

A comparison of the rate and stability constants 
with the measuring sensitivities and the detection 
limits (Table 1) indicates the decisive effect of the 
complexation kinetics. The complex stability has a 
less pronounced influence. These effects are more 
perceptible with the sensitivity values. In agreement 
with the literature, 23 there is no complexation re- 
action at pH 3.0 (free Cu*+ greatly predominates). An 
increased content of organic solvent leads to a pro- 
nounced decrease in the complexation reaction rate 
(see Table I), and this is also reflected in the substan- 
tially decreased measuring sensitivity. This effect is 
apparently due to a decrease in the relative permit- 
tivity in the presence of organic solvents, which 
generally causes a decrease in the rate constants for 
ionic reactions. On the other hand, the effect of 
the ionic strength should be small, as ions of 
opposite signs are involved in the reaction (cjI 
standard literature on reaction kinetics). 

Our results are somewhat at variance with those 
reported elsewhere,r5 in which the formation of CuL, 
complexes was assumed and it was concluded that the 
complexation reaction rates were so high that the 
~nv~tive-diffusional transport of the ligand in solu- 
tion controlled the overall rate of the process. Of 
course, there is a substantial difference between the 
conditions with a rotating disk electrode (RDE), 
where the electrode is in continuous contact with the 
test substance, and those of flow detection’9 in which 
the electrode is only exposed to separate zones of the 
ligands, as in our work. Furthermore, the RDE 
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results were obtained in purely aqueous solutions 
where the complexation rate should be higher than in 
our work with at least 10% methanol present. This 
is also confirmed by some results with a wall-jet 
detector,15 where a buffer containing 10% methanol 
was used (see Fig. 9 in that paper); the signal 
increased with increasing flow-rate only for the 
amino-acids with the fastest complexation reactions. 

In our experiments we found that the detector 
signal always decreased with increasing flow-rate 
(from 5 to 100 &nin, c$ Fig. 3 in Stulik et ~1.“) and 
was independent of the cell geometry (copper fibres 
or copper tube), indicating that the overall process is 
controlled by the complexation kinetics. This is 
understandable when the reaction half-times in 
Table 1 are considered. Assuming that the reaction is 
complete after a period of 10zllz, the required times 
range from 4.0 to 23.0 sec. The residence times of the 
test substance in the detector cells with volumes of 0.2 
and 0.6 ~1 were only 2.4 and 7.2 set, respectively, for 
the lowest flow-rate studied (5 &min). Obviously, 
the convective-diffusional transport may become the 
rate-determining step when large cells or extremely 
low flow-rates are used. 

Sensitive detection is thus possible with substances 
rapidly forming su!Iiciently stable complexes with 
Cu*+ under the conditions for passive layer for- 
mation on the electrode. The solution should contain 
the smallest possible amount of organic solvent and 
the flow-rate should be low (useful in microcolumn 
HPLC). The ionic strength of the solution is of little 
importance. The effect of atmospheric oxygen dis- 
solved in the solutions was also tested, in view of the 
fact that the dissolution of copper in complex- 
forming media often depends on the presence of 
oxidants.*’ However, no change occurred when oxy- 
gen was removed by passage of nitrogen. Hence, the 
presence of atmospheric oxygen does not affect the 
detection. 

Detection of various substances 

On the basis of the considerations above and the 
literature on their complexation properties, the de- 
tection of various amines, amino-alcohols and pep- 
tides has been tested. The detection of peptides 
has been studied together with the conditions for 
their HPLC separation, with the results described 
elsewhere.** 

Various structural types of amines were tested. The 
calibration curve parameters and detection limits are 
given in Table 2. The amount of methanol in the 
carrier liquid had to be increased to enhance the 
solubility of the test substances. Primary, secondary 
and tertiary amines can be detected, but the sensi- 
tivity is not particularly high and is independent of 
the primary amine structure. The detection is sub- 
stantially more sensitive for diamines than for mono- 
amines, the sensitivity decreasing with increasing 
chain length and with increasing number of substitu- 
ents on the nitrogen atom. Hence there is a possibility 
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Table 2. Calibration curve parameters for various amines and amino-alcohols with 
carrier liquid, 0.025M KH,FG, -t 30% methanol, pH 7.0; flow-rate, ZOpl/min; 

injected amount, 0.5 pcl; applied potential, +0.15 V 

Solute 
Slope, Detection 

Corr. c&f &i&g limit, llg 

AIlylamine 
Butylamine 
Isobutylamine 
Isopropylamine 
Cyclohexylamine 
Benzylamine 
Diethylamine 
~-isopropy~~ne 
Allylethyl~ne 
Allyicyclohexyl~ine 
Piperidine 
Ethyldi-isopropylamine 
Triethylamine 
Allyldiethylamine 
Allyldimethylamine 
Diallylethylamine 
~allybutyla~ne 
~ally~clohexyla~ne 
T~la~l~ne 
Dimethylphenylamine 
Hydrazine sulphate 
Ethylenediamine sulphate 
N,iV-Dimethylethylenediamine 
N,N’-Dimethylethylenediamine 
N,N,N’-Trimethylethylenediamine 
N,iV,N’,N’-Tetramethylethylenediamine 
~,~,~~-Tetr~ethylpropylen~ia~ne 
~-Phenylen~a~ne 
Ethanolamine 
N-Dimethylaminobutanol 
Diethanolamine 
Triethanolamine 

- - 
0.913 0.152 
0.970 0.406 
0.977 0.406 
0.969 0.125 
0.981 0.397 
0.968 0.128 
0.997 0.063 

- - 
- - 
- - 

0.995 0.163 
0.995 0.088 

- - 
- 
- 
- 
- 
- 
- 

0.998 
0.996 
0.993 
0.975 
0.960 
0.999 
0.982 
0.992 
0.960 
0.989 
0.972 
0.960 

- 
- 
- 
- 
- 
- 

4.40 
2.90 
7.0 
5.30 
4.40 
1.40 
0.10 
3.4 
0.7 
0.1 
0.40 
4.4 

50 

ii 
40 

?I 
65 

400 

z! 
63 
60 

200 
43 
40 
28 
30 

;; 
27 

2.5 
4.0 
1.0 

:1: 
8:0 

140 

2t3 
100 
44 

3.0 

Table 3. Correlation of the detection limits with the stability constants of the CU’+ 
complexes for some d&nines 

Stability con&ants% 
Diamine lot3 8, 108 a Detection limit, ng 

Ethylenediamine - 11.2 4.0 
N,N-Dimethylethylenediamine 9.33 16.40 1.0 
N,N’-Dimethylethylenediamine 10.15 17.36 2.0 
N,N,N’N-Tetramethylethylenediamine 7.20 11.87 8.0 

of determining diamines in the presence of mono- 
amines and of differentiating diamines according to 
their structure. Amino-alcohols can also be detected, 
with a sensitivity decreasing with increasing length 
of the carbon chain. Triethanolamine can be 
detected with the highest sensitivity and hence with 
the possibility of selective dete~~tion. 

Data on the stabilities of the compIexes involved 
are scarce and no kinetic data are available. General 
correlation of the detection sensitivity with the 
stability and rate constants is thus impossible. How- 
ever, the few available stability constants correlate 
with the detection limits (see Table 3) and thus it can 
be assumed that the complexation rates of these 
substances are similar. 
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~~-Liq~d~~mato~aphy conditions for the separation of neutral chelates of 
l-phenyl-3-~thyl4~nzoyl-5-py~olone with transition metals, lanthanides and actinides have been 
established. The use of reverse-phase liquid ~romato~phy, instead of ion-exchange, is a novel approach 
for actiuide separation. The high molar absorptivities of the fi-diketonates in the ultraviolet region allow 
for their detection at the nanogram level. The potential exists, therefore, for the rapid solvent extraction, 
concentration and determination of traces of actinides and other metals. 

In the last 10 years modern liquid chromatography 
has played a successful role in the determination of 
trace metals. Although the ,emphasis has been on 
the use of ion~~oma~~phy, the apportion of 
reversed-phase ~gh-~~o~n~ liquid chro- 
matography (HFLC) for the separation and detection 
of neutral metal chelates and or~n~e~~~ is also 
well documented.‘- Most studies and applications 
involving modem liquid chromatography have 
focused on metals other than those of the 
lanthanide and actinide series. The f-elements have 
also been investigatedS” but only to a more lhnited 
extent. 

Because of the hydrolytic nature of actinide and 
lanthanide ions, organic compounds that form stable 
complexes with them in acidic solutions are desirable 
both as extrac~n~ and photomet~c reagents. Now- 
ever, the analytical applications of such reagents, 
@diketones in particular, have been primarily in the 
field of solvent extraction. The diketones are effective 
extractants but somewhat unselective and generally 
do not yield chelates with spectral characteristics 
useful for the selective determination of given metal 
ions. Normally, the spectra of the chelates do not 
exhibit definitive wavelength maxima in the visible 
region. In the ultraviolet region, the spectra of the 
ligand and its complexes are very similar. These 
factors, therefore, have relegated fi-diketones to sol- 
vent extraction applications. EIPLC, however, has 
already demonstrate its potential for separating 
metal complexes1A and using similar spectral charac- 

*Presented in part at the Tenth International Symposium 
on Column Liauid Chromatoaraohv GIPLC. 19861. 
Work performed by the Los Al&n& -N&onal iabora- 
tory operated under the U.S. Department of Energy, 
Contract No. W-740sENG 36. 

tAuthor for correspondence. 

teristics to advantage by allowing a common wave- 
length to be used for monitoring purposes. 

~enoylt~~uoroa~tone (‘ITA) and l-phenyl3- 
methyl4~~oyl-5-pyr~olone (~PMBP) are the 
two heter~yclic fi-diketones most often associated 
with the extraction of metals in actinide matrices. The 
objective of this study was to evaluate the chro- 
matographic behaviour of metal chelates of these 
fl-diketones. HPMBP was selected as the starting 
ligand because of its rep~rted’~I’ better stability in 
acids and on storage, lipophilic characteristics, high 
extraction capacity at high acid concentrations, fast 
reactions with metal ions and the high molar absorp- 
tivities expected for its complexes. 

The liquid c~~to~ph used consisted of an MS10 
pump, U6K inwor, RCM-100 radial compression module, 
model 490 programmable m~tiwaveIen~th detector, and a 
model 680 automated gradient controller, all from Waters 
Associates. A Spectra Physics SP 4270 was used for peak 
area integration. A Waters Associates Nova-Pak C,, Radial 
Pak, 5 mm x 10 cm cartridge was used for the separations. 
Spectral studia were conducted with a Perkin-Elmer model 
559 spectrophotometer. 

HPMBP was obtained from Aldrich Chemical Co. and 
used as received. Chromatographic solvents were obtained 
from Burdick and Jackson. The metal chelates Fe(PMBP),, 
Ga(PMBP), , Nd(I’MBP)s.3Hz0, Gd(PMBP),.3H,O, 
Th(PMBP),, and UG&PMBP),.ZC,H,OH were prepared 
by methods previously described,‘8*‘9 with minor 
~~fi~tions.~ The ~‘N~PMBP)~ cheiate2’ was prepared 
by ~~~bmting 20 ml of 1 x 10e3M N~NO~), in OSM 
nitric acid with 15 ml of 0. IM HPMBP in chloroform. The 
excess of HPMBP in the chloroform phase was stripped 
with O.lM sodium hydroxide. The chloroform was then 
evaporated, leaving a-yellow, viscous liquid that failed to 
crystallize even after 2 weeks. The liquid was redissolved in 
chloroform and an aliquot was counted on a scintillation 
counter to ascertain the presence of 237Np. This neptunium 
solution was used for qualitative chromatographic pur- 
poses. A Cu(I1) chelate solution was prepared and used in 
a similar manner. 

461 



462 RAUL MORALES et al. 

RESULTS AND DISCUSSION I , I , , , 1 , 

Before studying the chromatographic behaviour of 
HPMBP and its chelates, it was necessary to conduct 
limited solubility and stability studies with the sol- 
vents we expected to evaluate as eluents. All com- 
pounds were found to be readily soluble in chloro- 
form, so 1 x lo-‘M stock solutions were prepared. 
Similar concentrations were prepared for the ligand 
in acetonitrile and for the ligand and the lanthanide 
chelates in ethanol. However, millimolar solutions of 
the other complexes in either acetonitrile or ethanol 
could not be prepared because of their limited solu- 
bilities. Stock solutions of such compounds were 
therefore prepared by initial dissolution in chloro- 
form, followed by dilution with ethanol or aceto- 
nitrile to yield a final solvent composition of 4% V/V 

chloroform. None of the compounds was found to 
dissolve in water. 

I I 1 I I I I 

1 230 270 310 350 

WAVELENGTH (nm) 

The absorption spectra of the chelates in the 
190400 mn region were found to be qualitatively 
similar to the spectrum of HPMBP, with the excep- 
tion of the uranyl chelate, in which the longer wave- 
length band is unresolved and appears as a shoulder 
(Fig. 1). Although the uranyl and iron complexes 
were highly co1oure.d (orange and burgundy, re- 
spectively), they exhibited no J.,_ in the visible 
region. Ethanol (95 or 100 v/v) solutions of all 
chelates, except those of uranium(VI), iron(II1) and 
gallium, displayed spectral shifts (towards the spec- 
trum of HPMBP), as a function of either concen- 
tration or time, suggesting dissociation of the com- 
plexes. The rate of spectral change generally 
decreased with increase in concentration. All com- 
pounds displayed greater stability in acetonitrile, with 
those of the lanthanides still the most unstable. The 
spectra of the chloroform solutions remained con- 
stant for 2 weeks for all chelates except those of the 
lanthanides. Even freshly prepared solutions of the 
lanthanide complexes were unstable in all solvents, as 
demonstrated by the different spectra obtained as a 
function of concentration. Molar absorptivities for 
the chelates in acetonitrile are given in Table 1. 

Fig. 1. Absorption spectra of metal-PMBP chelates in 
acetonitrile. Chelates run at different concentrations and 

sensitivity. 

n-hexane, 2-propanol, methylene chloride, ace- 
to&rile and tetrahydrofuran were used as eluents, 
there was either poor column selectivity or complete 
retention of certain compounds. An amino column 
(IBM) with combinations of chloroform, ethanol and 
n-butanol as eluents gave similar results. 

Initially, silica columns were used to study the 
chromatographic behaviour of the chelates listed in 
Table 1. When Porasil (Waters Associates), Partisil 
5-PAC (Whatman), and various combinations of 

Reverse-phase chromatography of the chelates was 
attempted with Chromegabond fluoroether (ES In- 
dustries), ~Bondapak phenyl, ~Bondapak Cls, and 
Nova-Pak C,, Radial Pak (Waters Associates) col- 
umns. No selectivity was obtained with the 
fluoroether column and acetonitrile/water systems. 
Although the other columns provided some select- 
ivity with mobile phases containing water, the Nova- 
Pak Cl8 columns, especially when they were new, 
produced peaks that did not tail as badly. This 
column was therefore selected for further studies. 

Although spectrophotometric calibration curves 
could be obtained at either of the wavelengths cited 
in Table 1 for the complexes, 250 nm was selected as 
the common wavelength for monitoring all com- 
plexes by HPLC. The primary reason for this was the 
better defined & for the uranyl chelate at 249 nm. 
With the Nova-Pak C,, column, binary mobile phases 
consisting of water with methanol, ethanol, 

Table 1. Molar absorptivities of HPMBP and its metal chelates in acetonitrile* 

1 1, 6, t 
Compound nm Iti I.mole-‘.cm-’ t& Io’I.moZ-l .cm-’ 

HPMBP 239 1.86 f 0.05 2777 1.93 f 0.06 
Nd(PMBP),.3H,O undefined - 211 5.34 f 0.07 
Gd(PMBP), .3H, 0 undefined - 211 5.03 f 0.06 
Ga(PMBP), 243 4.91 f 0.12 291 5.64 f 0.27 
Fe(PMBP)r 245 5.72 f 0.13 217 5.08 f0.13 
Th(PMBP), 246 7.12 f 0.27 293 5.92 f 0.39 
UO,(PMBP), . 2EtOH 249 5.20 f 0.18 shoulder - 

*Based on a minimum of 3 values. 
tBand sometimes found at 284 nm depending on degree of keto-enol isomerization. 
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2-propanol, acetonitrile and tetrahydrofuran pro- 
duced tailing peaks, multiple peaks, insufficient sel- 
ectivity or it-reproducible retention times. Column 
regeneration was necessary in many instances. Since 
these results indicated the chelates to be kinetically 
unstable, HPMBP was added to the mobile phase to 
minimize or eliminate complex dissociation. The best 
separations were obtained by using a mobile phase 
consisting of 1.2 x lo-‘M HPMBP in 3% 
water/acetonitrile under the conditions described in 
Fig. 2a. Under these chromatographic conditions, the 
chelates of Nd’+, Gd3+, and UO:+ are essentially 
unretained. The order of retention for the other 
chelates is Cuz+ < Ga3+ - Th4+ < Fe3+ c Np4+. This 
order suggests that polar complexes are eluted first. 
The thorium complex may contain co-ordinated 
wateti* and is eluted earlier than expected. The 
copper complex yielded two peaks, the first having 
the same retention time as that of the uranyl complex. 
Increasing the water content of the mobile phase 
resulted in better resolution (Fig. 2b) but after 6 hr 
the column lost its original selectivity and efficiency. 
A decrease in sensitivity was also observed at the 
higher water content, probably due to &_ shifts 
resulting from the different solvent environment. 

The quantitative potential of HPLC of the chelates 
was also explored. Since the metal complexes exhibit 
molar absorptivities (e) in the lo4 l.mole-’ .cm-* 
range, HPLC should be a viable technique for their 
trace determination. The calibration curves for the 
chelates of gallium, iron and thorium were linear up 
to 0.4, 0.3 and 0.8 pg of complex per ~1 injected, 
respectively. Equally important, the curves pass 
through the origin, indicating minimal material loss 
as the compounds pass through the column. To 
confhm this minimal loss, various volumes of three 
different thorium chelate standard solutions were 
injected into the chromatograph. The eluted fractions 
corresponding to the chelate peaks were collected, 
and evaporated in a stream of air, and the residues 
were dissolved in 5 ml of 1M nitric acid. The acid 
solutions were analysed for thorium by ICP-MS. 

I I I I I I I1 1 I I I I I 11, 

0 2 4 6 6 10 12 14 16 

TIME (min) 

Fig. 2. Effect of mobile phase composition on the chro- 
matographic behavour of PMBP chelates of Uq+, Cuz+ 
Th’+, Fe’+ and Np’+. Nova-Pak CL8 Radial Pak, 1 ml/mm, 
250 nm. (a) 1.2 x 10e5M HPMBP in 3% H,O/CH,CN, (b) 
1.2 x lo-‘M HPMBP in 5% H,O/CH,CN. Microgram 

amounts refer to the chelates. 

Controls, i.e., unchromatographed solutions, were 
analysed in the same way as the eluates. Table 2 
shows thorium recoveries of >, 90%, with 2 = 100.2% 
and s = 8.0%. The recoveries calculated from the 
chromatographic peak areas averaged 95.9 f 9.0%. 

The detection limits obtainable by using the higher 
sensitivity settings of the HPLC detector have not yet 
been investigated, but nanograms of metal can easily 
be determined at a setting of 0.5 absorbance for 
full-scale reading. Chromatography of HPMBP/ 
chloroform extracts from O.lM hydrochloric acid 
spiked with gallium, iron and thorium yields peaks 
consistent with the retention times of standards made 
by direct dissolution of the complexes. 

Table 2. Thorium separation by HPLC and determination by ICP-MS 

Volume Amount Amount found 
Concentration, 

Sample 
injected, injozted, 

l&W 
by ICP-MS, 

nl 
Recovery, 

w ng % 

: 0.0374 0.0374 2 2 0.075 0.070 
0.075 0.070 

3 
;: 

0.0374 3 0.112 0.115 
4 

103 
0.0748 2 0.150 0.135 90 

5 0.1123 2 0.225 0.250 111 
6 0.1123 2 0.225 0.240 96 
7 0.1123 3 0.337 0.380 113 
8 0.1123 10 1.123 1.130 101 

1;* 0.0374 0.1123 10 1.123 1.149 102 
(2) (0.075) 0.075 100 

11* 0.0748 (2) 
0.150 100 

12* 0.1123 (2) $:z; * 0.235 104 
2 = 100.2 f 8.0% 

*Unchromatographed solutions which served as controls. 
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CONCLUSIONS 

Work reported in the literature has already demon- 
strated the usefulness of compounds such as HPMBP 
for the extraction of metals that readily hydrolyse or 
polymerize in solution. The HPLC investigations 

5. D. 0. Campbetl, ~r~~~~~ ~~~n~-~r~~~ 
aad Recoeerys J. D. Navratie and W. W. Schulz (eds.), 
pp. 189-201. ACS, Washington DC, 1981. 

6. N. R. Larsen and W. B. Pedersen, J. Radioanal. Chem., 
1978, 45, 135. 

7. S. Elcbuck and R. M. Cassidy, Anal. Gem., 1979, 51, 
1434, 

reported here extend the potential of such extrac- 8. C. H. Knight, R. M. Cassidy, 8. M. Recoskie and 
tams, by allowing further separations when inter- L. W. Green, ibid., 1984, 56, 474. 

fering metals are co-extracted. Furthermore, the si- 9. R. M. Cassidy, S, Elchuck, N. L. Elliot, L. W. Green, 

multaneous separation and determination of several 
C. H. Knight and B. M. Recoskie, ibid., 1986, S8, 1181. 

metals hecomes possible and is particularly attractive 
10. M. Schadel, N. Troutmann and 0. Hermann, Radio- 

chim. Acta, 1977, 24, 27. 

for trace analysis. The use of masking agents and pH 11. A. Casoli, A. Mangia and G. Predierl, Anal. Chem., 

control should provide even greater selectivity in such 1985, 57, 563. 

dete~natio~. Our investigations also suggest that 
12. B. Skvtte-Jensen, Acta Chem. &and.. 1959. 13. 1668. 

group separations by HPLC may be possible, e.g., of 13. 
ianthanides from other M3+ metals as well as from 
actinides, especially if the latter are in the M4+ state. 14. 

15. 

16. 

1890. - 
., 

Yu. A. Zolotov, M. K. Chmutova and P. N. Paler, 
Russ&n J. Anal. Gem., 1968, 23, i298. 
Yu. A. Zolotov, N. T. Siionenko, E. S. Zolotovitskaya 
and E. I. Yakovenko. ibid.. 1969. 24. 15. 
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INTERFERENT EFFECTS IN FLAME 
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~-Empi~cal formulae, which describe q~ti~tively the interferent effects in flame atomic- 
absorption analysis, have been proposed. The formulae enable calculation of the total m~ti-inte~erent 
effect of a complex system, on the basis of characteristic coefficients established for simple 
analyte-interferent pairs. The approach may he used for the computational elimination of interterent 
effects and for corieetion of analytical results. Experimental verification has confirmed that the corrected 
results are consistent with the actual concentrations. 

Ato~c-abso~tion spectrometry, like most analytical 
methods, is sensitive to interference effects caused by 
various components of the samples to be analysed. 
Usually these effects are eliminated or at least mini- 
mized by choosing the optimal conditions for each 
type of material, separation of interfere&s, use of 
buffers. All these ma~pulations are time~nsu~ng 
when applied to large series of samples and not 
always effective, especially when the concentration of 
a strong interferent varies over a wide range in a 
series of samples. Therefore, the idea of eliminating 
the interferences by computation seems very attrac- 
tive. Some general proposals of this type have already 
been madelw3 but their application to atomic- 
absorption analysis is limited since either the complex 
system which exists in atomic-absorption atomization 
does not fulfil the required simplifying assumptions3 
or a large number of coefficients must be re- 
determined after any change in composition of the 
system.‘” 

The processes responsible for the absorption and 
emission of electromagnetic radiation in the flame 
may be described quantitatively by thermodynamic 
equations, but only for simple and well-defined sys- 
tems. The flames used in atomic-absorption spec- 
trometry form, together with the analytical samples, 
very complex systems, and their quantitative descrip- 
tion by the thermodynamic formulae is hardly poss- 
ible. We have assumed, therefore, that the evaluation 
of interferent effects on this basis does not promise 
success. 

The proposal of Parczewski and Rokosz“ to calcu- 
late the interferent effects in atomic-abso~tion analy- 
sis on the basis of a set of empirical polynomial 
equations seems to be very useful for analytical 
systems with an exactly defined number of com- 
ponents, but when this number is changed, a new set 
of equations must be formed and the coefficients 
determined. 

The aim of this work was to consider some general 
regularities observed in the interference effects occur- 
ring in two-component systems composed of an 
analyte and one interferent, and to describe these 
effects by a general equation. The parameters of such 
an equation, found ex~~ment~ly to be constant 
for every system, may be considered as coefficients 
characterizing the effects of individual interferents 
and may form the basis for description of multi- 
component systems analysed by flame atomic- 
absorption spectrometry. 

The effPect of individual interferents 

Information on the effect of individual interferents 
as a function of their concentration may be found in 
many papers and handbooks on atomic-absorption 
analysis. The careful examination of this information 
has suggested some general regularities, which have 
been confirmed by our experiments. 

The effect of aluminium on the calibration curve 
for strontium is shown in Fig. 1 and represents one 
of the most typical examples of a strong interferent 
effect. The total analytical signal R may be considered 
as a sum of the signal RA produced by the pure 
analyte (the signal obtained in the absence of inter- 
ferent) and of the signal R, produced by an interferent 
(difference between the signals obtained with and 
without interferent present). For any given concen- 
tration of the analyte (Q) and interferent (c,) the 
value of R, is given by 

R,=R-R, (1) 

R, is positive when the analyte signal is enhanced by 
an interferent or negative (as in Fig. 1) when the 
analyte signal is suppressed. 

In atomic-absorption spectrometry (AAS) the cali- 
bration curves are seldom linear over a large range Of 
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F~JJ. 1. E&t of various ~n~t~~ons of Kanji (c,,,) 
on analytical signals R of strontium concentration (cst). 

concentration and this additionally complicates the 
picture. The analyst, however, is not interested in the 
deformation of analytical signals themselves but in 
the bias of the final analytical results. Therefore, it is 
more convenient to consider the interferent effect as 
a bias of results expressed in concentration units (AC) 
and to transform equation (1) into the form: 

Ac=c,-cA (2) 

where c, is the apparent concentration of an analyte 
determined in the presence of an interferent and c, is 
the actual concentration of the analyte. The curves 
showing the effect of aluminium on strontium (Fig. 1) 
may then be presented in the new form (Fig. 2). In 
this system the function c,r =f(cJ is always linear 
when ci = 0 since c, = c,. The values of AC repre- 
sented by the distances between the calibration curves 
obtained in the presence and absence of the inter- 
ferent are a function of both c, and cl. 

cAl 

PO/ml 

100 

Concentration (~g/mt) 

Fig. 2. Apparent concentration of strontium as a function 
of its actual concentration (c& and the eoneentration of 

aluminium (c~). 

I Concentration 

Fig. 3. The curves representing various types of interferent 
effects (AC) as functions of interferent concentration (ci) at 

a constant analyte concentration. 

The various types of in~~e~nt effects, caused 
either by cations or anions and represented by the 
AC-function at constant c,, are shown schematically 
in Fig. 3. The dominant type of these effects is 
represented by curves A and B. Both may be well 
approximated by the equation of the saturation 
curve: 

Ac=lic,/(~+c,)=c,/(a+dc,) 

where a = G]d and d = l/J. 

(3) 

The parameters of the equation for curve A are 
a >Oandd>O,andforcurveBarea <OanddcO. 
The effects represented by curve C, which occur very 
seldom in their pure form, may also be described by 
equation (3) with a < 0 and d > 0 (the positive mirror 
image of curve C will be given by a > 0 and d < 0); 
in both cases Ial must be > I dcl . The only short- 
coming of this function is its discontinuity at 
a = -de or -a = dc. This point, however, is always 
outside the range delimited by the experimental data 
and the fitting procedure. 

Exact examination of the experimental data 
showed that only a small group of analyte+interferent 
systems may be described quantitatively by equation 
(3), e.g., the effect of vanadium on chromium and 
strontium or the elTect of calcium on magnesium. For 
these systems the interferent effect is also simply 
proportional to the analyte concentration. The other 
group of interferent effects, e.g., the effect of alu- 
minium on strontium or titanium, may be character- 
ized quantitatively by a similar function in which at 
constant c, , AC is dependent on the concentration 
ratio (cR) of interferent to analyte: c, = c,/cA. This 
function has the form: 

AC = cR/(u + dcR) = ct/(acA + dq) (4) 

In this case the dependence on the analyte concen- 
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tration is more complex since c, also occurs in the 
denominator. 

Equations (3) and (4) describe two extreme types of 
interferent effects and the differences between them 
are caused, most probably, by their mechanisms of 
operation being different. The interlerent effect ob- 
served for most systems seems to be a result of 
competition of these two component effects and may 
be considered as their sum: 

Ac = cAc’ [ 

1 1 

(a, + d, c,) + (UZCA + c&c,) 1 (5) 
This formula describes very well all types of inter- 
ferent effects presented in Fig. 3, and is valid for any 
analyte concentration within the concentration range 
investigated. Its only shortcoming is the fact that a,, 
4, d, and d2 cannot be estimated unambiguously on 
the basis of experimental data by the iteration 
method, so the formula may hardly be applied for 
practical purposes. 

The interferent effects represented by curve F (Fig. 
3) seldom occur, and then only in a very rich or very 
lean flame or when increasing the interferent concen- 
tration radically changes the basic parameters of the 
system investigated, e.g., the pH, viscosity, etc. For 
the flames usually used in analysis, and when the 
pa~rne~~ are kept approximately constant, the 
interferent effects of this type may be excluded from 
consideration, and equation (5) may be replaced by 
the empirical formula 

AC = c,c,/(cl + SC, + /?ci + CC; + pcAcl + ye:) (6) 

This formula may be readily transformed into linear 
form and its parameters calculated from ex~~rnen~l 
data by simple regression. Equation (6) describes well 
all types of interferent effects (with the exception of 
type F) over the whole range of analyte concen- 
tration of interest and very seldom needs to be used 

- 
0 CC4 

Fig. 4. Complex effect (Act) of two interferents as a function 
of their concentrations. Plane OBA’A-complex effect 
dominated by intcrferent “a”. Plane OBEA-sum of the 
individual effects of the interfercnts “a” and “b”. Plane 

OBDA-compkx effect which occurs most frequently. 

in its genera1 form, e.g., for description of the effsct 
of aluminium on vanadium. Usually some of the 
coefficients are equal to zero and the number of 
components in the brackets is reduced to four, three 
or two (see Table 2). If only a or fi or 6 and /I are 
not equal to zero, equation (6) is transformed into 
equation (3) or (4), respectively. 

The coefficients of equation (6) (a, 6, /I, L, p, y) are 
constant (and thus may be considered as character- 
istic coefficients) for a given analyte-single interferent 
system, but only for the concentration ranges c,, and 
c, for which the system was calibrated, and for the 
given parameters of the atomizer. Nevertheless, it has 
been found that these coefficients are si~fi~ntly less 
sensitive than the absolute values of analytical signals 
to small deviations in the flame composition and the 
other parameters which are difficult to regulate pre- 
cisely, and they are therefore effectively constant over 
long periods of time. 

TfiE EFFECFS IN MUL~-~~E~ SYSTEMS 

An analytical sample usually forms a multi- 
component system and many of these components 
can affect not only the analytical signal of the analyte 
but also the activity of other interferents. The math- 
ematical description of their effects, on the basis of 
coeflicients characterizing the total system, requires 
time-consuming calibration work, and the coefficients 
established are usually useless when the number of 
components is changed. This difficulty might be 
overcome by an approach based on utilization of 
the characteristic coefficients for the individual 
interferents. 

Our search for such an approach was based on the 
following observations: 

(i) The total effect of a multi-interferent system 
is never smaller than the individual effect of the 
strongest interferent, and never larger (in practice 
always smaller) than the sum of the indi~d~l effects 
of all the interferents present in the system. 

(ii) Buffers and releasing agents affect the analyte 
signal and this effect will strongly depend on their 
concentration, and at low concentrations they may be 
considered as strong interferents. 

(iii) Components which do not affect the analyte 
signal indi~dually also have no effect on it when the 
sample contains combinations of them. 

The total effect (AcT) of a two-interferent system at 
a constant analyte concentration may be presented 
graphically as a plane OBDA in threedimensional 
space (Fig. 4). It is a function of the individual 
interferent concentrations c, and c,,. The curves OA 
and OB represent the in~~dual effects of interferents 
“a” and “b”, respectively. For various systems the 
plane OBDA can shift in the range delimited by 
planes OBA’A and OBEA. Plane OBA’A represents 
the situation when the effect of the stronger inter- 
ferent decides the value of AC, and Allq = AC,. Plane 
OBEA represents the sum of the individual effects AC, 
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and AC,, at any given point (Acr = AC, + A+,). For an 
m-interferent system AC, may be considered as a 
plane in (m + I)-dimensional space. 

The total multi-interferent effect may be considered 
as the sum of the partial effects contributed by all 
interferents present. The partial effect AcPk of the kth 
interferent in the mixture of n interferents may 
be calculated from a modified version of empirical 
equation (6) in which all the c,-values and the 
parameter Q are multiplied by a quantity Ak: 

4, = Akw& /(akAk + 6dkcA + flkcIk 

+ ~k&i + PkAk+,cIk + YkCt ) (7) 

where a,, Sk, /&, &k, pk and yk are coefficients coire- 
sponding to those in equation (6), but characterizing 
effect of the individual interferent. 

The constant Ak characterizes the contribution of 
the kth interferent to the overall effect of the given 
multi-interferent system and is calculated as the ratio 
of the absolute value of the individual effect of the 
kth interferent to the sum of the absolute values of 
the individual effects of all interferents in the system: 

k=l,2,...,n 

The total interferent effect is equal to the sum of the 
partial effects of all interferents: 

AC, = i AC,, (8) 
i-l 

If a strong interferent is present in large excess in a 
system then its A-value is approximately equal to 
unity, whereas the A values of all the other inter- 
ferents are very small. In consequence the total effect 
is approximately equal to the partial effect of this 
strong interferent. 

The empirical formula (8) was chosen as the best 
approximation of the experimentally found AC-values 
and tested with a wide range of analyte-multi-inter- 
ferent systems. In all cases the calculated AC-values 
were found to lie within the confidence limits of the 
values determined experimentally. 

POBBlBILITIEs OF APPLICATION OF THE APPROACH 

The approach presented may be used for the 
computational correction of analytical results ob- 
tained in the presence of interferents. However, as 
with application of all other approaches of this type, 
this is reasonable only in the analysis of large series 
of samples of similar analyte content, when the 
concentration of a limited number of components 
varies over a large range. The time needed for 
calibration of the system is then shorter, sometimes 
significantly, than that necessary for elimination of 
the interferences individually for each sample. 

When only one component of a sample affects the 
measured signal and its concentration is known, then 

the corrected concentration may be easily calculated 
from equation (6). In practice, however, such a 
situation happens only seldom. More frequently an 
analyte varying over a large range of concentration is 
determined in the presence of a matrix of approxi- 
mately constant composition. In this case the whole 
matrix may be treated as one component. Its concen- 
tration is known since it depends on the weight of 
sample analysed and is equal to c,. By putting 
AC = c, - c,, equation (6) is transformed into 

where: 
Ac:+Bc;+Dc,+E=O (9 

A =C 

B=6 +pc,-CC, 

D =a +Bc,+yc:-c,,(S +PC,) 
E = c&a + jc, + ycf) 
cAP is the uncorrected measured value 

The corrected concentration c, may easily be found 
from equation (9) by the Newton-Raphson iteration 
method.5s6 

For multicomponent systems with known con- 
centrations of interferents the corrected analyte 
concentration may be found in a similar way by using 
equation (8). 

The main field of application of the approach is to 
multicomponent analysis when there is mutual inter- 
ference between the components to be determined. 
The corrected values for all of them may then be 
found by the following iteration procedure. 

(i) The uncorrected (apparent) concentrations of 
the individual components are determined by suitable 
analytical methods. 

(ii) The first approximation of the corrected con- 
centration of any individual component is calculated 
from equation (8), using as c, the uncorrected con- 
centrations found for other components acting as 
interferents. 

(iii) The second and subsequent approximations 
of the corrected values are calculated in the same 
way, using each time the last approximation of 
the corrected values of the other component, until 
convergence is obtained. 

The main shortcoming of the approach is that the 
concentration of all components contributing to the 
total interferent effect should be known or deter- 
mined. In practice the situation is not so complicated. 
The partial effect of each individual interferent de- 
pends on its characteristic value A (which is a func- 
tion of the concentration of all interferents) and the 
constant coefficients. Only the strong interferents 
present in a sufficiently large concentration make 
a significant contribution to the total effect and, 
usually, only two or three of them need be taken into 
account. The effect of the others may be neglected. 

EXPERIMENTAL 

Instrumentation and analytical conditions 
A Jarrell-Ash atomic-absorption spectrometer (JA 

82-811) equipped with hollow-cathode lamps and air- 
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Table 1. Measurement conditions 

Distance 
above the 

1, burner top, Bandpass, 
Analyte n?n mm nm 

Ca 422.1 6.0 0.2 
Cr 357.9 5.0 0.1 
Mg 285.2 6.0 0.2 
MO 313.3 5.5 0.2 
MO 313.3 7.0 0.2 
Na 589.0 6.0 0.4 

z 
265.9 7.0 0.2 
343.5 7.0 0.2 

60 
: 2: 6’0 

0.2 

V 318:5 8:0 
0.1 
0.1 

Flame 

C2H2-NrO 
C,H,-air 
C,H,-air 
C,H,-N,O 
C,H,-N,O 
C,H,-air 
C,H,-air 
C,H,-air 
C2H,-air 
C,H,-N,O 
C,H,-N,O 

acetylene and nitrous oxide-acetylene burners was used. 
The analytical conditions used are presented in Table 1. All 
samples were measured in 1M hydrochloric acid medium 
and the values corrected for the blank. The concentration of 
the major background anion (chloride) was kept approxi- 
mately constant. Background correction could be neglected 
in all cases considered. 

Reagents 
All reagents were of “suprapur” grade. The water was 

doubly distilled in silica apparatus. 
Stock standard solutions of the elements (10 mg/ml) were 

prepared in 1M hydrochloric acid except for titanium, which 
was prepared in 8M hydrochloric acid. Working solutions 
were prepared just before use, by dilution of the stock 
solutions with 1M hydrochloric acid (3M for titanium). 

Choice of analyte-interferent systems 
The systems used for testing the approach were chosen 

according to the following criteria. 
(i) The interferent effect should be large. The errors 

resulting from the random dispersion of analytical measure- 
ments may then be neglected. 

(ii) Spectral interferences in the system, such as overlap 
of spectral lines, or background absorption, should be small 
enough to be neglected. 

Experimental design 
Estimation of the coefficients characterizing any analyte- 

interferent pair requires the preparation of several cali- 
bration curves, each on the basis ofj standard solutions, for 
the pure analyte and in the presence of m different concen- 
trations of interferent in the range of interest. The total 
number of standard solutions which must be measured is 
mu + 1). In our experiments j and m were usually both 
equal to 5 and the total number of standard solutions 
was 30. 

The quality of description of a multi-interferent system 
by equation (8) may usually be tested on the basis of only 
a few standard solutions (5-10) corresponding to the 
points located at the centre and the peripheral area 
of the multidimensional plane representing the function 
Ac=f(c,,c ,,,... c,,,). 

Calculation of characteristic coeficients 
The coefficients a, 6, /3, 6, p and y characterizing any 

analyte+interferent system are estimated on the basis of 
experimental data and equation (6). For this purpose the 
equation must be transformed into linear form: 

c,c,/Ac =a +6c,+&+ac:+pc,c,+yc~ (10) 

The concentrations c,, and c, are known for all standard 
solutions, AC = C~ - c, results from the measurements, and 
the characteristic ccefficients in the equation may be esti- 

AC= 
CcrCv 

-1.953 c”-592.5 

Interferent concentration (pg/ml) 

Fig. 5. Effect of vanadium on the determination of 
chromium. 

mated by linear regression. Since fitting the same experi- 
mental points to the transformed function may a&t their 
form in a different way than use of the untransformed 
function, the best coefficients found for equation (10) may 
not be the best for equation (6). This difficulty may be dealt 
with by multiplying the value of every data point by its 
transformed statistical weight as proposed by Jurs.’ If the 
statistical weights are the same for all points, as in our 
experiments, it is convenient to assume all their values to be 
equal to 1 and then the transformed statistical weight of the 
ith point may be calculated from the equation: 

w, = (Ac,)41(c:ct) (11) 

The regression coefficients may then be calculated from 
the set of equations (10) written in matrix form:**9 

LJY = (~~lTWIM)-‘[xlTWIM w 

[B] = matrix of regression coefficients 
[x] = matrix of independent variables 

N = matrix of statistical weights 
[y] = matrix of dependent variables 

The columns of matrix [x] are equal to c,, c,, 1, ci, 
c,c,, ci. All calculations were done with a PDP-1 l/45 
minicomputer. 

RESULTS AND DISCUSSION 

Typical examples of individual interferent effects 
are shown in Figs. 5-8. The black points marked in 
the plots represent the experimental values, and the 
continuous lines represent the values calculated from 
equation (6) in its full form (Fig. 8) or in the reduced 
form containing three (Fig. 7) or two (Figs. 5 and 6) 
constant coefficients. It should be noted that Figs. 5 

E Interferent concentration tpg/mll 

Fig. 6. Effect of aluminium on the determination 
strontium. 
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AC AC- %&%I G-f 
l-l -t.f32 I+,,,-0.023 s-24.72 i&ml 

200400 loo0 2ooo 

Intarferent concentration [pg/mll 

Fig. 7. Effect of rhodium on the determination of platinum. 

and 6 demons~ate the extreme cases of in~~erents 
in their pure forms, which are dependent only on the 
absolute (c,) or relative (cR) interferent concentration 
and can be described by equations (3) or (4), respect- 
ively. Ail plots show good agreement of experimental 
and calculated data. The largest deviation, occurring 
for the effect of aluminium on the vanadium deter- 
mination, does not exceed 2% of the actual vanadium 
concentration, whereas the uncorrected interferent 
effect amounts to about 38%. A similar situation 
occurs for all other analyteinterferent pairs investi- 
gated. The coefficients characterizing these pairs are 
listed in Table 2. Their quality is described by the 
correlation coefficients given in the last column, 
referring to the fitting of equation (6) to the experi- 
mental data. All examples mentioned indicate that 
equation (6) well describes various types of inter- 
ferent effects occurring in flame atomic-absorption 
spectrometry, and caused by individual interferents. 

Figure 9 shows the description of the multi- 
interferent effect of four components by equation (8). 
In order to enable its presentation in a two- 
dimensional plot the concentrations of all interferents 
are equal (value represented by the abscissa} for each 
data point. The agreement between the calculated 

AC- 
CY CA1 

1.223 c,,-0.04a cy+7e.72+o.cm9 cA,c,+o.aca6 c~+o.om -$. 

QC % 
&ml 

.zm 

. 150 

Fig. 8. 

Interferent concenrration @g/ml 1 

Effect of aluminium on the determination of 
vanadium. 

= AC % 

E 

c 

W/M 
. 

&o 7 

. 
. 

150 

YI I I I I 
loo500 so0 2cm 3ooo 

Interfemnt concentrations &~/rnI) 

Fig. 9. Total effect of lanthanum, magnesium, chromium 
and ahminium on the determination of vanadium. 

and experimental data is satisfactory. The maximal 
deviation does not exceed 10% of the actual analyte 
concentration, whereas the total uncorrected inter- 
ferent effect is about 80%. 

The comparison of corrected and uncorrected 
results of multicomponent analysis for some systems 
is shown in Table 3. All corrected results can be 
accepted as satisfactory, even for such large inter- 
ferent effects as for molybdenum in sample 2 or 
strontium in sample 3. 

CONCLUSIONS 

The experimental results have con&n& the as- 
sumption that, excluding some particularly compli- 

cated cases, the various types of individual interferent 
effects may be described by the general equation (6). 
The coefficients in this equation, estimated on an 
experimental basis, may be used as the coeflicients 
quantitatively characterizing the effects observed for 
individual analyte-interferent pairs. They also enable 
computation of the effects of complex multi- 
interferent systems, by application of equation (8). 

The values of the characteristic coefficients are 
valid only for the analytical conditions and atom- 
ization parameters with which they were established. 
They are, however, insensitive to small changes in 
these parameters and are constant over long time 
intervals. Under normal laboratory conditions they 
should be checked every few months. 

Table 3. Multicomponent analysis; comparison of actual 
(CA), uncorrected dete~n~ (C,) and corrected deter- 

mined (Cc) values of concentrations 

Concentration, pgglml 
Sample 

composition CA C AP cc 

ca 3.0 
w 3.5 ::: 

2.9 
3.5 

Na 
Pt 

2OY 4.0 3.3 
183 201 

MO 
Ni ;: 

71 52 
20 20 

Sr 50 16 51 
IYh 100 

2: 

108 48 100 

Pt 109 2: 
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The proposed approach allows computational cor- 
rection for the interferences occurring in atomic- 
absorption analysis. It requires the estimation of a set 
of characteristic coefficients, and the concentration of 
all active interferents present in the sample. Since 
these operations are time-consuming, the most 
reasonable application of the approach is to analysis 
of large series of samples of the same type, particu- 
larly for multicomponent analysis, when all inter- 
fering components are determined. 

When a laboratory has collected a large set of 
coefficients for many analyte-interferent pairs, it is 
able to estimate a priori on the basis the magnitude 
of the expected interference effect for a new sample, 
the composition of which is approximately known. 
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Summary-The advantages of applying two indicator electrodes in complexometric potentiometric 
multicomponent titration are shown by means of simulated titration curves. Two measurement arrange- 
ments have been considered, one in which the indicator electrodes are directly connected to a voltmeter 
and the other in which the electrodes are connected to the voltmeter through a summing operational 
amplifier. They have been compared with the conventional arrangement of a single indicator electrode 
and a reference electrode. The influence of the stability constants of the complexes in solution and of the 
electrode parameters on the shape of titration curves has been examined. It is shown that the use of two 
indicator electrodes may significantly increase the applicability of multicomponent potentiometric 
titrations. 

Multicomponent titration, in which the analytes are 
determined from a single titration curve, seems to be 
a very attractive analytical method which can easily 
be computerized and automated. Multicomponent 
titration methods appear especially useful in routine 
analysis and the development of these techniques is 
therefore worthy of more attention. The development 
of multicomponent procedures for routine analysis 
has to be preceded by theoretical and practical exam- 
inations, including optimization of the experimental 
conditions. 

Complexometric titration appears to be a useful 
method which can be applied both for moderate 
(mg) and low (Irg) amounts of metals in solution. 
Various methods of end-point detection have been 
applied in complexometric multicomponent (usually 
two-component) titrations, e.g., potentiometric, am- 
perometric, and photometric. The experimental and 
theoretical examination of potentiometric titrations 
has so far been concerned with the conventional 
measuring arrangement with a single indicating elec- 
trode.14 However, data concerning the influence of 
electrode parameters on the titration curve are scarce. 
The use of ion-selective electrodes as “mutual refer- 
ence electrodes” in potentiometry has been sug- 
gested.5 

In the present paper, various arrangements of 
electrodes for potentiometric titrations are consid- 
ered: the conventional ones in which indicator and 
reference electrodes or two different indicator elec- 
trodes are connected directly to the voltmeter, and an 
unconventional one in which a pair of different 
indicator electrodes and a third (here, a reference) 
electrode, are connected to the voltmeter through an 

electronic summing operational amplifier.6 The fol- 
lowing factors affecting the titration have been con- 
sidered in the present investigations: solution equi- 
libria (stability constants of the complexes that the 
titrant complexone forms with the metals), electrode 
parameters (response slope, selectivity coefficients, 
detection limits), and summing operational amplifier 
parameters (weights of electrode signals contributing 
to the amplifier output). The influence of these factors 
on the shapes of titration curves has been examined 
by computer-simulation based on the physico- 
chemical model of the titration process. The dvan- 
tages of using the summing operational ampliier are 
discussed. 

METHOD 

Assumptions 

(a) Complexone ligands, Y, form 1: 1 complexes with the 
metal ions, M,; Z = 1, . . . N, where N is the number of metal 
ions considered: 

M, + V=M,Y; K, = Pf,YINWIM) (1) 
where K, is the appropriate conditional stability constant.3 

(6) The potential of an indicator electrode is described by 
the Nernst equation. For the membrane electrode, the 
Nikolskii equation is applicable:‘*’ 

E,=E;fSJog([M,I+~k,,,[M,j”‘+&) (2) 

where: E’j, S, K,J, and L, respectively denote a constant, the 
slope factor of the electrode response, the conditional 
selectivity coefficient, and the limit of detection.’ (For the 
sake of simplicity L, was assumed to be constant: selectivity 
coefficients and detection limits in real analytical systemssJ 
may show some variation.) The exponent r,, = 2,/z,; z, and 
z, are the charges of the metal ions Z and J, respectively. 

(c) Equilibrium is achieved during the titration (kinetic 
effects are negligible). 

(d) The effect of dilution may be neglected. 
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Moaw 
The following formula can be derived from assumptions 

(a), (c) and (0 

(3) 

where 

and C = : C, 
f-l 

where F is the total concentration of complexone titrant in 
the sample solution (titration parameter multiplied by C), 
c, is the total concentration of metal J, C, denotes the 
concentration of the &rant solution, and v and V, denote 
the volume of titrant added and the volume of sample 
solution before titration, respectively. In this paper only 
two-component systems are considered, i.e., N = 2. 

Set A. A conventional system in which a single indicator 
electrode and a reference electrode are connected directly to 
the voltmeter. The potential difference. between the elec- 
trodes is measured during the titration: 

E=E,-ER (I=1 or2) (4) 

where Ea is the potential of the reference electrode. 
Set B. A pair of indicator electrodes is connected directly 

to the voltmeter and 

rE: = Z?, - E2 (5) 

Set C. An unconventional system in which a pair of 
indicator electrodes and the reference electrode are con- 
nected to the voltmeter through the electronic summing 
operational amplifier described elsewhere.’ A simplified 
circuit is presented in Fig. 1. (N.B. resistances Rl, R2 and 
RF corresnond to RS. R6 and R7 resnectivelv. in the 
previous description.6) In this case the weighted s&n of the 
potentials of the indicator electrodes is measured during the 
titration: 

E = W, E, + W,E, + constant (6) 

In practice the weights W, and IV, can be selected by 
appropriate adjustment of the resistances Rl and R2 (Fig. 
1): W, u RF/RI, W, z RF/R2. In this way the ratio of the 
potential jumps at the end-points in the titration curve can 
be adjusted so as to “improve” the shape of the curve. 

Calculations 

The titration curves shown in Figs. 2-6 were calculated as 
follows. The constant parameters K,, K2, C,, C,, CT, V,, 
Ef, E8, S,, S,, k,,,, .k.,, L,, L,, rl,2 and r2,1 correwondiw 
to the curve under consideration were inserted into equa- 

EO 
0 

voltmeter 

0 

Fig. 1. Summing operational amplifier used to obtain 
wekhted sum of notentials. EO. El and E2 denote innuts for 
the-klectrodes (Eb is the input for the reference elekode); 

Rl, R2 and RF are resistances. 

tions (2) and (3). Next, concentration M,, and electrode 
potential, E, [equation (2)], and the titrant volume, v 
[equation (311 were calculated for successive given values of 
[M, 1, decreasing in geometric progression starting at 
[M, I= C, The calculations were nerformed on an AM- 
sTk4D 6128 microcomputer, and ihe curves were printed 
with a Schneider DMP2000 matrix printer. 

RESULTS 

The influence of various factors on the shapes of 
the titration curves is shown in Figs. 2-6 for the 
electrode sets A, 3 and C (see above). To facilitate 
comparison of the simulated curves the scales of the 
ordinates (potential change) have been made the 
same. However, the origin of the ordinate has been 
selected arbitrarily (E(: and Ei in equation (2) are 
given arbitrary values). In all cases, C, = C, = 
O.~l~, C, = O.OlM, and V, = 20 ml. The equiv- 
alence points have heen marked at the top and 
bottom of each set of curves. 

DJSCUSSION 

It should be borne in mind that the mode1 assumed 
in this paper describes real analytical systems only 
approximately, and its adequacy depends on the 
nature and concentration of the sample solution 
components and on the kind of electrodes used. 
Nevertheless, the selected curves presented in Figs. 
2-6 give a general idea of how the experimental 
parameters influence two-component potentiometric 
titrations in which single or dual indicator electrodes 
are applied. Some additional information will be 
given in the discussion below. For the sake of con- 
venience the metal which forms the stronger complex 
with the titrant ligand is termed the “first” metal, and 
the corresponding end-point and electrode are also 
labelled “first”. 

It is seen from Fig. 2 that for “ideal” electrodes, 
which are specific (Jr,,, = 0) and una&cted by the 
detection limit (Le., L, = 0), there is no evident advan- 
tage of the two-electrode measuring systems (B and 
C) over the conventional one (A). Actually, for 
S, = S, it is not possible to determine the second 
metal (sum of metal content) with set B, because the 
changes in potential of the two electrodes are in the 
same direction and cancel each other, at least par- 
tially. For S, < S,, at the second end-point the poten- 
tial change of the second electrode exceeds that of the 
first, the result being a U-shaped curve, as mentioned 
elsewhem6 If K, = K2 (not sholm in Fig. 2) then only 
the sum of both metals can be determined (not the 
individual metals); with set B and S, = S, (and 
k,,, = k,,, , L, = L2) even the sum of the metals con- 
tent cannot be found. The cases presented in Figs. 
3-6, which refer to realistic situations (K,+ 0, 
Lf # 0), are much more interesting. Figure 3 shows 
that, if Li exceeds a limiting value that depends on 
other ex~~rnen~1 factors, set A is useless in two- 
component potentiometric titration. Two-electrode 
sets have advantages in such cases, set C being the 
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Fig. 2. Influence of the stability constants, K,, K2, and slope factors, S,, S,, on the shape of the titration 
curves. The curves correspond to the following log& and log& values: a: 15 and 12, b: 15 and 9, c: 15 
and 6, d: 9 and 6. S, and & arc given in mV. In all cases L, = 4 = k,,, = b,, = 0 [see equation (2)], and 

W, = W, = 1 [see equation (6)]. 

more reliable (for some L, and & values set B may 
also be useless). For L, # 0 (but greater than a 
limiting value) set B also leads to U-shaped curves for 
S, > S,. The reason is that at the detection limit L,, 
the potential of the first electrode will seareely 
change, so the potential changes of the second elec- 
trode predominate. It is worthwhile keeping in mind 
that in the model [see equations (1) and (2)] the 

detection limits L, and L, may include the influence 
of solution components (other than the analytes) 
which alSect the electrode potential but are not bound 
by the &rant, i.e., their concentration does not 
change during the titration. L, and L2 may then 
assume relatively high values in specific instances of 
analytical samples. 

In Fig. 4 the mutual influence of L, and L2 on the 
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Fig. 3. IntIuence of the detection limits, L, , 4 , on the shape of the titration curves. In all cases log& = 15, 
logK, = 9, S, = S, = 59, and k,z = k,, = 0. The curves correspond to the following values of L, or &: 

a: 0, b: 10-lsM, c: IO-“M, d: 10-‘“M, e: lOwEM, f: 10V6M. 

titration curves is presented for sets B and C. The presented; it overlaps curve b up to the second 
shape of the titration curve is very sensitive to these end-point, but the potential jump at this point is 
parameters for set B (the same “strange” shapes can much greater. It is evident that a titration curve 
also be obtained for other values of L,). For set C the obtained for L, # 0 and L, # 0 is not a simple super- 
curve corresponding to L, = & = 1O-L5 is not position of the corresponding curves in Fig. 3. 
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Figure 5 shows the influence of the selectivity 
coefficients, k,,, on the shape of titration curves at 
various levels of L, and L,. It is seen that for k,, # 0 
an electrode with a relatively high L, value may be 
useful for two-component titration even with set A. 
Finally, in Fig. 6 two examples which illustrate the 
advantages of two-electrode set C are presented, 
showing how the shape of the curves can be adjusted 
in order to obtain comparable potential jumps at the 
two end-points. It can also be proved that, in all 
cases, the higher the metal and tin-ant concentrations, 
the more pronounced are the potential jumps at the 
end-points. This obvious fact is not illustrated. 

The experimental data for complexometric ti- 
tration of Fe(II1) and Cu(I1) with use of sets A, Band 

C have been presented elsewhem6 Platinum and 
copper ion-selective electrodes were applied in that 
case. [Actually the Pt electrode responds to the 
Fe(III)/Fe(II) concentration ratio, but the curves 
obtained resemble those presented above”” The use 
of Pt electrodes in sets A, B and C will be considered 
separately.] Some further information relating to the 
theoretical considerations in this paper can now be 
added. With the arrangement B, in which, apart from 
the Pt electrode, copper-selective electrodes of 
different origin (Orion, Crytur, Aquaion, Reflex) 
were successively used, U-shaped titration curves 
were obtained, including those of the “strange” shape 
shown in Fig. 4. It was also proved that different 
pretreatments of the membrane surface can lead to 
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quite significant changes in the shapes of titration conjunction with other procedural modifications, in- 
curves obtained with set B. The titration curves eluding the application of compound titrants.‘O 
obtained with set C appeared to be much less sensi- 
tive to these changes in experimental conditions. Acknowledgement-The investigations were supported 

financially within the scope of project CPBP 01.17. 

CONCLUSIONS REFERENCES 

1. 
The discussion above shows that two-electrode 

measuring sets may significantly increase the scope of 
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Summary-It has been reported that copper melted in a graphite crucible at high temperature will give 
off its oxygen content mainly as CO and partially as CO,. Thus if oxygen in copper is determined by means 
of apparatus designed to measure only CO as the reaction product, the results are obviously liable to error. 
Methods of suppressing formation of CO, during the fusion process are proposed. When the oxygen is 
determined by gas chromatography, formation of CO, can be suppressed by adding a 0.5% Si- 
1 S% ~ii~u bath-alloy together with the copper sample or by inserting a spectrographically pure carbon 
rod into the graphite crucible used for the fusion. When the oxygen is determined by coulometry, 
formation of CO, can be suppressed by the addition of the Si-Ni-Cu bath-alloy or by appropriate 
modification of the graphite crucible to obtain an optimum working temperature. The results obtained 
by either method are in agreement with those obtained by a modified vacuum fusion method in which 
CO and CO, can both be measured. These methods have been validated by analysis of two standard 
reference materials. 

The oxygen content of copper has a significant effect 
on its electrical conductivity and mechanical prop- 
erties’ and must be kept at a reasonable level to 
guarantee a good quality of product. Therefore, it is 
necessary to determine the oxygen accurately. In the 
current methods used for metal analysis the oxygen 
content is always calculated on the assumption that 
it has been wholly converted into carbon monoxide 
during the fusion of the metal, either under vacuum 
or in an inert gas atmosphere, but this assumption 
cannot be applied to copper samples, because part 
of the oxygen in copper is converted into carbon 
dioxide.2*3 Obviously this leads to an error in deter- 
minations made with instruments which measure 
only CO. To solve this problem, it is necessary to 
modify the method either by suppressing completely 
the formation of CO* or by providing some means of 
measuring both the CO and the CO, formed. The 
object of this study was to find some easy ways to 
suppress the formation of CO* and to ensure the 
complete conversion of oxygen in the sample into 
only CO. 

To suppress the CO, formation, McLauchlan, 
Kraft,S Kraft and Kahles,6s7 Paessold* and Frohberg9 
have added bath materials with strong oxygen 
affinity, such as cast aluminium and 0.5% Cr-15% 
Ni-Cu alloy, and Kraft and Kahle@’ also increased 
the size of the graphite crucible or used post- 

reduction of the CO2 in a furnace containing carbon 
granules heated to approximately 1200”. 

Whether the oxygen is determined by gas chro- 
matography, coulometry or manometric techniques, 
part of the oxygen content of the copper will be 
evolved as CO2 when the sample is decomposed by 
fusion in a graphite crucible in an inert gas atmos- 
phere or under vacuum. 

We have investigated three different ways of sup- 
pressing the formation of CO, in the inert-gas fusion 
method: (1) by adding a bath-alloy, (2) by increasing 
the carbon contact surface, and (3) raising the work- 
ing temperature of the fusion. 

In the vacuum-fusion method, the CO and CO, 
evolved can both be measured, so there is no necessity 
to suppress the formation of CO*. However, appro- 
priate modifications have been made to the vacuum- 
fusion method and it is now used as a check for the 
other two methods. 

EXPERIMENTAL 

Sample preparation 

Pieces of copper (0.5-2 g) with oxygen contents in the 
range 7.6-961 pg/g, were taken for the analyses. The 
individual pieces were etched in a mixture of 50 ml of 
phosphoric acid (s.g. = 1.7), 28 ml of acetic acid (z 96%) 
and 22 ml of nitric acid (s.g. = 1.4), at room temperature for 
1 min.rO The BCR reference materials were etched first in 
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Table 1. Dimensions and surface areas of the graphite crucibles 

Wall Surface 
Length, Bore, thickness, area, 

mm mm mm cm2 Remarks 

60 

23 

23 

23 

14 3 27.9 Used for the inert-gas fusion method and 
modified vacuum-fusion method 

7 1.4 5.4 Used for the impulse heating coulometric 
method 

7+0.1 I .25 + 0.05 5.4 Used for impulse heating in the 
“reduction within the crucible” method 

10 1.4 8 Used for impulse-heating in the 
“bath-alloy” method 

concentrated hydrochloric acid (s.g. = 1.2) at 20” for 3 rnin, 
and then in a mixture of equal volumes of nitric acid 
(s.g. = 1.4), acetic acid (~96%) and phosphoric acid 
(sg. = 1.7) at 70” for 1 min. All samples were rinsed well 
with water, then methanol, and finally dried in a stream of 
warm air.” 

Three types of instrument were used: (A) an inert-gas 
fusion/gas chromatograph,‘* (B) an MCS-805 impulse heat- 
ing coulometric analyser, i2 (C) a vacuum-fusion appar- 
atus.” The dimensions and surface areas of the graphite 
crucibles are given in Table 1. 

Procedures 
(A) Gas chromatographic method. Samples to be analysed 

are transferred from the storage desiccator to the sampling 
arm. The graphite crucible is set in the quartz furnace tube 
and ~o~u~y outgassed in a stream of purified helium (at 
200 ~/~n) at appro~mately 21~-22~’ for about 3-4 hr. 
Then the temperature is lowered to l~-16~” until the 
blank is reduced to less than 0.1 pg of oxygen per 5 min. 
The sample is dropped into the crucible and the helium line 
from the furnace is connected to the enrichment column 
(packed with silica gel, 20-40 mesh and cooled to - 196”) 
for 5 min. The gas subsequently liberated from the column 
by heating is transferred in the helium stream at 40 ml/min 
into the analytical column (also 20-40 mesh silica gel) of the 
gas chromatograph (held at 70”). The amount of carbon 
dioxide is estimated from the chromatogram. 

The procedure for the dete~nation of CO was described 
earlier.‘O 

(B) Coulometric method. The graphite crucible is out- 
gassed by three heating cycles at a current of 700 A (at 8 V) 
for 45 set, in a stream of purified argon flowing at 2 l./min. 
The current is then decreased to 660 A for 30 set and the 
argon flow reduced to 160 ml/min. The blank is determined 
over a 3-min period. This process must be repeated until 
the blank is less than 10 pg of oxygen. The sample is heated 
at 660 A for 30 sec. The carbon monoxide extracted is 
oxidized with CuO to form CO, for measurement by 
coulometry. 

(C) added #ae~-~sion ~thod. The samples and the 
packed graphite crucible are installed in the same quartz 

furnace. tube as in procedure (A). The furnace is then slowly 
evacuated and the entire system continuously pumped until 
a high vacuum of 10e5 mmHg is attained. A high-frequency 
field is applied and the temperature in the crucible is 
gradually raised to 2100-2200”. The out-gassing takes about 
2-3 hr. The temperature is then lowered to the operating 
level of MO@-1450’ to yield a low and stable blank (co.5 
ppm). One extraction takes about 7-10 min. After the total 
gas pressure P,, in the known volume of the analytical 
system, has bean measumd on the M&sod gauge, the liquid 
nitrogen bath is placed around the trap for about 2 mitt to 
freeze out the carbon dioxide, and the pressure Pr is 
measured. The quantity of CO, removed (Pa), can readily 
be calculated from the pressure difference P, - P2. The gas 
mixture is then passed through a heated column of CuO, the 
COs and Hz0 produced (Hz0 from H, from the copper) are 
frozen out in a liquid-nitrogen trap, and the inert gas is 
pumped off. The liquid-stage bath is replaced by a 
do-i~/a~tone bath, and the COs evolved is measured 
~no~~~Iy, and is equivalent to the CO produced from 
the sample. The oxygen content can then be calculated. 

RESULTS AND DISCUSSION 

Amounts of CO2 produced 

In the reducing fusion procedure, the amount of 
Ccl, accompanying the CO is a function of contact 
time, temperature and surface area of the crucible, 
i.e., it depends on the analytical conditions and 
instrument used. The yields of CO2 obtained under 
various analytical conditions with different instru- 
ments are summarized in Table 2. It can be seen that 
the higher the oxygen content the more CO, is 
evolved in all three instruments. 

Addition of bath -alloy 

The following bath-alloys were tested for their 
efficiency in eliminating fo~ation of COz: (1) 1% 
Mn-Cu, (2) 0.5% Si-0.5% Cr-15% Ni-Cu, (3) OS% 

Table 2. Amount of oxygen @g per g of sample) evolved as CO, from the sample 

Oxygen 
Oxygen evolved, Hg/g 

content Inert-gas 
of copper Sample fusion/gas Impulse heating Vacuum- 

sample, weight, chromatography coulometric fusion 
No. /G/g g apparatus apparatus* apparatus 

1 2 
27Y 0.5 O-90 

0 1-2 

: 
IO-27 

552 0.5 1-16 16-59 47-82 
4 961 0.5 - 38-92 129-143 

*For samples containing below 30 pg/g oxygen the formation of CO* is negligible. 
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Table 3. Amount of oxygen evolved as CO2 from samples treated with 0.5% Si-1.5% Ni-Cu bath alloy 

Oxygen content Sample oxygen 
of copper weight, Cu/bath-aiioy evolved, 

No. Analytical conditions sample, w/g 8 w/w ratio rcslg 
1 Inductive-heating, inert-gas fusion at 552 0.5 1:4 0 

1600-1650” for 8-10 min I:5 0 
327 0.5 1:3 0 
272 0.5 I:2 

2 Impulse heating, inert-gas fusion at 552 0.5 2:1 20:58 
800 A for 30 sec. 1:2 414 

1:3 0 

Table 4. Amount of oxygen Qg per g of sample) extracted as CO, from copper in the inert-gas 
fusion/gas chromatography apparatus with different carbon surface areas 

“XYlJen 
Oxygen extracted, w/g 

content Carbon powder Carbon granules, 
of copper Carbon powder (2 g, lo-20 mesh) 5x6mm, Carbon rod, 

sample, (2 g, lo-20 mesh), +cu, 14 g 6 grains 6xl5mm 
M/g 1700-1750” 17Ot-1750” 1700-1750” 1600-1650” 

552 lo-16 7-8 <2 <1 
272 l-9 O-l <2 <1 

Table 5. The efficiency of the carbon reactor 

Carbon reactor Amount of COr Volume of unreacted 
temperature, “C injected, at NPT, ml CO,, at NFT, ml 

16 47.8 47.8 
1200 47.8 24.7-29.7 
1250 47.8 5.7-7.4 
1300 47.8 
1300 95.6 8 
1300 239 0 

Si-Cu, (4) 1% Si-Cu, (5) 0.5% Si-15% Ni-Cu, 
(6) 0.5% Si-1.5% Ni-Cu. All these alloys are of low 
oxygen content and have strong oxygen affinity, 
forming metal oxides which then yield CO with the 
graphite crucible. They are added to the graphite 
crucible together with the copper sample. The 0.5% 
Si-1.5% Ni-Cu alloy proved the best, as shown in 
Table 3. / 

Effect of increasing the carbon contact surface area 

The use of carbon powder, carbon granules or a 
carbon rod to increase the contact surface area was 
tested. As shown in Table 4, once COr is evolved 
from the sample, it comes into contact with the 
additional carbon surface, where it reacts to give CO 
through the reaction COr + C = 2C0. 

Table 4 shows that the best results will be obtained 
by inserting a carbon rod into the graphite crucible 
at 1600-1650” for 6 min. 

Table 6. Yield of CO* as a function of temperature in the 
inert-gas fusion/gas chromatography apparatus 

The use of a carbon reactor was also tested as a 
means of suppressing CO2 formation. The reactor 
consists of a fused-silica tube 8 mm in diameter and 
620 mm long, filled with spectrographic carbon gran- 
ules (lo-20 mesh). It is inserted into a tube furnace 
in which the temperature of the 1 IO-mm long heating 
zone can be raised to 1300”. One end of the silica tube 
is connected to the outlet from the impulse heating 
furnace and the other to the coulometric detector. 
Its efficiency was tested by connecting it to the de- 
tector, injecting known amounts of carbon dioxide 
into it, and measuring the amount escaping reduc- 
tion. Table 5 shows the results. 

Table 7. Effect of the design of crucibles 

Oxygen 
content CO* 

of copper Heating extracted 
sample, Crucible type current, (expressed 

Mh (see Fig. 1) A as 0, w/g) 

552 u3 620 2-12 
552 u3 780 O-13 

CO, extracted 552 H3 720 417 
Fusion temperature, “C (expw as 0, w/g) 552 u2 660 2-18 

552 u2 700 O-2 
1550-1600 l-16 552 H2 660 0 
1700-1750 l-7 552 HZ 700 0 
1800-1850 O-3 961 HZ 660 O-O.5 
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The results show that passing the gases through a 
carbon reactor at 1300” can reduce all the carbon 
dioxide. The efficiency was checked with a sample 
containing 552 ppm of oxygen. No CO2 was detected 
in the gaseous products from the reactor. 

Effect of operating temperature 

Thermodynamic data for the conversion of carbon 
monoxide into the dioxide indicate that the pro- 
duction of CO2 should decrease as the temperature is 
increased. This is confirmed by the results shown in 
Table 6, for a sample containing 552 fig/g oxygen. 

Another method for suppressing CO2 formation, 
modification of the graphite crucible design in vari- 
ous ways, was also tested. The crucible is modified so 
that two temperature zones are obtained within the 
crucible. In the low temperature zone (at the bottom 
of the crucible), the copper sample is melted and its 
oxygen content is converted mainly into CO and 
partially into CO,. The gas mixture then passes 
through a high-temperature zone (in the middle of the 
crucible), where the CO2 evolved is completely re- 
duced to CO (hence we call this the “reduction within 
the crucible” method). Several designs have been 
tested and the results obtained are listed in Table 7. 

It is evident from Table 7 that the best design for 
the crucible is a type H2 (Fig. l), with which the 
formation of CO* in the fusion process can be com- 
pletely eliminated. Since the use of the “reduction 
within the crucible” method is more convenient than 
the carbon reactor method, it is recommended for use 
in routine and referee analysis. 

Validation 

BCR reference materials and copper samples with 
different oxygen contents were analysed by the inert- 

Fig. 1. Dimensions of crucibles for “reduction within 
crucible” method. Dimensions in mm. For wall thickness see 

Table 1. 

gas fusion/gas-chromatography method (A), the 
impulse-heating coulometric method (B) and the 
modified vacuum-fusion method (C). The results 
obtained are shown in Table 8; the reproducibility is 
good. 
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SHORT COMMUNICATIONS 

SPECTROPHOTOMETRIC DETERMINATION OF 
NICKEL IN COPPER-BASE ALLOY WITH 

2-(2-THIAZOLY LAZO)-p -CRESOL 
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Eurnmar-A spectrophotometric method for determination of nickel in copper-base alloy with 
2-(2-thiaxolylaxo)-p-cresol (TAC) is described. The interferences of foreign ions can be eliminated by 
masking with a mixture of sodium tartrate and sodium thiosulphate. The nickel-TAC complex has 
low solubility in water, but is soluble in aqueous ethanol. Beer’s law is obeyed for 20-70 pg of nickel in 
50 ml of solution, at pH 5.7. The molar absorptivity at 580 nm is 2.6 x IO4 l.mole-‘.cn-‘. The method 
has been applied successfully to determination of nickel in reference samples. 

2-(2-Thiazolylazo)-p-cresol (TAC) forms coloured 
complexes with several metal ions but its use as a 
calorimetric reagent is limited. It was initially used 
for determination of copper by Gusev et al.’ and 
Sommer ef al? Gusev et al. have also proposed use 
of TAC for determination of nickel in a uranium-base 
alloy, with chloroform extraction of the complex and 
absorbance measurement at 610 nm. The present 
work describes the use of TAC for calorimetric 
determination of nickel in copper-base alloys, but 
with use of an aqueous ethanol system. 

EXPERIMENTAL 

Reagents 
TAC solution, 0.1 g in 100 ml of ethanol. Standard nickel 

solutions: 25 mg/ml and 25 pg/ml. Buffer solution, pH 5.9, 
prepared by mixing l.OM sodium acetate and l.OM acetic 
acid in appropriate ratios. Masking solution, consisting of 
16.7 g of sodium thiosulphate pentahydrate and 0.15 g of 
sodium tartrate dissolved in 250 ml of distilled water. 

General procedure 
Into a 50-ml standard llask transfer a portion of sample 

solution containing up to 70 pg of nickel. Add 10.0 ml of 
acetate. buffer, 5.0 ml of ethanol, 5.0 ml of masking solution 
and 2.0 ml of TAC solution, dilute to the mark with water, 
mix, and after 10 min measure the absorbance at 580 nm in 
a l-cm cell against a solution prepared in the same way but 
without the addition of TAC. 

Prepare a calibration graph with appropriate standards. 

RESULTS AND DISCUSSION 

The absorption maximum of the complex is at 
580-600 nm and that of the reagent blank is at 
350-380 nm; the spectra do not overlap. Maximal 
and constant absorbance is obtained for 50 pg of 
nickel with 1.2 ml of 0.1% TAC solution per 50 ml, 
so 2.0 ml of TAC solution is selected as optimal. The 
absorbance is also maximal and constant with 
2.0-10.0 ml of ethanol per 50 ml, so use of 5.0 ml is 

recommended. The maximum allowable amount of 
masking reagent per 50 ml of solution was found to 
be 5.0 ml. 

Characteristics of the nickel-TAC complex 

The absorbance of the complex is pH-dependent, 
but constant in the range 5.7-6.0. Beer’s law is 
obeyed at 580 nm for 20-70 pg of nickel in 50 ml of 
solution, at pH 5.7, and the apparent molar absorp- 
tivity is 2.6 x lo4 l.mole-‘.cm-‘. 

The order of addition of the reactants does not 
influence formation of the complex. Complete colour 
development takes 10 min and the colour is then 
stable for at least 24 hr. 

Interferences 

The selectivity was investigated by determination 
of 25 pg of nickel in presence of various amounts of 
other ions. Iron( iron(II1) and cobalt(I1) interfere. 

The interference of copper( bismuth, tin(W), 
manganese(U), cadmium, molybdenum(W), lead and 
aluminium may be reduced somewhat by the masking 
solution; the tolerance limits are given in Table 1. 

Table 1. Effect of foreign ions on determination of 25.1 pg 
of Ni in presence of mixed masking reagents 

Added, Ion/Ni Ni found, Error, 
Ion L@? ratio, w/w &I UJ? 

Al’+ 376 
Mg2’ 1063 
Ca2+ 1873 
Cd*+ 81 
Pd*+ 307 
cr’+ 731 
Bi’+ 387 
MoWI) 732 
Zn2i 101 
cu*+ 4516 

15 
43 
75 

3 
12 
29 
15 
29 
4 

181 

24.5 -0.6 
25.3 +0.2 
25.6 +0.5 
24.9 -0.2 
25.7 +0.6 
26.2 +1.1 
25.2 +0.1 
25.3 +0.2 
25.4 +0.3 
25.4 -co.3 
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Table 2. Analysis of various samples 

Nickel present, Nickel found, 
Sample % % 

Cast Bronze 
NBS.52.C 

Nickel-Copper 
Alloy 
NBS162a 

Copper-Nickel- 
Zinc-Alloy 
NBS.157 

Bronze 239 
CEPED 
standard 

0.76 0.77,0.78,0.78 

64.0 63.2,63.3, 63.5 

11.82 11.8, 11.9, 11.8 

0.30 0.30,0.30,0.30 

Determination of nickel in bronzes and brasses 

Pipette into a 50-ml standard flask an aliquot of the 
sample solution, containing 20-70 pg of nickel. Add 
10.0 ml of pH 5.70 acetate buffer, 5.0 ml of ethanol, 

5.0 ml of masking solution and 2.0 ml of TAC (0.1%) 
solution, dilute to the mark with water, mix, and after 
10 min measure the absorbance at 580 nm in a l-cm 
cell against a solution prepared in the same way but 
without the addition of TAC. 

Results obtained by applying the proposed method 
to several standard samples agree well with the 
certified values (Table 2). 

Acknowledgement-The author is greatly indebted to 
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during this study. 
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!3mmnu-A hydralazine ion-selective PVC membrane electrode based on hydralazinimn tetraphenyl- 
borate has been prepared with dioctyl phthalate as plasticizer. The electrode showed linear response with 
a slope factor of 57.5 mV/concentration decade at 20” over the concentration range from 4 x lo-’ to 
IO-‘M hydraltine. The effects, on the electrode performance, of membrane composition, pH of the test 
solution and the time of soaking were studied. The electrode exhibited good selectivity for hydralazine 
with respect to a large number of inorganic cations and organic substances of biological importance. The 
standard-addition method and potentiometric titrations were used to determine hydralazine concen- 
trations in pure solutions and in a pharmaceutical preparation, with satisfactory results. 

Ion-selective electrodes based on lipophilic salts of 
tetraphenylborate (TPB) with various organic cations 
of pharmaceutical importance have been in- 
vestigated.lm5 Hydralazine hydrochloride (HL.HCl; 
I-hydrazinophthalazine hydrochloride) is an im- 
portant pharmaceutical compound used as a vaso- 
dilator in the treatment of hypertension. Several 
methods for its determination have been reported, 
including fluorimetry,‘j HPLC,‘” polarography,9 
GLC’“-‘3 and spectrophotometry.” The low cost and 
ease of operation of potentiometric instrumentation 
make its use for the determination of HL a useful 
alternative. For these reasons we have investigated 
the performance characteristics of an HL-selective 
membrane electrode based on incorporation of 
hydralazinium-tetraphenylborate (HL-TPB) into a 
poly(vinyl chloride) (PVC) matrix and used this elec- 
trode for the determination of hydralazine in pure 
solutions and in pharmaceutical preparations such as 
!3er-Ap-Es antihypertension tablets, which contain 
hydralazine hydrochloride. 

EXPERIMENTAL 

Reagents 

All reagents were of the highest purity available. The TPB 
solution was standardized as previously described.‘s The 
HL-TPB was prepared by a method similar to that de- 
scribed previously.3 

Membrane preparation 
Four membranes were prepared in which the concen- 

tration of HL-TPB was varied in order to find the optimal 
composition. A selected amount (25, 50, 75 or 100 mg) of 
the salt was dissolved in a mixture of 15 ml of tetra- 
hydrofuran (THF). 0.5 g of PVC and 0.5 g of dioctyl 
phthalate. The resulting solution was poured into a Petri 
dish (9.5 cm in diameter) and left at room temperature for 
the THF to evaporate. A transparent membrane about 0.2 
mm in thickness was obtained, from which a disc of about 

*Author to whom correspondence should be addressed. 

12 mm diameter was cut. The disc was glued to the polished 
end of a PVC tube by means of PVC solution in THF. The 
electrode body was then 6lled with 0.W sodium 
chloride/O.OOlM HL as the internal solution. 

Potential measurements 
The electrochemical system was as follows: Ag,AgCl/ 

internal tilling solution/membrane/test solution//&u&d 
KC1 salt bridge//saturated calomel electrode. The ootential _ 
was measured, at a constant temperature of 20’, with a 
Chemtrix type 62 digital pH/mV-meter, the test solution 
being continuously stirred. 

Selectivity of the electrode 
The selectivity coefficients were evaluated by the separate 

solutions method,’ with IO-‘M solutions of HL and the 
interferent. 

Potentiometric determination of HL 
Small increments of O.lM HL were added to lOO-ml 

samples of various concentrations. The change in emf was 
recorded after each addition and used to calculate the 
concentration of the HL sample solution. 

For the analysis of HL formulations, 20 tablets were 
ground up and 140-250 mg portions of the powder were 
quantitatively transferred to 150~ml beakers containing 
100 ml of distilled water. The mixture was stirred vigorously 
until dissolution seemed complete, and the standard- 
addition technique was applied as above. 

Potentiometric titration of HL 
An aliquot of solution containing 5-20 mg of HL was 

transferred to a 150~ml beaker and the volume made up to 
100 ml with distilled water. This solution was titrated with 
5 x 10e3M standard NaTPB solution, the HL membrane 
electrode being used as the sensor. 

For HL in Ser-Ap-Es tablets, 120-290 mg portions of the 
powdered tablets were transferred to MO-ml beakers con- 
taining 50 ml of water and titrated as above. 

RESULTS AND DISCUSSION 

The response characteristics of the membranes 
investigated are summarized in Table 1 and the 
calibration graphs are given in Fig. 1. It is clear that 
electrode b was the best, giving a calibration plot with 
almost Nemstian slope over a relatively wide range of 
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Table 1. Composition and response charactehtics of PVC-matrix membranes 

Potential response 

Ion- Linear detection Response Intercept 
pair Slope, region, time, at pHL = 0, 

Membrane content, % m V/deca& M set mV 

; 2.44 4.76 47.0 57.5 8.0 4.0 x x 10-4-6.3 10-4-1.0 x x lo-* 10-I lo-20 IO-15 140 164 

f; 9.09 6.98 44.5 44.0 4.0 1.6 x x 10-4-6.3 10-3-5.0 x x 10-Z 1O-2 10-15 W-20 163 132 

concentration and having a fast response. Electrode 
b was therefore used for all subsequent studies. 

Effect of pH 

The effect of the pH of the test solution (lo-*M 
HL, O.lM NaCl) on the electrode potential was 
investigated by following the variation in emf with 
change in pH produced by the addition of very small 
volumes of O.Ol-O.lM sodium hydroxide or hydro- 
chloric acid. Figure 2 shows that the electrode can be 
used at pH 2.1-6.0 for HL determination. At 
pH c 2.1 the potential decreases, presumably because 
of formation of the diprotonated species. At pH > 6.0 
the decrease in potential can be attributed to the 
conversion of HL+ into HL. 

Effkct of soaking 

Calibration graphs (pHL vs. E) were obtained by 
use of the electrode after it had been soaked in 
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Fig. 1. Calibration plots of the HL electrodes. 

2 4 6 8 10 

PH 

Fig. 2. Effect of pH on the potential of electrode b. 

10-3MHL for periods of 5 min, 0.5, 1.0, 1.5,2.0,3.0, 
6.0 and 24 hr. The optimum soaking time was found 
to be l-2 hr, the slopes of the calibration curves being 
57.5-55.5 mV/pHL at 20”. Soaking for longer than 
2 hr is not recommended and the electrode should be 
kept dry in an opaque closed vessel in a refrigerator 
when not in use. 

Selectivity 

None of the species (J) investigated interfered 
(Table 2), as indicated by the very small values of 

KE+,,z+. The inorganic cations did not interfere 
because of differences in ionic size, mobility and 
permeability compared with HL+. In the case of 
sugars, amino-acids and amines, the high selectivity 
is mainly attributed to their different polarity and 
lipophilic nature compared with hydralazine. 

Analytical applications 

The electrode was used successfully for the deter- 
mination of HL in pure solutions and in Ser-Ap-Es 

Table 2. Selectivity coefficients for the hydralazine electrode 

Interferent KpP:,, Interferent Kpp:,l 

NH,+ 2.7 x 1O-2 
Na+ 2.3 x 1O-2 

$e$F 1.0 x 10-2 

&w 
5.5 x IO-2 

s+ 
3.5 x 10-Z 3.5 x 10-l 
7.9 x 1o-4 2.4 x IO-’ 

3’ 
8.5 x lo-’ 

@$y$z 

lack! 
4.3 x 1o-2 

+ 6.6 x 10-3 2.4 x 1O-2 
4.8 x 1O-3 sucrose 2.7 x 1O-2 
7.4 x lo-’ maltose 4.2 x 1O-2 
6.5 x lo-’ 
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Table 3. Po~tiome~ dete~~tio~ of hydral~ne 

Standard-addition method Potentiometric titration 

Mean Standard Mean Standard 
Taken, recovery, deviation, Taken, recovery, deviation, 

Solution mg % % mg % % 

Pure HL 9.83-29.79 99.6 1.5 s-20 98.9 0.9 
&-AD-Es* 12.03-21.49 101.1 2.4 10-25 98.0 1.0 

*S~~~~a-~iro, under hcenee from C&a-Geigy Ltd., Basle, Switxerland. 

posed methods and indicate that the excipients in the 

Ser-Ap-Es tablets do not interfere. 
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Summary-The use of oxazine dyes as redox indicators in the dete~nation of ~~~~), cop~~II), 
OS~~~II), ~~~~ and thalli~~I1) with iron(I1) as r&u&metric t&rant in phosphoric acid 
medium has been investigated. The determination of copper in brass and the analysis of the binary 
mixtures of U(V1) and U(W), and of Tl(II1) and Tl(I) with this reductant and these indicators have been 
studied. 

Several metal ions, such as U(VI),’ Mo(VI),2 V(N),j 
TI(III),4 Cu(II)? Sb(V),6 As(V),’ @(VIII) and Ir(Iv)8 
have been determined by titration with iron(I1) in 
phosphoric acid medium. The only redox indicators 
so far employed in these titrations appear to be a few 
of the thiazine group of dye&t0 and cacotheline.’ 
However, these methods are not free from draw- 
backs. Very recently the use of oxazine dyes as redox 
indicators in some of these dete~nations, e.g., of 
V(IV) and Mo(V1)” and Sb(V) and As(v)” has been 
reported from our laboratories. The present commu- 
nication describes the use of six oxazine dyes as 
advantageous redox indicators in the determination 
of U(VI), Cu(II), Os(VIII), Ir(IV) and Tl(II1) with 
iron(I1) in phosphoric acid medium. The methods 
developed have been applied to analysis of brass for 
copper and for analysis of binary U(VI)-U(IV) and 
Tl(III)-Tl(1) mixtures. 

EXPERIMENTAL 

Reagents 

All solutions were prepared with distilled water and all 
chemicals were of analytical reagent grade unless otherwise 
stated. 

Approximately O.lM solutions of iron(I1) ammonium 
sulphate hexahydrate and cerium(IV) sulphate were pre- 
pared and standardized,“*” and portions were further di- 
luted to O.OlM and 0.04M respectively. 

Solutions of O.lM copper(I1) sulphate,” O.OlM sodium 
hexachloroiridate(IV)‘6 and 0.0025M osmic acidI were 
prepared8 and standardized i~ome~~lly. 

Solutions of 0.05M and O.lM uranium~1) and O.lM 
uranium(IV) (made by using a Jones &h&or”) were 
prepared from uranyl acetate and standardimd.rs Solutions 
of thallium(II1) 0.00% and O.OlM and O.OlM thallium(I) 
were prepared from laboratory grade thallium(I) carbonate 
as described earlierI and standardized.‘9 

Aqueous solutions (0.1 g per 100 ml) of the dyes (Gun 
& Co., England) Brilliant Cresyl Blue (BCB), Capri Blue 
(CPB), Gallocyanine (Cc), Gallamine Blue (GB), Celestin 
Blue (CLB) and Sevron Blue SG (SB 5G) (Colour Index 
Nos. 51010, 51015, 51030, 51045, 51050 and 51004 re- 
spectively) were prepared. Phosphoric acid of GR grade 
(Merck) was used. 

General procedure 
A known volume of metal ion solution (2-10 ml) was 

treated with enough orthophosphoric acid to give the 
required overall acidity near the equivalence point. After 
addition of O-2-0.3 ml of indicator solution, the reaction 
mixture was titrated with O.lM iron(I1) [O.OlM for Ir(IV), 
Os(VII1) and Tl(III)]; the solution was continuously stirred 
by means of a magnetic stirrer, and a carbon dioxide 
atmosphere was maintained throughout the titration to 
prevent aerial oxidation of iron(IIl and the leuco dye. The 
&olour change at the end-point is from green to pale yellow 
with BCB and CPB (the leuco bases are Dale vellowp and 
from pink to colourless with the rest of Ihe dyes ex&pt in 
titration of Cu(II), where the appearance of a whim-cream 
colour (with a light yellow tinge with BCB and CPB) marks 
the end-point. An indicator correction of 0.10 ml of iron@) 
was applied in the titrations with O.OIM iron(I1). The 
Os(VII1) solution was prepared with phosphoric acid cooled 
in ice-water, and titrated at 20-ZY, because of risk of loss 
by volatihzations at the h&oratory temperature (a 28*). In 
the determination of Cu(II), it was necessary for the reaction 
medium to be 0.005-O.OlM in potassium thiocyanati in 
addition to 9.0-10SM in phosphoric acid, and it was best 
to add the indicator just before the equivalence point, as it 
is partly destroyed5 if added at the beginning. 

Brass analysis 
Dissolve O.S-Log of sample in 1.5-25 ml of nitric acid 

(I+ I), add 5-10 ml of concentrated sulphuric acid and then 
evaporate the mixture to fumes. Dilute to about 70 ml with 
water and iilter off and wash any precipitate. Add a few ml 
of bromine water to the combined filtrate and washings and 
boil off the excess of bromine. Cool, dilute to volume in a 
100~ml standard flask and analyse a fraction as already 
described. 

&~iysis of ~(VZ~U(ZV) or Tl(ZZZ~Ti(~ mixtures 
The total concentration of the metal ion should not 

exceed 0.06M for uranium and 0.006M for thallium when 
the solution is diluted to 50 ml. Titrate a lO-ml portion of 
the mixture with O.lM iron(I1) for U (O.OlM for Tl), 
employing any of the six oxazine dyes as indicator, and the 
general procedure and reaction conditions of Table 1. This 
gives the content of U(W) or Tl(III) present in the mixture. 
Titrate another 10 ml with cerimn(IV) sulphate [O.lM for 
U(IV) and 0.04M for T&I)] as described by Rae*’ [3-4M 
hydrochloric acid and I-1.5M phosphoric acid medium, 
with GC as indicator, for II( and as outlined by Sagi” 
[0.&0.7M hydrochloric acid medim at 80-90” to the pale 
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yellow colour, for Tl(I)] k&VI) or WV) in the range 
0.I2-060 8 and Tl(II1) or Tl(I) in the range 10-50 mg (in 
a total volume of 50 ml) have been determined with an error 
of f0.6%, with the six oxaxine dyes as indicators. 

RRSULTS AND IlIscusEION 

Table 1 gives the titration conditions, range of metal 
ion determined, and the conditional redox potentials 
of the couples concemed.1*s*8+r2 The colour transitions 
of the indicators are sharp and reversible at the 
equivalence point, which co~es~nds to the complete 
reduction of U(VI), Cu(II), Os(VIII), Ir(IV) and 
Tl(II1) to U(W), Cu(I), OS(W), Ir(II1) and Tl(I) 
respectively, the indicators being reduced to their 
leuco bases in a Z-electron reaction.2D The conditional 
redox potential of the metal ion couples are in the 
range 0.70-1.10 V, while that of the iron(III)/ 
iron(R) couple in 9-12M phosphoric acid media (the 
range used) is 0.410-0.390 V. Therefore, any redox 
indicator having a transition potential in the range 
0.55-0.75 V should function ~tisfa~o~ly in these 
titrations. As the standard redox potentials of most 
of the oxazine dyes lie in this rangerr the use of these 
indicators in these determinations was investigated. 
Other dyes of this type such as Nile Blue, Meldola’s 
Blue, Resomfin etc., which have a standard redox 
potentialz3 less than 0.50 V, were found to be un- 
satisfactory. Since the performance of a redox 
indicator can be better judged from its transition 
potential than from its standard potential, the transi- 

tion potentials of the dyes used were determined24 and 
are presented in Table 2. 

The error of these methods with each indicator has 
been found not to exceed &O-5%. The precision was 
determined for six replicate titrations of 59.5, 31.77, 
2.38, 9.60 and 5.10 mg of U(W), Cufli), Os(VIII), 
Ir(IV) and T&III) respectively, and the relative stan- 
dard deviationszs were all in the range 0.3-0.4%. 

In the earlier methods,‘~2*g*‘0 in which thiazine dyes 
were used as redox indicators, the colour transition at 
the end-point, from green to pale yellow green, made 
detection of the end-point difficult and some of the 
indicators underwent partial destruction and needed 
to be added near the end-point. The present methods 
obviate both these difficulties [except for the Cu(I1) 
titration] and the colour change at the end-point, for 
GC, GB and CLB, from pink to colourless, can be 
easily detected. The relative cheapness, solubility in 
water and stability of the aqueous (2-3 months) and 
acid (1 week) solutionsM of these dyes are added 
advantages. 

Interferences 

Large amounts of Mn(II), Pb(II), Zn(II), Sn(IV), 
S@- , Cl- [except Cl- in the determination of 
TKIII)], CH~COG- and CIO; do not interfere. The 
colours of Cr(II1) and Ni(I1) do not interfere when 
less than 0.8 and 4 mg of these ions respectively are 
present per ml of titration mixture. The colour of 
Co(II) up to 2 mg/ml does not interfere with BCB and 

Table 1. Determination of metal ions with oxazine dyes as indicators 

Metal ion 

WI) 
WII) 
Os(vII1) 
IW) 
T&III) 

Reaction Range of metal 
medium, ion determined, 

[HP’,11. M W 

1 l-12 24-120 
910.5 13-64 
9-12 l-5 
9-11 4-20 

11-12 2-10 

Conditional redox 
potential, 

V (It5 mv) 

9.730 ~~)~(I~]’ 
0.700 [Cu(II)/cu(I)]~ 
Not available [OS(VIII)/OS(IV)]~ 
0.880 [rr(IV)/Ir(III)]* 
I. 10 iTl(III)jTl(I)]~ 

Table 2. Determination of metal ions with oxaxine dyes as indicators 

Transition potential, V ( f 5 mV) 

Indicator WIV) CU(I1) OslvIII) Ir(IIv) TMII) 

BCB 
CPB 
GC 

EF!II 
SB5G 

\ , . , . , . _ . I 

0.552 0.570 0.581 0.594 0.610 
0.536 0.586 0.575 0.583 0.630 
0.546 0.552 0.609 0.582 0.594 

0.550 0.693 0.544 0.588 0.616 0.594 0.596 0.589 0.625 0.615 
0.615 0.594 0.573 0.588 not found 

suitable 

Table 3. Determination of copper in brass 

iodometric method,% 
% BCB 

Copper content found by the present method*, % 

CPB Gc GB CLB SB 5G 

59.9 60.15fO.15 59.7Of0.20 60.14f0.16 59.63f0.18 60.08~0.12 5g.6O*O.lg 

*Average fs.d. of 6 determinations. 
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CPB (up to 0.3 mg/ml with the rest of the indicators). 
W(V1) gives a white precipitate but does not interfere. 
Nitrate interferes at all concentrations. 

In view of the non-interference of the other metals 
normally present in brass, the methods have been 
applied to the determination of copper in brass 
(Table 3). The indicators have also been examined for 
use in the analysis of binary mixtures consisting of 
U(VI)-U(IV) or Tl(III)-Tl(1). 
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Summary-The swamis and analytical properties of 1~2-p~dy~ethytiden~~o~3-(~hydroxy~i- 
id~~no)~iour~ PHT and 1-(2-p~dy~ethyliden~no)-3-(2,~~ydroxy~liden~no~ 
thiourea PDT have been studied. A spectrophotometric method has been used to determine the 
protonation constants of the reagents and a spectrophotometric survey of the reactions of various cations 
with PHT and PDT has been made. 

Tbiocarbohydrazide can easily be obtained by react- 
ing carbon sulphide with hydrant hydroxide.’ 
It can be used in analytical chemistry for organic 
functional group analysis,2 colour tests for anions 
and cations,35 and gravimetric determinations and 
separations of metals.4,s Several symmetricH and 

%I2 asymmetric derivatives of thiocarbohydrazide 
have been proposed as analytical reagents for trace 
metal analysis, s~c~ophotomet~~ dete~nation of 
zinc,i3*i4 iron,1s*L6 palladium,” mercury,‘* indium*9 
and cobalt,” and fluorimetric determination of 
gallium.21 

This paper deals with the synthesis and possible 
analytical applications of two new asymmetric 
derivatives of t~~rbohydr~de: I -(2-pyridyl- 
~thylidene~no~3-(4-hydroxy~~lidene~ino)- 
thiourea (PHT) and I-(2-pyridylmethylideneamino)- 
3-(2,4dihydroxybenzylideneamino)thiourea (PDT). 

In each case 2 ml of glacial acetic acid and 0.7 ml of 
p~~n~r~xaldehyde were then added and the mixture 
was refluxed for 1 hr. When the solution had cooled, 200 ml 
of water were added and the mixture was cooled in a 
refrigerator. The yellow products were filtered off and 
recrystallixed from 1: 1 v/v aqueous ethanol. 

The microanalytical results were as follows: 

PHT (m.p. 215-216”) C H N S 
Required for C,,HbN,OS, % 56.2 4.4 23.4 IO.7 
Found, % 56.4 4.6 23.7 10.2 

PDT (m.p. 209-210”) C H N S 
Required for C14H,,N,0#, % 53.4 4.1 22.2 10.1 
Pound, % 53.3 3.9 22.1 9.5 

Other reagettts 

salts and solvents of analytical reagent grade purity or 
better were used throughout. All metal ion solutions were 
standardized by appropriate methods. 

CH= N-NH -CC-NH-N=CH -0" PHT 

@- 0 CH=N-NH-C-NH-N=rCH 

! 9- 

0 OH PDT 
N 

HO 

Synthesis of the reagents RESULTS AND DISCUSSION 

The reagents were obtained in two steps. First, the 
monoderivatives of thiocarbohydraxide with 4-hydroxy- 

The solubility of the reagents in water and in 

benxaldehyde and 2,4dihydroxybenxaldehyde, respectively, organic solvents is very low [except for dimethyl- 
were obtained by the method described by Brown et aLz2 formamide (DMP) in which it is 10 g/l.]. Their 
In the second step these derivatives were condensed with ~lutio~ in DMF are stable for at least a week. 
2-p~din~~~ldehyde in the usual way for Schiff bases, 
but with some modifications. For PHT, 5 mmoles of the 

The infrared spectra (KBr discs) of the reagents are 

4-hydroxy derivative were dissolved in 100 ml of boiling complicated because the aromatic portion of the 

ethanol; for PDT, 4 mmoles were similarly dissolved. molecules gives rise to numerous bands, the overlap 
of which makes detailed assigmuents difficult. The 
principal bands and their assignments are given in 

To whom all correspondence should be addressed. Table 1. The assigmnents for the spectrum of pyridine 
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Table 1. Infrared spectral data 

Frequency, cm -I 

PHT PDT Assignment 

3370 m 344Om N-H stretch 
3120 w 3150 w --OH intramolecular 

hydrogen bond 
1620 s 1640s C=N stretch 

1570-1440* 1595-1440* aromatic C=C stretch 
1170 m 1170 m c=s stretch 

125~900* 123~900. pyridine C-H in-plane 
deformation 

900-690* 885-680* pyrldine C-H out-of- 
plane deformation 

*Multlplet. 

are well established,*‘*’ and also the bands due to 
C=N, aromatic C&C and C=S stretches. 

The ultraviolet spectra of solutions of both re- 
agents show an absorption maximum at between 325 
and 345 nm. For aqueous solutions the maximum is 
at 326 nm and the spectra are pHdependent. The 
changes can be attributed to protonation of the 
pyridine nitrogen atom in acid medium, the dis- 
sociation of the thioimidol group in neutral medium 
and the dissociation of the aromatic hydroxyl groups 
in alkaline medium. The pK, values were calculated 
from pH us. absorbance plots and the first dis- 

sociation constants, K,, were evaluated by the 
Lunn-Morton26 and Maroni-Calmon2’ methods. The 
values of K, and & are too close together for use 
of these methods, and the Roth-Bunnett methoda 
was used instead. The value of Kn4 for PDT has not 
been calculated because deprotonation of the second 
hydroxyl group can occur only in strongly alkaline 
medium and in this medium PDT is unstable. 
The pk; values found are: PHT, p&, = 3.5, 
p&, = 7.0, pK,, = 8.1; PDT, pK,, = 3.5, PK,~ = 7.1, 
p& = 8.4. 

The reagents are readily oxidized by hydrogen 
peroxide or ammonium persulphate in acid, neutral 
and alkaline media, but are not easily reducible. 

Table 2. Spectrophotometric characteristics of the PHT and 
PRT complexes* 

L. optimum 6 
Reagent Cation run pHt IO-’ I.mole-’ cm-’ 

PI-IT Bi(III) 408 4.045 73.1 
zn(II) 400 7.0-7.5 57.2 
Ga(III) 415 3.7-4.0 58.5 
Hg(II) 380 6.5-7.0 58.4 
Ni(I1) 408 6.8-7.6 44.2 
Co(H) 406 3.5-5.5 46.7 
WII) 404 4.3-5.2 28.6 

PRT In(II1) 408 5.8-6.5 66.6 
Bi(II1) 412 58-6.4 57.1 
Bi(IIQ 427 4.8-6.2 137.0x 
Ga(III) 413 6.0-7.0 57.4 
Pd(II)$ 408 4.8-6.7 137.0+ 

*For 40%, v/v dimethylformamide medium. 
tpH-meter reading. 
#Extracted into chloroform in the presence of perchlorate. 
IExtracted into chloroform. 
#Apparent molar absorptivity (phase-volume ratio 5:2, 

aqueous phase: organic phase). 

Neither reagent shows fluorescence in DMF or in 
acid, neutral or alkaline aqueous media. 

Reactions with metal ions 

The analytical characteristics of the more inter- 
esting reactions are summarized in Table 2. Both 
reagents act as general chromogenic ligands yielding 
high molar absorptivities, although they are not 
selective, the absorption maxima for the complexes 
all being located around 400 nm. 

Remarkable sensitivities can be obtained for Bi- 
(III), Zn(II), Ga(III), and Hg(I1) with PHT, and for 
In(III), Ga(III), Bi(II1) and Pd(I1) with PDT. The 
sensitivities for Bi(II1) and Pd(I1) with PDT can be 
improved by extracting the complex into chloroform. 

In Table 3, PHT and PDT are compared with 
symmetric and asymmetric derivatives of thio- 
carbohydraxide derived from salicylaldehyde and 
2-pyridinecarboxaldehyde. In general, higher molar 

Table 3. Comparison of the spectrophotometric characteristics of some chelates 
of thiocarbohydrazone reagents* 

PMATt SAT8 PST$ PHT PDT 

Cation & L &, c L 6 & t L, f 

Cow) 395 58.8 410 27.3 410 50.9 406 46.7 405 47.7 
Cu(II) 400 16.5 400 22.2 410 18.0 404 28.6 388 24.9 
Pd(I1) 392 23.4 390 12.0 400 24.5 382 46.6 390 63.8 
Zn(I1) 394 11.2 390 12.0 410 67.5 393 49.0 398 61.6 
Ni(I1) 410 21.1 420 18.4 405 51.7 392 47.8 387 43.2 
HgUI) 396 57.7 382 37.1 400 64.2 380 69.2 - - 
Ga(II1) - - - - - - 415 31.2 422 42.3 
In(III) 410 37.2 404 47.6 415 63.4 392 59.7 408 66.6 
Bi(II1) 400 12.6 - - 415 50.2 406 69.0 406 68.2 
V(v) 430 7.3 396 19.3 400 15.9 442 13.5 398 40.2 
Fe(H) 384 34.4 390 22.8 400 65.0 392 64.2 393 55.5 

620 4.5 550 4.0 635 5.6 620 6.4 630 6.1 

*Acetate-buffered medium, Ih, in mu, L in lo-) l.mole-’ . cm-‘. 
~l,3-Bis(2-pyridyhnethylidenearnino)thiourea.b 
§1,3-Bis(salicylldeneamino)thiourea.’ 
$l-(2-pyridylmethylide.neamino)-3-(salicylideneamino)thiourea? 
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absorptivities are obtained with the asymmetric 8. J. R. Ronilla Abascal, A. Garcia de Torres and J. M. 
derivatives and this co&ms the results obtained by Gano Pa&, Micro&em. J., 1983, Z?, 132. 

Resales et ~1.~ Because of the stronger chromophore 9. D. Rosa& G. Gonzalez and J. L. Gomez Ariza, 

effi of the 4-phenol and 2Pdiphenol groupings 
Talanta, 1985, 32, 467. 

compared to the 2-phenol group, higher molar ab- 
10. G. Galan, M. T. Morales, M. T. Montaila and J. L. 

sorptivities would be expected for PHT and PDT 
Gomez Ariza, J. Molec. Strut., 1986, 143, 517. 

11. R. Escobar, F. J. Barragn de la Rosa and J. L. Gomez 
chelates than for PST chelates. This trend is marked Ariza, ibid., 1986, 143, 505. 

in only certain cases, such as for Cu(II), Pd(II), 12. E. Sanchez, J. L. Gomez Ariza and A. Guiraum, ibid, 

Bi(III), V(V). Its advantage, however, is offset by a 
1986, 143, 509. 

correspondingly higher molar absorptivity of the two 
13. M. T. Morales, M. T. Montaiia, G. Galan and J. L. 

reagents at the maximum absorbance wavelengths of 
Gomez Ariza, Analyst, 1987, 112, 467, 

the-complexes; the values (1. mole-’ cm-‘) measured 
14. D. Rosales and J. L. Gomez Ariza, Anal. Chim. Acta, 

1985, 169, 367. 

at 400 um vs. distilled water, are, approximately, 480 15. F. J. Barragan de la Rosa, J. L. Gomez Ariza and 

for PHT, 790 for PDT and 95 for PST. 
F. Pino, Mikrochim. Acta, 1983 III, 159. 

In any case, PHT and PDT can form the basis of 
16. D. Rosales, J. L. Gomez Ariza and J. A. Mufioz Leyva, 

ibid., 1985 I. 77. 
sensitive methods for the determination of various 17. D, Resales,. J. L. Gomez Ariza and A. G. Asuero, 

metal ions, and extraction steps are not necessary Analyst, 1986, 111, 449. 

because the complexes are soluble in water- 
18. D. Resales and J. L. Gbmez Ariza, Anal. Chem., 1985, 

dimethylformamide IlliXtUreS. It iS noteworthy that 
57, 1411. 

19. I), Ros&.s, I. Millan and J. L. (&jmez A&, Talmta, 

PHT and PDT react with Ga(III), but the other 1986, 33, 607. 
derivatives compared do not. 20. F. J. BarragPn de la Rosa, J. L. Gomez Ariza and 

F. Pino, Mikrochim. Acta, 1983 II, 455. 
21. E. Ureiia, A. Garcia de Torres, J. M. Cano Pa&n and 

REFERENCES 

1. N. P. Bun-Hoi, T. B. Lot and N. D. Xuong, Bull. Sot. 
Chim. France, 1955, 694. 

2. C. Duval and N. D. Xuong, Mikrochim. Acta, 1956, 
747. 

3. D. Williams and F. M. Nakhla, Bull. Inst. Mining Met., 
1951, No. 533, 257; Chem. Abstr., 1951, 45, 6956 g. 

4. C. Duval and T. B. Lot, Compt. Rend, 1955,240,1097. 
5. I&m, Mikrochim. Acta, 1956, 458. 
6. F. J. Barragan de la Rosa, J. L. Gomez Ariza and 

F. Pino, Talanta, 1983, 30, 555. 
7. M. T. Montatia, J. L. Gomez Ariza and A. Garcia de 

Torres, An. Quim. Ser. B, 1984, 80, 129. 

J. L. Gomez Arlza, Anal. Cheh., 1985, SI, 2309. 
22. A. C. Brown, E. C. Pickering and F. J. Wilson, 

J. Chem. Sot., 1927, 107. 
23. C. H. Kline and J. Turkevlch, J. Chem. Phys., 1944,12, 

300. 
24. L. Corssin, B. J. Fax and R. C. Lord. ibid.. 1953. 21. _, ,_ 

1170. 
25. J. K. Wimshurst and H. J. Bernstein, Can. J. Cbem., 

1957, 35, 1185. 
26. A. R. L&m and R. A. Morton, Analyst, 1952,77,718. 
27. P. Maroni and J. P. Calmon, Bull. Sot. Chim. France, 

1964, 519. 
28. B. Roth and J. F. Bunnett, J. Am. Chem. Sot., 1965,87, 

334. 



T&ma, Vol. 35, No. 6, pp. 496498, 1988 
Rinted in Great Britain. All rights reserved 

0039-9140/88 s3.00 + 0.00 
Copyright 0 1988 Pergamoll PfcsS plc 

SEPARATION AND DETERMINATION OF SELENIUM(IV) 
AND MOLYBDENUM(V1) IN MIXTURES BY SELECTIVE 
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Summary-A simple method for the separation and determination of seleninm(IV) and molyhdenurn(V1) 
in mixtures, based on selective precipitation with potassium thiocarbonate, has been developed. The 
procedure allows quantitative determination of 10-100 mg of selenium or l&70 mg of molybdenum at 
pH 0.5-1.0. No interference by a wide range of other metal ions is observed. 

Potassium thiocarbonate (PTC) has been used as an 
alternative to hydrogen sulphide in a wide variety of 
analytical procedures. I4 Its attraction as a reagent 
lies in its stability and the ease of preparation and 
standardization of its aqueous solution. It can also 
act as both a precipitant and a complexing and 
masking agent.’ It has been used for the separation 
and determination of copper, lead, silver, cadmium, 
thallium and bismuth in the presence of EDTA and 
other complexones, and for analysis of ternary mix- 
tures of silver, copper and platinum or gold.‘O 

Its reactions with molybdenum(V1) and selenium- 
(IV) over a wide pH range, and its use for their 
separation from mixtures with other metal ions have 
now been examined and are presented in this paper. 

EXPERIMENTAL 

Reagents 
All solutions were prepared with analytical reagent grade 

chemicals and doubly demineralized water, unless otherwise 
stated. 

Potassium thiocarbonate (PTC) stock solution, IM. Pre- 
pared and standardized as described previously,’ and diluted 
as required. 

Metal-ion solutions, I mglml. Prepared by dissolving 
appropriate quantities of metal compounds in water, or 
as required,’ and standardized gravimetrically.” The 
compounds used were silver, copper, lead, bismuth, and 
zirconium nitrates, chromium(III), nickel, thorium and 
beryllium chlorides, cobalt(H) bromide, zinc and manganese 
sulphates, ferrous ammonium sulphate (later oxidized), 
sodium selenite and telhrrite, cadmium oxide, titanium 
dioxide, aluminium hydroxide and ammonium molybdate. 

Procedures 
Effect of pH on the precipitation of selenium(W) and 

molyb&nwn(VI) with PTC. To an aliquot of solution con- 

*Author to whom correspondence should be addressed. 

taining 40 mg of selenium(W) or 50 mg of molybdenum(W), 
adjusted to pH 0.5-10 with 3M sulphuric acid and/or 8M 
ammonia solution, 0.5M PTC solution was added dropwise 
until precipitation was complete. After digestion for 30 min 
on a hot water-bath, the precipitate was filtered off on 
Whatman No. 42 filter paper, and washed first with water 
and then with alcohol. 

The selenium(IV) precipitate was dried at 105” and 
weighed as SeS,. The molybdenum(VI) precipitate was 
transferred to a platinum crucible and ignited at 600-750 
to convert MO& into MOO,, which was used as the weighing 
form. The conversion factors are 0.552 for Se/Se& and 0.667 
for Mo/MoOJ . 

Determination of selenium(W) in mixtures. Appropriate 
volumes of the metal-ion solutions to provide (a) IO-20 mg 
of zirconium, chromium, iron, and thorium or (b) 5-20 mg 
of beryllium, cobalt, manganese, nickel, and zinc were 
added to solutions containing 10-50 mg of selenium(IV). 
The pH was adjusted to 0.5-l .a with 3M sulphuric acid, and 
0.5M PTC was added dromvise with constant stirring until 
precipitation was complete‘. The precipitates were 00iktd, 
dried and weighed as-described above. 

Determination of molvb&numfYI) in mixtures. The pro- 
cedures for separation and determination of molyb- 
denum(W) were tested with three groups of metals. 

Group A-cobalt, zinc, nickel and iron. 
Group B-silver, lead, bismuth, cadmium, and copper. 
Group C-titanium, chromium, aluminium, and thorium. 
Aliquots of the standard metal ion solutions containing 

the group A or group C metals (5-10 mg of each metal) were 
added to aliquots of solutions containing 5-60 mg of molyb- 
denum(W). The mixtures were made acidic (PH 0.5-1.0) 
with 3M sulphuric acid and 0.5M PTC was added dropwise 
with constant stirring till precipitation was complete. The 
precipitates were collected, ignited and weighed as described 
above. 

For group B metals (5-1Omg each), a slightly different 
procedure was used. The metal ion solutions were mixed 
with aliquots containing molybdenum(W) (10-50 mg) and 
the mixture was made slightly alkaline (PH 8) with O.lM 
sodium hydroxide. PTC solution was then added dropwise 
until all the foreign metal ions were precipitated and molyb- 
denurn remained as its thiocarbonate complex. The 
pracipitate was filtered off and the filtrate acidified to pH 
0.5-l .O, the molybdenum being precipitated as MoSs, which 
was collected, ignited and weighed as described above. 
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Table 1. Effect of pH on precipitation of Se(IV) and MO(W) with PTC* 

PH 

Metal ion Product Recovery, 
taken, mg obtained, mg % 

se(lW MWf) Se& MoO, WIW Mo(VI) 

0.5 40 50 72.3 75.0 
1.0 40 
1.5 40 

::: 72.1 75.0 
72.0 74.3 

2.0 40 66.9 69.0 
2.5 40 

:: 
65.3 66.0 

4:o :.; 
40 

:: 
60.7 63.0 

40 57.0 53.2 60.0 61.5 

4.5 : ::: 49.3 56.3 

&77:0 :: 

40 45.3 52.5 

40 40 : SO 37.2 0.0 0.0 0.0 

*Each result is an average of three determinations. 

99.9 99.9 
99.6 99.9 
99.4 99.0 
92.4 92.0 
90.2 88.0 
83.8 88.0 
78.7 82.0 
73.6 80.0 
68.0 75.0 
62.5 70.4 
51.3 0.0 
0.0 0.0 

RJWJLTS AND DISCUSSION 

PTC precipitates molybdenum(W) and sele- 
nium(IV) as the thiocarbonates in alkaline medium 
and sulphides in acidic medium.’ Table 1 shows that 
the precipitation of selenium(IV) and molyb- 
denum(W) is quantitative at pH 0.5-1.0; however, at 
pH 1 J-6.0 (for selenium) and pH 1 J-5.0 (for molyb- 
denum), the ~m~sition of the precipitate is uncer- 
tain, but is probably a mixture of thiocarbonate and 
sulphide, and at pH greater than 6 no precipitate is 
obtained. 

901 I I I I I 
20 40 60 so 100 

Amount of metal (ion/mg 1 

Fig. 1. Effect of amounts of selenium(IV) (0) and molyb- 
denum(W) (0) on their pre&pitation by FTC at pH 0.5-l .O. 

Effect of selenium and molybdenum concentrations 

Figure 1 shows that at least 10 mg of selenium or 
moly~en~ must be present for recovery to be 
quantitative. Precipitation is quantitative for up to 
100 mg of selenium, but positive errors are obtained 
for molybdenum in amounts greater than 70 mg, 
possibly because of incdmplete conversion into Moo9 
on ignition. Hence, a range of 10-50 mg is recommen- 
ded. 

~eporotio~ and determination of seleni~~v) and 
molybden~~I) in mixtures 

In acidic medium selenium(IV) and molyb- 
denum(VI) are precipitated as sulphides whereas the 
other metal ions in the mixtures tested remain in 
solution. In alkaline medium, on the other hand, 
silver, lead, bismuth, cadmium, and copper are pre- 
cipitated as the t~~arbonates white molyb- 
denum(W) remains in solution as its thiocarbonate 
complex, but is precipitated as MO!& on acidification. 
Dropwise addition of FTC provides and regulates an 
adequate supply of hydrogen sulphide without pol- 
luting the laboratory atmosphere. The efficiency and 
selectivity achieved with the reagent is illustrated by 
the results in Tables 2 and 3. 

Table 2. Separation and determination of Se(N) in presence of other metals* 

Other metals, mg ss, WV) 
se(Iv) obtained, recovered, 

taken, rnz Al Zr Cr(II1) Fe(III) Th ma % 

10.00 15 10 15 10 10 18.0 99.6 
20.00 20 15 
30.00 15 20 2:: 

15 5 36.1 99.6 
8 15 53.9 99.3 

40.00 10 
50.00 1: 5 1: 

20 99.5 
8 99.4 

Be Co Mn Ni Zn 

10.00 10 20 10 20 20 18.0 99.6 
20.00 :: 5 20 15 36.0 99.4 
30.00 

! 
1.5 20 

t : 
54.0 

40.00 15 10 5 8 72.1 
SO.00 10 15 10 LO 10 90.1 

*Average of triplicate dete~nations. 
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Table 3. Separation and determination of Mo(VI) in presence of other met&* 

MOW) Other metals, mg M&B WW 
taken, obtained, recovered, 

w Co Zn Fe(III) Ni rniz % 

SO.00 
30.00 
is.00 
10.00 

10 11 10 IO 
10 5 10 10 
10 15 10 15 
10 5 8 6 

Ag Pb Cd Cu Bi 

75.0 100 
45.0 99.9 
23.0 99.9 
15.0 99.9 

- 
50.00 
30.00 
15.00 
10.00 

15 15 10 5 10 74.9 99.9 
10 10 10 10 10 44.9 99.9 
5 5 22.5 99.8 

20 5 ;z :o” 1: 15.0 99.8 

Ti Al Th Cr(II1) 

50.00 10 10 10 10 75.0 100 
30.00 10 : 10 10 45.0 99.9 
15.00 10 9 22.5 99.9 
10.00 10 9 10 15.0 99.9 

*Average of three determinations. 

Compared with other gravimetric reagents and 
methods for the separation and dete~ination of 
selenium(IV) and molybdenum,‘2,13 the method de- 
scribed is simple, economical and quantitative. 
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ON THE DETERMINATION OF TOTAL DISSOLVED 
TIN IN NATURAL WATERS BY DIRECT 

HYDRIDE GENERATION AND NON-DISPERSIVE 
ATOMIC-FLUORESCENCE SPECTROMETRY 

Istituto di Chimica Anal&a Stnunentaie de1 C.N.R., Via Risor8imento, 3.5, 56100 Piss, Italy 

(Received 27 h&y 1987. Revtied 14 September 1987. Accepted I8 December 1987) 

Summuy-The analytical response of inorganic tin and of eleven organotin compounds of the type 
R$nX,_ I! (with n = 1, 2, 3 and R = methyl, ethyl, butyl and phenyl) was compared for direct hydride 
generation with non-dispersive atomic fluorescence detection. Most of them compounds showed behav- 
iour resembling that of inorganic tin, witb the exception of tributyltin and the phenyltin compounds. A 
simple pretreatment with 10e3M bromine and 0.033M nitric acid at 70” for 60 min prevents any risk of 
underestimation and the total dissolved tin in natural waters can be determined with recoveries better than 
90%, with inorganic tin as calibration stamlard. 

The problems associated with organotin pollution, 
and the circulation and degradation of tin com- 
pounds in the aquatic environment, are well docu- 
mented in the literature.‘” One of the most powerful 
analytical methods for the dete~nation of tin com- 
pounds at trace Ievel comprises hydride generation 
followed by gas chromatographic separation and 
selective detection.c6 Few efforts have so far been 
devoted, however, to solving the problem of total tin 
determination by hydride generation with direct 
sweeping of the evolved hydrides to the atomizer.’ 

This paper reports an investigation of the Iim- 
itations and risks of direct hydride generation com- 
bined with non-dispersive atomic-~uor~n~ de- 
tection (NDAFS), in the determination of total 
dissolved tin in natural water samples and proposes 
a relatively simple procedure to avoid them. 

EXPERIMENTAL 

The NDAF spectrometer and the experimental parame- 
ters were simiiar to those previously described.%’ The atom- 
izer, the gas transfer line and the reduction procedure were 
similar to those xeported previously for Iead’Oand alkyl-lead 
compounds” except for the use of magnetic stirring. A 
reaction vessel of 100 ml volume was employed to allow 
direct hydride generation from a lo-ml sample volume. 
Some experimental parameters were reoptimixed to obtain 
maximum sensitivity for tin, and the best conditions were 
found to be use of 0.02-0.031cd nitric acid and 1 ml of 1% 
sodium tet~hydro~rate solution with gas flow-rates of 
0.25 and 0.8 I&in for hydrogen and argon respectively. 
Detection limits of 25pg of tin (three times the standard 
deviation of the blank signal) and I3 rig/l.. (three times the 
standard deviation of the blank after the bromination) were 
obtained, very much lower than the corresponding values 
for the multielement mode.8 

Reagents 
An inorganic stock tin solution (100 pg/mi) was prepared 

from pure tin metal (Baker) and stored in IM hydrochloric 

acid/S% citric acid medium. Alkyltin and aryltin com- 
pounds were obtained from Ventron and were dissolved in 
absolute ethanol to give 2&100 &m.l stock tin solutions, 
depending on their &ubility. fi&e solutions were kept 
refrigerated and in the dark. and diluted iust before use. 

sodium ~t~ydro~rate stock solution-(5%) was pre- 
pared by dissolving the solid reagent (BDk, r&gent’ for 
AAS, pellets) in 0. 1M sodium hvdroxide and fiiterine with 
a 0.4$m kembrane. This sol&on was freed from ?in by 
co-precipitation with lanthanum hydroxide. 

The potassium bromide/potassium bromate solution was 
prepared by dissolving 2.9 g of the bromide (Merck, Supra- 
pur grade).and 0.8 g of th; bromate (Erba, ‘ACS grade) in 
100 ml of demineraIized water. A 5M hvdraxine hvdroxide 
solution (Merck, Suprapur grade) was &ed to destroy the 
excess of bromine. Aqueous sample sotutions were a&ii&d 
with 15M nitric acid (Merck, Suprapur grade) which gave 
a lower blank than did hydrochloric acid of the same degree 
of purity. Doubly distilled water was further purified with 
a Millipore-Q system. 

Sample pretreatment 
This was similar to that reported by Farey et al.‘* for the 

determination of total mercury, modified as follows. Two ml 
of bromide/bromate solution were placed in a lOO-ml glass- 
stoppered borosilicate standard Aask. Then 0.22 ml of 15M 
nitric acid were added and the mixture was swirled gently 
for a few seconds, Bromine was rapidly evolved and the 
water sample was then added up to the mark (warnings this 
operation should be performed under the fume hood). The 
resulting solution was about 0.033M in nitric acid and 
10-3Mh bromine. The flask was keDt in a water-bath at 
70°C for 60 minutes then cooled to room temperature and 
treated with 40 ~1 of SM hvdraxine hvdroxide solution. The 
sample was thin ready ibr hydride generation without 
further manip~ations. 

Natural water samples were filtered (0.45 pm membrane), 
made 10-‘&f in nitric acid, stored in polyethylene bottles at 
4” and used within a few days. 

DISCUSSION AND CONCLUSIONS 

Figure 1 shows the peak height for fixed amounts 
of tin and organotin compounds as a function of the 
acidity. Except for the phenyltin compounds and 
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Fig. 1. E&et of acidity on the atomi~fiuorescence signal 
obtained by the reduction of several tin compounds each 
present at 650 ngfl. level as tin. Inorganic tin (---), methyl- 
tin trichloride (II), dimethyltin dichloride (a), trimethyltin 
chloride (V), diethyltin dichloride (a), triethyltin bromide 
(A), butyltin trichloride (O), dibutyltin dichloride (a), 
tributyltin acetate (v), phenyltin trichloride (o), di- 

phenyltin dichloride (+) and ~phenyltiA acetate (a). 

tributyltin, there is a range of acidity, centred at 
about 0.03M nitric acid, over which the signal is 
almost independent of the acidity. Also, the peak 
shape is similar to that obtained with inorganic tin, 
and both peak height and peak area measurements 
lead to similar results in terms of relative analytical 
responses. For t~butyltin and monophenyltin, how- 
ever, owing to marked tailing of the signal generated 
from their reduction, peak area measurement gives 
about 60% greater response than that of peak height 

measurement, but the response is significantly lower 
than that obtained with inorganic tin. Di- and tri- 
phenyltin generate peaks with such severe tailing that 
even peak area measurements are devoid of meaning. 
These species must therefore be decomposed before 
the hydride generation, if the evaluation of total tin 
is to be correct. 

The bromination procedure, applied to pure stan- 
dard solutions (Sn 1 ngjml), gave quantitative recov- 
ery for tributyltin at 70” in less than 30 min, and for 
the phenyltin compounds at 60” in less than 15 min. 
Furthermore it did not affect the analytical response 
and recovery of inorganic tin. These results were 
partly confirmed for aqueous samples spiked with 
different tin compounds (see Table 1). The discrep- 
ancies observed for ~butyltin are probably due to 
the fact that the bromine concentration available 
depends on the chemical oxygen demand of the 
sample. Pretreatment for 60 min at 70” is considered 
necessary to ensure quantitative recoveries of every 
tin compound. 

Figure 1 indicates that the pretreatment converts 
the phenyltin compounds into inorganic tin. For 
~butyltin nothing can be said about the nature of the 
degradation product, since the analytical responses 
for monobutyltin, dibutyitin and inorganic tin are all 
very similar. 

These results show that direct hydride generation 
combined with NDAFS can be safely used for the 
determination of total dissolved tin in natural uncon- 
taminated waters in which only tin and methyltin 
species are present. For polluted natural waters the 
method may give large errors if t~butyltin and 
phenyltins are present, but use of the bromination 
pretreatment will give correct results, and inorganic 
tin can be used as the calibration standard. 

Table 1. Effect of bro~nation on the recovery of tin in spiked natural water samples 

Tin recovered*, % 

Samvle 
Compound 

added 

With bromination at 70°C 
Sn added, Reaction 

nJ?ll. Without bromination time, min 

Sea-water Sn(IV) 5000 94.0 f 3.1 30 93.2 f 3.5 
Me,SnCI 5000 93.6 + 3.8 30 96.5 + 3.6 
Et,SnBr 1500 98.2 & 3.0 97.2 + 3.9 
Bu,Sn(COOCH,) 3000 49.2 f 3.3 

:z 
102.7 f 5.5 

Fh~Sn(C~H~) 3000 4.7 f 0.5 30 98.7 f 7.3 

River water Sn(Iv> 100 87 + 3.7 98 f 7.0 
Me, SnCl 300 95.0 f 5.3 

;: 
96.6 f 4.9 

Bu,Sn(C00CH3) 500 45.4 f 3.0 30 80.8 f 3.5 
500 46.4 f 4.2 60 94.0 f 4.7 

Ph,Sn(COOCHJ) 500 0 30 90.6 f 3.8 

Tap water Sn(IV) 500 96.9 f 3.8 30 96.0 f 5.0 
Me, SnCl 500 101.6 It 3.6 30 98.6 f 5.4 
Et,SnCl 1500 98.2 f 3.1 99.3 f 3.5 
Bum 2000 49.7 f 2.9 :s 70.8 & 3.2 

2000 47.4 + 2.2 60 91.0*4.9 
Ph,Sn(CoOH,) 1000 5.2 f 1.2 30 95.1 f 5.8 

*Means and standard deviations (3 determinations) calculated on the basis of calibration with inorganic tin. 
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RAPID SPECTROPHOTOMETRIC DETERMINATION OF 
ZIRCONIUM WITH 2-(5BROMO-2-PYRIDYLAZO)-5- 

DIETHYLAMINOPHENOL 
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Summary-Zirconium reacts with 2-(5-bromo-2-pyridylazo)-5-diethylaminophenol in the pH range 
385.8 to form a red chelate that is soluble in methanol-water mixtures. The absorbance of the 1:3 
complex obeys Beer’s law over the zirconium concentration range 0.02-0.44 rg/ml and has a molar 
absorptivity of 1.54 x lo5 l.mole-‘.cn-’ at 585 nm. The formation constant is log /3r= 16.15. Of 59 
species studied, only EDTA, Ga, In, Ti, Hf and V(V) interfere seriously. 

Pyridylazo dyes have been found useful for spec- 
trophotometric determination of zirconium. The 
absorbance of the complex formed with 
I-(2-pyridylazo)-2-naphthol (PAN) in a non-polar 
phase has been measured after 45 min’ and 1 hr.2 
Several methods of varying sensitivity3-’ have been 
based on reaction with 4-(2-pyridylazo)resorcinol 
(PAR). The complexes formed by zirconium with 
1-[3-(1-methyl-2-piperidyl)-2-pyridylazo]-2-naphthol’ 
and 2-[3-(l-methyl-2-piperidyl)-2-pyridylazol-3,4- 
xylenolp have very low molar absorptivity. 
2-(3,5-Dibromo-2-pyridylazo)-5-diethylaminophenol 
(3,5-dibromo-PADAP)10 is the most sensitive 
pyridylazo dye reported so far (6 = 1.06 x 10’ 
1. mole-‘. cm-‘) for spectrophotometric deter- 
mination of zirconium. Since 2-(5-bromo-2- 
pyridylazo)-5-diethylaminophenol (5-Br-PADAP) is 
a highly sensitive reagent for spectrophotometric 
determination of metal ions,‘r-r4 its reaction with 
zirconium has now been studied. 

EXPERIMENTAL 

Apparatus 
The apparatus employed was the same as described 

earlier.15 

Reagents 
Zirconium solution. Stock solution was prepared by heat- 

ing 0.588 g of zirconium nitrate pentahydrate with 100 ml 
of 4M nitric acid, cooling, and diluting to 250 ml with 4M 
nitric acid. The solution was standardized complex- 
ometrically, and working solutions were prepared by appro- 
priate dilution with 0.4M nitric acid. 

5-Br-PADAP solution. A 0.1% solution in methanol was 
prepared. 

Bu$e solution. A 0.5M acetate buffer of pH 4.5 was 
prepared by dissolving 17.0 g of sodium acetate trihydrate 

in 150 ml of distilled water, adjusting the pH to 4.5 with 
0.5M acetic acid and diluting to 250 ml. 

Procedure 
To an aliquot of solution containing < 11.0 pg of zir- 

conium, add 1 ml of 5-Br-PADAP solution and 5 ml of 
acetate buffer @H 4.5). Add 10 ml of methanol to dissolve 
the complex, make up to volume in a 25-ml standard flask 
with distilled water and measure the absorbance at 585 mn 
against a reagent blank prepared under identical conditions. 

RESULTS AND DISCUSSION 

Spectral characteristics 

The wavelength of the maximum absorption 
changes slightly with increase in pH, but is effectively 
constant at 573 mn at pH > 8.0 (Table 1). The 
absorbance is also pH-dependent but constant at 
585 nm over the pH range 3.8-5.8 (Fig. 1). Hence 
measurement at 585 mn and pH 4.5 is recommended. 
The amount of buffer @H 4.5) added can be varied 
from 2 to 12 ml without effect on the absorbance, and 
use of 5 ml is recommended. 

Figure 2 shows the absorption spectra of the 
complex and the reagent. Beer’s law is obeyed over 
the zirconium range 0.5-11 pg, and the molar ab- 
sorptivity is 1.54 x 10’ l.mole-’ .cm-r. The complex 
forms instantaneously and the absorbance is stable 
for at least 72 hr. Table 2 shows that only chloro- 

Table 1. Effect of pH on absorp- 
tion maximum 

PI-I L.,nm PH &,nm 

1.0 591 6.0 515 
2.0 590 7.0 574 
3.0 586 8.0 573 
4.0 584 9.0 573 
5.0 581 10.0 573 *Author for correspondence. 
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I I I I I I I I I 

0.0 1 2 3 4 5 6 7 8 

PH 

Fig. 1. Effect of pH on absorbance of Zr-5-Br-PADAP 
complex at 585 nm. 

phosphonazo III and 2-(6-bromobenzothiazol-2- 
ylazo)-Miethylaminophenol give methods of higher 
sensitivity. The relative standard deviation for 
determination of 5 pg of zirconium was 1.0% (10 
variates). 

EJect of initial pH of zirconium solution 

As zirconium tends to undergo irreversible hydro- 
lysis even at low pH, the effect of the initial pH on 
complexation was studied. The absorbance of the 
complex was found to be lower when the initial pH 
of the zirconium solution was > 0.75 (Fig. 3). Hence 
a 0.4M nitric acid medium is recommended. 

Reaction conditions 

One mg of SBr-PADAP (1 ml of 0.1% solution) 

I I I I I 
0.0 1 2 3 4 

PH 

Fig. 3. Effect of initial pH of Zr(IV) solution on absorbance 
of Zr-5-Br-PADAP complex. 

is an ample excess for reaction with up to 11 pg of 
zirconium. It is essential to add the buffer after the 
zirconium solution and the reagent have been mixed. 

The complex is only sparingly soluble in aqueous 
medium but soluble in various polar organic solvents, 
such as methanol, ethanol, acetone, dimethyl- 
formamide, tert-butyl alcohol and dioxan. A min- 
imum 1: 3 v/v ratio of solvent to water is sufficient for 
dissolution of the complex but ratios > 1:2 give 
higher and constant absorbance. Hence, use of 40% 
v/v methanol is recommended. 

a4 

r 

Wavelength (nm) 

Fig. 2. Absorption spectra. Curve a, reagent blank vs. solvent, [S-Br-PADAP] = 5.72 x 10b6M; curve b, 
Zr-5-Br-PADAP complex vs. reagent blank, [Zr] = 2.23 x 10e6M, [5-Br-PADAPJ = 1.14 x IO-‘&f. 

Table 2. Comparison with other methods 

Reagent b’ 1@I.mo~-l.cm-l Reference 

Arsenaxo III 665 12.0 16 
2-(6-Bromobenzothiazol-2-ylazo)-5-diethylaminophenol 520 44.0 17 
Bromopyrogallol Red 670 7.0 18 
Chlorophosphonazo III 675 21.0 19 
Chrome Azurol S 555 4.76 20 
3,5-Dibromo-PADAP 590 10.6 10 
PAN 555 3.6 2 
PAR 530 6.6 7 
Stilbaxo 560 6.3 21 
2-(2-Thiazolylazo)-5dimethylaminophenol 595 10.5 22 
I-(2-Thiazolylazo>2-naphthol 590 3.36 23 
4-(2-Thiazolylazo)resorcinol 550 6.4 24 
Xylenol Orange 570 5.2 21 
5-Br-PADAP 585 15.4 Present 

method 
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Table 3. Effect of diverse ions (zirconium 5 &25 ml) solution was taken and zirconium determined as in 
Tolerance limit, the procedure. The results obtained from duplicate 

Foreign species added /z 

Cl-, Br-, I-, Se-, NH:, Mg*+, 
Ca*+, Sr’+, Ba*+ 

S*G- 
Urea, thiourea, CG-, La’+ 
Succinate, Be*+, A13+, Mn*+, As(III), 

Se(IV), Mo(VI), Ag+a, W(VI) 
NH, OH. HCl, N, H., . H, SO, 
Cd*+ 
CN-, Pt(IV) 
F-, SCN-, Y-‘+, Pb*+, Th4+ 
Sc3+, Sb(II1) 
Cr(II1) 
Rh(II1) 
Citrate, tartrate, PO-, Pd(IHb, Zn*+ 
Ni2+b, Au(III), Hg(II)b 
Oxalate. CU*+~. Ce3+ 
Fe(III)b; Co(IIjb, U(V1) 
,3+ BP+ 

> 30,ooo 
15,ooo 
10,ooo 

5000 
3000 
2500 
1500 
1000 
750 
500 
400 
200 
100 
75 
50 

5 

*Masked with S,@-. 
bMasked with CN-. 

Composition of the complex 

Both the continuous-variation and mole-ratio 
methods showed the metal-to-ligand ratio in the 
complex to be 1: 3. The formation constant (log &) 
was found to be 16.15 by the mole-ratio method. 

Interferences 

The effect of various ions was studied, and the 
tolerance limit was set at the amount causing an error 
of f2.0% in determination of 5 pg of zirconium. 
EDTA caused negative interference, whereas positive 
interference was caused by V(V), Ti(IV), Hf, Ga and 
In at all levels. Cyanide and thiosulphate were used 
to mask some of the interfering cations. The tolerance 
limits are presented in Table 3. 

Application to analysis of zircon 

13. 

14. 
15. 

16. 
17. 

18. 

19. 

About 0.3 g of zircon was fused with 4.0 g of borax 
in a platinum crucible. After cooling, the mass was 
lixiviated with 2M hydrochloric acid and the solution 
diluted to 250 ml with distilled water. Twenty-five ml 
of this solution were mixed with 25 ml of concen- 
trated hydrochloric acid and the solution was boiled 
to convert the bulk of the silicon into silica gel, which 
was filtered off and washed. The filtrate was evapo- 
rated until all hydrogen chloride had been evolved. 
The residue was treated with 10 ml of concentrated 
nitric acid and the solution evaporated to dryness. 
The residue was leached and accurately made up to 
250 ml with 0.4M nitric acid. An aliquot of this 

20. 
21. 

22. 
23. 

24. 

analysis gave the zirconium content as 48.2 and 
4&l%, compared to the theoretical value of 47.9% 
(ZrO, 64.70%). Other constituents of the ore were 
A&O, (2.90%), TiO, (O.SS%), Fe,O, (0.06%), U,Os 
(0.032%) and SiO, (rest). 
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SOFTWARE SURVEY SECTION 

Software package TAL-005188 

MULTIVARIATE LINEAR REGRESSION FOR CALIBRATION AND TESTING 
OF ANALYTICAL METHODS 

Contributor: Leslau Waurzonek, Institute of Nuclear Chemistry and 
Technology, 03-195 Warsaw, Dorodna 16, Poland. 

Brief description: The software comprises five programs, with functions as 
follows: 

11). A program for preparing an input data matrix. This matrix consists of 
the concentrations of the elements in the reference materials, measured 
variables, and also neu variables computed by this program, which are 
functions of the measured variables (e.g. product, quotient, etc.). The 
matrix can have up to 50 rows (samples) and 50 columns (variables). 

(2). A program for calculation of single-variable linear regression for four 
models: ordinary regression, ueighted regression, regression through the 
centroid Cy = a + bx) or regression through the origin Cy = bx). The 
program calculates basic statistical parameters of the calibration function, 
identifies the outliers, calculates confidence intervals for x and y, and 
analyses the residuals. 

(3). A program for calculation of a multivariate regression model for 
variables chosen from the input data matrix. All basic statistical 
parameters are calculated, with partial F coefficients and confidence 
intervals for the dependent variable. The model can have up to 10 
variables. 

(4) and (5). Programs for calculation of concentrations of elements in 
unknoun samples (corresponding to programs (2) and (3) respectively), with 
confidence intervals, and the possibility of comparing the results with 
analyses done by reference methods. 

The programs run interactively. A "sort" option is used to print the 
results in increasing order of the dependent variable. Programs 12) and (3) 
can produce graphs of the residuals versus any variable from the input 
matrix. 

Potential users: Analytical chemists, all users of the linear calibration 
method. 

Fields of interest: Analytical chemistry, physics (especially X-ray 
fluorescence). 

This program has been developed in FORTRAN for the PDP 11 or IBM PC AT, to 
run under RSX 11 or PC-DOS. It is available on 0.5-inch magnetic tape, or 
5.25-inch double-sided floppy disc. The memory required is 256 Kb. 

Distributed by the Institute of Nuclear Chemistry and Technology. 

A 132-character printer is required. The program is user-friendly and 
self-documenting, with minimal external documentation. The softuare is 
fully operational and has been in use for three years at four sites. The 
contributor is willing to deal uith enquiries. Please write to him at 
02-765 Warsaw, Kuratowskiego 4/8, Poland. 
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MICROCOMPUTER APPLICATION OF NON-LINEAR 
REGRESSION ANALYSIS TO METAL-LIGAND 

EQUILIBRIA 

PAUL D. TAYLOR*, IAN E. G. MORRISON and ROBERT C. HIDER 
Department of Chemistry and Biological Chemistry, University of Essex, Wivenhoe Park, 

Colchester, England 

(Received 5 October 1987. Revised 14 January 1988. Accepted 17 February 1988) 

Summary-A non-linear least-squares regression program is described which is suitable for PC-compatible 
microcomputers. The program is written in GWBASIC, but compiled to run with the Intel 8087 fast 
numeric processor. Subroutines which simulate functions are compiled separately from the main program. 
Parameters are optimized by a Gauss-Newton-Marquardt algorithm which can be provided with either 
analytically or numerically calculated partial derivatives. Multi-component potentiometric titrations are 
simulated and parameters optimized by using analytical derivatives. Spectrophotometric titrations are also 
simulated, but absorptivities are optimized by linear regression while stability constants are optimized 
non-linearly by using numerical derivatives. Provision is made for “global analysis” of parameters. The 
experimental points can be displayed on screen, along with the “best” fit and the speciation. The program 
is demonstrated here by the determination of the pK, values and stability constants of a hydroxy- 
pyridinone ligand and its complexes with Fe(III). 

Despite an established library of powerful mainframe 
computer programs for the determination of stability 
constants from titrimetric data,’ efforts have been 
made by numerous workers” to optimize stability 
constants by use of microcomputers. The impetus for 
this is convenience, especially with the increasing use 
of microcomputers for the control of automated 
systems, in which data are saved on disc and directly 
input to data-processing programs in the laboratory. 
Despite its faults, BASIC is a good language for such 
programs, because it is widely understood and acces- 
sible to adaptation by those who are not computer 
experts. 

The computer program NONLIN15, written in 
Microsoft GWBASIC, was conceived as a laboratory 
tool for the determination of stability constants of 
multi-component equilibria from data gathered by an 
automated titrator. This system, which will be de- 
scribed in a later paper, simultaneously obtains equi- 
librium readings of glass electrode emf and optical 
absorbance at a single wavelength, for incremental 
titrant additions. To speed up NONLINIS it is 
compiled to operate on a PC-compatible computer 
(Opus PCII) equipped with an Intel 8087 fast numeric 
processor, by the Microway 8087 BASIC/ 
INLINE software Version 1.15, using its facility for 
separately compiled subroutines, which allows new 
functions to be included with minimal effort. A speed 
that is more than SO times that with interpreted 
BASIC is achieved. 

*Author for correspondence. 

PROGRAM STRUCTURR 

Simulation of functions 

The separately compiled subroutines which simu- 
late chosen functions perform the input of all func- 
tion parameters, calculation of statistical weights, 
generation of y as a function of x, and calculation of 
analytical partial derivatives of this function with 
respect to specific parameters. 

Simulation of potentiometric titrations 

The chemical system modelled consists of a metal 
ion and ligand in equilibrium with a series of com- 
plexes which tend to dissociate as the hydrogen-ion 
concentration is increased. The computer simulation 
of this model involves the solution of the set of 
simultaneous equations representing the conservation 
equations and equilibrium quotients. The free metal 
ion, ligand and hydrogen-ion concentrations in this 
system are calculated by Newton-Raphson iteration. 
The three appropriate root equations shown below 
use the following terms: 

B(j) 

S(j) 

4&j) 

Ct(i) 

c(i) 

Cumulative formation constant for the 
jth associated species. 
Concentration of the jth associated 
species. 
Stoichiometric coe.ti%ient of the ith com- 
ponent in the jth associated species. 
Total analytical concentration of the ith 
component. 
Free concentration of the ith com- 
ponent. 
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Mt, Lt, Ht 

m,4h 

NC 
NS 
Kw 

60’) 

Total analytical concentrations of metal 
ion, ligand and hydrogen ion respect- 
ively. 
Free metal ion, ligaud and hydrogen-ion 
~n~ntrations respectively. 
Total number of components. 
Total number of associated species. 
Ionization constant of water [H+J[OH-1, 
Absorptivity of the jth species 

NS 
Mt = m f 1 e(m, P(j) (1) 

J-1 

Lt = I + Ce(L iMY) (2) 
Ht =i h + xe(h, j) S(j) - Kw/h (3) 

where 

S(j) = p(j) *$ c(i)d’*fi (4) 

The 3 x 3 Jacobian matrix of partial derivatives9 of 
each total analytical concentration Mt, Lt and Ht 
with respect to the logarithm of the concentration of 
the free components m, I and h [equations (5) and (6)] 
has been shown to be a symmetrical matrix,‘0 
so calcuIation is reduced by one third. The use of 
logarithmic space also helps to avoid computer 
overtlow and underflow errors. 

than 0.01% of the analytical concentrations Mt, Lt 
and Ht. At this point the concentrations of all the 
complex species and the value of -log h correspond- 
ing to a given volume of acid or base titrant will have 
been calculated from the current estimates of the 
stability constants. Also at this point, the Jacobian 
matrix is fully inverted by using the last steps of the 
Choleski algorithm. The inverse Jacobian thus gener- 
ated is used, as described by Avdeef and Raymond,‘O 
to generate. the analytical partial derivatives required 
for the Gauss-Newton-Marq~rdt optimization 
algorithm. Values for 8 log h/a~t, a log h/dLt and 
8 log h/aHt are obtained directly from the inverse 
Jacobian, whereas terms for a log h/a log B(j) are 
obtained from equation (9). 

The inverse Jacobian matrix is also used to extrapo- 
late the titration curve to give better initial estimates 
for free component concentrations at the next 
point.” The statistical weighting scheme suggested by 
Avdeef” is used. Rigorous statistical weighting is 
vital when the sum-of-squares of emf or pH is 
minimized. 

Simulation of spectrophotometric titrations 

Calculation of absorbance as a function of -log h 
involves solution of one less simultaneous equation 
than for potentiometric titrations. A 2 x 2 Jacobian 
matrix is therefore employed. In other respects the 
algorithm to generate speciation is identical to that 
already described. Absorbance is then calculated 
from equation (10). 

P 

m + f e(m, j)%(j) 
J=l 

J= ~4mAeGjPO’) 

1 etm,j~{~,j)S{j) 

‘ 

The vector X ~ + 1 giving the next improved estimate of 
log m, log I and log h is calculated from the previous 
estimate by equations (7) or (8) where J is the 
Jacobian matrix and F, is the column vector consist- 
ing of the current solution of the root equations. 

J&+I -X,,)= -F, (7) 

%+1 =K- J-IF;, (8) 

Solution of ~mul~neous equations by full matrix 
inversion as shown in equation (8) is computationally 
inefficient9 and unnecessary at this stage. Choleski’s 
method9 is employed instead. Iteration continues 
until the equations are solved with an accuracy better 

(10) 

The analytical derivatives for absorptivities sup- 
plied to the Gauss-Newton optimization algorithm 
are simply the relevant species concentrations as 
shown in equation (11). 

aA 
-=S(j) 
WI 

The remaining parameters describing spectrophoto- 
metric titrations are optimized by using numerically 
obtained derivatives for simplicity (see next section). 
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Optimization of parameters by the Gauss-Newton- 
Marquardt algorithm 

Minimization of the sum-of-squares of residuals is 
performed by a standard Gauss-Newton algorithm 
developed from the program GENFIT.” The Mar- 
quardt algorithm14 has recently been introduced into 
the program and functions by multiplying the diag- 
onal terms of the Hessian matrix by the factor 
(1 + x). The value of x is initially 0.1 and is reduced 
by a factor of three each time the sum-of-squares of 
residuals is reduced in an iteration. When con- 
vergence fails, the parameters of the previous iter- 
ation are restored and x is repeatedly increased by a 
factor of three until convergence is regained. Up to 
ten variables may be refined simultaneously. Some 
may be held constant for a sequence of operations 
and freed for variation later. If analytical derivatives 
have not been supplied by the function simulation 
algorithm than a standard numerical differentiation 
method is employed. Once convergence has been 
established (tested by the ratio of successive iter- 
ations) the statistical parameters chi-squared and the 
Hamilton R factori are calculated. In both potentio- 
metric and spectrophotometric analyses the stepwise 
stability constants are optimized rather than the 
overall stability constants. 

A special modification to the Gauss-Newton algor- 
ithm has been made to deal with linear parameters 
such as absorptivities. The method is based on that 
reported for the program ELORMA.3 Numerical 
derivatives for non-linear parameters such as stability 
constants are calculated by the usual perturbation 
method, but immediately after the speciation has 
been generated the absorptivities are replaced by their 
best linear least-squares values. This separate treat- 
ment of linear and non-linear parameters gives more 
reliable and more rapid convergence.4 Zuberbiihler et 
al. have employed a highly sophisticated math- 
ematical technique in their program SPECFIT which 
enables the use of analytical derivatives for non-linear 
parameters to be retained4 during this two-stage 
process. 

Global optimization 

Global optimization of the parameters common to 
a set of experiments gives more reliable values and a 
better chance of rejection of a spurious model func- 
tion. Parameters such as equilibrium constants must 
by definition (assuming ideality) be constant and 
therefore common to a set of titrations. For par- 
ameters which are not constant throughout a set of 
titrations, another method of global optimization is 
required. The method used recognizes the experi- 
mental ease with which some variables such as 
concentration may be increased by a known factor 
even when the absolute values are not known. For 
example, in a set of titrations in which the metal 
concentration is increased between titrations by ad- 
dition of 1,2,3 ml, etc., of a stock solution, the factors 

1, 2, 3, etc., may be input into NONLINlS and held 
constant while the metal concentration is optimized. 
Experimentally this is performed by repetitive ti- 
tration of a single sample solution but with addition 
of say 1 ml of stock metal or ligand solution between 
titrations. Dilution effects from these additions and 
from the titrant volume are all handled by the 
program. This process can help to eliminate small 
systematic errors. 

Utilization of combined potentiometric and spectro- 
photometric data 

Programs which perform non-linear regression 
analysis simultaneously on potentiometric and 
spectrophotometric data have been described in the 
literature,‘” but this approach requires the weighting 
of the two types of data to be in the correct propor- 
tion. A different approach is used in NONLINIS, in 
that the two sets of data are analysed in a two-stage 
process which exploits the properties of each. 

The parameters for initial acid concentration, ti- 
trant concentration, pKw and carbonate concen- 
tration have no effect on the plot of absorbance vs. 
Nemstian electrode response. Furthermore, the pro- 
cess of resolving the absorbance into the contribu- 
tions made by each absorbing species is independent 
of the electrode E,,. The spectrophotometric data 
may therefore be used in isolation to optimize speci- 
ation. An arbitrary E0 value may then be used to give 
apparent but erroneous values of the equilibrium 
constants. The way in which errors in E,, are trans- 
formed into errors in these apparent equilibrium 
constants is shown in equation (14). This function is 
dependent on the proton stoichiometry as well as the 
error E, in the arbitrary E,,. The automated spectro- 
photometric/potentiometric titrator described earlier 
gathers the data for emf vs. titrant volume point by 
point, simultaneously with the spectrophotometric 
data. The potentiometric data are then used to per- 
form an internal calibration by optimization of E, 
and adjustment of the equilibrium constants accord- 
ing to equation (14), while the absorbing species 
concentrations are held constant at the levels deter- 
mined spectrophotometrically. The initial guesses 
for this second stage are the arbitrary E, used 
in the analysis of the spectrophotometric dam 
and the corresponding apparent equilibrium con- 
stants. The analytical derivative supplied to the 
Gauss-Newton-Marquardt algorithm is shown in 
equation (16). 

log S(j) = log /3(j) + e(m, j) log m 

+ e(l, j) log 1 + e(h, j) log h (12) 

emf=E,,+E,+Slogh (13) 

where S is the electrode slope. 
For fixed speciation: 

logfl(j) = const + e(h, j)(emf - E0 - E,)/S (14) 

d log /?(j)/d E, = - e(h, j)/S (15) 
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Table 1. 
the emf 

Comparison of data” analysed by MINIQUAD and NONLINI 5; the standard error of 
was taken as 0.6 mV, that of the titrant volume as 0.010 ml; these values were substituted 

into the weighting equation of Avdeef12 

Program Titration log BOJ,, log BW ‘og &,r log 81.02 log 81.0.X 

MINIQUAD~ 5 
6 
7 
8 
9 

NONLINIS 5 
6 
7 
8 
9 

9.659 12.071 5.636 (8)* 
5.646 (14) 
5.614 (15) 
5.635 (3) 
5.616 (2) 

5.636 (11) 
5.648 (11) 
5.614 (10) 
5.634 (2) 
5.615 (2) 

10.396 (7)* 
10.408 (14) 
10.368 (14) 
10.391(4) 
10.366 (6) 

10.396(11) 
10.407(11) 
10.367 (9) 
10.392 (4) 
10.361(10) 

13.824(13)* 
13.849 (21) 
13.736 (22) 
13.811 (25) 

- 

13.822(15) 
13.848(10) 
13.745 (9) 
13.797 (2) 

- 

*The digits in parentheses are IO3 times the standard deviations of the mantissas of the log /? values. 

From lotion (13) 

d emf 
1+&S? 

alogh 
-= 
dE, I=I a himi). 

The partial derivative 8 log h/a log flu) can be 
found from the inverse Jacobian matrix as already 
described. The remaining parameters for initial 
acidity, titrant concentration, pKw and carbonate 
concentration may be optimized along with E, if 
desired. A model must give an acceptable fit with 
both the s~trophotomet~c and potentiomet~c data 
if it is not to be rejected. 

The method is found to be particularly advan- 
tageous for measuring dissociation occurring at pH 
values greater than 10 or less than 4. In these 
circumstances potentiometric titration becomes less 
reliable as 8 log h/a log @G) g 1. The method afso 
avoids independent optimization of highly correlated 
variables such as initial acidity and log flu) for a 
minor species undergoing dissociation at pH values 
near 7. 

The technique can be used to optimize E, in 
titration of meal-li~nd systems. However, it is not 
then possible to hold constant any plya values which 
produce significant speciation change over the ti- 
tration range. The method demands that all appre- 
ciable proton-dependent speciation be optimized 
simultaneously from the spectrophotometric data. 

Validation 

NONLINIS has been validated by repeating the 
analysis of the potentiometric titration data of the 
nickel-glycinate system studied by Braibanti et al.” 
NONLINlS optimizes the logarithms of stepwise 
stability constants, which are summed in Table 1 for 
comparison with the overall logarithms of the sta- 
bility constants obtained with MINIQUAD. The 
standard errors given here for NONLINlS are simi- 
larly obtained by summation of the stepwise standard 
errors. This gives a pessimistic estimate of the true 

standard error.” Convergent for titration 7, con- 
sisting of 97 points, occurred from initial estimates 
of log B,,O,, = 5, log /?1,0,2 = 9 and log /?,,O,S = 12 in 3 
iterations, taking a total time of 9 sec. 

AppIication 

The use of the program is briefly demonstrated 
here for determination of the stability constants 
of the bidentate ligand 3-hydroxy-2-methyl-4” 
(Ill)-pyridinone (I). 

0 

I 

Nitric acid (0.2M) and potassium hydroxide solution 
(0.2M) were prepared from BDH “Convol” ampoules. 
Ionic strength was maintained at 0.2 with potassium nitrate 
(BDH Aristar grade). All solutions were made up with 
18-MR/cm water from a Millipore Milli-Q system. Tem- 
perature was maintained at 22.5 f 0.1” with a Churchill 
t~e~~~~ator. Ambient temperature was also kept at 
22.50. The ferric ion solution was prepared from the 
Fisons analytical grade nitrate and standardized by EDTA 
titration according to established procedures.‘9 The ligand 
3-hydroxy-2-methyl-4( lH)-pyridinone was synthesized and 
purified in this department.” Glass electrode performance 
was first checked by titrating with potassium hydroxide 
solution (0.2M) a 25.ml volume of potassium nitrate sol- 
ution (0.2M) acidified with nitric acid, and making a Grans 
piot.2’ The &and solution was then added, and the plya 
values were determined from three titrations, without re- 
moval of the electrode, each performed after addition of a 
further 2 ml of nominally 5mAf ligand somtion. Absorbance 
was monitored at 270 nm. In a separate experiment 5 ml of 
nominally 5mM &and and 1 ml of nominally 5mM ferric 
nitrate were added to 25 ml of potassium nitrate sohttion 
(0.2&f) before titration with potassium hydroxide (0.2M). 
Subsequent titrations were performed after addition of a 
further 1 ml of ferric nitrate solution, until a total of 3 ml 
had been added. Absorbance was monitored at a wave- 
length of 305 mn, where the uncomplexed ligand has a low 
absorbance. compared with the complex. 
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-emf/59.16 

Fig. 1. Spectrophotometric titrations of the ligand (I). 
Absorbance at 270 nm us. measured -emf/59.16. A further 
2 ml of ligand solution was added between titrations. The 
solid line is the function simulated from the globally opti- 

mized parameters below. E, was fixed at zero. 

Iteration 5, Chi-squared = 1.13 x lo-‘, R = 1.16 x 10m3 
Error limit 1.1116 x 10m3 

f for LH = 1262.8 f 0.5 l.mole-‘.cm-’ 
6 for LH: = 796.3 f 0.5 I.mole-‘.cn-’ 

Absorbance zero = 0.3119 f 0.003 
pKa = 4.609 f 0.001 

RESULTS 

Experimental points and the simulated curves gen- 
erated by the computer with optimized parameters 
are shown in Figs. 1-3, and the speciation at conver- 
gence is shown in Fig. 4. The optimized parameters 
are given in the legend to each figure. The slope of the 
glass electrode response as a fraction of the theor- 
etical Nemstian response at 25” was optimized from 
spectrophotometric titration of a highly purified ref- 

4 

Microlitres of base 

Fig. 2. Potentiometric titrations obtained simultaneously 
with the absorbance data shown in Fig. 1. The error ,T, in 
E, used for Fig. 1 was optimized by using the derivative 
shown in equation (16), and the pKa was adjusted according 
to equation (14). The solid line is the function simulated 

from the globally optimized parameters below. 

Iteration 8, Chi-squared = 0.370, R = 9.58 x lo-’ 
Error limit 0.3621 

Initial acid cont. = 4.348 x lo-’ f 3 x lo-‘A4 
E, = 0.9086 f 0.0005 

Added acid=419fO.l ~1 
pKa = 3.700 f 0.0015 

I I I 

4.2 49 5.6 6.3 

-emf /59 16 

Fig. 3. Spectrophotometric titration of ligand (I) in the 
presence. of 1, 2 and 3 ml of ferric nitrate solution. 
Mt : Lt = (1) 1: 5.809; (2) 1: 2.905; (3) 1: 1.936. The solid line 
is the function simulated from the globally optimized pa- 

rameters below. 

Iteration 5, Chi-squared = 7.59 x lo-‘, R = 1.36 x IO-” 
Error limit 7.3509 x IO-’ 

L for ML2+ = 290+ 1 l.mole-‘. cm-‘. 
L for ML: = 674.7 f 0.6 l.mole-I. cm-‘. 
6 for ML, = 1354& 1.4 l.mole-‘. cm-‘. 
t for LH = 118.2 f 0.8 l.mole-I. cm-‘. 

6 for LH: = 93.2 + 0.5 I.mole-‘. cm-‘. 
Log K2 = 12.027 rf: 0.001 
Log K3 = 9.734 f 0.001 

erence ligand with a single pKa (maltol). The pKa of 
the ligand 3-hydroxy-2-methyl-4( 1 H)-pyridinone was 
first globally optimized from the spectrophotometric 
titration curves by using an assumed electrode E0 of 
zero. The error E,, in E, was then optimized from the 
simultaneously measured data for emf us. titrant 
volume [equations (14) and (1611. The stability con- 
stants for the complexes of the ligand with Fe(II1) 
were optimized from the spectrophotometric titration 
of the metal-ligand system, by using the pKa values, 
electrode slope and &value determined above. 

Comparison with other programs 

The program NONLIN15 has many similarities to 
the BASIC program MICMAC.* Both are in modu- 

100% 

4.2 4.9 5.6 6.3 

-emf/59.16 

Fig. 4. Speciation plot for the titration shown in Fig. 3, 
curve 2, in which 2 ml of ferric ntrate were added. 

Mt:L1= 1:2.905. 
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lar form to simplify the inclusion of new model The GWBASIC program listing is available on 
functions, but NONLIN15 can use analytical deriva- request, 
tives, and this speeds operation and improves the 
reliability of convergence. When potentiometric ti- 
trations are modelled these analytical derivatives are 

Acknowledgement-This research was supported by the 
British Technology Group. 

used to optimize the total component concentrations, 
&values and other parameters, as well as the 
logarithms of all the equilibrium constants. In this 
respect it is similar to the program TITFIT.* How- 
ever, potentiometric parameters are optimized in 
NONLINIS by ~ni~ng the squared residuals of 
emf rather than titrant volume. A rigorous slope- 
dependent weighting scheme is used. Minimization 
with respect to titrant volume inherently gives the 
equivalence regions less weight by virtue of the 
slope-dependent density of points, and this method or 
the method adopted in NONLINl5 have been found 
by other workers to give closely comparable statisti- 
cal parameters.= A recent publication23 describes the 
FORTRAN program PROTAF with the features 
above, which minimizes the sum of square residuals 
of titrant volume and emf or pH. 

The presence of carbonate in the basic titrant is 
included in the ~tentiomet~ model used for 
NONLINl5. 

When NONLINlS is used to analyse spectro- 
photometric data, the optimization of absorptivities 
proceeds by a method similar to that used in the 
program ELORMA: as discussed previously. A 
recent pub~~tionz4 describes the FORTRAN 77 
program CFTSP which optimizes stability constants 
and absorptivities, but without the distinction be- 
tween the linear and non-linear parameters. Finally, 
a simple method of utilizing simultaneously measured 
spectrophotometric and potentiometric data has been 
included in the program. Satisfactory speed of oper- 
ation on a ~crocomputer is achieved by use of the 
Intel 8087 coprocessor. Several improvements to the 
program are currently being considered. One of these 
is the inclusion of a general speciation program called 
MLGEN19,25 which is routinely used in this de- 
partment to simulate speciation in any three- 
component system with up to thirty complexes. Cur- 
rently, however, NONLINl5 offers a menu of fixed 
but comprehensive equilibrium models in which non- 
existent species may be suppressed by use of large 
negative log K or pKa values. 
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ANALYSIS OF MIXTURES OF PURINES AND 
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ULTRAVIOLET SPECTROMETRY 
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Summary-Zero-order, first-derivative and second-derivative ultraviolet absorption spectra of a series of 
purines, pyrimidines and their binary mixtures in aqueous solution have been recorded at 298 K. It is 
shown that second-derivative spectra can be used for the identification of eight mixtures of purines and 
podding. Several graphical procedures are tested for evaluating derivative spectra in q~nti~tive 
measurements of single compounds and mixtures. Linear loglog calibration plots are obtained with 
correlation coefficients generally larger than 0.99. Second-derivative spectra appear to provide a precise 
and simple method for determination of purines and pyrimidines, at concentrations ranging between 
5 x 10m6 and 5 x 10-4M. 

The use of zero-order ultraviolet spectrometry for 
qualitative and quantitative analysis of mixtures 
where the components present overlapping spectral 
bands, is generally very difficult. Derivative tech- 
niques have been applied to ultraviolet spectrometry 
in order to reduce spectral interferences and to 
increase the sensitivity of detection.* Among other 
advantages, the experimental procedure is easy to 
handle and time-saving. Derivative ultraviolet spec- 
trometry has recently been shown to be useful for 
characterizing and analysing mixtures of organic 
compounds.2-1’ 

In a preliminary study, we showed the value of 
these derivative techniques for the unequivocal 
identification of several purines and pyrimidines in 
single-component aqueous solutions.” The present 
paper describes the application of first- and second- 
derivative ultraviolet spectrometry to the analysis of 
selected binary mixtures of purines and pyrimidines. 
Several graphical methods are compared for evalu- 
ating the precision of derivative ultraviolet spec- 
trometry in quantitative studies. 

Reagents 
EXPERIMENTAL 

Adenine, &chloropurine, 6-mercaptop~ne, hypoxan- 
thine, cytosine, %Iuorouracii and th~phylline were pur- 
chased from United States Biochemical Corp. Purine and 
6-methylpurine were obtained from C.D.C. Chemicals. 
Caffeine, theobromine and uric acid were obtained from 
Eastman Kodak. Thymine, uracil, 5-aminouracil and 
5-bromouracil were purchased from Aldrich Chemical Co. 
6-Iodopurine was obtained from Sigma Chemical Co. 
Demineralized water was used as solvent. 

Apparatus 
Zero-order, first- and second-derivative absorption spec- 

*Author to whom correspondence should be addressed. 

tra were obtained at room temperature (298 K) between 400 
and 200 um, with a Beckman model 3600 recording speo 
trophotometer and a Beckman series 30 derivative acces- 
sory. Solutions under study were put in silica cells of l-cm 
path-length. Spectral band-widths were automatically ad- 
justed to between 0.2 and 5 nm. The wavelength scanning 
speed was set at 100 m/mm and the chart speed at 13 
cm/min. The absorbance scale was set to 2, and the time 
constant was 4 set for derivative spectra. The derivative 
accessory was set, for first- and second-derivative spectral 
measurements, at sensitivities of 1, 30, 100 or 200, de- 
pending on the concentration of the solution. The analogue 
signals from the spectrophotometer were processed by the 
classical, built-in electronic differentiator circuit of the Reck- 
man derivative accessory, to provide derivative spectra. 

Stock solutions of single compounds of purines and 
pyrimidines and their two-component mixtures were pre- 
pared in demineralized water. For quantitative studies, a 
series of standard solutions was made by appropriate dilu- 
tion or mixing of the stock solutions. Concentrations were 
between 5 x 10m6 and 5 x 10v4h4. 

RESULTS AND DISCUSSION 

Zero-order, first-derivative and second-derivative 
ultraviolet spectra of a&nine, purine and their 
mixtures 

To test the efficiency of the first- and second- 
derivative spectra compared to zero-order spectra for 
the identification of purines and pyrimidines in mix- 
tures, adenine and purine were selected for a detailed 
study. 

The absorption spectra of adenine and purine are 
characterized by broad bands with &,_ at about 260 
and 262 nm, respectively. The first-derivative spec- 
trum of adenine shows a maximum (peak) at about 
271 nm and a minimum (trough) at 246 nm, while 
that of purine has maxima at 270 and 203 run, 
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Table 1. Effect of varying proportions of components on the first- and second-derivative 
ultraviolet spectra of binary mixtures of adenine (A) and purine (P)+ 

Single compounds 
and mixtures 

Adenine 

Wavelength, inn 

Zero-order First-derivativet Second-derivative~ 

260 271; (266); 246 282; 273; 267; 260; (245f; 
(238); (234); (230); 215; 20s (lo-4M) 

Purine 
(lo-4M) 

Adenine-purine 
(10-5-9 x 10-5Mf) 

Adenine-purine 
(2 x 10-5-8 x lo-‘M) 

Adenine-purine 
(3 x 10-5-7 x 10-sM) 

Adenine-purine 
(4 x lo+-6 x lo-5M) 

262 (275); 270; 253; 
(234); 203 

261 (2761P; mA+p; 
2521?; (234)p; 204 

257 (276); DA; 2Slp; 
(232)p; 205 

262 DA, 250A + p; 
208 

262 EA; 2SOA+P; 
210 

278. 272. (265); 261; 247; _r -9 

(226); (211); 208; (g. 

@3I)A; 278R (2756 WA; 
26519; 260A + p; Ep; (230); 
(211fP; 208p; (2061P 

(282’)A; 2781”; zA+P; aA; 
26SA; 2S8A; ep; (230); 
(214)A; 2&p; %P 

~A;27JA++P;(276);272A; 
266A; 2S9A; (244)p; (229); 
WA; UP 

@)A; (279)A+p; f27n; 
mA; 26544; 258A; (246)p; 2&A 

Adenine-purine 260 270; 248 
(5 x 10-r-5 x lo-5M) 

~A~2M~;J;~ Z&A; 
;-- 

*In aqueous solution at 298 I(. 
tWave1ength.s of maxima are underlined, other wavelengths correspond to minima. Those for 

shoulders are given in brackets. 

shoulders at 275 and 234 nm, and a minimum at 253 
nm (Table 1). The second-derivative spectrum of 
adenine presents maxima at 282 and 273 nm, shoul- 
ders at 245,238,234 and 230 nm, and minima at 267, 
260, 215 and 205 rrm, while that of purine shows 
maxima at 278, 272, 247 and 208 nm, shoulders at 
226,211 and 205 nm, and minima at 265 and 261 nm 
(Table 1). 

We have studied the zero-order, first-derivative and 
second-derivative ultraviolet spectra of mixtures of 
adenine and purine of various compositions, but 
constant total molar concentration of the two com- 
pounds (Table 1). As expected, the zero-order ab- 
sorption spectra of all the mixtures are characterized 
by a strong overlap of the absorption bands of 
adenine and purine, which prevents determination of 
the individual ~mponen~ in such mixtures. 

The first-derivative ultraviolet spectra of the mix- 
tures show several maxima and minima (Table 1) but 
peaks (or troughs) could be identified unequivocally 
as belonging to purine only for certain compositions 
(Fig. 1). Although first-derivative spectra give better 
resolution than zero-order spectra do, they cannot be 
used for analysis of mixtures of adenine and purine. 

The second-derivative spectra of the mixtures dis- 
play a larger number of maxima and minima (Table 
1, Fig. l), and peaks (or troughs) can be attributed 
unequivocally to purine or to adenine, for all the 
compositions examined. Hence spectroscopic 
identification of adenine and purine in mixtures is 
possible only when the second-derivative spectra are 
used. The detection power for both adenine and 
purine in mixtures is also enhanced by the 
differentiation. A similar conclusion was recently 

Fig. 1. Zero-order (curve l), first-derivative (curve 2) and 
second-derivative (curve 3) ultraviolet spectra of a mixture 
of adenine (2 x 10-‘M) and purine (8 x 10-sM). The 
peaks, troughs and shoulders characterizing the compounds 

are denoted P @urine) and A (adenine). 
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Table 2. Identification of binary mixtures of purines and pyrimidines by using second derivative UV 
spectra* 

Composition Wavelengtht, M 

Single compound@ 
Adenine 
Caffeine 
Cytosine 
QMethylpurine 
Purine 
Thymine 
Uracil 
Uric acid 

Mixtures 
Adenine(A)-cytosine(C) 
(1 x 10-S-9 x 10_5M) 
Adenine(Akpurine(P) 
(2 x 10-5-8 x lO_SM) 
Catfeine(CAFts_methylpurine(MP) 
(5 x lo-+5 x lO_SM) 
Cytosine(C~thymine(T) 
(5 x 10-5-5 x lo-‘M) 
6_Methylpurine(MP)-uracil(U) 
(1 x 10-S-9 x 10-‘&f) 
Uric acid(UAkpurine(P) 
(5 x 10-S-5 x IO-‘M) 
Uric acid(UA)-caffeine(CAF) 
(5 x 10-s-5 x IO-SM) 
Uric acid(UAkuracil(U) 
(5 x 10-S-5 x IO-SM) 

=,267,260, (245), m, (234), (23ok 215, 
27 1,243, 230, 216, 202 
267, 245, 216, 202. 
270, (264), 260,248, (230), 210 
272, (265), 261, 24J (226), (211), 2&8, (205) 
286, 265, 22J 210 
258,222, (2lJ, 205. 
m, 286, 252, 231, 210, m, (206) 

205 

(285&;3CZ (276)A, 267A + C, 26OA, BC, GA, 

(28&A, mP, mA+P, 271A, 265A, 258A, EP, (230) 
WA, EP, mP 
ECAF, EMP, 27OCAF, 263MP, 244, 229CAF, WCAF, 
EMP, (XJMP 
BT, EC, 267C + T, EC, =T, 2JC, 210T, EC 

(279)U, DMP, 26OMP, (222)U, ZP, 201MP 

ZUA, 289UA, ZP, 27JP, (266)P, (262)P, =UA, 
233UA, (2lJ, 209, (206) 
3OJJA, (290)CAF, 276CAF, GUA, 229, =CAF, (212)UA, 
(208)UA, 201CAF 
BUA, 287UA, 278U, 26OU, mUA, 232UA, mu, (208)UA, 
mUA 

*In aqueous solution at 298 K. 
twavelenaths of maxima are underlined. other wavelengths correspond to minima. Those for shoulders 

are g&n in brackets. 
#Zoncentration: 5 x IOmSM. 

reached by Gil et al.,’ for an equimolar mixture of 
cytosine and adenine. 

Second-derivative ultraviolet spectra of purines and 
pyrimidines and their binary mixtures 

The characteristics of the second-derivative ultra- 
violet spectra for selected purines, pyrimidines and 
their binary mixtures are given in Table 2. The 
spectra of the individual compounds show several 
maxima and minima. It can be seen that most of the 
peaks and troughs observed in the mixtures are 
attributable unambiguously to each component 
(Table 2). Therefore, the second-derivative spectra 
can be used for the qualitative analysis of binary 
mixtures of purines and pyrimidines, whereas the 
zero-order and first-derivative spectra are un- 
satisfactory for the purpose. For example, it can be 
seen, in Fig. 2, that the zero-order and first-derivative 
spectra of a mixture of cytosine and thymine (curves 
1 and 2) do not provide any useful information for 
identifying these two compounds, whereas the 
second-derivative spectrum (curve 3) gives seven 
characteristic wavelength values for cytosine or thy- 
mine. In the case of a mixture of caffeine and 
6-methylpurine (Fig. 3), the first-derivative spectrum 
provides only four specific wavelength values, but the 
second-derivative spectrum is characterized by eight 
wavelength values allowing identification of these 
purines. 

%(O 

+ 

0 

\ 

\ 

A 

c. 

1 \ 

\ 
\ 

I 

3 250 300 

Xtnm) 

Fig. 2. Zero-order (curve I), first-derivative (curve 2) and 
second-derivative (curve 3) ultraviolet spectra of a mixture 
of cytosine (C) (5 x 10-5M) and thymine (T) (5 x 10-SM). 
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200 

: MP 
, CAF 

CAF+MP 

I 

250 300 

A (nm) 

Fig. 3. Zero-order (curve l), first-derivative (curve 2) and 
second-derivative (curve 3) ultraviolet spectra of a mixture 
of caffeine (CAF) (5 x 10e5M) and 6-methylpurine (MP) 

(5 x lo-SM). 

Evaluation of first- and second-derivative ultraviolet 
spectra of purines and pyrimidines for quantitative 

measurements 

Several methods of evaluation of derivative spectra 

“x 
:c 
a 

N 
0 

I I 

250 300 

Xtnm) 

Fig. 4. Evaluation of the second-order derivative spectrum 
of caffeine (5 x 10e5M) for quantitative measurements. 
Tangent method (O,), peak-to-trough method (D,) and 

zero-crossing method (D,). 

have been proposed for the determination of anal- 
ytes.‘-’ The tangent (t) method consists of drawing a 
common tangent to two neighbouring maxima or 
minima, and measuring a distance D, to the inter- 
mediate extremum value, parallel to the ordinate. The 
peak-to-trough (p) method is based on the measure- 
ment of the distance D, between two extrema (a 

minimum and a maximum); it is mainly used for 
quantitative analysis of multicomponent mixtures. 
Finally, the zero-crossing (z) method consists of 
evaluating the vertical distance D, from a peak to the 

Table 3. Statistical treatment of analytical data obtained from the first derivative spectral measurement 
of purines and pyrimidines using several evaluation procedures 

Peak-to-trough method (0,) Zero-crossing method (D,) 

Correlationt Correlationt 
Compound LDR* Slopet Interceptt coefficient LDR* Slopet Intercept? coefficient 

Adenine 20 0.91 6.96 0.998 20 0.92 6.54 0.999 
5Aminouracil 40 0.93 6.54 0.999 40 0.92 6.21 0.999 
5-Bromouracil 20 0.88 6.67 0.999 40 0.93 6.09 0.999 
Caffeine 40 0.89 6.51 0.999 40 0.92 6.62 0.999 
6-Chloropurine 20 0.74 6.06 0.989 20 0.86 6.42 0.998 
Cytosine 40 0.94 6.75 0.997 40 0.99 6.76 0.999 
5-Fluorouracil 20 0.97 6.61 0.998 40 0.93 5.78 0.995 
Hypoxanthine 20 1.05 7.35 0.995 40 1.04 6.99 0.996 
6Iodopurine 20 0.94 6.96 0.998 20 0.92 6.67 0.999 
6-Mercaptopurine 10 0.83 6.73 0.997 10 0.92 6.41 0.998 
6-Methylpurine 20 0.90 6.73 0.999 40 0.81 6.11 0.999 
Purine 20 0.93 7.02 0.993 20 0.96 6.93 0.995 
Theobromine 20 1.01 7.42 0.995 20 1.01 6.70 0.991 
Theophylline 20 0.92 6.84 0.998 40 0.91 6.40 0.998 
Thymine 40 0.90 6.61 0.999 40 0.95 6.20 0.998 
Uracil 40 0.87 6.55 0.995 40 0.95 6.52 0.999 
Uric acid 20 0.85 6.65 0.995 40 0.83 5.95 0.995 

*LDR = linear dynamic range, corresponding to the ratio of the upper concentration of linearity (within 
5%) and the limit of detection. 

TValues calculated by the statistical treatment of 5-7 measurements for each log-log calibration plot. 
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Table 5. Analytical data obtained from the second derivative spectral measurement 
of mixtures of purines and pyrimidines* 

It, Correlation4 
Mixtures Compound nm SloPej Intercept4 coefficient 

Adenine-cytosine A 216 0.84 6.65 0.999 
(A) (C) C zw 0.58 4.35 0.918 - 

Adenine-purine A 272 1.09 7.34 0.999 
(A) (P) P ‘zw 1.20 6.85 0.943 - 

6-Methylpurine-uracil MP 276 0.80 6.02 0.985 
(MP) (U) IJ -- - - 

Cytosine-thymine C 202 1.31 8.07 0.996 - 
(C) (T) T __ _ - 

*All measurements were made by the zero-crossing method and corrected for the 
presence of the overlapping peaks of the other component where necessary. 

tl,, = analytical wavelength of the Peak (or trough) used for the calibration curve 
of the particular compound in the mixture. 

GValues calculated bv the statistical treatment of 4-5 measurements for each 
” calibration graph.- 

zero (base) line. We present an example of the 
application of these three methods to the second- 
order derivative spectrum of caffeine (Fig. 4). 

We have calculated D,, D, and D, values for 
selected purines and pyrimidines. These quantities 
have been correlated with the absolute concentration 
of the single compounds in solution, in the range 
from 5 x 10e6 to 2 x 10m4M. The statistical treatment 
of the analytical data obtained from selected wave- 
length values of the first- and second-derivative 
spectral measurements is given in Tables 3 and 4, 
respectively. The data show that, for first-derivative 
spectra, log-log correlations are excellent between the 
purine (or pyrimidine) concentration and Dp and D,. 

The correlation coefficients are larger than 0.99 in all 
cases, and the slopes are close to unity. The linear 
dynamic ranges (LDR) (upper/lower limit ratio) vary 
between 10 and 40 (Table 3). Studies with second- 
derivative spectra also indicate that the concentra- 
tions of purines (or pyrimidines) correlate well with 
the peak-to-trough amplitudes, DP, and the peak-to- 
baseline amplitudes D, (Table 4). The calibration 
plots obtained by the tangent method (D, values) 
provide poorer log-log correlations, with correlation 
coefficients ranging between 0.84 and 0.99, according 
to the compounds. For this method a better precison 
was achieved by using an extrapolation procedure for 
the heights of the peaks. The LDR values are between 
10 and 40 (Table 4). 

Quantitative analysis of mixtures of purines and py- 
rimidines 

The statistical treatment of the analytical data 
obtained from the second-derivative spectral mea- 
surements of selected mixtures of purines and pyrim- 
idines (Table 5) reveals that the concentrations of 
adenine, cytosine, purine and 6-methylpurine (rang- 
ing between 10M5 and 10m4M) correlate well with 
the peak-to-baseline amplitudes, D,, determined at 
selected wavelength values. In most cases, the 
correlation coefficients are larger than 0.99, and the 

slopes are close to unity, as they are for the individual 
compounds. This indicates that the second-derivative 
spectra maxima and minima of purines are resolved 
sufficiently to allow quantitative analysis of mixtures. 
However, for 6-methylpurine-uracil and cytosine- 
thymine mixtures, no meaningful correction relative 
to the uracil and thymine components could be 
obtained. This is probably due to the partial over- 
lapping of the peaks selected for determining these 
particular compounds. 

CONCLUSION 

Second-derivative ultraviolet spectrometry is a 

convenient technique for identifying most purines 
and pyrimidines in two-component mixtures. First- 
and second-derivative spectra give practically the 
same satisfactory precision for the log-log cor- 
relations between concentrations of the simple com- 
pounds and the peak-to-trough or peak-to-baseline 
amplitudes. Quantitative correlations are also found 
for the second-derivative spectral measurements of 
the individual components in binary mixtures of 
purines. 
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SPECIATION AND DETERMINATION OF TIN(IV) AND 
ORGANOTIN COMPOUNDS IN SEA-WATER BY 
HYDRIDE GENERATION-ATOMIC-ABSORPTION 

SPECTROMETRY WITH AN ELECTRICALLY HEATED 
LONG ABSORPTION CELL 
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Summary-A method is described for the determination of nanogram or subnanogam amounts of Sn(IV) 
and the halides of methyltin, dimethyltin, trimethyltin, n-butyltin, dibutyltin, and tributyltin. These 
compounds are volatilized from water samples by hydride generation, collected on a chromatographic 
stationary phase, deaorbed in order of increasing boiling point, and detected by atomic-absorption 
spectrometry with atomization in a long electrothermally heated alumina tube furnace. The absolute 
detection limits are in the range 0.415 ng with a reproducibility of 415% for inorganic tin and organotin 

In recent years, there has been growing interest in the 
analysis and speciation of tin derivatives in the 
environment. Organotin compounds have been 
widely used for a variety of commercial applications 
such as fungicides,’ wood preservatives,2 and sta- 
bilizers in plastics.3 Organotin compounds with short 
alkyl chains generally exhibit considerable toxicity 
toward both aquatic organisms and mammals. For 
example, the tributyltin compounds used as anti- 
fouling agents in paints for the hulls of ships4 have 
been found to have sublethal and lethal effects on 
fish? crab,6 shrimp,’ and oyster,8 even at ng/ml levels 
or lower in sea-water. Although total tin deter- 
mination has been possible for many years, it is only 
within the past decade that speciation methods have 
been developed for sensitive measurements of tin 
derivatives. Most of these speciation techniques 
involve separation by gas chromatography”8 or 
adsorptive collection of the hydrides followed by 
separation based on sequential desorption in order of 
increasing boiling point,9*1%26 coupled with some sort 
of element-specific detection system, such as flame 
atomic-absorption spectrometry (AAS),9*L1,2’55 elec- 
trothermal atomic-absorption spectrometry,26*27 
atomic-emission spectrometry,‘0~28~29 mass spec- 
trometry,‘2~‘s~30 or flame photometric de- 
tection.‘4*‘6.3L-33 Recently, high-performance liquid 
chromatography followed by electrotherma134*35 or 
flame36 atomic-absorption spectrometry or hydride- 
generation-direct current plasma emission 

*On sabbatical leave from Chemistry Department, Faculty 
of Sciences, Mashhad University. Mashhad. Iran. 

tOn sabbatical leave from Chemi&y Department, Yar- 
mouk University, Irbid, Jordan. 

$Author to whom all correspondence should be sent. 

spectrometry” have been widely employed for speci- 
ation and measurement of organotin compounds in 
aquatic environments. 

Hydride-generation with trap collection followed 
by atomic-absorption detection has received much 
attention and has been shown to be a very simple and 
sensitive method for speciation and determination of 
organotin compounds at nanogram and lower levels. 
Many types of atomization cells have been employed, 
including flames, flame-in-tube atomizers, flame- 
heated silica tubes, electrothermally heated silica 
tubes, and graphite furnace atomizers. Electrically 
heated silica tubes have been found to give higher 
sensitivity as the result of longer residence time of the 
atom clouds in the optical path, lower dilution and 
reduced noise levels. Another advantage of this type 
of atomizer is that it is possible to control the 
temperature and to obtain an optimum temperature 
for each element. The electrothermal atomizer used 
for this study consisted of an alumina tube inserted 
inside an electrically heated graphite tube furnace. 
The present work describes the experimental pro- 
cedure of generation, trapping and separation of 
organotin hydrides on a chromatographic stationary 
phase, and AAS detection by use of a heated alumina 
tube, together with the optimization of different 
parameters and the results obtained. 

EXPERIMENTAL. 

Apparatus 

The trapping system included a 500~ml gas-washing bottle 
with a 29/42 tapered glass joint, a glass U-tube water trap 
(40 cm x 1.2 cm o.d.), and a Pyrex U-tube hydride trap (25 
cm x 6.5 mm o.d.). The hydride trap was packed for 2/3 of 
its length with either glass wool or chromatographic mate- 
rial and wrapped with nichrome wire (26 gauge). Flexible 
Teflon tubing (2.5 mm i.d.) and l/4-1/8 in. Teflon Swagelok 
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reducing unions were used to connect the whole system to 
the furnace. The power supply to the wire round the trap 
was supplied by a variable transformer. The furnace, similar 
to the one described by Wang ef u/.,‘~ consisted of a central 
graphite tube (14 cm x 7 mm i.d.) as the resistive heating 
element. Twh graphite electrodes held the heater-tube ends, 
allowing for expansion as well as providing good electrical 
contact, and two brass electrodes with internal water cool- 
ing held the graphite electrodes. A sample-gas inlet tube 
made of alumina, which was held by a threaded graphite- 
tube holder, was inserted into the inner tube. The entire 
absorption cell was housed inside a silica cylinder which was 
Rushed with argon as sheath gas at a flow-rate of 3 l./min. 
An inner tube made of alumina, silica or graphite (20 
cm x 4.5 mm) was placed inside the central tube to act 
as the absorption cell. Two electric cables connected the 
2.5.kW SCR Power Supply (Model SCR 20-250, Electronic 
Measurements Inc., Neptune, NY) to the brass electrodes. 
Tin in the organotin hydrides was determined by means of 
a Hitachi 180-80 polarized Zeeman atomic-absorption spec- 
trometer. A Fisher Scientific high ~~~-output tin 
hollow-abbe lamp operated at 7 mA was used as the 
light-source. All measurements were made at the 224.6 nm 
resonance line with a spectrometer bandwidth of 0.4 nm. 
Peak heights were used as the measurement parameter. The 
signals from the photomultiplier were processed by a micro- 
processor and analytical results were recorded on a Hitachi 
Model 056 strip-chart recorder set at 10 mV to give full scale 
deflection for an absorbance of 0.2, with a chart speed of 
2 @min. 

Reagents 
Demineralized water was used in all experiments. All 

glassware used for preparation, storage and dilutions was 
cleaned bv soaking in 10% v/v nitric acid for 10 hr. followed 
by rinsing with >emineral&d water. Hydrochloric acid 
(5M) was prepared from ACS Fisher scientific concentrated 
hydrochloric acid. Aqueous 4% sodium borohydride solu- 
tion was made from the Alfa Ventron 99% pure salt, filtered 
through a 0.2 pm filter paper, purged with argon for 30 min, 
and allowed to stand for 12 hr in a glass flask to reduce the 
tin blank and ensure optimum reproducibility. Fisher 
certified ACS spectroanalysed grade methanol was used. 

Organ&in compounds were purchased from Alfa Ven- 
tron Chemical; 1000 pg/ml stock solutions of methyltin and 
butyltin chlorides were prepared in 10% hydrochloric acid 
(made with demineralized water) and methanol respectively. 
A 1000 mg/ml stock solution of inorganic tin was prepared 
by dissolving 1 BOO g of 99.9% purity tin (Fisher Scientific) 
in 10 ml of concentrated hydr~hlo~c acid and diluting to 
100.0 ml with demineralized water. Working standards were 
freshly prepared before measurement, by dilution with 
demineralized water for inorganic tin and methyltins, and 
methanol for butyltins. Artificial sea-water of salinity 35%0 

was pnpared with analytical grade sodium sulphate and 
sodium, potassium, calcium and magnesium chlorides.3 

Procedure 
Samples (500 ml) of sea-water spiked with inorganic tin 

and organotin compounds were introduced into the reaction 
flask. They were acidified with 3 ml of SM hydrochloric 
acid, the magnetic stirrer was started, and helium was 
bubbled through the sample for a few minutes to remove 
oxygen, during which time the hydride trap was cooled in 
liquid nitrogen. Five ml of 4% sodium borohydride solution 
were injected over a period of 60 set into the hydride- 
generation flask through a rubber septum on the vessel 
side-arm, producing a smooth evolution of hydrogen 
bubbles which effectively stripped the hydrides from the 
solution in 5 min. The hydride trap was then removed from 
the liquid nitrogen and the collected hydrides were vol- 
atilized, in order of their boiling points, into a heated 
alumina or silica tube and the tin was measured by atomic- 
absorption spectrometry. 

RESULTS AND DISCUSSION 

Hydride generation 

Inorganic tin and alkyltin compounds react with 
sodium borohy~de under acidic conditions to yield 
the corresponding hydrides. In this study, different 
acids at different concentrations were evaluated as 
reaction media for hydride generation from stannic 
chloride and all the’alkyltin compounds listed in 
Table 1. Hydrochloric acid (addition of 3 ml of the 
5.OM acid resulted in pH N 2) was found to give 
greater ~nsitivity than a ~~esponding addition of 
acetic acid. Addition of 1 ml or 10 ml of 5M 
hydrochloric acid resulted in a sensitivity lower by 
about 55%; the optimal volume was 3 ml (kO.3). 
A second injection of sodium borohydride after a 
5-min (or longer) cooling period produced no change 
in sensitivity. To assess the recovery of inorganic tin 
and organotin compounds from sea-water, the same 
procedure was applied to the tin compounds in 
demineralized water; there was an average difference 
of only 4% between the two sets of results. 

Carrier Iines and water traps 

Use of small (2-5 mm) diameter carrier lines 
contributed to the overall high sensitivity of the 
system, as a result of the lower dead volume. The 

Table 1. Analytical figures of merit for tin and organotio chloridesa 

Compound Linear range, ngb Sensitivity, ngc Detection limit, ngd RSD%+ 

SnCl, 0.4-50 1.1 0.4 6 
CH, SnCl, 0.4-50 1.2 0.4 5 
(CH3),SnC12 OS-50 1.3 0.5 4 
(CH,),SnCI 0.6-50 1.7 0.6 7 
C,HoSnCII 0.5-50 1.3 0.5 6 
(6, I-& SiClcI, 0.9-50 2.6 0.9 9 
ICJL1~SnCl IS-50 4.5 I.5 15 

“Analytical figures of merit are for individual compounds (not mixtures). 
bFrom detection limit to limit of linearity. 
%oncentration which gives 0.0044 absorbance. 
dBased on concentration giving a signal = 3 x standard deviation of the blank signal. 
‘For seven replicate determinations at the IO-ng level. 



length of the carrier lines was kept to 35 cm to avoid 
loss of water vapour by condmation on the tube 
surface. The water trap was necessary to removf: 
water vapour aad henoe to extend the iiietime of the 
adsorbent phase. For the dete~~~ou of inorganic 
tin and rne~~l~n cornpound~ the Pyrex U-tube+ 
immersed in dry-ice/acetone (-78”) e.fIicientiy te- 
moved water from the system, allowing up to SO 
determinations before changing of the trap bec&me 
necessary. However, when butyftin compounds are to 
be determined, the trap should not be waged, as they 
would then be retained in the trap, When the water 
trap was not used, the sensitivity for butyltins was 
sharply reduced after 3 sample: runs. In order to 
remove traces of water compbtealy from the trap, at 
the end of each determination the trap was connected 
to the argon line and heated to about 100” by the 
rdchrome wire wrapped round it, and argoa was 
passed through the system for about 2 min. When 
this was done, no loss of sensitivity was observed, and 
the packing material did not have to be changed 
during a series of 50 measurements. 

S&a, aImnina and graphite tubes of the same 
lengths and diameters were evaluated as the atom* 
ization units, A graphite tube gave much low+~ 
sensitivity, even if impregnated with sodium tungstste 
or zirconium chloride, A silica tube gave IO-20% 
bigher ~s~~vii~ than an ahu&n& tube for inorganic 
tin and organotin compounds. The higher ~n~tjvi~ 
could have been due to the faster heating-rate of the 
silica tube. Tha surface of the silica tube deteriorated 
rapidly, however, resulting in dwreased sensitivity, as 
noticed by othem40 The sensitivity could be regained 
by soaking the silica tube in 10% hydro&oric a&d. 
The rtfumina tube showed no ~~ora~on effects, 
and so was chosen for use, Measurement with an 
optical pyrometer showed the furnace temperature to 
be 1400”. 

ganotin hydrides depended on the helium carrier-gas 
flow-rate. Low flow-rates could be used for deter- 
mination of methyltin compounds, with good sepcar- 
ation efficiency. For the less volatile butyltin mm- 
pounds, higtter gas Bow-rates were nczixmq* at the 
expense of reduced ~~~a~on e@ciency. A fiow-rate 
of 15 mEmin was found to be optimal for all the 
organotin compounds with regard to both sensitivity 
and speciation. Addition of hydrogen and oxygen to 
the furnace gas has been known to greatly enhance 
the sensitivity.4”*42 Addition of hydrogen through a 
jmrt @aced at the edge of the furnace ~~~~~~ 
increased the ~~~~~~~ for inorganic tin and all the 
organotin derivatives. Introdudng oxygen into the 
furnace further increased the sensitivity by an average 
of 50%. This suggests that the atomization in the 
furnace occurred through collisions with H and QH 

radicals in a rich hydrogen-oxygen flame.‘9q4’gi4x The 
optimal flow-rates of oxygen and hydrogen were 180 
and 670 mljmin, respectively, 

Tin hydride and organotin hydrides evolved from 
the hydride trap in a manner which alIowed their 
separation and identification by means of their reten- 
tion times, The retention times of these hydrides are 
related to their boiling points, SnH, (-52% 
CH$nH, (1,4’), (CE&SnM, (35% fCH&SnH 
fW], ~~~~~~~ (NW), (~~Ei9~2snEZ~ (ZSCP) and 
(CJ-E&EinH (280”). Three adsorbents were tested. 
The initial experiments were with glass wool. Resolu- 
tion of the stannane, methylstannanes and butyl- 
stannanes signals was possible with good sensitivities. 
The oiher two adsorbez&s were Chromosorb GAW- 
DBKs and ~romo~rb WAW-~~~s (6tNO mesh) 
coated with 3% silicone OV-101 and OV-3, re- 
spectively. Both acted similarly and resulted in im- 
proved separation of inorganic tin and organic hy 
drides. Figure 1 represents typical simultaneous 
separation of inorganic tin, three m&by&ins and 
three buty&ins. The hydride trap was slowty warmed 
for the release of the dibutyttin and tributyltin com- 
pounds. 

Calibration graphs, sensitivity, detection limit,s rrrnd 
precision 

2%~ ~~~t~~~ plots for anon, meihy~~~ and 
butyitin wmpomds were linear over the eoncen- 
tration ranges shown in Table I; ail re.suIts in Table 
1 are for the compounds run individually. The linear 
range is up to two orders of magnitude and can be 
further incmased by using the 235.48 nm wavelength, 
Izzorgauic tin, me~y~tin and m~obu~~tin com- 
pounds have similar ~n~~~~~. The ~ns~ti~~~ for 
dibutyltin and tributyltin compounds are generaIly 
lower, which could be the result of reduced eflciency 
of tin atomization through collision of H and OH 
radicals with the larger alkyl groups. Use of peak area 
instead of peak height increased the sensitivity for 
~bu~~tin ~yd~de by a factor of 3. The detection 
limits (three times the standard deviation of the 
blank) varied from 0.4 to 1.5 ng for 500-mi samples, 
The precision (relative standard deviation) for five 
replicate d&rminations of each compound at the 
IQ-ng level ranged fmm 4 to 15%. The re+ 
~~~~~~ w&d possibly be improved by using the 
peak area instead of peak height. 

CONCIJJSW4 

The combination of hydride sneration with &c- 
trothermal ato~~on in a long absorption tube 
provides a sirnpie and very sensitive method for 
speciation and determination of inorganic tin and 
organotin compounds. Good separation of these 
compounds can be achieved by use of chroe 
matograpbic stationary phases in the hydride trap, 
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Fig. 1. Speciation of inorganic tin, methyltin and butyltin compounds in 500 ml of artiticial sea-water by 
using (a) glass wool (b) c~omato~ap~c material in the hydride trap. Me = methyl, Bu = n-butyl. The 
amount of each compound present is Sn(IV), 15 ng; MeSnCl,, I5 ng; M%SnCl,, 15 ng; Me.&Cl,, 15 
ng; BuSnCl, , I5 ng; Bu,SnCl, , 30 ng; Bu,SnCl,, 60 ng. Dibutyltin and tributyltin hydrides are released 
from the hydride trap after the evolution of monobutyltin hydride by slowly warming the trap at the time 

indicated by A. 

No standard sea-water was available for examining 10. 
the merits of this technique, but replicate analyses 
resulted in highly consistent calibration graphs. The 
results show that this technique could be used for 

11 
’ 

determination of organotin compounds in aquatic 12. 

environments at the ng./ml level. 
13. 
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COMPUTERIZED FLOW CONSTANT-CURRENT 
STRIPPING ANALYSIS FOR SOME ELECTROACTIVE 

ORGANIC COMPOUNDS 

APPLICATION TO THE DETERMINATION OF ERYTHROMYCIN 
IN URINE 
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Smtmary-The possibility of determining various electroactive organic compounds, e.g., erythromycin 
and ribotlavin, by adsorptive preconcentration at constant potential on a mercury-coated carbon-fibre 
electrode in a flow system prior to stripping with a reductive constant current, is demonstrated. The 
advantages of measuring the electrode potential us. time instead of current us. electrode potential during 
stripping, the possibility of operating with non-deoxygenated solutions, the increased linear calibration 
range is in the multiple scanning mode, and the possibility of using the technique for detection in liquid 
chromatography, are discussed. An analytical procedure for the determination of erythromycin at the 
10m6M level in urine after extraction with diethyl ether is described. 

Electrochemical stripping analysis can be performed 
with three different methods of preconcentration. In 
the most frequently use of these, normally referred to 
as anodic stripping voltammetry, the trace analytes 
are reduced potentiostatically to the metals, which 
are simultaneously dissolved in the mercury or plated 
on the gold electrode material, and subsequently 
re-oxidized by an oxidative potential ramp. In 
cathodic stripping voltammetry, the analytes react 
with mercury(I) or mercury(I1) ions formed by anodic 
oxidation of a mercury electrode under potentiostatic 
control, to form insoluble salts, e.g., mercury(II) 
selenide or calomel, the mercury ions in which are 
then reduced by a reductive potential ramp. In the 
third method, adsorptive stripping voltammetry, the 
analytes are adsorbed on a mercury electrode surface 
held under potentiostatic control, and are sub- 
sequently reduced or oxidized by a potential 
ramp. By this method, either adsorbable electroactive 
organic compounds or trace elements forming 
adsorbable and reducible complexes with organic 
reagents can be determined. 

The three methods have in common that the useful 
analytical information is obtained by monitoring the 
oxidative or reductive current VS. the electrode po- 
tential during stripping. The height or area of the 
current peaks caused by reduction or oxidation is 
taken as a measure of the analyte concentration in the 
sample. 

Although very much less frequently used in prac- 
tice, owing mainly to lack of suitable commercial 
instrumentation, analytical information can also be 
obtained by monitoring the electrode potential us. 

time during stripping. The necessary change in work- 
ing electrode potential can be initiated either by 
spontaneous chemical oxidation, as in potentiometric 
stripping analysis, or by applying a constant oxi- 
dative or reductive current through the working 
electrode, here referred to as constant-current strip 
ping. Potentiometric stripping analysis, exploiting the 
preconcentration method used in anodic stripping 
voltammetry, has proved useful for the determination 
of several trace elements in various kinds of 
sample.‘-’ Reductive constant-current stripping has 
been applied to the determination of selenium in 
whole blood6 after preconcentration in the cathodic- 
stripping mode, and to the determination of nickel,’ 
cobalt,’ uranium,* molybdenum9 and ironi in natural 
waters, after preconcentration in the adsorptive- 
stripping mode. 

As has been shown for potentiometric stripping 
analysis, the monitoring of potential us. time instead 
of current vs. potential offers some unique advan- 
tages, e.g., the possibility of analysing oxygenated 
solutions, lower susceptibility to organic matter 
present in the sample, simple instrumentation, and 
easy operation in connection with fibre electrodes’* 
and flow systems. I* A major disadvantage, however, 
is that in the determination of low analyte concen- 
trations, the potential us. time transient signal is very 
rapid, lasting typically less than 1 sec. Thus it must 
be monitored by a recording device with a more rapid 
response rate than a normal strip-chart recorder. This 
problem can be overcome by the use of modern 
personal computers. I2 Computerized measurement of 
potential us. time is simpler than that of current us. 
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potential, since time is an inherent parameter of any 
computer system. 

Reductive constant-current stripping analysis has 
not hitherto been applied to the determination of 
electroactive organic compounds. For this reason it 
was thought worthwhile to attempt to modify 
some published procedures for the determination of 
various organic compounds, based on current vs. 
potential monitoring and mercury drop electrodes, 
for use in the constant-current stripping mode with 
mercury-film coated carbon-fibre flow electrodes.” 
The advantage would be operation with oxygenated 
solutions and thus a simpler analytical procedure. 
In conjunction with a low dead-volume fibre flow- 
electrode it might also serve as a detection device in 
liquid chromatography. The computerized constant- 
current stripping approach would also make it poss- 
ible to overcome a serious disadvantage inherent in 
adsorptive preconcentration, namely the very limited 
linear calibration range. This could be facilitated by 
applying the “multiple scanning” mode previously 
used in the determination of uranium(W).* In this 
mode, constant-current stripping is initiated after a 
short period of potcntiostatic preconcentration, typi- 
cally 10 sec. The stripping curve is stored in the 
computer, together with a backgroind stripping 
curve obtained after typically 1 set of potentiostatic 
deposition. This procedure can be repeated any de- 
sired number of times, after which the accumulated 
background scans are subtracted digitally from the 
accumulated analytical scans. In this way the linear 
calibration range can be extended by at least one 
order of magnitude. 

Since the main purpose of this communication is to 
demonstrate the feasibility of constant-current strip- 
ping analysis for organic compounds, the choice of 
analyte is of minor importance. To facilitate compari- 
son between the monitoring of time and monitoring 
of current, analytes which have been determined by 
means of current vs. electrode potential measure- 
ments and stripping techniques have been chosen. 
They include erythromycin,” novobiocin,” digi- 
toxin,14 riboflavinI and the copper(I1) complex of 
benzylpenicillamine. A complete analytical procedure 
for the determination of erythromycin in urine has 
also been developed. 

Instrumentation 
EXPERIMENTAL 

A computerized potentiometric and constant-current 
stripping analyser described elsewhere’* was used in all 
experiments. In this analyser six different solutions can be 
drawn into the flow-cell in any desired order. During an 
analysis, the working electrode potential, flow-rate, mag- 
nitude of stripping current, and the opening and closing of 
magnetic inlet valves is under computer control. After 
real-time acquisition of the stripping and background data 
at a sampling rate of 25.6 kHz and digital filtration, the 
stripping curves are displayed either on a printer/plotter or 
on a s&-chart recorder. -In all experimeits an averaging 
Alter of 30 mV and a Savitsky-Golay filter of 18 mV were 
used, and the potential resolution in ihe measurements was 
2 mV. 

Electrodes 
A IO-pm diameter carbon fibre, inserted perpendicular to 

the flow direction in a polyethylene tube with an inner 
diameter of 0.80 mm, as described elsewhere,” was used 
as the working electrode in all the flow experiments. A 
platinum tube mounted downstream from the carbon fibre 
was used as counter-electrode, and a thin-layer saturated 
calomel electrode (SCE) as reference.‘* 

A Princeton Research Model 303 hanging mercury drop 
working electrode (small drop size) and a platinum wire 
counter-electrode were used in the batch experiments. All 
potentials given in this paper are expressed W. SCE. 

Reagents 
The reagents used were of analytical grade except for the 

mineral acids, sodium chloride and sodium acetate, which 
were of Suprapur grade (Merck). All dilutions were made 
with “Millipore Q” water. Stock aqueous solutions 
(O.lmM) of erythromycin, digitoxin, digitoxigenin, novo- 
biocin and riboflavin (all from Sigma) and the potassium 
salt of benzylpenicillin (Fluka) were prepared daily. 

Plating the mercury firm 
Before each electrolysis/stripping cycle a fresh film of 

mercury was plated onto the carbon-fibre electrode from a 
MO-mg/l. solution of mercury(I1) nitrate in O.lOM nitric 
acid flowing at 2.40 ml/n&. The first step in the mercury 
fihn renewal was electrochemical removal of the used film by 
application of a potential of 0.60 V for 40 sec. A fresh film 
of mercury was then plated onto the carbon fibre by 
electr6lysis at. - 1 SO V for 120 sec. 

Flow-rates 
All flow-rates were 0.40 ml/min unless otherwise stated. 

Determination of erythromycin in urine 
Place 1 ml of the urine in a centrifuge tube and add 

0.15 ml of saturated sodium carbonate solution and 5 ml 
of diethyl ether. Stopper the tube and shake it for 30 set, 
then centrifuge it at 3000 rpm for 3 min. Transfer the ether 
phase to a beaker, and repeat the extraction with another 
5 ml of diethyl ether. Combine the extracts and evaporate 
the ether with a stream of air. Add 30 ml of supporting 
electrolyte consisting of 0. 10M sodium chloride and 0.0 1 M 
boric acid, then adjust the pH to 11 .O. Repeat the whole 
procedure with another l-ml portion of the urine to which 
a standard addition of erythrocymin of suitable magnitude 
has been made. The standard addition should preferably 
increase the erythromycin content of the sample by a factor 
of 2-5. 

Place the two solutions at two inlets of the analyser, 
perform the mercury film renewal procedure then admit the 
sample to the flow cell and electrolyse it at - 1 .O V for 2 set, 
prior to stripping with a constant current of 5 PA until 
a potential of -2.0 V is reached. Electrolyse again at 
- 1 .O V for 0.1 set and register a background stripping scan. 
Keep the electrode at -2.0 V for 1 set and repeat the 
analytical and background stripping scans as above, a 
further 19 times. Repeat the complete procedure with the 
spiked sample, identify the stripping peaks from the two 
samples, and evaluate the stripping-peak areas, integrating 
over the potential region &-O-l3 V around the peak stripping 
potential. Finally, evaluate the concentration in the sample 
by means of the normal equations for standard addition. 
Clean the fibre electrode by electrolysis at -2.50 V for 
60 set in 1M sodium hydroxide solution in 50% v/v aqueous 
ethanol before starting the next analysis. 

Erythromycin 

RESULTS 

The two main experimental parameters in ad- 
sorptive stripping analysis are the sample pH and the 
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Fig. 1. Dependence of erythromycin constant-current stripping peak area on (a) pH and (b) electrolysis 
potential. 

deposition potential. The effect of pH was investi- 
gated over the range 6.2-12 (controlled by adding 
acetic acid, boric acid and sodium hydroxide as 
required) for samples containing 10e6M erythro- 
mycin and O.lOM sodium chloride. Twenty stripping 
scans, each obtained after electrolysis at - 1 .OO V for 
2 set, were used and the results are shown in Fig. l(a). 
The pH is not critical in the range 9-l 1 so pH 11 .O 
was chosen to avoid the risk of decomposition at 
lower pH. 

The electrolysis potential was optimized by varying 
it between - 0.10 and - 1.40 V in a solution contain- 
ing 5 x lo-‘M erythromycin in O.lOM sodium chlor- 
ide adjusted to pH 11 with sodium hydroxide, and 
examining the mean of seven stripping scans, each 
obtained after electrolysis for 8 sec. The results are 
shown in Fig. l(b). Obviously the sensitivity for 
erythromycin is reasonably constant for electrolysis 
potentials in the range from -0.20 to - 1.00 V. To 
decrease the risk of competitive adsorption of other 
adsorbable species in the sample the electrolysis 
potential should be kept as negative as possible and 

10 20 
Etythromyoln oonc. 10 *M 

Fig. 2. Comparison between single and multiple constant- 
current stripping for erythromycin. Electrolysis for 40 set 
at - 1 .O V (a) and the sum of 20 electrolyses at - 1 .O V for _ _. 

for this reason an electrolysis potential of - 1.00 V 
was chosen. 

As mentioned above, the range of linear response 
is normally very narrow in adsorptive stripping 
analysis. The difference between the single and 
multiple scanning modes is illustrated in Fig. 2. Here 
a total electrolysis time of 40 set has been used, with 
O-20 x lo-‘M erythromycin solutions buffered at 
pH 11 .O. In the multiple scanning mode (curve b) the 
electrolysis time was subdivided into twenty periods 
of 2 sec. The difference in linear range between the 
multiple and single scan (curve a) modes is obvious. 

Figure 3 shows the constant-current stripping 
curves for a urine sample (obtained from a person 
not using the drug) spiked to have 3.0 x 10e5 and 
6.0 x 10e5M concentrations of erythromycin. By 
using the standard-addition equation and assuming 
the 3.0 x lOWSA erythromycin sample to be the 
unknoyn, eight repetitive analyses yielded a mean 
value of 2.9 x 10e5iU with a standard deviation of 
0.3 x 10-5M. 

Constant-current stripping analysis for erythro- 

a b 

V n.SCE 
-1:s -r’a 

Fig. 3. Differentiated and background-corrected constant- 
current stripping peaks for (a) 3.0 x 10e5M and (b) 
6.0 x lo-“44 erythromycin in urine subsequent to extraction 
with diethyl ether, evaporation and dissolution in 30 ml of 
pH 11 .O buffer. Twenty accumulated stripping curves, each 

0.01 

0 

2 set each (b). obtained after electrolysis for 2 set at - 1 .O V. 
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Fig. 4. Differentiated and background-corrected constant- 
current stripping curve obtained on a hanging mercury drop 
electrode in quiescent solution. Twenty accumulated scans, 
each obtained after 2 set of electrolysis at - 1 .O V, of 10T6M 

erythromycin at pH 11 .O. 

mycin is subject to two kinds of interference, namely 
competitive adsorption of other organic compounds 
present in the sample and the presence of species 
which can be reduced at potentials close to that of 
erythromycin, e.g., zinc ions. Obviously zinc does 
not interfere if the erythromycin is determined sub- 
sequent to the extraction procedure described above. 
Even so, the interference from zinc was investigated, 
by adding zinc at 2-mg/l. level to the solution 
obtained after extraction of erythromycin. The 
constant-current stripping peak then obtained for the 
reduction of zinc could be eliminated completely by 
addition of sufhcient 10T2M EDTA. Competitive 
adsorption was investigated by the addition of 
albumin, gelatin and camphor at 20-mg/l. level to 
3 x 10A5M erythromycin before the extraction. 
No effect on the erythromycin response could be 
detected. 

The mercury drop is by far the most frequently 
used working electrode in adsorptive stripping analy- 
sis. Whether or not this electrode could be used in 
combination with the constant-current stripping tech- 
nique in oxygenated solutions was therefore investi- 
gated. That it could is obvious from Fig. 4, which 
shows the sum of twenty background-corrected 
constant-current stripping scans, each obtained after 
electrolysis of a 10e6A4 erythromycin solution in 
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Fig. 6. Differentiated and background-corrected constant- 
current stripping curves for (a) lo-‘A4 riboflavin (electroly- 
sis for 30 set at -0.15 V at pH 6.0) and (b) 4 x 10e6M 
benzylpenicilloic acid and lo-‘M copper(U) (electrolysis for 

10 set at -0.10 V at pH 4.6). 

0. 10M sodium chloride @H = 11) at - 1 .O V for 2 set 
in quiescent solution and with a constant current 
of 20 PA. The peak potential obtained for erythro- 
my&, - 1.38 V, is close to that obtained on the 
mercury-fihn coated carbon-fibre electrode (Fig. 3) 
and approximately 0.20 V cathodic relative to that 
obtained by Wang.” 

Novobiocin, digitoxin, digitoxigenin, riboflavin and 
benzylpenicilloic acid 

Figure S(a) shows the accumulated and back- 
ground-corrected constant-curent (3.4 PA) stripping 
curves obtained from ten consecutive scans, each 
after electrolysis for 5 set at -0.90 V of 10e6M 
novobiocin in O.lOM sodium chloride at pH 7.4. 
Also shown in Fig. 5 are single-scan constant-current 
(3.4 PA) stripping curves obtained after 10 set of 
electrolysis in pH-11.7 O.lOM sodium chloride sol- 
utions of (b) 2 x 10m6M digitoxin and (c) 10e6M 
digitoxigenin, at - 1.40 V for (b) and -0.90 V for (c). 
The single-scan constant-current (1.2 ,uA) stripping 
peak for lo-‘M riboflavin at pH 6.0 after electrolysis 
at -0.15 V for 30 set in O.lOM sodium chloride 
solution is shown in Fig. 6(a) and that for 4 x 10-6M 
benxylpenicilloic acid/lo-‘M copper(I1) (2 PA) at 
pH 4.6 after electrolysis for 10 set at -0.10 V in the 
same medium is shown in Fig. 6(b). 

C 

I- , I , I 1 

-1.2 -1.7 -1.4 -1.5 -1.4 -2.0 
v v&sCE V ur.SCE V n.SCE 

Fig. 5. Differentiated and backgrounduxrected constant-current stripping curves for (a) 10e6A4 
novobioein (ten accumulated seam, each obtained at pH 7.4) after electrolysis for S set at -0.90 V, 
(b) 2 x IOe6M digitoxin (electrolysis at -1.40 V for 10 set at pH 11.7) and (c) 10e6M digitoxigenin 

(electrolysis at -0.90 V for 10 set at pH 11.7). 
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DISCUSSION REFERENCES 

The results obtained clearly show that the 
constant-current stripping mode in combination with 
adsorptive accumulation can be exploited success- 
fully for the determination of adsorbable electro- 
active compounds in oxygenated solutions, with a 
mercury-film coated carbon fibre or a mercury drop 
electrode as sensor. The sensitivity is, however, lower 
than that obtained with current us. voltage stripping 
techniques, by approximately a factor of five. 
Considering the very high sensitivity inherent in 
adsorptive stripping this is a minor problem. For 
example, the optimum concentration range for 
the determination of erythromycin in urine is 
0.1-10 x 10W5M (Fig. 3), which is sensitive enough to 
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tration in the urine of persons under treatment with 
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Sammaq-A brief introduction to the topics ofcovariance and variance is given in this paper. An abstract 
vectorial space, the 4‘precision pattern space” is introduced in order to thtd the general expression for the 
law of random error propagation. A new approach to the determination of the optimum working range 
in spectrophotometric procedures has been developed. The method involves the use of the calibration 
curve and the application of the Laplacian operator to concentration. The general expression reported 
for the relative error in concentration tends towards the classical photometric error expression in limiting 

The determination of the optimum working range 
(OWR) in spectrophotometric procedures is a classi- 
cal problem in chemical analysis. Several authors’-15 
have reported different expressions for evaluation of 
the concentration range in which photometric error is 
at a burns. Careful scrutiny of these papers 
reveals that most authors have considered only the 
standard deviation of the transmittance, and few of 
them’0~‘z*‘4 have considered the contribution of the 
standard deviations of the intercept and slope of the 
calibration line, to the analytical error. Nevertheless, 
as pointed out by Mandel and Linning,‘6 a strong 
correlation exists between the estimated slope and 
intercept of a straight line obtained by least squares 
calculations. Accordingly, the usual method for the 
derivation of the confidence intervals for the slope 
and intercept of fitted straight line equations may 
lead to erroneous conclusions. 

The main sources of error in analytical methods 
based on the absorption of radiation are: (i) error in 
reading the test solution; (ii) error in setting the 
instrument to read 0% and 100% transmittance 
(baseline). Because of the logarithmic relationship 
between transmittance and con~nt~tion, small 
errors in measuring the trans~ttan~ cause large 
relative errors in the calculated concentration at 
low and high transmittances. With modern spec- 
trophotometers, the errors due to setting of 0% 
transmittance and the baseline are often considered 
to be zero, since these two settings are made at the 
start of a run and not reset for each in~vidua~ 
measurement.12 The main source of indeterminate 

*To whom correspondence should be addressed. 

error is then regarded as the measurement of the 
absorbance. This seems, however, to ignore the possi- 
bility of instrumental drift. 

There is no doubt that the effect of experimental 
variables may be found more efficiently through a 
statistical approach than by traditional methods. In 
this paper a new approach to the determination of the 
OWR from calibration graphs is developed. The 
general expression reported below for the relative 
error in concentration tends towards the classical 
photometrical error expression3 in limiting cases. The 
covariance of measu~ments can be as important as 
the variancesl’ and both contribute significantly to 
the total analytical error, so a brief introduction to 
these important topics is given in the following. 

The covariance between two random variables x 
and Y (with a joint distribution) is defined as the 
expected value of the product of the deviations of x 
and Y from their expected values (true or population 
means pX and ,u~, respectively): 

COV(KY) = E[(x -cr3(Y -k$Jl (1) 
The unbiased estimates for the unknown means flX 
and p, am the sample means f and jj, respectively: 

f=icxi and i=-!-xyi (2) 

where N is the number of pairs of observations (x,, y,). 
By simple algebra, we can write 

C (xi-a)(Yi-r’) = 1 f(xi-&) 

-(n-H)I[Cv;-~~)-(f-cl,)l 

= C txi - &I (Yi - PJ 

- NG - rJ(P - ~~1 CW 

531 



532 A. G. ASUERO et al. 

Taking expectations of both sides of equation (3a) 
gives 

R C(x,-n)(Yi-?) 
[ 1 

= C Cov(x,, Y,) - NCov(2, jr) (3b) 

Since all replicates belong to the same statistical 
population, it follows that 

Cov(& Yi) = Cov(x9 YX (4a) 

and since 

Cov(x, Y) 
Cov(Z,Y) = N , WI 

combining equations (3b) and (4b) and rearranging 
giVeS 

Cov(x,y) = E ~‘xi~‘~‘~-y’] (5a) 

This expectation value is an unbiased estimate of the 
population covariance, so it is identical with the 
sample covariance Cov(x, Y) and 

COV(X,Y) = &(?“)(Y# -9) (Sb) 

(where N - 1 is the number of degrees of freedom). 
The covariance is a measure of the correlation be- 
tween x and y. If x and y are independent, i.e., not 
correlated, the covariance is zero. However, the con- 
verse is not necessarily true.19 

The variance is the special case of the covariance 
of a random variable, R, with itself 

Var(R)= E[(R -pR)*]=oi (64 

It then follows directly from previous results that the 
sample variance is given by 

Var(x) = j&-i 1 (Xi - z:)* 

( ) 
xxi * 

'A ~^-:-,I=.: W 

The square root of the variance is called the standard 
deviation (denoted by u for the population and by s 
for the sample) and is always positive. 

By dividing the sample covariance by the product 
of the sample standard deviations of x and y, s, and 
s,,, respectively, we obtain the sample correlation 
coefficient rXu (or the covariance between two stan- 
dardized variables x* and y *), which is independent 
of the scales chosen: 

Cov(x, Y) 
‘XV = 

SXSV 

=lCx:yF 
N-l 

= C(x1- f)(Y, - 9) 

~~ 

= 

(7) 

where Sxx and SW are the sums of the squares of 
deviations from the mean for the two variables (x and 
y) and Sx, is the corresponding sum of the cross- 
products. 

All analytical measurements are random variables 
and therefore the information they provide will have 
a certain imprecision. However, the quantities that 
are of interest to the analytical chemist are usually 
functions of a set of observations and it is often 
desired to know how the mean and variance of these 
functions are related to the means, variances and 
covariances of the original measurements. The re- 
lationship for the error of an arbitrary function of 
several variables, known as the law of random-error 
propagation, is perhaps the most important relation 
in the theory of errors, because we are mainly con- 
cerned with the error of the final results, rather than 
the error of individual measurements. The problem is 
how to calculate the error of a fmal result obtained 
from experimental values by means of a certain 
functional relation. In the following discussion, a new 
approach to the derivation of the law of random- 
error propagation, based on the application of linear 
algebra, is given. The effects of systematic errors-the 
assessment of which is frequently the most difficult 
aspect of a chemical measurement-are not consid- 
ered here. 

For convenience, we introduce an abstract vec- 
torial space which we call the “precision pattern 
space (PPS)“, which is n-dimensional if there are n 
random variables. The moduli of its n basic vectors 
coincide with the standard deviations, u,, of the 
corresponding random variables. Suppose we have a 
continuous function of the physical quantities 

xl, x2, . * * XN 

R =fh X2,. . . xN) (8) 

and that the experimentally determined xi values are 
normally distributed about the value p, with variance 
uf. The standard error associated with the mea- 
surement of xi will be given by the sample standard 
deviation s,, and all the s, values will contribute to the 
total random error in R, sR (because s, is the error 
estimate of a quantity R which is derived from the 
original observations, it is often termed the standard 
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error). The question is how these errors (8,) are 
propagated in the calculation of R. 

To answer this question, we will use an N- 
dimensional subspace of the PPS, denoted by PPSV, 
where N is the number of variables that R depends 
on. The PPSV is formed by N vectors, the moduli of 
which coincide with the standard deviations u, of 
the variables x,. The PPS and its subspaces have 
euclidean structure, so the scalar product of any two 
basic vectors, L, and c,, is given by 

do=qcj= lcil lcj~cos6, (9) 

where 6, is the angle between ei and L? When i = j we 
obtain 

d,, = (d* = af = Var(x,) (lOa) 

If i #j, then 

di/ = Cov(x, xj) W-4 

and cos 8, coincides with the population correlation 
coefficient pil between xi and xi 

Cov(x, xi> ,,=A= J&q 
(‘1) 

It is fairly easy to show that - 1 < pv < 1. Applica- 
tion of the Cauchy inequalityrr’ gives 

lLiL,l G ILlI 141 Wa) 

and hence 

ILtcjl -<l 
ICI lLjl 

(12b) 

Since ai and a, are always positive, combining equa- 
tions (9)-(12) yields 

IpJGl and -lsp,,<l (13) 

The correlation coefficient gives a measure of the 
degree of relationship between two variables. Equa- 
tion (11) is the infinite sample-population analogue 
of equation (7) (which applies to a finite sample 
population). 

non- 
are orthogonal), then 

R= 
x,+x* + ... +x, 

(14) and 

N 

i #j, I 

R = x, + x2 (19) 

for which the general equation (16b) reduces to 

w = (61 f 42 = a: + c: f ZCov(x,, XJ = u: (20) 

If the variables are statistically correlated it is not 
permissible simply to add their variances. 

Ifa,=a*=*..=a,= l/N and the random vari- 
ables are non-correlated (in this case the basic vectors 

The basis of the PPS and its subspaces is 
orthonormal, so 

d,,#& 

where 6, is the Kronecker delta,2’ 6, = 0 for 

@la) 

6, = 1 for i = j. Any vector of the PPSV can be V=$L,+L*+ *** +c,) (21b) 
expressed as a linear combination of basic vectors 

so 

and, taking into account equations (lOa) and (lob) 

w = Q:u: + 2c u,a,Cov(x,, x,) (16b) 
I<1 

There will be N squared terms like a$~:, and 
N(N - 1)/2 cross-product terms like 2a,a,Cov(x,, x,). 
As the basic vectors are non-orthonormal the cross- 
product terms differ from zero. The square root of the 
scalar product of V with itself or the euclidean nor& 
(or length) is identical with the standard deviation, 
a,, of a quantity R that is a linear function of N 
quantitities x,: 

R = a,xl + a,x, + . . . + u,x, 

This follows from equation (6a), since 

Var(R) = E{[R - E(u,x, + u,x, 

+... + w‘m 

(17) 

= E c uf(x, - /A,)* 

+ 2 c WJGG - 4 6, - I.+) 
i<J 1 

= =&+J: + 2 c U&COV(Xi, xi> (18) 
i</ 

which is identical with expression (16b). 
The simplest case to consider is the variance of an 

algebraic sum 

V=u,c,+u~*+~--+u,g (‘5) 
where the coefficients a, (i = 1-N) are constants. The 

v*=&Y:+o:+... +a;) = a: (22) 

set of all linear combinations of Q, r,, . . . +, is a 
subspace of the PPSV. The scalar product W is given 

If the variance of the data points is uniform (homo- 

by 
scedastic) 

and 

‘+a: = . . . +=tJ; (23) 

2 
2-6, 

+ Zu,ur~c, + 2a,a,c,t, + . . * (16a) 
UJr-- 

N 
@a) 
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When all the population mean values are the same, 
ui is identical with a:, and thus the standard devi- 
ation of 2 (standard error of the mean) is 

a, = oJJN (Bb) 

Equation (24b) applies also to tlnite sample popu- 
lations if a, and u, are replaced by s, and s,. 

The gradient operator in the PPSV has the form 

so the divergence of any vector of the PPSV is given 

by 

[ 

a a 
= c,G+tzG+ *** 

1 

x[a,t,+a2t2+ .**I 

au, au, = c:---++,t2-- ax, ax, 

+ da, aa, --* + c+j-$+&j-g+ * *. 

and equals zero because the coefficients ai are arbi- 
trary numbers, or arbitrary functions independent of 
the x, random variables. In other words, the vectors 
of the PPS are solenoidal. For this reason we seek an 
operator which acts on scalars and not on vectors. 

The Laplacian in the PPSV is given by 

N a = W i ax, a? 
+25 b 

[ I[ 1 a COV(X,, Xj) 
,<, ax, a+ 

(27) 

The application of the Laplacian to an arbitrary 

function R such as equation (8) leads to 

The general expression for the law of random error 
propagation in R is in this way easily derived. 
The variance of the quantities evaluated by indirect 
measurements can be directly obtained by computing 
the Lap&an of R 

V2(R) = aft (29) 

In the particular case where the variables x, are 
mutually independent, all the covariances are zero 
and equation (28) reduces to 

aR 2 
fJ:=c - [I axi 

af (30) 

If the function R is linear, 

R=a,x,+a,x,+...+a,x,, 

the Laplacian of R coincides with the square of the 
euclidean norm of the corresponding vector, 

V = a,q + a$,+ . *. + aNeN: 

V’(R)=IWI (31) 

The familiar route to the derivation of the law of 
random error propagation is as follows. To prove 
equation (28) we can expand 

PR = Wx,, A,, . . . > Px,,) =f(Pc) (32) 

in a Taylor series about the point (pX,, p_,,, . . . , px,,): 

R=I~,+F(x,-/AJ 
1 

+ af cd 
--&x2--P3 

+*** + y cxN - PN) 
N 

+ higher order terms (33) 

From the definition of variance and the properties of 
expectation, ‘* by neglecting all but the first-order 
terms in equation (33) we obtain 

ai = Var(R) = E pR+c- ‘{,“’ cxi - pi) - PR 2 
I >I 

= E[(x, - pi>7 + 2i;j 
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x afh4 
[ 1 
ax, Cov(x,, x,1 (34) 

As the partial derivatives off with respect to x, are 
evaluated at the point H, we have 

af aR [I G. Ir ‘ax, (35) 

Thus equation (34) is identical with the expression for 
the Laplacian of R given by equation (28). The 
variance of an indirect measurement is found in the 
same manner as the pomdation variance, but the 
deviations are taken about the mean of the indirect 
measurement (sample mean). However, the formula 
expressing the variance of R is of general validity and 
in no way depends on the size of the sample. 

The continuing interest in, and importance of, 
calibration in analytical chemistry is indicated by the 
number of publications that appear each year.‘7,23*” 
Calibration involves a very special type of modelling 
and parameter estimationz3 in that chemical mea- 
surements are converted into chemical information, 
and it lies at the heart of nearly every analysis.” 

The absorbances, A, of a set of samples: 

A = AmP,e - &anL = - log( T-&d) 

+ ~“~(Tb,d/T,) = l”gT(b,s) (36) 

are related to the concentrations C by means of the 
calibration equation, usually obtained by single linear 
regression: 

A = b, + blC (37) 

where b, and b0 are the slope and intercept of the 
regression line, respectively (estimated by the least- 
squares method). Two basic assumptions are in- 
volved in single linear regression analysis: the first is 
that the dependent variable (Y) has a random error 
of measurement, whereas the independent variable 
(x) is free from error because it is set by the experi- 
menter; the second is that the variance of the response 
is normally distributed and homoscedastic (homoge- 
neous) over the entire range of calibration. Both 
assumptions are usually taken as valid in the context 
of analytical calibration,2s though they may not in 
fact be so. However, as parameters estimated in 
least-squares methods are always linear combinations 
of the observations, their variances are linear combi- 
nations of the random measurement error. Because b0 
and b, are estimated from the same set of experi- 
mental data, the estimated errors are very likely to be 
correlated. Obviously, correlation between the slope 
and intercept implies that covariance between them is 
significant. 

The slope and intercept of a straight line 
Y = b0 + 6,x are given byz6 

b, =g and b,,=y’-b,Z (38) 

where (Z,p) is the centroidal point.27 

The variance of the regression line for N obser- 
vations is given by 

2 Q 
sy, = - 

N-2 

Q being the sum of the squares of the residuals 

Q = c (yi - j$)* = S, - b;S, w 
where 9 is the predicted value of y for a given x. 
The variances of the slope (s:,) and intercept (s&), as 
well as the covariance of the slope and intercept, 
Cov(b,, b,) can easily be evaluated from the 
variance-covariance matrix. 

Let E[B] designate the expected value of B, the 
column vector of the regression coefficients 

B= bo 

I I b, 
(41) 

The variance-covariance matrix is defined by26J8 

Var(B) = EI(B - WPI)(B - HW’) 

Sf CwkJ, b,) 
= Cov(b,, bo) 4, 

= qrX)-‘sft (42) 

where X is the matrix of the independent variables 
and X’ its transpose. 

I1 XII 
x= * x2 . . . . . . 

1 xN 

(43) 

The vector B is related to the observation vector Y by 
means of 

Y=BX 

YI 

Y2 = b0 

6, 

YN 

1 x1 

1 x2 
. . 
. . 
. . 

’ xN 

VW 

W W 

Substituting in equation (42) for @‘X)-l we obtain 

Var(B) = 
1 

2 

x Xx? -Cxi s* 

--xx, N ‘= (45) 

and from equation (42) and (45) 

2 

2 _ SY* 
sb,-- 

hc 

(46) 

(47) 
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Cov(b,, b,) = Cov(b,, b,) = * W) 
xx 

An approach to the evaluation of covariance 
different from the one described here is given by 
Foucart and Lafaye.tpI 

The calibration curve is interesting in that it may 
be used both for the estimation of unknown concen- 
trations and for the evaluation of the optimum 
working range, the latter in connection with re- 
producibility studies. Assuming that the deter- 
mination of unknown inundations is a&cted only 
by random errors, the application of the PPSV- 
Laplacian to C gives 

v’(c,=s:=$+~ St 
1 1 

+(A -b@)2$+2 
I 

c”‘~~Q4 -b*) (49) 
1 

The variance of the absorbance is related to the 
variance of the transmittance 

s= 

Inserting equations (48) and (50) into (49), dividing 
by C2 and extracting square roots on both sides, we 
get the relative concentration error s&Y. 

SC 0.43432 s2 
-= 

[ 

,f sb 
c T&,&4 -6,,2 + (A - &0)2 

4, 2.%r;X 1 
112 +iys&4 -b#, (514 

S~~titu~on from equations (46) and (47) converts 
this expression into 

SC * I 0 43432 s2 

- = T:b,s, (A -*;;y c 

However, the practical importance of the general 
theory of error lies not only in the calculation of 
errors, but also in the search for ideal conditions, 
under which the error associated with the mea- 
surement process will be minimalM In a plot of se/C 
against T, the portion of the curve where scfC shows 
a minimum gives the optimum working range. The 
necessary calculations involved in equation (51 b) can 
easily be done on a programmable calculator. 
Differentiation of s,--C with respect to T and equating 
to zero gives 

-log T(b,s) = 

0~~~~3~ s&,,, + Tfb,z+ N s 
=+bo (52a) 

0.4343 s&,,) + T&,., s 
I xx 

A more compact version of equation (52a) can be 
obtained by using the slope and intercept standard 
deviations instead of the regression standard devi- 
ation: 

‘4 = -log To,%> = 
0.43432 s”T,,, + T,&& 

_ +6, (52b) 

0.4343 S$,,,,, + T&j ‘S:, 
b, 

If it is assumed that (i) the random errors involved 
in the calibration straight line parameters am negli- 
gible with respect to the random errors in reading the 
traitor, and (ii) &, is not significant, equation 
(52b) leads to 0.434 as the absorbance at which the 
photometric error is at a minimum, in accordance 
with the classical treatment by Ringbom.3 

The application of the equations described in this 
paper to several practical systems is now in progress 
and will be reported later. 
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Summary-The determination of tributyltin in natural waters by extraction into toluene and graphite- 
furnace AAS measurement of tin has been investigated. The effect of pH on the extraction of mono-, di- 
and tributyltin and triphenyltin has been examined and the optimum conditions for the estimation of 
tributyltin assessed. The AAS performance is greatly improved by using furnace tubes pretreated by 
soaking in sodium tungstate solution. Such pretreatment is essential if low detection limits are to be 
attained. Extraction of the tributyltin from aqueous media resulted in a marked signal enhancement 
(irrespective of the type of furnace tube), which varied according to the nature of the aqueous solution. 
The enhancement is believed to result from water in the toluene extract activating the tube surface. 
Methods for the estimation of tributyltin in waters, appropriate for screening samples as part of routine 
monitoring programmes, are described. With a I-litre sample, a limit of detection of -4 rig/l.. was attained 
for tin. The relative standard deviation of six replicate analyses of sea-water containing 170 rig/l.. tin 
(present as tributyltin) was 1.5%. 

Tributyltin (TBT) is the active biocidal constituent of 
many antifouling preparations currently used to coat 
the hulls of boats. Much concern has recently been 
expressed over the potentially harmful effects of 
tributyltin on many forms of marine life, even when 
this substance is present at low rig/l.. concentrations. 
For instance, lethal TBT concentrations as low as 
100 rig/l.. for shellfish have been reported,’ and 
damaging sub-lethal effects, such as shell thickening 
in the oyster’,’ and imposex in the dog whelk,3 are 
known to occur as a result of exposure to TBT 
concentrations in the 2-50 rig/l.. range. Concern is 
highest in areas having a high density of pleasure 
craft, where the boats are moored for long periods of 
time and the circulation of water is often restricted. 
As a result, the UK Government has proposed a 
provisional ambient water target concentration of 
20 rig/l.. for TBT in waters.’ Even more stringent 
water-quality standards are being considered. Sensi- 
tive and accurate analytical methods are therefore 
required for routine TBT monitoring purposes, with 
detection limits in the low rig/l.. range. 

Several methods have been developed for the 
determination of butyltin compounds in waters, 
involving extraction, derivative formation and gas 
chromatographic separation, and selective detection 
by flame photometry,4-6 atomic-absorption spec- 
trometry (AAS)7-9 or mass spectrometry.*O*” Whilst 
these techniques are capable of attaining the required 
low rig/l.. detection limits, a considerable drawback to 
their use is their complexity and low sample through- 
put. For routine monitoring purposes, much simpler 
and more rapid methods are desirable. 

Several studies have made use of a relatively simple 
method for the determination of organotins, involv- 
ing liquid extraction into a neutral organic solvent 
such as a toluene, and determination of the tin 

content of the extract by graphite furnace AAS.“*” 
Despite the reported use of this method in TBT 
monitoring,2”*14*15 there is little information available 
in the open literature regarding optimization of the 
analytical conditions and on the typical analytical 
performance. 

In this paper, we report the results of our evalu- 
ation of solvent-extraction/GFAAS methods for 
tributyltin determination. The work had the aim of 
developing a simple method appropriate for routine 
monitoring purposes, with low rig/l.. detection limits. 
It included an assessment of interferences arising 
from the co-extraction of other organotins that may 
be present in waters: triphenyltin, and mono- and 
dibutyltin. The last two are known breakdown prod- 
ucts of tributyltin in waters,16 and are considerably 
less toxic. The recommended analytical conditions 
and the analytical performance data are presented. 

EXPERIMENTAL. 

Apparatus 

A Perkin Elmer 4000 atomic-absorption spectrometer, 
equipped with a tin hollow-cathode lamp, deuterium lamp 
background correction and an HGA 400 fumace- 
programmer, was used for the determination of tin. Initially, 
a Perkin Elmer AS-40 autosampler was used for sample 
introduction into the furnace, but high blank concentrations 
were observed (presumably caused by leaching of inorganic 
tin from worn pump components), so its use was abandoned 
in favour of manual sample injection with a micropipette. 
The measurement wavelength was 286.3 nm, spectral band- 
width 0.2 run. The furnace programme was: 

Step 

W 
Ash 
Atomize 
ckan-out 

Temperature, Ramp Hold 
“C time, set time, set 

120 10 10 
900 10 10 

2500 max. rate 3 
2700 max. rate 3 
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The injection volume was 20 ~1. To maximize sensitivity, 
the argon gas flow was stopped during atomization. Except 
in comparison of peak profiles, peak height measurements 
were used throughout. 

The graphite tubes were pretreated by soaking for at least 
24 hr in sodium tungstate solution (5% w/v). Prior to use, 
the tubes were dried in an oven at 110” for about 30 min and 
conditioned in the furnace itself by heating at progressively 
increasing temperature up to 2700”. For prolonged storage, 
the tubes were kept in the tungstate solution until required. 
The tube life was greater than 300 firings. 

All glassware was cleaned by soaking in 10% v/v nitric 
acid solution, rinsing first with demineralized water, then 
with methanol, and drying before use. Extraction funnels 
were rinsed with methanol, then copious quantities of 
demineralized water, between extractions. 

Reagents 
Stock standard solutions in methanol were prepared from 

tributyltin chloride (BDH Chemicals), dibutyltin chloride 
(DBT), monobutyltin chloride (MBT) and triphenyltin 
chloride (TPT) (Aldrich Chemicals) at a concentration of 
1000 ppm tin. These were-found stable for several months 
when stored in the dark. Working standards (Sn 1 and 
10 mg/l.) were prepared in methanol and were kept for a few 
days. A&tar-grade toluene (BDH Chemicals) and HPLC- 
grade pentane (Rathburn Chemicals) were used for solvent 
extractions. The nominal purity of the MBT and TPT was 
stated by the suppliers to be 95%. The TBT and DBT were 
checked for the presence of other butyltin compounds by the 
method described by Mathias et al.’ and estimated to be at 
least 95% pure. 

During the investigation of furnace conditions and extrac- 
tion procedures, standards were prepared by spiking 10 ml 
of aqueous sample with the organotin compound followed 
by extraction (in a 25-ml Pyrex glass bottle) for 5 min with 
10 ml of toluene. The phases were not separated prior to 
analysis, and care was taken to withdraw test samples from 
only the upper toluene layer. The extract systems could be 
stored in the bottles for at least a week without observable 
change in concentration. 

Sea-water for performance tests was collected from the 
Solent, England, and filtered (0.45~pm membrane) on return 
to the laboratory. In preliminary experiments, such as 
investigation of the effect of pH on extraction, artificial 
sea-water” was used. 

Toluene extraction 
The sample was filtered (0.45~pm membrane filter), and 

1 litre was vigorously shaken for 10 min in a glass separating 
funnel with 2 or 5 ml of toluene (depending on the desired 
detection limit). The mixture was allowed to settle for 
10 min before the bulk of the water was discarded and the 
toluene and remaining aqueous phase was transferred to a 
glass sample vial equipped with a PTFE liner in the cap. No 
effort was made to separate the two liquid phases completely 
(care was taken to pipette from only the toluene phase). If 
an emulsion formed in the organic phase on extraction, it 
was transferred to a glass centrifuge tube (and the walls of 
the funnel were washed with clean sea-water if necessary) 
and broken down by centrifugatlon at 2000 rpm for 5 min 
prior to transfer to a clean sample vial. Calibration was 
done by spiking a river or sea-water sample with tributyltin 
and extracting in the same manner as for samples. The 
maximum volume of methanolic spiking solution (TBT 
standard) added to 1 lltre of aqueous solution was kept 
below 200 ~1. Over the salinity range 335%0 calibration 
should be done with standards Prep&d in clean sea-water. 
In analysis of freshwaters, samples should be arranged into 
groups having similar bulk compositions, and calibration 
done with standards prepared with a chemically similar 
freshwater, and treated in the same manner as the samples. 

Pentane extraction 
One litre of water was extracted with 10 ml of pentane in 

the same manner as described above. After discard of the 
aqueous phase and collection of the organic phase, the 
funnel was washed with a further 10 ml of pentane and 
the extracts were combined. The extract was dried by 
freezing at - 15” for at least 3 hr, and the pentane phase was 
pipetted into a dry vial, then evaporated to dryness under 
a gentle stream of nitrogen, and the residue was redissolved 
in 0.5 ml of toluene. 

RESULTS AND DISCUSSION 

Optimization of furnace conditions 

Furnace conditions were optimized with TBT 
standards prepared directly in toluene. The type of 
furnace tube used was found to have a profound 
effect on sensitivity (Fig. 1). Pyrolytically coated 
tubes gave very poor sensitivity and non-pyrolytic 
tubes were only slightly better. About threefold in- 
crease in sensitivity was obtained by soaking the 
tubes in sodium tungstate solution.‘Sm This treat- 
ment had the additional advantages of increasing 
tube life and improving precision. Tungstate-coated 
pyrolytically-coated tubes gave slightly better sensi- 
tivity than non-pyrolytic ones and were therefore 
used in subsequent work. Pretreatment of furnace 
tubes with other transition metal salts (e.g., of zir- 
conium, vanadium and molybdenum) as used by 
other workerslaM was not evaluated, but these may 
be equally as effective. 

Irrespective of furnace tube type, TBT was found 
stable on ashing at up to 600” (900” in a tungstate- 
treated furnace tube). This indicates stabilization of 
tributyltin compounds in the furnace, as the boiling 
points of these compounds [tributyltin chloride 
171-173”, bis(tributyltin) oxide 180°] would suggest 
that volatilization should occur. Signal response was 
constant for atomization temperatures in the range 
2300-2600”. The optimum furnace conditions are 
those given in the experimental section. 

With the furnace conditions optimized for TBT, 
standards of TPT and DBT in toluene gave the same 
signal response as TBT. The signal response obtained 

_-. Py* 

100 

Snpg/1. 

Fig. 1. Effect of furnace tube type on sensitivity. 
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for MBT however, was only about a third of that for 
the other organotins. 

Efect of extraction on signal response 

It was apparent that toluene extracts of TBT from 
aqueous solution gave markedly higher AAS signals 
than those for corresponding standards prepared 
directly in toluene, but different degrees of enhance- 
ment were obtained for tributyltin extracted from 
demineralized water, sea-water and 3% saline sol- 
ution (Fig. 2). Typically, extraction from sea-water 
resulted in a 40% signal enhancement, but the degree 
of enhancement was variable from day to day (en- 
hancement effects were studied on at least 10 days). 
In addition, the response obtained for standards 
prepared directly in toluene decreased during the 
course of the working day (Fig. 2), whereas the 
response for extracted standards remained the same 
throughout the day. The enhanement effect was 
found to be independent of tube type (non-pyrolytic, 
pyrolytic, L’vov platform, with or without tungstate 
pretreatment). To see whether the enhancement effect 
was related to the solvent used, the experiments were 
repeated with l,l,l-t~~hIoroethane. The results were 
similar, but the sensitivity was lower. 

This set of experiments demonstrated the im- 
portance of preparing standards by extraction from 
a similar matrix to that of the sample. Calibration 
with standards prepared directly in toluene, which in 
any ease would be questionable analytical practice, 
could lead to an ove~stimation of the organotin 
concentration. Furthermore, calibration with extrac- 
tion as for the samples should compensate for the 
solubility of toluene in water, as shown below. 

The effect of variation of salt content in the sample, 
as wotdd be found in estuarine waters, was checked 
by comp~ng vibrations obtained with full stren~h 
sea-water and the same sea-water diluted tenfold. The 
results indicated that bias caused by variations in 
salinity over this range was not important. 

It was then thought that the differences in degree 
of enhancement observed for extracts from different 

0.6 

r 

1 soa- water .xmcr 

& 03 
ly) 

2 after 100 f irinps 

0 100 

.Sil )&g/t. 

Fig. 2. Effect of extractiori on GFAAS signal response. 

aqueous solutions might be due to variation in the 
water content of the toluene extracts. The difference 
in response for extraction from 3% saline solution 
and sea-water (Fig. 2) led us to think a surfactant 
mechanism might increase transport of water into the 
toluene layer from sea-water samples; however, rep- 
etition of the experiments with ultraviolet-irradiated 
aliquots of the same sea-water showed no difference 
in response. Perhaps the most illuminating experi- 
ment involved pretreatment of the furnace tube by 
evaporation of deminerahzed water in the tube before 
analysis of a TBT standard prepared directly in 
toluene (Table 1). The results clearly demonstrated an 
enhancement effect related to the presence of water 
in the tube. Examination of the absorbance-time 
profiles during the atomization step showed no ob- 
servable difference in peak shaPe between extracted 
standards and those made up directly in toiuene. We 
can only conclude from our limited experiments that 
water present in the toluene extract in some way 
activates the tube surface, possibly affecting the 
efficiency of the ashing step. As this aspect was 
outside the main purpose of the work, it was not 
pursued further. 

E&et of pN on the extraction 

The effect of pH on the extraction behaviour of 
tributyltin, dibutyltin, monobutyltin and triphenyltin 
from artificial sea-water solutions was investigated 
over the range O-10, obtained by addition of dilute 
acid or base. The resuhs (Fig. 3) showed some 
interesting differences in behaviour. Similar results 
were obtained for TBT and TPT, which showed little 
variation in extraction over the pH range investi- 
gated, whereas DBT gave a similar extraction over 
the pH range O-4, above which it fell rapidly. The 
MBT extraction was unifo~ly low over the whole 
pH range investigated. 

Since some workers3*‘* separate DBT from other 
organotins in organic extracts by stripping with 
alkali, this method was investigated. Shaking a lo-ml 
toluene extract (containing 0.5 pg of DBT) with 
10 ml of 0. lM sodium hydroxide for 5 min gave 
practically complete stripping. A similar test with 

Table 1. Effect of tube pretreatment with demineralized 
water on signal response 

Signal response 
Run (absorbance) Conditions 

1 0.200 water added 
2 0.102 no water 
3 0.231 water added 
4 0.091 no water 

Sample tributykin chloride (Sn 50 p&l.) dissolved in 
tokuene. Water p~~atment involved pipetting 20 ~1 of 
demineralized water into the furnace, followed by heat- 
ing at 100” until dry. The sample was then analysed as 
soon as the tube had cooled to room temperature. The 
samples were analysed consecutively, with a maximum 
delay of 2 min. 
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Fig. 3. Effect of extraction pH on signal response: 10 ml 
of artificial sea-water spiked with 50 pgll. tin for each 
organotin standard, and extracted with the same volume of 

toluene. 

TBT standard showed no back-extraction. This step 
may therefore be included to improve the accuracy of 
the TBT determination, or to give an estimation of 
DBT content. Alternatively, dibutylin and tributyltin 
may be determined together, if the extraction is done 
at pH ~4, and then the TBT can be determined after 
stripping of DBT with akali. The stripping step was 
not included in our final method, for simplicity. It 
was deemed acceptable to extract samples at pH 8 
and accept the possible inclusion of a small fraction 
of DBT. 

TPT was found to be potentially the most serious 
source of bias amongst the organotin compounds 
tested. However, the co-extraction of TPT with butyl- 
tin com~unds is not likely to present serious prob- 
lems in analysis of most natural samples, as this 

Table 2. Within-batch performance data for I-Ii&e samples 

precision (5 ml toluene extraction): 
Sea-water, 170 rig/l.. Sn (6 replicates), 1.5% relative 

standard deviation 
Sea-water, 55 rig/l.. Sn (7 replicates), 5% relative standard 

deviation 

Detection limits: 
5 ml tolucne extraction: 4.0 rig/l.. Sn (6 replicates) 
2 ml toluene extraction: 1.9 $1. Sn (6 re&cates) 
(based on 4.65 times the standard deviation of the 

blank)2’ 

Linear range: 
Up to at least 100 ag/l. Sn in the organic extract 
i.e.. O-500 rig/l.. Sn for 5 ml toluene extraction 

O-200 n&. Sn for 2 ml toluene extraction 

compound is at present a relatively minor constituent 
of antifouling preparations. 

Performance characteristics 

Wi~in-itch performance data for the toluene 
extraction method are presented in Table 2. Detec- 
tion limits below 5 rig/l.. for tin were easily attainable 
(Table 2). The precision for 100 rig/l.. tin was excel- 
lent. The assessment of recovery was made difficult by 
the signal enhancement effects caused by the extrac- 
tion, and the solubility of toluene in water. The latter 
sig~~cantly affects the final volume of the organic 
extract when large volumes of water are equilibrated 
with small volumes of toluene. The solubility of 
toluene in distilled water at 20” is about 0.05% w/w, 
and so is that of water in toluene. Thus the volume 
of a S-ml portion of toluene equilibrated with 1 litre 
of water will decrease by about 10%. The effect 
is even more marked for extraction with 2 ml of 
toluene. Approximate recoveries of TBT (at the 
250 ng/ml Sn level) from 1 litre of sea-water by 
extraction with 5 ml of toluene were estimated by 
comparing the tin content of the extract with that of 
the organic phase obtained from extraction of 10 ml 
of sea-water containing 500 ng of tin (as TBT) with 
10 ml of toluene (conditions under which extraction 
of TBT could be assumed to be 100% complete). 
After correction for the solubility effect, the true 
recovery was estimated as 82 + 3% (4 replicates). 
However, if all calibration is done by application of 
the full procedure to I-litre volumes of suitably 
prepared standards, there should be inherent 
compensation for the apparent loss, evaluated by 
comparison with a standard solution obtained by a 
1: 1 phase-volume ratio extraction of 10 ml of spiked 
sea-water. This approach was used to overcome the 
~~~~ created by signal enhancement on extrac- 
tion. At a concentration of 250 ng Sn/l., recovery was 
estimated as 91 f: 3% (4 replicates). 

In this work, all performance data were obtained 
with filtered samples, Le., the performance relates to 
dissolved organotins. Recoveries from unfiltered 
samples could be lower, for example, if the extraction 
procedure does not completely release any TBT 
which may be adsorbed on particulates. This is 
a problem common to all analytical methods for 
organotins that do not make a distinction between 
dissolved and particulate forms. 

Interferences other than those arising from the 
co-extraction of other organotin compounds were 
not investigated. The presence of substances such as 
surfactants, oil or grease in contaminated samples 
may well affect extraction efficiency and/or GFAAS 
detection. If interferences are suspected, their pres- 
ence should be checked by the standard-addition 
method. 

Sample storage 

A brief examination was made of sample storage. 
Pyrex glass and polycarbonate bottles were evalu- 
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ated. Polyethylene bottles were not tested, as these 
had already been shown to be unsuitable.” Pyrex and 
polycarbonate bottles (250-ml capacity) were rinsed 
in warm detergent solution, thoroughly washed with 
demineralized water and soaked for at least 24 hr in 
5% (w/v) hydrochloric acid. After rinsing with de- 
mineralized water and drying, each bottle was filled 
with clean sea-water (settled, but not filtered) and 
spiked with 1 pg/l. tin (as tributyltin). All solutions 
were prepared in triplicate and stored for five days in 
the dark at room temperature. On analysis, the final 
tin concentrations were 0.76* 0.01 pg/l. for the 
polycarbonate bottles and 1.01 f 0.11 pg/l. for the 
Pyrex glass bottles. In contrast to recommendations 
in the literature,16” the polycarbonate containers 
were found unsuitable for sample storage, and in the 
absence of information to the contrary, it is advised 
that samples should be stored in Pyrex glass and 
analysed as soon as possible. 

Extraction with pentane 

To obtain detection limits for tin below 2 ng/l., 
it was found impractical to reduce the volume of 
toluene used to much below 2 ml, owing to losses on 
the funnel walls, problems with emulsion formation, 
and the solubility effect mentioned above. Emulsions 
could be broken down to some extent by centrifu- 
gation, but turbid samples presented serious prob- 
lems in recovering the organic phase. As a result, an 
alternative method for obtaining a low detection limit 
was evaluated. This involved initial extraction with 
pentane, which is less prone than toluene to emulsion 
formation, followed by evaporation of the solvent 
from the extract by a stream OL nitrogen and dis- 
solution of the residue in toluene (because the high 
volatility of pentane, and the difficulties associated 
with pipetting it, make it unsuitable for introduction 
into the graphite furnace). 

The efficiency of this approach was investigated by 
evaporating 5 ml of pentane containing 25 rig/l.. tin 
(as TBT) and redissolving the residue in 500 ~1 of 
toluene. The mean recovery (five replicates) was 
98 + 7%. Initially, it was thought that the main 
source of imprecision was loss of TBT during com- 
plete evaporation to dryness. However, when 25~1 
aliquots of methanol containing 25 ng of TBT were 
similarly evaporated to dryness and maintained 
under the nitrogen stream for a further minute before 
redissolution of the TBT in toluene, the results 
indicated 98 f 1.5% recovery (three replicates), 
confirming that this step was satisfactory. An overall 
detection limit of 0.75 rig/l.. for tin (evaluated as 
4.65 times the standard deviation of the blank,*’ 
6 replicates) was obtained. Recovery was evaluated 
with sea-water samples spiked with 25 rig/l.. tin (seven 
replicates) and was 83.4%, with a relative standard 
deviation of 9.0%. Further work is required to 
improve the precision. It was thought that im- 
provement might be obtained by using a more 
sophisticated preconcentration step involving use of 

a Kudema Danish apparatus, but time and other 
factors did not allow us to pursue this further. In our 
experiments, a maximum sample volume of 1 litre 
was used with a single extraction with 5 ml of pentane 
and a final volume of 500 ~1 of toluene solution, 
giving a preconcentration factor of 2000. It would, 
however, be possible to increase the sample volume 
and extract with several portions of solvent, if im- 
proved detection limits are desired. 

CONCLUSIONS 

By use of toluene extraction of tributyltin and 
determination of tin by graphite furnace AAS, limits 
of detection of below 4 rig/l.. tin have been attained. 
Enhancement of the GFAAS sensitivity by pre- 
treatment of the graphite tube is an essential step if 
low detection limits are required. The relative stan- 
dard deviation for six replicate analyses of sea-water 
containing 170 rig/l.. tin (as tributyltin) was 1.5%. 

A significant GFAAS signal enhancement effect is 
observed when tributyltin is extracted from aqueous 
samples. It is therefore essential to prepare standards 
with matrices similar to those of the samples, and to 
apply the complete procedure to them. In the case of 
estuarine samples, there was little observed difference 
in signal response between samples of 35% and 3.5% 
salinity. Estuarine samples may therefore be analysed 
with calibration based on standards prepared in a full 
strength sea-water matrix, low in TBT. 

The extraction studies indicated that in deter- 
mination of TBT, the co-extraction of MBT is a 
relatively unimportant source of bias. The co- 
extraction of DBT may be reduced by adjustment of 
the sample pH to >8. Alternatively, DBT may be 
quantitatively removed from the extract by washing 
with sodium hydroxide solution. TPT appears to be 
the potentially most important source of bias, as it 
has extraction behaviour similar to that of TBT. 

The methods described in this paper may be used 
to screen aqueous samples for TBT. Samples identi- 
fied as containing high levels of organotins may then 
be submitted to a more detailed, but time-consuming, 
determination of the specific organotin species 
present. 

Preliminary investigations suggest that extraction 
into pentane, followed by evaporation and re- 
dissolution in toluene, may allow the attainment of 
sub-rig/l. detection limits. 
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Summary-Two dried and powdered preparations of narwhal liver and muscle were distributed to 13 
laboratories for analysis for Cu, Cd, Zn, Pb, Hg, and Se. Laboratories chose their own methods, using 
atomic-absorption spectrometry, atomic-emission spectrometry with a direct-current or inductively- 
coupled plasma, anodic stripping voltammetry (ASV), neutron activation analysis (NAA), and gas 
chromatography. The coefficients of variation ranged from 2 to 5% for Cu, Cd, Zn, Hg in liver, but were 
somewhat higher for Zn by ASV and NAA. In muscle, the precision for Zn was similar to that for liver, 
but was poorer for Cu (8.8%) and Cd (19%). For Pb, the overall precision was 15% and 21% for liver 
and muscle respectively. Selenium in both tissues was determined with an overall precision of 6-7%, except 
by NAA, for which it was considerably worse, at 21-26%. 

There are numerous interlaboratory comparisons of 
analyses for trace elements in plant and animal 
tissues’-‘o and they are valuable in showing what 
confidence can be put in such analyses, as well as 
giving information on methods and on statistical 
treatment. They give useful information on precision, 
but can rarely say much about accuracy, since there 
are few analytical procedures which can give bias-free 
results. Isotope-dilution mass-spectrometry or 
neutron-activation analysis have this capability, but 
they require special facilities. 

In the early work, differences between laboratories 
were discouragingly large, and though these have 
somewhat decreased,9 they still exist,‘O and the aims 
of such comparison studies must be considered when 
laboratories are chosen. For example, for validation 
of reference materials, laboratories are often selected 
on the basis of reputation or past performance, 
whereas for an overall view, as many laboratories as 
possible should be chosen, without special regard to 
their facilities or experience. 

In the study reported here we have tried to find out 
what the best achievable results might now be in 
conventional laboratories, i.e., those not having an 
ultraclean installation, but chosen with regard to the 
experience and reputation of the participants. Thir- 
teen laboratories from Europe and North America 
(Appendix) participated, together with our own, 
using various work-up methods and instrumental 
techniques. 

We prepared two materials (similar to those that 
such laboratories might handle regularly), with some- 
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what different trace metal concentrations. These were 
narwhal liver and narwhal muscle, prepared with care 
to avoid contamination, and representative, as nearly 
as we could ensure, of dried natural materials in 
composition. A reference material such as NBS 
Bovine Liver was not thought entirely suitable for 
inclusion as an “unknown”, partly because its com- 
position is not the same as the narwhal materials, and 
also because it is easily recognized. 

Participants were to choose their own methods and 
the number of replications (which varied from two, 
for some laborious methods, to ten, with an overall 
average of about five). Laboratories provided short 
summaries of their work-up procedures, which are 
not included; only differences between procedures are 
indicated. 

EXPERIMENTAL 

Sample preparation 
Large tissue samples, comprising a whole liver nearly one 

metre across, and about 20 kg of dorsal muscle as well as 
some other whole organs from a narwhal (Mono&n mono- 
ceros), were obtained for this study by the Management 
Research Section, Central and Arctic degion, Department 
of Fisheries and Oceans, Winnipeg. The samples were cut 
out in the field at the site of kill with a cleaned knife, Dut 
into acid-washed plastic bags, frozen, and transported &-ice 
to the Freshwater Institute for subsampling. The tissues 
were then handled only with polyethylene-gloved hands on 
acid-washed Teflon@ sheets, and were cut with a cleaned 
(acid-washed and rinsed) knife. Portions of each organ 
(50-100 mm square, depending on the organ) were removed 
from defined locations in the specimen with minimal 
handling. Bulked composite samples, amounting to half of 
the original quantities, were put in shallow, acid-washed 
polyethylene boxes for freezedrying and distribution; other 
representative samples were set aside for moisture deter- 
mination. The tissues were dried at -20” in a commercial 
large-volume freeze drier, over a period of four weeks. The 
dried muscle, which was light, fibrous and friable, was easily 
powdered by rubbing the dried pieces of tissue together 
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between (gloved) hands to yield material of which 80% 
passed easily through a l-mm (nylon) mesh. The residue was 
hard and twig-like, quite irreducible by hand, and may have 
consisted of portions of blood vessels. This residue was 
discarded, since the object was to obtain homogeneous 
material. The dried liver was dense and tough, and could 
only be pulverized after freezing in liquid nitrogen. A 
Teflon@ roller on a Teflon@ board was used for this purpose. 
The material which passed through the l-mm screen was 
retained for distribution and analysis. Exposure to the 
atmosphere during this treatment was probably responsible 
for the 67% moisture found in the samples by the par- 
ticipating laboratories and ourselves. 

Statistical treatment 
The weighted means were calculated from 

[weighted mean] = i (R,/s:) 2 l/s: 
I I I 

where X’, is the laboratory mean for a particular method, 
and ST is the corresponding variance. 

Outliers 

Table 1. Loss of weight of samples on drying 
in each laboratory 

Loss, %t 

Lab. No: Liver Muscle 

1 6.99 6.19 
2 8.0 4.7 
3 7.45 6.35 
4 7.4 6.5 
5 8.6 6.4 
6 5.8 5.1 
7 6 6 
8 7.4 5.9 
9 nd§ nd 

10 7.8 6.5 
12 nd nd 
13 nd nd 
14 6.02 5.93 

Mean and 7.14 f 0.94 5.97 f 0.61 
SD 

Two criteria, which had to be satisfied simultaneously, 
were used to exclude questionable laboratory means from 
the overall mean in Tables 2 and 3. 

1. The mean in question had to bc well distant in the 
upper left or lower tight quadrants from the diagonal in a 
Youden” plot. 

*The laboratory numbers were arbitrarily as- 
signed. 

tThe raw liver and muscle lost roughly 70% 
weight on initial drying; see results section. 
Some of this loss may have been due to 
volatilization of organics. 

$nd = not determined. 
2. The mean in question had to be significantly different 

at the 90% confidence level (a = 0.1) from all other means 
according to a multimeans comparison test,” based on the 
formula 

(P,- T,,,) = S[MSE(J/R, + ~h+,W2 
where i is the running index for the k groups (means) being 
compared, x is an incremental integer, 

~=M~-l)~,-,,,-,,-,1”2 

our laboratory, was 71.3% for the muscle, and 69.9% 
for the liver. These numbers may be used for re- 
calculation of results from a dry-weight to a wet- 
weight basis. Some earlier work for narwhal tissuesI 
reported 71.9 and 74.3% loss in weight for muscle 
and liver respectively. 

and MSE is a pooled variance which can be expressed as Intermethod comparison 

MSE~[(n,-l)s:+(n,-I)s:+~~~+(n~-l)s:l 
(n,+n,+n,+...+nk-k) 

The outcome of the test is indicated in the figures by error 
bars; where these overlap, the corresponding means do not 
differ significantly. Scheffe’s method is applicable to unequal 
sample sixes, and is the most conservative of such tests. 

RESULTS 

Moisture 

Portions were distributed in sealed plastic vials, 
and to enable proper comparison of trace metal 
results, drying for 24 hr at 80” was recommended. 
Reporting of loss of weight on drying was requested 
together with metal concentrations on a dry-weight 
basis. Moisture was apparently not determined in a 
few cases (Table 1), and for these we assume that the 
material was analysed as received, and the results 
were reported on that basis. This would give trace 
metal results lower by 68% than they would have 
been if the drying instruction had been followed. We 
report here results as received. On average, the liver 
lost 7.1% in weight on redrying, and the muscle 6.0% 
(Table 1), with coefficients of variation of 13 and 10% 
respectively. 

Five basically different instrumental techniques 
were used by the various laboratories for the 
analyses, namely, atomic-absorption spectrometry (in 
three variants: with flame atomization, FAA, cold 
vapour atomization, CVAA, and electrothermal 
atomization, ETAA), atomic-emission spectrometry 
(AE) with a direct-current (DCP) or inductively 
coupled (ICP) plasma, anodic stripping voltammetry 
(ASV), neutron activation analysis (NAA), and gas 
chromatography (GC). Laboratories used their own 
methods, and some used two different ones. ASV and 
GC were each used by only one laboratory, so that 
interlaboratory comparison for these is impossible. 
The data are summarized in Tables 2 and 3. 

Copper was determined by FAA, AE, or ASV, 
with close agreement for the liver by all three 
methods, but for muscle, although the FAA and AE 
results agreed closely, a significantly lower result was 
obtained by ASV (Fig. 1). 

The loss in weight on drying of the original, 
undried, raw tissue at 80” for 24 hr, determined in 

Cadmium was determined by FAA, ETAA, AE, 
and ASV. The AE and FAA results agreed closely for 
both tissues. Both ETAA and ASV yielded a 
significantly higher result than the other two methods 
(Fig. 2), but the Youden plot” indicated an outlier 
only for ASV (Fig. 1). For the muscle, ETAA gave 
a slightly higher result (not significant at the 90% 
confidence level) than the other two spectrometric 
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Table 2. Means, SD values (number of determinations) and [weighted means] for results from all laboratories, for six 
elements @g/g, dry weight) in liver 

Method 

FAA 

CVAA 

ETAA 

AE 

ASVt 

NAAt 

GCt 

Overall 
mean and 
SD 

cu 

25.5 + 1.0 
(50) 

[25.3 f 0.61 
- 

- 

26.5 + 0.7 
(33) 

[29.6 + 0.51 
26.1 

(2) 
- 

- 

25.9 f 0.9 

Cd 

225 f 1.3 
(55) 

[223 + 3.41 
- 

258* 
(3) 

216 f 5.3 
(33) 

[233 f 2.91 
270 

(3) 
- 

- 

224&7 

Zn Pb Hg Se 

190 f 3.7 0.26 f 0.08 - - 

(55) (7) 
[219 f 0.31 [0.37 f 0.061 

- - 63.2 & 3.4 - 

(52) 
[65.1 + 0.71 

- 0.44 f 0.05 - 29.8 f 1.7 
(20) (28) 

[0.42 + 0.031 [29.6 f 1 .O] 
181 f 8.3 - - 31.6k2.1 

(33) (14) 
[202 f 1.81 [28.4 f 2.11 

2876 0.30 - - 

(2) (2) 
177 - - 24.9 
(2) (3) 
- - - 31.9 f 1.3 

(4) 

186 f 6 0.39 *0.06 - 30.3 f 2.0 

*Standard deviations were not calculated for fewer than four results. 
?A weighted mean was not calculated when only one laboratory was involved or when too few results were available to 

calculate the SD. 
4Not included in overall mean. 

methods (Fig. 3). ASV gave a significantly lower 
result. The cadmium concentration in muscle was 
much lower than in liver, making its determination by 
AE apparently more demanding (as shown by the 
greater standard deviation) than by other methods. 

Zinc was determined in both tissues by FAA, AE, 
ASV, and NAA. The results were not significantly 
different by any of these methods (Fig. 3), but ASV 
gave high values for the liver. 

Lead was determined by FAA and ETAA, and 

ASV. The results agreed reasonably well. This was 
encouraging since lead is notoriously difficult to 
determine precisely and accurately at trace levels.“*” 

Mercury was determined only by CVAA. NAA 
might have provided a valuable check, but was not 
used. 

Selenium was determined most commonly by 
ETAA (hydride method), and also by AE (directly, 
without preconcentration), NAA and GC. The re- 
sults obtained by the various methods agreed reason- 

Table 3. Means, SD values (number of determinations) and [weighted means] for results from all laboratories for six 
elements @g/g, dry weight) in muscle 

Method cu Cd Zn Pb Hg Se 

FAA 2.33 + 0.15 1.50 •t- 0.10 59.9 + 2.4 - - 

CVAA 
[2.48* 0.081 [1.4d&0.05] [56.3 jO.91 

- - - 

0.37 f 0.10 
(19) 

[0.31 + 0.09] 

ETAA 

AE 

ASV+ 

NAA* 

CC* 

Overall 
mean and 
SD 

- 1.73 + 0.23 - 

(7) 
[1.85 16.231 

2.47 f 0.28 1.45 + 0.53 60.6 f 1.5 
(32) (23) (32) 

[2.39 f 0.031 [1.56rf:O.l7] [59.9 + 0.201 
1.66t 0.19t 64.0 

(2) (2) (2) 
- - 56.1 

(2) 
- - - 

2.38 f 0.21 1.51 f 0.29 60.2 f 2.2 

0.40 f 0.06 
(23) 

[0.39 f 0.041 
- 

0.51 
(2) 
- 

- 

0.39 f 0.08 

3.34 + 0.16 
(51) 

[3.32 + 0.081 
- 

- 

- 

- 

- 

- 

- 

1.14*0.06 
(24) 

[0.92 f 0.04] 
1.50&0.1 

(4)* 

- 

2.03t 
(2) 

1.43 f 0.08 
(4) 

1.22 f 0.07 

*A weighted mean was not calculated when only one laboratory was involved or when too few results were available. 
tNot included in overall mean; standard deviations not calculated when fewer than four results available. 
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Fig. 1. Concentration of copper in liver vs. concentration of 
copper in muscle by FAA (a), AE (0) and ASV (+). 

ably well (Tables 2 and 3), except for those by NAA, 
which gave the lowest result for liver, and the highest 
result for muscle. 

The criteria for presence of outliers were both met 
for four of the means, which were therefore excluded 
from the overall means in Tables 2 and 3. These were 
the means for selenium in muscle by NAA, for zinc 
in liver, and for copper and cadmium in muscle by 

2u 22 24 26 26 30 32 

Cd 

AF m 
AL - 

E tel 

S N 

*L----e 160 200 220 240 260 260 

ASV, used by only one laboratory; we therefore 
excluded ASV from further discussion. 

Interlaboratory comparison 

Agreement between laboratories using FAA, 
CVAA, ETAA and AE was generally good for all 
elements. Zinc was also measured by NAA by 
two laboratories, with reasonably good agreement 
between them for muscle, but poor agreement for 
liver. The two laboratories also used this method for 
Se in liver, with good agreement between them and 
with the overall mean. Only one laboratory used 
NAA for Se in muscle (where this element was 
present at a much lower concentration than in liver), 
and produced a high outlier. One laboratory used GC 
for Se and, for both tissues, the values were in good 
agreement with the overall means. 

Mercury was determined only by CVAA by all 
laboratories, with good agreement for both tissues. 

Nine laboratories produced a quantitative result 
for lead, but three of these produced results that were 
not very useful. For FAA analysis of the liver, one 
reported <OS pg/g, the second < 1.6 pg/g, and the 
third a mean of co.05 pg/g with a range from < 0.05 
to 0.17 pg/g! However, results such as these were 
excluded from calculation of the overall means. 

Pb 
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E 
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PM 

Fig. 2. Multimeans comparison (Scheffe’s test), at the 90% confidence level, of metal concentrations in 
liver. Bars indicate the outcome of the test: only where they do not overlap is there a significant difference 

between the respective means. 



Trace metal determination in animal tissues 549 

cu Se 

AF la-l 
AL 

E w 
I 1 

: y- 

1.0 I.5 2.0 2.5 3.0 

/.a/9 

AF 

AL 
E 

S 
N 

AF 

AL 
E 

S 

N 

Cd 

l-e-l 

I I 

i 

I I I I I 
0.5 1.0 I.5 2.0 2.5 

I Zn &I 4 

ran 

WI 
I = I 

t v 1 

0 0.5 I.0 I.5 2.0 2.5 3.0 

AF 
AL 

E 
S 
N 

Pb 

t-e-l 

m 

t c 4 

I I I I I 
0.2 0.4 0.6 0.8 1.0 

pLg/kl 

I I I I I I 1 
45 50 55 60 65 70 75 

m/9 

Fig. 3. Multimeans comparison (Seheffe’s test), at the 90% eonfidenee level, of metal concentrations in 
muscle. Bars indicate the outcome of the test: only where they do not overlap is there a significant 

difference between the respective means. 

Tables of means for individual laboratories are avail- 
able on request from the senior author. 

Precision 

Interlaboratory precision (expressed as coefficient 
of variation) for Cu, Cd, Hg, and Zn in liver ranged 
from 2 to 5% except for ASV and NAG, for which 
it was 6 and 7% respectively for zinc. The overall 
precision, regardless of method, for these four metals 
was 3-5% (Table 4). The precision for zinc in muscle 
was similar to that for liver (Table 5). This was not 

Table 4. Interlaboratory precision, in terms of eoeffieient of 
variation, %, for the determination of metals in liver by 

various methods 

Method 

FAA 
CVAA 
ETAA 
AE 
ASV+ 
NAA 
GC* 
Overall 

Cu Ccl Zn Pb Hg Se 

3.9 3.2 1.9 31 - - 
_ - - - 5.4 - 
- 3.9 - 11 - 5.7 
2.6 2.4 4.6 - - 6.6 
2.3 1.5 5.6 23 - 
- - 6.8 - - 21 
- - - - - 4.1 
3.4 3.6 3.2 15 5.4 6.6 

unexpected in view of the high concentration of zinc 
in muscle. 

For copper in muscle the overall precision was 
poorer than for liver (8.8 and 3.4% respectively, 
Tables 4 and 5), no doubt because of the much lower 
concentration. 

Cadmium in muscle was determined generally with 
much poorer overall precision than in liver (19 and 
3.6% respectively), probably because the concen- 
tration was more than two orders of magnitude lower 
than in liver. AE yielded the poorest precision for 
muscle (37%). At 1.5 pg/g the limit of reliability 

Table 5. Interlaboratory precision, in terms of coefficient of 
variation, %, for the determination of metals in muscle by 

various methods 

Method Cu Cd Zn Pb Hg Se 

FAA 6.4 6.7 4.0 27 - - 
CVAA - - - - 4.8 - 
ETAA - 13 - 15 - 5.3 
AE 11 37 2.5 - - 6.7 
ASV* 3.0 26 6.3 1.8- - 
NAA - - 7.5 - - 26 
Gc* 

8.8 
_ - - - 5.6 

Overall 19 3.7 21 4.8 5.7 

*Performed by one laboratory only. *Performed by one laboratory only. 
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by direct measurement was being approached. For 
cadmium in liver at over 200 pg/g, the precision by 
AE was, at 2.4%, better than or as good as that 
obtained by other methods. 

Lead was determined with an overall precision of 
15 and 21% in liver and muscle respectively; FAA 
yielded the poorest precision for both tissues (see 
comments at the end of the previous section). 

Selenium was determined with a precision of ap- 
proximately 6% in both tissues by all methods except 
NAA which was notably less precise at 21% and 26% 
(Tables 4 and 5). 

The interlaboratory errors, as reflected by the 
coefficients of variation in Tables 4 and 5, or the 
standard deviations accompanying each mean in 
Tables 2 and 3, represent the total error for a 
particular instrumental method. There were too 
many variations in the work-up of samples for fur- 
ther analysis of the errors to be attempted. 

DISCUSSION 

In this study the results obtained for most of the 
elements by the various laboratories were concordant 
(Tables 2 and 3), and remarkably so for copper in 
liver, despite the variety of digestion procedures and 
instrumental techniques. The least familiar method 
used was DCP atomic-emission spectrometry, but the 
results obtained compared well with those of the 
atomic-absorption methods, except for cadmium at 

1.5 pglg. 
The within-laboratory precision for the various 

methods was only marginally lower than the 
between-laboratories precision; this was unexpected 
since in earlier reports the latter was usually a good 
deal worse than the within-laboratory precision.4*‘s 

The between-laboratory precision obtained for 
trace metal determinations in similar comparative 
studies in the past has sometimes been disap- 
pointingly poor,16 and the adoption of a single 
method for use by participating laboratories has been 
suggested as a way of improving performanceL7 The 
better results of our study, with its variety of meth- 
ods, may be a consequence of the experience of the 
participating laboratories in trace metal analysis. 

The results were all blank-corrected by the individ- 
ual laboratories. Some laboratories stated explicitly 
that they used a certified reference material to verify 
accuracy or calibrate their instruments, and others 
may have done this without mentioning it. The best 
that can be done without use of absolute methods is 
to make measurements with methods based on 
different principles and to assume that the better the 
results agree, the more likely it is that they are 
correct. 

Contamination may be difficult to avoid or even 
detect. In such a study as this, variation between 
laboratories owing to contamination cannot be sepa- 
rated from variations between methods. Airborne 

contamination may be revealed for some metals by 
paying attention to air quality as a variable. In a 
comparative study of trace metal analyses in a con- 
ventional and a class 100 clean laboratory, Adeloju 
and Bond” found that lead concentrations in bovine 
liver (NBS) and veal samples came out 38 and 58% 
higher in the conventional than in the clean labora- 
tory. They found no such differences for cadmium. 

It was not our purpose in this study to establish 
true concentrations in the original samples, but only 
to find out how analyses by experienced laboratories 
would compare for two homogeneous samples having 
trace metal concentrations near to the natural ones. 
To establish the accuracy of the metal values would 
be another matter, requiring great certainty that no 
contamination of the sample had occurred before 
analysis (or knowledge of the level of any such 
contamination), and similar knowledge of any con- 
tamination occurring during the analysis. However, 
where there is agreement between different methods 
we think that the results may approach the true value. 
Comparisons of results obtained by conventional 
laboratories with those from clean laboratories would 
be valuable in a more direct study concerned with 
accuracy. 

CONCLUSIONS 

Of the different instrumental methods used for this 
work, the most versatile seem to be FAA, CVAA, 
ETAA, AE, and ASV, which were each used to 
determine four (though not the same four) of the six 
elements. As judged by the agreement of the means 
for each method with the overall mean for all meth- 
ods, FAA did well for Cu, Cd, and Zn at both “high” 
and “low” levels, CVAA did well for Hg at both 
levels, and ETAA for Cd at low level. AE did quite 
well for Cu and Zn at both levels and for Cd at higher 
levels. ASV and NAA produced some “good” values 
and some outliers, but were used by only two or three 
of the laboratories. At the low level of 0.39 pg/g, Pb 
was determined with tolerable precision by FAA, 
ETAA and ASV. ETAA, AE, NAA, and GC were 
able to determine Se at the high level and with good 
agreement but for the low level, one of the two 
determinations by NAA appeared as an outlier. 

The precision and possibly the accuracy of the 
results show an improvement on earlier inter- 
laboratory studies. Of the 90 or so results reported, 
only four qualified as outliers. 
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Summary-A spectrofluorimetric study of the extraction of lead into l,Zdichloroethane, as an ion-pair 
formed between the cryptand 2.2.1-lead complex and the eosinate counter-ion is described. Optimum 
conditions for the extraction have been established and a new spectrofluorimetric determination of 
ultratraces of lead is proposed (detection limit 0.8 ng/ml; relative standard deviation 2.4% at the 60 ng/ml 
level). The metal : ligand : counter-ion molecular ratio in the extracted mononuclear ion-pair is 1: 1: 1. The 
equilibrium constants involved in the extraction have been estimated and refined by the Letagrop-DISTR 
program. 

The diazapolyoxamacrobicycles or cryptands, first 
synthesized by Lehn,l are well known for their ability 
to form inclusion complexes, called cryptates, with 
metal ions, which are readily extractable as ion-pairs 
with strongly coloured or fluorescent hydrophobic 
anions into suitable organic solvents. 

In an earlier work, we reported a highly sensitive 
and selective spectrofluorimetric method for the de- 
termination of ultratraces of lead, based on solvent 
extraction with chloroform of the ion-pair formed 
between the positively-charged cryptate of lead with 
cryptand 2.2.2, and the eosinate anion.’ However, the 
cryptand forming the most stable complex with lead 
is cryptand 2.2.1 (log flwL = 13.12, in water). More- 
over, this ligand offers a selectivity spectrum 
intrinsically different from that of cryptand 2.2.2, as 
shown by the stability constants reported for the 
cryptates.3.4 Therefore, we have undertaken a com- 
parative study of the extraction of the Pb(II)-2.2.1 
cryptate complex with several fluorescein derivatives 
as counter-ions and different organic solvents. As a 
result we have found that eosin and l,Zdichloro- 
ethane provide the most convenient extraction system 
for this lead cryptate. 

Here we report on the extraction and fluorimetric 
determination of lead with cryptand 2.2.1 and the 
above-mentioned extraction system and compare the 
results with those previously reported2 for the corre- 
sponding cryptand 2.2.2 system. The equilibrium 
constants of the extraction process have also been 
determined, and refined by using the Letagrop 
DISTR program.5 

EXPERIMENTAL 

Apparatus 
Fluorescence intensity measurements and spectra were 

obtained with an LS-5 Perkin-Elmer spectrofluorimeter 
equipped with a Model 3600 data-station. The excitation 

and emission slit-widths were both 2.5 mm and standard 
1 .OO-cm silica cells were used. The temperature of the sample 
cell was kept constant within f 0.2” by using a Julabo 
(Paratherm III) thermostat system. 

A WTW-D812 pH-meter Model 319, calibrated against 
Radiometer buffers, was used for pH-measurements of the 
aqueous phases. 

For the voltammetric measurements of lead, a Metrohm 
E-506 polarograph equipped with a Metrohm EA-410 hang- 
ing mercury drop electrode (HMDE) was used. 

Reagents 

All reagents were of analytical grade, and doubly distilled 
and demineralized water was used throughout. 

Pb (II) stock solution (1ooOppm). Prepared by dissolving 
1.598 g of lead nitrate in water, and diluting the solution 
to 1 litre; standardized gravimetrically by precipitation of 
lead sulphate. All working standard solutions were freshly 
prepared by appropriate dilution of the stock solution. 

Cryptand 2.2.1. The commercial product (Kryptofix, 
Merck reagent) was used as received. It was dissolved in 
water to which perchloric acid had been added and through 
which argon had been passed in order to remove carbon 
dioxide and avoid carbonation of the cryptand. The ligand 
concentration used when the solution was stored in poly- 
ethylene flasks was 1.54 x lo-*M, and the perchloric acid 
concentration used was 1.5 times that of the ligand. This 
solution was diluted NO-fold before use. 

Acidic eosin solution, 3.86 x 10~%I. Pure eosin was syn- 
thesized by reaction of Br-/BrO, with fluorescein in 
acidified aqueous acetone as described else.where.6 

Buffer solution (pH 6.5). Prepared by dissolving 0.976 g 
of 2-(N-morpholino)ethanesulphonic acid (MES) in about 
80 ml of doubly distilled and demineralized water. The pH 
of the solution was adjusted with tetramethylammonium 
hydroxide (TMA) @H-meter control). Finally, the solution 
was diluted to 1OOml with water. 

1,2-Dichloroethane, Carlo Erba RPE-Analyticals. 

General procedure 
Pipette standard lead solutions (containing uo to 400 np 

of the metal) into a series of N-ml &ntrifuge%es. To each 
tube add 0.1 ml of the diluted crvotand 2.2.1 stock solution. 
1 ml of buffer solution and 0.i~d of rosin solution, and 
dilute to 5 ml with doubly distilled and demineralized water 
(iinal pH 6.5 f 0.1). After mixing, add 5 ml of l,Zdichloro- 
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Fig, 1. Excitation (a) and emission (b) spectra of blank 
(B) and ion-association lead complex (A). 

ethane (previously equilibrated with lead-free buffered 
aqueous phase) and extract the complex by shaking the 
stoppered tube for 15 min. Allow the phases to separate and 
measure the fluorescence intensity, I,, of the organic layer 
at 552nm (excitation wavelength 536 nm). Prepare and 
measure in the same way a reagent blank without Pb(II). 
Keep the temperature constant throughout. Analyse sam- 
ples similarly. Soak all glassware in concentrated nitric acid 
after conventional cleaning, and finally wash it with doubly 
distilled and demineralized water to avoid lead con- 
tamination2 

RESULTS AND DISCUSSION 

Preliminary investigations 

The acidic fluorescent dyes tested as counter- 
ions for the binary cryptand 2.2.1-Pb*+ complex 
were fluorescein and its derivatives, including 
2’,7’-dichlorofluorescein, dichlorotetraiodofluorescein 
(Rose Bengal), tetrabromofluorescein (eosin) and 
tetraiodofluorescein (erythrosin). As expected, virtu- 
ally no extraction was observed, over the pH range 
4-11.5, with fluorescein or dichlorofluorescein. Eryth- 
rosin and Rose Bengal produced good analytical 
fluorimetric signals but were discarded because of 
their high reagent blank fluorescence. Eosin, how- 
ever, not only gave good analytical signals but also 
negligible blank fluorescence values. This behaviour, 
as we have mentioned elsewhere,* agrees with the 
general extraction behaviour of ion-association ter- 
nary complexes with fluorescein dyes. Therefore, 

(b) 

X,,. 536nm 

* 
I I 

540600 

eosin was selected as the counter-ion for the extrac- 
tion of the lead-2.2.1 cryptate complex. 

Benzene, toluene, chloroform, dichloromethane 
and 1,Zdichloroethane were examined as organic 
solvents for the ion-pair formed with eosin. The 
efficiency of extraction of 0.4 pg of lead into these 
solvents decreases in the order 1 ,Zdichloroethane > 
chloroform > dichloromethane > benzene > toluene. 
The best corrected fluorescence intensities were ob- 
served when 1,Zdichloroethane or chloroform was 
used. Photochemical decomposition after 3 min of 
radiation exposure was observed when chloroform 
was used, but use of 1,Zdichloroethane produced 
stable and reproducible intensity measurements. 
Therefore, 1,Zdichloroethane was chosen as the or- 
ganic solvent. This behaviour differs from that ob- 
served for cryptand 2.2.2 where the extraction 
efficiency decreased in the order chloroform > 1,2- 
dichloroethane > dichloromethane and no photo- 
chemical decomposition of the chloroform extract 
was noticed. 

Absorption and emission spectra 

The absorption and emission spectra of the ion- 
pair and of the reagent blank, extracted by the 
general procedure, are given in Fig. 1. As expected, 
the excitation maximum appears at 536 nm and the 
emission maximum at 552 nm. 

Eflect of pH 

The pH-dependence of the ion-association lead- 
cryptand 2.2. I-eosin ternary complex is complicated 
owing to the possible secondary reactions alfecting 
the cation, the ligand and/or the counter-ion. Taking 
into account all these possible reactions, we have 
calculated the conditional stability constant of the 
lead binary complex in aqueous solution at different 
pH-values (Fig. 2, curve A), from the stability con- 
stant of the cryptand 2.2.1-Pb*+ complex,4 the pK, 
values’ of the mono- and diprotonated cryptand 
2.2.1, and the stability constants of the lead-hydrox- 
ide complexes.’ Considering the actual reagent con- 
centration used in the procedure it can be said that 
the formation of the lead-cryptand 2.2.1 complex is 
quantitative between pH 6.0 and 11.5. 

To determine the optimal pH for the formation 
and extraction of the ion-pair we studied the influence 
of pH on the fluorescence intensity due to 80 ng/ml 
lead over the pH range 5.5-l 1.5 (fixed by addition of 
acetic acid or tetramethylammonium hydroxide). The 
results are shown in Fig. 2, curve B, and indicate that 
the maximum extraction takes place at pH 6.3, in 
agreement with the presence of the doubly charged 
eosinate anion at pH 5-6.8 Nevertheless, the signal 
unexpectedly decreases rapidly at about pH 7, so a 
final pH of 6.5 (MESTMA buffer) was selected for 
subsequent work. 

The pH-dependence of the extraction of this 
lead-cryptand 2.2.l-eosin ion-pair has a different 
trend from that observed for the lead-cryptand 
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ofpH on the conditional stability constar~t Kg of tke lead-cryptate complex. (B) Intkence 
of pH on the fluorescence intensity of the lead complex (80 ng/ml). 

2.2.2-eosin ion-pair? the fluorescence of the lead 
complex with cryptand 2.2.2 is pH-~de~ndent in the 
range 6.8~4.5, which is in accordance with the condi- 
tional stability constant of the binary complex as a 
function of the PI-I in the aqueous solution. In our 
opinion the formation of dimer species in the organic 
phase when cryptand 2.2.2 is used is the possible 
reason for the pH-range for extraction of de ion- 
pair being wider.2 As we will see later, when crypiand 
2.2.1 was used, no extractable polynuclear species 
could be detected, so the absence of secondary reac- 
tions in the organic phase would render the overall 
extraction constant smaller and hence make the lead 
extraction more critically dependent on PH. 

Reagent co~ce~trot~o~~ 

The effects of variation of the cryptand 2.2.1 and 
eosin concentrations on the fluarescence signal of 
the extract for a fixed level of lead (gOng/ml) are 
shown in Fig. 3. As can be seen, the &zorescence 
becomes constant at a cryptand 2-2.1 :lead molar 
ratio of about 4: 1 (for a tixed eosin concentration 
of 1.16 x lo-‘M). A maximum and constant signal 
was observed for an eosin:lead molar ratio of about 
2: 1 (for a fixed cryptand 2.2.1 concentration of 
3.09 X lo-6M). 

The results a& similar to those obtained with 
cryptand 2.2.2, where the excesses required were of 
the same order.2 

Rate of extraction and stability of the extract 

The effect of variation of mechanical shaking 
time on the fluorescence intensity shows that equi- 
Iibriutn is achieved after IO min of mechanical 
shaking (15 min were used in subsequent work), and 
the fluorescence of a given organic extract remains 
constant for at least 20 hr under the usual laboratory 
conditions. Different orders of addition of the W- 

agents were tested and a siight influence of this factor 
on the ~uorescence signal was notieedS similar to that 
already observed with cryptand 2.2.2: 

Effect of ionic strength 

The results of varying the ionic strength (I) (from 
lo-3 to 0.1&i, fixed with lithium perchlorate) on the 
lead extraction are plotted in Fig. 4. Ionic strengths 
higher than IOm2M produce a sharp decrease in the 
analytical signal. Only for low values of I does the 
fluorescence of the organic layer remain constant. 
The reason for this behaviour has to be searched for 
in the influence of ionic strength on the association, 
and subsequent extraction, of the binary complex 
with the counter-ion. Increase in the ionic strength 
promotes poorer association of the metal-macro- 
bicycle complex with the eosinate anion, as we have 
demonstrated in a similar research on the extraction 
of strontium with cryptand 2.2.2. and eosin.2,9 This 

Fig. 3. Variation of fluorescence intensity as a function af 
reagent concentration OE (A) molar concentration ratio 
cryptand 2.2.1/lead, for a fixed eosin concentration of 
1.16 x 10T6M; (B) molar concentratian ratio eosin/lead, for 

a fixed cryptand concentration of 3.09 x 10-6M. 



556 D. BLANCX) GOMIS et al. 

70 I \ 30 ’ 
i 

30 \ 

\ 
10 l -•_ 

I I I I t7 I*+ 

0.01 003 0.05 cto7 

I(M) 

Fig. 4. Influence of ionic strength (LiClO,) on the fluoresc- 
ence intensity: 80 ng/ml Pb’+, C, = 3.09 x 10d6M, Cs = 

1.54 x 10-6&f. 

weaker interaction results in a decrease in the extrac- 
tability of the ion-pair. 

In contrast, a different behaviour was observed in 
the extraction of lead with cryptand 2.2.2 and eosin2 
where no significant effect of increasing ionic strength 
was noticed. This could be attributed to the strong 
tendency of the lead ion-pair to form polymeric 
species in the organic phase. 

Of course, the variation of fluorescence with the 
ionic strength poses a serious analytical disadvantage 
since this parameter has to be controlled rigorously 
for reliable fluorescence measurements to be made. 

Calibration graph, limit of detection and precision 

The calibration graph is linear from the detection 
limit up to 80 ng/ml lead, the limit of detection being 
0.8 ng/ml, (evaluated as twice the standard deviation 
of the blank value). 

The precision (relative standard deviation) of the 
determination, estimated by analysing 11 replicates 
containing 0.3 pg of lead, was 2.4%. 

Selectivity 

To evaluate the selectivity, the effect of several ions 
capable of forming stable complexes with cryptand 
2.2.1 (e.g., those of the alkali and alkaline-earth 
metals, and some other metals associated wtih lead, 
such as Hg, Cd, Zn) was investigated. The effect of 
lOOO-fold molar ratio of alkali and alkaline-earth 
metal ions and 500-fold ratio of other potential 
interferents on the determination of lead by the 
recommended procedure was initially tested, and 
further investigated at lower levels for those cations 
which were found to interfere (e.g., producing an 
error greater than f5% in the apparent recovery of 
0.3 pg of lead). 

The results are summarized in Table 1. It can be 
seen that alkali-metal ions do not interfere, as ex- 
pected from the values of the stability constants of 
the corresponding ML+ complexes in aqueous solu- 
tion.‘” 

Among the alkaline-earth metals, calcium and 
barium up to the 500-fold level, and magnesium and 
strontium up to the lOO- and 5-fold levels, re- 
spectively, can be tolerated. This behaviour differs 
from that previously reported for the determination 

of lead with cryptand 2.2.2, where barium and mag- 
nesium could be tolerated up to IOOO-fold and cal- 
cium and strontium up to IOO- and 0.5-fold ratio to 
the lead, and these two last interferences could be 
easily eliminated by increasing the ionic strength of 
the aqueous phase.2 

A look at the stability constants of the binary 
complexes3p4 with cryptand 2.2.1 and cryptand 2.2.2 
shows that the stability constant of the calcium- 
cryptand 2.2.1 complex (log K, = 6.95) is greater than 
that of the calcium-cryptand 2.2.2 complex (log 
K,= 4.40), yet calcium is less well tolerated in the 
second case. The opposite effect is observed with 
barium, and strontium exhibits a lower stability 
constant with cryptand 2.2.1 than with cryptand 2.2.2 
but interferes only at ten times higher levels when 
cryptand 2.2.1 is used. These results indicate that the 
extractability of the ion-pair complexes is also a 
decisive factor. 

Cadmium and mercury interfere at any level be- 
cause they are extracted at pH 6.5. In our previous 
work2J0 on the extraction of toxic heavy metal ions 
with conventional crown and cryptand polyethers 
(the donor hetero-atoms fundamentally being oxy- 
gen) we never found an extraction as efficient for 
these two metals as we have observed here with 
cryptand 2.2.1. This opens the possibility of applying 
this ligand to the separation and possible spectro- 
photometric and/or fluorimetric determination of 
these elements. Aluminium, chromium and iron inter- 
fere because they produce a depressive effect on the 
lead extraction, probably owing to the adsorption of 
lead on the corresponding hydroxides at the pH of 
extraction (hindering the formation and extraction of 
the lead complex). In any case, it is possible to 
minimize this effect as reported previously.” 

Stoichiometry of the extracted complex 

The cryptate structure of the lead-cryptand 2.2.1 

Table 1. Effect of foreign ions (M) on the determination of 
0.3 pg of lead 

M:Pb Apparent 
Cation (molar ratio) recovery, % 

Li+ 1000 100.0 
Na+ 1000 100.0 
K+ 1000 105.0 
Mg2+ 1000 

100 96.5 
Ca2+ 500 102.8 
Sr2+ 5 103.0 
Ba*+ 500 102.8 
Zn2+ 508 104.3 
cu2+ 500 105.0 

Err::’ 
500 104.9 
500 101.0 

Al’+, Cr3+, Fe’+ - Interfere 
Cdz+ 10 136.3 

1 108.0 

I-W+ 1 141.7 
0.5 102.0 
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Fig. 5. Dependence of the lead distribution ratio on the 
eosin concentration in the aqueous phase. For lead- 
cryptand 2.2.I-eosin complex: (0) C, = 9.65 x lo-‘M, 
CL = 7.72 x 10-6M, C, = (5.01-39.8) x 10-6M. (0) C, = 
1.93 x 10_6M, C, = 7.72 x lo-%, C, = (4.92-31.6) x 
10m6M. For lead-cryptand 2.2.2-eosin complex: (A) 
c, = 7.25 x lo-slu, C,, = 9.66 x lo-‘M, c, = (4.06 
72.5) x 10-6M. (A) C, = 9.66 x 10-5M, C, = 9.66 x 

10-5M, C, = (9.66172) x 10-6M. 

complex and therefore the 1: 1 metal:ligand stoichi- 
ometry have been clearly established.4*“,‘2 

In our previous papers dealing with the extraction 
of lead with l&crown-6 or cryptand 2.2.2 and eosin 
we have determined, in both cases, that the stoichi- 
ometry is 1: 1: 1 metal : ligand : counter-ion. Here, the 
dissociation constants of eosins and the pH value of 
6.5 also suggest that only a neutral complex 
(lead: cryptand 2.2.1: eosin, 1: 1: 1) should be ex- 
tracted. 

To confirm this hypothesis we have studied the 
dependence of the distribution ratio of lead on the 
eosin concentration. We performed two sets of ex- 
periments for two different total lead concentrations, 
200 and 400 ng/ml. In each case the lead concen- 
tration in the organic and aqueous phases was mea- 
sured by anodic stripping voltammetry. Free eosin 
concentrations were determined in the aqueous layer 
fluorimetrically at 535 nm (excitation wavelength 
509 nm). The results obtained, plotted in Fig. 5, 
clearly demonstrate on the one hand the 1: 1: 1 
metal : ligand : counter-ion stoichiometry and on the 
other hand the non-existence of polymerization reac- 
tions. This behaviour is clearly different from that 
observed for the ion-pairs extracted with 18-crown-6 
or cryptand 2.2.2 and eosin, where the existence of 
the 1: 1: 1 complex extracted at low eosin concen- 
tration and the (1: 1: 1)2 dimer formed at higher eosin 
concentration has been established.2 This poly- 
merization reaction could be responsible for these 
extraction systems not being affected by changes in 
ionic strength. 

We have already demonstrated elsewhere that ionic 
strength may strongly affect the association and 
extraction of the ion-pair, that is, the partition 

coefficient, P,,” as well as the extraction constant, 
&, , if no secondary polymerization reactions occur.9 
Thus, the case of the lead-2.2.kosin complex 
proves clearly that when mononuclear complexes are 
extracted, the ionic strength plays an important role. 

Extraction constants 

From the data obtained in the determination of 
the stoichiometry we can calculate the partition 
coefficient and the extraction constant of the ion-pair. 

According to the established stoichiometry, the 
overall extraction equilibrium between the aqueous 
phase (containing the metal cation, the ligand and 
the counter-ion) and the organic phase may be 
formulated as 

Pb2+ + L + E2- +PbLE) 0 

where the subscript “0” and the absence of a sub- 
script indicate the organic and the aqueous phase 
respectively. 

The extraction constant can be defined as: 

. K,, = [PbLE],/[Pb2+][L][E2-] 

For treatment of the data, this overall extraction 
equilibrium may be analysed in terms of two constit- 
uent equilibria: 

(a) the formation of the binary complex: 

Pb2+ + L+PbL’+ 

KS = [pbL2+]/pb2+][L] 

for which the conditional constant is 

K: = [pbL2+]/[pb2+l’[L]‘; 

(b) the association of the binary complex with the 
counter-ion and the subsequent extraction of the 
ion-pair: 

PbL2+ + E2- +PbLE), 

Per = [pbLE],/[pbL2+][E2-] 

and thus, 

K,, = PcrK, 

The distribution ratio of the bivalent metal can be 
defined as: 

D = c Fb”+l,/C Fb’+l 
= FbLE],/(~b2+] + [pbL2+]) 

assuming that the association between PbL*+ and 
E2- in the aqueous phase, and the dissociation of the 
ion-pair in the organic phase, are negligible. 

Under the experimental conditions used, we may 
assume that [PbL2+]>>[Pb2+] and thus: 

log D = log Per + log [E*-] 

The data obtained in the two sets of determinations 
of the distribution ratio of lead for different eosin 
concentrations and two total lead concentrations, 
have been refined by the Letagrop program DISTR,S 
which provides the equilibrium constant values +2a 
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Table 2. Equilibrium constants 
for the lead-cryptand 
2.2.1-eosin system in 

1,2-dichloroethane 

log Ks 12.76 & 0.42 
log K; 8.03 + 0.07 
log PC7 6.23 f 0.28 
log &, 18.99 f 0.11 

D. BLANCXI Gomset d. 

deduce that it is possible to determine some other 
elements of toxicological interest (i.e., mercury and 
cadmium) with cryptand 2.2.1. Further studies on the 
determination of these metal ions are in progress, 
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Summary-Contaminated sediment samples and wastes were extracted with a series of chemical solutions 
widely used in soil and sediment analyses. The Cu, Pb and Cd contents of the extracts were then 
determined by both AAS and ASV, and it was found that not all of the metal ion retrieved was “labile”. 
Differences between selected extraction values were compared with the bonding-mode category values 
obtained by using a well-known sequential extraction procedure, and it was found that the series and 
sequential approaches yielded different results for Pb and Cu. The advantages and limitations of ASV 
monitoring in sediment studies are considered and the inappropriateness of some operationally defined 
fraction categories is indicated. 

It is widely recognized that only a fraction of the total 
metal content of contaminated materials (e.g., wastes, 
sediments and soils) is “labile”, “mobile” or “biolog- 
ically available”. For species in solution there is 
support for a close link between ASV-labile contents 
and the “biologically available” fraction; for ions 
associated with suspended particulates or sediment 
beds, “mobility” is often related to modes of bond- 
ing, e.g., ion-exchangeable, associated with carbon- 
ate, or associated with the hydrous oxides of Fe and 
Mn.‘-3 The fractions are usually evaluated by selec- 
tive extraction procedures, but views diffe#*5 on the 
most appropriate reagents and sequence of attack to 
use. 

Metal ions released by reagent attack can be 
partially re-adsorbed by residual solid surfaces, and 
this leads to underesftimation of the amount of metal 
released. The analytical procedures adopted (often 
AAS) tend to evaluate total metal contents in solu- 
tion, and this approach ignores the fact that only part 
of the metal content may be in a labile form. Phase 
analysis studies have also indicated that the oper- 
ationally defined categories used (e.g., “associated 
with carbonates”) are convenient labels which do not 
necessarily correspond to reality. 

As a preliminary to studies on contaminated 
sediments, a detailed investigation of the effect of 
colloidal particles on the ASV signals of Cd, Pb and 
Cu at ng/ml levels was undertaken.&* This approach 
provided background information about metal- 
colloid interactions and modes of bonding, as well as 
indicating that ASV analyses of suspensions can 
release some labile ions (e.g., Cd) held on particulate 
surfaces. 

This article describes a study in which some con- 
taminated materials were exposed to a range of 
chemical extractant solutions, and the extracts were 
analysed by ASV and AAS. The results obtained by 
sequential attack have been compared with those for 

individual attack by the same set of reagents and the 
release of matrix elements (Ca, Fe and Mn) has been 
evaluated. 

EXPERIMENTAL 
Metal-contaminated samples 

A series of samples used previously in an interlaboratory 
comparison study was made available by one of the indus- 
tries involved. The material examined included two process 
wastes and seven estuarine sediments, all having different 
metal contents. 

The calcine sample (a product of oxidative heating of ore 
concentrate at _ 1000”) had residual total metal levels 
(g/kg) of _ 13 (Pb), 4 (Cu) and < 0.08 (Cd). At the high 
temperature used, most of the Cd is volatilized along with 
other impurities, such as As, S and C. The oxidation also 
ensures that the Fe (3.5%) and Mn (0.2 g/kg) present. are 
converted into their highe; oxidation state &ides. 

The jarosite residue (formed during Fe removal from 
oxidized Zn concentrate leach&es) was predominantly a 
basic double salt &Fe,(SO,),(OH),] which contained about 
50% Fe, 0.2% Mn and 10, 1 and 0.2 g/kg of Pb, Cu and 
Cd, respectively. 

The estuarine sediments varied in heavy-metal content and 
Fe and Mn levels, as shown in Table 1. 

Analytical techniques 

All standard solutions were prepared from analytical- 
grade chemicals and for calibration purposes were mixed 
with appropriate base solutions (i.e., the various extractant 
solutions, also prepared from analytical grade chemicals). 

Total metal contents of the aqueous phases were deter- 
mined by atomic-absorption spectroscopy (AAS) with a 
Varian@ AA875 unit and an air-acetylene flame. 

The “labile” metal content of the aqueous phases (and in 
some cases suspensions) was determined by differential pulse 
anodic stripping voltammetry (DPASV) at a hanging 
mercury drop electrode (P.A.R. Model 303 SMDE) con- 
nected to an Amel Polarographic Analyser (Model 473), 
with signals recorded on a fast-response X-Y recorder (Yew 
Model 3022 A4). The instrumental settings used were 
deposition time 90 set, deposition potential -900 mV, 
scan-speed 20 mV/sec, pulse height 50 mV, cut-off potential 
between - 10 and - 50 mV (the value required to resolve the 
peaks for Cu stripping and Hg dissolution varied with the 
ligand present). The test solutions were deaerated by 
passage of nitrogen. 
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Table 1. Metal content of sediment samples (g/kg) 

Code No. Cd Cu Pb Zn Mn Fe 

(a) Sl 0.9 ;i 15 $ 5.3 125 
(b) S2 1.0 

0:48 
13 7.0 120 

(c) S3 0.06 2 8.5 0.8 61 
(d) S4 0.005 0.07 0.17 04 24 
(e) SS 0.01 0.04 0.27 8:; . 0:4 28 
(f) S6 0.005 0.04 0.09 0.2 35 
(g) s7 0.01 0.04 0.06 0.6 0.3 32 

ASV response in extractant solutions. One-gram samples 
of solid were placed in 30-ml vials, together with 20 ml of 
chemical extractant solution. The vials were sealed, trans- 
ferred to a sample agitator, equilibrated overnight, then 
centrifuged, and the phases were separated. The metal 
content in the supematant liquid was then determined by 
both AAS and ASV. For the ASV m~u~ments aliquots 
were mixed with an equal volume of 0.13&f acetate buffer 
(pH 5) prior to deaeration and analysis. 

The extractants tested included solutions of acids, ligands 
capable of reversing chemisorption equilibria, and simple 
salts to displace loosely bound metal ions. The results are 
summarized in Fig. 1. Variation in ASV peak shape or 
position with different extractants was evident only with Cu, 

iizzF@Q 
[Ml EXTRACTANT 

l-65 HE1 OF HNq 

D. 65 H2C204 

0.09 Na2H2P2+ 

8.45 CH3COOH 

0.90 CH$OONH4 

0.09 Na-citrate 

0.90 CH3COONa 

0.90 NH4N~ ; MgCl 

0. SO NaCl ; Ca(N031 

in the presence. of chloride or complexing ligand (as shown 
later in Fig. 7). 

Rate ofpollutant leaching. The effect of extraction time on 
the Cd, Pb and Cu leached by magnesium chloride and 
hydroxylamine solutions was studied with one example each 
of a highly polluted (HP) and a mildly polluted (MP) 
sediment. 

One-gram samples of Sl and S5 were extracted with 8 ml 
of 1M magnesium chloride (unbuffered, pH 7) over time 
periods varying between 0.5 and 20 hr. At the end of each 
selected time interval, the suspensions were centrifuged and 
the metals in the supematant solutions determined by both 
ASV and AAS. The results are summarized in Fig. 2. 

To evaluate the desorption rates of metals associated with 
the hydrous oxides of Fe and Mn, 20 ml of 40mM hydroxyl- 
amine hydrochloride in 25% v/v acetic acid solution were 
added to l-g samples of Sl and S5 in 30-ml glass vials. The 
vials were capped and the mixtures equilibrated at 90”. At 
each selected time interval, the vials were quickly cooled 
under a tap and the labile metal fraction present was 
determined (by direct ASV me~ur~ent of the deaerated 
sediment suspensions). For total metal dete~inations, the 
samples were then centrifuged and the liquid phase analysed 
by AAS. The results for Cd, Pb and Cu are summarized in 
Fig. 3. 

Because of the increasingly brown colour of the sample 
suspensions (tentatively attributed to dissolution of organic 
matter), the supematant solutions were also irradiated 

Fig. 1. Schematic representation of the fraction (%) of total Pb, Cu or Cd content of a calcine (C) and 
three sediments (S2, S4, S7) extracted by different reagents and found to be “ASV-labile”. 
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Fig. 2. Effect of extraction time on the Cd (0, O), Pb (A, A) and Cu (m, 0) contents of l.OM MgCl, 
leachates from sediment samples Sl (highly polluted, filled symbols) and S5 (mildly polluted, open 
symbols). Both AAS and ASV analysis gave similar values for % displaced (values quoted are the “ASV 

labile” values). 

under an ultraviolet lamp before re-analysis by ASV. The 
results thus obtained are indicated by the symbol A in 
Fig. 3. 

The rates of release of Fe and Mn from these two samples 
into the hydroxylamine reagent were also studied, and these 
results are summarized in Fig. 4. 

Comparison of sequential and individual extraction ap- 
proaches to speciation. Three samples (the calcine, jarosite 
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Fig. 3. Effect of extraction time on the Cd, Pb and Cu 
contents of the 0.04M NH,OH.HCl/ZS% CH,CQQH 
leachates from sediment samples Sl (W, 0) and SS (0, 0). 
The percentages detected by AAS (i.e., total extract values) 
are shown by full lines; the ASV (i.e., labile metal) values are 
indicated by broken lines. Curve symbol A indicates ASV- 

labile values found after UV irradiation. 

residue and sediment S3) were subjected to the sequential 
extraction scheme proposed by Tessier et aL9 (coded as 
SEQ). In this procedure, after extraction with one reagent 
the solid phase is isolated, washed with water and then 
exposed to the next reagent in the sequence The metal 
content of each extract was determined by flame AAS, with 
check analysis by ASV wherever possible. 

One-g samples (in quadruplicate) were placed in 50-ml 
polyethylene centrifuge tubes and were first extracted by 
continuous agitation with 8 ml of water for 1 hr (A). After 
centrifugation the supematant solution was removed and 
analysed. 

The residue from (A) was similarly leached for 1 hr with 
1M magnesium chloride (B). After centrifugation and re- 
moval of the supematant solution, the residue was washed 
with 8 ml of water to remove residual extractant, and after 
centrifugation the water-wash was combined with the initial 
extract, for analysis. 

The extraction/wash sequence was repeated, with the 
other named reagents, on the residues from each step. The 
extraction times and temperatures were 6 hr at 25” with 8 
ml of 0.13M acetate buffer (pH 5), 6 hr at 95” with 20 ml 
of 4OmM hydroxylamine hydrochloride in 25% acetic acid 
solution, and finally for 2 hr and then 3 at 85” with two 
20-ml portions of 0.020M nitric acid plus 5 ml of 30% 
hydrogen peroxide to release metal ions associated with 
organic matter. The final residue was transferred to a 
platinum crucible and attacked with a hot mixture of 10 ml 
each of concentrated nitric acid and hydrofluoric acid and 
2 ml of concentrated perchloric acid. 

2 ~____o_“__-“----” 
I I I I 
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Fig. 4. Effect of equilibration time on the Fe (0, 0) and 
Mn (H, 0) contents of 0.04M NH,OH.HCl/ZS% 
CH,COOH leachates from sediment samples Sl (solid lines) 
and S5 (broken lines); (expressed as a percentage of total 

sediment content detected by AAS). 
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Fig. 5. Diagram showing the d~st~bu~on of metal ion between six o~ra~o~lly de&ted categories, found 
either by a sequential analysis procedure (m) or from the differences between individual extractions (a). 
A, water-soluble; B, MgCl,displaceable; C, CH,COONa (pH 5) extractable; D, released by NH,OH. HCl 
in CH,COOH; E, released by HN03/H,0s; F, residual content. The additive total metal values @g/g) 
in the calcine were Cd, 82.5; Pb, 9750 and Cu, 3170; for the jarosite the contents were 240 (Cd), 10300 

(Pb) and 970 (Cu); for sediment S3 the values were Cd 75; Pb 22#4 Cu 400. 

The aqueous phase from each step in the sequence was 

analysed for its Cu, Pb and Cd contents and results are 
shown as filled rectangles in Fig. 5. 

In the individual-leach (IL) experiments, separate l-g 
samples of the solid materials were taken and each was 
treated with one of the reagents used in the sequential study. 
After equilibration for the appropriate time, the aqueous 
phase was analysed for Cu, Fb and Cd content. If it is 
assumed that each reagent can fulfd the same role as all 
those preceding it in the sequential scheme, then the 
difference between the values obtained with two consecutive 
reagents should be similar to those obtained for the corre- 
sponding step of the sequential scheme. These “difference” 
values are shown as open rectangles in Fig. 5. 

&&r&ix atrack. To test the ability of the various reagents 
to release cations normally associated with matrix com- 
ponents, each of the sequential series extracts was analysed 
for Ca, Fe and Mn content. The distribution patterns 
observed are summarized in Fig. 6. 

Analytical precision. The reproducibility of the replicates 
in the various studies varied with the element being studied, 
its level, and the matrix. In the best situations the relative 
standard deviations were 2-3X and in the worst cases 
15-ZQ%, leading to average spreads of f 10%. 

Rl?SWL’fS AND DISCUSSION 

Natural sediments contain varying amounts of 
different substrate components (e.g., hydrous oxides, 
organic matter, ciay minerals and silicates), each 
retaining different amounts of metal ions, possibly by 
different bonding modes. With sediment samples, 
therefore, the amount displaced by any selected re- 
agent can be expected to vary with the adsorbate mix 
and total loading. With low contamination, Iattice- 
bound and specifically sorbed fractions should pre- 
dominate, whereas ion-exchangeable species are more 
likely to abound in highly polluted areas. 

To evaluate the amount of metal ion loosely 

bonded, or associated primarily with a particular 
component, it is customary to extract the sample with 
chemical reagents having different interaction 
strengths. 

Figure 1 summarizes the fraction (“r) of the total 
metal content released from three estuarine sedi- 
ments, as detected by ASV (i.e., the “labile” fraction). 
The sediments varied in total Cu + Pb + Cd bound 
(from 18 g/kg to 0.3 ar 0.1 g/kg) and the fraction 
detected varied with the loading level and metal ion 
considered. fndtuded in this diagram for comparison 
are the results obtained for a calcine 
(Pb + Cu + Cd =: 17 g/kg), a material which should 
be fully oxidized and contain no organic phase. 

The amount of metal ion released by acid treat- 
ment can be a measure of the non-detrital fraction, 
i.e., the fraction not botmd in the crystal lattices of 
rock mineral fragments. This assignment has to be 
made cautiously, however, since recent studies’* have 
shown that exposure of sediments to air can enhance 
the apparent value, owing to partial oxidation of 
sulphides and increased solubility of an element 
because of formation of surface carbonates, oxy- 
hydroxides, silicates or oxides. 

It can be observed from Fig f. that cold acid 
extraction retrieved most of the Cu and Fb present 
in the slightly contaminated sediments ($4, S7), which 
indicates little contamination with ore body particles. 
For sample S2 and the &tine, the recoveries were 
mnch fewer, indicative of the presence of significant 
amounts of lattice-bound Cu or Pb. Contributing to 
the low values, however, was the fact that only 
a fraction of the total metal extracted may be 
‘“ASV-labile” (cf. Figs. 3, and 4 and Table 2). 
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Fig. 6. Diagram showing the relative proportions of Mn, Fe and Ca in the “operationally defined” 
extracts described in Fig. 5. Total element contents (determined by AAS) for the test samples were: calcine, 
Ca 25 pg/g, Mn 1.9 mg/g, Fe 17.3 mg/g; jarosite, Ca 60 pg/g, Mn 3.0 mg/g, Fe 28.9 mg/g; sediment S3, 

Ca 26.0 pg/g, Mn 0.6 mg/g, Fe 36.1 mg/g. 

Variations in the leachate values were expected, 
since each reagent group displaces metal ions from 
the substrates by a different mechanism. For 
example, salt solutions displace loosely sorbed (and 
ion-exchangeable) fractions (aided at times by com- 
plex formation); pyrophosphate should promote dis- 
persion of the organic fraction, and oxalic acid 
should reduce any amorphous iron and manganese 
hydrous oxide phases. Similarly, the four samples 
were expected to bind metal ions in different ways, 
leading to different degrees of recovery with any 
particular reagent. 

Figure 1 indicates that displacement by electrolytes 
(e.g., magnesium chloride and ammonium nitrate) 
can be as high as 30% or non-detectable, depending 
on the sample and metal ion considered. This ion- 
exchangeable, or loosely bonded fraction, was most 
apparent in the calcine and highly polluted sediment 
material. Higher recoveries were observed with other 
reagents, because of greater attack on some of the 
component substrates. 

Leaching rates 

For a heterogeneous reaction, the rate of attack 
can be influenced by temperature, time and the 
physical properties of the solid phase. To gain some 
indication of the kinetic effect, time responses were 
examined at ambient temperature for two estuarine 

sediment samples (highly polluted, Sl, and slightly 
contaminated, S5) and two extractants, namely mag- 
nesium chloride solution (to displace loosely bound 
ions) and acidified hydroxylamine hydrochloride 
(which should release exchangeable metal ions plus 
the fractions bound to carbonates or associated with 
amorphous hydrous oxides). As shown by Fig. 2, 
displacement (or ion-exchange) was almost instanta- 
neous, as expected for a process which does not 
involve any matrix dissolution or fracture of strong 
bonds. Analysis of the leachates by both AAS and 
ASV yielded similar values (i.e., all released metal ion 
was present in labile form). The fraction displaced 
decreased in the sequence Cd > Pb > Cu, with higher 
fractions coming from the more contaminated 
sample. 

With the hydroxylamine solutions both total and 
labile values varied with time, generally becoming 
constant after about 8 hr, and also varied according 
to the metal ion considered and its total concen- 
tration in the substrate, as shown in Fig. 3. The 
amount of Fe and Mn released through reagent 
attack on the sediments also varied with time, as 
shown in Fig. 4. The percentage of the total Fe or Mn 
released varied between samples and was relatively 
small e.g., < 12% of the higher Fe level. 

The relationship between labile and total Cd, Pb 
and Cu in the extractant solutions varied with the 
metal ion concerned. Comparison of the AAS 
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analytical plots (full lines) with the ASV results 
(dashed lines) shows that the labile Cd fraction, and 
labile Pb and Cu from the mildly polluted material, 
declined with equilibration time (cf. Fig. 3). This 
indicates that some of the metal ion initially displaced 
slowly formed an ASV non-labile species, and it is 
interesting to note that the final value approached the 
value for displacement by magnesium chloride. It 
may be suggested that part of the metal ion released 
during substrate attack was i-e-adsorbed on new 
surface sites (exposed through loss of surface coating) 
or on dispersed colloidal matter. To test whether the 
sorption sites were associated with organic matter, 
the solutions were exposed to ultraviolet light prior to 
re-analysis. As shown by the points A in Fig. 3, this 
step increased the labile metal content only mar- 
ginally. 

observed when the metals Cd, Pb and Cu were 
associated with three vastly different types of base 
matrix, namely a calcine (oxidized material, organic- 
free), jarosite (a basic double sulphate rich in Fe) and 
a contaminated estuarine sediment. The data also 
highlight the occasional major differences between 
the “fraction values” obtained by sequential analysis 
(filled rectangles) and the “difference values” 
obtained by extraction of separate samples with the 
individual reagents (open rectangles). 

At first glance, the results for labile Pb and Cu 
appear to be in error, since they are higher than the 
quoted total values. This apparent anomaly arises 
from a small difference in experimental approach. 
For the AAS determination, the solid phase was first 
separated by centrifuging; in the ASV study the 
particles remained suspended in the test solution. 
This allowed any labile metal ion loosely bound to 
particle surfaces to migrate to the electrode during 
the electrodeposition step of the ASV procedure. The 
existence of labile surface-bound species has been 
demonstrated in an earlier study,’ and the differences 
between the full and dashed lines in Fig. 4 highlight 
the additional information that can be gleaned from 
inclusion of ASV analysis of suspensions. 

In many of the studies, the percentage of the total 
element recovered in a given fraction was similar in 
both the sequential and series procedures. Notable 
exceptions were for Pb and Cu in the calcine (frac- 
tions C, E, and F), Cd in the jarosite (fraction E), 
and Pb (fractions D and F) and Cu (fractions E and 
F) in the contaminated sediment. In a number of 
these cases, the difference value for fraction E was 
higher than the sequential value, the corresponding 
difference for fraction F being lower to a similar 
extent. This suggests that attack by nitric 
acid/hydrogen peroxide was more effective on the 
original sample than on a residue that had already 
undergone a sequence of different chemical inter- 
actions. It is equally logical to suggest that the 
sequential value (filled block) was lower because the 
previous treatments had exposed new active sorption 
sites, leading to retention of some of the metal 
ion released by partial attack on other matrix 
components. 

Re-adsorption of leached metals on fresh sites has 
been proposed in several studies. For example, Guy 
et al.” extracted mixtures of humic acid, bentonite 
clay and manganese dioxide and observed that recov- 
ery from humic acid or clay (with metal ion) was 
lower in the presence of the other two components 
than from the humic acid or clay alone. Similarly, 
Tipping et al. I2 found direct evidence of “redis- 
tribution” or re-adsorption when manganese oxide in 
a mine-wall deposit was selectively separated from 
iron oxide with a hydroxylamine solution. Micro- 
probe analysis before extraction indicated that lead 
was present in the manganese phase but not in the 
iron phase. After the extraction, however, Pb was 
present in the iron phase but not in the extraction 
solution. To minimize metal ion re-adsorption, 
Robbins et al.” proposed that sodium citrate should 
be included in the 1M hydroxylamine hydrochloride 
reagent (pH S), on the assumption that the citrate ion 
would form metal complexes and also enhance 
dissolution of amorphous and poorly crystalline iron 
oxyhydroxides. 

Except for Pb and Cu in the sediment, most of the 
sample metal ion content was found in the residue 
fraction (F) and thus could not be classified as 
biologically available. Conversely, about 10% of the 
Cd in the calcine and jarosite was water-soluble, 
and would be extremely mobile and “available.” A 
similar amount of Pb in the calcine and Cd in the 
sediment was “ion-exchangeable” (fraction B) and 
likely to be “available”. 

Comparison of sequential and individual extraction 
schemes 

The Cu content of the sediment was found mainly 
in the “organic phase” (E), a conclusion consistent 
with the results of earlier soil studies.‘4 A similar 
conclusion could be drawn for Cu in the calcine, 
except that it would be invalid because of the absence 
of organic matter after the initial oxidative ignition at 
1000”. In this case, it can merely by concluded that 
the copper oxide was reasonably soluble in the nitric 
acid/hydrogen peroxide mixture. It seems equally 
unlikely that the jarosite sample contained a 
significant organic phase (or sulphides to oxidize), yet 
nearly 40% of the copper was found in fraction E. 
The distribution of Pb in the sediment was fairly even 
between four fractions, the association with amor- 
phous Fe and Mn hydrous oxides (fraction D) being 
marginally more important. From the calcine, some 
Pb was released by the hydroxylamine reagent, but 
none was detected from the jarosite, even though iron 
constituted 50% of the matrix. 

The data summarized in Fig. 5 show the difference The amount of metal ion released by a given 
in distribution patterns (with a range of extractants) reagent appears to bear little relationship to the 
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Table 2. Amount (%) of labile metal ion in each selectively extracted fraction* 

Calcine Jarosite Sediment S3 

Fraction Cd Pb Cu Gl Pb Cu Cd Pb Cu 

Water-soluble 
(Z) (& (?i) (& (ii) (Z) (ii) 

’ 74 

M&X,-exchangeable 
(ii) (Z) (Z) (Z, (Z) (ii, (& 

@$) (i) 

(i) 
Acetate buffer extractable 38 

(54) (G (::) (& (::) (ii) (Z) 

(7$) 
18 

(82) (8) 
Hydrous oxide reduction 34 

(62) & (G (Z) (Z) & & (2) & 

*Values in parentheses correspond to differences in individ~ leach (IL) values. 

amount of Ca, Fe and Mn co-extracted by the same 
system (cf. the distribution diagrams in Fig. 6). 

When the various, extracts were analysed by 
DPASV, it was found that the “iabile” material in 
solution could be as low as 10% or as high as 90% 
(as shown in Table 2) of the total found by AAS. In 
many cases, the labile fractions detected in the 
sequential procedure were different from those found 
by direct attack on fresh samples (the IL series). This 
could have arisen by dispia~me~t from metal- 
bearing colloidal material or release from stable 
complex ions (e.g., metal humates). If the argument 
is accepted that only labile metal ions released by 
reagents of limited reactivity (e.g., fractions A-C) are 
likely to be “biologically available”, then the levels in 
the materials examined are very low indeed. 

Terminology of extraction studies 

By comparison of the responses obtained with two 
popular trace-analysis techniques applied to three 
greatly different types of sample, the limitations of 
the o~ra~onaIly defined fraction names became 
obvious. Reagents are not necessarily selective in 
their attack, and sequential procedures can yield 
residues having higher surface activity than the 
original material (with consequent marked re- 
adsorption). Some of the released metal ion remains 
in a non-labile form, and is thus unlikely to have any 
significant biological activity (cf. Table 2). As shown 
by Fig. 1, changes in the reagent used to release a 
specific fraction (e.g., use of O.OSN calcium chloride 
instead of magnesium chloride) produce different 
recoveries. Figure 6 indicates that many reagents are 
capable of displacing small amounts of guideline 
matrix ions such as Ca, Fe and Mn, which indicates 
that these ions are also bound in a variety of ways. 

A number of authors justify their choice of extrac- 
tant and this trend is to be encouraged, because it is 
unwise to transfer even proven procedures from one 
matrix to another (e.g., from soil to sediment) with- 
out some assessment of the possible limitations. 
Before any speciation scheme is undertaken, the 
analytical objectives must be carefully defined and the 
method and techniques adopted should meet these 
objectives. 

Evaluation of labile content by ASV 

When definition of the problem requires evaluation 
of “labile” metal levels, analysis by ASV can provide 
the appropriate info~ation. Provided the solid 
suspensions are de-aerated prior to admission to the 
measuring cell, the analysis can be performed in the 
presence of the particle and the result will include 
metal ions loosely held to the surfaces (and often lost 
during an intermediate filtration step)? Other advan- 
tages of ASV m~s~ments include the high sensi- 
tivity of the procedure @g/l, levels of Cd, Pb and Cu) 
and evidence of new labile chemical forms (as indi- 
cated by changes in ASV peak positions). Some peak 
shifts reflect interaction between the metal ion and 
extractant (as shown by the variations in Cu peak 
positions in the “blank” curves shown in Fig. 7). The 
substrate also introduces new peaks (or shoulders), 
indicating that some released species do not react so 
readily with the extractant ligands. Figure 7 indicates 
how the presence of the calcine split the Cu peaks for 
four different base solutions. Similarly, the presence 
of the sediment samples split the Cu-oxalato peaks in 
a pattern indicative of stabilization of a Cu(I) inter- 
mediate. The ASV approach also has some distinct 
limitations. For example, the chloride ion introduced 
with the hydroxylamine altered the Cu ASV response 
through the formation of chloro-complexes. The 
hydroxylamine on the other hand, minimized the 
interfering effect of redox cycling of soluble 
Fe(II)/(III) at the electrode. 

Other limitations associated with the technique and 
noted in our studies include the following. 

(a) Restriction on base solution composition (e.g., 
not suitable for use with strong acids, or with hydro- 
gen peroxide present). 

(6) Peak shifts and broadening due to wmplex 
formation (e.g., Cu in chloride or oxalate media). 

(c) Signals lost owing to redox cycling of matrix 
element at the electrodes (e.g., Fe and Mn systems), 

(d) Signals lost owing to formation of soluble 
non-labile complexes (e.g., with added EDTA or 
DTPA). 

(e) Presence of some particulate materials may 
influence electrode response. 

The limitations are of concern, and means of 
minimizing their effects will have to be developed, but 
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Fig. 7. Voltamperograms showing the position and shape of Cu peaks in different base solutions, 
particularly in the presence of suspended particles. A : 0.45M (COOH), base solution; standard mixture 
(100 pg/l. M2+) blank curves (recorder full scale deflection 5 PA) and Cu curves with solids present 
[recorder f.s.d. 2 (S4, SS, S7) or 5 PA (S2, calcine)]. B: standard mixture blank curves in NaCI. 
CH,COONH, or NH,NO, (f.s.d. 5 PA) and Cu curves derived from calcine treated with each of these 

extractants (f.s.d. 2, 5 and 10 PA, respectively). 

the advantage of obtaining labile (as distinct from 
total) values warrants the additional effort. A recent 
review5 emphasized that most current approaches to 
soil and sediment analysis are open to criticism of one 
kind or another. Despite these limitations, the 
approach yields some interesting data and provides a 
fresh outlook on sediment and soil studies. 
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Summary-Three basic methods of preconcentration of organic atmospheric pollutants, viz. by cold trap, 
absorption in solutions and adsorption on solids at ambient temperature, and methods of liberating the 
trapped components, are discussed. Adsorption on solids is becoming more widely employed because of 
its advantages, and selection of the most appropriate sorbent for a given group of pollutants is of major 
imnortance. The characteristics of individual tvues of sorbents are presented, as well as the basic methods 
of hetermination of sorption capacity. 

In analysis of gaseous atmospheric pollutants, 
especially in industrial hygiene, portable instruments 
may be used for in situ measurements, or samples 
may be collected for subsequent examination in the 
laboratory. 

The fundamental advantage of in situ analysis is 
the possibility of continuous monitoring of variations 
in pollutant concentration and investigation of their 
causes, but this requires use of a variety of instru- 
ments at each sampling site. The alternative approach 
requires fewer instruments and makes it more eco- 
nomical to use a large number of sample collection 
points, but certain requirements must be met to make 
the results analytically valid: (a) the sample collected 
must be representative; (6) the sample volume must 
be compatible with the sensitivity of the analyser for 
a given concentration range; (c) the sample must 
not undergo any changes between collection and 
analysis. 

For a long time, sampling was done with contain- 
ers of defined volume, made of steel or glass (sample 
collection with an evacuated container or by flushing 
the container with sample) or with flexible plastic 
bags (made of PVC, polyethylene, etc.). This method, 
successfully used for the vapours of a large number 
of compounds (mainly volatile and of low polarity), 
has two main disadvantages: (a) the sample volume 
is limited to several tens of litres at most, so the 
absolute amount of a sample component may be 
quite low, making the analysis difficult; (b) preserva- 
tion of the sample unchanged is sometimes in doubt, 
because of adsorption on the container walls, or 
chemical reactions, which makes the method impos- 
sible to use for compounds of low volatility or high 
polarity (alcohols, amines, acids, etc.). 

To eliminate these problems, various methods have 
been developed for preconcentration of trace com- 
ponents. According to a generally accepted 
definition’ a trace component is one which has an 

average concentration of less than about 100 rg/ml 

or 100 cLg/g. 
Preconcentration, generally defined by IUPAC* as 

“an operation (process) as a result of which the ratio 
of the concentration or the amount of micro- 
components (trace constituents) and macro- 
components (matrix) increases”, not only improves 
the analytical detection limit; it also reduces matrix 
effects and so enhances the accuracy of the results 
and facilitates calibration. Furthermore, preconcen- 
tration allows the sample volume taken to be 
increased and so improves the representative nature 
of the results. 

By preconcentration, the concentration (Ci) of 
determinand (Xx) in the initial sample of size q is 
increased to a concentration (C,) in a preconcentrated 
sample size S, (same units as S,) in accordance with 
the equation’ 

c _ cif, 4 
f- 

Sf 
wheref, is the chemical recovery of X in the precon- 
centration step. The ratio Si/Sf is called the precon- 
centration factor, and C, should be high enough for 
accurate determination of X. 

This equation can be used to calculate the initial 
sample size needed, if the other terms are known or 
can be estimated: 

Wr 

S, is generally fixed (within certain limits) by the 
analytical procedure to be used. Ideally, f, will ap- 
proach unity and Cf should be at least S-10 times the 
limit of detection (LD) of X in the final sample by the 
method of determination used (LD being the concen- 
tration equivalent to three times the noise or standard 
deviation of the measurements). 

The atmosphere may be polluted by a large 
number of organic compounds. For example, 41-126 
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Fig. 1. Absorption train: l-bubbler with absorbing solution; 2-ball joint. (Reprinted by permission, 
from E. Kissa, Anal. Chem., 1983,-M, 2622. Copyright 1983, American Chemical Society.) 

volatile organic compounds have been identified in 
urban air, depending on sampling place, sample 
volume and determination technique,4s5 and during 
the Skylab-4 mission6 over 300 organic compounds 
were detected in the atmosphere. This was all made 
possible by use of p~n~ntration. 

&concentration can be useful in the deter- 
mination of both the time-weighted average (TWA) 
concentration (long-term exposure) and the short- 
term exposure level (STEL)’ for particular com- 
pounds, as well as the elemental spectrum of organic 
a~osphe~c pollutant,’ expressed as the normalized 
total elemental contents of the pollutants. A total 
elemental content can be defined9 as the total amount 
of the element found in the gaseous components of 
an occupational exposure sample which are detected 
(or immobilized) by the detector (or collector) used 
and contribute to the assay value. An example is total 
organic carbon (TOC). To determine the elemental 
spectrum, direct methods utilizing appropriately sen- 
sitive detectors’“13 (flame-ionization, infrared, 
flame-photometry, microwave plasma) or indirect 
methods incorporating a preconcentration step are 
employed. In the latter case either the organic 
compounds them~lv~,‘~‘* or the products of their 
mineralization (e.g., CO, in the case of TOC 
determinatiotPz3) are preconcentrated. 

Classljication of preconcentration methods 

Three basic techniques are employed for precon- 
centration of organic atmospheric pollutants,2~26 

(I) Absorption in a ~~tabIe sotution.27-29 Figure 1 
presents a schematic diagram of a train of bubblers 
for the determination of hexachloroacetone in air.M 
This technique has the following advantages: (a) the 
possibility of using reaction with the absorption 
medium to convert the con~ntrated component into 
a less volatile or more stable compound; (b) high 
efficiency for preconcentration of compounds of low 
volatility; (c) it can be used for sampling moist 
atmospheres, whereas other techniques experience 
problems caused by condensation; (d) it is particu- 
larly suitable for use in conjunction with photometric 
methods of dete~ination. 

On the other hand, it has some drawbacks: (a) ease 
of loss of volatile components as a result of evapor- 
ation and stripping by the sample gas-stream passing 
through the absorption medium; (b) dilution of the 

sample in the course of washing out the bubblers; (c) 
need to use absorption media of low volatility; (d) 
specific requirements concerning the shape and size of 
bubblers, depending on the type of component to be 
preconcentrated, (e) need to use a train of bubblers; 
(f) impracti~biIity of use in personal monitors. 

These disadvantages limit the usefulness of the 
technique, but it is successfully employed in certain 
cases (preconcentration of aldehydes, organic acids, 
isocyanates, etc.), sampling of moist atmospheres, 
collection of compounds of intermediate volatility. 

(2) Cold trapping. The sampIe is passed through an 
empty tube cooled to a st&iciently low temperature 
by liquid nitrogen, helium, argon, oxygen or air,3.‘-40 
or through a cooled tube containing a solid sorbent 
or a support coated with a suitable liquid phatz4- 
A temperature gradient can also be used.” The 
advantages of this technique are (a) the possibility of 
sample clean-up by selective trapping or by sub- 
sequent fractional distillation, (b) trapping of all 
components (including very volatile compounds), (c) 
lack of side-reactions. The disadvantages are (a) 
difficulties in recovery of the preconcentrated sample 
(particularly of compounds of high molecular weight) 
and (6) serious interference in subsequent analysis 
because of entrapment of water, unless a means of 
handling it is included. 

This technique is employed for preconcentration of 
very volatile components. In the modification 
employing a sorbent, the trap need not be cooled 
so far below ambient temperature. Figure 2 shows a 
schematic diagram of an apparatus used for precon- 
centration of light hydrocarbons at -8O”.” In gen- 
eral, traps filled with a liquid5’ or solid sorbent4*14,52-57 
or a chromatographic phase coated on a supp~rt,~~~~~ 
are cooled to temperatures ranging from 0 to -80”. 
Sequential trapping can be used to eliminate at least 
some of the disadvantages and ~mitations~*6’ of the 
method. To liberate the preconcentrated components 
the cooling agent is removed and the trap is rapidly 
heated to the desired temperature. 

(3) Adsorption on solids at ambient temperature. 
The trap is filled with a solid sorbent, or a support 
carrying an appropriate liquid phase support. 

Over 15 years ago, activated charcoal tubes (CT) 
were used for collection of tbe samples, and gas 
chromatography for the analysis of mixtures of 
organic vapours in industrial atmospheres.62 Tubes of 
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A B 

1 

2 

Fig. 4. Passive devices utilizing preconcentration on solid 
sorhents. A-Schematic design of the first diffusion-type 
passive sampler: I-diffusion zone; 2-solid sorbent. R- 
Schematic design of a permeation-type passive Personal 
monitor: I-sorhent bed (charcoal, Porous polymers); 
2-impermeable casing; 3-permeable membrane (silicone); 
4-cover.” (Reproduced by Permission. Copyright 1973, 

American Industrial Hygiene Association.) 

Fig. 2. Schematic diagram of an apparatus for precon- 
centration at lowered temperature: l-control valve; 
2-power supply (during heating); 3-cryostat; 4-solid 
sorhent.” (Reproduced by permission of the copyright 

holder, Socitte Francaise de Chimie.) 

this design are still recommended by NIOSH and are 
commercially available. 63*64 Figure 3 presents the 
design of a typical charcoal sorbent tube.6s66 Since 
1970 the technique of preconcentration on solids has 
been extensively developed and has found many 
applications. The primary advantages of this tech- 
nique include: (a) simplicity and low cost; (b) possi- 
bility of use of mixed packings or sequential selective 
packings; (c) selectivity (through selection of a suit- 
able sorbent). The major drawbacks are (a) loss of 
components of low molecular weight; (b) possibility 
of chemical reaction on the sorbent surface; (c) 
limited range of gas flow-rate (particularly when the 
packing is a chromatographic phase coated on a 
support); (d) limited efficiency of desorption of very 
high molecular-weight compounds; (e) unsuitability 
for sampling moist atmospheres. 

Use of light-weight, portable, battery-powered, 
constant-flow pumps (developed in the early 1970s) 
together with charcoal sampling-tubes permits the 
determination of individual exposures (expressed as 
TWA concentration or STEL); this is called 
“personal monitoring”67 for vapours of organic 
compounds in workplaces. Such a combination of a 
constant-flow pump and an adsorption tube or de- 

tector tube can be called an active device. In recent 
years, “passive” devices have become more fre- 
quently used as personal or area monitors, however. 
These collect a compound (or compounds) of interest 
from their immediate surroundings by diffusion or 
permeation of these compounds to the interior of the 
tube where they are trapped by means of absorbent, 
adsorbent or reactive material. The design of the two 
basic types of passive samplep is presented in Fig. 4. 
The theory, design and application of various types 
of passive dosimeters have been comprehensively 
reviewed.%” Passive dosimeters have a number of 
advantages over the active type. They are simple, 
small and light in weight, have no batteries or pumps, 
and since they determine the TWA concentration of 
analyte, only the exposure time is needed, not the 
volume of sample. They are similar in size, weight 
and convenience to the familiar radiation dosimeters. 
They are of special importance to health profession- 
als, who use them for the determination of exposure 
to waste anaesthetics. 

Compounds trapped on a solid sorbent must be 
released as quantitatively as possible before deter- 
mination. Solvent extraction or thermal desorption 
can be used for this purpose. Carbon disulphide is 
often employed as the solvent,7W2 but diethyl 
ether,ss9’ acetonitrile,8z92*93 methanol,“c97 n- 
hexane,97-‘00 ethyl acetate,1° chloroform,iO toluene,ro3 
n-pentane,lM cyclohexane,“’ acetone,53.‘M naphtha 
ether,‘O’ N,N-dimethylformamide,*08 benzyl alco- 

Fig. 3. A typical NIOSH batch-test charcoal sorbent tube (CT): l-NIOSH approved sealing caps (to 
prevent contamination); 2-precise sealed tips (to permit safe, easy breaking to the specified opening size); 
3-glass tube (L = 75 mm, 4, = 4 nun, 4, = 3 nun; especially drawn to very close tolerances for repeatable 
results); rlprecision lock spring (to hold charcoal layers securely in place to prevent sample channeling, 
and allow transport without damaging sample); 5-high-purity &ss wool @recise amount for uniform 
pressure drop); 6-MO-mg sorbeut layer (precisely controlled surface area, pore size, adsorptive char- 
acteristics, particle size); 7-foam separator (for uniform pressure drop); 8-50-mg back-up sorbent layer. 
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Fig. 5. Schematic diagram of an apparatus for thermal 
desorption and chromatographic determination of organic 
compounds preconcentrated on a solid sorbent: l-&j&o*; 
Z-trap; S-oven; 4-four-way valve; 5-W c&mm; 
6-detector; %-carrier gas tank.lz2 (Reproduced by 

permission of the copyright holders.) 

ho1 ‘09 carbon tetrachloride,“’ benzene,‘“’ water’1ZW1’6 
or &ixtures of solvents, such as methanol-water,117*i’s 
a~~~~~ter,‘19 pro~a~o~-wa~r’*~ and hexam- 
naphtha ether,*2’ have also been used, as has O.lM 
sodium hydroxide.‘” The extraction efficiency and 
the effect of various factors on the recovery have been 
extensively investigated. w-‘~~ &sorption with CSa is 
used mainly for compounds trapped on charcoal. The 
use of a solvent for desorption has several disadvan- 
tages: (n) decreased ~nsi~vity, depending on the 
volume of solvent and size of aliquot used; (b) 
interference by solvent components in chro- 
matographic separation of the sample compounds; 
(c) solvent toxicity; (d) need for adsorbent 
regeneration before further use of the sorbent tube. 

Thermal deso~tion’~-*~ substanti~ly simplifies 
automation of the analysis and has several advan- 
tages. 135 Figure 5 shows a typical scheme for thermal 
desorption and chromatographic determination of 
atmospheric pollutants. 122 The main advantage is that 
the entire amount of preconcentrated material may 
b-e recovered for dete~nation. To obtain sufl%iently 
high en~chme~t factors, in the desorption step the 
trap should be heated to the required temperature 
(which depends on the thermal stability of the sorbent 
and the preconcentrated compounds) as quickly as 
possible (preferably in a few seconds, or at most a few 
rn~nut~)~ and the carrier-gas flow-rate should be 
minimized. The sorbent trap can be heated with a 
movable furnaoe, a resistance wire supplied through 
a transformer with a high electric current at low 
voltage, by a spiral made of Fe-M alloy (Curie-point 
spirals)‘3”‘52 or by microwaves. Is3 However, none of 
these desorption techniques is suitable for direct 
inte~a~~g with a gas ~hromato~aph~ 

Analysis for organic air pollutants by use of pre- 
concentration at ambient temperature can be divided 
into four operations: the sampling step; sample stor- 
age; recovery of the preconcentrated components; the 

final determination step. Each of these steps intro- 
duces a number of factors which can influence the 
final result, and these have been reviewed.25~26*1M As in 
all other methods of analysis, unless the sampling 
step is correctly executed, the final results will be 
biased. The main purpose of the present review is 
therefore to assist in avoiding such errors, and 
because the use of solid sorbents at ambient tem- 
perature is probably the most widespread, this aspect 
will be stressed. 

Conventional gas-liquid chromato~phy com- 
positions have been used for many years for sampling 
gases and vapours at ambient temperature, and 
although interest has turned to the solid sorbems, 
later workers have continued to use a variety of 
columns, listed in Table 1. The outstanding feature of 
all these columns is the very high loading used. A 
significant development was the appearance of 
materials in which the liquid phase was chemically 
bonded to the stationary phase (e.g., Porasil C), 
yielding a column material with a liquid phase of 
virtually zero vapour pressure. 

Some properties of various solid sorbents which 
can be utilized for preconcentration of gases and 
vapours from the atmosphere are listed in Tables 2-4. 
Porous polymers are a new class of material used 
almost as widely as charcoal. Figure 6 presents the 
chemical structure of two sorbents from this group, 
Tenax-GC’74*‘7s and XAD-2. *B In selection of a solid 
sorbent, the following factorsis5~‘” should be consid- 
ered: (a) the volume of air sample which can he 
passed through the sorbent without breakthrough 
of the compounds present; (b) the degree of 
decomposition of sample com~nen~ during 
preconcentration, storage and liberation; (c) any 
background signal due to the sorbent; (d) affinity of 
the sorbent for water; (e) simplicity, speed and 
completeness of desorption of the concentrated com- 
pounds; (f) the enrichment factor; (g) the degree of 
adsorption of gaseous inorganic pollutants (CO, CC& 
H,S, SO,, NO, N02), which is particularly important 
in determination of the elemental spectrum of organic 
air pollutants. 

In Table 5 the applications of solid sorbents to 
particular types of compounds are collated.‘s5~‘77~1’s 
The results are gleaned from the literature and a 
blank can indicate either no data or a negative result. 

The changes which can occur in the sorbent layer 
because of reaction with the sample corn- 
ponents)170J01-z0’ or exposure to sunlight,2ad or 
thermal treatment20s have been studied, and the type 
and level of organic residues in synthetic porous 
polymers have been determined. i7z*xM 

A simple mathematical model describing the 
adsorption process was presented in 1946.207 Let US 
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Stationary phase Support Loading 

Silicone E 301 
PEG 400 
Carbowax 1540 
Dimethyl sulpholane 
Silicone oil 
Apiezon L 
Apiexon K 
SE 30 or OV 17 
Cottonseed oil 
Carbowax 600 
Didecyl phthalate 
Tricresyl phosphate 
Carbowax 400 
Oxyproprionitrile 
Phenyl isocyanate 
Durapak n-octane 
TCEP 
Tritolyl phosphate 
3,3,3-Trifluoropropyl- 

(methyl) cyclotrisiloxane 
DC-200 
Apiezon M 
SP-100 
Z,CDinitrophenyl- 

hydraxine (DNPH) 
Durapak-Carbowax 400 
Potassium 2,4,6-tri- 

chlorophenate 
ov-101 
KOH 
SP-100 

SE-54 
Bondapack C- 18 

Celite 545 or silica gel 3:7 
Celite 545 or silica gel 3:7 
Firebrick 10% 
Firebrick C-22 10% 
Celite C-22 20% 
Chromosorb W 20% 
Sterchamol 25% 
Chromosorb W 10% 
Pyrex glass beads 2.2% v/v 
Chromosorb W 20% 
Chrom P 25% 
Chrom W 20% 
Porasil C Bonded 
Porasil C Bonded 
Porasil C Bonded 
Porasil C Bonded 
Shimalite 25% 
Shimalite 1% 
Chromosorb WAW 10% 

Chromosorb WAW-DMCS 
Chromosorb PAW-DMCS 
Carbopack B 
XAD-2 

10% 
4% 

0.4% 
1% 

Porasil F 
GLC-110 

Bonded 
1.5% 

Pt (powder) 
Porasil A 
Tenax-GC or graphitized 
carbon black 
Capillary column 
Porasil B 

5% 
0.3% 

2.3 pm layer 

suppose207-209 that when a pulse of air contaminated 
with a vapour at concentration C, passes through a 
sorbent bed at a linear velocity L, the contaminant 
concentration C falls at a rate corresponding to a 
first-order reaction: 

dC 
-=-KC 
dr 

Table 2. Properties of various solid sorbents’0’*‘s5*‘5”66 

Sorbent 

Specific Mean 
surface pore 
area, Size, 

Composition m21g A 

Silica gel 
Alumina 
Charcoals: 

coconut-based 
petroleum-based 
wood-based 

Foamed plastics 

Florisil 

Si02 300-800 20-40 
A&G, 

Carbon 800-1000 
Carbon 800-1000 
Carbon 
Porous 

polyurethane 
foam 

(PPF)“ 
Magnesium 

20 
18-22 

silicate 

*Usually a foam of open-cell polyether type (density 
0.022 g/cm3) in which the bubbles (cells) occupy 97% of 
the volume (97% void). 

which on integration gives 

In 2 = Kt (4) 

where K is the overall rate constant for the system. 
If the bed has a finite depth d,, then the emergent 
concentration C, is given by 

Table 3. Physical properties of some graphitixed carbon 
black sorbents used for preconcentration of oraanics’48 

Sorbent 

Carbosieve B 
Carbosieve G 
Carbopack B 
Carbopack BHT 
Carbopack C 
Carbopack CHT 
Ambersorb XE-340 
Ambersorb XE-347 
Ambersorb XE-348 
Sterling FT 
Carbosphere 
Carbochrome K-5 
Carbosil 

Mean pore 
Specific surface diameter, 

area, m’/g A 

1000 - 
1000 - 
100 3000 
100 - 
12 2000 
12 - 

400 300 
350 300 
500 300 

15 1500 
1: 1200 

3500 
130-400 
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Table 4. Physical properties of porous polymers used as adsorbents for preconcentration of trace 
organic ~~~~~~101,1~~155,16l,163,167~l73 

SpCifiC Mean pore Temperature 
surface area, diameter, limit, 

Sorbent Composition* m21a A “C 

Tenax-GC Poly(Z,bdiphenyl-p-phenylene oxide) 
Chromosorb 101 S-DVB copolymer 
Chromosorb 102 S-DVB copolymer 
Chromosorb 103 Cross-linked poly-S 
Chromosorb 104 ACN-DVB copolymer 
Chromosorb 105 Polyaromatic type 
Chromosorb 106 Poly-s 
Chromosorb 107 Poly-AE 
Chromosorb 108 Cross-linked AE 
Porapak N Polyvinylpyrrolidone 
Porapak P S-DVB copolymer 
Porapak Q EVD-DVB copolymer 
Porapak QS Silaned Q 
Porapak PS Silaned P 
Porapak R Polyvinylpyrrolidone 
Porapak S Polyvinylpyridine 
Porapak T EGDMA 
XAD- 1 Polymethyl-MTC resin 
XAD-2 S-DVB copolymer 
XAD-4 S-DVB copolymer 
XAD-7 SDVB copolymer 
XAD-8 Poly-MTC resin 
XAD-9 Sulphoxide 
XAD-11 Amide 
XAD-12 Very polar N,O group 
Ostion SP- 1 SDVB copolymer 
Spheron MD 30/70 Methyl-MTC-DVB copolymer 
Spheron SE S-ethylenedi-MTC copolymer 
Cekachrom 1 Ethyl-S-DVB copolymer 
Cekachrom 2 Ethyl-S-DVB copolymer 
Cekachrom 3 Ethyl-S-DVB copolymer 
Synachrom S-DVB-EVB copolymer 

19-30 
50 

300-400 
15-25 

100-200 
600-700 
70&800 
400-500 
100-200 
225-300 
100-200 
630-840 

550-700 
450600 
300-450 

100 
290-300 

750 
450 
140 
70 
69 
20 

350 
70 
70 

520 
300 
120 

52&620 

76 
76 
91 

200 
85-90 

50 

2:: 
370 
35 

1300 
86 

3800 
3800 

170 
650 
780 
75 

3500 

250 
300 
200 
150 
200 
200 
150 
150 

200-250 

200 
230 
280 
250 
250 
250 
340 
300 Polysorbimide PMDA-DADPE copolymer 70 

*S-styrene; DVB-divinylbenrene; ACN-acrylonitrile; AE-acrylic ester; MTC-methacrylate; 
EVB-ethylvinylbenz; EGDMA-ethylene glycol dimethyl adipate; PMDA-pyromellitic 
dianhydride; DADPE-4,4diaminodiphenyl ether. 

720 
3500 

90 
3500 

700 
500 
50 

2:: 
120 
150 
75 

450 
300 
250 
250 
250 
200 
250 
250 
200 
200 
250 
250 

If the pulse is then regarded as the start of a steady 
flow of air with contaminant concentration C, it will 
be apparent that the contaminant concentration in 
the effluent will increase from zero and will reach C, 

-CH,-YH -CH;C~ -cH,-C,H- 

-CH,-CH - CHrCH - CH2-CH- 
I I 

0 :’ 0 3 
Q - - \ / \ / 

/‘-_.o /\ OH HI-f - - 

- - 

\ / \ / 

n 

Fig. 6. Chemical structure of sorbent resins: A-XAD-2; -- 

2. When 4 is greater than d;, the additional depth 
is available for trapping, and the time needed for the 
emergent concentration to reach C; is proportional 
to (d, -d;), the proportionality constant being 
directly related to the equilibrium sorptive capacity 

B-Tenax-GC. Ni of the sorbent. 

when the bed is completely spent. For analytical 
purposes we need to select a value of C, which we 
regard as the highest tolerable, and discard the filter 
when this concentration is reached. We can denote 
this critical concentration by C;. A number of im- 
portant aspects of this simple picture are to be noted. 

1. If the bed is sutkiently shallow for the emergent 
concentration of the initial pulse to be C;, the bed 
depth is known as the critical depth d; , since a filter 
with this or a smaller depth has zero life. For a 
given system, the critical bed depth is thus inversely 
proportional to K since: 

Note that we may also refer to a critical residence 
time R;, since R = d/L. 



3. The shape of the wave front is dependent on the 
rate constant K; a high value gives a flat wave front 
(adsorption front) and a low value a diffuse front. 
Points 1 and 2 above are more formally expressed in 
the ~~kIenburg equation: 

where T is the penetration time (breakthrough time, 
KIT); ni and iVi-are the equilibrium sorptive 
capacities of unit Iength and unit volume of bed, 
~~~ve~~ A is the cross-sectional area of the bed; 
V and 5“ are the bed volume and critical bed volume, 
respectively; F is the volumetric flow-rate of the air 
sample. 

It will be observed from equation (7) that the 
capacity (NJ of the sorbent is of great importance, 
especially when V p v’. 

The course of adsorption on dids 

Adsorption refers to the physical interaction 
between a molecule of gas or liquid and a solid 
surface. If the adsorptive forces are strong,= about 
1 mg of vapour is held on 1 mz of solid surface; thus 
for microporous solids (charcoal, porous polymers) 
possessing an internal surface area of hundreds of 
square metres per gram the amount of vapour 
adsorbed can be in the range of lo-70% w/w.‘~~*~‘* 
There is also an appreciable energy decrease-the 
heat of adsorption. 

The adsorption process on a solid sorbent has been 
represented by various schemes.‘“‘“.‘67,19121~213 That 
for a single carbon granule is shown in cross se&@ 
in Fig. 7. The air-vapour mixture is shown flowing 
across the granule. As the vapour diffuses into the 
pores, it migrates to the carbon surface and con- 
denses in the pores. The pores continue to fill until 
some maximum value is achieved, depending on the 
prevailing conditions. There is a high degree of pore 
filling at high concentrations of relatively non-volatile 
solvent vapours. 

An assemblage of solvent-adsorbing granules pro- 
duces the situation shown2i4 in Fig. X. Here, the 
concentration at any point in the sorbent bed is 
shown as a function of bed depth, diagrammatically 
by shading, and also in graphical form. The incident 
concentration is Ci and the concentration profile is 
generally termed the adsorption wave (wave front). A 
shows the fust layer of the sorbent bed adsorbing the 
first fraction of vapour, the process taking place 
similarly to frontal chromatography. An equilibrium 
is then established between adsorption and desorp- 
tion processes, and B shows the first layer of the 
sorbent completely saturated and the intermediate 
layer partially saturated. Initial b~~~rough is just 
beginning at the downstream sorbent boundary. C 
shows the sorbent bed almost completely saturated at 
50% breakthrough. The breakthrough curve, which 
shows the vapour concentration in the effluent as a 
function of time, is a mirror image of the adsorption 

wave. The overall adsorption efficiency, calculated 
from the ratio of the amount of adsorbate retained on 
the bed to the amount of adsorbate required to fully 
saturate the bed, depends on the distribution of 
adsorbate across the bed. I.Inder ideal conditions of 
mass transfer the adsorbate front in the bed remains 
sharp and the sample stream can be completely 
depleted of vapour until the sorbent bed is fully 
saturated. In practice, however, under non-ideal 
mass-transfer conditions breakthrough occurs before 
the bed is fully saturated,‘” and the sorbent has to be 
discarded before it is. Figure 9 shows the break- 
through curve as a function of time?rq Typically, only 
2% of the solvent vapour has penetrated the sorbent 
trap at 10% breakthrough, 

There is a direct relationship between the shape of 
a ~~orna~o~phi~ profile (either in elution or frontal 
analysis) and the shape of the equilibrium adsorption 
isotherm. Figure 10 illustrates’75*z’5 this correspon- 
dence for linear, Langmuir and anti-Langmuir iso- 
therms. Thus, if an elution peak or frontal profile 
is strongly skewed, the type of sorption isotherm 
governing the phase equilibrium can be immediately 
identified. However, there are traps for the unwary. 
For example, unfavo~abie adso~tion~deso~tion 
kinetics can contribute to a skewed profile. 
Chromatography with a mabile-phase flow-rate far 
from the minimum indicated by the van Deemter 
equation can cause excessive band-broadening, 
~r~~ularIy at high Bow-rate where resistance to 
mass-transfer is maximal. It is also possible to begin 
at an input concentration which corresponds to an 
isotherm section that contains an inflection point. A 
different input concentration may be in a different 
portion of the isotherm, and give a skew in the 
opposite direction, 

Evaluation of adsarpfion caprlcity of soli& 

A number of standard criteria for a successful 
sampling procedure have been suggested:155J91J’6 

-accuracy and precision of combined analytical 
and collection procedures for concentration 
ranges from 0.1 TLV to 2 TLV not worse than 
f 16% relative at the 95% confidence level; 

-total recovery efficiency at least 75%; 
-the difference between total recovery and 

adsorption efficiency less than & IO% relative; 
-able to take samples for 1 Q--15 tin at rn~rn~ 

and average levels; 
-minimum sampling time 1 hr, preferably 4-8 hr 

for TWA concentration; 
-samples stored for 14 days should agree to 

within f 10% relative with initial samples; 
-the flow-rate of the sampling pump should be 

known within f5%; 
-the sorbent granules should retain their shape 

and size, and not crush; 
-high capacity for contaminant adsorption; 
-ability to sorb contaminant at high rate. 
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Fig. 7. The adsorption proces~.~i~ (Reproduced by per- 
mission. Copyright 1976, American Industrial Hygiene 

Association.) 

vopour 

To be analytically useful, the preconcentration _. _ 
BTT 

1OY. 
Time 

process must be quantitative. Hence, evaluation of 
the sorptive capacity of a given sorbent under defined 
conditions prior to its use is mandatory. One of the 
most frequently used measures of capacity of a 
sorbent bed is the breakthrough volume (BTV) or the 
corresponding breakthrough time (BTT). The BTV is 
the volume of gas passed through a sorbent bed 
before the compound of interest begins to be eluted 
from the sorbent. Passing larger volumes of gas 
results in incomplete recovery. For comparing the 
adsorption capacities of various sorbents, the BTV 
should be expressed in units of gas volume per unit 
mass of sorbent. The breakthrough of the sorbent 
bed is variously defined as corresponding to C; being 
5()~o,193,217 10% 26,159,179,180,212.21~ 5%,10',2'0,219-222 or 

1%162*223-225 of C;, or the detection limit obtainable 
with the detector used.8*139*‘67*22’230 

*References 8, 80, 97, 101, 139, 154, 161, 167, 191, 219,220, 
222, 223, 226-230, 251-255. 

Fig. 9. Percentage breakthrough as a function of time: 
FV’,--amount of vapour actually adsorbed; W-amount 
which passes through the cartridge unadsor Led; w- 
amount of vapour which contacts the adsorbent in time t.2’4 
(Reproduced by permission. Copyright 1976, American 

Industrial Hygiene Association.) 

The BTV and BTT can be determined in various 
ways. 

(1) From theoretical calculations utilizing appro- 
priate mathematic equations,~l~82.97,112~l32,224,225~231-24~ 

particularly for active carbon beds,159J79*2L2*214-r18*26249 
or statistical-moment theory.2”*2is~250 

(2) From experimental data. Figure 11 illustrates 
three methods. In the direct, continuous method, a 
stream of gas containing a known concentration of a 
compound (or compounds) is passed through a tube 
packed with a known amount of a sorbent, and the 
compound is detected in the effluent by a suitable 
detector.* In the direct discrete method a fixed 
volume of effluent is sampled periodically with a 

-- 
l D- 

Fig. 8. Cartridge loading patterns and migration of the adsorption front through the sorbent trap as a 
function of time: l-organic vapour cartridge; 2-adsorption front.2’4 (Reproduced by permission. 

Copyright 1976, American Industrial Hygiene Association.) 
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Fig. 10. Relationship between adsorption isotherm, elution and frontal analysis: q--capacity of sorbent 
bed; C-concentration; r-time. I. Sorption isotherms: l--linear; 2-Langmuir; 3-anti-Langmuir. II. 
Elution analysis. III. Frontal analysis. (Reproduced by permission, from 0. Grubner and W. A. Burgess, 

Environ. Sci. Techno/., 1981, 15, 1346. Copyright 1981, American Chemical Society.) 

(lb) 

C~x_-_.-___----_-_--__ 

%TV 

Fig. 11. Graphical illustration of methods of determination of breakthrough volume (BTV) and elution 
volume (VrJ: I-A, direct continuous method; B, direct discrete method, 2-indirect method. 
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I AdLds0rptilXl Dasorption 

Vohme (time) 

Fig. 12. Graphical evaluation of weight capacity of sorbent resin (g/g) from frontal analysis adsorption 
and desorption curves. 

syringe or sampling loop and analys~.25~z6~J~~2s6 The 
indirect methods treat the sorbent bed as a chro- 
matographic column (frontal analysis) and apply 
chromatographic theory. The retention volume gives 
access to much useful information. First, the 
retention volumes of the various compounds studied 
indicate the ability of different sorbents to separate 
them completely. Secondly, the retention volumes at 
ambient temperature indicate the efficiency of the 
trap: the maximum sample volume without break- 
through at ambient temperature; the enrichment 
factor; and (by extrapolation to higher temperatures) 
the flushing time necessary for the total recovery of 
the trapped compounds. The net retention volume 
( VN) is derived from the retention time of the com- 
pound (tk) and of an unretained compound (to) and 
the carrier-gas flow-rate (F,) at the outlet pressure 
and the absolute temperature of the column (TC): 

FN = j (fit - rIJ)F, (8) 

where j is the compressibility correction factor 

(9) 

p, and p. being the inlet and outlet pressures, re- 
spectively. If the flow-rate is measured at absolute 
temperature T with an aqueous bubble meter, and 
denoted by F, then F, is related to it by 

through vol~e). In practice,‘64,‘70,171,179,182.213.257-U9 

retention parameters are measured at elevated tem- 
peratures and the values at ambient temperature 
are calculated by an extrapolation of the relationship 
log I$ =f(l/T). The maximum sample volume 
(MSV) is given byzzs7 

MSV=I+ l-2 
t 1 Jrs (12) 

where N is the number of theoretical plates. Some 
workers176,262*263 recommend use of Va instead of v”a 
in this equation. 

For a sorbent trap, the number of theoretical plates 
does not usually exceed 50,‘76*262,263 so the precision of 
the results is limited. On the other hand, the method 
is very simple and no additional equipment is re- 
quired, and it can be successfully used for preliminary 
selection of sorbents. 

Another measure of the adsorptive capacity is the 
weight capacity of the sorbent (q, in g/g). Figure 12 
shows’” the evaluation of weight capacity for both 
the adsorption and desorption branches of a frontal 
analysis chromatogram. Here, q is determined by 
graphical integration, so qah is given by 

Area ABDF 

qads = Area ABDEF > 
vDEcB 

and %.s by 

F 

c 
= Fr, (PA -PA 

--F PO 

where p, is the water-vapour pressure at tem~rature 
T and pA is the atmospheric pressure. 

We can also use the corrected retention volume 
(Vi) which is the effective volume of gas at the 
column temperature and outlet pressure necessary to 
elute the compound: 

Vi = j&F= = V, + Va 

where V, = j&Fc. 

fll) 

This volume is used to calculate the sample volume 
of the gas which can be passed through the sorbent 
bed without loss of the analyte in the gas (break- 

Area of A’B’D’F’ 
qdes = Area of A’~,-,,~~ 

> 

v 
AT’ 

c 
B (14) 

where V,,, is the eluent volume required for complete 
adsorption and VxF is the volume of eluent required 
for complete desorption. 

Point A indicates the first entrance of sorbate 
into the sample cartridge, and B’ marks the point 
at which flow of the sample mixture is stopped 
and desorption is begun by passage of eluting gas. 
If the experiment is done in the Henry’s law region, 
then the area of ABDF=area of A’B’D’F and 

gad8 = qdes. 

The weight capacity can also be calculated 
from frontal analysis experiments by using the 
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Fig. 13. The effect of presence of other components on the BTV value: A-breakthrough curve for 
a mixture of two components (A + B); B-breakthrough curve for component A: C-breakthrough 
curve for component B. 19’ R ( ep reduced by permission. Copyright 1978, American Industrial Hygiene 

Association.) 

expression?” 

4 da _ (2 - to)Fc C 
B - 

W 
(1% 

where 

is the time (set) needed to saturate the ad- 
sorbent, 
the retention time (set) of an unretained com- 
pound, 
the weight (g) of adsorbent, 
the carrier-gas flow-rate (ml/set) and 
the concentration of adsorbate in the carrier gas 

(g/ml). 

The sorption capacity can also be determined by 
passing a known volume of standard mixture con- 
taining an amount M, of analyte through the sorbent 
bed, then desorbing the analyte and measuring its 
amount Mp.L23*2*266 The collection efficiency (CE) 
can be calculated265 from 

CE = lOOM*/Mi% (16) 

The adsorption capacity can be determined 
graphically from the relationship CE -f(V). A 
sorbent trap is frequently divided into two sections 
packed with sorbent (front and back sections; see Fig. 
3). In such a case the capacity of a sorbent cartridge 
can be determined graphically from a plot of 
100M2/M, vs. V where M, and M2 are the masses 
found in the front and back sections respectively 
and V is the volume of a gas containing a known 
concentration of the analyte. 

Irrespective of the method of determination of the 
sorption capacity, the choice of sorbent is usually 

*References 8, 25, 26, 53, 77, 101, 167, 171-176, 179, 182, 
193, 223, 226230, 252, 255, 257, 260-263, 266, 267. 

based on comparative measurements.* There is a 
growing use of passive devices for evaluation of 
atmospheric pollution (mainly in workplaces), and 
these also need determination of the sorption 
capacity.260269 

The primary disadvantage of indirect methods of 
determination of sorption capacity (by means of V, 
and w) is their inapplicability for investigation of 
the effect of various parameters on the BTV or BTT 
values. The effect of these factors then has to be taken 
into account by means of empirical correction 
terms,25’ to give the “safe sampling volume”. The 
effect of various factors on breakthrough parameters 
has been comprehensively discussed in a number of 

papers. 25,26*161~19’,2’6 Some factors known to have im- 
portant effects on the BTV2sJ6~161J9’*216 include the rate 
and type of flow (steady state, cyclic or pulsating, 
laminar or turbulent), the relative humidity of the air 
and the water content of the sorbent, the concen- 
tration of contaminant, the temperature, the physico- 
chemical properties of the sorbent (surface area, 
porosity, surface characteristics), size of the granules 
and its relationship to surface area, activity and 
capacity of the sorbent, the physical and chemical 
properties of the gases and vapours (polarizability, 
dipole moment, quadrupole moment, etc), the de- 
sorption characteristics, the void fraction, and the 
presence of other components in the mixture (co- 
adsorption). By far the most extensive treatment of 
the subject is the series of papers by Nelson et 

a1.1~~179~2’2~214~z~~9 concerning the testing of organic 
vapour and gas cartridges (packed with charcoal) 
for their breakthrough (penetration, service life) 
characteristics. 

Figure 13 depicts 22*26~‘91~270 the mutual effect of the 
mixture components on the BTV value of a given 
component. For two- or multi-component mixtures 
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8TV, WV2 BTV, srv4 BTV 

Fig. 14. The e%ct of concentration of preconcentrated compound on the shape of the breakthrough curve 
and BTV value. 

the b~akthrough curve initially has the usual form, 
but later reaches a plateau at a concentration eonsid- 
erably higher than the concentration of the com- 
ponent with lower I3TV value, and finally becomes 
the breakthrough curve of the second component. 
This can be explained as due to competitive ad- 
sorption of the two compounds present in the mix- 
ture. The molecuies of the more strongly adsorbed 
compound (higher BTV] displace those of the more 
feebly adsorbed compound. The first plateau corre- 
sponds to enrichment of the gas phase with the more 
feebly adsorbed component, and gives the sum of the 
inlet concentration C, of this compound and the 
~ncen~~on of it produced by its displacement from 
the sorbent iayer by the more strongly adsorbed 
compound. The degree of enrichment (the difference 
between Cti and the plateau concentration) is propor- 
tional to the concentration of the compound more 
strongly adsorbed. 

Figure 14 shows the shape of the breakthrough 
curves and the dependence of the BTV value on the 
concentration of a preeoncentrated compound.25*E,is1 
In a number of papers* much attention was paid to 
the effect of various factors on the adsorption capac- 
ity. Suitable standard gaseous mixtures are necessary 
for this type of investigation. Many general 
reviews27f-2%5 have dealt with the preparatron and use 
of caIibmtion standards, so there is no need to discuss 
this problem in detail. Wowever, generation of stan- 
dard gaseous mixtures containing the analyte at very 
low concentrations always creates difficulties, but air 
pollutant concentrations of this order are necessary 
for model ~v~t~~tions of preconeentration on 
various sorbents (if the investigations are to reflect 
realistic levels of the pollutants). For this reason, it 
would be useful if the sorptive capacity at relatively 
high wncentration levels could be related to that 
at low, The breakthrough parameters (BTV or 
BTT) can be relamd to the concentration (c) of 
the compound in air, and for charcoal, the em- 

*References 49, 53, 75, 80, 82. 94, 96, 101, 107% 108, 130, 
134, 161, 167, 180, 183, 228, 252, 260, 264, 271-274. 

pirical Freundlich isotherm appears to apply. This 
equatioiPm takes the form: 

logBTT=loga+blogC (17) 

where a and b are constants. A similar equation 
giving the possibility of extrapolation to low levels, 
and used for other sorbents, has the form:22B2m 

BTv=-KlogC+B (181 

where K and B are constants. 

Practical aspects ofpreconcentration an solid sbrbents 

References to application of the most widely used 
sorbents are listed in Table 5, Tenax-Gc is widely 
used, mainly3% because its thermal stability allows 
thermal desorption of high-boiling organic wm- 
pounds. Moreover, it is hydrophobic and does not 
react with the majority of organic pollutants. 

Another sorbent of widespread application 
(Table 6) is ~l~~thane foam. Its large available 
surface area and ceIlular structure make it very 
suitable as an adsorbent and absorbent and as a 
column filling material. In microspherical form it has 
excellent capacity for firmly retaining various loading 
and extracting agents. The hydrodynamic properties 
of foam-filled wlumns have been shown to be very 
favourabie, and relatively high Row-rates can be 
attained by gravity flow. In general, the membrane- 
like structure of polyurethane foam makes ad- 
sorption and extraction (solid-liquid, solid-gas and 
liquid-liquid) with it fairly rapid. Its very low 
resistance to gas flow enabIes its application in high- 
volume air samplers,315 

Obviously3 other types ofsorbents, such as various 
types of charcoal, carbon molecular sieves and other 
carbon sorbents are also widely employed (Table 6) 
Of the porous polymers the following have found 
practical application as sorbents: Chromosorb 101, 
Chromosorb 102, Cbromosorb 105, Forapak N, 
Porapak Q. Forapak R, Porapak S, Porapak QS, 
XAD-2, XAD-4 and XAD-7. 

Several other sorbents, the properties of which are 
listed in Tables 2-4, have been employed in practice 
(Table 6). Combinations of two or more sorbents 
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Table 6. References to the most important sorbents 

Sorbent 

Tenax GC 

Polyurethane foam 
Charcoal 
Carbon molecular sieves 
Other carbon sorbents 
Chromosorb 101 
Chromosorb 102 
Chromosorb 105 
Porapak N 
Porapak Q 
Porapak QS 
Porapak R 
Porapak S 
XAD-2 
XAD-4 
XAD-7 
Silicalite 
Molecular sieve 10A 
Molecular sieve 13X 
A&% 
Florisil 
Silica gel 

References 

6, 36, 53, 82, 130, 131, 149, 180, 193, 260, 267, 
268, 271, 286305 
98-100, 105, 108, 111, 121, 266, 306 
74, 75, 78-80, 128, 139, 162, 264, 307 
52, 138, 151 
54, 60, 129, 156, 308 
309 
84, 310-312 
313 
59, 97, 194, 314 
56, 61, 104, 138, 315, 316 
59 
138, 255 
317 
85, 89, 90, 107, 110, 318 
83 
318 
319 
222 
113, 256, 320 
57, 321, 322 
255, 323 
92-94, 102, 112, 115, 119, 120, 180, 220, 324, 325 

(successive layers in a sorbent trap) have also found 
practical application.2~5,265,273,274,326,327 

In analytical practice, important parameters of the 
preconcentration are the flow-rate of gas through a 
sorbent bed and the volume of sample used. The 
literature values of the flow-rates and volumes used 
are listed in Table 7. 

Several commercially available and laboratory de- 
vices for the preconcentration of organic compounds 
have been described.* Figure 15 gives3% a schematic 
diagram of an apparatus for the measurement of 
concentrations of various organic compounds in air 
by means of the so-called simultaneous direct reading 

*References 137, 143, 144, 147, 154, 191, 314, 332, 333. 

indicator tube system (SDRITS). The system, which 
concurrently draws air through up to 10 separate 
calorimetric direct-reading detector tubes, has been 
developed for qualitative analysis for hazardous 
substances in air. The identification is limited to 
various defined groups of substances, such as acidic 
compounds, amines, alcohols, etc. 

CONCLUSIONS 

In the case of a tube having two separate sorbent 
sections, or of two tubes connected in series, the 
appearance of the contaminant in the second section 
indicates that some of it had penetrated through the 
front section, which was nearing saturation when 

Flow-rate, 
Urnin 

Table 7. Sample flow-rates and volumes 

Volume, 
1. References 

co.1 49, 56. 74-76, 88, 90-93, 96, 97, 110, 122, 

0.1-0.5 

0.5-10.0 

10.0-1000 
Gl.0 

1 .O-5.0 

5.0-10.0 
10.0-100 

100-1000 
l@-10’ 

183, 194, 264; 290, 291, .320, 303, 305, 308, 
320, 328 
6, 53, 77, 85, 86, 89, 101, 102, 117, 120, 
127, 129, 130, 134, 156, 180, 220, 255, 287, 
291, 294, 304, 318 
80, 100, 106, 113, 115, 158, 203, 265, 
288, 299, 311 
98, 99, 105, 107, 266, 273, 323, 329 
36, 130, 290, 320, 322, 328 
49, 52, 53, 77, 86, 88, 89, 96, 115, 117, 138, 
305, 318, 326 
7, 56, 75, 76, 85, 94, 120, 264, 302 
59, 74, 78, 79, 82, 84, 91-93, 102, 108, 110, 
113, 116, 118, 127, 151, 158, 267, 288, 291, 
304, 330 
47, 98, 100, 111, 128, 129, 203, 255, 273 
99, 105-107 

> 106 121, 266, 306, 323, 331 
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Fig. 15. Schematic diagram of the simultaneous direct reading indicator tube system (SDRITS): 
l-battery-powered pump; 2--three-way stopcock; 3-needle valve; 4--filter charcoal tubes; 5-Drgger 
tubes; bblank needle valve.3u (Reproduced by pe rmission. Copyright 1983, American Industrial 

Hygiene Association.) 

sampling stopped. Unfortunately, nothing is known 
about the state of the second section-whether it was 
saturated or not or whether contaminant had pene- 
trated through that section as well. A method has 
heen proposed 335 for calculating the amount of con- 
taminant loss that may have occurred, which can be 
added to the amount found in the two sections to give 
the total. Let the mass of contaminant adsorbed in 
the first section of a sorhent tube (or in the first tube 
in series) be M, and in the second section M2, and the 
loss (the mass not adsorbed in either section) M,. 
Over the duration of sampling the amount of mate- 
rial entering the tube is M = M, + M2 + M,. In either 
section the fraction retained (r) is: 

r = (input - output)/input (19) 

For the first section the input is M and the output 
M2 + h4, and, therefore: 

M,+M,+M,-(M,+MJ 
r, = 

M,+Mz+Ms 

M, 
=M,+M,+M, 

and for the second section: 

r =&M-M3 
2 

M2+M3 

442 
=- 

M2+M3 

(20) 

(21) 

In practice, the second section usually contains only Since the article was completed, several papers 
half the amount of sorhent in the front section. Let have appeared, and references to many of these may 
us assume that the fractional retention on the second be found in the review articles by Fox”~ and 
section is half that of the first section (this assumption especially that by Langhorst and Coyne.“’ 

is conservative); hence r, = r,,2 and 

M2 MI 
-= 

44, + M3 2(M, + A42 + M3) 
(22) 

Cross-multiplying, collecting terms and solving for 
M, results in 

M 
3 

= MM, + 2M2) 

M, - 2M2 
(23) 

A conservative estimate of the total mass of con- 
taminant the adsorption tube should have collected is 

M=M,+M2+ 
MAM, + 2M,) 

M, - 2M2 1 (24) 

= M;/(M, - 2MJ (25) 

This reasoning is valid only when M3 is a small 
fraction (not more than a few per cent) of M. 

The aim of this paper was a general discussion of 
preconcentration methods and not detailed 
presentation of the application of particular methods 
and techniques for preconcentration of vapours of 
specific compounds. Special attention is paid to use 
of solid sorbents for this purpose and to discussion 
of the basic parameters influencing the precon- 
centration (collection) process. 

The article is based on research papers published 
within the last few years. Most of the papers pub- 
lished during this period concern the application of 
various kinds of solid sorbent as collecting media. 
This does not mean, however, that other techniques 
are being abandoned-there is still wide scope for 
their application. 
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SHORT ~O~~~AT~~~S 

A ~YC-CRATED CARBON ROD ION-S~LE~~~ 
ELECTRODE FOR THALLIUM AND ITS APPLICATION 

TO THE ANALYSIS OF ROCKS AND MINERALS 

(Received 22 July 1987. Revised 28 January 1988. Accepted 5 February 1988) 

Smmn~ary-A new Tl(III) ion-selective electrode prepared by coating a graphite rod with a PVC membrane 
has been made and investigated. The optimum membrane ~~~~tiou is 3~~lrh~a~ne E-‘I’lw 5 mg, 
~~~~~~~ 0.1 zrx& dketyf ph~alate 8.4 n& PVC O.17 g. The &&rode exhibits I+.znstian response 
to n(m) ovee tile concentration range 6.5 X I&%2.5 x IO-%. The detection limit is 3.5 x IO-?&f and 
the slope of the electrode response is 53 rt 1 mV per decade. The electrode shows high stabiiity and 
selectivity. The electrode is easy to make and store, and inexpensive. 

Thallium, which shows crystallochemical affinities 
with the ~~he~i~~~ ~~~o~a~~ e-lements ~tasai~~ 
and ~~~~~~~ is an &rnerXt of ~I~~~ interest. 1% 
has been proposed as a geochernicai indicator in 
problems such as petrogenesis, rock-sea-water inter- 
action, and evaluation of the degree of sulphur 
saturation in a silicate melt.‘*2 

The abundance of thallium in geological material 
is very low so its dete~na~o~ requires highly 
sensitive analytical methode, such as fluorimetry, 
neutron activation, atomic-absorption spectrometry 
(AAS) and anodic stripping voltammetry (ASV). 
Fluorimetry has severe limitations due to inter- 
ference, neutron activation requires expensive facili- 
ties and a long time for ~~a~a~o~ and coo&g of 
samples, arrd AAS and ASV often require enrichment 
methods. 

We have already developed a PVC membrane 
electrode based on the Butylrhodamine B-AuCl; 
ion-pair as electraactive agent,3 and now propose 
Eu~lrh~~i~e B-TlC& as an eleetroactive agent 
for use in a PVC coating on a carbon rod efeetrcrde. 
This electrode, which needs nu internal reference 
solution and internal reference electrode, is easier and 
cheaper to make than conventional PVC membranes 
or all solid-state PVC membranes.4 The electrode has 
been used successfully for the dete~nation of Tl(II1) 
in ~olo~~~ reference samples. 

EXPERIMENTAL 
&tgeFm 

Analytical-reagent grade chemicals were used. 
Tl(III) stock solution,5 1 x 10-2M, dituted as required, 

w&b MM sodium chloride and 0.5&f hydr~lo~ acid. 
Carbon rod, ~t~~o~y pure, 8 mm d&meter. 

Preparation of efectmde 
Weigh 0.2 g of Butylrhodamine B and dissolve it in 5 ml 

of demineralized water, then add 1 ml of concentrated 
hydrochloric acid, 0.7 g of sodium chloride and IO ml of 

lO%f Tl(II1) stock solution dropwise. Centrifuge and wash 
the red precipitate with two 54 portions of 20% hydro- 
&lo&z acid. Dry the prod& at So”. 

The ODeium i%kei?lbmne 6xxllwition Ras been four& to 
be 5 mg of Butylrhodarnine BlTlq, 0.1 ml of &Ioro- 
benzene. 0,4 ml of dioctvl ohthalate and 0. I7 K of PVC. Mix 
these reagents in the ~160s stated, add 10 ml Gf tetrahydro- 
furan, stir, and let stand for 10 hr. Coat the carbon rod by 
inunersing it in the aoIution, removing it and allowing it to 
dry” Repeat the coating% taking care to get a ~~-d~s~but~ 
meznbrane. Leave the rueznbraoe in the air for about 12 hr. 
A thin membrane has poor stability and a short lifetime, 
but the response is slow if the membrane is too thick. A 
faur-layer membrane is a suitable compromise. Figure 1 
shows the structure of the coated carbon rod PVC mem- 
brane electrode. 

Before use, the electrode should be activated For 2 hr by 

min&alized water until the potential &a&e to an SCE is 
stable. 

The cell is 

carbon rod 11 PVC sensorlunknown soln. 11 SCE 

Tl(II1) hydrolyses and precipitates at pH >5, A 
reasonable pH range for use is O-5. The membrane 
resistance measured by the parallel resistance method 
is 0.1 MB The electrode response is immediate if the 
~u~tmtiou of Tl@f) is >10-% The response 
time is about 30 set in ~~-~-~~-~~ Tt(rrI). The 
potential reading taken every 30 min aver a period of 
3 hr had a drift of only rfr 1 mV. Potential readings 
taken five times in lo-‘M and 10e6M Tl(II1) alter- 
nately, showed no memory effect. Table 1 shows 
the ~p~du~bi~ty of the electrode response over a 
per&d of 4 days. 

Figure 2 shows a typical Tl(HF) calibration 
graph. The response is Nernstian (53 :‘s 1 mV/decade 
at lSo) over the concentration range 6.3 x lo-‘- 
2.5 x IO-3M. The detection limit is 3.5 x IO-‘M. 
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1 
2 
3 
4 

Table 1. Reproducibility of electrode response 

Response, mV 
1 x 10-3M Tl 1 x 10-4M Tl 1 x 10-5M Tl 1 x 10-6iM Tl 

-271 -321 -375 -428 
-271 -324 -378 -430 
-271 -323 -373 -427 
-271 -323 -374 -429 

U’I ; 
---H--- 

0.8 cm 

Fig. 1. Diagram of coated carbon rod PVC membrane 
electrode. 1, Electrical connection; 2, electrode cap; 

3, carbon rod; 4, PVC insulator; 5, PVC sensor. 

4 
-250 - 

-300 - 

P 

E -350 - 

4r 

-400 7 

-450 - 

I I I I I I* 

2 3 4 5 6 7 

PCnc,; 

Fig. 2. Typical calibration graph for ll(II1). 

The potentiometric selectivity coefficients of the 
electrode for some interferent ions, measured by 
the separate solution method, are listed in Table 2. 
The interference of other ions is negligible except for 
Au(II1). 

Analysis of geological samples 

Weigh 0.2 g of sample into a loo-ml beaker, and 
add 20 ml of freshly prepared aqua regia. Heat on a 
steam-bath until a moist residue remains, add 5 drops 
of concentrated hydrofluoric and perchloric acids, 
then heat on a hot-plate to fumes of perchloric acid. 
Heat with hydrochloric acid to drive off nitric acid, 
repeating the treatment twice, cool, transfer the sol- 

Table 2. Potentiometric selectivity coefficients (separate 
solution method) 

Foreign 
ion (j) 

Na+ 
K+ 

Mg2+ 
Zn*+ 
Bi”+ 
Ga’+ 
In’+ 
Al3+ 

KPo’ _ 
Tq ,I 

3.9 x 1o-4 
3.4 x IO-4 

: 
5.2 x 1O-6 
1.2 x 10-S 
6.7 x 1O-5 
4.7 x 1o-6 

Foreign 
ion (j) 

As3+ 
AU’+ 
NO, 
PO:- 
ClO; 

I- 
Br- 

Km’ _ 
TICI, .I 

1 
4.5 x 10-d 
1.2 x 10-6 
6.4 x IO-* 
2.6 x 1O-2 
9.5 x 10-d 

*Severe interference. 
tNo interference. 

Table 3. Determination of thallium 

Sample* 
Recommended Found, 

value, ppm PPm RSD, % 

GBW07302 1.90 1.92 1.0 
GBW07304 1.16 1.05 9.5 
GBW07305 1.08 1.07 1.0 
GBW07306 1.20 1.20 0.0 

*Chinese reference standard (formerly Chinese stream- 
sediment reference standard). 

ution to a 50-ml standard flask, and dilute to volume 
with OSM sodium chloride/O.SM hydrochloric acid. 
Analyse for Tl(II1). Table 3 shows typical results. 

CONCLUSIONS 

The carbon-coated PVC membrane electrode is a 
new type of PVC membrane electrode with good 
characteristics. The electrode is easy to prepare, 
convenient to use and preserve, inexpensive and 
reliable, and has a long lifetime. There is good 
adherence of the PVC membrane to the carbon rod, 
and the rod can be used repeatedly. The technique is 
extremely economical. 

Acknowledgement-We thank Mr Xu Peifan and Mr Chang 
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Summary-The potential of a liquid ion-exchange membrane electrode with a weak-acid primary anion 
has been studied in the pH range l-12. A mathematical model has been designed for describing the 
dependence of the potential on pH and including changes of the activity of the primary anion A- (of a 
mono- or dibasic acid) in a test solution, extraction of the membrane ion-exchanger into the test solution 
by protonation in the acidic region, and interference by HSO: during adjustment of pH with sulphuric 
acid. 

This paper is a part of a larger study dealing with the 
influence of pH on the potential response of liquid 
ion-selective electrodes (ISEs). The earlier studies 
concentrated on the interference of HSO; on anion- 
exchange electrodes’ and the influence, on the mem- 
brane potential response, of trace impurities in nitro- 
benzene used as a membrane solvent.* This paper is 
concerned with the potential response of anion- 
sensitive electrodes with a weak-acid anion as their 
primary ion, as a function of pH. Benzoic acid was 
chosen as the model of a monobasic acid, phthalic 
acid as a model dibasic acid. The dependence. of the 
potential on pH has already been reported for ben- 
zoic and phthalic acids,‘s4 but has not been studied in 
detail. This work is concentrated on a mathematical 
description of the effect of pH changes on the poten- 
tial of such ISEs. Thus it is necessary not only for 
understanding how such electrodes function at 
different pH values but also for selection of the 
optimal pH for their analytical use. 

redistilled water, shaken with 1M ammonia solution, 
washed with water again, dried with an activated mixture of 
an aluminosilicate molecular sieve 4A and alumina and 
distilled under reduced pressure. 

Crystal Violet (CVW-) was refined repeatedly by con- 
version into the free base with alkali, extraction into chloro- 
form and stripping with an equivalent amount of hydro- 
chloric acid. A membrane solution containing 10m4M 
CV+A- (A- represents the anion of the corresponding 
organic acid) was DreDared bv shaking 10 ml of uurified NB 
wi‘ih an aqueous &xiure of-10 ml of 10e4M &+Cl- and 
10 ml of lo-‘M Na+A-. After separation of the phases, the 
membrane solution was washed with redistilled water. 

Sodium benzoate (Na+Benz-) and sodium hydrogen 
phthalate (Na+HPhthal-) were prepared from the corre- 
sponding acids of analytical reagent grade by neutralization 
with sodium hydroxide. 

Sulphuric acid and sodium hydroxide of analytical re- 
agent grade were used without further purification. The 
sodium hydroxide was used in the form of a 50% solution, 
containing only a negligible amount of sodium carbonate. 

Apparatus 

The emf of the cell 

1 
Na”A- + NaOH 10e4M CV+A- 10e3M Na+A-, AgCl(Ag 

1 in NB Al_;W3” NaCl Hg’HgzC1’ satd*Kcl/i + H,SO, 
(4 

The presence of weak acids in the test solution or 
in the membrane may be a source of serious inter- 

and the pH were measured with an MV 88 Priicitronic 
precision pH-meter (GDR). A--1SE in cell A was an 

ferences and distort the pH-characteristics of strong- electrode with a liquid membrane of 10e4M CV+A- in NB 

acid anions. (A- = Benz- or HPhthal-). The electrode body, which 
allows good reproducibility, has already been described.s A 

EXPERIMENTAL 
Radiometer K 401 saturated calomel electrode, and G 202 
B glass electrode were used. 

Reagents 

Nitrobenzene (NB) of analytical reagent grade was 
Procedure 

shaken with 20% v/v sulphuric acid, then washed with The 50% sodium hydroxide solution was added by micro- 
pipette to lo-‘, 10e4 or lo-‘M Na+A- solution to give a 
pH of ea. 12.3. The pH was then decreased stepwise by 

*Author for correspondence. addition of SO% v/v sulphuric acid from a micropipette, so 
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that the total volume of the measured solution remained 
practically unchanged. The emf of cell A was then measured 
at each pH value (at 25 + I”, in unstirred solution). 

Relationships used 
The equilibrium concentrations of the ions [L-l (a mono- 

basic acid anion) or [HL-] (a dibasic acid anion) can be 
expressed by means of the total analytical concentration: 

c “I_ = WLI + [L-l (1) 

c HIL=w-l+wL-l+[L2-l (2) 
and corresponding dissociation constants K; or KY and K;: 

(3) 

@a) 

(4W 

By combination of (1) and (3), or (2), (4a) and (4b), 
expressions for [L-l or B-IL-1 can be obtained: 

cHL 

[L-1= I + [H+]f,+f,-lK; 

CHIL 

[HL-l = 1 + K;fHL-/[H+]fH+fLZ-+ p+]fH+fHL-/K;I (6) 

The total ionic strength I in the measured solution changes 
during evaluation of E = f @H) by about an order of 
magnitude. The relationship for I =f (pH) was derived 
earlier:’ 

I=(10-m-10’-pXW+[Na+]-[A-])(l+3x 10”) (7) 

1+ 2 x 10” + [A-] + lo”-pKw 

where m = pH + log fH+ , n = pH - PK~~,~,) + iog fHsor - 
log fa-, & is the ionic product for water and [A-] 1s the 
equilibrium concentration of the primary anion. The con- 
tribution of [L2-] to the total ionic strength is negligible and 
it is not taken into account in equation (7). 

The values of the molar activity coefficients f; for ionic 
strengths I up to 0.2M were calculated from the extended 
Debye-Hiickel equation 

-1ogf; = 
0.509 JI 

1+0.33a,JI 
(8) 

where a, is the Kieland parameter for ion i and Zis expressed 
by equation (7) for f; = 1. The values were obtained by 
iteration. 

Provided that undissociated HL or H,L, and L*- do not 
ive a ootential resoonse with the corresponding ISE, it is 
sssiblk to express ‘fhe emf of the cell A in the &esence of 
interfering bisulphate anions by the Nikolskii equation 

E = E,,- S log(a$ - +kE,usor(app.) ausor) (9) 

where a:_ is the activity of the primary anion (L- or HL-) 
in the measured solution close to the membrane surface, E,, 
is the emf for a,_ = 1 and a,,, = 0, S is the response slope 
of the A--1SE and kE,.,,(app.) is an apparent 
concentration-dependent selectivity coefficient,6 the value of 
which can be calculated from the equation’ 

k&Rq,(app.) = $4(1 -B) - C 

+ {[A(1 -B)+ C]2+4AB(C + u”,,/u,-)}“21 (10) 

where A = kPfl A Hwr, B = Q/aHs9c, C = a:- /aHsOr ; A iS a 
concentration-independent selecttvity coefficient, Q is the 
critical concentration of the membrane,’ U is the mobility 
(in water) of the ion indicated by subscript. The calculation 
was done with the following values: 

/c&-,~~ = 1.52 x IO-*, k~~M-.Hsor = 5.62 x lO-5, 

Q = 5 x IO-‘M, and UHsor/UBau- = UHsor /U,,,,,- = 2. 

The activity ai- of the primary anion A- close to the 
membrane surface includes the equilibrium activity a,- of 
the anion A- in the bulk of the measured solution, increased 
by a quantity extracted from the membrane, a& and a 
contribution caused by protonation of CV+ at low pH. a:- 
can be expressed approximately by the relationship derived 
earlier,’ 

a:- = f {a,,- + [a:- + 4(K,,, IO-PH + 1)ag2]‘/*} (11) 

where a,- = [A-]fA- and [A-] is given by relationship (5) 
or (6), and similarly 

or 

ag=a D 
i( 

1+[H+lf f- 
GIL 

H+ L (12) 

ag=a K;,tiIL.f"L- w+] 
D l +(H+]fH+fL2_+GfH+fHL- (13) 

where a, is the detection limit* of the A--PIE used, Kpm, is 
the protonation constant of CV+ + H++HCV2+ in the 
aqueous medium; for calculations the value Kpmt = 21, 
determined photometrically, was used. 

The following relationship’ was derived for the HSO; 
activity as a function of pH 

10-m(lO-m + ma+] -[A-]) 

aHsor = (lo-” - lo&!f,,, + 2KzIfH+fa-) (14) 

where m = pH + log f_,+ and K2 is the dissociation constant 

K, = a,,+ aa_ /a,, 

The values9 of the thermodynamic dissociation constants 
KA and the experimentally determined detection limits a, 
are given in Table 1. 

RESULTS AND DISCUSSION 

Figure 1 shows the dependence of the Benz--NE 
potential on pH for cm = 10m3M (curve l), 10e4A4 
(curve 2) and 10e5M (curve 3). (Individual curves are, 
for easier reading, shifted along the potential axis.) 
At pH > 5.7 the potential is constant with repro- 
ducibility of +0.5 mV, benzoic acid is dissociated 
completely and the electrode may be used for anal- 
ytical determinations. This experimental result is in 
accordance with the theory: if the Benz--1SE poten- 
tial is expressed (in a simplified way) by means of 
relationship (S), E = E. - S log[c,,/(l + [H+]/K;)], 
the significant change of hE > 1 mV (i.e., increas- 
ing potential with decreasing pH) is given by 
S log(1 + [H+]/K;) > 1, and the solution of this in- 
equality for S = 59 mV/pH is the relationship pH < 
pK; + 1.4 (i.e., for the Benz--DE pH < 5.6), which is 
valid generally for all the weak monobasic acids. 

With decreasing pH the potential increases in the 
same way as the primary anion activity decreases, 
owing to formation of the non-dissociated acid [the 
dashed line calculated according to relationship (5)]. 
With further decrease in pH the HSOr anion inter- 

Table I. Constants used 

Anion PKA pa, 

HSOi 1.99 - 
Benz- 
HPhthal- 

4.19 4.62 
2.95 5.95 
5.41 
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I I 

2 6 10 

PH 

Fig. 1. Dependence of the emf of the Benz--1SE as a 
function of PH. Membrane 1 x IO-‘&f CV+Benz- in NB. 
Measured solution: (1) 1 x lO-)M Na+Benz-; (2) 1 x 

lo-*it4 Na+Benz-; (3) 1 x 10e5M Na+Be.nz-. 

ference (due to addition of H2S04) appears as well as, 
at lower values of cnL, extraction of the CV+Benx- 
ion-exchanger (determining as) from the membrane 
into the measured solution, and protonation of CV+.’ 
The circles mark the points obtained experimentally, 
the full line is the theoretical dependence calculated 
according to relationship (9) by using relationships 
(10)-(12) and (14), including all the mentioned 
intluences. For the solution with cnL = 10e3A4, only 
the HSO< interference appears. The influence of 
extraction and protonation is negligible because cnL 
is approximately two orders of magnitude higher 

00 0 

L I I I 1 
2 6 10 12 

PH 

Fig. 2. Dependence of the emf of the HPhthal+-ISE as a 
function of pH. Membrane: 1 x IO-‘M CV+HPhtbal- in 

NB. Measured solution: 1 x lo-‘M Na+HPhthal-. 

than the detection limit a, of the Benz--1SE. With 
decreasing cm the influence of the extraction and 
interference of HSOi is more marked. The influence 
of CV+ protonation appears at pH < 3 in those cases 
when the influence of extraction on alf cannot be 
neglected. The necessity of correcting JEP&-,Hsoi ac- 
cording to relationship (10) appears at pH = 2.3-3.2 
where unso- is close to the critical value of 
Q = 5 x 10jM. The value of kgm_,,soi was deter- 
mined indirectly by means of a Cl--1SE and calcu- 
lation from: 

log k’~-,HSOi = log k~~-,a- + log k~,“,i .’ 

Good correspondence between the theoretical and 
experimental curves certifies that the given mathe- 
matical model includes all the important factors 
influencing the Berm--1SE potential. At the curve 
maximum, where various contradictory influences act 
most sensitively, the theoretical curve differs from the 
experimental one by only 0.5 mV for cn,_ = lo-‘M, 
1.3 mV for cHL = lo-‘it4 and 6 mV for cm = lo-‘M. 

Figure 2 shows the pH-dependence of the 
HPhthal--1SE potential for cHL = lo-‘M. Phthalic 
acid, as a dibasic acid, shows the maximum of the 
function [HL-] = f (pH) according to equation (6) at 
pH = (PK, + p&)/2 = 4.18, to which the minimum 
on curves 1 and 2 corresponds. Curve 1 represents the 
theoretical dependence where the primary ion activity 
is expressed by relationship (6). The full curve 2 
includes the influence of HSOi interference, extrac- 
tion of CV+ from the membrane and the consequent 
protonation of CV+. It was calculated from re- 
lationships (9X11), (13) and (14). It is in very good 
agreement with the experimentally obtained points 
(circles) in the acidic region. Towards the alkaline 
region, the correspondence between experiment and 
theory is less satisfactory. At pH > 9 and in the 
absence of HPhthal-, the potential response is 
influenced by traces of impurities from the NB, most 
probably by the anion of nitrophenol.2 For practical 
purposes, this electrode can be used if the pH in the 
measured solution is adjusted precisely to the value at 
the minimum of the curve. 
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SEPARATION OF SELENIUM(IV) AND 
TELLURIUM(IV) FROM MIXTURES BY EXTRACTION 

CHROMATOGRAPHY WITH TRIOCTYLPHOSPHINE OXIDE 
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Summar-The reversed-phase extraction chromatographic separation of selenium(IV) and tellurium(IV) 
from several elements with trioctylphosphine oxide as extractant is reported. Selenium was extracted from 
6M hydrochloric acid containing 7h4 lithium chloride and was stripped with 4h4 hydrochloric acid, and 
tellurium was extracted from either the same medium as selenium or from 4M hydrochloric acid, and 
stripped with l-2M hydrochloric acid. Selenium and tellurium can be separated from multicomponent 
mixtures. 

Extraction chrorhatography with TBP has been used 
for the separation of selenium(IV) and tellurium(W) 
from other species.‘-3 Trioctylamine4v5 has been uti- 
lized for the separation of tellurium(W) from tin, lead 
and antimony(V), and Amberlite LA-26 for its sepa- 
ration from indium. Bis(2-ethylhexyl)phosphoric acid 
(HDEHP) has also been used for the separation of 
tellurium and antimony. However, the chro- 
matographic behaviour of selenium(IV) and tellu- 
rium(IV) with trioctylphosphine oxide has not hith- 
erto been reported. 

EXPERIMENTAL 

Apparatus 

The chromatographic column was made of a borosilicate 
glass tube, bore 8 mm, length 20 cm, fitted with a glass-wool 
plug at the base. 

Reagents 

A O.lM trioctylphosphine oxide (TOPO) solution was 
prepared by dissolving 1.94 g of the reagent (Merck) in 100 
ml of toluene. 

Silica gel (BDH) (60-120 mesh) was dried at 120” for 2 
hr and stored in a desiccator. Some of the silica gel was 
packed in a U-tube through which was passed a stream of 
dry nitrogen that had been bubbled through a small Durand 
bottle containing about 20 ml of dimethyldichlorosilane 
(DMCS). The passage of DMCS vapour was continued for 
2-3 hr. The silica gel was then washed with anhydrous 
methanol and dried. A 3-g portion of the silaned silica gel 
was soaked in 5 ml of 0.1 M TOP0 in toluene for 24 hr. The 
solvent was then evaporated till the gel was nearly dry. A 
slurry of the coated silica gel in distilled water was prepared 
by centrifugation at 2000 rpm and the coated silica gel was 
packed into the chromatographic column to give a bed 
height of 8 cm. The bed was then covered with a glass wool 
plug and the column covered with opaque paper to avoid 
photochemical degradation of the extractant. 

The stock solution of selenium(IV) was prepared by 
fusing 500 mg of powdered selenium with sodium hydrox- 
ide. The fused mass, after cooling, was extracted with water 
and the solution made up to 100 ml with addition of 
sufficient hydrochloric acid to give a final 1% v/v concen- 
tration of the acid. The solution was standardized by 
precipitation of elemental selenium’ and found to contain 

4.50 mg/ml selenium(IV). A 60 pg/ml solution was then 
prepared by appropriate dilution. 

The stock solution of tellurium was prepared by dis- 
solving 500 mg of powdered tellurium in aqua regia. The 
solution was evaporated to dryness and the residue taken up 
in water, and the solution made up to 100 ml to contain 1% 
v/v hydrochloric acid. The solution was standardized 
gravimetrically* with weighing as elemental tellurium. It 
contained 5.00 mg/ml tellurium(IV). A 50 yg/ml solution 
was prepared by appropriate dilution. 

General procedure 

An aliquot of solution was made 6M in hydrochloric 
acid and ?M in lithium chloride for extraction df selenium, 
or 4M in hvdrochloric acid for extraction of tellurium. 
The solutioh was passed through the coated silica 
gel column at 0.5 ml/min. The selenium or tellurium extrac- 
ted was stripped with mineral acids and salt solutions. 
Twenty 2-ml fractions were collected, which were analyscd 
for selenium spectrophotometrically at 345 nm with 3,3’- 
diaminobenzidine9 and tellurium(IV) as its iodide complex 
at 340 nm.‘O 

RESULTS AND DISCUSSION 

Extraction studies 

It was observed that there was no extraction of 
selenium(IV) from l-6&4 hydrochloric acid. Addition 
of lithium chloride (as salting-out agent) to 6M 
hydrochloric acid increased the retention of sele- 
nium(IV). Extraction of selenium(IV) was quan- 
titative from 6M hydrochloric acid containing 7M 
lithium chloride. 

Similar studies showed that retention of tellu- 
rium(IV) on the column was quantitative from 4-6M 
hydrochloric acid and also from 6M hydrochloric 
acid containing 7M lithium chloride. At lower con- 
centration of hydrochloric acid (l-3M) tellurium(IV) 
was not isolated on the column. 

Stripping agents 

Selenium was found to be stripped by l-6M 
solutions of all mineral acids or their salts and tellu- 

594 



595 

Table 1 

Metal ion 
olrr) 

Gallium 
(15) 

Indium 
(75) 

Germanium 
(22) 

Tin(W) 
(59) 

Antimony(II1) 
(60) 

Bismuth 
(96) 

S$eniumfIV) 
(60) 

Tellurium(W) 
(50) 

Extraction 
conditions, 
IHCll, M. 

1.5-6 

2-6 

4-6 

OS-6 

0.25-0.75 

0.5 

6 + 7M LiCl 

4-8 

Stripping afgents 

O.l-1M HCl, HNO,, H,SG,; 
NaCl, =NO, and HrO 

O.Ol-O.SM HCI; O.Ol-1M HNOs, H,SO,; 
0%2M NaCl, NH,NO, and H,O 

0.1-4M HCI; 0.25-3M HNO,, H,SO,; 
0%2M NaCl, NaNOs; NH,Cl and H,O 

054M HNO, 

2-5M HCI, HNO,, HrSO, 

1.54M HCI; 3-7M HNO,; 
14M H,SO, 

1.6M HCl, HNO,, H2S04; 
I-7M LiCl, NaNO, 

O.l-3M HCl, HNO,, H2SOe; 
1-3M LiCl, NaNO, and H,O 

rium(IV) with 1-3M solutions of the mineral acids or column. The selenium(IV) or tellurium(IV) extracted 
salts (Table 1). could be stripped with 6M or 1M h~dr~~o~c acid 

Separation of selenium@V~ or teilurium(TV) from 
respectively. It was possible to separate selenium(IV) 

binary mixtures with other ions 
or tellurium(IV) from any of the elements in the 
binary mixtures in concentration ratios of 1:200. 

Selenium(W) was extracted from 6M hydrochloric 
acid containing 7M lithium chloride [or tellurium(IV) App’icutions 
with 4M hydrochloric acid] in the presence of any of Separation schemes can be worked out from the 
the other ions added, the latter passing through the following info~ation. Cu(II), Cd, Mn(II), Co, Tl(I), 

Table 2. Separation of selenium(IV) from multicomoonent mixtures 

Mixture 

1 cu 
WV) 
Te(IV) 

2 Cd/Mn 
WV) 
Sc 

Eluent 
Taken, Found, Recovery, volume 

!% icg % Eluent ml 

50.5 99 6M HClllM LiCl* 

180 

70 
60 
50 

59.2 

60.2 
178 

69 
59.5 
50.5 

80.5 
59 
50 
14.7 

48.5 
60.2 
22.1 
63 
49.6 

75.5 
59.8 
7s 
74.8 
so 

65 
180’ 

100.3 

100.3 
98.9 

98.6 
99.2 

101 

100.6 
98.3 

100 
98 

99 
100.3 
100.5 
100.8 
99.2 

100.7 
99.7 

100 
98.8 
98 

101.4 
100.8 
100 

6MHCI’ 
1M HCl 

6M HCl/7M LiCl* 
6M HCl 
2M HCl 

12 

8 
10 
10 

3 CorWI) 80 
WV) 60 
Tb 50 
Ga 15 

4 Ni 
Se(IV) 
Ge 
WII) 
Mo(V1) 

5 PbfMg 
WW 
Zr 
Ga 
CrW) 

6 Al 
ScW) 
Te(IV) 
Sn(Iv) 

2 
22 
62.5 
50 

75 
60 
75 
75 
51 

70 
60 

180 
59 

6M HCl/?M LiCl* 
6M NC1 
2M HCl 
O.lM HCl 

6M HClf7M LiCl* 
6M HCl 
2M HCl 
0.25M HCl 
O.lM HCl 

6M HClf7M LiCl* 
6M HCl 
2M HCl 
O.lM HCl 
H2O 

2M HNO, 

6M HCl/7M LiCi* 
6M HCl 
1M HCl 

Au(II1) 100 

*Sample solution medium. 

99 99 7M HNO, 

1:: 
10 
8 

1: 
12 
16 
16 

8 

t8 

282 

8 
10 

t; 
14 
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Table 3. Separation of tellurium(W) from muilticomponent mixtures 

Mixtures 

Eluent 
Taken, Found, Recavery, volume, 

?Jx Itf: % Eluent ml 

1 

Te(IV) 

2 Ni/As(III) 
Te(IV) 
Fe(II1) 
MO(W) 

3 CO 

Ge 

zzV) 
Sn(IV) 

4 
&V) 
Teff V) 
Cr(VI) 

5 Mg 
Te(IV) 
In 
Mo(V1) 
CW) 
Tl(iIf) 

6 CU 
Sc(IV) 
Ge 
Te(Iv) 
Sn(IV] 

76 101.3 6M HCl/?MLiCf* 8 
59.5 99.2 6M HCI 10 
49.8 99.6 1M HCl 12 

5Q 49.5 99 4M WC1 8 
50 50.1 100.2 2M HCl 16 
62.5 63 110.8 0.25M HCl 14 
50 51 102 O.lM HCl 16 

80 
22 
50 
15 
59 

; 
SO 
51 

75 
50 
75 
50 
51 

loo 

z(: 
22 
50 
59 

80.3 
21.8 
49.8 
15.3 
59.2 

100.6 

zz:: 
102 
100.3 

8 
30 
16 
8 

10 

50.5 
60.2 
50.2 
50 

10 
10 
12 
22 

15.5 
50 
74.1 
50.5 
50 
99 

lg.3 
100.4 
98 

loo.7 
100 
98.8 

101 
98 
QQ 

5M HCI 
4M HCl 
2M HCI 
O.lM HCl 
2M HNO, 

6M HCl/7M LiCI 
6M HCl 
IM HCl 
H,G 

4M HCl 
2M NC1 
0.25M NC1 
O.lM HCl 
HZ0 
5% ll~drazine 
sulphatej 
0.5M H,SO, 

6M HCl/7M LiCl 
6M HCl 
4M HCl 
1M HCl 
2M HNO, 
7M HN0, 

8 
16 
20 
16 
22 
12 

50.2 
59.5 
22.2 
49.5 
59.2 

98.4 
99.2 

101.9 
99 

100.3 
101 

10 
10 
30 
12 
10 
14 loa 101 

Ni, Pb, Mg and Al are not extracted by the column 
from 6M hydrochloric acid/TM lithium chloride me- 
dium, but SC, Th, Zr, Ge, Ga, Fe@), Mo(VI), 
Cr(VI), In, Se(W) and Te(Iv) are quan~~tively 
extracted and can be stripped in the following order: 
Se(IV) with 6M hydrochloric acid, Gc with 4M 
hydrochloric acid, Te(IV), Sc, Th, and Zr with 2M 
hydrochloric acid, Fe(II1) and In with 0.25M hydro- 
chloric acid, Mo(VI) and Ga with 0.1 M hydrochloric 
acid, Cr(vr] with water. Ge can be quan~ta~ve~y 
extracted from SM hydrochloric acid and stripped 
with the 4M acid. 

Sn(IV), Au(II1) and TI(II1) are also quantitatively 
extracted and can be stripped (after Se, Ge and Te) 
with 2M nitric acid, 7M nitric acid and OSM sul- 
phuric acid/S% hydratine sulphate solution re- 
spectively. 

Te(KV) cannot be separated from Sc, Th and Zr; it 
can be stripped with I-3M hydrochloric acid. 

Some results for analysis of various multi- 
component mixtures are given in Tables 2 and 3 to 
illustrate the efficiency of the system. All elements 
were determined ~trophotornet~~~ly.~~ 

The separation of seienium from iron, lead, 
arsenic, bismuth, copper, nickel and cobalt is im- 

portant, as they are associated with selenium in 
minerab. The separation of tellurium from lead, 
bismuth, iron, copper and antimony is of signifkance 
as they are present in teEurium minerals. The time 
required For separation and determination is about 2 
hr. 
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Summary--The optimum experimental conditions with respect to pH, adsorption potential and 
Solochrome Violet RS concentration for the constant-current stripping determination of iron(Ill) have 
been investigated. The suggested procedure has been used for the determination of iron(Ill) in tap water 
and the accuracy investigated both by analysing standard solutions and by comparison with results 
obtained by atomic-absorption spectrometry. The relative precision was 6-13% and the detection limit 
for iron(III), set by the reagent blank, was approximately 1 ttg/l. The results obtained with a mercury-film 
coated carbon-fibre flow electrode have been compared with those obtained with a hanging mercury drop 
electrode. The advantages of measuring electrode potential vs. time instead of vs. current have been 
evaluated. 

In recent years a large number of methods have 
been reported for the determination of various trace 
elements, based on adsorptive accumulation at a 
constant electrode potential and subsequent electro- 
chemical reduction and desorption (stripping). ! 
Among the main advantages of this technique 
are high sensitivity and simple instrumentation. The 
adsorbed complex of the element can be reduced 
according to two main principles. In that most fre- 
quently exploited, reduction is performed by means 
of a cathodic potential ramp during which the reduc- 
tion current is monitored as a function of the elec- 
trode potential. Alternatively, the reduction can be 
performed by applying a constant current through 
the working electrode, with simultaneous monitoring 
of electrode potential vs. time. The latter approach, 
which is referred to here as constant-current stripping 
analysis, has previously been exploited in the 
determination of molybdenum(VI), 2 uranium(VI), 3 
cobalt(II), 4 nickel (II) 4 and some electroactive drugs)  
As demonstrated in those papers, computerized 
constant-current stripping analysis has the distinct 
advantage that samples can be analysed without 
deoxygenation, and also, when a multiple scanning 
mode is used, the range of linearity between anal- 
ytical signal and analyte concentration is extended 
considerably. Furthermore, when the technique is 
used in the flow mode the analyses can be highly 
automated. 

Owing to the need for sensitive methods for 
the determination of iron(Ill),  various reagents likely 
to be suitable for adsorptive stripping analysis for 
iron(Ill) have been investigated. Van den Berg and 
Huang have suggested the use of catechol for the 

adsorptive deternaination of iron(III). 6 This reagent, 
however, suffers from insufficient selectivity with 
respect to iron(II), lead(II) and copper(II). Con- 
sequently, the present work focuses on the use of 
Solochrome Violet RS (SVRS), a reagent which has 
previously been used by Latimer 7 and Rooney and 
Mclver s for the polarographic determination of  
iron(III). During the final stages of this investigation 
Wang and Mahmoud 9 published an absorptive strip- 
ping method for iron(III), based on use of this 
reagent. Even though their instrumental method, 
monitoring of current vs. potential, differs from the 
present method of constant-current stripping, and 
their working electrode, the hanging mercury drop 
electrode, differs from the present mercury-coated 
carbon-fibre flow electrode, the reduction mechanism 
at the electrode surface is the same. For  this reason 
all mechanistic discussions have been omitted from 
this paper. 

To demonstrate the utility of  the present method 
and to permit comparison with the Wang and 
Mahmoud 9 approach a complete analytical pro- 
cedure for the determination of iron(III) in tap water 
has been devised. 

EXPERIMENTAL 

Instrumentation 

A laboratory-constructed computerized potentiometric 
and constant-current stripping analyser was used in all 
investigations. With this instrument six different solutions 
can be drawn into the flow-cell in any selected order by 
means of a peristaltic pump, and the electrode potential, 
flow-rate, magnitude of stripping current and opening and 
closing of magnetic valves are all under computer control. 
After recording the analytical and background potential vs. 
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Fig. 1. Effect of (a) pit  (b) SVRS concentration and (c) 
adsorption potential on the stripping peak area for iron(III). 

time transients with a real-time sampling rate of 25.6 kHz 
and a potential resolution of 1 mV, the analyser performs 
differentiation, digital filtration, background subtraction, 
stripping-peak location and integration and, finally, evalu- 
ation and graphical presentation of the analytical results, 
obtained by either a calibration curve or standard-addition 
procedure. The analyser I° and several applications H-13 have 
been described in detail elsewhere. In all investigations 
reported here an averaging filter of 30 mV and a 
Savitzky-Golay filter of 15 mV were used. 

The drinking water samples were also analysed by 
graphite-furnace atomic-absorption spectrometry 0/arian 
AA-1475). 

In the batch procedure a Princeton Research Model 303 
hanging mercury drop electrode (HMDE) (small drop size) 
was used in combination with a platinum wire counter- 
electrode and a calomel reference electrode. 

Flow electrode 
A 10 ttm diameter carbon fibre, inserted perpendicular 

to the direction of flow in a poly(vinyl chloride) tube 
with an inner diameter of 0.80 ram, was used as the 
working electrodeY Downstream from this electrode a 
platinum tube and a thin-layer cell saturated calomel elec- 
trode (SCE) were used as the counter-electrode and refer- 
enee electrode, respectively, l° All potentials cited below are 
vs. SCE. 

Reagent and solutions 
All chemicals were of analytical grade except the nitric 

acid and sodium acetate, which were of Suprapur grade 
(Merck). All dilutions were made with "Miilipore" water. A 
stock solution of SVRS (10-3M) (Pfaltz and Bauer, Inc., 
USA) was prepared by dissolving the reagent in water. A 
stock solution of iron(III) (1 g/1.) was prepared by dissolving 
atomic-absorption standards (pH Tamm, Sweden) in water. 
Drinking water samples were taken from the water tap in 
the laboratory after at least one minute of free running. 

The mercury-film plating solution consisted of 100 mg/l. 
mercury(II) nitrate in 0.10M nitric acid. 

Mercury-film surface renewal 
Before each analysis the mercury-film surface was re- 

newed by applying a potential of - 1.80 V with the electrode 
system in the mercury plating solution, for 10 sec. 

Procedure for iron (1II) in tap water 
Add 0.40 ml of concentrated nitric acid to 40 ml of tap 

water and allow the mixture to stand at room temperature 
for at least 30 min in order to permit dissolution of all 
hydroxide particles. Add 10 ml of 1M sodium acetate, 5 ml 
of 10-SM SVRS and make up to 100 ml with water. The 
resulting mixture should have a pH of 4.5. Perform the same 
procedure with another 40-ml tap water sample to which an 
iron(llI) spike equivalent to 25/~g/1. has been added. 

Place the solutions at two of the inlets of the analyser, 
perform the mercury-film renewal procedure and electrolyse 

the sample at a potential of -0.42 V for 8 see and a 
flow-rate of 0.40 ml/min prior to stripping the sample with 
a constant current of 1.5/zA until a potential of - 1.30 V 
is reached. After 5 sec at this potential apply a potential 
of -0.42 V for 1 see and record a background scan over 
the same potential interval. Repeat the recording of the 
analytical and the background scans seven times. 

In the digital evaluation procedure, the analyser subtracts 
the accumulated background scans from the accumulated 
analytical scans, locates the stripping peak potential by 
searching the potential interval from -0.58 to -0.80 V 
and, finally, integrates the peak over an interval of 
+ 0.09 V around the peak potential. The stripping time thus 
obtained is displayed on the printer/plotter together with a 
graph of the stripping curve. The analytical procedure is 
repeated on the sample to which iron(III) has been added 
and the sample concentration of iron(IlI) is automatically 
evaluated by use of the standard-addition equation. 

RESULTS 

Optimum pH, SVRS concentration and adsorptive 
deposition potential 

The effect of  pH  on the area of  the stripping peak 
was investigated by using the procedure described 
above for tap water, with a solution containing 10 
/~g/l. iron(III). The results, displayed in Fig. l(a), 
show that the sensitivity increases as the pH is 
increased from 4 to 7, above which it decreases. Even 
so, pH 4.5 was chosen for the tap water analysis, the 
reason being that at this pH the conditional constants 
for the SVRS complexes of  likely interferents are too 
small for these complexes to be formed in appreciable 
amounts.  ~5 

The effect of  SVRS concentration at an adsorption 
potential of  - 0 . 4 5  V and pH 4.5 is shown in 
Fig. l(b). Obviously the SVRS concentration is not  
a very critical parameter and a concentration o f  
5 x 10-5M was chosen for the analytical procedure. 

The effect of  adsorption potential on stripping 
peak area at pH 4.5 and 5 x 10-5M total concen- 
tration of  SVRS is shown in Fig. 1 (c). Stripping peaks 
obtained with adsorption potentials more positive 
than - 0 . 3 0  V were broad and unsymmetrical, 
whereas those obtained after adsorption at more 
negative potentials were narrow and symmetrical. An 
adsorption potential of  - 0 . 4 2  V was chosen as most 
suitable. 

Linear range, accuracy and detection limit 

The range of  linearity between stripping time and 
iron(III) concentration was investigated by analysing 
solutions containing 0-40/~g/l. iron(III), according to 
the procedure above for tap water. No  deviation 
from linearity was obtained in the range investigated 
(r = 0.998, n = 8). At concentrations above 50/~g/1. 
deviation from linearity began, owing to surface 
saturation. The linear range could, of  course, be 
extended by decreasing the electrolysis time. 

The accuracy was investigated by analysing a water 
sample to which a 12.5-#g/1. spike of  iron had been 
added. E i g h t  consecutive analyses yielded a mean 
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Fig. 2. Differentiated and background-corrected constant- 
current (1.5 ~tA) stripping curve obtained from a solution 
containing 60/~g/l. titanium(IV) and 10/~g/l. iron(III) at pH 
4.5. The sum of three scans, each obtained after 8 sec of 

adsorptive accumulation at -0.42 V. 

value of 13.3 /~g/l. with a standard deviation of 
0.9 ~tg/l. 

Twenty analyses of  "Millipore" water yielded an 
average iron(III) value of 1.0/~g/l., with a standard 
deviation of 0.3 ~g/1. In spite of  the use of Suprapur 
sodium acetate and hydrochloric acid it was not 
possible to obtain lower blank values. Nor was it 
possible to ascertain the source of the iron(III) con- 
tamination. The relatively high blank value sets the 
detection limit of the technique. Judging from the 
shape of the stripping peaks and their reproducibility 
it ought to be possible to reach a detection limit 
below 0.1 ~g/1. in the absence of a reagent blank. 

Interferences 

Interferences in adsorptive stripping analysis can 
be caused either by the reduction of  interfering metal 
complexes or by reduction of  ligand adsorbed on the 
electrode surface. With an electrolysis potential be- 
low -0 .40  V interference from adsorbed ligand could 
be avoided. This was demonstrated by analysing a 
sample containing the SVRS reagent before and after 
the addition of  10/~g/1. iron(III). Before addition of  
the iron(III) no stripping peak appeared in the poten- 
tial interval from -0 .58 to -0 .80  V used for locating 
the iron(III) stripping peak (see above). 

SVRS forms complexes with a wide range of 
elements) ~ Only a few of  these, however, are capable 
of forming complexes at pH 4.5. The effect of  likely 
interferents was investigated by adding nickel(II), 
zinc(II), cadmium(II), manganese(II), tin(IV), alumi- 
nium(III), copper(II), chromium(III) or iron(II) at 
50-/~g/l. level to a sample containing 10 ~g/1. iron(III) 
and analysing according to the tap water procedure. 
Of the elements investigated, only tin(IV) and iron(II) 
affected the iron(III) signal significantly. In accord- 
ance with the findings of Wang and Mahmoud 9 
iron(II) increased the signal by approximately 20%. 
The results were, however, poorly reproducible. Since 
SVRS is highly selective for iron(III) relative to 
iron(II) this probably reflects oxidation of iron(II) 
during sample manipulation. Addition of a suitable 

redox buffer prior to analysis would probably over- 
come this interference. Tin(IV) decreased the iron- 
(III) signal by approximately 40%, but iron(II1) 
could be determined in the presence of tin(IV) by the 
standard addition procedure. 

It is well known that SVRS forms strong com- 
plexes with titanium(IV), zirconium(IV) and some 
rare-earth elements. This has also recently been made 
the basis for an electrochemical stripping deter- 
mination of titanium(IV) 16 and zirconium(IV) t7 by 
current vs. electrode potential monitoring techniques. 
That titanium(IV) can also be determined by 
constant-current stripping analysis was confirmed by 
analysing a solution containing 60/zg/l. titanium(IV) 
and l0/~g/l, iron(III) in acetate buffer of pH 5, to 
which SVRS had been added to give a concentration 
of 5 × 10-SM. The results from three accumulated 
stripping scans, each obtained after electrolysis for 8 
sec at -0 .42  V, are shown in Fig. 2. In constant- 
current stripping analysis titanium(IV) yields two 
stripping peaks, one at -0 .58 V and one at -0 .93  V, 
the latter peak yielding higher sensitivity (cf. Fig. 2). 

Comparison between the carbon-fibre electrode and the 
H M D E  

The vast majority of published adsorptive stripping 
procedures are based on the use of the HMDE in 
combination with current vs. electrode potential 
monitoring techniques. ~ That the HMDE can also be 
used in the constant-current stripping mode was 
confirmed by analysing a solution containing 10 #g/1. 
iron(III), by the tap water procedure above except 
that the reducing current was 20 #A. The solution 
was stirred with a magnetic bar throughout the 
experiment. Figure 3 shows the constant-current 
stripping curve. The peak potential obtained with the 
HMDE, -0 .62  V, is the same as that obtained with 
the mercury-film coated carbon-fibre electrode, 
showing that the reduction is the same at the 

V vs.SCE 
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Fig. 3. Differentiated and background-corrected constant- 
current (20/~A) stripping curve obtained with an HMDE in 
a solution containing 10 #g/l. iron(III) at pH 4.5. The sum 
of eight stripping scans, each obtained after 8 sec of 
adsorptive accumulation at -0.42 V. The solution was 

stirred with a magnetic bar throughout the experiment. 
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Fig. 4. Differentiated and background-corrected exmstant- 
current (1.5 #A) stripping curves obtained in the analysis for 
iron(liD in tap water (a) before and Co) after the standard 
addition of 25 #g/l. iron(III). The sum of eight scans, each 
obtained after 8 sec of absorptive accumulation at -0.42 V. 

two electrodes. Figure 3 also shows that the HMDE 
can be successfully used for the determination of 
iron(III) in air-saturated solutions provided that the 
constant-current stripping mode is used. 

Analysis o f  tap water 

Figure 4 shows the constant-current stripping 
curves obtained in the analysis for iron(III) in a tap 
water sample before [Fig. 4(a)] and after [Fig. 4(b)] 
the standard addition of 25 /~g/l. iron(III). Eight 
analyses of this sample gave an average value of 
22.2 /zg/l. for the iron(III) concentration, with a 
standard deviation of  2.9/~g/l. The value obtained 
from the atomic-absorption analysis was 25 #g/l. (no 
standard deviation reported). 

DISCUSSION AND CONCLUSION 

The present paper is part of an investigation into 
the possibilities of using time vs. electrode potential 
monitoring techniques (e.g., potentiometric or 
constant-current stripping) instead of current vs. elec- 
trode potential monitoring techniques (e.g., linear or 
differential anodic stripping voltammetry) in electro- 
chemical stripping analysis. The results confirm pre- 
vious findings 3-5 that adsorptive stripping procedures 
using various current vs. electrode potential modes 
can be transformed into the constant-current strip- 
ping mode. The main advantages thus obtained are 
the possibility of analysing air-saturated samples, and 
the extended linear range in the multiple scanning 
mode. Also the procedures can be more automatized, 

since the computerized measurement of time is con- 
siderably simpler than the computerized mea- 
surement of current. The present results also show 
that adsorptive constant-current analysis can be per- 
formed both on a mercury-film coated carbon-fibre 
electrode and on an HMDE. Obviously the mercury 
drop provides a more perfect mercury surface than 
that produced by the mercury droplets adhering to 
the carbon fibre. From a practical point of view, 
however, the flow carbon-fibre electrodes are simpler 
to handle than the drop electrodes, particularly in the 
flow-analysis mode. The mercury-film plating pro- 
cedure, recently introduced in this laboratory, based 
on the use of very reducing potentials (typically 
from - 1.5 to - 2 . 0  V), improves the quality of the 
mercury-film surface considerably, making the 
difference between the two types of electrode much 
smaller, is In addition, the very negative potentials 
applied free the mercury film surface from adsorbed 
species, making the long-term stability of the fibre 
electrodes surprisingly good. 
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Summary--Two FIA methods for the determination of pentachlorophenol, based on its 
oxidizing-condensation reaction with 4-aminoantipyrine in aqueous medium and spectrophotometric 
detection in the conventional and stopped-flow modes, are described. In both cases the calibration graphs 
are linear in the range from 1.0 to 60.0/~g/ml pentachlorophenol, with sampling rates of 48 and 28 
samples/hr for triplicate analysis, respectively. Interferences from phenol and other chlorophenols have 
been evaluated. The stopped-flow method is particularly useful for determining pentachlorophenol in 
commercial formulations containing no more than 15% of other chlorophenols. 

Chlorophenols are pollutants commonly found in the 
environment, arising from degradation or metabo- 
lism of pesticides, chlorination of water and from 
industrial sources.~ Pentachlorophenol (PCP) and its 
water-soluble sodium salt are used mainly as wood 
preservatives, the most toxic of which are those of the 
chlorophenol series. 

Several methods for PCP determination have been 
reported. Most of the chromatographic procedures 
are based on formation of derivatives with diazo- 
methane or diazoethane and GC with electron- 
capture (EC) detection; 2-4 HPLC ~-' has been used for 
analysis of complex samples. The spectrophotometric 
methods are based on direct measurement of the 
ultraviolet absorption of PCP in alkaline medium s-~° 
and on either formation of ion-pair compounds t~'~2 or 
an oxidizing-condensation product with 4-amino- 
antipyrine (4-AAP). ~3-~6 The latter reaction, per- 
formed in basic medium, yields a bluish-green 4-AAP 
dye. In the conventional spectrophotometric method, 
the absorbance changes significantly within 1-10 min, 
which causes problems even if the reaction product is 
extracted into organic solvents. ~5 In the present work, 
these inconveniences are minimized by using the FIA 
technique, the selectivity being improved by applying 
the stopped-flow mode. 

99% pure) in 2 ml of 1M sodium hydroxide and diluting to 
1 litre with distilled water. 

From a 0.1M aqueous stock solution of 4-aminoanti- 
pyrine (Aldrich, 99% pure), working solutions were 
prepared in 0.1M NH, C1/NH 3 buffer (pH 9.0). 

A 0.05M aqueous stock solution of potassium ferri- 
cyanide (Merck) and a Britton-Robinson buffer solution 
(0.2M in each acid component) were also used; the pH was 
adjusted with sodium hydroxide. 

Other chlorophenols and chemicals used were of anal- 
ytical grade. The sample analysed was a commercial fungi- 
cide, "Cryptogil Na", with the following composition: 
pentachlorophenate 78%; tetrachlorophenate 6.5%; other 
chlorophenates 6%; water 9%. 

Procedure 
Figure 1 shows the manifolds used for the determination 

of pentachlorophenol by conventional FIA and by the 
stopped-flow mode, indicating the optimum experimental 
conditions for the chemical and FIA variables. The sample 
solution, containing PCP in the concentration range 
1.0-60.0/~g/ml was injected directly into the 4-AAP carrier 
solution and the peak height (conventional FIA) or the 
signal increment (stopped-flow mode) detected at 637 nm 
was measured. For the determination of PCP in the solid 
commercial formulation, an amount of sample giving a 
concentration in the working range was weighed and dis- 
solved in distilled water. The stopped-flow method indicated 
in Fig. I was applied. 

RESULTS AND DISCUSSION 

EXPERIMENTAL 

Apparatus 
A Tecater model FIAstar 5020 flow-injection analyser, 

equipped with an injector valve of variable volume and two 
peristaltic pumps synchronized with the injector system, was 
used in conjunction with a spectrophotometric detector 
model FIAstar 5023 and a FIAstar 5022 recorder. A 
Metrohm E 510 pH-meter equipped with a combined 
Metrohm AG 9100 electrode was also used. 

Reagents 
A 100/Jg/ml aqueous pentachlorophenol stock solution 

was prepared by dissolving 100 nag of the chemical (Aldrich, 

In a simple two-channel FIA system, best results 
were found with 4-AAP as carrier solution. To select 
the optimum detection wavelength, absorption spec- 
tra were obtained by using the FIA system under the 
stopped-flow conditions specified in Fig. lb. When 
distilled water was injected, the spectrum registered 
showed a band with its maximum at 540 nm, corre- 
sponding to the red oxidized 4-AAP. ~7 When PCP 
was injected, maximum absorbance values were ob- 
tained at 610 urn, which indicates that it is possible 
to determine PCP in aqueous medium. The spectrum 
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Fig. 1. Manifolds used for the determination of pentachlorophenol: (a) conventional FIA; (b) stopped-flow 
mode. 

of the PCP dye could not be obtained under the usual 
spectrophotometric working conditions, owing to the 
rapid change of  the colour. As can be seen in Fig. 2 
the maximum difference between the dye and blank 
spectra is at around 637 nm. 

Optimization of chemical variables 

To test different pH values a 0.2M Britton- 
Robinson buffer was used, and the optimum pH for 
measurement was found to be 9.0. At pH values 
lower than this, a shift of the 637 nm band to shorter 
wavelengths was observed; higher pH values pro- 
duced a decrease of  the absorbance at this wave- 
length. Maximum signals were obtained when the 
4-AAP carrier solution was prepared in 0.1M 
NH4 CI/NH3 buffer (pH 9.0). Under these conditions, 
signals from the blank obtained by injecting distilled 
water were negligible. The spectra of the dye at 
different pH values showed an isosbestic point at 585 
nm, indicating equilibrium between species having 
acid-base properties. 

The influence of the 4-AAP and Fe(CN)~- concen- 
trations was studied in the range 5.0 x 10 -3- 
4.0 x 10-2M. The highest peaks were obtained with 
2.0 x 10-2M 4-AAP; the optimum Fe(CN)~- concen- 
tration was found to be 1.0 x 10-2M, and higher 
concentrations give rise to 4-AAP oxidation and 
hinder the PCP reaction/7 

Optimization of the FIA variables 

The FIA variables of  the conventional technique 
were first optimized. Under these optimum condi- 
tions, an increase in the absorbance was observed 
when the sample plug was stopped in the flow-cell. 
Conditions were therfore further modified to give 
maximum response in the stopped-flow mode. 

Conventional technique. The flow-rate of the 
Fe(CN)63- channel was kept constant at 1.5 ml/min, 
and the flow-rate of  the 4-AAP carrier stream was 
varied between 0.8 and 3.2 ml/min. The signal de- 
creased when the flow-rate was increased, because of 
the shorter reaction time and the greater dispersion. 
A value of 1.2 ml/min was chosen to give a good 
compromise between residence time and sampling 
frequency. Under these conditions, there was no 
significant variation of signal when the flow-rate of  
the Fe(CN)~- channel was varied between 1.5 and 2.8 
ml/min. 

The signal increased linearly with the length 
(42-120 cm) and internal diameter (up to 0.7 mm) of 
the reactor tube. A reactor length (L) of 90 cm and 
i.d. of 0.7 mm were chosen to give a compromise 
between maximum peak height and sampling fre- 
quency. The optimum volume of injected sample was 
found to be 120 #1. 

Stopped-flow mode. In this technique, the sample 
plug is kept in the flow-cell by stopping the pump for 
an appropriate period of time, thus allowing the 
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Fig. 2. Absorption spectra: (A) 30 ppm PCP; (B) distilled 
water; (C) difference between spectra (A) and (B). Experi- 

mental conditions as in Fig. I. 

degree o f  reaction to be increased. Under  the same 
chemical conditions as those used in the conventional  
mode,  optimization of  the F I A  variables yielded the 
following values: L = 30 cm; i.d. = 0.5 mm; delay 
time = 10 sec and stop time = 20 sec. 

Determination o f  pentachlorophenol 

The analytical characteristics o f  the two F I A  meth- 
ods are summarized in Table 1. Linear calibration 
graphs were obtained for the PCP determination at 
two concentrat ion ranges and two gain levels by both 
the conventional  and the stopped-flow methods. 
These results were similar to those obtained by the 

standard spectrophotometric method,  t5 but the upper 
concentrat ion limit was higher. The spectro- 
photometric  procedures require extraction of  the 

coloured product into organic solvents, such as ben- 
zene or  chloroform, whereas the F IA  method allows 
the determination of  PCP directly in aqueous me- 
dium because the reaction product  is detected 
quickly. The critical effect of  time on the absorbance 
measurements is thereby avoided; the sampling speed 
is also enhanced, allowing up to 48 samples per hour  
to be analysed in triplicate by the conventional  F IA  
method. The relative standard deviation (8 replicates) 
for determination of  30 /zg/ml PCP was 0.98% by 
conventional FIA,  and 2.6% by the stopped-flow 
method. 

Interferences 

A systematic study of  potential interferences in the 
two proposed methods was made. Phenol and several 
chlorophenols,  which are often found as impurities in 
PCP commercial  formulations, were tested. All these 
compounds also react with 4-aminoantipyrine in the 
presence of  Fe(CN)]- ,  yielding red or bluish 4-AAP 
dyes. 13 The absorption spectra o f  these reaction 
products, obtained under the conditions used for 
PCP determination (Fig. 1), show bands with max- 
imum absorption at between 514 and 533 nm for 
phenol, 3-chlorophenol, 2,4-dichlorophenol and 
2,4,6-trichlorophenol. The small absorbances of  these 
products at 637 nm cause an increase in the signal 
corresponding to PCP and give rise to positive errors 

Table 1. Analytical characteristics of the FIA methods for pentachlorophenol 

FIA mode 

Conventional Stopped-flow 

Calibration equations* 
for PCP (ppm) 

Linear range, ppm 
Correlation coelfieient 
Relative std. devn., % 
Detection limit (3s), ppm 
Sampling frequency, hr- t 

S (mV) = 11.4 [PCP] - 0.67 
S (mV) = 18.1 [PCP] - 1.4 

5.0-60.0; 1.0-10.0 
0.9999 

0.98 (30 ppm); 1.4 (5 ppm) 
0.15;0.18 

48 

AS (mV) = 7.4 [PCP] - 3.0 
AS (mV) = 14.7 FPCP] - 0.8 

5.O-60.0; 1.0-10.0 
0.9988 

2.6 (30 ppm); 1.4 (5 ppm) 
0.21;0.15 

28 

*With our equipment. 

Table 2. Interferences from other phenolic compounds in the PCP determination* 

PCP found, ppm t Error, % 

Conventional Stopped-flow Conventional Stopped-flow 
Species Added, ppm FIA mode FIA mode 

Phenol 5.0 31.0 29.9 + 3.3 - 0.3 
10.0 31.6 29.6 +5.3 - 1.3 

3-Chlorophenol 5.0 31.9 29.6 + 6.3 - 1.3 
10.0 33.0 29.6 + 10.0 - 1.3 

2,4-Dichlorophenol 5.0 32.1 29.9 + 7.0 - 0.3 
10.0 32.4 30.8 +8.0 +2.7 

2,4,6-Trichlorophenol 5.0 31.2 30.0 + 4.0 0.0 
10.0 32.7 30.5 +9.0 + 1.7 

2,3,5,6-Tetrachlorophenol 5.0 35.4 25.6 + 18.0 - 14.7 
10.0 38.3 20.4 + 27.7 - 32.0 

*30.0 ppm PCP added. 
tMean of three determinations. 
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Table 3. Determination of pentachlorophenol in a commer- 
cial formulation by the stopped-flow procedure 

P.CP content, % 

D.P.V. 
Sample FIA method method 

1 76.2 75.4 
2 74.1 73.8 
3 76.2 76.7 
4 74.6 75.4 
5 74.9 74. I 

PCP, ppm* 

Total Found? Recovery, % 

6 10 9.4 _ 1 94  4- I 
7 20 19.6 4- 0.2 98 4- 1 
8 30 29.2 4- 0.2 97.4 4- 0.6 
9 40 39.9 4- 0.2 99.6 4- 0.6 

10 50 49.1 4-0.4 98.2 +0.7 

*Initial concentration, 7.5 ppm of pentachlorophenol. 
tMean 4- s.d. of three determinations. 

of up to 10% in the determination of 30.0 ppm of 
PCP by conventional FIA, but when the stopped- 
flow mode is used the error is much smaller, as shown 
in Table 2. The major interfering species in both 
methods was found to be 2,3,5,6-tetrachlorophenol, 
because the absorption band of the reaction product 
has its maximum at close to 637 rim. This compound 
can be tolerated only at a concentration up to a tenth 
of that of PCP, even by the stopped-flow procedure. 
When the standard spectrophotometric method is 
applied, 13 the 2,3,5,6-tetrachlorophenol product is 
also extracted into the organic phase and interferes 
seriously in the PCP determination, thus requiring a 
previous separation by anion-exchange procedures. '5 
However, the stopped-flow method may be useful 
for the direct determination of PCP in commercial 
fungicides, which usually contain between 10 and 
15% of lower phenols. 

Analysis o f  commercial formulations 

To test the applicability of the FIA method, the 
PCP content in a commercial fungicide, "Criptogil 
Na", was determined. Owing to the presence of lower 
chlorophenols in the sample, the stopped-flow 
method was used because of its better selectivity. A 
reference method based on PCP oxidation at a glassy- 
carbon electrode and measurement by differential 
pulse voltammetry was used for comparison purposes 
(Table 3). The mean value was 75 ___ 1% PCP by both 
methods, in good agreement with the nominal value, 
78%. Recovery studies with different PCP concen- 
trations in the range 10-50 #g/ml in the final solu- 
tions gave good results, the mean value being 
97.4 + 0.8% (Table 3). 
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Summary--The characterization of components within actinomycin complexes may often be complicated 
by the lack of material and standards of known actinomycins. Mass spectrometry-mass spectrometry can 
be employed both as a separatory device and as a means of structural analysis. This technique has been 
applied to an actinomycin complex obtained from a previously unidentified Streptomyces strain. The 
method involved initial work on a known material, in this case actinomycin D, and application to the 
unknown material. Three major components within the unknown complex were characterized as 
actinomycins D, F s and Fg. 

Some years ago, in a study related to the biosynthesis 
of actinomycin D, actinomycin complexes from two 
unidentified Streptomyces strains were isolated. Al- 
though it was possible to identify actinomycin D as 
a major component in both mixtures by comparative 
chromatography, the identification of the other com- 
pounds in the mixtures was not possible because of 
lack of material and of the various standards of the 
known actinomycins. 

Comprehensive reviews of the structural variations 
and methods employed for identification have been 
published. 13 It is well established that the actino- 
mycins are produced as mixtures of closely related 
compounds differing only in the amino-acid residues 
at the sites indicated in Fig. 1. The most useful 
techniques that have been employed to identify un- 
known actinomycins by comparison with known 
samples are papeP and thin-layer s chromatography. 
In addition, amino-acid analysis 6 of the hydrolysates 
of the separated components, as well as gas chro- 
matographic analysis 7 of the dioxapiperazines formed 
on thermolysis, has been employed to identify the 
various amino-acid residues. 

Until recently, mass spectrometry had not figured 
significantly as a tool for the characterization of these 
molecules, because of their involatility and thermal 
instability. We have recently utilized fast atom 
bombardment (FAB) mass spectrometry-mass 

*Author to whom correspondence should be addressed. 

spectrometry (MS/MS) to characterize previously 
unidentified components of the Tyrothricin complex, s 
We now report our initial findings on the application 
of this method to one of the actinomycin complexes. 
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Fig. I. Structural variations in the actinomycin family. 
A, X = site 4, B, Y = site 3, C, Z = site 2. 
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EXPERIMENTAL 

MS/MS data were acquired with two instruments, namely 
a VG Analytical ZAB-4F and a VG Analytical ZAB--HSQ. 
The geometries of these instruments have been described 
elsewhere? .t° 

With both instruments, the parent ion of interest was 
preselected by using the magnetic and electric field of the 
first instrument (MS I). Collisional activation (CA) with 
inert gas atoms to enhance fragmentation was then under- 
taken, the resulting daughter ions being subjected to 
mass analysis by the second instrument (MS II). The 
ZAB-4F provides daughter ions arising from high (8 keV) 
energy collisions, and the ZAB-HSQ, those from low (up to 
500 eV) energy collisions. 

Standard FAB mass spectra were obtained with a VG 
updated MS902 mass spectrometer. 

Samples were prepared by dissolution of 1-2/~g of the 
solid in 3-5 /~1 of a suitable liquid matrix directly on the 
probe tip of the sample-introduction system. The liquid 
matrices employed were thioglycerol, m-nitrobenzyl alcohol 
and a 2:1 v/v glycerol and thioglycerol mixture containing 
1% v/v trifluoroacetic acid. 

The samples were ionized by FAB with xenon atoms at 
a discharge current of 1 mA and a potential of 8 kV. 

Actinomycin D was isolated as described by Roussos and 
Vining, H from cultures of Streptomyces parvullus (ATCC, 
12434). 

The two unidentified Streptomyces strains, isolated from 
soil and provided by the Boots Company, Nottingham, 
England, were grown on the same medium in rapidly shaken 
submerged culture at 27 ° . After four days of growth, the 
mycelium was filtered off and the filtrate repeatedly ex- 
tracted with ethyl acetate. Removal of the solvent afforded 
a red solid which was further purified by dissolution in 
ethyl acetate-methanol (9:1 v/v) and filtration through a 
short column of silica; evaporation of the effluent gave the 
actinomycin complexes. Paper chromatography (Whatman 
No. 3 paper, ethyl acetate as mobile phase) revealed several 
components, including actinomycin D, which was identified 
by comparison with an authentic sample. 

RESULTS AND DISCUSSION 

To evaluate the structural information available 
in the MS/CA/MS spectra, it was decided to use 
actinomycin D as a standard compound I of well 
established structure. 

The FAB mass spectrum of actinomycin D is 
characterized by an intense line for the protonated 
molecular ion (M + H )  ÷, observed at m/z 1255, 
together with limited fragment ions leading to in- 
complete sequence information concerning the 
identity of the peptide rings. 

The application of CA, in conjunction with 
MS/MS, leads to enhancement of those peaks which 
are of importance in characterizing the structure. 
Furthermore, the ratio of these analytical signals to 
the ubiquitous background associated with FAB is 
considerably enhanced. 

The daughter ion spectra obtained from the pro- 
tonated molecular ion with the ZAB-4F and ZAB- 
HSQ are shown in Fig. 2. These prove to be com- 
plementary in that the high-mass ions are more 
pronounced when high-energy collisions are used. 
These ions clearly indicate the fragmentation of the 
depsipeptide ring, and allow sequencing of the 

amino-acid residues. The relevant fragmentation can 
be interpreted as due to initial opening of one of the 
lactone linkages at the bond between the bridging 
oxygen atom and the threonine side-chain, followed 
by sequential loss of amino-acid residues by cleavage 
at the appropriate peptide bonds. 

Towards lower masses, fragments derived by 
the breakdown of both peptide rings are apparent, 
providing information concerning the amino-acid 
sequence and assisting in the identification of the 
subsequent amino-acid replacements for the other 
components of the actinomycin complex. These frag- 
mentations are listed in Table 1. 

It appears that there is no discrimination as to 
which of the two lactone bonds is opened first. 
Furthermore, no significant fragmentation of the 
chromophore is observed. 

When it had b,'en established that this method 
afforded not only molecular weight information, but 
also data that are structurally significant within 
a defined mass range for the standard compound, 
the technique was applied to a total actinomycin 
complex. 

The molecular ion region of the actinomycin "SA" 
complex is depicted in Fig. 3, and reveals three major 
components [as (M + H) ÷ ] at m/z 1255, 1229 and 
1203. Species of lower intensity, interpreted as the 
(M + N a )  ÷ ions from these components, can be 
observed at m/z 1277, 1251 and 1225. Spectra ob- 
tained from specimens in m-nitrobenzyl alcohol and 
other matrices indicate the presence of minor com- 
ponents of low intensity at m/z 1189, 1215, 1243 and 
1269. 

In application of MS/MS to this mixture, the 
first mass spectrometer allows passage of one ionic 
species, thus effectively acting as a separatory device. 
This is then followed by collisional activation, and 
subsequent analysis of the resultant daughter ions. 
The MS/MS spectrum of (M + H) ÷ at m/z 1255 was 
identical to that obtained from actinomycin D. 

Both high and low collision-energy daughter-ion 
spectra were obtained for the ions occurring at m/z 
1229 and 1203. These are shown in Figs. 4 and 5. 
Again, the MS/MS spectra recorded for high and low 
energy collisions are complementary, with the high- 
mass ions being more pronounced at high collision 
energy (8 keV). Interpretations of the spectra are 
given in Figs. 4 and 5, and Table 2. The spectra reveal 

Table 1 

m /z Interpretation 

956 Loss of (H-Pro-Sar-MeVal--OH) 
857 Loss of (H-Val-Pro-Sar-MeVal-OH) 
657 Loss of (H-Pro-Sar-MeVal-OH) from both rings 
558 Loss of (H-Pro-Sar-MeVal-OH) from one ring 

and (H-Val-Pro-Sar-MeVaI-OH) from the other 
459 Loss of (H-Val-Pro-Sar-MeVal-OH) from both 

rings 
399 (H-Val-Pro-Sar-MeVal-OH + H) ÷ 
300 (H-Pro-Sar-MeVal-OH + H) + 
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Fig. 2. (a) Daughter-ion spectra of m/z 1255 obtained at high energy (8 keV) collision with He; 
(b) daughter-ion spectra of m/z 1255 obtained at low-energy (59 eV) collision with Ar. 

the replacement of one or both proline residues 
by a group with 'molecular weight' 71 (presumably 
sarcosine, since alanine has not been observed as a 
replacement at this site). This would identify these 
components as actinomycins F 9 and Fs, respectively. 

To date, the minor components have only been 
characterized by molecular weight. Although, at 
present, the concentration of these actinomycins is 
low, proving problematic for MS/MS, chromato- 
graphic enrichment is currently under study. How- 
ever, in view of the known site replacements within 

the actinomycins, it is possible to tentatively assign 
the structures shown in Table 3. 

CONCLUSIONS 

It has been shown that FAB ionization can pro- 
duce high-quality molecular weight information from 
microgram quantities of the actinomycins. The frag- 
mentation, however, is sparse, and this combined 
with the multicomponcnt nature of the sample 
material makes interpretation impracticable. By use 
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Fig. 3. Molecular-ion region of actinomycin 'SA' complex obtained by FAB-MS, with m-nitrobenzyl 
alcohol as matrix. 

of MS/MS techniques, the molecular ions of the 
individual components of complex mixtures may 
be selected from the high-mass region of the total 
spectrum for the complex. These selected ions can 
then be subjected to collisional activation, enhancing 
the fragmentation, to give sequence information 
about the depsipeptide rings. This technique has been 
successfully applied to one actinomycin complex, 
resulting in facile characterization of the major com- 

ponents. It has also provided important information 
concerning the amino-acid composition of  the minor 
components, which needs to be confirmed by ad- 
ditional information from amino-acid analysis and a 
further combination of MS/MS and degradative 
studies (to be described later). The potential of this 
method for monitoring biosynthesis, and the pro- 
duction of semi-synthetic actinomycins by controlled 
biosynthesis is currently under investigation. 

Table 2 

m/z Interpretation 

(a) Parent ion m/z 1229 
956 Loss of (H-Sar-Sar-MeVal-OH) 
930 Loss of (H-Pro-Sar-MeVal-OH) 
857 Loss of (H-VaI-Sar-Sar-MeVaI-OH) 
831 Loss of (H-Val-Pro-Sar-MeVaI-OH) 
657 "~ 558 ~- Cleavages from both rings to give same products 
459 J as actinomycin D 

399 as Table 1 
373 (H-Val-Sar-Sar-MeVaI-OH + H) + 
300 as Table 1 
274 (H-Sar-Sar-MeVaI-OH + H) + 

(b) Parent ion m/z 1203 
930 Loss of (H-Sar-Sar-MeVal-OH) 
831 Loss of (H-Val-Sar-Sar-MeVaI-OH) 

The following ions offer the same interpretation as above: 
m/z 657, 558, 459, 373 and 274 
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Fig. 4. (a) Daughter-ion spectra of m/z 1229 obtained after high-energy (8 keY) collision with He; 
(b) daughter-ion spectra of m/z 1203 obtained after high-energy (8 keV) collision with He. 

Table 3 

M R Trivial name A B C X Y Z 

Actinomycin "SA" complex--major components 
1254 Actinomycin D, C2 Sar Pro Val Sar Pro Val 
1 2 2 8  Actinomycin F9 Sar Pro Val Sar Sar Val 
1202 Actinomycin F 8 Sar Sar Val Sar Sar Val 

Actinomycin 'SA' complex--minor components 
1268 Actinomycin C 2 Sar Pro Val Sat Pro aIle 

and/or 
Actinomycin iso-C 2 Sar Pro aIle Sat Pro Val 

1242 Actinomycin F 2 Sar Pro Val Sar Sar aIle 
1 2 1 4  - -  Sar Pro Val Gly Sat Val 
1 1 8 8  - -  Sar Sat Val Gly Sar Val 
1 1 7 4  - -  Gly Sar Val Gly Sar Val 

TAL. 35/~-B 
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Fig. 5. (a) Daughter-ion spectra of m/z 1229 obtained after low-energy (41 eV) collision with Ar; 

(b) daughter-ion spectra of m/z 1203 obtained after low-energy (41 eV) collision with Ar. 
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Summary--Dantrolene is a skeletal-muscle relaxant which exists in three different forms over the pH range 
0-14, corresponding to the cation H2A +, neutral species HA and anion A-.  Dantrolene is slightly soluble 
in water and is polarographically reducible over the whole pH range. The acid dissociation constants of 
the ionic species were investigated by means of differential pulse polarography (H2A+/HA equilibrium 
with pK,~ = 2.02 + 0.05) and potentiometry (HA/A-, pK~ = 7.49 + 0.05). It was shown that differential 
pulse polarography is a valid alternative method when the pK, values of an electroactive drug cannot be 
determined by potentiometric or spectrophotometric methods. Polarography was also used to monitor the 
stability of the drug in acidic media and its extraction by chloroform. 

Dantrolene, l-{[5-(p-nitrophenyl)  furfurylidene]- 
amino}imidazolidine-2,4-dione trihydrate, sodium 
salt, is a peripherally acting skeletal-muscle relaxant 
used mainly to decrease muscle spasticity resulting 
from serious chronic disorders such as multiple 
sclerosis, spinal cord injury, stroke and cerebral 
palsy.~ Recently it has also been recommended for the 
prevention and treatment of malignant hyper- 
thermia3 The use of this drug is limited by its 
side-effect of hepatic damage, which is related to 
long-term dantrolene therapy and the dose used. The 
metabolism of dantrolene has been investigated in 
our laboratory by in vitro incubation with rat-liver 
microsomes. The enzymatic reaction was stopped 
by the addition of hydrochloric acid to the incu- 
bation medium, and after extraction the drug and its 
metabolites were detected by high-performance liquid 
chromatography (HPLC) coupled with spectro- 
photometric detection. 3 The work also involved 
determination of the two acidity constants of 
dantrolene and the optimal extraction conditions. No 
equilibrium constant has previously been reported for 
protonation of dantrolene. 

Many methods have been used for determination 
of dantrolene and its metabolites in biological fluids: 
colorimetry, 4 spectrofluorimetry 5 and HPLC. 6'7 The 
reduction of dantrolene and of its acetylated metab- 
olite at the mercury electrode have been reported by 
Cox et al. s At pH 4, the differential pulse (DP) 
polarogram of IO-SM dantrolene showed two peaks 
attributed to reduction of both the nitro group 
and the azomethine linkage) Several works have 
been devoted to the electroreduction of  compounds 

*Author to whom reprint requests should be directed. 

that contain the - - H ~ N - - N <  group, 9-|2 and are 
electrochemically active substances conveniently 
determinable by DP polarography. This electro- 
analytical technique has high sensitivity and selec- 
tivity. The mechanism of the polarographic reduction 
of  nitrofurantoin in acidic media has been re- 
ported, lm2 and we supposed that dantrolene has a 
similar polarographic reduction mechanism, owing to 
its chemical similarity (Table 1). The variation of the 
reduction half-wave potential of  the azomethine 
group with pH has been observed in structurally 
related compounds)t,14 pK a values can be determined 
from the shift of potential with pH, as intersections 
of the linear portions on E ~ p H  plots) 5,~6 This 
method was used for the determination of the 
approximate value of  the dissociation constant of the 
azomethine group of dantrolene. 

The drug undergoes degradation of  the azomethine 
bond in acidic solutions to give 5-(p-nitrophenyl)- 
furfural and l-aminohydantoin as shown spectro- 
photometrically by Inotsume et a l l  7 Such degra- 
dation reactions may cause errors in the measurement 
of the drug and its metabolites by extraction from 
the incubation mixture. To determine whether such 
degradation might occur, we have examined the rate 
and extent of the hydrolytic reactions of  dantrolene 
in acidic solutions, by using DP polarography, which 
allows the changes of the azomethine bond signal to 
be followed directly. We have also tried to demon- 
strate that the acidity constant values (pK,) of 
dantrolene can conveniently be measured with 
satisfactory precision and accuracy for routine appli- 
cations by DP polarography. We have also used DP 
polarography to monitor the solubility at pH 7.4, 
the stability in acidic media and the extraction of 
dantrolene by chloroform at various pH values. 

613 
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Table I. Formulae and acid-base constants of dantrolene and other similar 
nitrofuran derivatives; literature data 

HC - -  CH 

II \\ 
R~C C~ CH ~'N~N~C'-'-" 0 

\o  / / \ 
2HC 3NH 

\ /  
c 

II 
o 

Acidity constant (pK~) 

Compound R N~ Ni N3 References 

Dantrolene - - ~ . . . . ) )  N O  2 NVR NVR 7.5 

Nitrofurantoin --NO2 3.5 7.8 opening 
of cycle 

13 

12 

NVR: no value reported in the literature. 

EXPERIMENTAL 

Chemicals 
Dantrolene sodium (DtNa.3H20), and nitrofurantoin 

were a gift from Oberval Laboratories (Lyon, France). 
Stock solutions (5 x 10-3M) were freshly prepared in di- 
methylsulphoxide (DMSO) and 10-50 /~1 portions were 
diluted in an appropriate buffer to the desired concen- 
trations. Dantrolene was also used as an internal standard 
added to the solution in the solubility determination. When 
methanol was used as solvent, partial precipitation of 
dantrolene sodium was observed a few hours after prep- 
aration of the solution. 

Citrate (pH 3) and phosphate (pH 5) buffers were pre- 
pared from Merck Titrisol materials. Borate solution 
(I ffi 0.1M) was prepared by dissolving the sodium salt. The 
pH values of solutions were adjusted by addition of 0.1M 
sodium hydroxide. The physiological-pH solution was 0.1M 
Tris buffer. All reagents used were of analytical grade. 

Apparatus 

The polarograph was a Solea-Tacussel PRG, connected 
to a three-electrode cell system. The dropping mercury 
electrode (DME) had a flow-rate of 0.843 mg/sec and a 
controlled drop-time of I sec. All potentials were referred to 
a saturated calomel electrode (SCE). The sc~,n rate was 1 
mV/sec with a modulation amplitude of 50 inV. The pH 
measurements were made with a digital Metrohm 632 
pH-meter with a glass combination electrode, and magnetic 
stirring during titration. 

Polarography 
Samples (10 ml) of 10-SM solution were studied at each 

pH value, All samples were deaerated by passage of pure 
nitrogen for 5 min. The solutions were assayed immediately 
and/or at timed intervals. 

Measurements o f  p K .  
The acid dissociation constants PKal and pK~l of pro- 

tonated dantrolene were measured by DP polarography 
from the shift of the azomethine peak to more negative 
potentials with increasing pH. The effect of pH on the 
current-voltage curve was investigated by recording DP 
polarograms of 10-SM dantrolene in HCI-KCI (pH 0-3), 
citrate (pH 3-5), phosphate (pH 6-8) and borate (pH 9-11) 
buffered media. The pK. values were calculated from the 
intersection of two successive linear relations of the form 

AEp = a pH + b 

where a and b are constants. The potential shifts are given 
by 

E o = c + (RT/anF)ln{[H+]m/Kl + [H+] m } 

where ~, m, and n are the transfer-coefficient, the number of 
protons transferred before the potential-determining step, 
and the total number of electrons consumed per molecule of 
electroactive species. 

From plots of Ep against pH it is possible to determine the 
ratio re~an, corresponding to the slope a in the Ep-pH plots. 

Potentiometry 

Potentiometric pH-titration of dantrolene sodium with 
0.1M hydrochloric acid was performed at a concentration 
(Co) of 5 x 10-4M in 10-3M potassium nitrate electrolyte. 
The HA form of dantrolene is only slightly soluble in water, 
so precipitation of the weak acid occurred during the 
titration. The pK~2 value was calculated by using the 
relationship given by Levy and Rowland, TM adapted from 
the equation developed by Leeson and Brown: 

Z '  = CT -- [Ha O+ ] = Co - (K,[HA]~ol/[H30+ ]) 

where Z '  is the concentration of conjugate acid formed 
during titration, Co is the total concentration of all the drug 
species in solution and C r the concentration of the hydro- 
chlorie acid used as titrant. It was necessary to determine the 
solubility of the un-ionized species [l-IA]~o].19 At the end of 
each run (pH ~5.6), the solution was separated by centrifu- 
gation and [HALl was measured by DP polarography. Near 
pH 5.6 dantrolene is essentially in the form HA (99%) 
and the concentration of the uncharged molecules remains 
constant throughout the precipitation. 

Spectrophotometry 

Experimental solutions (10 ml) were prepared by dilution 
of stock solution with the appropriate buffer to give a drug 
concentration of 2 × 10-SM. Spectra were recorded at 22 ° 
with a Uvikon 810-820 double-beam spectrophotometer. 
Matched 1-era path-length silica cells were used. The wave- 
length region scanned was from 200 to 500 nm and the 
reference was a blank of buffer solution (2 ml) containing 
the same amount of DMSO as the samples (20 /~1). 
The range from about pH 1 to ! 1 was scanned at unit 
pH-intervals to determine the approximate value of PK~2. 
The regions around the other pK, values defined by 



Properties of dantrolene solutions 615 

ii i//' , , ,  
/!/ /IM/  " 

o.o - o . 4  - 0 . 8  - I . Z  

V vs. SCE 

Fig. 1. Differential pulse polarogram of lO-SM nitro- 
furantoin (I) and dantrolene (II) in citrate buffer at pH 3.0 

( ) and pH 5.0 (---) .  

DP polarography were then studied in more detail with 
solutions buffered at pH intervals of 0.3. 

Solubility determination 
Solubility measurements were made at pH 7.4 (0.1M Tris 

buffer). Excess of dantrolene was shaken with aqueous 
buffer at room temperature for 24 hr. The undissolved drug 
was separated by centrifugation, then 1 ml of the super- 
natant liquid was diluted with the same buffer (10 ml) and 
analysed polarographically, before and after addition of 
known quantities (10 ~1) of the 5 x 10-~M stock dantrolene 
solution. 

Stability studies 
Dantrolene sodium was dissolved in hydrochloric acid 

solutions at various pH values, the ionic strength being 
adjusted to 0.1M with potassium chloride. The final concen- 
trations of dantrolene were 10-SM. The solutions (10 ml) 
were assayed immediately and at time intervals from 5 rain 
to 1 hr. The degree of hydrolysis was estimated by measur- 
ing the azomethine peak height and comparing it with that 
for the initial solution. 

Extraction procedure 
Dantrolene solutions (10-~M) were extracted at various 

pH values. The extraction ratios (R) were determined by 
shaking equal volumes (10 ml) of the organic (chloroform) 
and aqueous phases (10 ml) for 2 rain. The mixture was 
centrifuged for 5 rain, then 5 ml of the organic layer were 
transferred into a polarographic cell and evaporated to 
dryness under a gentle stream of nitrogen. The residue was 
dissolved in I0 ml of the appropriate buffer solution and 
polarographed. R was calculated as 200/v2//pl%, where/p~ 
and ip2 a re  the azomethine reduction peak intensities in the 
sample before and after extraction, respectively. 

RESULTS AND DISCUSSION 

I Polarographic behaviour o f  dantrolene 

I At pH 3 dantrolene was reduced in two steps at the 
I DME (Fig. 1), with two peaks with potentials (Ep) of 

-0 .18 and -0.81 V vs. SCE, and similar heights, the 
first corresponding to the 4-electron reduction of the 
nitro group to a hydroxylamine group and the second 
either to simultaneous reduction of the azomethine 
and hydroxylamine groups, as in the case of nitro- 
benzodiazepine derivative (nitrazepam2°), or to simul- 
taneous reductive rupture of the - - H E N - - N <  
group and the reduction of the imine formed, II as in 
the case of hydrazones. ~ Even in acidic solutions, the 
reduction of the protonated hydroxylamine group 
to an amino group in a 2-electron step was not 
detected. In acidic media (pH < 2), the second peak 
decreased with time, which indicates breaking of 
the - - H ~ N - - N <  group under these conditions. 
Polarograms of the hydrolysate obtained from a 
saturated dantrolene solution in 2M hydrochloric 
acid were recorded at various pH values (from 2 to 
5). No peak corresponding to a 2-electron reduction 
of hydroxylamine to an amino group was observed. 
This may prove that the second hypothesis for the 
reaction leading to the peak at -0.81 V is the more 
probable. 

The Ep values are pH-dependent. The first peak 
shows a linear variation of potential with pH, while 
the second has two breaks near pH 2 and 5.3. The 
pH-dependent changes of the - - H ~ N - - N <  signal 
in the polarograms are illustrated in Fig. 2. These 
changes are due to protonation of the nitrogen atom 
in the azomethine group. 

The peak height for reduction of the azomethine 
linkage (ip) was proportional to the dantrolene con- 
centration between pH 3 and 7.5 over the entire 
concentration range 10-7-6 × 10-SM. 

The polarographic behaviour of dantrolene was 
different from that of other nitrofuran derivatives 
such as nitrofurantoin. The various waves observed 
in this last case can be related to the rate of the 
protonation and are pH-dependent (Fig. 1). 

Ionization constants 

We believed that the pKa2 value corresponds to 
deprotonation at position 3, by analogy with the 
results obtained for hydantoin compounds. 1: The 

Table 2. Polarographic data related to acid-base reactions for dantrolene at 22 ° 
(1 = 0.1M) 

-dEp/dpH, 
Equilibrium pH range mV/pH, (r) pK a values Method 

A-/HA 
pK~ 6-9 43 (0.998) 7.49 + 0.05 potentiometry 

7.50 + 0.06 spectrophotometry 

HA/H2A + 
pK~l 3-5 85 (0.999) 5.33 + 0.02 DP polarography 
pK~l --0.3-2 61 (0.999) 2.02 + 0.05 DP polarography 
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Fig. 2. Dependence, on pH, of the DP polarographic peak 
potentials of 10-sM dantrolene ( - - H ~ N - - N  <) in hydro- 
chloric acid solution (from H0 = -0.3 to pH = 2) and in 
aqueous buffers (from pH = 3 to pH = 10.3) (I = 0.1M). 

pK~ value of 7.5 reported in the literature t3 was not 
evident from Fig. 2. We have corroborated this value 
by potentiometric titration of  10-SM and 5 x 10-4M 
dantrolene with 0.1M hydrochloric acid (Fig. 3). The 
constant of the acid-base H A / A -  equilibrium was 
calculated after polarographic determination of the 
un-ionized species solubility near pH 5.6 ([HA]~ol = 
0.85 x 10-6M). The pK~ value (7.49 + 0.05) thus 
obtained is in good agreement with the literature 
value. 13 The titrimetric method was excluded for 
determination of pK,~ owing to the low solubility of 
the drug in the protonated form H,A ("- t)+. 

9 

3 

ee'%o~ m'e~,ll, m 

0 0.1 0.2 0.3 0.4 

V(ml.) 
Fig. 3. Potentiometric titration of dantrolene ( l)  10- 5M and 

(2) 5 x 10-4M in 10-3M KNO 3 with 0.1M HC1. 

The spectral changes of dantrolene with pH are 
shown in Fig. 4. Three absorption bands were found 
and the second band (310 nm) can be attributed to 
absorption by the - - H E N - - N (  group. 12'~7 The 
spectra exhibited three isosbestic points, at 288, 332 
and 394 nm, owing to the shift of  the 383 nm band 
in alkaline solutions. Deprotonation at position 3 of 
dantrolene would cause a 10 n m  shift of the 383 nm 
band. The plots of  absorbance vs.  pH are shown as 
an inset of Fig. 4 and the point of inflexion gives the 
pKa2 value 7.5 _+ 0.06. The absorbance was constant 
from pH 1 to pH 6. The pH regions around the two 
breaks in the Ep-pH plots shown in Fig. 2 were then 
studied in more detail from pH 1.I to pH 2.9 and 
from pH 4.36 to pH 6.23. The absorbance at 310 nm 

(b) 

0 .44 [ "  B - 0.27 

F'-""'; / . . . .  

0.42 1 ol 0.25 

, 0.40 e,.. e -  -o 

(a) 

U 

,< 

I I I 
200 300 400 500 

X(nm) 
Fig. 4. Absorption spectra of 2 x 10-SMdantrolene.  (a) pH dependence of spectra. (b) Plots ofabsorbance  

vs. pH at 310 nm (A) and 383 nm (B). 
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O 
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2H+ 
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O 
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3H+12¢ 

R ~ C H 2 ~ H 3  
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Scheme 1 

O 

R ~  CH2OH 

Fig. 5. Proposed acid-base equilibria and reduction mechanisms of the dantrolene azomethine group. 

was found to be unaffected by these pH changes. 
Protonation of  the azomethine group would not be 
expected to cause any spectral changes of  the 310 nm 
band. The absorption of  the ionic form should not 
differ from that of  the neutral molecule in wavelength 
and in intensity. 

Nevertheless, it is possible to estimate the pKa~ 
value corresponding to the acid dissociation constant 
o f  the protonated azomethine group, from the 
measurements of  the peak potentials (Ep) and polaro- 
graphic currents (ip), and their pH plots offer infor- 
mation about the chemical reactions accompanying 
the electrode process. 

Reduction of  the - - H E N - - N <  group results in 
a two- or four-electron signal and is accompanied by 
an acid-base equilibrium which results in changes of 
the polarographic curves with pH.Ha2'2° A mechanism 
can be proposed for the general reduction of hydra- 
zonesfl After proton uptake, hydrazones may be 
reduced to amines in a 4e-reduct ion or to hydrazines 
in a 2e-reduction, depending on the pH (Fig. 5). In 
strongly acid solution, a four-electron reduction was 
found and the first step was the hydrogenolysis of the 
nitrogen-nitrogen bond. The imine thus formed was 
then protonated and further reduced (scheme 1). 
In alkaline solution, a two-electron reduction was 
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Fig. 6. Stability of dantrolene in acidic media. (a) T)~ical polarogram changes for the hydrolysis of 10-5M 
dantrolene in 2M HCI media, at 22 °. (b) Variation of the current peak intensity (azomethine group) with 

time, in the same solution as for (a). 

found, which resulted primarily in saturation of the 
carbon-nitrogen double bond to yield the hydrazine 
(scheme 2). At intermediate pH values both reduction 
paths may be followed simultaneously and the rela- 
tive importance of the two routes depends on the pH. 

If we regard the pKa values of 2.0 and 7.5 as the 
true values, and calculate the distribution curve as a 
function of  pH, we find that at pH ~ 5 the dantrolene 
is practically entirely in the neutral form HA. Since 
the dissociated species A-  is non-electroactive, we 
conclude that the change in AEp vs. pH at about pH 
5.3 is due to the involvement of protons in the 
rate-determining step in the electroreduction of HA, 
and/or slow establishment of the HA/A-  equi- 
librium, so that the apparent pK a value of 5.3 is an 
artifact related to pK~l (=  2.0). 

The peak height remained unchanged in the acidity 
range from H 0 - 0 . 3  to pH 5, then showed a slight 
decrease with an inflexion point at pH ~ 5.3 (corre- 
sponding to the artifact break in Fig. 2), then de- 
creased significantly at pH > 7 with an inflexion point 
at pH 7.5, corresponding to the predominance of the 
non-electroactive anionic form A- .  This result is in 
agreement with the PKa2 value obtained by poten- 
tiometry (Fig. 3) and spectrophotometry (Fig. 4). 

Solubility in buffered solution (pH 7.4) 

This can be determined by DP polarography. 

Preliminary assays showed that dantrolene is slightly 
soluble in 0.1M Tris buffer at room temperature. 
Because of  hydrolysis the solubility of the sodium salt 
S~DTN~.3H20) at pH 7.4 is the sum of the solubility of 
both the undissociated acid molecule and the anionic 
form. 

At 20 ° and physiological pH, So was 0.7 x 10- 'M 
(21 mg/l.) in the Tris buffer (I = 0.1M). A solubility 
of 15 rag/1, for A -  and 1 mg/l. for HA in distilled 
water was reported by Wuis et al. 7 Thus the ionic 
strength affects the solubility. 

Stability o f  dantrolene in acidic media 

The advantage of  the polarographic method is the 
possibility of directly following the changes in the 
azomethine group signal with time, which is im- 
possible with a less specific method such as spectro- 
photometry. 22 A study of the stability of dantrolene 
solutions between H0 - 0 . 3  and pH 3 showed that 
the peak current ip decreased appreciably with time. 
Polarograms for the reactant and the possible reac- 
tion product 5-(p-nitrophenyl)furfural were obtained 
for 10-5M solutions in 2M hydrochloric acid at 22 ° 
(Fig. 6). At pH > 1 the changes in ip were smaller and 
slower than those in 2M hydrochloric acid, indicating 
that the equilibrium tended in favour of intact 
dantrolene. At pH >2, the current changed 
negligibly with time (3% after 5 days). The stability 
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Table 3. Extraction ratios (R) of dantrolene between chloro- 
form and aqueous buffered solutions, at various pH values 

Media ip, 2ip2 
(I = 0.1M) Extraction pH arbitrary units R, % 

HCI 2 13.8 12.7 92 

Citrate 3 13.2 10.4 82 
4 13.4 11.3 82 
5 14.1 11.4 83 

Phosphate 6 15 12.4 83 
7.4 13.8 12.6 86 
7.5 12.4 12.0 92 

In all cases, approximate standard deviation to be expected 
is 5%. 

of dantrolene in a solution containing the microsomal 
suspension (10 ml) and 1M hydrochloric acid (1 ml) 
was examined by extraction with chloroform at 
various times (from 1 to 5 rain) after the addition of 
hydrochloric acid to the medium. The absorption 
spectra and DP polarographic peak heights of the 
azomethine group in buffered solutions (pH 4.1) were 
constant during this time period. Thus, dantrolene 
was not degraded during analysis of the microsomal 
preparations treated with hydrochloric acid (pH 1.8). 

Solvent extraction 

The extraction procedure was developed in estab- 
lishing a method for the measurement of dantrolene 
in microsomal preparations. Partition of the dantro- 
lene between the solvent and a buffer of appropriate 
pH in the range from pH 2 to 8.5 (corresponding to 
the stability range of dantrolene in aqueous sol- 
utions) was determined by DP polarography. Citrate, 
phosphate and borate buffers were used and the ionic 
strength was kept at 0.1M, which gave a buffer 
concentration greater than that of the solute used in 
the experiments. 

The results in Table 3 prove that pH changes had 
a limited effect on the extraction at a drug concen- 
tration in the 10-SM range. Consequently, no special 
pH precautions are necessary and the extraction can 
be performed at the pH of the aqueous solutions of 
the drug. 

CONCLUSION 

Potentiometry and spectrophotometry are the 
most widely used techniques for determination of 
protonation constants. ~3 Potentiometry is usually 
considered to be the more precise, but it cannot be 
used for the study of slightly soluble substances or for 
those with low or high pK a values. Sometimes these 
problems have been resolved by using polarography, 
when the protonated and uncharged forms of 

the drugs are reducible at the dropping mercury 
electrode. 

It can be concluded from the stability assays and 
from the pKa values that all the forms of dantrolene 
are extractable into chloroform, analogously to ex- 
traction of nitrofurantoin into nitromethane, pre- 
sumably owing to formation of ion-pairs with ionic 
species of the buffer. Extraction into chloroform at 
pH near 2 or at physiological pH can be performed 
for the determination of dantrolene and its metab- 
olites in studies of metabolism of the drug by liver 
microsomes. 
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SPECTROPHOTOMETRIC DETERMINATION OF SOME 
BENZOTHIADIAZINE DIURETICS WITH 
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Semmary--A new spectrophotometric method for the determination of some benzothiadiazine drugs is 
presented, based on reaction with 7,7,8,8-tetracyanoquinodimethane in sodium acetate medium and 
measurement at 578 nm. Beer's law is obeyed in the concentration range 0.7-6.0/ag/ml for all eight drugs 
tested. 

Benzothiadiazines are important as diuretics and 
antihypertensives, used alone or in combination with 
other compounds. The assay procedures listed in 
official compendia 1.2 mostly describe titrimetric 
methods for determination of the pure drugs with 
sodium methoxide, lithium methoxide or tetra- 
butylammonium hydroxide. Other methods de- 
scribed include non-aqueous titrimetry, 3,4 complex- 
ometry, 5 amperometry, ~ polarography, 7's liquid 
chromatography, 9-12 thin-layer chromatography, 13-~6 
gas chromatography, 17-~9 spectrophotometry 3,2°-2s 
and fluorimetry) 4,29 

7,7,8,8-Tetracyanoquinodimethane (TCNQ) is a 
strong electron-acceptor and has been used for the 
determination of electron-donors such as alkaloids, 3° 
procaine, 3~ some nitrogen bases, 32 vitamin A, 33 anti- 
histamines, 34 pentazocaine 35 and some sulpha drugs. 36 

In the present study, TCNQ is used for deter- 
mination of eight benzothiadiazine diuretics in pure 
or in tablet form. The proposed method is simple, 
sensitive and accurate. 

EXPERIMENTAL 

Apparatus 
A Zeiss PM2DL spectrophotometer and a Unicam SP 

1750 spectrophotometer were used 

Reagents 
All chemicals and solvents used were of analytical grade. 
TCNQ solution. Dissolve 150 mg of TCNQ in 100 ml of 

acetonitrile. Prepare fresh daily. 
Sodium acetate solution. Dissolve 3 g of sodium acetate in 

I00 ml of distilled water. 
Standard benzothiadiazine solutions. Dissolve 40 mg of the 

benzothiadiazine drug (as the free base) in 100 ml of 
acetonitrile. Dilute a 5-ml portion accurately to 100 ml 
with acetonitrile to obtain a working standard 20-gg/ml 
solution. 

Procedure 
Pipette 5 ml of standard benzothiadiazine solution into a 

50-ml standard flask. Add 5 ml of TCNQ solution and 5 ml 
of sodium acetate solution. Mix and leave for about 5 min. 
Make up to volume with acetonitrile and then let stand for 

20 min. Measure the absorbance at 578 nm in l-cm cells 
against a reagent blank treated concurrently. 

Analysis of benzothiadiazine tablets 

Weigh and powder 20 tablets. Transfer an accurately 
weighed amount of powder equivalent to 40 mg of the drug 
(2 mg for cyclopenthiazide) into a 100-ml standard flask. 
Add 70 ml of acetonitrile and shake the mixture well for I0 
min, then dilute to volume with acetonitrile. Filter through 
a dry paper, discarding the first portion of filtrate. Dilute a 
5-rrd portion accurately to I00 ml with acetonitrile to obtain 
a final solution containing 20/zg of the drug per ml. Use the 
cyclopenthiazide filtrate without further dilution, as the final 
20-/~g/ml sample solution. Apply the procedure above to 
5 ml of the 20-/~g/ml solution. 

RESULTS AND DISCUSSION 

Benzothiadiazines react with TCNQ to form in- 
tensely blue products at pH 9.0--9.6. These products 
exhibit five main absorption peaks at 436, 578, 603, 
735 and 805 nm, with different intensities. Figure 1 
shows the absorption spectra of the coloured prod- 
ucts from chlorothiazide and hydrochlorothiazide 
as representative examples of the benzothiadiazines 
studied. Absorbance measurements were made at the 
578 nm peak, where the reagent blank has negligible 
absorbance when measured against pure solvent. The 
absorbance, however, depends on the nature of the 
buffer system used (Table 1). 

Figure 2 shows that at least 0.12% TCNQ solution 
must be used for maximum and reproducible colour 
intensity of the reaction products of chlorothiazide 
and hydrochlorothiazide to be obtained, and a con- 
centration of 0.15% is recommended. 

Figure 3 shows that the absorbance is maximal and 
constant when at least 5 ml of 3% sodium acetate 
solution is used. 

Acetonitrile, dimethylformamide, dimethyl sul- 
phoxide, isobutyl methyl ketone, methylene chloride, 
1,2-dichloroethane, chloroform, dioxan, methanol 
and ethanol were examined as solvents. Acetonitrile 

621 
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Fig. 1. Absorption spectra of the coloured products of TCNQ and sodium acetate with hydro° 
chlorothiazide (5 ~g/ml) - - - ,  chlorothiazide (5 #g/ml) and reagent blank ............ 

0.5 - 

Table I. Effect of pH on the absorbance 
(at 578 nm) of the reaction product of 
hydrochlorothiazide (4/z g/ml) with 
TCNQ in aqueous acetonitrile solution 

Absorbance 

pH (I) (2) (3) 

7.0 0.000 0.000 - -  
7.5 0.050 0.045 - -  
8.0 0.095 0.075 - -  
8.5 0.140 0.125 - -  
9.0 0.710 0.650 - -  
9.2 0.712 0.650 0.780 
9.4 0.708 0.642 0.782 
9.6 0.705 0.640 0.773 
9.8 0.672 0.623 0.731 

10.0 0.578 0.560 0.630 
10.5 0.500 0.470 0.603 
11.0 0.485 0.464 0.592 

(1) Britton and Robinson buffer, pH 
2.40-12.02. 

(2) Teorell and Stenhagen buffer, pH 
2.0-12.0. 

(3) Kolthoff and Vleeschhouwer buffer, 
pH 9.2-11.0. 
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Fig. 2. Effect of TCNQ concentration on the absorbance of 
the hydrochlorothiazide (2 #g/ml) • and chloro- 

thiazide (2 #g/ml) - - - 0 - - -  products. 

0.5 

0 . 4  O ~ O ~ t ~ Q ~ O  

. / 
o • 

0 .3  / / o - - • - - o - - o - - - •  

0.2 "~ / ; / /  

0.1 • / ,~•/ 
I I I I I I I I 

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

S o d i u m  o c e t o t e  c o n c e n t r o t i o n l  % 

Fig. 3. Effect of sodium acetate concentration on the ab- 
sorbance of the hydrochlorothiazide (2/zg/ml) • -  

and chlorothiazide (2 #g/ml) - - - 0 - - -  products. 

Table 2. Comparative summary of statistical data for determination of some bcnzothiadiazine drugs with 
TCNQ and sodium acetate 

E Beer's law 
at 578 nm, linearity range, Correlation 

Compound 1. m o l e  - i .  c m  - i # g  / m l  Slope Intercept coefficient 

Chlorothiazide 4.79 x 104 0.4-7 0.163 - 0.005 0.9957 
Hydrochlorothiazide 6.07 x 104 0.4-6 0.202 0.011 0.9935 
Hydroflumethiazide 5.96 x 104 0.4-7 0.179 0.005 0.9990 
Benzthiazid¢ 4.84 x 104 0.7-10 0.112 0.003 0,9950 
Bendrofluazide 6.24 x 104 0.5-8 0.150 0.010 0.9997 
Trichloromethiazide 6.09 x 104 0.4-7 0.159 0.005 0.9990 
Cyclothiazide 5.77 x 104 0.5-8 0.148 0.000 0.9943 
Cyclopenthiazide 5.47 x 104 0.5-8 0.145 - 0.005 0.9958 
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as diluent afforded maximum stability and intensity 
of colour. It also has fairly good solvent power for 
TCNQ (0.3% maximum solubility) and for all stud- 
ied benzothiadiazines. None of  the other solvents is 
a good substitute for it. 

The colour develops completely in 15 min at 30 °, 
and remains stable for at least 90 min. At 20 ° the 
corresponding times are 35 min and 2 hr. Heating 
increases the reaction rate but also decreases the 
stability of  the colour, and use of  temperatures above 
35 ° is not recommended. There is marked loss of 
colour at temperatures above 50 °. 

For all the benzothiadiazine drugs studied, under 
the conditions described the Beer's law plots were 
linear in the general concentration range of  
0.7-6.0/~g/ml (Table 2). Separate determinations at 
different concentration levels of each drug gave 
coefficients of variation not exceeding 2%. 

To assess the selectivity of  the method for benzo- 
thiadiazines, several drugs and related compounds 
were tested under the recommended reaction condi- 
tions. Substituted sulphonamides, sulphonacet- 
amides, sulphonyl ureas and acetanilide gave zero 
absorbance at 578 nm. Primary aromatic amines give 
yellow to orange products with absorption maxima at 
330 and 475 nm, but negligible absorbance at 578 nm. 
The reaction products formed with different benzo- 
thiadiazines and unsubstituted sulphonamides have 
approximately similar spectral characteristics. Thus 
the method is not suitable for analysis of their 
mixtures without prior separation, or of hydrolysed 
benzothiadiazine samples containing 4-amino-6- 
chloro-l,3-disulphonamide. However, most benzo- 
thiadiazines are commercially available in plain 
dosage forms and the problem of interference does 
not then arise. 

Commercial tablets of hydrochlorothiazide, 
hydrofluomethiazide, benzothiazide and cyclo- 
penthiazide were successfully analysed by the 
method. Recovery experiments were performed for 
each drug in tablet forms. The results (Table 3) were 
compared statistically with those obtained by ap- 
plying the compendial methods. 1,37 Commonly en- 
countered excipients and additives did not interfere 
with the colour development. 

Job's method of continuous variation 3s showed 
that the benzothiadiazines and TCNQ reacted in 1 : 1 
molar ratio under the recommended conditions. 
Attempts to characterize the products failed, how- 
ever; although they were readily isolated by solvent 
extraction or column chromatography, they were too 
unstable for identification to be possible. 
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Summary---Chemiluminescence was observed when some acidic triphenylmethane dyes were oxidized with 
hydrogen peroxide in alkaline solution. Trace amounts of Co(II) catalysed this chemiluminescent reaction 
strongly, especially in the presence of the cationic surfaetant cetyltrimethylammonium bromide. The 
chemiluminescence spectra of some compounds and the absorption spectra of some products of the 
chemiluminescent reactions were investigated, and some acidic triphenylmethane dyes were studied by 
the Hiickel molecular orbital method. On the basis of these investigations, a possible mechanism for this 
chemiluminescent reaction, and an initial explanation for the relationship between the structure of the 
reagents and their chemiluminescent behaviour were proposed. The optimum conditions for use of some 
of the chemiluminescent reaction systems were selected by means of the modified simplex method, and 
a chemiluminescent analytical method for determination of ultratrace amounts of cobalt was established, 
with a detection limit of 5 pg/ml. It was used for analysis of natural water samples, and good results were 
obtained. 

Acidic triphenylmethane dyes are an important type 
of organic reagent. All examples of this kind o f  
reagent have the following basic structure: 

d 
These dyes are principally used in analytical 
chemistry as indicators for complexometric titrations 
and as reagents for spectrophotometric analysis, 
especially in the presence of surfactants, their 
sensitivity then being greatly increased, the molar 
absorptivity of their complexes generally being 
> 1 x 105 l .mole - l . cm -l. 

We have found that when certain acidic triphenyl- 
methane dyes were oxidized with hydrogen peroxide 
in alkaline solution, chemiluminescence could be 
observed, and that trace Co(II) strongly catalysed 
this chemiluminescent reaction, especially in the 
presence of the cationic surfactant cetyltrimethyl- 
ammonium bromide (CTMAB). However, chemi- 
luminescence could not be observed for some other 
acidic triphenylmethane dyes under the same con- 
ditions. We have tried to discover the relationship 
between the chemiluminescent behaviour and the 
structural character of the reagent molecules. We 
studied some acidic triphenylmethane dyes by the 
Hiickel molecular orbital (HMO) method, and also 

*Present address: Chemistry Department, La Trobe 
University, Bundoora, Victoria 3083, Australia. 

investigated the chemiluminescence spectra of  some 
compounds and the absorption spectra of  some prod- 
ucts of chemiluminescent reactions. On the basis of  
these investigations, we have identified the structural 
character of the reagents which are able to produce 
chemiluminescence, and proposed a possible mech- 
anism for this chemiluminescent reaction. 

We have also examined the application of  these 
chemiluminescent systems in analytical chemistry. All 
of them can be used for the determination of ultra- 
trace amounts of cobalt; the detection limit found 
was 5 pg/ml with the Pyrogallol Red system, and this 
is so far one of the most sensitive methods for 
determination of cobalt.t-4 

EXPERIMENTAL 

Apparatus 
FG83-1 chemiluminescence spectrophotometer (made 

in our laboratory). 751G spectrophotometer (Analytical 
Instrumental Plant, Shanghai). 

Reagents 
Standard solution of Co(H). High-purity (99.99%) cobalt 

power was dissolved in pure concentrated hydrochloric acid, 
then diluted to the required concentration with water. 

Solutions of acidic triphenylmethane dyes. The analytical 
grade dyes were dissolved in absolute ethanol, and the 
solutions diluted to the required concentration with water. 

All other reagents were analytical grade or better and all 
water used was doubly distilled in fused-silica apparatus. 

Procedures 
Detection of chemiluminescence. One ml of Pyrogallol Red 

(or other dye) solution, 0.5 ml of CTMAB solution, 0.5 ml 
of hydrogen peroxide solution, 2.5 ml of water and 0.5 ml 
of sodium hydroxide solution were added in turn by pipette 
to the reaction cell and mixed. The cell was then put into 
the camera, the shutter was opened and the zero point of the 

TAL. 3 5 / ~  6 2 5  
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Table 1. The chemilumineseent characters of some acidic triphenylmethane dyes 

Reagent Structural formula CL signal* Catalytic ions 

4,5-Dihydroxyfluorescein 

OH OH 

H O ~ c O ~ O  

~ COOH 

Strongest 
Co(ll) 
Fe(lll) 
Ni(ll) 

Pyrogallol Red 

OH OH 

~ S03H 

Very strong 
Co(II) 
Fe(III) 
Ni(II) 

Bromopyrogallol Red 

OH OH 

~ S03H 

Strong 
Co0I) 
Fe(III) 
NiOD 

Pyrocatechol Violet 

OH OH 

. o _  I I .o 

~ S O 3 H  

Less strong 

Co(II) 
Fe(III) 
Ni(II) 
Cu(II) 
Cr(III) 

Phenol Red 

"° ,%L- 

~ SO3H 

No signal 

Bromophenol Red ~ SO3H 

No signal 

continued 
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Reagent Structural formula CL signal* Catalytic ions 

Chrome Azurol S 

COOH COOH 

No signal 

Xylenol Orange 
CH3 CH3 

H2C / v "-.C~_. ." ~ . /  ~CH 2 

N(CH=COOH)2 SOaH N(CH2COOH)2 

No signal 

*CL = chemiluminescence. 

recorder was adjusted. Then standard Co(II) standard sol- 
ution (or a water sample) was injected into the reaction cell 
and the chemiluminescence signal was recorded. 

For measurement of absorption spectra. After detection of 
the chemiluminescence, the absorption spectrum in the 
ultraviolet region was measured against a reagent blank 
solution in 1-cm silica cells. 

RESULTS AND DISCUSSION 

From the many acidic triphenylmethane dyes, 
we selected Pyrogallol Red, Bromopyrogallol Red, 
Pyrocateehol Violet, Phenol Red, Bromopbenol 
Red, 4,5-dihydrofluorescein, Chrome Azurol S and 
Xylenol Orange for investigation. Their chemi- 
luminescence characteristics are shown in Table I. 

Mechanism of  the chemiluminescence 

Chemiluminescence spectra. Figure 1 shows that the 
chemiluminescence spectra produced on oxidation of 
Pyrogallol Red, Pyrocatechol Violet, Bromopyro- 
gallol Red, pyrogallol, catechol and gallic acid are 
very similar, with a band at 520 nm and another at 
580 nm, which suggests that when these acidic tri- 
phenylmethane dyes are oxidized, polyphenols, such 
as pyrogallol, catechol and gallic acid may be pro- 
duced during the reactions, and that the chemi- 
luminescence occurs on further oxidation of these 
intermediates. 

Absorption spectra o f  some reaction products. 
During the chemiluminescent reactions of the acidic 
triphenyimethane dyes studied, the solutions gradu- 

ally became colourless. Figure 2 shows that the final 
reaction products of the acidic triphenylmethane dyes 
and polyphenols tested all gave very similar ultra- 
violet absorption spectra, with maximal absorbance 
at about 300 nm. This again suggests that the poly- 
phenols are involved in the reaction mechanism. 

Mechanism. The electron-density distribution in 
the acidic triphenylmethane dyes studied was calcu- 
lated by the Hiickel molecular orbital method. For  
convenience in discussion, the carbon atoms and 
benzene rings of  the dye molecules are numbered as 
follows: 

4 $ 
3 ~ 1 0  1 1 [ ~ 6  

15 19 

17 

The calculation shows that for all the dyestuffs tested 
the ~-electron density at C9 is lower than at the other 
carbon atoms. Of the three atoms connected with C-9, 
the Cj4 atom has the lowest ~t-electron density. It is 
generally recognized that in alkaline solution, hydro- 
gen peroxide produces the Of  ion radical. This 
should attack the C9 position first, with possible 
production of  a peroxide bridge between C9 and CI4, 
followed by formation of the polyphenols. The 
scheme is shown below for Pyrogallol Red as an 
example. 
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Fig. 2. Absorption spectra of reaction products from I, 
Bromopyrogallol Red; II, Pyrogallol Red; III, Pyrocatechol 

Violet; IV, catechol; V, pyrogallol; VI, gallic acid. 

The production of  CO2 was confirmed by experiment, 
and the mechanism of the chemiluminescent oxi- 
dation of polyphenols has been shown 5 to proceed 
in several stages to produce low molecular-weight, 
water-soluble polymers, and several other as yet 
unidentified products, and the chemiluminescence is 
due to emission from singlet oxygen and inter- 
molecular energy-transfer. 

The results of our quantum calculation also show 
that the chemiluminescence intensity obtained by 
oxidation of these reagents is also related to the 
difference in n-electron density between positions 9 
and 14 (denoted by ~5), and in general increases with 
it (Table 2). 4,5-Dihydroxyfluorescein has a carboxyl 
group at Cl9, which not only greatly decreases the 
n-electron density at positions C9 and Cl4 but also 
greatly increases &, so the chemiluminescence in- 
tensity obtained with 4,5-dihydroxyfluorescein is the 
strongest. 

Relationship between the chemiluminescence behaviour 
and structure of acidic triphenylmethane dyes 

Pyrocatechol Violet gives quite strong chemi- 
luminescence on oxidation by hydrogen peroxide in 
alkaline solution, but Phenol Red is decolorized 
without production of chemiluminesence. The two 
dyes differ in structure by only the two additional 
hydroxyl groups at C4 and C5 in Pyrocatechol Violet 
(Table 1). The quantum mechanical calculations 

Table 2. Relationships between ~ value and chemilumi- 
nescence intensity 

Reagent & Intensity 

4,5-Dihydroxyfluorescein 0.106 Strongest 
Pyrogallol Red 0.086 Very strong 
Bromopyrogalloi Red 0.076 Strong 
Pyrocatechol Violet 0.068 Less strong 

show that the n-electron density at C9 is even lower 
in Phenol Red than in Pyrocatechol Violet. More- 
over, the rate of disappearance of the colour shows 
that Phenol Red is oxidized as rapidly as Pyro- 
catechol Violet, so the oxidation mechanism is likely 
to be the same for both, only the products being 
different: a catechol from Pyrocatechol Violet and a 
phenol from Phenol Red. Many experiments have 
shown that no chemiluminescence is produced from 
a phenol under the conditions used. From the struc- 
tural formulae of Chrome Azurol S and Xylenol 
Orange, we know that there are no polyphenols 
among their oxidation products, so no chemilumi- 
nescence is observed. Comparison of the structures of 
Pyrogallol Red and Pyrocatechol Violet shows that 
the former has an "oxo bridge" between positions 10 
and 11, whereas the latter does not, so when Pyro- 
gallol Red is oxidized there is a pyrogallol among the 
products. The chemiluminescence from Pyrogallol 
Red is therefore more intense than that from Pyro- 
catechol Violet (the chemiluminescence intensity 
from pyrogallol is stronger than that from catechol). 

Several initial conclusions can be drawn, as 
follows. (1) When an acidic triphenylmethane dye 
containing an "oxo bridge" between positions 10 and 
11 is oxidized, chemiluminescence occurs. (2) The 
occurrence of a chemiluminescence reaction and the 
intensity of any chemiluminescence produced will 
depend on the numbers of hydroxyl groups on the 
benzene tings of the molecule; if there is no "oxo 
bridge" between positions 10 and 11, chemilumi- 
nescence will occur only if there are two or more 
hydroxyl groups on benzene tings I and II, the 
chemiluminescence intensity generally increasing with 
the number of hydroxyl groups, and that of an 
ortho-dihydroxyl compound being stronger than that 
of a meta-dihydroxyl compound. (3) The n-electron 
density at positions 9 and 14 will be decreased and the 

value increased by introduction of an electron- 
withdrawing group at position 19, and the chemi- 
luminescence will be intensified. (4) The & value will 
be decreased by introduction of a halogen atom at 
positions 2 and 7, so this will not improve the 
chemiluminescent performance. 

Application in analytical chemistry 

Co(II) is one of the most commonly studied ions 
in chemiluminescence analysis. In general, its detec- 
tion limit is 0.01-1 ng/ml. TM The chemiluminescence 
reaction of acidic triphenylmethane dyes in alkaline 
solution is strongly catalysed by trace Co(II), es- 
pecially in the presence of the cationic surfactant 
CTMAB, and the chemiluminescence intensity is 
proportional to the concentration of Co(II). Thus 
these chemiluminesence systems are suitable for de- 
termination of trace Co(II). We have therefore tried 
to find the best conditions for determination of trace 
Co(II) in natural water. 

The chemiluminescence intensity from acidic tri- 
phenylmethane dyes is dependent on the concen- 
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Table 3. Optimum conditions for some reaction systems 

[Reagent], [CTMAB], [H202] ,  [NaOH], 
System M M M M 

4,5-Dihydroxyfluorescein 1 x 10 -5 2 x 10 -5 0.10 0.25 
Pyrogallol Red 5 x 10 -5 5 x 10 -4 0.20 0.25 
Bromopyrogallol Red I x l0 -4 8 x l0 -5 0.30 0.15 
Pyrocatechol Violet 5.5 x l0 -s 5 x l0 -4 0.12 0.24 

5 

2 

Fig. 3. Typical chemiluminescence signals for determination 
of cobalt: 1, blank; 2, 0.1 ng/ml; 3, 0.2 ng/ml; 4, 0.3 ng/ml; 

5, 0.4 ng/ml. 

trations of  the dye, hydrogen peroxide, C T M A B  and 
sodium hydroxide used. These systems are not  easy 
to optimize by the traditional methods. The modified 
simplex method (MSM), however, is readily adapt- 
able to solving such problems, 6,7 and was therefore 
used for the purpose, and the conditions found for 
Pyrogallol Red, Pyrocatechol Violet, Bromopyro-  

gallol Red and 4,5-dihydroxyfluorescein are listed in 
Table 3. 

Under  the optimized conditions for use of  Pyro- 
gallol Red, the relative standard deviation found (10 
replicates) for 2 ng/ml Co(II) was 3.3 %. The standard 
deviation of  the peak height (10 replicates) for the 
blank was 0.20 mm. Typical chemiluminescence sig- 
nals are shown in Fig. 3. For  the range 0.05-0.4 ng/ml 
Co(II) the calibration equation found was 

H = 0.2 + 80.5[Co(II)] 

where H is the peak height (mm) and [Co(II)] is in 
ng/ml. The correlation coefficient was 0.9998, and the 
detection limit was 0.005 ng/ml (defined as three 
times the concentration corresponding to the stan- 
dard deviation of  the blank signal). 

An investigation o f  interference in the deter- 
mination o f  2 ng/ml Co(II) gave the results shown in 
Table 4. It is evident that the selectivity of  the 

Table 4. Effect of diverse ions on determination of 2 ng/ml Co(II) 

Co(II) Co(II) 
Added, recovery, Added, recovery, 

Ion ng /ml % Ion ng /ml % 

Ni(II) 40 105 Bi(III) 1000 102 
Ca(II)* 10,000 97 Nb(V) 300 108 
Mg(II)* 10,000 96 Rh(III) 25 109 
AI(III) 200 108 Ir(III) 50 106 
Cu(II) 200 110 V(V) 200 91 
Cr(III) 200 98 Ge(III) 500 96 
Pb(II) 200 98 Mn(II) 200 101 
Cd(II) 200 107 Fe(III) I0,000 103 
Mo(VI) 200 99 Ga(III) 20 102 
TI(III) 200 91 CI- 9.0 x l0 T 86 
W(VI) 200 99 NO~- 6.2 x 106 101 
Zn(II) 200 98 PO~ -3 1.9 x 105 86 
TI(IV) 1000 106 CIO- 8.8 x 10 -4 M 91 

*In presence of tartaric acid. 

Table 5. Results of determination of Co(II) in natural waters (10 replicates) 

[Co(II)] found by 
[Co0I)] + s.d., Co(II) GFAAS, 

Sample ng/ml recovery,* % ng/ml 

Ming river 1 0.62 _+ 0.02 97 0.68 
Ming river 2 0.57 _ 0.01 98 0.55 
West lake 1 1.24 + 0.03 96 1.30 
West lake 2 1.08 _+ 0.02 102 1.12 
Hot spring 1 0.35 _+ 0.01 97 0.41 
Tap water 0.48 _+ 0.02 102 0.46 

*Of 1 ng/ml added Co(II). 
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Pyrogallol Red system is adequate for determination 
of Co(II) in natural water. The method is very simple. 
The water sample is adjusted to pH 3-4 with hydro- 
chloric acid, then filtered through a 0.45 #m mem- 
brane, and analysed as described above. 

The measurement takes only 2 min for each 
sample. The results for analysis of some natural water 
samples are shown in Table 5. 
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Smnmary--A method for determining ,,-0.01/xg/g or more of selenium in ores, concentrates, rocks, soils, 
sediments and related materials is described. After sample decomposition selenium is reduced to 
selenium(IV) by heating in 4M hydrochloric acid and separated from the matrix elements by toluene 
extraction of its 5-nitropiazselenol complex from ,-,4.2M hydrochloric acid. After the extract has been 
washed with 2% nitric acid to remove residual iron, copper and chloride, the selenium in the extract is 
oxidized to selenium(VI) with 20% bromine solution in cyclohexane and stripped into water. This solution 
is evaporated to dryness in the presence of nickel, and selenium is ultimately determined in a 2% v/v nitric 
acid medium by graphite-furnace atomic-absorption spectrometry at 196.0 nm with the nickel functioning 
as matrix modifier. Common ions, including large amounts of iron, copper and lead, do not interfere. 
More than 1 mg of vanadium(V) and 0.25 mg each of platinum(Iv), palladium(II) and gold(Ill) causes 
high results for selenium, and more than 1 mg of tungsten(VI) and 2 mg of molybdenum(VI) causes low 
results. Interference from chromium(vI) is eliminated by reducing it to chromium(Ill) with hydroxylamine 
hydrochloride before the formation of the selenium complex. 

The accurate determination of trace and/~g amounts 
of selenium in ores, concentrates, rocks, soils, pro- 
cessing products and related materials is an im- 
portant requirement in many CANMET projects, 
including the Canadian Certified Reference Materials 
Project (CCRMP). With the recent acquisition by the 
CANMET Chemical Laboratory of graphite-furnace 
instrumentation, it was considered that it might be 
possible to develop a suitably sensitive graphite- 
furnace atomic-absorption spectrometric (GFAAS) 
method for selenium that would be applicable to all 
these materials and that would involve a reasonably 
selective solvent-extraction separation step. 

Probably the most selective solvent-extraction 
procedures for selenium are those involving the 
extraction of piazselenol complexes with 1,2-di- 
aminobenzene and its derivatives 1,2 and, in recent 
years, numerous gas-chromatographic methods with 
electron-capture detection (GCECD) 2-6 and G F A A S  
methods 7-~3 for the determination of  small amounts 
of selenium in a variety of materials have been based 
on this type of  separation. In most of these methods, 
particularly the more recent ones, the 4-nitro substi- 
tuted o-phenylenediamine derivative was used for 
complex formation either because of its greater sensi- 
tivity in gas-chromatographic work and its high 
selectivity and stability or because it reacts with 
selenium at relatively high acidity. 1,2 This last 
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property gives it a definite advantage over other 
commonly used reagents such as 2,3-diaminonaph- 
thalene, 3,Y-diaminobenzidine and the 4-chloro sub- 
stituted reagent, which require either one or two pH 
adjustments for complex formation, 2 because it facili- 
tates and expedites the complex formation step. For  
this reason 4-nitro-o-phenylenediamine was also 
chosen for the present work and complex formation 
was further hastened by heating the selenium solution 
after the addition of  the reagentJ ,3 Although the 
extract and, in most cases, a matrix modifier are 
injected directly into the graphite furnace in all 
the GFAAS methods mentioned above, an aqueous 
medium was chosen for this work because of the 
greater reproducibility and sensitivity. 

In the proposed method, selenium is separated 
from matrix elements by extraction of the 
5-nitropiazselenol complex into toluene from --~4M 
hydrochloric acid in the presence of hydroxylamine 
hydrochloride as a reductant for chromium(VI). 
Selenium in the extract is oxidized to selenium(VI) 
with bromine solution in cyclohexane, stripped into 
water and ultimately determined by G F A A S  in a 
2% v/v nitric acid medium in the presence of nickel 
as matrix modifier. 

EXPERIMENTAL 
Apparatus 

A Perkin-Elmer model 5000 atomic-absorption spec- 
trometer, equipped with an HGA-400 graphite furnace, an 
AS-40 autosampler, a Data System 10 and HGA graphics 
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software, was used with a selenium hollow-cathode lamp 
operated at 8 mA. The 196.0 nm resonance line was used 
with a spectral band-pass of 0.7 nm. Pyrolytically-coated 
graphite tubes with solid pyrolytic graphite platforms were 
employed and 20-#1 aliquots of the appropriate solutions, 
containing 0.01% nickel as matrix modifier, were injected. 
Measurements were made in the peak-height mode, with 
deuterium-arc background correction. The instrumental 
conditions for the dry, char and atomization steps are given 
in Table 1. 

Reagents 
Standard selenium solution, I000 ltg/ml. Dissolve 0.5476 g 

of pure sodium selenite in water, add ~ 12.5 ml of concen- 
trated nitric acid and dilute the solution to 250 ml with 
water. Prepare a 100-#g/ml solution in ~5% v/v nitric 
acid and a 1-/~g/ml solution in ~2% v/v nitric acid by 
appropriate dilution of the stock and 100-/zg/ml solutions, 
respectively. The diluted solutions are stable for at least one 
week. Verify the selenium content of the sodium selenite 
gravimetrically by precipitation with sulphur dioxide. ~4 

Nickel solution, 10 mg/ml. Dissolve 1 g of high-purity 
nickel metal in ~20 ml of water containing 3 ml of 
concentrated nitric acid. Cool and dilute to 100 ml with 
water. 

4-Nitro-o-phenylenediamine solution, 0.5% w /v. Dissolve 
125 mg of the reagent by heating in a water-bath with 
~ 15 ml of water containing 2 ml of concentrated hydro- 
chloric acid. Cool, transfer the solution to a 60-ml separ- 
atory funnel, dilute to ~20 ml with water, then shake the 
solution for ~ I min with ~ 15 ml of toluene. Transfer the 
aqueous phase to a 25-ml standard flask and dilute to 
volume with water. Prepare a fresh solution weekly. 

Hydroxylamine hydrochloride solution, 20% w /v. Store in 
a plastic bottle and prepare fresh weekly. 

Bromine solution, 20% v /v in cyclohexane. 
Nitric acid, 2% v/v. 
Hydrochloric acid, 5M. 
Toluene. Analytical-reagent grade. 
Doubly demineralized water was used throughout and all 

acids employed were analytical-reagent grade. 

Calibration solutions 

Prepare 0.02-, 0.04-, 0.06-, 0.08- and 0.10-/z g/ml selenium 
solutions by adding I, 2, 3, 4 and 5 ml, respectively, of 
1-#g/ml standard selenium solution to 50-ml standard flasks 
containing 1 ml of concentrated nitric acid and 500/~1 of 
10-mg/ml nickel solution and dilute to volume with water. 
Prepare a blank calibration solution in a similar manner. 
These solutions should be prepared fresh weekly. 

Procedure 

Transfer up to 2 g of powdered sample, containing up 
to ~40 #g of selenium, to a 250-ml Teflon beaker. Add 
~5 ml of water, 1 ml of 10-mg/ml nickel solution and 
~ 1 g of sodium chlorate (Note 1), then cover the beaker 
with a watch-glass and add 15 ml of concentrated nitric acid 
and 7 ml of concentrated perchloric acid. Heat the solution 
until the evolution of oxides of nitrogen ceases, then remove 
the cover and wash down the sides of the beaker with water. 

Add 10 ml of concentrated hydrofluoric acid and carefully 
evaporate the solution to ~3 ml. Add 35 ml of water and 
20 ml of concentrated hydrochloric acid, cover the beaker 
with a watch-glass, heat the solution to the boiling point and 
boil gently for ~ 10 min to dissolve the soluble salts and to 
reduce selenium(VI) ~ to selenium(IV). Transfer the solution 
to a 100-ml standard flask containing 23 ml of concentrated 
hydrochloric acid, cool it to room temperature, then dilute 
to volume with water and allow the solution to stand until 
any insoluble material has settled. Run a blank through the 
whole procedure. 

Pipette 5-25 ml of the resulting solution, containing not 
more than ~2 /~g of selenium, into a 50-ml beaker. If 
necessary, dilute the solution to ~ 25 ml with 5M hydro- 
chloric acid, then add 1 ml of 20% hydroxylamine hydro- 
chloride solution, mix and let stand for ~ 5 min. Add 1 ml 
of 0.5% 4-nitro-o-phenylenediamine solution, mix and heat 
the solution in a boiling water-bath for 15 min. Cool the 
solution to room temperature, then transfer it to a 60-ml 
separatory funnel, marked at 30 ml, and dilute to the mark 
with water. Add 10 ml of toluene, shake the solution for 2 
min, allow the layers to separate, then drain off and discard 
the aqueous phase. Wash the extract twice, by shaking it for 
~30 sec each time, with 10 ml of 2% nitric acid. Drain off 
the acid phase, then add 2 ml of 20% bromine solution in 
cyclohexane to the extract, mix, and allow the solution to 
stand for ~ 10 rain to ensure the complete destruction oftbe 
selenium complex (Note 2). Add 5 ml of water and shake 
the funnel for ~ 30 sec. Allow the layers to separate, then 
drain the aqueous phase into a 50-ml beaker. Wash the stem 
of the funnel with water and collect the washings in the 
beaker. Repeat the stripping step twice more, with 5 and 
3 ml of water, and wash the stem of the funnel with water 
each time (Note 3). 

Add 200 #1 of concentrated nitric acid and sufficient 
10-mg/ml nickel solution to the resulting blank and sample 
solutions for 50 #1 (i.e. 50/zg of nickel) to be present for 
each 5 ml. to be present per ml of final solution (Note 4), 
then gently evaporate the solutions to dryness on a hot-plate 
maintained at ~<200 °. Cool, wash down the sides of the 
beakers with a few ml of water and evaporate to dryness 
again. Add sufficient concentrated nitric acid to each beaker 
for the final solutions to contain 2% by volume, then add 
2 or 3 ml of water and heat gently for ~ 2 rain to dissolve 
the salts. Allow the solutions to cool to room temperature, 
then transfer them to standard flasks of appropriate size 
(5-25 ml) and dilute to volume with water. 

Measure the peak-height absorbance of the sample 
and blank solutions under the conditions described under 
"Apparatus" and in Table 1 (Note 5). Determine the 
selenium concentration of the solutions by reference to 
peak-height values obtained concurrently for the calibration 
solutions. Calculate the selenium content of the solutions (in 
ng) and correct the result obtained for the sample solution 
by subtracting that obtained for the blank solution. 

Notes 
I. Sodium chlorate is not required if sulphides are absent. 
2. On standing, or during the subsequent stripping step, 

the extract containing bromine may become colourless 
because of the reaction between toluene and bromine to 

Table 1. Instrumental conditions for the determination of selenium 

1 2 3 4 
Step function Dry Char Char Atomize 

Temperature (°C) 110 200 900 2600 
Ramp time (sec) 10 5 5 0 
Hold time (sec) 10 i0 20 5 
Internal argon flow (ml/min) 300 300 300 0 
Read . . . .  1 sec 
Base-line . . . .  2 sec 
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produce bromotoluene. However, this does not interfere 
with the stripping of selenium. 

3. After the stripped extract has been drained into a 
waste bottle the funnel should be shaken with ~20-30% 
hydroxylamine hydrochloride solution and then left open in 
a fume-hood to air out for several hr before re-use. This 
helps to eliminate corrosive fumes which cause eye dis- 
comfort during subsequent washing of the funnel. 

4. For final sample solution volumes of 5, 10 or 25 ml, 
add 50, 100 or 250 #1 of nickel solution, respectively. The 
corresponding volumes of concentrated nitric acid to be 
added in the subsequent part of the procedure are I00, 200 
or 500 #1. 

5. If dilution is necessary, dilute suitable aliquots of both 
the blank and sample solutions directly in the autosampler 
cup with the blank calibration solution and correct the 
result (ng of selenium) obtained for the diluted sample 
solution by subtracting that obtained for the diluted blank 
solution. 

RESULTS AND DISCUSSION 

GFAAS determination of selenium 

Previous investigators, 7-~3 who used a G F A A S  
finish after extraction of various selenium piazselenol 
complexes into different organic solvents (deca- 
hydronaphthalene, 8 chloroform, ~3 butyl acetate, 9 or 
tolueneT,l°-12), have determined selenium directly in 
the organic phase, using wall-atomization either in 
the absence of a matrix modifier 7,t°a3 or in the 
presence of nickel 9'H'12 or copper)  Although nickel is 
usually recommended as a modifier for selenium, 
recent work has shown that, depending on the acid 
present, palladium is also very effective. ~5-~s Con- 
sequently, both nickel and palladium were in- 
vestigated in this work and platform-atomization was 
ultimately chosen because of the greater sensitivity 
and better reproducibility. Initial work involving 
direct injection of the selenium 5-nitropiazselenol- 
toluene extract into the graphite furnace showed that 
in this medium the approximate maximum charring 
temperature for selenium for peak-height measure- 
ment was ~ 1000 ° for both nickel and palladium, 
and that under these conditions the sensitivity for 
selenium in the presence of palladium was at least 
four times that obtained with nickel. However, in 
these tests, both palladium and nickel, which were 
added as 5-/~ 1 portions of dilute nitric acid solutions 
of  the nitrates to 20/~1 of extract, yielded very erratic 
base-lines and extremely poor reproducibility. This 
was attributed mostly to the non-uniform spread of 
the aqueous modifier solution (lower phase) and the 
toluene extract (upper phase) over the bottom of 
the sample cavity of the graphite platform during the 
drying step, because increasing, but still very erratic, 
peak-height values were obtained in further tests with 
palladium when the volume ratio of palladium sol- 
ution to 10 #1 of extract was increased from 0.25:1 
to 1:1. In most earlier work at least a 1:1 volume 
ratio and very small volumes (~<5 #!) of both the 
aqueous modifier solution and the extract were used 
but this limits the practical detection limit of the 
method. Furthermore, in platform analysis, the use of 

large volumes of modifier solution in conjunction 
with a suitably large volume of extract (e.g., 20/tl)  is 
not feasible because the capacity of the platform cavity 
( ~  30-35/zl in this work) may be exceeded. For  these 
reasons, an aqueous medium, in which the modifier 
and selenium solution are fully miscible, was chosen 
for this work, and preliminary tests done with a 2% 
v/v nitric acid medium (Fig. 1) showed that, at the 
optimum charring temperature found for peak-height 
measurements (900-1000°), palladium and nickel in 
small amounts (~< 2 gg) are about equally effective as 
modifiers; with large amounts the sensitivity de- 
creases. These tests also showed that the sensitivities 
in the presence of palladium and nickel were greater 
in the aqueous medium, particularly for nickel ( ~  10 
times greater), than in the toluene medium. Reduced 
palladium modifiers, in which an organic reducing 
agent such as hydroxylamine hydrochloride ~6 or as- 
corbic acid, 16'Is or an organic compound such as 
albumin, 17 is used in conjunction with palladium, 
have been found to be more effective than palladium 
alone for selenium, presumably because palladium is 
either reduced to the metal early in the temperature 
programme 16 and/or because of  the conversion of the 
added compound into graphite, which forms a new 
graphite surface in the graphite tube. 17 This could 
explain the much greater sensitivity obtained for 
toluene extracts of the organic "carbon-producing" 
selenium complex in the presence of palladium than 
in the presence of nickel. However, these organic 
compounds are not very effective in dilute nitric acid 
media, presumably because nitric acid or nitrate 
interferes with the reduction of the palladium during 
the drying and charring steps. Is In the presence of 
palladium no significant increase in sensitivity was 
obtained for 2% nitric acid solutions of selenium 
containing ascorbic acid. Peak-area results obtained 
with these modifiers, including palladium in the pres- 
ence of ascorbic acid, were very similar, showing, as 
found in previous work on arsenic, ~9 that there is no 
significant difference between these modifiers when 
peak-area is measured. Because subsequent work 
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Fig. 1. Effect of Pd (0)  and Ni (O) on peak-height absorb- 
anc¢ for selenium. Se taken, 20 #l (2 ng) of 0.10 #g/ml 
solution in 2% HNO3; Pd and Ni solutions (in 2% HNO3) 

taken, 5 #l. 
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showed that the addition of nickel to the strip 
solutions was necessary to prevent loss of selenium 
during the evaporation of the solutions to dryness, 
and because the reproducibility in the presence of 
nickel was much better than that with palladium, 
nickel was used as the matrix modifier in this work. 
The use of nickel is also advantageous compared with 
palladium because it is inexpensive and can be added 
directly to the final sample solution, as mentioned 
above. For economic reasons, palladium is usually 
separately injected into the furnace. Figure 1 shows 
that the optimum amount of nickel required is ~ 2/~ g 
which is considerably less than the optimum amount 
(t> 16 /~g) found for wall-atomization under essen- 
tially the same conditions. 

Separation of selenium by extraction of 5-nitropiaz- 
selenol 

In most previous work the selenium 5-nitropiaz- 
selenol complex was formed in ~<2M hydrochloric 
acid and extracted into toluene at the same acid 
concentration after allowing ~ 2  hr for complex 
formation) -6'It However, preliminary work, in which 
for convenience selenium was determined spectro- 
photometrically t by measuring the absorbance of the 
extract at 350 nm, the wavelength of maximum 
absorption (~ = 1.42 x 10 3 l .mo le - l .mm- t ) ,  showed 
that, at the 50-/tg selenium level, the complex is 
completely formed in hydrochloric acid ranging from 
0.1 to at least 6M in concentration. It is completely 
or almost completely extracted into toluene in 
one extraction under the same conditions when the 
volume ratio of the aqueous to organic phase varies 
from 1:1 to 3:1. 

Although the extraction step is reasonably specific 
as far as small amounts of most other elements are 
concerned, the effect of large amounts of iron had to 
be considered in this work because it is a principal 
constituent of most ores and related materials. Pre- 
vious investigators found that iron(Ill) produces a 
positive error in the spectrophotometric result for 
selenium extracted as the 5-nitropiazselenol, because 
of the yellow colour imparted to the extract, and that 
this error increases as the acidity decreases.l This was 
confirmed by tests which showed that the positive 
error in the presence of 50-100 mg of iron(Ill) was 
greatest when selenium was extracted from ~<2M 
hydrochloric acid, and that the spectrophotometric 
error from up to at least 100 mg of iron(Ill) can be 
reduced significantly by extracting selenium from 
~ 4 - 5 M  hydrochloric acid, followed by washing the 
extract once or twice with an equal volume of ~ 5M 
hydrochloric acid. This also reduces positive error 
from up to at least the same amount of copper(II), 
which reacts similarly. Further work indicated that 
the positive spectrophotometric error obained in the 
presence of these ions is most probably caused by the 
catalytic oxidation of 4-nitro-o-phenylenediamine 2° 
and the subsequent co-extraction of the oxidized 
compound. The co-extraction of this compound 

would be expected to decrease with increasing hydro- 
chloric acid concentration because the extraction of 
the reagent itself decreases under these conditions 
and becomes minimal at hydrochloric acid concen- 
trations > 3M. Although the co-extraction of neither 
the reagent nor the oxidized compound would be 
expected to be critical for a G F A A S  finish, complex 
formation in, and extraction from, ~ 4 - 5 M  hydro- 
chloric acid was chosen for this work for convenience 
and to minimize the unnecessary co-extraction of 
these compounds. To hasten complex formation, the 
piazselenol complex was formed by heating the sol- 
ution in a boiling water-bath ''3'4 for ~ 15 min in the 
presence of 1 ml of 0.5% 4-nitro-o-phenylenediamine 
solution. This amount of reagent is sufficient for the 
complexation of up to at least 50/~g of selenium(IV). 
An added advantage of the heating step is that, at the 
high hydrochloric acid concentration used for com- 
plex formation, any selenium(VI) present in the sol- 
ution will be largely reduced to selenium(IV) during 
the complex formation step; selenium(VI) does not 
form a piazselenol complex. 2 Subsequent G F A A S  
work showed that under the chosen conditions of 
acidity and reagent concentration, up to at least 2/~g 
of selenium is i>99% extracted into toluene in one 
extraction when the organic/aqueous phase volume- 
ratio is 1 : 3. 

Stripping of the selenium complex 

Initial stripping tests with nitric acid solutions of 
increasing concentration showed that the 5-nitropiaz- 
selenol complex is very stable and not readily de- 
stroyed under relatively strong oxidizing conditions. 
No selenium was stripped when extracts were shaken 
for ,,-5 min with up to 50% v/v nitric acid, and only 
~30% was recovered by shaking for 10 min with 
concentrated nitric acid. Complete stripping of 
selenium could be obtained by treating the extracts 
with bromine solution in carbon tetrachloride, as 
described previously for arsenic(III) xanthate ex- 
tracts, 19 followed by back-extraction of the resultant 
selenium(VI) into water: However, low results were 
obtained when the strip solutions were acidified with 
nitric acid and evaporated to a low volume to remove 
the excess of bromine before the G F A A S  deter- 
mination of selenium. This was attributed to the 
suppressive effect of small amounts of residual hydro- 
chloric and/or hydrobromic acid in the solutions. 
Complete recovery of selenium was obtained when 
the solutions were evaporated to dryness in the 
presence of nitric acid and nickel, which had pre- 
viously been f o u n d  13 to prevent selenium from being 
lost, presumably by volatilization, during the evapor- 
ation step. For the same reason, nickel was added 
to the samples before the decomposition step. A 
bromine solution in cyclohexane, rather than in 
carbon tetrachloride, was used for subsequent work 
because the lower specific gravity ( <  1) of this solvent 
facilitated the stripping step. With a carbon tetra- 
chloride (specific gravity > 1) solution of bromine it 
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was necessary to add a solvent of specific gravity < 1 
during the second stripping step, for the organic 
phase to be the upper layer. A bromine solution in 
toluene cannot be prepared because bromine reacts 
with toluene to form bromotoluene. 

Effect of diverse ions 

Early work involving spectrophotometric ~ and 
GCECD 2 measurement of the 5-nitropiazselenol 
extract showed that, except for iron(III), 
molybdenum(VI), chromium(VI), vanadium(V) and 
tin(IV), moderate amounts of most common ions t 
and large amounts of copper, arsenic and tellurium 
do not interfere in the extraction of  selenium. 2 Recent 
work, based on chloroform extraction of the complex 
and a G F A A S  finish using wall-atomization in a 
zirconium-coated tube and direct injection of  the 
extract, has shown that /zg-quantities (~<30 /~g) of 
various metal ions that occur in soil samples, includ- 
ing most of those mentioned above, do not interfere 
in the extraction or determination of selenium. ~3 
However, because considerably larger amounts of 
most matrix elements, particularly iron, copper and 
lead, would be expected to be present in the largest 
aliquot of the sample solution taken for extraction in 
this work, tests were done to determine the effects of 
large amounts of these elements and mg-amounts 
of various other elements on the determination of 
selenium under the proposed extraction and GFAAS 
conditions. These tests showed that up to at least 
100 mg each of iron(III) and copper(II), 100 mg of 
lead, 5 mg of arsenic(V), antimony(V), bismuth, 
tin(IV), manganese(II) and indium, 2 mg of molyb- 
denum(VI), 1 mg of vanadium(V) and tungsten(VI) 
and up to 250 #g each of platinum(IV), paUadium(II) 
and gold(III) will not cause significant error in the 
result. Larger amounts of molybdenum and tungsten 
will produce low results for selenium and larger 
amounts of vanadium, platinum, palladium and gold 
will produce high results. Whether or not the high 
results obtained in the presence of gold, platinum and 
palladium are caused by some co-extraction of these 
elements was not investigated, but the residues ob- 
tained after evaporation of the strip solutions to 
dryness indicated little or no co-extraction. Vanad- 
ium(V) is not significantly co-extracted because, at 
the 5-mg level, only ~25/~g was found in the wash 
solution; none was found in the final strip solution. 
More than ~0.5 mg of chromium(VI) interferes 
seriously by oxidizing 4-nitro-o-phenylenediamine, 
producing a reddish colour and a very low result, but 
up to at least 10 mg can be present if it is reduced to 
chromium(Ill) with hydroxylamine hydrochloride 
before the addition of the reagent. Although this 
reductant also reduces vanadium(V) to vanad- 
ium(IV), it does not eliminate the interference from 
vanadium. Also, it reduces the catalytic oxidation by 
iron(Ill) but not that by copper(II). Washing the 
extract twice with 2% nitric acid removes residual 
hydrochloric acid, iron, copper and other elements. 

Applications 

Table 2 shows that the mean results obtained 
for selenium in various diverse CCRMP, National 
Research Council Canada, National Bureau of Stan- 
dards and United States Geological Survey reference 
materials are in excellent agreement with the certified 
values, with values given for information only, or 
with the consensus mean values obtained during 
interlaboratory certification programmes or in recent 
compilations of existing data. In most cases they also 
agree reasonably well with other reported values 
obtained by a variety of instrumental methods. 
The results obtained for CCU-1 and CCU-Ia  are in 
good agreement with those obtained spectrophoto- 
metrically in this laboratory by measuring the ab- 
sorbance of the 5-nitropiazselenol complex after 
washing the extract twice with 5M hydrochloric acid, 
as mentioned previously, to remove residual iron, 
copper and most of the co-extracted oxidized reagent. 
For this analysis, about the same amounts of copper 
and iron present in these concentrates were added to 
the blank solution to compensate approximately for 
the small increase in the absorbance (~0.02) of the 
sample extracts that was caused by the remainder of 
the co-extracted oxidized compound. The results 
obtained for CZN-I and CPB-I are slightly lower 
than, but still in reasonably good agreement with, 
previous results obtained in this laboratory during 
the respective interlaboratory certification pro- 
grammes by a spectrophotometric method involving 
the extraction of the selenium 3,3'-diaminobenzidine 
complex into toluene after the preliminary separation 
of selenium by extraction as the xanthate. 32 Each 
of the individual results obtained for the reference 
materials in Table 2 was the mean of 3-5 G F A A S  
runs, each involving a single measurement. The 
resulting peak-height absorbance values were com- 
pared with, and the selenium concentration calcu- 
lated from, absorbance values obtained for each run 
for selenium calibration solutions covering the linear 
response range of 0-0.10 #g/ml. 

In the proposed method, the detection limit, calcu- 
lated as three times the standard deviation of  the 
reagent blank, based on a 25-ml aliquot (equivalent 
to a 0.5-g sample) of sample solution taken through 
the extraction step and a final volume of 5 ml, is 

10 ng of selenium per g of sample. The sensitivity 
(or characteristic mass) is ~ 12 pg for 0.0044 absorb- 
ance. In this work no high-temperature cleaning step 
was required after atomization and the reagent blank 
for 25-ml aliquots of sample solution varied from 
~ 4  to 10 ng of selenium. The method has some 
definite advantages over previously reported G F A A S  
methods based on the separation of selenium by 
extraction of piazselenol complexes followed by 
direct injection of the extracts. 7-~3 In this method, 
relatively large amounts of copper and iron do not 
interfere, no long waiting period is required for 
formation of the complex and, as mentioned pre- 
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viously, at the high acidity and temperature used for 
complex formation, any selenium(VI) present is 
largely reduced to selenium(IV). The hydroxylamine 
hydrochioride used to reduce chromium(VI) to 
chromium(III) before the addition of the 4-nitro- 
o-phenylenediamine may also promote this reduc- 
t ion) 3 Although the stripping and final evaporation 
steps require some additional time, the aqueous cali- 
bration solutions are stable and can be used for at 
least one week, whereas selenium extracts for cali- 
bration should preferably be prepared fresh each day 
to minimize error from evaporation. As mentioned 
previously, the reproducibility for selenium was 
found to be much better in an aqueous medium than 
in toluene. Furthermore, with an aqueous medium 
larger aliquots can usually be used for injection. 

The possible application of an alternative hydride- 
generation AAS finish, after the separation and 
stripping of selenium as described in the proposed 
method, was investigated but found to be unfeasible. 
Tests in which the strip solutions were evaporated to 
~3  or 4 ml to remove bromine, followed by the 
addition of water and sufficient concentrated hydro- 
chloric acid to give a 4M solution, and heating to 
reduce selenium(VI) to selenium(IV) (required for 
the hydride-generation step), yielded extremely low 
results for selenium. Subsequent work indicated that 
this was most probably caused by the simultaneous 
stripping of an organic compound, possibly oxidized 
4-nitro-o-phenylenediamine, which interferes with 
the reduction of selenium(VI), since similarly low 
results were obtained when selenium(VI) was added 
to strip solutions derived from blank solutions taken 
through the extraction and stripping steps. This 
unknown compound is also extremely resistant to 
oxidative destruction with nitric and perchloric acids, 
because not all, but increasingly larger amounts, of 
the added selenium was recovered in tests in which 
the strip solutions were treated with these acids, 
evaporated to fumes of perchioric acid in the presence 
of ~0.5 mg of nickel and then covered and refluxed 
vigorously for increasing time intervals up to 1 hr. 
About 85-95% of the selenium was recovered after 
refluxing for 1 hr. During this hydride-generation 
work it was also found that the extract may not 
be washed with 4-5M hydrochloric acid or 2% 
pcrchloric acid to remove residual iron, copper and 
other elements, instead of with 2% nitric acid as 
recommended in the procedure, because, for some 
unknown reason, this appears to accelerate the re- 
action between bromine and toluene. Under these 
conditions, the mixed toluene-bromine-cyclohexane 
phase is decolorized almost immediately or within 

I or 2 min after the addition of the bromine- 
cyclohexane solution. When the extract is washed 
with 2% nitric acid the mixed organic phase can 
stand for at least 20 min without being decolorized. 
Longer time intervals were not investigated. 

Acknowledgement--The author thanks Manreen E. Leaver 
for performing most of the hydride-generation AAS work. 
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SOLUTION NEBULIZATION OF AQUEOUS 
SAMPLES INTO THE TUBULAR-ELECTRODE TORCH 
CAPACITATIVELY-COUPLED MICROWAVE PLASMA 

B. M. PATI/L*, J. P. DEAVOR'j" and J. D. WINEFORDNERJ~ 
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Summary--This work shows the feasibility of using nebulization for introduction of aqueous samples into 
the tubular-torch capacitatively-coupled microwave plasma (CMP). Previously, solid electrodes were used 
with this type of plasma, in which analyte carrier and plasma support gases are premixed and swept 
around the electrode tip. With the new design, the analyte carrier gas passes through the centre of the 
hollow tubular electrode and mixes with the plasma support gas at the tip of the electrode where the 
plasma is formed. Sample solutions are nebulized with a Meinhard nebulizer and a laboratory-constructed 
spray chamber and desolvation system. The tubular torch is made of tantalum. Plasma gases investigated 
include argon, helium and nitrogen. Typical operating powers are 300-350 W. Elements studied include 
Ag, AI, Ba, Ca, Cd, Cr, Cs, Cu, K, Li, Na, Pb, Pd, Sr and Zn. 

There are two main types of microwave plasmas 
employed in analytical chemistry. By far the most 
commonly used is the microwave-induced plasma 
(MIP)) -4 The MIP is confined within a silica or 
alumina tube and sustained by coupling microwave 
power to the gas within such a tube by means of a 
resonant cavity. The second type of microwave 
plasma, the focus of this paper, is the capacitatively- 
coupled microwave plasma (CMP), also referred to as 
the single-electrode plasma (SEP). This discharge 
features a plasma produced at the tip of a metal 
electrode to which microwave power is coupled by a 
coaxial waveguide. 

Dahmen 5 gave an extensive bibliography of the 
CMP in his 1981 review and has annually updated 
it. 6-l° Much work has since been accomplished by 
several groups in Japan, Europe and the United 
States. 

Akatsuka and Atsuya have used the CMP to 
analyse steels for manganese,~t molybdenum, t2 
nickeP 3 and vanadium, 14 and also arsenic by hydride 
generation) 5 They have optimized the procedures 
and looked for possible interferences. A high concen- 
tration of iron was found to provide a convenient 
spectrochemical buffer. 

Wunsch and co-workers have performed analysis 
for tungsten ~6-~8 and ten other elements./9 
Feuerbacher 2° introduced a 120-mm long plasma 
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torch and minimized condensation problems by hav- 
ing the nebulizer very close to the plasma. Disan et 
al. 2~ determined 21 metals in trace concentrations in 
aqueous solutions, using nitrogen as a second mantle 
gas to stabilize the plasma and improve excitation 
conditions, and also made an interference study. 

Winefordner and co-workers have performed both 
applied and fundamental studies of their CMP. Inor- 
ganic and organometallic mercury was determined by 
vaporizing these species thermally from standard 
reference orchard leaves and tuna and detecting them 
by atomic emission as a function of vaporization 
appearance temperature for various chemical spe- 
cies. 22 A platinum-clad tungsten electrode was found 
to be thermally stable and chemically inert, giving 
longer electrode life. 23 The CMP was characterized 
with regard to spectroscopic and electron tem- 
peratures and density for various plasma gases. 24 In 
another study, the CMP was optimized to determine 
trace water in evolved-gas samplesfl 5 Trace hydrogen 
and oxygen in NBS/SRM titanium was determined 
by heating the metals in a helium atmosphere at 
reduced pressure and sweeping the evolved gas into 
the CMP. 26 An air plasma using a solid electrode was 
optimized for use with aqueous solutions for deter- 
mination of calcium, potassium and sodium in SRM 
oyster tissue and glass. 27 The total lead content of 
gasoline engine exhaust gases was determined and 
compared with the amount of particulate leadfl s Tin 
has also been determined by means of hydride gener- 
ation and the tubular electrode CMP. 29 The tubular 
electrode facilitated mixing of the analyte with the 
plasma support gas. The increase in sensitivity was 
over two orders of magnitude for tin. The present 
study was performed to show the possibilities of 
nebulizing solutions into the tubular-torch CMP. 

TAL. 35/~D 641 
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Table 1. Instrumentation used for solution nebulization into the tubular electrode torch 
microwave plasma emission spectrometer system 

Apparatus Model Manufacturer 

Magnetron output frequency 
2.450 GHz; 
Plate voltage (max) 4.5 kV; 
Plate current (max) 350 mA; 
Output power, 885 W 

Power supply (for magnetron) 
constant current, regulation 
15%; output voltage (max), 3 kV; 
output current (max), 400 mA 

Plasma torch 

Nebulizer 

Spray chamber and desolvation 
system 

Monochromator 
0.35 m focal length, 
1200 grooves/mm grating 
scanning spectrometer 

Photomultiplier tube 

High-voltage power supply 
(for photomultiplier tube) 

Differential amplifier 

Recorder 

H 3032 L (for Hitachi Ltd., 
microwave oven) Tokyo, Japan 

803-330 Hipotronics Inc., 
Brewster, NY 

Meinhard concentric glass 
nebulizer, TR-30-A3 

EU-700 

R-955 

226 

26A2 

Series 5000 

Laboratory 
constructed 29 

J. E. Meinhard 
Associates, 
Santa Ana, CA 

Laboratory 
constructed 

GCA/MePherson 
Instrument Corp., 
Acton, MA 

Hamamatsu Corp., 
Bridgewater, NJ 

Pacific Instruments, 
Concord, CA 

Tektronix Inc., 
Beaverton, OR 

Fisher Sci. Co., 
Pittsburgh, PA 

EXPERIMENTAL 

Apparatus 
The single-channel electrode and the electrode-holder 

assembly have been described elsewhere. 29 The central elec- 
trode is made of tantalum and is held within an aluminium 
electrode holder which screws into a brass tube. Carrier gas 
passes through the central channel and sheath gas flows 
around the electrode but within the silica tube. 

The electrode assembly is water-cooled, and the mag- 
netron is air-cooled. The instrumental components are listed 
in Table 1. The plasma is attached to the tip of the tubular 
tantalum electrode. When helium is used as both carrier and 
sheath gas, the plasma is self-igniting. Other gases or 
combinations of gases require the insertion of the metal tip 
of an insulated screwdriver to cause arcing and initiate the 
plasma. The gas flow-rates have been optimized to yield the 

best signal. Use of argon as the analyte carrier gas and 
nitrogen as the plasma sheath gas gives a stable plasma, 
without the plasma-displacement found when an all-helium 
or helium-nitrogen plasma is used. 

A schematic diagram of the system is given in Fig. l and 
the operating conditions are given in Table 2. 

Procedure 

Standard solutions of various metals were used to deter- 
mine analytical figures of merit. They were prepared by 
dissolution of the metals in acid, or from the metal halides. 
Blank determinations were made with demineralized dis- 
tilled water. A Meinhard C-2 concentric nebulizer was used 
to generate an aerosol in a laboratory-built spray chamber, 
and the aerosol was carried through a water-cooled con- 
denser to the plasma. The connection between the condenser 
and the plasma was kept warm with a heating tape. Blank 

Direct reading 
spectrometer 

Power supply for 
magnetron 

SampLe and carrier gas 

I~1onochromator 

NebuLizer system 

Fig. 1. Block diagram of the experimental system. 
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Table 2. Operating conditions of spectrometric system 

Microwave frequency .2.450 GHz 
Magnetron anode voltage 2.1 kV dc 
Magnetron anode current 155 mAdc 
Microwave power output 325 W 
Plasma viewing mode radial 
Plasma viewing position 3 mm above the 

electrode tip 
Plasma gas (N2) flow-rate 6.51/min 
Sample nebulizer gas (Ar) flow-rate 0.61/min 
Solution uptake rate 1.75 l/min 
Slit width 0.35 mm 
Slit height 10 mm 
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and sample solutions were run alternately, each being 
sampled for a minimum of 30 sec. The plasma was observed 
by means of a 0.35-m Czerny-Turner monochromator/ 
photomultiplier system with focusing of an unmagnified 
image on the entrance slit. A current-to-voltage 
amplifier/filter system was optimized for each element to 
yield the maximum signal-to-noise and signal-to- 
background ratios. The observation zone was 2-6 mm 
above the tip of the electrode. Molecular-band emission in 
certain regions of the spectrum added to the background. 
The plasma was operated at a power yielding the optimum 
signal-to-background ratio. 

RESULTS AND DISCUSSION 

Effects o f  microwave power on emission intensity 

An increase in microwave power increased the 
emission signal for chromium (Fig. 2) but also in- 
creased the background emission signal. Similar 
effects were found for the other elements studied. For 
each element, an optimum power level was estab- 
lished, based on the signal-to-background ratio, as 
depicted in Fig. 3 for chromium. Because the sheath 
or plasma gas and nebulizer gas flow-rates had 
minimal effect on the signal-to-background ratios for 
all the element lines studied (see below), univariate 
searches could be made for finding the operating (not 
optimized) parameters given in Table 2. 

Effects o f  different gases and flow-rates 

Variation of the type of plasma-sheath or carrier 
gas had little effect on the emission intensity when the 
tubular-torch configuration was used with desol- 
vation. Large changes in the plasma-sheath gas flow 
changed the overall plasma size and influenced the 
emission signal. Additionally, changes in this par- 
ameter cause an upward shift of  the plasma, necessi- 
tating a change in observation height. 

Linearity and detection limits 

Linear analytical ranges and detection limits were 
determined, under the experimental conditions given 
in Table 2, for several metal ions in aqueous solu- 
tions. Standard solutions (0.01-1000#g/ml) of 
several elements were used to measure the emission 
intensities. Limits of detection were calculated as the 
concentration of the element in solution which gave 
a signal three times the standard deviation of the 
blank 3° (16 replicate measurements of  the signal from 

Fig. 2. Plot of emission signal intensity vs. microwave 
power, for 100-/~g/ml Cr(III) solution. 

aspiration of demineralized distilled water). Solutions 
were analysed in triplicate, blanks being alternated 
with samples, and a cleaning period was allowed 
before each measurement. Detection limits, useful 
analytical ranges, and precision (relative standard 
deviation, RSD) for each element are listed in Table 
3. The precisions depend on the spectral background 
in the region of each line. Table 4 lists the statistics 
for log-log calibration plots over the linear range for 
several elements, including the linear dynamic range 
(as orders of magnitude) from the detection limit 
to the concentration at which the slope is reduced 
to 0.95. 

The limits of detection obtained with the system 
are compared in Table 5 with those previously 
reported 27 for use of the W-Pt  solid-electrode torch. 
Although the microwave power, nebulizer flow-rate 
and aspiration efficiency used in the present work are 
lower, the detection limits are better and lower by 
factors of 2-10 for the elements studied (except for Sr 
for which the detection limit is lower by a factor of 
100). The large improvement factors for Sr and AI are 
probably a result of the greater efficiencies of sample 
introduction into the plasma core, which would be 
expected to increase the dissociation of stable molec- 
ular species such as monoxides. However, the de- 
tection limit for Ca with the W-Pt  solid-electrode 

4.4  

4 .0  

3.6 

3.2 

n- 2.8 

2.4 

2.0 

1.6 ~ 

1.2 I I I I I I I 
260  3 0 0  340  380  420  4 6 0  500  540  

Power (W) 

Fig. 3. Plot of signal-to-background ratio vs. microwave 
power, for 100-/ag/ml Cr(III) solution. 
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Table 3. Detection limits, analytical ranges and precision (relative s tandard 
deviation, RSD) for several elements determined with the use o f  solution 

nebulization into the microwave plasma 

Linear 
Wavelength, analytical range, Limit of  detection,* RSD, 

Element nm #g /ml #g /ml % 

Ag 328.07 2-100 0.47 1.6 
AI 396.15 3-500 0.5 I. 1 
Ba 553.56 10-100 3.1 2.0 
Ca 422.67 2-200 0.65 6.5 
Cd 228.80 4-250 0.62 1.2 
Cr 425.43 1-200 0.26 1.7 
Cs 852.11 10-100 4.0 2.8 
Cu 324.75 0.5-200 0.09 6.0 
K 766.49 2-500 0.26 3.5 
Li 670.78 0.03-20 0.005 1.7 

Na 588.99 0.05-15 0.01 1.8 
Pb 405.78 20-1000 2.9 1.0 
Pd 342.12 10-200 2.1 2.1 
Sr 460.73 0.05-100 0.01 1.9 
Zn 213.86 10-100 5.0 4.3 

*Limit of  detection is defined as the concentration giving a signal equivalent to 
3 times the standard deviation of  16 repetitive measurements  of  the back- 
ground when demineralized water is nebulized into the microwave plasma. 

Table 4. Statistics for log-log calibration plots 

Std. devn. Linear range 
Std. devn. of  Corr. orders o f  

Element Slope of  slope Intercept intercept coeff, magni tude 

Ag 1.03 4.40E - 04 1.32E - 02 4.10E - 04 0.997 2.5 
Cd 0.97 4.21E - 04 - 0 . 3 8  4.50E - 04 0.996 3 
Cr 0.97 9.96E - 05 - 0 . 2 9  1.07E - 04 0.999 2 
Cu 0.98 1.18E - 03 0.55 1.41E - 03 0.997 2 
Li 1.02 1.80E - 04 0.89 1.72E - 04 0.999 3 

Na 1. I 1 9.66E - 04 1.14 1.22E - 03 0.998 2.5 
K 1.13 3.73E - 03 - 0 . 1 4  2.91E - 03 0.994 2 
Pb 1.05 3.45E - 04 -0 .91  3.10E - 04 0.998 3 

Table 5. Limits of  detection for several elements measured by use o f  solution nebu- 
lization for Ta tubular-torch and W - P t  solid-electrode torch microwave plasma emission 

spectrometry 

Limit o f  detection, ppm 

Wavelength, Ta tubular-torch W - P t  solid-electrode Improvement  
Element nm (present work) torch 27 factor 

AI 396.15 0.5 4.9 9.8 x 
Ca 422.67 0.65 0.4 0.6 x 
Cd 228.80 0.62 3.2 5.2 x 
K 766.49 0.26 0.9 3.5 x 
Li 670.78 0.005 0.008 1.6 x 
Na 588.99 0.01 0.03 3.0 × 
Pb 405.78 2.9 7.6 2.6 x 
Sr 460.73 0.01 1.0 I00 x 
Zn 213.86 5.0 6.8 1.4 x 

Other experimental conditions: 
Microwave power, W 325 520 
Plasma type N2-Ar  plasma air-plasma 
Nebulizer gas flow-rate, l./min 0.6 2.2 
Solution uptake rate, ml/min 1.65 1.2 
Aspiration efficiency, % 3.5 12.0 
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torch was about  40% lower than that obtained with 

the tubular torch. 

CONCLUSION 

Direct nebulization of  aqueous sample solutions 
into the tubular-electrode torch capacitatively- 
coupled microwave plasma emission-spectrometer 
provides low detection limits and wide linear re- 
sponses for a broad range of  metals. The technique 
appears particularly attractive in view of  its lower 
power requirements, reduced gas consumption,  more 
robust character and lower cost when compared to 
the ICP. Further  studies are in progress to evaluate 
interference effects, including those from easily ion- 
ized elements and of  phosphate and aluminium on 

Ca. 
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A BECQUEREL-DISC PHOSPHOROSCOPE FOR 
THE MEASUREMENT OF LIFETIMES IN 

ROOM-TEMPERATURE PHOSPHORIMETRY* 
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Stmmm'y--A Becquerel-disc phosphoroscope is constructed from a commercially available optical 
chopper with variable frequency and digital read-out. By use of a continuous source, phosphorescence 
lifetimes in the range 1-1000 msec can be measured with better than 4% relative standard deviation. 

In 1858, Becquerel reported the invention of the first 
phosphoroscope, l A phosphorescent material was 
mounted between two revolving discs each carrying 
four evenly spaced slots near the edge (and each slot 
has a width of n/8 radian). The discs were arranged 
so that light passing through a hole in the first disc 
and striking the sample could not be seen by looking 
through a hole in the second disc. A fraction of a 
second later, depending on the rate of revolution of 
the discs, the exciting light was cut off by the first disc 
and a hole in the second disc permitted observation 
of phosphorescent light emitted from the sample3 
Becquerel's disc was capable of measuring phos- 
phorescence with a lifetime as short as 10 -4 sec. 
Later, he cemented a solid phosphor to the surface of 
a revolving cylinder. 3 Upon excitation at one point on 
the cylinder, different stages of decay were observed 
at different distances around the can. 

Later, Wood cemented several solid phosphors to 
the surface of a revolving disc. 4 The lifetimes of these 
phosphors were estimated by observing the width of 
the phosphorescent band on the face of the disc. 
Lifetimes were reported as fractions of a revolution 
of the disc. More precise measurements were pre- 
vented by speed fluctuations in the driving motor and 
the error involved in estimating the band widths. A 
few years later, similar experiments were performed 
with a photocell detector, allowing lifetime measure- 
ments in the range 10-5-5 sec. 5'6 The method was still 
limited by uncertainty in the measurement of the 
disc's angular velocity. 

Recently, most measurements of phosphorescent 
lifetimes have been performed with pulsed excitation 
sources and gated detectors. 7 ~ These systems are 
complex and more expensive but produce more pre- 
cise results. The relative standard deviations (RSD) 

*Research supported by NIH-GMI1373-25. 
]'Present address: Laboratoire des Sciences Analytiques, 

Universit6 de Lyon, 1, 69622 Villeurbanne cedex, 
France. 

:~Author to whom correspondence should be sent. 

are between 2 and 10%, and the lifetimes measured 
vary from 0.5 to 800 msec. This communication de- 
scribes a Becquerel-disc phosphoroscope which pro- 
vides more precise lifetime measurements ( < 4 %  
RSD) over a broad range (1-1000 msec). 

THEORY 

Normally, when phosphorescence lifetimes (ZL) are 
determined, the phosphorescence intensity measured 
at some delay time (tD) after a period of excitation 
and its abrupt termination is assumed to follow a 
simple exponential decay: 

Ip~ = Ipo e x p ( -  tD/ZL) (1) 

where Ipo is the phosphorescence intensity which 
would be measured if the excitation period was long 
enough to allow it to reach a steady-state value and 
lpt is the intensity at time tD. It is assumed that the 
exposure time (t~) and the time between successive 
exposures (t¢) remain constant for measurements of 
lpt at different delay times. Figure 1 is a graphical 
representation of two cycles of excitation with sub- 
sequent phosphorescence decay. 

An equation for the phosphorescence intensity 
which accounts for the excitation and measure- 
ment processes was reported by O'Haver and 
Winefordner 12 and is 

[1 - e x p ( -  tE/ZL)] 
lp, = Ipo exp(--  tD/ZL) [1 -- exp(-- tc/Tt)] (2) 

This equation accounts for the diminished phos- 
phorescence intensity growth when a shorter ex- 
posure time, tE, is used for a particular measurement 
of lpt. It also accounts for changes in the phos- 
phorescence intensity, prior to exposure, due to 
changes in time between exposures, tc. For  lifetimes 
measured with a variable-speed phosphoroscope, 
equation (2) must be considered. If a pulsed-source 
system is employed equation (I) is suitable, since the 
pulse width (tE) and the source-repetition rate (I/ tc) 
may be held constant, while the delay time may be 

647 
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Z f 

Z IPT 

Fig. 1. Graphical representation of the operation of a 
Becquerel-disc phosphoroscope. 

varied by changing the delay time on a gated de- 
tector, or by viewing the entire signal vs. time trace 
directly from an oscilloscope. 

In the particular case of a rotating-disc phos- 
phoroscope with a phosphor covering the entire front 
surface of the disc, some simplifications can be made 
for equation (2). The times tc, t E and t o are deter- 
mined by the angular velocity of the disc. Expressions 
for tE and tc may be found in terms of l D and then 
substituted into equation (2). In our case, with a 
1-inch disc, excitation of the phosphor occurs at a 
single point near the edge of the disc, producing 
a ring of phosphorescence 25 mm in diameter 
(Fig. 2). For a given angular velocity, the time 
between exposures corresponds to the distance be- 
tween successive exposures, i.e. to the length of the 
phosphorescent ring (80 mm). The exposure time 
corresponds to the size of the excitation beam (1 mm) 
focused onto the surface of the disc. Phosphorescence 
is collected at a point 90 ° away from the excitation 
point in the direction of the rotation, so tD corre- 

sponds to 1/4 revolution of the disc, or a 20-mm 
length of the phosphorescent ring. Taking these 
factors into account results in the decay expression 

[1 - e x p ( -  to/20ZL) ] 
Ipt = [po exp(-- ID/TL) [ l  - -  e x p ( -  4tD/ZL) ] (3) 

Further reduction of equation (3) is difficult. At this 
point, it it useful to compare some hypothetical 
results for lifetimes calculated by equation (3), with 
those calculated by using equation (1). With equation 
(1), the phosphorescence lifetime is determined by 
taking the inverse of the slope of a plot of  ln(Ipt ) vs. 
t o where: 

ln(ipt ) = ln(ipo ) to (4) 
"C L 

Equation (4) can be rearranged to show that a plot 
of ln(Ipt/Ioo ) vs. ID/'C L will he linear, with a slope of 
- 1 .  By assuming values for tO/ZL, values for Ipt/Ipo 
can be calculated by using equation (3). A plot of 
ln(Ipt/Ipo ) vs.  tD/'C L is found to be a curve with a 
maximum at tD/'~ L ~ 1, and approaching linearity 
with a slope of - 1  at tO/ZL> 5 (Fig. 3). Un- 
fortunately, at tD/ 'CL> 5, the phosphorescence in- 
tensity of most samples is too weak to measure. On 
the other hand, measurements are easily made in the 
region l < tD/'C L < 3, where the average slope of the 
curve is -0.54. This implies that a phosphorescence 
lifetime (z~) measured by using equation (4) for a 
variable-speed rotating disc phosphoroscope must be 
multiplied by a factor of 0.54 to obtain the correct 
luminescence lifetime "C L 

z[ = 0.54 ~ (5) 

The factor relating z~. to z~ is independent of z~ as 
long as that portion of the plot is used where 
T~ < tD < 3Z~. This region is easily located experi- 
mentally without previous knowledge of ~ ,  by be- 
ginning measurements at a delay time corresponding 
to the peak phosphorescence intensity and continuing 
to a delay time three times as large. 

Fig. 2. Photograph showing the luminescence decay of a 
solid phosphor on a rotating disc. 

-71 
t o / "C L 

Fig. 3. Theoretical plot of the natural logarithm of relative 
phosphorescence intensity vs.  relative delay time as calcu- 

lated by using equation (3). 
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Fig. 4. Instrumental arrangement used to measure lifetimes 
with a Becquerel-disc phospboroscope. As stated in the text, 
the two fibre optics are positioned 5 mm in from the edge 

of the disc, at 90 ° and 180 ° from top dead centre. 

EXPERIMENTAL 

A diagram showing the instrumental arrangement for the 
Becquerel-disc phosphoroscope is given in Fig. 4. The 
excitation source was a 150-W xenon arc lamp (Varian 
Assoc., Palo Alto, CA). Source radiation was passed 
through a 0. l-m monochromator (ISA, Metuchen, N J). A 
16-nm band of radiant flux leaving the exit slit of the 
monochromator was focused into a fibre optic with a 
microscope objective. The exit end of the fibre optic was 
placed 2 mm away from the surface of the rotating disc 
carrying the sample. The fibre optic was positioned opposite 
the bottom centre of the disc, 5 mm from the edge. The 
excitation beam covered a l-ram diameter circle on the disc 
surface. Phosphorescence from the sample was collected by 
a second fibre optic opposite a point 5 mm in from the 
right-hand side of the disc, at the upper edge of the quadrant 
starting from the excitation point. The exit end of the 
emission fibre optic was coupled to a cooled photomultiplier 
tube (EMI Model 9789, Plainview, NY). A coloured glass 
cut-off filter blocking light of wavelength shorter than 
450 nm was positioned between the fibre optic and the 
photomultiplier tube (PMT). The signal from the PMT 
was recorded directly on a strip-chart recorder (Houston 
Instruments, Austin, TX). 

The rotating-disc phosphorescence consisted of a com- 
mercially available optical chopper with a 35-mm diameter 
aluminium disc. The chopper used was the Model OC 4000 
(Photon Technology, Inc., Princeton, N J) and could turn 
the disc at variable rates between 0.133 and 133 Hz. The 
frequency was recorded manually from a six-digit LED 
display on the controller. The aluminium disc was home- 
built and easily removable for sample application. 

The lifetimes of several phosphorescent species were 
measured to demonstrate the useful range of the phos- 
phoroscope. Three solid phosphors were obtained from the 

National Bureau of Standards. They were: standard refer- 
once material (SRM) No. 1023--a zinc cadmium sulphide 
phosphor with silver as activator, SRM No. 1028--a zinc 
silicate phosphor with manganese as activator and SRM 
No. i 030--a magnesium arsenate phosphor with manganese 
as activator. About 0.1 g of each phosphor was applied to 
the surface of the rotating disc with 0.5 ml of clear optical 
cement. The mixture was spread evenly so that it covered the 
entire face of the disc. 

Three molecular samples known to produce room- 
temperature phosphorescence when adsorbed on filter 
paper were also tested. Pyrene, quinine, and fluoranthene 
(Aldrich, Milwaukee, WI) were dissolved in absolute eth- 
anol (1 mg/ml); a 250-#1 portion of sample solution was 
spotted onto l-inch discs of filter paper (Schleicher and 
Schiill 593-C) previously treated with 250 #1 off 0.5M lead 
acetate. The filter paper was allowed to dry in air for 15 rain 
before being glued to the rotating disc. 

Finally, a "glow in the dark" phosphorescent paint was 
applied to the disc. The yellow paint was purchased at a 
local hobby store and was used to demonstrate that the 
phosphoroscope was capable of measuring lifetimes of the 
order of I sec. The paint was applied directly to the disc and 
allowed to dry for 15 min. 

The measurement process was as follows. After a sample 
had been applied to the disc, a range of disc speeds 
was selected. The speeds corresponded to delay times of 
2-2000 msec between excitation and observation of phos- 
phorescence. The signal for each delay time was recorded 
and a plot of signal vs .  t D was generated (Fig. 5). Each 
plot was fitted with a simple exponential decay function 
[equation (1)]. The linear region of a plot of In (Ipt) vs. tD had 
a slope equal to -- 1 / ~  where ~ was the measured lifetime 
of the luminescence. The actual phosphorescence lifetime, 
~[, was calculated by using equation (5). The precision of 
the ~t measurements was calculated by finding the standard 
deviation of the slope of the line. 

Lifetimes determined with the Becquerel-disc phos- 
phoroscope were compared with those determined by using 
a pulsed-source system. The instrumental arrangement used 
for the pulsed-source measurements was constructed from 
parts obtained commercially. The excitation source was a 
300-W xenon arc flashlamp (Xenon Corp, Wilmington, 
MA). Source radiation was passed through a 0.33-m mono- 
chromator (GCA/McPherson, Acton, MA) onto the 
sample. Phosphorescence was collected through a similar 
monochromator with a photomultiplier tube attachment. 
The signal from the PMT was amplified and directed to 
a digital storage oscilloscope (Tektronix Model 2430A, 
Beaverton, Oregon). A decay curve averaged over 256 
excitation pulses was stored. Data points (to, lpt), were read 
directly from the oscilloscope display. Lifetimes were calcu- 
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Fig. 5. 
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Exponential decay curve for the luminescence of a 
solid phosphor (NBS SRM No. 1030). 
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Table 1. Phosphorescence lifetimes measured with a Becquerel-disc phosphoroscope 

2ex, 2 e ~ ,  Lifetime,t Correlations 
Phosphor System* nm nm msec RSD, % coefficient 

SRM No. 1023 A 380 Yellow 3.1 +0.2 2.1 0.9983 
B 380 590 3.7 _+ 1.5 8.4 0.9695 

SRM No. 1028 A 375 Yellow/Green 2.3 + 0.1 1.3 0.9987 
B 375 540 2.7 _ 0.2 2.5 0.9952 

SRM No. 1030 A 420 Red 3.2 + 0.4 3.2 0.9971 
B 420 695 2.8 __+ 0.2 1.9 0.9989 

Fluoranthene A 365 Yellow/Green 11.1 __+ 0.8 2.1 0.9981 
B 365 545 14.3 + 5.5 8.2 0.9733 

Pyrene A 340 Orange 9.9 _ 0.9 2.5 0.9972 
B 340 595 7.7 + I.I 3.9 0.9925 

Quinine A 335 Green 22.0 + 1.4 1.8 0.9987 
B 335 510 25 _+ 15 16.3 0.9944 

Phosphorescent§ A 400 Yellow 813 + 10 1.3 0.9993 
paint B 400 570 - -  - -  - -  

*System A is the Becquerel-disc phosphoroscope; System B is a pulsed-source system. 
"['Lifetimes are reported along with 99% confidence limits. 
:~Correlation coefficients are reported for a linear plot of delay time vs. In(signal). 
§The lifetime of the phosphorescent paint could not be measured with the pulsed-source system. 

lated from a plot of equation (4). The same number of data 
points, with the same delay times, were used for both 
pulsed-source and Becquerel-disc measurements. 

RESULTS AND DISCUSSION 

A photograph of  the phosphorescence decay of  
NBS SRM No. 1023 is shown in Fig. 2. Excitation 
light from the fibre optic strikes the sample at the 
bot tom of  the rotating disc as it moves in an anti- 
clockwise direction. The decaying phosphorescence 
can be seen along the periphery of  the disc. The 
"emission" (collection) fibre optic has been removed 
from the photo for clarity. 

Table 1 gives the lifetimes measured for seven 
phosphors by the two methods. The good agreement 
between the two methods suggests that the assump- 
tions made in the derivation of  equation (5) are valid. 
The precision (relative standard deviation) is better 
by a factor of  ~ 2  for the Becquerel-disc measure- 
ments. The Becquerel-disc phosphoroscope is also 
capable of  measuring longer lifetimes than the 
flashlamp system can. This is a result of  the fixed 
pulse-rate of  the flashlamp, 4 Hz, which restricts 
lifetime measurements to below 250 msec. 

The Becquerel-disc phosphoroscope is ideally 
suited to the measurement of  lifetimes of  phos- 
phorescence analytes on solid substrates; such infor- 
mation is not  readily available in the literature. A few 
lifetimes have been reported for several indoles, m and 
for several organic acids 7 absorbed on filter paper, 

but no extensive tables of  lifetimes covering a wide 
range of  compounds have been published. The 
Becquerel-disc phosphoroscope described here could 
be used to generate such data easily and reliably. 
Such an endeavour would benefit those interested in 
the analysis of  complex mixtures by time-resolved 
phosphorimetry. 
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SHORT COMMUNICATIONS 

DETERMINATION OF SOME CARBOHYDRATES 
WITH N-BROMOPHTHALIMIDE AND N-BROMOSACCHARIN 
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Department of Chemistry, University of Kerala, Trivandrum 695 034, India 

(Received 1 March 1988. Accepted 25 March 1988) 

Summary--Two better titrimetric methods have been developed for determinaton of carbohydrates such 
as glucose, fructose, lactose and sucrose, and sugars present in honey and milk. They involve reduction 
of Cu(II) to Cu(I) by the carbohydrate concerned, and oxidative titration of the Cu(I) with a standard 
solution of N-bromophthalimide or N-bromosaccharin. 

Determinat ion of  carbohydrates is o f  much im- 
portance because of  their wide natural distribution. 
Of  the current methods, those based on reduction are 
the most  significant. ~-4 In these Cu(II) is first reduced 
to Cu(I) by the carbohydrate and the Cu(I) so formed 
is determined either gravimetrically or  titrimetrically, 
the latter being the better. In all these methods the 
Cu(I) should be free from excess o f  Cu(II)  and other 
reagents, such as sodium potassium tartrate, present 
in the reaction mixture. Therefore these methods are 
relatively slow because of  the time needed for wash- 
ing the Cu20  precipitate free from Cu(II) and other 
impurities, and for the titration or drying and weigh- 
ing of  the product,  We have found that N-bromo-  
pthalimide and N-bromosacchar in  are useful for 
several redox titrations. 5-7 Therefore, we thought it 
worthwhile to investigate whether use of  these N- 
bromoimides would provide rapid determination of  
carbohydrates by avoiding washing of  the Cu20 
precipitate. The results are reported in this paper. 

EXPERIMENTAL 

Reagents 
N-Bromophthalimide (NBP) and N-bromosaccharin 

(NBSA) were prepared by brominating phthalimide and 
saccharin, respectively and their standard solutions 
(~0.05N) were prepared in anhydrous glacial acetic aid as 
reported earlier. 5'6 Glucose, fructose and lactose were all 
analytieal-reagent grade. Cane sugar (sucrose), honey and 
milk were obtained from the local market. Standard solu- 
tions were prepared by dissolving glucose (0.5 g), fructose 
(0.5 g), lactose (0.5 g), sucrose (2.0 g), honey (15 g) or milk 
(30 g) in water and diluting to 250 ml. The strengths of these 
solutions were checked by reported methods. L2 Fehling's 
solutions A and B and Methyl Red indicator were prepared 
as usual. Ls Cuprous oxide was prepared by adding excess of 
saturated glucose solution to a boiling solution of cupric 
acetate, filtered off, washed with alcohol, and dried under 
reduced pressure over phosphorus pentoxide. 

*Author for correspondence. 
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Preliminary studies 
To test the feasibility of the proposed methods a known 

weight (10-35 rag) of Cu20 was dissolved in 20 ml of 2M 
hydrochloric acid and 2 drops of Methyl Red indicator were 
added. The solution was titrated with standard NBP (or 
NBSA) solution until the red colour of the solution changed 
to a permanent bluish green. A blank titration was also 
done. The experiments were repeated in the presence of 
added impurities such as Cu(II), sodium chloride, sodium 
acetate and sodium potassium tartrate, and it was found 
that none of these affected the titrations. 

Procedure 
To a measured portion (5-20 ml) of carbohydrate solu- 

tion (glucose, fructose or lactose), Fehling's solutions A and 
B were added in excess (as indicated by the colour devel- 
oped) and the resulting solution was boiled for 3 min for the 
Cu(II) to oxidize the carbohydrate. The solution was cooled 
and 20 ml of 2M hydrochloric acid were added to dissolve 
the cuprous oxide. To this solution 2 drops of Methyl Red 
indicator were added and the solution was titrated with 
standard NBP (or NBSA) solution until the red colour 
changed to permanent bluish green. A blank titration was 
also done, but it was found that no blank correction was 
necessary. For sucrose prior hydrolysis was necessary. A 
measured portion (5-20 ml) of sucrose solution was boiled 
with I0 ml of 2M hydrochloric acid for 5 rain, cooled, and 
titrated as described above. Honey and milk were clarified 
with alumina suspension and cupric sulphate, respectively, 
as reported earlier.t'2 The clarified solutions were used for 
analysis as described for carbohydrates. 

The amount of Cu(I) formed was calculated from ! ml of 
0.05N NBP (or NBSA) -= 3.175 mg of Cu, and the amount 
of carbohydrate was then directly read from the Munson 
and Walker sugar table.l'2 

RESULTS AND DISCUSSION 

Typical results are presented in Table 1. During the 
titration Cu(I) is oxidized to Cu(II), NBP being 
reduced to phthalimide and N B S A  to saccharin as 
suggested earlier. 5"6 This was confirmed by identifi- 
cation of  the reaction products in the titrated 
solution. 
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Table 1. Titrimetric determination of some carbohydrates wtih N-bromophthalimide and N-bromosaccharin (averages of 
ten replicates) 

NBP method NBSA method Thiosulphate method 

Amount Amount Amount Amount Amount Amount 
taken, found, C.V., taken, found, C.V., taken, found, C.V., 

Carbohydrate mg % % mg % % mg % % 

Glucose 10.3-28.8 100.0 0.3 16.8-35.8 99.7 0.5 17.8-34.9 99.7 0.5 
Lactose 12.9-32.2 100.1 0.3 10.7-30.1 100.1 0.4 10.7-30.1 99.5 0.7 
Fructose 10.4-32.4 99.8 0.2 10.4-32.4 99.9 0.4 10.4-32.4 100.3 !.5 
Sucrose 

(Cane sugar) 5.10-28.6 100.0 0.5 5.10-28.6 99.9 0.4 5.10-28.6 96.1 1.5 
Milk 

(Lactose) 453-483 4.8 2.4 248-472 4.9 2.6 248-472 4.9 2.6 
Honey 

(Fructose) 10.7-113 61.9 0.3 10.%113 62.0 0.4 10.7-113 62.0 0.8 
Honey 

(Total sugar) 10.4-72.5 64.1 0.8 10.4-56.9 64.4 0.7 10.4-56.9 64.3 0.8 

The results show that the proposed methods are 
accurate and precise. The presence of Cu(II) and 
sodium potassium tartrate (from the Fehling's solu- 
tions), sodium chloride and sodium acetate does not 
affect the results. However, Fe(II), cysteine, glutamic 
acid and hydrazines interfere severely. Both titrations 
are simple and the end-points are very clear. 

The proposed methods have clear advantages over 
the existing methods based on use of sodium thio- 
sulphate and potassium permanganate, and requiring 
washing of the cuprous oxide formed. In the new 
methods there is no need to isolate cuprous oxide 
from the reaction mixture after the reduction step. 
Instead, it is dissolved by adding hydrochloric acid to 
the reaction mixture itself. The new methods are thus 
simpler, faster and better than the earlier methods for 
the determination of carbohydrates and related com- 
pounds. 
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Summary--An indirect method for determination of phosphorus by atomic-absorption spectro- 
photometry has been developed, based on formation of the bismuthophosphomolybdate complex and its 
extraction by methyl isobutyl ketone. Bismuth is determined in the extract and correlated with the 
phosphorus content. The method is applicable to different kinds of steel. 

Phosphorus in steel or  cast iron is usually determined 
spectrophotometrically as phosphomolybdate  either 
in the reduced or  unreduced fo rm)  '2 The complex is 
selectively extracted into an organic solvent, resulting 
in removal of  interfering ions. Titrimetric methods 3 
have also been employed, based on careful washing 
of  an insoluble phosphomolybdate  and its dissolution 
in excess of  alkali, the surplus o f  which is titrated with 
standard acid. 

Atomic-absorpt ion spectrometry cannot  be applied 
directly for determination of  phosphorus,  as the 
principal resonance line o f  phosphorus lies in the 
vacuum ultraviolet region (177.5 nm) where atmos- 
pheric absorbance causes serious interference. Most  
of  the methods are therefore indirect, based on 
selective extraction of  the heteropoly acid into a 
suitable solvent and determination of  molybdenum in 
the organic phase 4 or in the aqueous phase after 
stripping with acid. 5'6 

We showed earlier 7 that phosphorus can be deter- 
mined by formation of  the ternary bismuthophos- 
phomolybdate,  its extraction into methyl isobutyl 
ketone, and measurement of  bismuth in the organic 
phase. This procedure can conveniently be used for 
determination of  phosphorus in iron and steel. 

Procedure 
Weigh a 2-g sample into a 250-ml conical flask and add 

20-25 ml of aqua regia. When the sample has dissolved add 
10-15 ml of 60% perchloric acid and heat until the 
perchloric acid starts refluxing and thick white fumes ap- 
pear. If more than 0.05% arsenic is present, cool the 
solution and add 5 ml of concentrated hydrobromie acid to 
volatilize the arsenic, and heat again until dense white fumes 
have been expelled for about 1 min. Cool the flask, dissolve 
the residue in water, filter ff necessary, and make up to 
volume in a 250-mi standard flask. Take a 10-ml aliquot in 
a 100-ml beaker and a 10-ml aliquot of the phosphorus- 
free iron solution (as a reagent blank) in another 100-ml 
beaker. Add 5 mi of 10% sodium sulphite (Na2SO3) sol- 
ution to each, heat to boiling for about a minute, cool to 
room temperature, add 2.5 mi of 0.12M sodium molybdate 
and 2 ml of 0.001M bismuth solution to both solutions and 
dilute them to about 45 ml. Add 5 mi of aseorbie acid 
solution to each. Let the solutions stand for 10 rain, then 
extract each with 25 ml of isobutyl methyl ketone in a 
100-ml separating funnel. Measure the absorbance of the 
bismuth at the 223.1 nm resonance line and subtract the 
absorbance for the reagent blank. 

Prepare a calibration graph by taking different known 
volumes of suitable standard phosphate solutions, adding to 
each an amount of phosphorus-free iron solution equivalent 
to about 0.08 g of iron and apply the reduction and 
extraction procedure followed by the AAS measurement 
and correction for the blank. The graph is linear up to 
1.4 #g/ml phosphorus in the 25-ml extract. 

EXPERIMENTAL 

Apparatus 
A Pye Unicam SP 1900 double-beam atomic-absorption 

spectrophotometer with digital read-out and deuterium 
lamp background-correction was used with the experi- 
mental conditions given earlier. 7 

Reagents 
The bismuth, molybdate and phosphate solutions were 

prepared as described earlier. 7 A 10% aseorbic acid solution 
was used. Two g of electrolytic grade iron powder (free from 
phosphorus) was dissolved in aqua regia, then 10-15 ml of 
60% perchloric acid were added, the solution was evapor- 
ated until perchloric acid fumes were evolved, then cooled 
and diluted to 250 ml. 

RESULTS AND DISCUSSION 

The method is a modification of  an earlier method s 
based on formation of  ant imonylphosphomolybdate  
and determination of  ant imony by atomic-absorption 
spectrophotometry.  The use of  bismuthophospho- 
molybdate is advantageous because the principal 
resonance line of  bismuth (223.6 nm) lies nearer to 
the visible region than the ant imony line (206.8 nm) 
does, and the sensitivity for bismuth is better by a 
factor of  almost 3 on a w/w basis and 6 on an 
atomic-ratio basis. The method has been applied to 
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Table 1. Analysis of standards 

Aliquot Phosphorus Certified 
Sample wt., taken, found, value, 

No. Sample g ml % % 

I BCS 218/1 2 10 0.014 0.014 
2 BCS 225 (Ni, Cr, Mo steel) 2 10 0.021 0.021 
3 BCS 214 mild steel 2 10 0.016 0.016 
4 Mild steel I 5 0.075 0.078 

NML Jamshedpur 10 0.076 
5 BCS 232 mild steel 1 5 0.076 0.076 
6 BCS 235 stainless steel 2 10 0.020 0.020 
7 BCS 241/1 high speed 

tungsten steel 2 I0 0.020 0.021 
8 BCS 234/3 0.499 2 0.33 0.33 
9 BCS 206/2 cast iron 0.15 2 1.36 1.38 

10 BCS 247/1 cast iron 0.2 2 1.14 1.13 

the determination of phosphorus in different kinds of 
standard iron and steel samples and the results are 
given in Table 1. The results obtained by the present 
method compare well with the certified values for the 
standard samples. 

Most of the steel-making elements do not interfere 
in the application of the present method in the 
analysis of cast iron and steel. Nickel does not cause 
interference even if present in amounts 400 times that 
of the phosphorus; this has been confirmed by an 
analysis of BCS 225 (Table 1). Antimony interferes 
by competitive formation of antimonophospho- 
molybdate, but this does not cause any practical 
problems as antimony is generally not found in steel. 
Titanium does not interfere if it is treated with excess 
of ascorbic acid? Niobium and tantalum, if present, 
are readily removed during the fuming with 
perchloric acid, by precipitation of the corresponding 
acids (or hydrous oxides). The standard deviations 
for samples 4, 6, 7 and 10 in Table 1 were found to 
be 0.006, 0.0022, 0.0017 and 0.033% phosphorus 

respectively. The results obtained by the present 
method compare well with the certified values. 
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Summary--A new spectrophotometric method for the determination of micro amounts of formaldehyde 
in aqueous and methanol solutions is based on the oxidation of formaldehyde by hydrous silver oxide 
at pH 11-12.5 and oxidation of the metallic silver produced, with iron(IlI) in the presence of Ferrozine. 
The absorbance of the resulting iron(II)-Ferrozine complex at 562 nm is proportional to the amount of 
formaldehyde and corresponds to an apparent molar absorptivity of 5.58 x 104 l .mole-t .em - ' .  

Large volume production and usage of  formaldehyde 
and its possible exposure-related health effects have 
caused much concern over the sensitivity and accu- 
racy of  analytical methodology for this compound.  

In general, large amounts  of  formaldehyde or other 
aliphatic aldehydes have been determined titrimetri- 
cally by reaction with alkaline silver(l) and back- 
titration of  the excess o f  silver(I) ~ or  by the Ripper 
method with sulphite and back-ti tration of  the excess 
of  sulphite with standard iodine solution. 5 

Small amounts  of  formaldehyde are determined 
by gas chromatography,  6"7 high-performance liquid 
chromatography,  s.9 electrochemicaP °'H and spectro- 
photometr ic  ~2-~s methods. Spectrophotometric  meth- 
ods are commonly  used and one of  these, the chromo- 
tropic acid method, is recommended by N I O S H  in its 
P & C A M  125 and P & C A M  235 reference methods. ~9 

This study describes a colorimetric procedure for 
the determination of  formaldehyde and aliphatic 
aldehydes in aqueous and methanolic solutions, by 
use o f  a modified Ponndor f  method (hydrous silver 
oxide) coupled with the i ron(III)-Ferrozine system. 

EXPERIMENTAL 

Instrumentation 
A Cary 14 spectrophotometer and a Coming model XII 

pH-meter were used. A PAR 170 A polarographic analyser 
with a dropping mercury electrode in a three-electrode 
system was operated in the differential mode at a scan-rate 
of 5 mV/sec, a modulation amplitude of 25 mV, a drop-rate 
of 1 drop per sec, recorder sensitivity of 1 #A/25 era, and 
scan-range from - 1.5 to -2 .0  V. 

Reagents 
All chemicals were analytical or primary grade. 

Formaldehyde standard stock solution (2.58 x lO-3M) 
was prepared from 37% formalin and standardized argento- 
metrically? Approximately 1.24 g of Ferrozine [3-(2- 
pyridyl)- 5,6-diphenyl- 1,2,4-triazine-p,p - disulphonic acid 
monosodium salt monohydrate (Aldrich)] was dissolved in 

in 1 litre of 0.1M sulphuric acid and 2.12 g of silver nitrate 
in 250 ml of demineralized water. Acetate buffer of pH 3.5 
was prepared by adding concentrated sodium hydroxide 
dropwise to 0.SM acetic acid. Polarographic determinations 
were performed with a 0.1M lithium hydroxide, 0.01M 
lithium chloride supporting electrolyte. 

Procedures 
Standardization and determination of formaldehyde in 

aqueous solutions. Suitable aliquots (0.050-0.500 ml) of 
2.58 × 10-3M standard formaldehyde solution, 0.25 ml of 
0.05M silver nitrate and 0.1 ml of 0.1M sodium hydroxide 
were added to 25-ml test-tubes, in that order. The solutions 
were stirred for 10 min, then 2 ml of 0.004M iron(III) 
solution, 2 ml of Ferrozine solution, and 5 ml of acetate 
buffer were added, and the mixtures were transferred to 
50-ml standard flasks and diluted to volume. The absorb- 
ances at 562 nm were measured after 10 rain against a blank. 
The same standard formaldehyde solution was used for a 
comparative study of the chromotropic acid and polaro- 
graphic methods. 

Determination of formaldehyde in dilute(3-10 × IO-SM) 
aqueous and methanolic solutions. Dilute formaldehyde sol- 
utions were analysed in a similar manner to the more 
concentrated samples. The conditions were changed to 5 or 
10 ml of sample, 0.5 ml of silver nitrate solution, 2-3 mi of 
sodium hydroxide solution, and 25 min reaction time before 
the addition of iron(liD, Ferrozine, and acetate buffer. Very 
dilute samples were analysed by the standard-addition 
method, as described below for methanol. 

The amount of formaldehyde (or other aliphatic alde- 
hyde) in technical and reagent grade methanol was deter- 
mined by the standard-addition method. Three 0.500-ml 
samples of the methanol were placed in 50-ml standard 
flasks, and diluted with 6 ml of demineralized water, then 
two of the samples were spiked with known amounts of 
standard formaldehyde solution. The other reagents were 
added in the same order as for dilute solutions. 

The absorbance was measured against a blank containing 
all the reagents used in the analysis of the sample, except the 
silver nitrate. 

RESULTS 

The amount  of  formaldehyde in the sample can be 250 ml of demineralized water. Stock solutions of 0.004M 
iron(Ill) and 0.05M silver nitrate were prepared by dis- determined by several methods: (i) calibration curve, 
solving 1.932 g of ammonium ferric sulphate dodecahydrate (ii) calculation by using the apparent molar  absorp- 
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Table 1. Determination of formaldehyde in aqueous and methanolic solutions by the 
proposed method and the ehromotropic acid and differential pulse polarography (DPP) 

methods 

Ag20-Fe(III ) Chromotropic acid DIP 
Final CH20 peak 

concentration, ~, E, height, 
#M A* 104 I .mole-l .cm -I A* 104 l .mol- l .cm -t  mm 

Water 
6.3 0.350 5.56 0.097 

12.6 0.705 5.59 0.194 
18.9 1.055 5.59 0.292 
25.2 ! .403 5.57 0.390 

10% Methanol-water 
6.3 0.349 5.56 - -  

12.6 0.701 5.56 - -  
18.9 1.050 5.55 - -  
25.2 1.400 5.56 - -  

1.55 13 
1.54 25 
1.55 37 
1.55 49 

13 
25 
38 
50 

*Average of four determinations, corrected for the blank. 

tivity of 5.58 x 104 1.mole-~.cm -~, and (iii) the 
standard-addition method (used with very dilute 
solutions). In the calculation method, the amount 
of formaldehyde in the 50 ml of final solution is 
26.9A #g, where A is the absorbance measured in a 
l-cm cell. 

Results for determination of formaldehyde in 
standard aqueous and methanolic solutions and in 
methanol samples and the comparison experiments 
are summarized in Tables 1 and 2. 

DISCUSSION 

Ponndorf i reported that hydrous silver oxide 
oxidizes formaldehyde to formate: 

Ag20.xH20 + HCHO 4- OH-  

-* 2Ag + HCOO- + xH20 

In the Ponndorf procedure the excess of silver ion 
is determined by titration with standard thiocyanate 
solution, whereas in the proposed method the 

amount of metallic silver is obtained colorimetrically 
from the amount of iron(II)-Ferrozine complex 2° 
produced: 

Fe(III) + Ag ~ Ag + + Fe(II) 

Fe(II) + 3Ferz:- ~ Fe(II)Ferz 4- 

Siggia and Segal 2 used an ammoniacal silver ion 
solution instead of hydrous silver oxide. However, 
ammoniacal silver solution (Tollen's reagent) 
presents a potential danger of explosion, particularly 
when the solution becomes concentrated or dries out. 
Because of this, Mayes et a l )  modified the method 
by replacing the ammonia with ter t -butylamine.  The 
use of ammoniacal silver solution does not prevent 
aldehydes from undergoing the Cannizzaro reaction, 
whereas in the Ponndorf method the side-reactions of 
aldehydes such as the Cannizzaro reaction or aldol 
condensation do not occur, since the solutions are 
strongly basic and dilute. However, the pH must be 
kept in the range 11-12.4. Below pH 11 the reaction 
is too slow, while with pH above 12.5 the results are 
low. 

Table 2. Determination of formaldehyde in methanol and simulated 
samples 

CH20 found 
Aliquot, CH20 Net in the original 

Sample ml added, gg absorbance sample, #g 

Bulk methanol 
0.500 0.00 0.055 1.7 _+ 0.2* 
0.500 8.80 0.390 
0.500 17.60 0.720 

Aqueous dilute sampler 
0.030t 0.00 0.1 l0 3.5 + 0.2* 
0.030? 8.80 0.440 
0.030"[" 17.60 0.755 

Aqueous 
0.050 9.4 0.350 9.4 _ 0.2 
0.100 18.9 0.710 19.1 ___0.3 
0.150 28.3 1.060 28.5 _ 0.3 

*Value obtained by the standard-addition graphical method. 
tFormaldehyde concentration 5.93 x 10-3M. 
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Hydrous silver oxide does not oxidize alcohols, 
ketones, carboxylic acids, phenols and acetals. Ali- 
phatic aldehydes react readily with it, the reactivity 
decreasing with increasing molecular weight. Aro- 
matic aldehydes are considerably less reactive than 
aliphatic aldehydes and their interference is not 
serious as long as their concentration is not much 
greater than that of the formaldehyde and the reac- 
tion time is kept to 25 min or less. Monosaccharides 
and citric, tartaric and ascorbic acids interfere, and 
formaldehyde must be separated from them by dis- 
tillation or other methods. Sulphite and sulphide 
reduce iron(III) to iron(II) and must be eliminated 
when present in amounts greater than that of the 
formaldehyde. The sulphite-formaldehyde addition 
compounds do not react readily with hydrous silver 
oxide. 

Trioxan does not react with hydrous silver oxide, 
whereas paraformaldehyde is quantitatively oxidized. 

The absorbance of the iron(II)-Ferrozine complex 
produced in the method is directly proportional 
to the formaldehyde concentration in the sample. 
The apparent molar absorptivity of 5.58 x 104 
I. mole- l ,  cm-m corresponds to the oxidation of  form- 
aldehyde to formate, with transfer of two electrons. 

The modified Ponndorf method coupled with the 
iron(III)-Ferrozine reaction is approximately 3.5 
times more sensitive than the chromotropic acid 
method and can be used with aqueous methanol 
solutions provided that the methanol concentration is 
less than approximately 10% v/v. Otherwise, the 
reaction of formaldehyde with silver oxide is slow and 
incomplete. However, the procedure cannot be used 
with formaldehyde absorbed in sulphite solutions, 
unless the sulphite is eliminated. On the other hand, 
chromotropic acid can be used with sulphite solutions 
but not with methanolic solutions. 

The reproducibility has been checked for various 
levels of formaldehyde by quadruplicate analysis. The 
relative standard deviations of individual sets varied 
from 1.5 to 3.5% depending on the concentration of  
formaldehyde. 

The procedure does not differentiate between indi- 
vidual aliphatic aldehydes and in a mixture they are 
all determined as though they are formaldehyde. 

Also, alcoholic beverages containing sucrose, citric, 
tartaric acids and hemiacetals cannot be analysed by 
this procedure, since these as well as formaldehyde 
reduce hydrous silver oxide to metallic silver. 
The proposed method allows the determination of 
formaldehyde in amounts from 9 to 40 /zg when 
50-ml standard flasks are used. Also, the concen- 
tration of formaldehyde in the original sample must 
be greater than 3 x 10-SM, or the reaction time 
will be long and the results low. However samples 
more dilute than 3 x 10-SM can be analysed by the 
standard addition method. 
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Sununary--An aqueous solution of gelatin binds silver(I) at pH > 7 and a yellow silver sol can be 
produced from this by reduction. The sol reacts with peroxide in strongly ammoniacal medium to give 
a colourless solution. The reaction may be used for photometric and visual titration of peroxide with 
relative standard deviations of 0.4 and 1.5% respectively and also for its spectrophotometric deter- 
mination. 

We have developed a new and  simple me thod  for 
de te rmina t ion  of  inorganic  peroxides in alkaline sol- 
ution.  Unt i l  recently, 1'2 mos t  t i t r imetric me thods  for  
determining peroxide involved an  acidification before 
the t i t rat ion,  3~ which can  result in evolut ion of  heat  
and  hence par t ia l  decomposi t ion  of  the peroxide 
solutions.  Addi t ion  of  boric acid retards  the de- 
composi t ion  of  peroxide in the acidification step. 6 
E thanol  will also inhibi t  thermal  decomposi t ion  of  
peroxides. 7 It would seem best to determine peroxides 
in alkaline solution whenever  possible. There  are few 
reagents which can be used in alkaline med ium for 
de te rmina t ion  of  peroxide, and  of  these hydrazine  
and  chromium(I I )  deserve ment ion.  However,  bo th  
are s t rong reducing agents and  can be oxidized by air, 
making  it difficult to preserve their  s t andard  sol- 
utions;  the chromium(II )  me thod  also involves some 
ra ther  lengthy steps. 

We now report  a new, simple and  sensitive me thod  
for the de te rmina t ion  of  peroxide by spectro- 
pho tomet ry  or t i t rat ion.  The spec t rophotometr ic  
me thod  is more  sensitive than  the indirect  deter- 
mina t ions  of  peroxide based on  oxidat ion of  iodide 
to iodine, 8 Mn2+-catalysed Hydroxynaph tho l  Blue 
oxidat ion,  9 the Hantzsch  react ion ~° and  chemilumin-  
escence, H and  is no t  susceptible to interference by 
Mn(I I )  and  Fe(III) ,  which limit ut i l izat ion of  the 
commonly  used lumino l -hydrogen  peroxide chemi- 
luminescence method,  j: 

The principle is dissolut ion of  the coloured silver 
sol produced by react ion of  the si lver-gelat in 
complex 13 with var ious reducing agents. ~4'~5 Peroxide 
reacts quant i ta t ively  with the sol in presence of  
ammonia ,  which accelerates the reaction. 

H202 + 2Ag + 4NH3 --* 2 O H -  + 2Ag(NH3)~- 

EXPERIMENTAL 

Reagents 
All reagents were of analytical grade except where other- 

wise specified. Carbon monoxide was prepared from con- 

*Author for correspondence. 

centrated sulphuric acid and formic acid and was purified by 
passage through alkali. 

The silver nitrate solution was made by dissolving 0.850 g 
of silver nitrate in 500 ml of distilled water, standardized by 
Volhard's method t6 and diluted to exactly 0.01M. A 5 g/1. 
gelatin solution was made by dissolving 1 g of gelatin in 
200 ml of warm distilled water. The hydrogen peroxide 
solution was made by diluting 0.1 ml of 30% solution to 
250 ml and standardized by the permanganate method. 6 

Sodium peroxide solution. About 0.4 g of sodium peroxide 
was dissolved in 100 ml of water; 2.5 ml of the solution were 
diluted to volume in a 250-ml standard flask, and standard- 
ized by the permanganate method. 

Silver sol (4 × lO-4M). Fifty ml of warm (~50  °) gelatin 
solution were mixed with 10 ml of the 0.01M silver nitrate 
with stirring, and the pH was then adjusted to about 8 with 
0.2M sodium hydroxide. Carbon monoxide was passed 
through the solution at room temperature for 20 min and 
the solution was then left for 2 hr. Dissolved carbon 
monoxide was removed by blowing air through the solution. 
The resulting sol was diluted to volume with water in a 
250-ml standard flask. 

Procedures 
Spectrophotometric. An aliquot of 1.5 ml of 4 × 10-4M 

silver sol was pipetted into a series of 10-ml standard flasks, 
each containing 2 ml of 6M ammonia solution. Various 
volumes of 5 × 10-4M hydrogen peroxide were introduced 
from a microburette into the flasks, which were then shaken 
for 15 min. The solutions were diluted to volume and the 
absorbances were measured at 415 nm against water, 
and the calibration graph of corrected absorbance of the 
silver sol vs. hydrogen peroxide concentration was plotted. 
Depending on the make of spectrophotometer used, the 
corrected absorbance can be obtained automatically or 
manually by taking the difference between the absorbances 
of the silver sol in the presence and absence of the peroxide 
solution. The graph is linear over the 0.10-10.0 ~g/ml 
hydrogen peroxide range. 

Hydrogen peroxide samples can be similarly analysed, 
provided suitable volumes of the reagents are present and 
the amount of peroxide is not too high. Alternatively, the 
method can be used as a photometric titration, increasing 
volumes of hydrogen peroxide sample being added to the 
same amount of reagent solution (1.25 ml of 4 × 10-4M 
silver sol and 2.0 ml of 6M ammonia); the mixtures are 
diluted to volume in 10-ml standard flasks and the absorb- 
ances are measured and plotted against the volumes of 
sample added (Fig. 1). The end-point is given by the point 
at which the extrapolation of the absorbance line cuts the 
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Fig. 1. Spectophotometric titration of silver sol. 

x-axis. The peroxide concentration of the sample (mole/L) 
is then calculated from 

[H2 02 ] = M~o, V~o]/2 Vep 

where M~ol and V~o, are the molarity and volume (ml) of the 
silver sol used, and V~ is the volume (ml) of sample needed 
to reach the end-point. 

Visual titration. A measured amount of silver sol solution 
is taken in a 250-ml Erlenmeyer flask, made strongly 
ammoniacal, and titrated with the peroxide solution. The 
reaction is slow and goes to completion only with vigorous 
shaking. The end-point is indicated by the solution be- 
coming colourless. Detection of the end-point is easier with 
starch-iodide paper or acidified starch-iodide solution as 
external indicator. 

RESULTS AND DISCUSSION 

Of the two methods the most sensitive is the 
spectrophotometric one. The reproducibility of this 
method is 0.4% and a reduction of 0.011 in the 

absorbance of the 10 ml of solution measured is 
equivalent to 0.10 #g of hydrogen peroxide, indi- 
cating the suitability of the method for trace analysis. 
Moreover, the results obtained by the spectrophoto- 
metric procedure were found to be in good agreement 
with those of the standard iodometric method3 
The results obtained by the photometric and visual 
titration methods were comparable to those from the 
permanganate method 6 (Tables 1 and 2). 

The addition of boric acid as stabilizer does not 
affect the results, and hence its addition appears 
unnecessary. The value obtained for sodium peroxide 
solution was significantly closer to the nominal value 
than that obtained by the permanganate method, 
which appears to confirm the disadvantage of using 
an acidification step. 

The reproducibilities of the results were good for 
the spectrophotometric methods (rsd 0.4%) and vi- 
sual titrations (rsd 1.5%). At the low concentrations 
used the peroxide solutions did not decompose in a 
burette. 

Interferences include any species that are oxidizing 
or strongly complexing in alkaline solution (such 
as hypochlorite and cyanide, which can be 
determined 17'18 by a slightly modified version of the 
procedure). 

It was established that a 10-fold excess (50 pg/ml 
for spectrophotometry and 200 mg/I. for visual 
titration) of alkaline-earth metal ions and Mn(II), 
Cu(II), Ni(II), Zn(II) and Pb(II) did not hinder the 
determination if 0.1 ml of 0.1M Na2EDTA solution 
was added. Hence, peroxide solutions containing 
such metal ions can be analysed if these ions are 
masked with Na2EDTA. 

Table !. Analysis of peroxide solutions 

Nominal HzO 2 taken, 
Peroxide #g /ml 

H202 found, #g/ml 

Iodometric method s Present method 

H202 1.170 1.170 1.170 
H202 0.930 0.929 0.930 
H202 0.520 0.520 0.519 

Na202* 0.870 0.865 0.862 

*Calculated as hydrogen peroxide. 

Table 2. Analysis of peroxide solutions 

Peroxide 

H202 found, mg/l. 

Visual 
Visual titration 

Nominal H202 Permanganate titration (Ag sol) with 
taken, mg/l. method (Ag sol) H a BO 3 present 

H202 76.4 75.9 76.4 76.4 
H 202 42.3 42.1 42.3 42.3 
H202 19.2 19.04 19.20 19.20 
H202 10.54 16.64 10.52 10.56 

Na202* 16.78 16.24 16.76 16.76 

*Calculated as hydrogen peroxide. 
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SPECTROPHOTOMETRIC DETERMINATION OF 
COBALT IN A VITAMIN, ALLOYS A N D  AN ORE 

BY EXTRACTION OF ITS 3-HYDROXY-2- 
METHYL- 1,4-NAPHTHOQUINONE 4-OXIME 
COMPLEX INTO MOLTEN NAPHTHALENE 

R. K. SI-IARMA and  S. K. SINDHWANI* 
Department of Chemistry, University of Delhi, Delhi 110 007, India 

(Received 17 December 1986. Revised 19 April 1987. Accepted 25 March 1988) 

Sunmaary--A selective spectrophotometric method has been developed for the determination of cobalt 
after extraction of its 3-hydroxy-2-methyl-1,4-naphthoquinone 4-oxime (HMNQM) complex into molten 
naphthalene. The optimum pH range for the extraction is 5.0-7.5. The solidified naphthalene, containing 
the cobalt-HMNQM complex, is separated by filtration and dissolved in N,N-dimethylformamide. The 
absorbance is measured at 430 nm against a reagent blank. Beer's law is obeyed up to 1.90 ppm cobalt. 
The molar absorptivity is 2.09 × 104 1.mole -t .cm -I. 

In this work,  the technique of  extract ion into mol ten  
naph tha lene  is used in con junc t ion  with 3-hydroxy- 
2 -me thy l - l , 4 -naph thoqu inone  4-oxime ( H M N Q M )  
for  the  de te rmina t ion  of  cobalt .  

EXPERIMENTAL 

Reagents 
Doubly distilled water and analytical reagent grade acids 

and salts were used throughout, unless otherwise stated. 
Standard cobalt solution. A standard solution of cobalt 

sulphate heptahydrate was prepared and standardized by 
one of the usual methods) 

Sodium acetate-acetic acid buffer. Mix 0.2M sodium 
acetate and 0.2M acetic acid in suitable proportions. 

N,N- Dimethylf ormamide ( D M F) and naphthalene. Check 
the purity spectrophotometrically before use. 

3-Hydroxy-2-methyl- l, 4-naphthoquinone 4-oxime. Prep- 
aration of the reagent was reported earlier. 3 

General procedure 
To an aliquot of sample solution (containing 1.2-18.0 #g 

of cobalt) in a 100-ml beaker add 1 ml of 5 x 10-4M 
HMNQM. Adjust the pH to 5.0-7.5 with 5 ml of pH-6 
acetate buffer and 0.2M sodium hydroxide. Transfer the 
solution into a 100-ml round-bottomed flask and heat to 60 ° 
in a water-bath. Add 2.0 g of naphthalene, stopper the flask 
and continue to heat until the naphthalene melts. Remove 
the flask from the water-bath and shake it vigorously until 
the naphthalene separates out as a solid mass. Repeat 
the melting and solidification once more. Filter off the 
naphthalene on paper. Dissolve the solid mass in DMF and 
dilute to volume with DMF in a 10-ml standard flask. Dry 
the solution with 2 g of anhydrous sodium sulphate and 
measure the absorbance in a l-cm cell at 430 nm against a 
reagent blank. Prepare a calibration graph similarly. 

RESULTS AND DISCUSSION 

Absorption spectra 

The absorp t ion  spectra of  H M N Q M  and its cobal t  

*To  whom correspondence should be addressed. 
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complex in n a p h t h a l e n e - D M F  solut ions were 
recorded against  water  and  the reagent  blank,  
respectively (Fig. 1). The  absorbance  is maximal  at  
430 nm, and  all measurements  are made  at  this 
wavelength.  

Reaction conditions 

The shape of  the spect rum is independent  of  the pH 
of  extraction,  indicat ing fo rmat ion  of  only one com- 
plex. The extract ion is quant i ta t ive  in the pH range 
5.0-7.5 and  with 0 .6-4 .0  ml of  5 x 10-4M H M N Q M ,  
provided the aqueous  phase  volume does no t  exceed 

0.6 - 

0.5 

0.4 

0.3 

e~ 
< 

0.1 

o .o  I I ~ I I I 
380  420  460  500  540  580  

W a v e t e n g t h  [ n m  ) 

Fig. I. Absorption spectra of HMNQM and the 
Co-HMNQM complex in naphthalene-DMF solution 
containing 14.7/~g of Co, 0.5 ml of 5 x 10-3M HMNQM 
and 2 g of naphthalene; shaking time 1 rain, pH 6.0. 
Reference: (I) water for HMNQM; (II) reagent blank for 

Co-HMNQM. 



662 SHORT COMMUNICATIONS 

Table 1. Effect of diverse anions on determination of 14 #g 
of cobalt; amount of naphthalene, 2 g; pH, 6.0 

Amount of 
Anion added anion added, #g Absorbance 

None - -  0.524 
Fluoride 3000 0.521 
Chloride 5000 0.523 
Bromide 5000 0.521 
Iodide 2000 0.525 
Nitrate 2000 0.523 
Nitrite 1500 0.524 
Sulphate 4000 0.526 
Sulphite 2000 0.523 
Thiourea 2000 0.520 
Thiosulphate 3000 0.526 
Citrate 2500 0.524 
Tartrate 2500 0.521 
Oxalate 2000 0.525 
Phosphate 5000 0.523 
Thiocyanate 5000 0.526 

Table 2. Effect of diverse metal ions on determination of 14 
pg of cobalt; amount of naphthalene, 2 g; pH, 6.0 

Amount of 
metal ion 

Metal ion added added, #g Absorbance 

None - -  0.524 
Ca 2+ I000 0.523 
Ba 2+ I000 0.524 
Sr 2÷ t000 0.523 
Fe 2÷ 500 0.523 
Zn 2+ 800 0.525 
Cd 2+ 800 0.523 
Hg 2+ 500 0.521 
Pb 2 ÷ 1000 0.521 
Mg 2÷ 800 0.528 
A13+ 1000 0.526 
Mn 2÷ 1000 0.523 
W(VI) 1000 0.521 
Cu 2÷ 150 0.521 
Ni 2÷ 500 0.524 
Sn 2÷ 600 0.525 
Mo (VI) 1000 0.523 
As 3÷ 400 0.523 
Ag ÷ 500 0.526 
Ru 3÷ 100 0.525 
Rh 3÷ 100 0.526 
UO~ ÷ 2000 0.520 
Be 2+ 2000 0.521 
Cr 3+ 1000 0.522 
Cr(VI) 500 0.521 
Pd 2÷ 80 0.526 
Os(VIII) 80 0.528 
Os(VI) 30 0.526 
Ir 3+ 80 0.521 
Pt 4+ 80 0.522 
V(V) 690 0.523 
Th 4+ 400 0.525 
Sb 3+ 1000 0.524 
Bi 3÷ 500 0.523 
Ce 3+ 2000 0.526 

60 mi, and  the a m o u n t  of  naph tha lene  is in the range 
1.25-3.5 g. Wi th  less than  1.25 g the extract ion is in 
complete,  and  with more  t han  4.0 g it is difficult to 
dissolve the naph tha lene  in the limited a m o u n t  of  
D M F  (10 ml). 

The absorbance  of  the extract  remains  unchanged  

Table 3. Determination of cobalt in alloys, an ore and a 
vitamin injection 

Co Co 
Sample present found 

Tata 66/4 alloy 5.30% 5.24, 5.28, 5.32% 
'K' Monelwire 0.51% 0.50, 0.53, 0.53% 
Limonite 0.06% 0.059, 0.063, 0.064% 
Macraberin Forte 36.0 ppm 36.2, 36.3, 36.4 ppm 

injection (vitamin) 

for up to 15 hr. The  extract ion into mol ten  naph-  
thalene is very rapid, and  complete  within 1 min. 

Spectral data 

Beer's law is obeyed up  to 19 p g  of  cobal t  in 10 ml 
of  D M F  solution. A R ingbom plot  shows tha t  the 
op t imum range is 1.2-18 # g  of  cobal t  per  10 ml of  
D M F  solution. The mola r  absorpt ivi ty  is 2.09 x 104 
1 .mo le - J . cm -~. Eight  replicates conta in ing 14.7 #g  
of  cobal t  gave a mean  absorbance  of  0.524 with a 
s tandard  devia t ion of  0.003. 

Interferences 

Sample solutions conta in ing 14.7 # g  of  cobal t  and  
various amoun t s  of  var ious salts were prepared and  
the cobal t  was determined.  The results are given in 
Tables 1 and  2. 

Determination of  cobalt in alloys, ore and vitamin 

The accuracy of  the me thod  was checked by the 
de te rmina t ion  of  cobal t  in alloys, an  ore and  a 
v i tamin formulat ion.  

The ore (l imonite) was decomposed by the stan- 
dard  method.  4 A 0.2-1.2 g sample was dissolved by 
boiling with 40 ml of  concent ra ted  nitric acid; the 
solut ion was then cooled, potass ium chlorate  (8 g) 
was added to it, and  the mixture  was evapora ted  to 
dryness. The residue was treated with 10 ml of  
concent ra ted  hydrochlor ic  acid and  the solution 
evapora ted  to dryness. This step was repeated twice 
and  finally the residue was heated  with dilute hydro-  
chloric acid and  the solution was filtered. The residue 
was fused with potass ium hydrogen sulphate,  the 
cooled melt  was dissolved in dilute hydrochlor ic  acid, 
and  the two solut ions were combined  and  made  up 
to volume in a 100-ml s tandard  flask with dilute 
hydrochlor ic  acid. A 5-ml al iquot  was used for the 
de te rmina t ion  of  cobalt ,  with 0.2 g of  a m m o n i u m  
fluoride added as masking  agent.  

The contents  of  two 2-ml ampoules  of  Macraber in  
For te  inject ion (Glaxo, Bombay)  were decomposed in 
a covered beaker  by heat ing with concent ra ted  nitric 
acid, first at  low tempera ture  to avoid violent reac- 
tion, then more  strongly (with more  acid), until  the 
acid had  evapo~'ated. Final ly the residue was heated 
to abou t  400 ° on a hot-plate,  then cooled and  dis- 
solved in nitric acid (1 + 1) to give a solut ion which 
was slowly evapora ted  (1-2 hr) on a s team-bath .  The 
residue was taken up in water  (25 ml) to which 
concent ra ted  nitric acid was added in 0.25-ml por-  
t ions until  a clear solut ion was ob ta ined  on gentle 
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heating. The cobalt content  of this solution was 
determined by the recommended procedure. The 
results are presented in Table 3. 
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SEQUENTIAL POTENTIOMETRIC MICRODETERMINATION 
OF CHLORIDE AND PHOSPHATE AND ITS 
APPLICATION TO THE DETERMINATION 

OF PHOSPHORUS AND CHLORINE IN 
ORGANIC COMPOUNDS 

AGOSTINO PIETROGRANDE and  MIRELLA ZANCATO 
Department of Pharmaceutical Sciences, University of Padua, Via Marzolo 5, 1-35131 Padua, Italy 
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Sununary---Orthophosphate has been determined at the micro level in the presence of chloride by 
argentimetric potentiometric titration. Chloride is titrated first, at pH 3 in water-propan-2-ol (1:1 v/v), 
and phosphate in the same solution, buffered at pH 8.5-9.0. Under these conditions, the titration error 
from partial co-precipitation of silver oxide near the equivalence point is minimized. A procedure for 
performing the titration with an automatic apparatus is described. The method has. been applied to the 
determination of phosphorus and chlorine in the same organic compound after mineralization by the 
Schfniger method. 

In an  earlier paper  ~ on  argent imetr ic  potent iometr ic  
t i t ra t ion of  o r thophospha te ,  we reported tha t  correct  
results are obta ined  when  the solvent is a 
wa te r -p ropan-2-o l  mixture,  buffered at  pH 9. This  
procedure  gave satisfactory results for phosphorus  
(mg-scale) in organic  c o m p o u n d s  after  decom- 
posi t ion and  oxidat ion to o r thophosphor i c  acid by 
the Schfn iger  method.  

We now repor t  how this t i t ra t ion  is affected by the 
presence in the solut ion of  interfering species, such as 
chloride, which can  also be precipi ta ted with silver. 

Few reports  on  this topic have been published.  
Chr is t ian  et al. 2 found tha t  t i t ra t ion of  or tho-  
phospha te  in the presence of  iodide or b romide  leads 
to large negative errors  (23 and  60% respectively) 
owing to co-precipi tat ion of  o r t hophos pha t e  with the 
silver halides. McCol l  and  O 'Donne l l  3 repor ted tha t  
chloride as well as bromide  or iodide can be se- 
quential ly de termined together  with phospha te  in a 
single t i t rat ion.  They gave an  exper imental  plot  bu t  
no detail  of  the procedure  or results. Selig 4 has  
claimed tha t  the sequential  t i t ra t ion of  halide and  
phospha te  is possible, but  he, too, reported no  experi- 

menta l  data.  

EXPERIMENTAL 

Apparatus 
A Metrohm 636 Titroprocessor connected to a Model 635 

automatic burette and a Metrohm EA 246 combined mas- 
sive silver electrode was used. The pH values were measured 
by a Metrohm EA 120 combined glass pH-electrode con- 
nected to a Model 632 Metrohm pH-meter. The volumes 
added were measured with a precision of +0.001 ml. 

Reagents 
All chemicals were of analytical-reagent grade. Silver 

nitrate solutions, 0.02M, were standardized against potas- 
sium chloride (relative standard deviation 0.05%). 

Procedure for phosphate and chloride samples 
The aqueous sample (containing 5-10 mg of phosphate 

and 1-10 mg of chloride) is diluted to 15 ml with distilled 
water, then 15 ml of propan-2-ol are added. The silver and 
glass electrodes, and the burette tip, are inserted in the 
titration beaker and magnetic stirring is started. Nitric acid 
(1M) is added dropwise until the pH is 3. 

The "control cards" are inserted and automatic titration 
with 0.02M silver nitrate, to a prefixed end-point of 100 mV, 
is started. 

The "control card" recommended is "dynamic titration, 
kinetic T at value 3". With this card the volume of titrant 
added is progressively decreased automatically as the end- 
point is approached. The preset end-point was selected on 
the basis of results of preliminary tests. This titration yields 
the percentage of chloride present. 

Sodium tetraborate solution (3-5 ml, 0.125M) is then 
added, and a sufficient volume of propan-2-ol (6-8 ml) to 
restore the 1:I v/v water:alcohol ratio. If necessary, the pH 
is adjusted to 8.5-9.0 by addition of some drops of dilute 
acetic acid. The appropriate "control card" is inserted and 
the automatic titration with 0.02M silver nitrate restarted. 
The end-point is taken here as the point corresponding to 
the maximum potiential/volume slope. 

Procedure for the determination of phosphorus and chlorine in 
organic compounds 

The absorption solution is 10 ml of water plus 0.7 ml of 
30% hydrogen peroxide. Samples (10-15 mg) are weighed, 
wrapped in a piece of Schleicher and Schiill 589 paper, 2 and 
placed in the platinum basket. The combustion in the 
oxygen flask is performed in the usual manner. After about 
30 min, the flask is opened and the stopper and the basket 
are rinsed with 10 ml of water. The solution is transferred 
quantitatively to a 60-ml beaker. Four ml of 0.1M sodium 
hydroxide are added and the solution is boiled for 30 min. 
The solution is boiled down to a volume of 15 ml, then 
maintained at that volume by addition of water, as required, 
up to a mark on the beaker. The solution is cooled, 15 ml 
of propan-2-ol are added, and the titration is done as 
described already. 
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Table 1. Determination of chloride in the presence of K2HPO4.3H20 

Chloride 
Weight* Chloride range 

Compound range, mg expected, % found, % s, %t 

Levamisole hydrochloride 3.351-9.743 14.74 14.65-14.84 0.06 
C, HI2N2S.HC1 

Potassium chloride 2.932-8.341 47 .56  47.4-47.8 0.14 

*In all cases 10 mg of K2HPO4.3H20 was added to the sample. 
ts = standard deviation. 

Table 2. Sequential microdetermination of chloride and phosphate in aqueous propan- 
2-ol solutions 

Chloride Phosphate 

Weight Weight 
Sample taken, mg Found, mg taken, mg Found, rag 

Potassium monohydrogen 7.421 7.432 5.575 5.63 
phosphate 3-hydrate 2.575 2.565 6.271 6.32 
+ potassium chloride 4.529 4.533 5.919 5.98 

3.930 3.949 7.008 6.97 
1.915 1.931 6.915 6.98 
3.434 3.438 9.002 9.07 

Potassium monohydrogen 3.627 3.645 5.982 5.99 
phosphate + 5.271 5.292 6.821 6.86 
potassium chloride 6.081 6.103 7.927 7.98 

2.915 2.912 8.342 8.38 
1.899 1.895 9.261 9.23 
6.538 6.531 8.767 8.72 

Potassium monohydrogen 6.822 6.781 8.411 8.39 
phosphate + 5.238 5.238 7.344 7.39 
levamisole hydrochloride 4.933 4.893 9.228 9.30 

3.001 3.016 6.189 6.24 
4.718 4.746 9.866 9.85 
2.017 2.033 9.142 9.10 

Table 3. Results from sequential microdetermination of chloride and phosphate derived 
from oxygen-flask of some phosphorus and chlorine-containing organic compounds 

Chlorine, % Phosphorus, % 

Compound Expected Found Expec t ed  Found 

Pyridoxamine-5- 
phosphate hydrochloride 12.28 

5-Chloro-4- 
hydroxy-3-methoxybenzil 10.29 
isothiourea phosphate 

Triphenylphosphine + 
p-chlorobenzoic acid 22.65 

12.32 10.69 
12.40 10.97 10.67 
12.26 11.25 

10.04 9.20 
10.04 8.99 9.28 
10.03 8.83 

22.83* 11.56" 
22.68* 11.81 11.71" 
22.47* 11.46' 

*Calculated on basis of individual weights of the compounds mixed to form the sample. 

665 

R E S U L T S  AND D I S C U S S I O N  

Preliminary attempts at sequential determination 
of chloride and phosphate by titration with silver 
directly in aqueous solution gave unsatisfactory re- 
sults. Thus, even titrations of solutions buffered with 
0.025M sodium tetraborate to pH 8.5-9.0 gave high 
values for chloride and low values for phosphate. 

Theory suggests that sequential titration of chlor- 
ide and phosphate ought to be possible at pH 8.5-9.0, 
but the poorly reproducible and incorrect results 
actually obtained suggest that appreciable co- 

precipitation of silver phosphate occurs in the chlor- 
ide titration. Addition of surface-active alcohols (e.g., 

butyl or isopentyl) gave no improvement. 
We therefore decided to employ two different pH 

values in the titration of the two anions with the same 
silver nitrate titrant. 

At pH less than 3, phosphate is protonated to such 
an extent that silver phosphate does not precipitate, 
so this pH was adopted for titration of chloride ions. 
pH values lower than 3 were avoided because they 
could have necessitated addition of large amounts of 
buffer to raise the pH to that needed for the phos- 
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phate determination. The results obtained at this pH 
for synthetic solutions are summarized in Table 1. 

Phosphate ions were then titrated in the same 
solution after adjustment to an "apparent" pH in the 
range 8.5-9.0 by addition of suitable amounts of 
sodium tetraborate. 

The presence of propan-2-ol is not expected to 
affect significantly the solubility sequence AgC1, 
Ag3PO4, AgOH. It is known 5 that a propan-2-ol 
content of 50% causes the solubility product for 
AgC1 to change from 10 -9.8 to 10 -1°'44. Our own 
measurements have shown that the solubility of silver 
phosphate changes correspondingly. 

The "control card" operation of the Titroprocessor 
caused a problem in that the two titrations were 
regarded by the machine as being completely separ- 
ate. If chloride was titrated to the point of maximum 
potential/volume slope, titrant was added after the 
equivalence point, and this excess of course remained 
available to react with phosphate when the pH was 
raised. Since the machine believed that the phosphate 
titration actually started when the new program was 
inserted, the results then had a bias of - 4 % .  

The difficulty was avoided by choosing to titrate 
chloride to a preset potential, so that no excess of 

titrant would be added. Table 2 shows results ob- 
tained by the proposed procedure. 

The proposed procedure is simple and allows a 
clear differentiation of the two anions to be achieved. 
A relatively critical step is the pH adjustment at the 
end of the chloride titration; if the solution is made 
too alkaline, silver oxide could also precipitate. 

Determination o f  chlorine and phosphorus in the same 
organic compound 

The method was used for determination of chlorine 
and phosphorus in some organic compounds. The 
results, obtained after oxygen-flask combustion, 
are reported in Table 3. Satisfactory accuracy and 
precision were obtained. 
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VALGRAN, A PROGRAM FOR POTENTIOMETRIC 
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MODULAR SYSTEM 

V. CERDA, J. MAIMO, J. M. ESTELA and A. SALVA 
Cfitedra de Quimica An~ilitica, Departament de Quimica, Universitat de les Illes Balears, 

E-07071 Palma de Mallorca, Spain 

G. RAMIS 
Departament de Quimica Analitica, Universitat de Valencia, E-46100 Burjasot, Valencia, Spain 

(Received 30 October 1987. Revised 18 February 1988. Accepted 12 April 1988) 

Sununary--A very flexible modular system for use with a portable IBM PC for potentiometric titrations 
is described. The appropriate software has been developed in order to obtain automatic end-points, and 
conventional, first-derivative, second-derivative and Gran curves, as well as a listing of the potentiometric 
points expressed in different ways. All these alternatives are selectable on menu presentations. The 
potentiometric system has been applied both the research and routine problems. 

The use of microcomputers for the automation of 
analytical techniques has been of growing interest in 
recent years. They can be adapted to perform many 
routine laboratory tasks. Even a single time-shared 
microcomputer can fulfil the requirements of many 
different analytical techniques, with a high degree of 
versatility. In automated procedures, experimental 
conditions are better controlled and a great number 
of data can be obtained rapidly and accurately, 1-3 and 
the calculations can be done on-line or off-line. 

Additional advantages accrue from use of the 
popular IBM or IBM-compatible microcomputers, 
since the data can be directly fed to a great variety of 
powerful programs, ranging from the commercial 
dBase III or Lotus 1-2-3 to typical scientific 
programs. ~ 

Descriptions of the use of cheap microprocessors 
for automation are readily available, 7-~4 but as- 
sembler language, which has the disadvantage of 
requiring specific training, is frequently used. Per- 
sonal microcomputers (PCs) are far more popular 
and can be easily programmed in BASIC, and in- 
creasingly powerful PCs are currently available at 
very low prices. 

In this work, a modular system for automatic 
potentiometric titrations controlled by a portable 
IBM PC microcomputer is presented. Powerful and 
versatile menu-driven software has been developed. 
Many experimental conditions and schemes for treat- 
ment of the data can easily be selected from several 
menus. 

*VALGRAN is available from SCIWARE, Bank of Pro- 
grams, Chemistry Dept., Universitat de les Illes Balears, 
E-07071 Palma de Mallorca, Spain. 

EXPERIMENTAL 

Apparatus 
A portable IBM PC microcomputer with 256 kbyte of 

RAM, and a_ g(aphic screen, connected to a Scikosha 
SP-800 printer, was used. A Crison Digilab 517 potentio- 
meter, with a precision of _+ 0.1 mV, and a Crison model 738 
automatic burette, were serially connected to the micro- 
computer through RS232C interfaces. Orion combined glass 
and silver 94-16A electrodes with a Crison electrode 
adaptor were also used. 

The modular system is shown in Fig. 1. Since the external 
ports of the portable IBM PC microcomputer work at 
the RS232C standard potential, direct connection to the 
instruments is possible. 

THE PROGRAM 

Characteristics of  the program VALGRAN* 

The logical support of the system is provided by 
the program VALGRAN, which was developed to 
meet the following criteria. 

No specific training should be required to run the 
program, which is driven by very simple menus. 

The titration rate is to match the requirements of 
the experiment. For study of chemical equilibria, the 
electrode must reach equilibrium after each titrant 
addition, whereas for routine work the analysis time 
is minimized by automatic adjustment of the addition 
rate in accordance with the slope of the titration 
curve. 

Input options include experimental acquisition of 
data, input from previously diskette-stored data and 
manual input through the keyboard. 

Output options are diskette-storage, printing 
of data and numerical and/or graphical screen 
presentation. 
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Fig. I. Modular system for potentiometric titrations. 
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As an option, first and second derivative and Gran 
linearization treatments can be applied to the data. 

The system can handle any type of potentiometric 
titration, only the titrant and the electrodes need be 
changed. Metallic or membrane electrodes can be 
used. 

The main parts of the program are as follows. 

Main menu 

Option I: experimental titration. Two types of 
titrations are possible. 

The first corresponds to titrations performed for 
chemical equilibrium studies, so a fixed waiting time 
is allowed between consecutive potential measure- 
ments. A measurement is accepted only when the 
difference from the previous one is smaller than a 
given value. When a measurement has been accepted, 
a new addition of titrant is triggered and another 
sequence of measurements is carried out. Stability 
constants can be determined with a high degree of 
accuracy by this type of titration. Accurate data are 
easily obtained all along the titration curve, even 
when a very long time is necessary for the solution- 
electrode equilibrium to be reached. Times as long as 
several hours are frequently required near the equiva- 
lence point and sometimes even over the whole 
titration (e.g., acid-base titrations with a glass elec- 
trode in DMSO). 

Different criteria must be used to control the 
titration rate in routine work, since stabilization of 
the electrode potential is not necessary. In this case, 
a compromise between accuracy of the equivalence 
point and analysis time is established. To achieve a 
high titration rate, only a fixed short waiting time is 
allowed between the end of an addition and the 
measurement of the potential, but the volume added 
is automatically modified, in inverse proportion to 
the slope of the titration curve. Far  away from the 
equivalence point the slope is small and large volumes 
are added. Near the equivalence point, increasingly 
higher slopes are found and thus smaller volumes of 
titrant are used. Finally, after the equivalence point, 
the volume added increases again. In this way, the 
system works as a skilled analyst would, and accurate 
determinations can be performed in 5 min or less. 

In addition, some further modifications save a 
considerable amount of time. At the beginning of the 
titration some time is needed to fill the syringe of the 
burette, but there is a considerable waste of time 
between consecutive additions if a fixed delay time is 
employed. Instead, the current state of the syringe is 
continuously checked during the filling operation. 
When the plunger travel is found to have stopped, the 
program understands that the syringe is full and the 
titration begins immediately. 

Because of the difference in execution speed be- 
tween interpreter-executed and compiled programs, 
the use of FOR-NEXT-based idle delay loops is not 
advisable. In the program VALGRAN all the delay 
loops have been replaced by clock-based delay times. 

The possibility of the equivalence volume being 
larger than the syringe volume has also been con- 
sidered. When the syringe is empty, it is automatically 
refilled. If the end-point has not been found after 
a given number of fillings, a message is issued 
indicating that dilution of the sample is advisable. 

Experimental titration, printing of the data and 
graphic representation of the titration curve on the 
monitor screen can be carried out simultaneously. In 
this way, any irregularity can be immediately detected 
and better quality-control achieved. 

When a titration is finished, the data are stored in 
a diskette file. By means of the WORDPERFECT 
word processor, these files can be easily converted 
into files that can be handled by powerful programs 
for data refinement such as MINIPOT or MINI- 
QUAD. We have adapted these programs for the 
IBM PC microcomputer. 

Options 2, 3 and 4: manual introduction o f  the data, 
retrieval o f  stored data and return to DOS. By means 
of option 2, data which have not been obtained by 
the system can be manually introduced through the 
keyboard and stored in a file. Option 3 permits the 
retrieval of any stored data for printing or for 
application of mathematical treatments. Option 4 
returns the computer to DOS. 

Treatment o f  the data 

Several options for treatment of the data have been 
introduced in the program VALGRAN. 
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Option I. Representation of the titration curve as 
electrode potential vs. titrant volume. . 

Option 2. Calculation of the equivalence volume 
and concentration of the sample by means of the 
second-derivative method. Also, as an option, the 
first and second derivative curves can be plotted on 
the screen. 

Option 3. Calculation of the Gran functions. This 
has been adapted from a previous program) 5 The 
Gran functions are independently calculated, before 
and after the equivalence point, by linear regression. 
The two fitted straight lines and the corresponding 
experimental points are presented on the monitor 
screen. In this way, the regions of the lines containing 
the best experimental points can easily be selected, 
and the calculation repeated as many times as neces- 
sary. Independent values of the equivalence volume, 
as well as the two standard electrode potentials, 
before and after the equivalence point, can be ob- 
tained from the extrapolation of both straight lines. 
For acid-base titrations, the values of the standard 
potentials allow the calculation of the ionic product 
of the water under the conditions of the experiment. 
This is a very useful parameter when titrations for the 
study of ionic equilibria are performed. 

APPLICATIONS 

Example l - -Acid-base  titration with stabilized poten- 
tial readings 

A 150-ml sample of hydrochloric acid was titrated 
with 0.1110M sodium hydroxide at 23.7 ___ 0.1 °, with 
a glass electrode. The equivalence volume calculated 
by the second-derivative method was 3.800 ml, which 
differed from the expected value, 3.793 ml, by 0.2%. 
Larger errors were obtained when the Gran functions 
were used, the results being 3.876+0.044 and 
3.901 ___ 0.014 ml by extrapolation of the functions 
before and after the equivalence point, respectively. 
From the corresponding electrode potentials, 
E6= 374.3 +__1.1 mV in the acid region and 
E~ = -430.9 _ 0.0 mV in the basic region, the value 
pKw = 13.607 was obtained. 

Example 2--Routine acid-base titration 

A 150-ml volume of hydrochloric acid was titrated 
with 0.1110M sodium hydroxide at 24.1 °, with a 
combined glass electrode. The second-derivative 
method led to the value 7.645 ml, within 0.6% of the 
expected value of 7.595 ml. The waiting time between 
the addition and reading of the potential was set at 
5 sec and total increment time of 2 min 25 sec was 
necessary for the titration. 

Example 3--Titration o f  chloride with silver 

A 150-ml volume of potassium chloride was ti- 
trated with 0.1000M silver nitrate at 25.6 °, with an 
Orion 94--16A silver electrode. As in example 2, only 
the analyte concentration is to be measured. 

The equivalence volume was 7.403 ml (second- 
derivative method), and the expected value was 7.500 
ml. The titration took 4 min 10 sec, with a waiting 
time of 10 sec between titrant addition and the 
corresponding potential reading. 

CONCLUSIONS 

Modular systems, built up by using PCs and 
RS232C interfaces, have several advantages over 
commercial automatic instruments. Increasingly 
compact, light, quick, powerful and cheap PCs are 
available. No specific training is needed to build up 
an automatic system with RS232C connections and 
supported by a program written in BASIC. All the 
elements are versatile and can be devoted to many 
laboratory tasks. The system can quickly and easily 
be adapted. No professional assistance is necessary. 
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SOFTWARE SURVEY SECTION 

Software package TAL-O06/88 
FLUOPAC2 

Contributors: M.T. Oms and V. Cerda, University of Baleares, E-07071 
Palma de Mallorca, Spain; and F. Garcia Sanchez and A.L. Ramos, University 
of Malaga, Faculty of Sciences, The University, Malaga 29071, Spain. 

Brief description: FLUOPAC2 is a software package designed to control the 
Perkin-Elmer LS-5 spectrofluorimeter with an IBM PC or PS/2 30-50, with use 
of the Perkin-Elmer RS232C interface. The program permits acquisition of 
data from the optical unit, data manipulation and storage on disk, display 
of spectra on the VDU, and plotting on a printer connected by a parallel 
interface. All user instructions are entered by single key strokes of the 
function keys (fl - f10). The key functions are as follows: prescan, scan, 
autozero, directory of disk, save on disk, label graph, add and substract, 
multiply and divide, axis and grid, clear, cursors, expand, GOTO wavelength, 
intensity, merge, mode, ordinate, peak, phosphorescence mode, print graph, 
set mode (scale factor, response factor), smooth, status, tdrive (time), 
view, differentiate, and change. There is also a special help key. Some 
other functions are available from a menu. 

Potential users: Analytical chemists, molecular luminescence spectroscopists 

Fields of interest: Analytical and environmental chemistry 

This package has been developed for 
BASIC (compiled), to run under PC-DOS. 
disc. The memory required is 640K. 

the IBM PC and PS/2, and is written in 
It is available on 360K 5.25-in 

Distributed by the contributors. 

An IBM-PC computer, or clone, is required, along with a Perkin-Elmer LS-5 
Spectrofluorimeter with RS232C interface, and a suitable printer. No 
modifications are required to the instrument or computer. The package is 
self-documenting. The source code is not available. The package has been 
fully operational for about 6 months. The contributors are willing to deal 
w i t h  e n q u i r i e s .  
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A NEW ELECTROCHEMICAL METHOD BASED ON 
TRANSFER AT A LIQUID/LIQUID INTERFACE: 

DETERMINATION OF BARIUM AND STRONTIUM 

ZHISHENG SUN and ERKANG WANG 
Changchun Institute of Applied Chemistry, Chinese Academy of Sciences, Changchun, Jilin 130021, 

People’s Republic of China 

(Received 24 June 1987. Revised 15 December 1987. Accepted 24 May 1988) 

Summary-A new kind of polyoxyethylene ionophore is introduced to facilitate metal ion transfer across 
a liquid/liquid interface. The transfer of BaZf and Srs+, facilitated by polyethylene glycol400 across the 
interfaces of water/nitrobenz.ene and water/l,Zdichloroethane, has been studied in detail by cyclic 
voltammetry, and a new method for the determination of barium and strontium established. Both metals 
can be determined by cyclic voltammetry with good selectivity and reproducibility. 

The analytical applications of electrochemistry at used as received. Doubly distilled water was used to prepare 
liquid/liquid (L/L) interfaces have attracted much the aqueous electrolyte solution. 

interest.‘-’ Although the transfer behaviour and the Measuremenls 
mechanism of transfer across the L/L interface facil- Electrochemical measurements were performed with a 
itated by a neutral carrier have been studied for many Solartron 1286 Electrochemical Interface by using an elec- 

years,‘~2~6 the determination of metal ions based on trolytic ccl1 with four electrodes.‘~” The cell can be expressed 
as follows: 

W 0 

electrochemistry at the L/L interface is still a per- 
plexing question because of the poor selectivity of 
ion-transfer processes when other metal ions are 
present. MareEek et al.’ determined Ca2+ with the 
help of a selective synthetic ionophore, and some 
papers have dealt with the determination of anti- 
biotics.5.8,9 The peak current for dye transfer has been 
shown to decrease linearly as the concentration of 
metal ions increases, owing to complexation between 
the dye and metal ion, lo but this effect does not allow 
a convenient and practical method of metal deter- 
mination. In the present study, we found that poly- 
oxyethylene compounds, such as polyethylene glycol 
400, are good ionophores and can facilitate selective 
transfer of Ba*+ or Sr*+ ions across the L/L interface, 
giving clear and stable cyclic voltammetry peaks and 
allowing these metals to be determined at IO-‘M 
concentration by cyclic voltammetry. This is very 
interesting not only for the trace determination of 
barium and strontium, but also as an example of the 
application of electrochemistry at an L/L interface to 
metal-ion determination. 

EXPERIMENTAL 

Chemicals 

Polyethylene glycol400 (PEG 400), tetrabutylammonium 
chloride (TBACl), tetrabutylammonium tetraphenylborate 
(TBATPB), nitrobenzene (NB), 1,2-dichloroethane (1,2- 
DCE), BaCl,, SrCl,, LiCl and other analytical reagents were 

w 

where W and 0 represent aqueous and organic phases. All 
potentials are given vs. the interfacial reference potential of 
a TBA+ ISE.* 

RESULTS AND DISCUSSION 

The cyclic voltammetric behaviour of Ba2+ and Sr2+ 
with transfer across the L/L interface, assisted by PEG 
400 

Figure 1 shows the cyclic voltammetry (CV) for the 
transfer of Ba*+ and Srr+ ions across the 
water-nitrobenzene interface, assisted by PEG 400. 
Clear CV peaks appear within the “potential win- 
dow” when O.OlM TBATPB and O.OlM lithium or 
magnesium chloride are used as electrolytes in the 
organic and aqueous phases respectively. It can be 
seen that the peak potential AZ& is independent of 
scan-rate over the range 10-200 mV/sec, the peak 
separation A(Ar&,) is about 30 mV and the peak 
current ip is proportional to the square root of the 
scan-rate and to the metal ion concentration in the 
aqueous phase when C,(w)>>&,(w), where C, and 
C, are the PEG 400 and metal ion concentrations. 
Calibration plots for barium and strontium are linear 
over the range 1 x lo-‘-5 x 10d4M. (Fig. 2). 

When dichloroethane is used as the organic solvent 
the transfer behaviour of Ba2+ and Sr*+, assisted by 
PEG 400, also shows reversible characteristics with 
peak current ip proportional to the aqueous metal-ion 
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Fig. 1. CV curves for Ba2+ and Sr’* with transfer across the W/NB interface facilitated by PEG 400. W: 
O.OlM LiCl, S.6mM PEG 400, solid line; (1) 5 x IO-‘A4 Ba’+, (2) 5 x lo-‘M Sr*+, scan-rate 60 mV/sec; 

dashed line; without BaZ+ and Sr’+, Scan-rate 30 mV/sec. NB: O.OlM TBATPB in nitrobenzene. 

concentration and to the square root of the scan-rate 
over the range 10-200 mV/sec. The peak sepa- 
ration A(Az&,) is about 30 mV, but the peak poten- 
tial shifts to more positive values than in the case of 
nitrobenzene. Figure 3 shows the i,-C,,,, plots for 
Ba*+ transfer across the water/dichloroethane inter- 
face, assisted by PEG 400, which are reasonably 
linear at different scan-rates. For the determination 

V I I 

0.06 0.12 

C,,/mM 

of barium or strontium, a scan-rate of 50 or 60 
mV/sec was selected. 

Effect of pH 

The effect of pH on the transfer behaviour was 
studied by using Britton-Robinson buffer solutions. 
In the pH range 2-4, the interfacial potentials shift 
negatively somewhat with increasing pH, and then 

C,,/mM 5 

P 

A:+/ mV 

Fig. 2. Voltammetric curves obtained for aqueous solutions of increasing Ba2+ and Sti’ concentration. 
W: O.OlM LiCI, 5.6mM PEG 400. NB: O.OIM TBATPB in nitrobenzene. Scan-rate 60 mV/sec. (a) Ba*+ 
concentration (mA4): 1.0.020; 2,0.050; 3,0.080; 4,O.lOO. (b) Sr2+ concentration (mM): 1.0.008; 2,0.020; 

3, 0.050; 4, 0.080; 5, 0.120. 
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Fig. 3. ip-&+(w) curves for Ba*+ with transfer facilitated 
by PEG 400, at different scan-rates. W: O.OlM LiCI, 5.6mM 
PEG 400. I,2-DCE: O.OlM TBATPB in 1,2-dichloroethane. 

Scan-rates (mV/sec): 1, 20; 2, 40; 3, 100. 

remain constant, the transfer current being indepen- 
dent of pH. This means that barium and strontium 
can be determined over a wide pH range, as shown 
in Fig. 4. It should be noted, however, that an 
increase in sodium ion concentration can cause inter- 
ference in the measurement of BaZ+ and Srr+ transfer, 
by increasing the pH of the buffer solutions. The pH 
range suitable for the determination is cu. 2-8. 

Selectivity 

It can be concluded that PEG 400 can facilitate 
selective transfer of Ba*+ and Sr*+ across the L/L 
interface. Among the alkali and alkaline-earth metal 
ions, Li+ and Mg*+ cannot transfer in the range of 
the “potential window” of the electrolytes which can 
be used for the determination of Ba*+ and Sr*+. The 
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Fig. 4. Effect of pH on the peak currents and potentials 
for Ba*+. W: O.OlM LiCI, 0.15mM Ba*+, 5.6mM PEG 400; 
ER buffer. NB: O.OlMTBATPB in nitrobenzene. Scan-rate 

30 mV/sec. 

I I 
I 

: 
/ x 

40 - /I / 
/ 

I 

Q 
3 f&%7 : 1 /2 / 
l-l ---1 ’ I 

0 
--. 

\ 
I 

’ 1’ 

-40 L- I I 

200 400 200 400 

AY,+/rnv 

Fig. 5. CV curves for Ba*+ with PEG 400 in different 
solvents in the presence of K+ and Ca*+. W: O.OlM LiCl. 
(1) 0.050mM Ba*+, 2mM Na+, 2.8mM PEG 400. (2) 
0.04OmM Ba*+, 1mM Ca*+, 2.5mM PEG 400. NB: O.OlM 
TBATPB in nitrobenzene. Solid line, W/NB; dashed line, 

W/ 1,2-DCE. Scan-rate 60 mV/sec. 

transfer current for 5 x 10eSM Ba*+ in the presence 
of interfering ions Na+, Ca*+ and K+ remains con- 
stant when the concentrations of Nat and Ca*+ are 
lower than 4 mM and that of K+ is lower than 1 m&f. 
Other metal ions tested (Zn*+ and Cu*+ etc.) do not 
interfere. 

Improvement in selectivity by changing the organic 
solvent 

Figure 5 shows the cyclic voltammetry curves for 
Ba*+ with transfer assisted by PEG 400 at the inter- 
faces with different solvents, in the presence of the 
interfering ions K+ and Ca*+. It can be seen that 
distinct CV peaks for Ba*+ appear when nitrobenzene 
is used, but there is overlap with the post-wave of the 
interfering ions K+ and Ca*+ when dichloroethane is 
used. 

Effect of PEG 400 concentration on the selectivity 

It can be concluded from our experiments that the 
interfacial potentials of the transferring ions Ba*+, 
Srr+ and the interfering ions K+, Ca*+, Na+ shift 
negatively with increasing concentration of PEG 400, 
but with different slopes for different kinds of ions. 
For bivalent ions the slope is 30 mV/pC,, while for 
the univalent ion K+, the slope is about 60 mV/pC,, 
so we can improve the selectivity of the barium 
determination by controlling the PEG concentration. 
Figure 6 shows the CV curves for Ba*+, with transfer 
assisted by different concentrations of PEG 400, in 
the presence of K+ ions. When the concentration of 
PEG 400 is too high or too low, the interference by 
potassium is increased. The suitable range of PEG 
400 concentration is about 0.28-10 mM. 
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-200 400 

A*,+/mV 

Fig. 6. CV curves for Ba2+ for different PEG 400 concen- 
trations. W: O.OlM LiCI, 0.04mM Ba2+, 0.4OmM K+, PEG 
400 concentration (mM): (1) 0.28, (2) 1.4, (3) 12. NB: O.OlM 

TBATPB in nitrobenzene. Scan-rate 60 mV/sec. 

Stability of the interface 

Figure 7 shows the CV curves for Ba*+, with 
transfer assisted by PEG 400, at different time inter- 
vals. The measured peak currents iPa (6 runs) were 
33 + 1 PA, suggesting that the interface has good 
stability and reproducibility. 

Determination of Ba ‘+ in the presence of Na + 

Table 1 lists results for the determination of barium 
in the presence of 1 mM sodium by the calibration 
graph method, suggesting that the method has good 
precision and accuracy. 

40r 

u 
? O- 
l-l 

-,I 
A{+/mV 

Fig. 7. Stability of Ba2+ transfer across the W/NB interface, 
facilitated by PEG 400. W: O.OlM LiCl, 0.14mM PEG 400, 
10e4M Ba2+. NB: O.OlM TBATPB in nitrobenzene. Scan- 

rate 25 mV/sec, 6 scans during 50 min. 

Table 1. Determination of barium in the Presence of 
sodium* 

Average 
Taken, Found, found, CV, 

mh4 mM mM % 

0.035 0.0349, 0.0384 0.0364 5 
0.0358, 0.0341 
0.0367, 0.0384 

0.065 0.0688, 0.0662 0.0659 2.6 
0.0653, 0.0636 
0.0653, 0.0662 

*l mM Na+; CV = coefficient of variation. 

Determination of Ba 2+ in the presence of Ca2+ 

Table 2 shows results for the determination of 
barium in the presence of 1 mM calcium; the 
coefficient of variation was <3% and the error 
<2%. 

Determination qf Ba 2+ in the presence of Sr2’ 

When strontium is present in the sample, barium 
can be determined correctly and precisely (Table 3), 
but strontium cannot he determined by the cali- 
bration graph method, owing to the interference by 
the prior Ba*+ wave. Barium and strontium can be 
determined in the same solution when their concen- 
trations are similar. For voltammetry, the currentI is 

i=kC (1) 

and the currents are additive when two peaks over- 
lap. Therefore, we can obtain a set of linear equations 
for the voltammetric curves with linear potential 
sweep when Ba*+ and Sr*+ are both present (Fig. 8): 

Table 2. Results for determination of barium in the presence 
of calcium* 

Average 
Taken, Found, found, CV, 

mM mM mM % 

0.040 0.040, 0.040 0.0392 2.3 
0.0382, 0.040 
0.0386, 0.0382 

0.060 0.0585, 0.0594 0.0590 1.6 
0.0594, 0.0603 
0.0585, 0.0576 

*Cal+ 1 mM. 

Table 3. Determination of barium in the presence of 
strontium* 

Ba2+ 

Taken, 
mM 

0.050 

Found, 
mM 

0.0504, 0.0525 
0.0477, 0.0477 
0.0469, 0.0490 
0.0493, 0.0529 

Average CV, 
found, mM % 

0.0496 4.5 

*0.050 mM Sr’+. 
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a 
4c 

Table 4. The simultaneous determination of barium and 
strontium 

Ion Taken, Found*, CV, 
No. determined mM mM % 

I 0.035 0.0327 3 
0.065 0.0630 1.3 

II Ba2+ 0.050 0.0498 2 
0.050 0.0487 2.2 

III 0.075 0.0723 2.4 
0.035 0.0378 3.6 

*Average of 6 determinations. 

voltammetric curves of Ba*+ and Sr*+ and found to 
be: 

At+lmV K,, = 601 

Fig. 8. Voltammetric curves for the determination of Bar+ 
and Srr+. W: O.OlM LiCl, 5.6mM PEG 400; solid line, (1) 

K,, = 364 

0.05OmM Ba2+, (2) 0.050mM Sr2+; dashed line; 0.050mM 
Ba*+ + 0.050mM Sr2+ 

K,* = 10.88 
. NB: O.OlM TBATPB in nitro- 

benzene. Scan-rate 60 mV/sec. K,, = 605 

Table 4 shows the results for 
barium and strontium have 

~,=K,rG+K,,G (2) reproducibility. 

the determination of 
good precision and 

I2= K2,G + K22C2 (3) 

where I, and I2 are the currents on the I-A,“4 curve 
in the presence of Ba*+ and Sr*+ corresponding to the 
peak potentials of Ba*+ and Sr*+, respectively: 

Z, = ii + i; (4) 

ii = i,(Ba*+) = K,, C, (5) 

i; = K12 C,(Sr’+) (6) 

I2 = ii + ii (7) 

ii = K2, C,(Ba*+) (8) 

ii = i,(Sti’) = Kz2Cz (9) 

So the concentrations of Ba*+ and Sr*+ (C, and C,) 
can be obtained: 

(10) 

(11) 

The values of K,, , K,,, K2,, K2* were calculated from 
equations (5), (6), (8), (9) based on the individual 
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Summary-Elemental selenium and tellurium, and gaseous inorganic forms of Se(W), Se(VI), Te(IV) and 
Te(VI) have been determined after their adsorption on gold-coated beads. After leaching, with water and 
dilute hydrochloric and nitric acids, the different chemical species in each acid fraction were separated 
with an anion-exchange resin (Bio-Rad AG-1X8) and a cation-exchange resin (Amberlite IR-120 Plus) 
by varying the acidity of the leaching agent. Subsequent analysis was by graphite-furnace atomic- 
absorption spectrometry. The lower detection limit for Se and Te was 0.03 ng/mj with a precision of + 5%. 
The average amounts of selenium in interior and exterior air samples were about 4.73 and 1.93 ng/m3 
respectively. For tellurium the corresponding values were about 0.78 and 0.24 ng/m3. 

Sulphur oxides are believed to be primarily re- 
sponsible for the dramatic increase in the acidity of 
pr~ipitation in the north-eastern United States, al- 
though nitrogen oxides and carbon dioxide also 
contribute significantly to it.’ A recent study’ indi- 
cates that electricity power stations, industrial com- 
bustion operations, non-ferrous smelters and other 
industrial processes are major emission sources of 
sulphur oxides in the United States. The 1980 emis- 
sion inventor by NAPAP’ shows the annual emis- 
sion of SO, from such sources, in the 48 contiguous 
states and the District of Columbia, is about 27.1 
million tons per year. 

Selenium and tellurium are usually associated with 
sulphur in nature. The Se:S and Te:S weight ratios 
in coal samples are reported to be about 1 .I x 10d4 
and 0.3 x 10m4 respectively, and in bulk aerosols 
collected in the central part of the United States these 
weight ratios are about 9 x 10u4 and 1 x 10e4, re- 
spective1y.3,4 Thus, significant amounts of Se and Te 
accompany the 27 million tons of SO, that are 
released into the atmosphere each year. 

These elements are of environmental interest be- 
cause (i) the oxides of sulphur contribute significantly 
to the acidity of precipitation;’ (ii) although at the 
ppm level selenium is an element essential to animals, 
slightly higher concentrations of selenium or tellu- 
rium are highly toxic;s,6 (iii) the average concen- 
trations of S, Se, and Te in bulk aerosols are higher 
than those in the earth’s crust by factors of 780,220O 
and 12000, respective1y;4 and (iv) the chalcogen ele- 
ments are highly concentrated on very fine aerosol 
particles ( < 1.1 pm) which have long atmospheric 
residence times and are readily inhaled. On such line 
aerosols, the chalcogen elements exhibit enrichment 
factors of 104-lo6 relative to their abundances.’ 

*To whom correspondence should be addressed. 

Up to 50% of atmospheric selenium has been 
reported to pass through filters capable of collecting 
99% of particles having diameters > 0.1 pm,* but we 
have been unable to find similar reports on tellurium 
other than our own.g In addition to organic species 
such as the methyl-, dimethyl-, ethyl- and diethyl- 
compounds, the atmosphere may contain elemental 
Se and Te and inorganic compounds in oxidation 
states (IV) and (VI).“i4 The atmospheric component 
of Se and Te in aerosols was recently reported.’ The 
present study was undertaken to obtain additional 
information on the species of these elements present 
in air. 

Appuraius 
A Perkin Elmer model 560 atomic-absorption spec- 

trometer with an HGA 500 graphite furnace, a deuterium 
background corrector and Se and Te hollow-cathode lamps 
(Fisher Scientific Co., New Jersey, U.S.A.) were used. 
Argon was used as carrier gas at a flow-rate of 30 ml/min, 
with “auto-stop” during atomization. The drying tem- 
perature was 120°, charring temperature 700” and-atom- 
izing temperature 2700”. Peak heights for Se at 196.0 nm 
and Te at 214.3 nm were recorded (Perkin-Elmer model 023 
recorder). 

Reagents 

Unless otherwise stated, all the chemicals used were of 
analytical grade. A standard stock solution of 1000 ppm 
Se(IV) was prepared from Sea, (99.99%, Gallard Schles- 
inger Chemicals, New York) in 6M hydrochloric acid. The 
working solution was obtained by dilution with 1M hydro- 
chloric acid. A standard 1000 ppm Se(VI) solution was 
prepared by dissolving selenic acid (96%, BDH Chemicals, 
Poole, England) in water and diluting with 1 M hydrochloric 
acid. A 1000 ppm Te(IV) solution was prepared by 
dissolving TeGr ( > 99%, Fisher Laboratory Chemicals, 
New Jersey) in a minimal amount of concentrated hydro- 
chloric acid and diluting with 1M hydrochloric acid. The 
Te(V1) stock solution (1000 ppm) was prepared by dis- 
solving H,TeO,. 2H,O (99.5%, BDH Chemicals) in water 
and diluting with 1M hydrochloric acid. Periodic checks 
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of the standard solutions were made as a precaution 
against deterioration and change in oxidation state during 
storage.is Standards for atomic-absorption measurement 
were prepared from Se powder (99.99%, Alfa Products, 
Massachusetts) and Te powder (99.999%, Johnson Matthey 
Chemicals, London), dissolved in a minimal amount of 
concentrated nitric acid. After evaporation of the solution 
almost to dryness, water was added and the evaporation was 
repeated, this step being repeated. Stock solutions of 1000 
ppm were made by dilution with IM hydrochloric acid. 
Palladium solution. for use as a matrix modifier for the 
determination of Se, was prepared by dissolving anhydrous 
PdCl, (99.5%. Research Organic/Inorganic Chemicals 
Carp:, California) in a minimal amount-of concentrated 
hydrochloric acid and diluting with water. 

Alisorption procedure 

In our earlier work,9 adsorption yields for selenium and 
tellurium on a column of gold-coated quartz beads at a 
flow-rate of 5 l./min were found to be about 88 and 67%, 
respectively. In that experiment, the gold coating was about 
10% of the total weight of the beads. In the work reported 
here, the gold coating on the beads was increased to about 
15% of the total weight in order to enhance the adsorption 
efficiency. We also used four successive columns of gold- 
coated quartz beads instead of the three successive columns 
used in the previous work. The gold coating was achieved 
by dissolving gold powder (99.95%, Johnson Matthey) in a 
minimal amount of aqua regiu and then adding 2ft80 mesh 
quartz beads that had been washed successively in hydro- 
chloric and nitric acids. The slurry was evaporated to near 
dryness, and then packed into a silica tube (9 mm o.d., 150 
mm length) with a silica wool plug at each end of the 
column. Finally, the gold was reduced to the metal by gentle 
heating under a nitrogen atmosphere to minimize loss of 
AuCl, by volatili~tion.‘6.i’ 

The air samples were collected (and subsequent ad- 
sorption yields obtained) with an air flow-rate of 7 l./min. 
Se and Te in the vapour phase were generated from standard 
solutions by gradually raising the temperature with an 
electric tube furnace to 1000” and maintaining that tem- 
perature for 12 hr while passing air over the standards and 
through the adsorber train by means of a vacuum pump 
with a variable flow-control. 

Leaching procedure 

The adsorbed species were leached successively with (i) 
warm distilled water (60”) for Se(N). Se/VI) and TeNI), (ii) 
1 M hydrochloric acid for Te(IV); and (ii;) 3M nitric‘acid for 
elemental Se and Te. The reagent flow-rate was kept con- 
stant at 10 mljmin by means of a variable speed pump. After 
each acid leach, about 100 ml of distilled water was used to 
remove all acid from the column, the resulting eluate being 
added to the acid solution. 

Separation procedure 

The first two fractions, (i) and (ii) above, were mixed and 
diluted to O.OSM hydrochloric acid concentration to prevent 
any change in the bxidation state of the Se and Te species. 
This solution was loaded onto an AG-1X8 tlOO-200 mesh, 
Cl- form) anion-exchange column (7.0 mm bore, 60 mm 
length) and washed with 20 ml of O.OSM hydrochloric acid, 
at a flow-rate of 0.6 mlimin. Se(VI) was retained on the 
column; Se(IV), Te(IV) and Te(VI) were eluted. The eluate 
was passed through a cation-exchange column (10 mm bore, 
120 mm length) packed with Amberlite IR- 120 (60-80 mesh, 
H+ form), and 80 ml of 0.05M hydr~hio~c acid at a 
flow-rate of 1.0 ml/min were used to remove Se(IV) and 
Te(V1) from the column, Te(IV) being retained. The eluate 
was evaporated to near dryness, and Te(V1) was reduced to 
Te(IV) by heating with 1 ml of concentrated hydrochloric 
acid. The solution was then taken up in 0.05M hydrochloric 

acid and Se(N) was separated from Te(IV) with a cation- 
exchange resin, as in the previous step. 

Se(V1) was subsequently eluted from the anion-exchange 
column with 30 ml of 0.3M hydrochloric acid, and the 
Te(IV) was eluted from the cation-exchange column with 
150 ml of 0.3M hydrochloric acid.‘r 

The nitric acid leach dissolved elemental Se and Te from 
the adsorber column, and this solution was evaporated to 
near dryness. Concentrated hydrochloric acid was then 
added dropwise to remove all nitrate and also to reduce 
Se(VI) and Te(V1) to Se(IV) and Te(IV) for separation on 
the cation-exchange column by the procedures given above. 

Each fraction was analysed for Se and Te by atomic- 
absorption spectrometry after evaporation to near dryness 
to prevent any loss by volatilization. After the deter- 
mination of Te, 2 pg of Pd were added per ml of sample 
solution as a matrix modifier prior to the determination of 
Se. This enhanced the signal by a factor of about three.i9 
The amounts of Se and Te species in each fraction were read 
off from calibration plots prepared with standard solutions. 

RESULTS AND DISCUSSION 

Adsorption yield 

Table 1 shows that the adsorption of Se seems to 
be quantitative on the first gold column at a flow-rate 
of 7 l./min. Similar results were observed for Te 
(Table 21, with about 97% retained on the first gold 
column. However, the entire four-column train was 
used to ensure quantitative adsorption of Se and Te 
from air during the long period of sample collection. 

Table 1. Adsorption efficiency of Se* on a 
train of 4 gold columns at a flow-rate of 7 

l./min (n = 3) 

Se found, Retained, 
LIP 543 

Column 1 0.98 + 0.02 97.5 + 2.0 
Column 2 nil nil 
Column 3 nil nil 
Column 4 nil nil 

* 1 .O pg of Se was heated to generate selenium 
vapour which was then passed through 4 
successive columns of gold-coated beads 
at a constant Bow-rate. The amount of Se 
in each column was investigated. 

Table 2. Adsorption efficiency of Te* on a 
train of 4 gold columns at a flow-rate of 7 

l./min (n = 3) 

Te found, Retained, 
NE % 

Column 1 0.71 f 0.02 96.6 + 2.8 
Column 2 nil nil 
Column 3 nil nil 
Column 4 nil nil 

*0.73 fig of Te was heated to generate telfu- 
rium vapour which was then passed 
through 4 successive columns of gold- 
coated beads at a constant Row-rate. The 
amount of Te in each column was in- 
vestigated. 
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ELUTION VOLUME (ml) 

Fig. 1. Sequential leaching of Se from a gold column with 
water, hydrochloric acid and nitric acid. The total recovery 

of Se was 97.5 f 2.0% (n = 3). 

Leaching ejiciency 

The leaching procedures for Se, Se(IV), Se(VI), Te, 
Te(IV) and Te(V1) were based on the chemical prop- 
erties of the various species. 

Figures 1 and 2 show the net adsorption plus 
leaching yields observed when vapours from standard 
solutions of Se(IV) and Te(V1) were drawn over the 
train. The results shown in Fig. 1 for selenium 
demonstrate that Se(IV) can be eluted quantitatively 
with 20 ml of warm water (60”); no selenium was 
found in the hydrochloric acid leaching solution. 
Another species that we propose was elemental Se 
was quantitatively removed with 25 ml of 3M nitric 
acid. At the elevated temperatures (up to 1000’) used 
to drive off Se vapours, there was apparently appre- 
ciable reduction of Se(IV) to Se. 

The net adsorption plus leaching efficiency for 
tellurium is shown in Fig. 2. The species Te(VI), 
Te(IV) and Te are quantitatively eluted with 15 ml of 
warm water, 20 ml of 1 M hydrochloric acid and 15 
ml of 3M nitric acid, respectively. We attribute this 
to the dissolution of the tellurium oxides and/or 
acidic species in warm water and dilute hydrochloric 
acid, and the dissolution of elemental Te in the 3M 
nitric acid. Our results suggest that there was 
significant reduction of Te(V1) to Te(IV) and Te at 

ELUTION WLUME (ml) 

Fig. 2. Sequential leaching of Te from a gold column with 
water, hydrochloric acid and nitric acid. The total recovery 

of Te was 96.7 f 2.8% (n = 3). 

._ 
ELUTION VOLUME (ml) 

Fig. 3. Elution curve of Se(N), Se(W), Te(IV) and Te(VI) 
from an AC&IX8 anion-exchange column. Se(W) is sepa- 
rated from the other species on this column by variation of 
the eluent concentration. Se(W), Te(IV) and Te(V1) are then 
separated by means of an Amberlite IR-120 cation-exchange 

resin.‘* 

the temperatures used to generate tellurium vapours 
from the standard. 

Separation procedure 

Chiou and Manuel’r have demonstrated the sepa- 
ration of Se(IV) and Te(IV) on Amberlite IR-120 
plus and the separation of Te(IV) from Te(V1) with 
this resin.*’ In addition, we studied the separation of 
Se(V1) from Se(IV), Te(IV) and Te(V1) with 
AG-1X8 anion-exchange resin. The results shown in 
Fig. 3 clearly demonstrate that Se(V1) is the only one 
of these species that is retained on the column in the 
presence of 0.05M hydrochloric acid. Se(IV), Te(IV) 
and Te(V1) were quantitatively eluted with 5 ml of 
0.05M hydrochloric acid, and the Se(V1) was sub- 
sequently leached with 15 ml 0.3M hydrochloric acid. 

This method permits the determination of 1 ng/ml 
Se or Te with a precision of about + 5%. At its upper 
end, the calibration graph is not linear if the concen- 
tration of Se or Te exceeds about 50 ng/ml. For an 
air sample of 40 m3 or larger, as little as 0.03 ng/m3 
Se or Te can be determined with a precision of f 5%. 

Interferences 

We investigated the possibility of interference from 
some elements commonly found in air. Chiou and 
Manuel’8~20 have shown that the presence of some 
foreign species, e.g., As(III), Hg(II), Cu(II), Ni(I1) 
and Ag(I), will decrease the atomic-absorption sig- 
nals of Te. In the present study, the addition of 10 pg 
of Hg(II), 10 pg of As(II1) and 10 pg of Sb(III), 25 pg 
of Au(III), 25 pg of Cd(II), 25 pg of Ag(I), 25 pg of 
Pb(I1) and 50 pg of Zn(I1) to the solution containing 
l.Opg of standard Se(IV), Se(VI), Te(IV) or Te(V1) 
prior to the ion-exchange separation had no effect on 
the determination of Se or Te by atomic-absorption 
spectrometry. Other common ions that are normally 
found in air, e.g., ammonium, sulphate and nitrate, 
were also studied. We found that the addition of up 
to 1000 pg of these ions per 1.0 pg of each Se and 
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Table 3. Amount of inorganic species of Se found in local air in Rolla. Missouri _ - 
Sample volume, Se, se(W, Se total, 

Location* m’ nglm ’ 2;;‘; nglm’ wlm’ 

i 
b 
C 
C 
C 

blink 

52.08 
65.73 
88.80 

142.59 
102.78 
182.25 
162.46 

2.21 2.64 0.75 5.60 
1.54 2.09 0.58 4.22 
1.57 2.30 0.51 4.38 
1.12 0.81 0.10 2.03 
0.97 0.75 0.08 1.80 
1.05 0.78 0.10 1.93 
1.13 0.72 0.10 1.95 
0.24 0.20 n.d. 0.44 

*Location a is indoor air from a laboratory working with Se and Te. Location 
b is indoor air from a general chemistry laboratory. Location c is outdoor air 
from the third floor of a chemistry building. 

Table 4. Amount of inorganic soecies of Te found in local air in Rolla. Missouri 

Sample volume, Te, TeUV), TeW), Te total, 
Location* m3 ngim’ nglm’ nglm’ ngim’ 

; 
b 
C 

C 

C 

blink 

*As for Table 3. 

65.73 52.08 0.47 0.36 0.20 0.19 0.26 0.20 0.93 0.75 
88.80 0.34 0.18 0.15 0.67 

142.59 0.06 0.06 0.13 0.25 
102.78 0.05 0.05 0.11 0.21 
182.25 0.07 0.06 0.13 0.26 

162.40 0.07 0.03 0.05 0.03 0.13 0.03 0.25 0.09 

Te species does not interfere in the analysis. In all 
cases, the chemical yields of Se(IV), Se(W), Te(IV) 
and Te(VI), found after adsorption, leaching and 
separation by the anion- and cation-exchange pro- 
cedures, were over 90%. This demonstrates that our 
separation scheme is capable of removing the inter- 
ferences of these foreign ions. 

Local air analysis 

Tables 3 and 4 give the results of our analyses for 
Se and Te in local air samples collected at three 
campus locations: location a is in a laboratory where 
experiments on Se and Te have been conducted for 
several years, location b is in a general chemistry 
laboratory, and location c is on the north-east side of 
a chemistry building, at third floor level. The air was 
drawn through a 0.2~pm pore membrane filter and 
then through the train of four gold-coated bead 
columns. 

Our results show that several chemical species 
contribute to the total burden of Se and Te in air. As 
shown in Tables 3 and 4, the total concentrations of 
Se and Te in outside air were in t.he range 1.80-2.03 
ng/m3 and 0.2lLO.26 ng/m’, respectively. The highest 
total concentrations of Se (5.60 ng/m’) and Te (0.93 
ng/m3) were found in the laboratory where these 
elements are routinely used. Intermediate total con- 
centrations of Se (4.22-4.38 ng/m’) and Te (0.67-0.75 
ng/m3) were observed in the general chemistry labo- 
ratory. 

Table 3 shows that elemental Se is the dominant 
species of selenium in outside air, and Se(IV) is the 

dominant species in laboratory air. In both cases the 
concentration of Se(IV) exceeds that of Se(V1). 
Differences in the volatility of the different chemical 
species may determine the ratio of the selenium forms 
at the emission source. Andren et al.” have noted that 
SO2 generated during combustion of coal may act to 
reduce other forms of selenium to elemental Se, 
which may thus be the dominant species close to the 
emission source. Since SeO, is more volatile than Se,22 
preferential deposition of Se on aerosol particles 
decreases the Se : SeO, ratio as the sampling distance 
from the emission increases. Some SeO, may also 
react with oxidants in the troposphere, e.g. hydroxyl 
radicals, 0, and H202 etc., and be oxidized to Se(V1). 

Table 4 shows the concentrations and species of 
tellurium found in local air. In outdoor air Te(V1) is 
the major component. During its atmospheric cycle, 
Te(V1) emitted from coal combustion may undergo 
reduction to Te(IV) and elemental Te, not only by 
SO2 but also by some other reactive species such as 
nitrogen oxides, e.g. NO, NO>, etc,23 especially as the 
residence time increases. 
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Summary-The dibenzyldithiocarbamate chelates of Cd(H), Pb(II), Bi(III), Hg(II), Ni(II), Cu(II), As(III), 
Fe(III), Co(II1) and In(II1) are separated by reversed-phase HPLC in isocratic conditions. The procedure 
is simple, rapid, and gives satisfactory separations with high efficiency and sensitivity at mobile phase 
compositions very rich in organic modifier (85-88% CH,CN). The detection limits range from 1.4 to 
14 pg/l. The elution order is correlated with the ability of the central metal atom to affect the electronic 
distribution of the ligand, which has readily polarizable donor atoms. Infrared spectroscopy data 
corroborate this assumption. 

An especially promising approach for quantitative 
multi-element determinations of trace metals involves 
pre-column formation of chelates followed by 
reversed-phase liquid chromatographic separation. 
The dithiocarbamates form thermodynamically sta- 
ble complexes readily extractable from aqueous 
systems into organic solvents.’ With such character- 
istics they have long been used for analysis by 
extraction followed by spectrophotometric or atomic- 
absorption spectrometric determination. For the 
same reasons these complexes are particularly suit- 
able for HPLC separation, allowing the deter- 
mination of trace levels of metal ions even in complex 
matrices such as sea-water and other marine samples. 

Separations of various dialkyldithiocarbamate 
chelates on hydrocarbon stationary phases have been 
reported.2m’4 Chelates of pyrrolidinedithiocarba- 
mate,” N-methyl-2-naphthylmethyldithiocarbamate,’6 
bis(2-hydroxyethyl)dithiocarbamate,’7~’8 N-methyl- 
N-2-sulphoethyldithiocarbamate’9 and tetramethyl- 
enedithiocarbamate*O have also been studied. The 
detection technique was mainly ultraviolet spec- 
trophotometry, but some attention was also paid to 
electrochemical detection, because many metal dith- 
iocarbamate complexes are electroactive at various 
working electrodes. 

A limitation of the method arises from the possible 
decomposition of the complexes in the column, par- 
ticularly when very low concentrations are involved, 
as in trace analysis. The ligand used in the present 
work is sodium dibenzyldithiocarbamate (DBzDTC). 

*To whom all correspondence should be addressed. 

The presence of the two benzyl groups ensures high 
absorptivity and their relative bulkiness contributes 
to the stability of the complexes formed. An excess of 
ligand was added to the mobile phase in order to 
minimize decomposition during the separation. 

EXPERIMENTAL 

Instrumentation 

The liquid chromatograph was a Varian LC 5060, with a 
UV 100 spectrophotometric detector and a VISTA 401 Data 
System. The detector was operated at 254 nm. 

The analytical columns used were a Varian MCH-10 
(lo-pm particles, 300 x 4.6mm, carbon load 8%, no end- 
capping) and an Alltech Adsorbosphere (lo-pm particles, 
250 x 4.6mm, carbon load 19%. fully end-capped) indi- 
cated hereafter as columns A and B, respectively. 

The ultraviolet spectroscopic properties of the samples 
were monitored in the range 19@6OOnm. The chro- 
matographic analysis had to be performed as soon as 
possible after preparation of the sample. 

All glassware was conditioned with l.OM nitric acid and 
rinsed several times with water from the Milli-Q system to 
minimize contamination. 

The infrared spectra were obtained with solid samples of 
the metal complexes after crystallization from chloroform. 
The spectral range explored was 4000400cm- at a scan 
speed of 10 cm-‘/see, with a resolution of 4 cm-’ at an 
absorbance of 0.50. 

Reagents 

HPLC-grade acetonitrile (Merck) and water purified 
with the Millipore Milli-Q system were used as the mobile 
phase constituents. Analytical grade sodium dibenzyl- 
dithiocarbamate was obtained from Fluka. 

Individual O.OlM solutions of each metal salt were made 
by dilution of stock lOOO-mg/l. standard solutions (C. Erba 
“For atomic absorption”, Merck “Titrisol”). The ligand 
stock solution (1 .O x 10m3M) was prepared by dissolving the 
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Fig. 1. Spectra of DBzDTC and its metal chelates 

appropriate amount of reagent in 100.0 ml of chro- 
matography grade acetonitrile that had been deoxygenated 
by passage of gentle stream of nitrogen through it. DBzDTC 
chelates in concentrations varying in the range 
1 .O x 10-5-1.0 x IO-‘M were formed by adding appropriate 
amounts of metal ion stock solutions to 50.0 ml of a 1: 1 v/v 
water-acetonitrile mixture that was 4.0 x 10m5M in 
DBzDTC. 

RESULTS AND DISCUSSlON 

The ultraviolet spectroscopic properties of 
DBzDTC and its complexes are shown in Fig. 1. The 
spectra differ from metal to metal. In the absence of 
a common wavelength of maximum absorbance for 
all the chelates, it was decided to use 254 nm as the 
detection wavelength, to make the method easily 
applicable to chromatographic systems equipped 
with a fixed wavelength detector. 

The chromatographic studies were performed with 
either 1: 1 v/v acetonitrile-water solutions of the 
DBzDTC complexes or acidic solutions (pH 2.5) of 
salts of the following species: Cd(H), Pb(II), Bi(III), 
Zn(II), Hg(II), Ni(II), Cu(II), As(III), Fe(III), Co(I1). 
The Co(I1) was rapidly aerially oxidized to Co(II1) 
species stabilized by complexation with the dithio- 
carbamate. Few of the complexes were inert enough 
to give adequate resolution of peaks in a simple 
water-acetonitrile mixture. The addition of a tertiary 
amine (triethylamine, TEA) to give a 0.094 concen- 
tration in the aqueous component in order to shield 
the free silanol groups of the stationary phase,” and 
of an excess of ligand (2.0 x 10m4M) to the organic 
component of the mobile phase, resulted in very 
satisfactory chromatographic results. The pH of the 
final solution containing TEA was adjusted to 4.5 
with 0.05M acetate buffer. The mobile phase com- 
position providing the best resolution was different 
for the two columns used and the shapes and resolu- 
tion of the peaks showed significant differences, 
depending on the stationary phase. 

In Fig. 2, chromatograms corresponding to injec- 
tions of (a) freshly prepared and (b) 24 hr old solu- 
tions of DBzDTC and Pb(DBzDTC), are shown. The 

(a) 

Sample : DBz DTC 

(b) 

L- 

Sample : DBzDTC+ Pb 

Fig. 2. Chromatograms of the ligand and its Pb(lI) complex: 
(a) freshly prepared, (b) after 24 hr. 
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retention time of the chelate is very long and a new types of column are reported. As expected, the 
peak with a retention time of 5.0 min appears; by efficiency and selectivity were different in the two 
analogy with similar cases,15 this peak may be attrib- cases. Columns A and B differed in carbon load (8 
uted to the formation of a dimer of the free ligand by and 19% respectively) and column B was end-capped 
oxidation according to the scheme with trimethylsilane. Both factors affect the number 

4 RN-,//” 2 + Ox + 2H+ __f 4 RN-CHS + 20H- 

's- 
1 

'S 

2 RN-/ 1 
'S' 

- R,N-8 "\-NR 
\S-Ss/ = 

It is difficult to identify what change in the structure 
or composition of the complex gives rise to the 
change in retention time. 

The chelates of all the other metal ions examined 
showed similar changes in the peaks after aging of 
their solutions. Moreover, chromatographic runs of 
samples that had undergone extraction, evaporation 
to dryness and reconstitution in an acetonitrile-water 
mixture gave the same chromatograms as the aged 
solutions. The solvent extraction obviously facilitates 
oxidation by dissolved and/or aerial oxygen. 

The instability of the solutions necessitated fre- 
quent preparation of new standards. To avoid this, in 
situ formation of complexes by direct injection of 
slightly acidic solutions of the metal ions was tried. 
The efficiency and selectivity of the separation of 
DBzDTC complexes formed in situ was exactly the 
same as for those formed prior to injection. A 
possible difficulty with in situ complex formation is 
that during the residence time in the column the less 
reactive ions in an injected mixture might not be able 
to react completely with the ligand in the mobile 
phase. The example in Fig. 3 shows that this was the 
case for the Sn(IV) and Cd(H) complexes. In the same 
figure it can be seen that the detection sensitivity 
obtained in the case of the pre-column chelation was 
better, mainly for the peaks in the middle of the 
chromatogram (chromatogram A was recorded at a 
sensitivity eight times greater than that for chro- 
matogram B). This effect may also be due to incom- 
plete reaction. 

The solutions for the pre-column system could be 
made more stable by careful degassing (for about 
15 min), but the resulting increase in sensitivity did 
not seem large enough to justify the work and careful 
handling involved. 

The simpler option of in situ formation of the 
complexes was adopted as our standard procedure 
and Fig. 4 shows typical chromatograms obtained 
with the two columns used. In Table 1 the chro- 
matographic data and detection limits for the two 

of free silanol groups, which may complicate the 
retention mechanism and influence the separation 
efficiency and selectivity. In the absence of tertiary 
amine in the mobile phase, column A (which was 
richer in free silanol groups) was not able to provide 
peaks of acceptable shape for most of the complexes. 
In contrast, for column B the presence of a buffer to 
control the pH was enough to give very good peaks 
for all the complexes examined. However, aqueous 
solutions of TEA were used in both cases for uni- 
formity. 

Calibration plots for all the metal ions examined 
exhibit satisfactory linearity in the concentration 
range examined. Table 2 lists the numerical results. 

(A) 

Fig. 3. Effect of reactivity competition on the in situ 
chelation of a mixture of metal ions. Chromatogram A: in 
situ chelation (detector sensitivity 0.0156 absorbance for full 
scale deflection). B: pre-column chelation (detector sensi- 
tivity 0.125). (1) Cd(H), (2) Sn(IV), (3) Pb(II), (4) Zn(II), (5) 
I-WI), (6) WIV), (7) WII), (8) Cu(II), (9) As(III), (10) 
Co(III), (I 1) Fe (III) and (12) In(U) in B only. Flow-rate 

1.5 ml/min. All metal concentrations 1 .O x 10-SM. 
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Fig. 4. Comparison of separations performed on different columns. A: column A, CH,CN 
(+2.0 x 10m4M DBzDTC)/H,O (+O.OlMTEA) (85: 15); flow-rate 1.2 ml/min, detector sensitivity 0.0156. 
B: column B, CH,CN (+2.0 x 10m4M DBzDTC)/H,O (+O.OlM TEA) (88: 12); flow-rate 1.5 ml/min, 
detector sensitivity 0.031. The metals common to both experiments were (2) Pb(II), (3) Zn(II), (4) Hg(II), 
(5) Se(IV), (6) Ni(II), (7) Cu(II), (11) In(II1). Fe(U) (9) and Co(III) (10) were used only in B, and Bi(III) 

(1) and As(III) (8) only in A. All concentrations were 5.0 x 10m6M. 

Table 1. Chromatographic retention and efficiency parameters and detection limits of the metal complexes 

Column Parameter Bi Pb Se Zn Hg Ni Cu As In Fe Co 

k’ 1.23 1.59 2.05 2.65 3.47 4.10 5.51 6.58 7.49 
A+ Plate height, mm 0.11 0.12 0.32 0.16 0.16 0.10 0.15 0.18 

DL pgcgll. 14.0 1.8 1.4 1.8 5.8 2.8 3.1 2.2 5.4 

k’ 1.38 5.08 2.93 3.33 4.43 7.02 10.71 9.28 9.28 
Bt Plate height, mm 0.051 0.040 0.048 0.049 0.039 0.039 0.036 0.042 0.042 

DL pg/l. 1.4 1.4 1.5 4.4 2.0 3.1 3.4 - - 

*Column A: CH,CN 85%; flow-rate 1.2 ml/min. 
iColumn B, CH,CN 88%; flow-rate 2.0 ml/min. 

All the chromatographic runs were done in triplicate achieved at high organic modifier concentrations in 
and the relative standard deviations of the peak the mobile phase, though such compositions nor- 
heights were at worst [Se(W) and As(II1) chelates] mally give poor selectivity. 
about 3%. 

Table 1 also lists the detection limits, which were 
evaluated as the concentrations corresponding to a 
signal to noise ratio of two. As can be seen, they were 
satisfactorily low, taking into account that they were 
obtained under the separation conditions for the 
mixture. Since real samples containing all the metals 
examined are unlikely to be common, it is possible to 
improve the detection sensitivity of single ions by 
choosing more suitable operating conditions (e.g., 
different organic modifier concentration, lower flow 
velocity, more suitable wavelength). In this con- 
nection, the chromatographic behaviour of the 
Cd(DBzDTC)I chelate did not allow its deter- 
mination in conditions compatible with those for the 
other chelates. However, its determination was poss- 
ible with a suitable mobile phase (70:30 v/v 
CH,CN/NH,OAc buffer). 

It is worth noting that very good selectivity was 

Table 2. Calibration plot parameters 

Slope, Intercept, Correlation 
Column Complex mm. 1. mg-’ mm coefficient 

A Bi(III) 3.3 0.1 0.989 
Pb(II) 18.0 0.1 0.971 
Se(W) 2.6 0.1 0.981 
Zn(II) 10.6 0.1 0.984 
H8(II) 10.7 0.1 0.988 
Ni(II) 4.8 0.1 0.987 

4.5 0.1 0.985 Cu(II) 
As(W) 3.0 0.1 0.979 
In(III) 6.3 0.1 0.983 

B Pb(II) 27.7 0.2 0.978 
Zn(II) 12.6 0.2 0.986 

15.4 0.2 0.965 Hg(II) 
Ni(I1) 3.3 0.2 0.966 
Se(IV) 7.7 0.2 0.981 
Cu(II) 4.9 0.2 0.975 
In(M) 11.9 0.2 0.985 
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A rationalization of the results may be attempted 
in terms of the electron-density distribution in the 
chelating ring, which is the part of a metal complex 
molecule that is mainly responsible for differences in 
the chromatographic properties of this type of com- 
pound.22 The central metal ion can affect the proton- 
acceptor ability of the donor atoms of the ligands 
(i.e., their ability to give dipolar interaction with the 
solvent molecules) as a consequence of the more or 
less ionic character of the metal-ligand bond. In 
addition, it can alter the electronic distribution of the 
ligand molecules (which are generally highly conju- 
gated) and so influence the lipophilicity of the non- 
polar part of the compound. This influence is rather 
small for nitrogen and oxygen as donor atoms, since 
these are strongly electronegative and not easily 
polarized, so in such cases only small differences in 
chromatographic behaviour are caused by the 
different metal ions. To separate the metal complexes 
it is then necessary to employ a mobile phase with a 
low organic content, which often results in very long 
retention times and poor peak shapes. In contrast, the 
donor sulphur atoms of DBzDTC are only weakly 
electronegative and the central metal ions can 
markedly affect the electronic distribution and char- 
acter of the metal-ligand bond and hence govern the 
chromatographic selectivity. 

The degree of ionic character of the metal-ligand 
bonds depends on the effective positive charge local- 
ized on the metal ion. However, the values obtained 
for this charge by means of parameters such as the 
covalency index values Xfr (where Xf, and r are the 
electronegativity and radius of the metal ion) do not 
correlate with the elution order of the chelates exam- 
ined. Information obtained from the infrared spectra 
is more useful. 

It is well known that in dithiocarbamates the C-N 
bond is partly double-bond in character owing to the 
shift of a nitrogen electron-pair toward the chelate 
ring. Such a shift affects the ability of the nitrogen 
atom to interact with polar solvent molecules and 
obviously depends on the nature of the central metal 
ion. The position of the absorption band assigned to 
the stretching vibrations of the C-N bond in the 
infrared spectra of dibenzyldithiocarbamate com- 
plexes, such as those shown in Fig. 5, confirms an 
intensification of double-bond character. The larger 
the vcN value, the smaller the ability of the nitrogen 
atom to interact with mobile phase molecules, and 
the larger the retention times. Table 3 shows that the 
proposed correlation is strictly observed for tervalent 
metal ions, but the elution order of bivalent ions is 
not as expected in the case of Ni and Zn. The Ni and 
Zn chelates differ from the others in being co- 
ordination unsaturated. Two co-ordination positions 
are ligand-free and can be occupied by mobile phase 
molecules that are then in the inner co-ordination 
sphere of the metal ion. The resulting stronger inter- 
actions with the solvent cause shorter retention times 
than expected. The Co(II1) and Fe(II1) complexes, 

Table 3. Frequencies of the stretching vibrations of 
the C-N bond in the infrared spectra, and the 

retention volumes of the DBzDTC chelates 

v,, ml 

Chelate vcN, cm-’ Column A Column B 

Bi(III) 1476 7.6 5.2 
Fe(II1) 1480 23.8 17.7 
Co(II1) 1480 23.8 17.7 
In(II1) 1485 27.4 20.0 
Pb(I1) 1465 5.6 5.4 
Hg(II) 1473 10.0 10.0 
Zn(I1) 1479 9.2 9.0 
Cu(I1) 1482 19.2 15.6 
Ni(I1) 1486 14.4 12.0 

which have identical vibration frequencies for the 
C-N bond, have identical retention times at all 
mobile phase compositions examined. 

Figure 5 shows examples of some of the spectra. 
The frequency range typical of C-N bond vibrations 
in the dithiocarbamates is known23 to be 
1490-1470cm-‘. In the present case the peak at 
1493 cm-‘, occurring in all the spectra, is typical of 
the benzyl group, and the adjacent peak is typical of 
the C-N bond vibration. The pair of peaks in the 
range 1455-1410cm-’ are outside the range usually 
attributed to vcN vibration, and in any case are not 
affected by the presence of different metal ions. A 
similar situation was found in the case of metal 
complexes with diethyldithiocarbamate.22 

CONCLUSIONS 

The structural factors examined above show the 
fundamental role played by the central metal ions in 
characterizing the chromatographic behaviour of 
DBzDTC complexes. The resulting high selectivity of 
separation (together with the favourable spec- 
troscopic properties of the chelates) makes this 
method suitable for trace-metal determination. Fur- 
thermore, in situ formation of the complexes is simple 

and rapid, allowing a large number of samples to be 
analysed in a reasonable time. 
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Sununary-A high-pressure liquid chromato~aph equipped with an off-column calorimetric reactor was 
used for the determination of metallorganic compounds such as metallothioneins. The stainless-steel 
gel-permeation column used was first tested with ultraviolet detection of a standard protein mixture. The 
met~lot~oneins were determined by absorbance measnrements at 520 nm after an o&column reaction 
of the metal-containing eluates with a buffered 4”(2-pyridyhtzo)resorcinol (PAR) solution. The eluates 
were also tested by flame and el~trothe~al atomic-abso~tion spectrometry; a corretation between AAS 
and ICP results and the peak areas of the calorimetric detection was also made. A zinc-inhibiting reagent 
was also added to the PAR solution in order to find the calorimetric error due to the presence of other 
metals such as copper or cadmium. 

The molecular characterization, or speciation, of 
organometallic compounds in environmental samples 
has received increasing attention. These metal- 
containing substances occur at very low concen- 
trations in highly polar solvents, such as biotic &ids 
or natural waters. Thus the necessity of determining 
the chemical form of the metal when examining the 
environmental impact of such compounds, has in 
recent years given an impetus to trace metal studies.’ 
Several authors have studied different media from the 
point of view of the metallorg~~c sp~iat~o~ of trace 
elements.” A particular aspect is the study of the 
low molec~ar-weight (< N 6ooO) organometallic 
compounds called metallothioneins, which have been 
particularly studied in marine organisms inhabiting 
coastal and estuarine waters which can be exposed 
to elevated levels of trace metals through both bio- 
geochemical processes and pollution. Whilst some 
trace metals are potentially toxic (e.g., Cd, Ag, Pt, 
Hg, Pb and Cr) to marine organisms, others are 
essential in nutrition and growth (e.g., Cu, Zn, Mn 
and CO),~” Since metallothionein in mammals was 
initially described,’ this low molecular-weight 

This work was performed with a contribution from 
Gruppo Ricerche Gceanograftche Genova (GROG) and 
with the financial contribution of the Minister0 Pub- 
blica Istruzione (Fondi 40%) of Italy. 

sulphur-containing and metal-binding protein has 
been characterized as the primary protein responsible 
for trace-metal detoxifi~tion of both inve~ebrates 
and vertebratess In our laboratories, samples 
containing meta~lot~oneins were early analysed on 
Sephadex gel-ideation macro-columns (100 cm 
length and 1.5 cm diameter) with fraction collection 
and determination of the metal by electrothermal 
atomization atomic-abortion s~trophotomet~ 
(ETA-AAS) lo-I3 but such a procedure is time- 
consuming and does not allow direct recording of the 
elution. The use of a high-speed separation technique 
such as HPLC coupled with a ~gh-re~lution 
detection technique such as AAS has been suggested 
by several authors.‘,‘“17 

Unfortunately, ETA-AA& which would be the 
most useful t~h~que owing to its high sensitivity, 
cannot be coupled in-line to the chromatograph, 
because it has a discontinuous ~mpling system, 
Suzuki and co-workers’%” have described the direct 
coupling of AAS with gel-permeation HPLC for 
metalloprotein determination in rat liver, but the 
technique cannot be described as a true HPLC 
separation: the initial usei of a Al-ideation 
column of large dimensions f2.1 x 60 cm), a sample 
volume of 200 or 1000 ~1 and a flow-rate of 
3.5 ml/min is more similar to a classic than an HPLC 
separation; the flow-rate was later reduced to 
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1 ml/min’6*‘7 but we have found that flame AAS for 
Cd and Zn at such flow values is less sensitive by a 
factor of 10 than our proposed calorimetric method 
of detection. Moreover, Suzuki and co-workers 
applied their method to animal samples (rat liver, rat 
kidney, quail liver, frog) which contain higher 
amounts of metallothioneins that our mussel samples 
do. For these reasons we think that a more economic 
(in equipment and sample) and more sensitive tech- 
nique is needed to evaluate the metallothionein con- 
tent of marine organisms such as mussels. 

In another commmunication” we described an 
HPLC method with calorimetric detection with 
4-(2-pyridylazo)resorcinol (PAR), which has been 
used for the HPLC separation and calorimetric de- 
tection of trace amounts of rare earths in phosphors 
and silicate rocks.‘e2’ 

EXPERIMENTAL 

Reagents 

PAR solution (O.OOS%), buffered at pH 5.0 with an acetic 
acid-sodium acetate buffer (300 ml of 0.2M acetic acid plus 
700 ml of 0.2M sodium acetate). PAR/masking-agent solu- 
tion; prepared as above, plus 3% sodium pyrophosphate. 
Eluent: 0.05M potassium monohydrogen phosphate 
and potassium dihydrogen phosphate, adjusted to pH 7. 
Mercaptoethanol. 

Apparatus 
Laboratory Data Control (LDC) high-pressure liquid 

chromatograph, equipped with two isocraticpumps (models 
Constametric II and III); Rheodyne M 7125 injection valve 
(40~nl loop); Perkin-Elmer LC5 variable wavelength 
spectrophotometric detector equipped with LC autocontrol; 
Kipp and Zonen B5 strip-chart recorder; LDC 10 calcu- 
lating integrator; Waters Millipore gel-permeation column 
equipped with guard column, both filled with*%125 Protein 
Analysis” recommended bulk material, (300 mm length, 
9 mm bore). 

Procedure 

The samples were mussels (Myths Galloprovincialis 
Lum.) 4-6 cm long; they were exposed to a 0.1 ppm zinc 
environment for 4 days in a static sea-water system as 
described by Viarengo et al.12 The digestive glands were 
removed from the mussels and homogenized in 4 volumes 
of OSM sucrose in 20mM Tris hydrochloride solution 
(pH 8.6) containing sodium chloride, 6pg of leuptin and 
5OmM ohenvlmethvlsulnhonvl fluoride (PMSF). The tissue 
debris was removed by cendifugation at 2 x lo4 rpm for 
10 min. The supematant liquid was heated at 60” for 10 min 
then the heat-stable fraction was applied directly to the 
gel-permeation column. Before the injection, one of the iso- 
ha& pumps was connected to the pI%7 eluent reservoir and 
the other to either the PAR solution or the PAR/masking- 
agent solution reservoir; both pumps were set to’ 1 ml/mm 
constant flow, and started. The detector was set at 520 nm. 
After the system had been run for about 1 hr to stabilize all 
the fluxes, the sample was injected. 

RESULTS AND DLSCUSSION 

The chromatographic separation was first tested 
by passing through the gel-permeation column a 
standard mixture (ferritin, egg-albumin, ribonuclease 
and guanosine), to verify the molecular-weight 
distribution. Figure 1 shows this elution and that 
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Fig. 1. HPLC-UV (280 nm) calibration profiles on gel- 
permeation chromatographic column. (A): standard mix- 
ture of proteins (1, ferritin, M.W. 5.4 x 105; 2, egg-albumin, 
M.W. 2.5 x 104; 3, ribonuclease, 4, guanosine, M.W. 280). 
(B): heat-treated cytosol fraction from mussel digestive 

gland. 

performed under the same conditions for the 
analytical sample. To make the conditions completely 
comparable, when PAR was not needed in the 
detection system, eluent was pumped by the PAR 
pump at 1.00 ml/min, so that the eluate passed 
through the detector cell at the same speed whether 
PAR was used or not. The detection wavelength for 
the standard mixture was 280 nm. Figure 2 shows the 

retention time (min) 

Fig. 2. HPLC (520 nm) elution profiles on gel-permeation 
chromatographic column. Enriched Zn-thionein fractions 
from mussel digestive gland. (A): after reaction with PAR 
solution, (B): after reaction with PAR-Pyrophosphate zinc- 
inhibiting solution. H = high molecular-weight compounds; 

M = metallothioneins. 
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Table 1. Peak areas (mm*) and metal concentrations 
@g/ml) found by various methods for the HMWC 

and MT in mussel-gland extracts 

Glands Tissues 

HMWC 

Areas 
PAR 420 600 
PAR + PY 400 580 
Concns. (median value) 
Zn VIS-HPLC 0.15 0.42 
Zn FAAS 0.13 0.38 
Cu VIS-HPLC 0.09 0.10 
Cu ETA-AAS 0.08 0.10 

MT 

Areas 
PAR 400 3000 
PAR + PY 100 500 
Concns. (median value) 
Zn VIS-HPLC 0.41 1.08 
Zn FAAS 0.33 1.20 
Cu VIS-HPLC 0.05 0.26 
Cu ETA-AAS 0.05 0.28 

chromatograms for the same analytical sample, one 
for the reaction with PAR solution and the other for 
reaction with PAR/masking-reagent solution. 

The test solution was prepared from zinc-enriched 
mussel glands as described in the experimental 
section. The peak for the zinc metallothioneins in 
chromatogram (A) is apparently not completely 
eliminated by use of the PAR/masking-reagent 
solution. The residual peak was shown by ETA-AAS 
to be due to copper present in the glands. Table 1 
shows the relation between the chromatographic 
peak area and the zinc and copper concentrations 
found by FAAS or ETA-AAS (as appropriate). In 
the total collected fractions of high molecular- 
weight compounds (HMWC) and metallothioneins 
(MT) of the digestive gland cells and remaining total 
tissue, Zn was determined by flame AAS with an 
air-acetylene flame at 213.8 nm, and Cu by ETA- 
AAS at 324.8nm. As can be observed, the peak 
related to the HMWC is the same whichever PAR 
reagent is used. 

This effect cannot be ascribed to the copper content 
because this is too low to produce such a peak. The 
zinc content is also low, which suggests that the 
particular structure of these organic compounds may 
interfere with the inhibiting reaction. Injection of a 
1000 ppm standard Zn solution showed that free 
ionic zinc is very strongly retained by the column. 
However, the correlations in Table 1 show that no 
dissociation of zinc metallothioneins appeared to 
take place. The Zn-PAR methods were compared 
with those in the literature.22-25 The proposed method 
appears more sensitive and selective than the classical 
procedure based on macro-column separation with 
subsequent fraction collection and AAS deter- 
mination, and is much faster, taking less than one 
hour, compared with about a day for the classical 
method. The HPLC-PAR method appears to 

be more sensitive than the HPLC-AAS method. This 
is important because high sensitivity is needed to 
monitor separation of metallothioneins. From a 
biological point of view, the importance of the results 
is that it has never previously been demonstrated 
than Zn per se can stimulate the neosynthesis 
of metallothioneins in marine organisms. The Zn/Cu- 
binding proteins prepared from mussel tissues have 
been characterized, after purification by gel-filtration 
and ion-exchange chromatography, as typical of 
chelatins, but additional purification by denaturing 
polyacrylamide-gel electrophoresis was necessary to 
obtain a homogeneous copper-binding protein with 
the general characteristics of metallothioneins.‘2.26 In 
addition, it has been demonstrated that the 
Cd/Zn-binding proteins isolated from mussel tissues 
belong to the class of metallothioneins. It is im- 
portant to stress that Zn, which is always present in 
metallothioneins, can be displaced by exposure of the 
animals to metals such as Cu, Cd, Hg etc., which have 
much stronger affinity than Zn for -SH residues.27 
Such data demonstrate that the metal content of MT 
is directly related to the concentrations of the 
different metals in the cytosol of the cells,‘3~28 and that 
any increase in the zinc content of the extract cannot 
be due to displacement of other metals by zinc. Hence 
it is concluded that the effect of the zinc is to 
stimulate synthesis of the metallothioneins. 
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GOLD CHLORIDE ELECTRODES AS ELECTROCHEMICAL 
SENSORS FOR LIQUID CHROMATOGRAPHY 
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Summary-A fast, simple, inexpensive and reproducible method for the fabrication of a gold chloride 
electrode is presented. The response of this electrode is highly stable and it leads to improved detection 
for various redox species. Experiments demonstrating the utility of the gold chloride electrode as a 
sensitive sensor for liquid chromatography are described. 

In everyday practice an analyst deals with the selec- 
tive and sensitive detection of the components of 
mixtures that may be quite complex. Often, prior to 
detection, a chromatographic separation is needed, 
which dilutes the trace analytes. Thus there is always 
a need for better detection methods that are fast, 
sensitive, selective, and offer stable responses. One 
such method for use with liquid chromatography 
(LC) is electrochemical detection (ED). The hybrid of 
LC and ED (called LCED) combines the excellent 
selectivity of the chromatography and high sensitivity 
of electrochemical detection.’ The selectivity of the 
detector itself, obtained by varying the potential, is 
usually poor, and for compounds which exhibit 
irreversible electrochemical behaviour (i.e., com- 
pounds with slow charge-transfer kinetics at the 
electrode-solution interface) the sensitivity is also 
low. A useful approach for overcoming these 
difficulties involves modification of the electrode sur- 
face by physical, chemical, or electrochemical 
means.*-Is 

Most of the reported electrode-surface 
modifications were aimed at enhancing the reversi- 
bility to provide significant improvements in de- 
tection. Santos and Baldwin* showed that the 
overvoltage for oxidation of oxalic acid is reduced by 
0.4 V by incorporation of cobalt phthalocyanine into 
a carbon-paste electrode. Improved response of 
carbon-paste electrodes for electrochemical detection 
after pretreatment with surfactants was demonstrated 
by Albahadily and Mottola.3 One of the most inter- 
esting chemical modifications was reported by Price 
and Baldwin,4 who used a platinum electrode 
modified with ferrocene carboxaldehyde for the de- 
termination of aromatic amines. In another novel 
approach Ravichandran and Baldwin’ and Rice et 

aL6 utilized electrochemical pretreatment to achieve 
electrocatalysis. Falat and Cheng, using an electro- 
chemically treated graphite/epoxy electrode, have 
clearly demonstrated a voltammetric differentiation 
between ascorbic acid and dopamine.’ 

The prime requirements of a sensor for routine use 
with LC are: (1) fast and simple fabrication, (2) stable 

and highly reproducible response, and (3) enhance- 
ment of selectivity and sensitivity. This paper reports 
the fabrication of a gold chloride electrode and its 
utility as a sensitive electrochemical sensor in LC. 
The results indicate that the electrode has most of the 
attributes of a good sensor for voltammetric analysis. 

EXPERIMENTAL 

Apparatw 

For cyclic voltammetry a PAR Model 173 potentiostat- 
galvanostat was used in conjunction with a PAR Model 175 
universal programmer. A BAS voltammetry gold electrode 
(0.02 cm* area), a BAS model RE-1 Ag/AgCl electrode and 
a platinum wire were used as working, reference and counter 
electrodes, respectively. 

The LC system consisted of a Beckman model 110 pump, 
an Altex model 210 injector with 20-~1 loop, a Bionhase 
ODS 3 pm phase 2 analytical column.(lOO ; 3 mm) gnd a 
BAS model LC4B/17AT electrochemical detector. The elec- 
trochemical transducer employed a BAS gold working 
electrode, a BAS model RE-4 Ag/AgCl/gel reference elec- 
trode, a stainless-steel counter-electrode and a BAS model 
TG-2M Teflon gasket. The mobile phase consisted of O.OSM 
monochloracetic acid containing 15 mg/l. sodium octyl- 
sulphate and 150 mg/l. Na,EDTA. The detector temp- 
erature was set at 25”. 

Reagents 

Sodium octylsulphate (Sigma), L( +)-ascorbic acid 
(M&B) and Na,EDTA (Fisher) were used as received. 
All solutions were prepared by dissolving the reagents 
in O.lM sulphuric acid or the mobile phase, and were 
made up just before use. The mobile phase was filtered 
through a 0.22-pm Durapore membrane (Millipore). 
3,4-Dihydroxybenxylamine (DHBA) and sodium sulphide 
9-hydrate were purchased from BAS and M&B respectively. 

Mod@cation procedure 

Prior to use, all electrodes were hand-polished to a mirror 
finish on a pad of microcloth (Buehler) by sequential use of 
l-pm and 0.3-pm alumina suspensions (Buehler micropolish 
II). They were then cleaned ultrasonically for 10 min, with 
frequent changes of water. Polished electrodes were either 
used unmodified or were modified as follows. The electrodes 
were placed in 0.37M HCl and subjected over a period 
of 300 set to oxidation-reduction cycles from 0.0 to 
1.15 f 0.05 V (the anodic limit cannot be. extended beyond 
1.2 V because the onset of chlorine evolution prevents the 
formation of a smooth and reproducible gold chloride film) 
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at a scan-rate of 100 mV/sec in the anodic direction and 
1100 mV/sec in the cathodic direction, the first cycle being 
initiated, and the last terminated, at +0.4 V. Since attach- 
ment of gold chloride mainly takes place at the higher 
positive potentials, i.e., towards the end of the anodic scan, 
a slow forward (anodic) scan ensures a fixed deposition 
time, and a fast cathodic reversal reduces the desorption 
time. The net result is the formation of a smooth and 
reproducible chloride film on the gold electrode. This film 
is visible as a glassy copper-coloured layer. 

RESULTS AND DISCUSSION 

Cyclic voltamperograms (CVs) obtained with the 
gold chloride electrode in O.lM sulphuric acid with 
and without 1 mM ascorbic acid are shown in Fig. 1. 
For comparison Fig. 2 shows CVs obtained with an 
unmodified gold electrode in corresponding condi- 
tions. These cyclic voltamperograms clearly demon- 
strate that the heterogeneous electron-transfer rates 
for ascorbic acid have been significantly increased by 
the chloride film electrochemically deposited on the 
gold electrode. Significant differences in the shapes of 

Fig. 1. Cyclic voltamperograms of 0.M H,SO., (A) and 
ImM ascorbic acid dissolved in 0.1 M H, SO, (B) at an AuCl 
electrode. Scan-rates were 50 mV/sec (A) and 10 mV/sec (B). 

A 

6 

J 
1;A 

Fig. 2. Cyclic voltamperograms of O.lM H,SO, (A) and of 
1mM ascorbic acid dissolved in 0.1 M H,SO, (B) at a gold 
electrode. Scan-rates were 50 mV/sec (A) and 10 mV/sec (B). 

the CVs obtained with the modified and unmodified 
electrodes in 0.1 M sulphuric acid are a clear demon- 
stration that the modification procedure indeed led to 
the desired surface alteration. Amperometric, 
flame-emission, ion-chromatography, and Raman 
scattering experiments (to be described elsewhere) 
have unequivocally demonstrated the presence of 
gold chloride on the modified surface. In the Raman 
experiments, for example, the modified electrode 
gives a well-defined Raman band centred at 265 cm-’ 
at an applied potential of +0.8 V us. Ag/AgCl. This 
band is not given by the unmodified electrode, and 
corresponds to the gold-chloride stretching mode.‘” 

As shown in Figs. 1B and 2B, when ascorbic acid 
is oxidized at the gold chloride electrode, there is a 
600 mV cathodic shift in the anodic peak and the 
current is enhanced compared with the results for the 
unmodified electrode. The analytical advantages as- 
sociated with these observations are enhanced sensi- 
tively (increased current) and improved selectivity 
(potential shift). Furthermore, the potential shift 
allows the use of extremely low detection potentials 
where fewer species are expected to interfere. A 
further minimization of interferences is associated 
with the fact that the oxidation peak at the AuCl 
electrode is narrower and sharper than the corre- 
sponding peak at the unmodified electrode. Thus, 
interferences can be easily “tuned-out” at the 
modified electrode. Similar results were obtained for 
DHBA (Fig. 3) and sulphide (Fig. 4). 
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I I 
0.9v 0.3v 

Fig. 3. Cyclic voltamperograms of Au and AuCl in the LC 
mobile phase without (A) and with (B) 5.0 x 10e4M DHBA. 

Scan-rate 10 mV/sec. 

The hydrodynamic voltamperograms of 1mM as- 
corbic acid dissolved in the LC mobile phase are 
shown in Fig. 5 for AuCl and Au electrodes. As 
expected from the CVs above, the modified electrode 
exhibits a plateau current at substantially lower po- 
tentials than the unmodified electrode. Furthermore, 
to establish the superior performance of the AuCl 
electrode in amperometric detection after liquid chro- 
matography of ascorbic acid, the chromatographic 

Fig. 4. Cyclic voltamperograms of Au and AuCl electrodes 
in 0.005M NaOH containing 1.0 x 10m4M Na,S,9H,O. 
Scan-rate 100 mV/sec The aiodic peak on the lift cle&ly 
indicates catalysis of the sulphide oxidation at the AuCl 

electrode. 

L 
0.1 0.3 0.5 0.7 

Potentiat (volt) 

Fig. 5. Hydrodynamic voltamperograms for 5-nmole injec- 
tions of ascorbic acid (dissolved in mobile phase) at Au and 

AuCl electrodes. 

peak heights obtained at the two electrodes at an 
applied potential of 0.45 V were compared. The peak 
height with the AuCl electrode was about six times 
that with the Au electrode. 

To be useful for routine analysis, the response of 
the modified electrode should be stable over an 
extended period of time. Excellent stability of the 
AuCl electrode in 36 successive cycles between 0.0 
and 1 .O V in a solution of 1 mM ascorbic acid in 0.1 M 
sulphuric acid was observed. Similar stability was 
observed for 1mM ascorbic acid dissolved in the 
mobile phase. Furthermore, in LCED experiments 
the mobile phase that flows past the electrode has 
excellent cleaning power, which further enhances the 
stability of the electrode response. Thus for 25 repet- 
itive injections of 0.2 nmole ascorbic acid the stability 
of the response at an applied potential of 0.45 V had 
a relative standard deviation of 5%. By and large, the 
stability of the AuCl electrode response seems excel- 
lent. 

In conclusion, a fast, simple, reproducible, and 
inexpensive method for the fabrication of AuCl elec- 
trodes is reported. The stability of the response of 
these electrodes is excellent for cyclic voltammetric 
and LCED experiments. The modified electrode cata- 
lyses the oxidation of ascorbic acid and therefore 
leads to its improved electrochemical detection after 
liquid chromatography. 
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UNTERSUCHUNGEN ZUR AWENDUNG TERNARER 
KOMPLEXE IN DER PHOTOMETRIE-V 

SPEKTRALPHOTOMETRISCHE BESTIMMUNG UND NACHWEIS 
VON PHENOLEN MIT FeY- (H4Y = EDTE) 

S. KOCH, G. ACKERMANN und I. BRUNNE 
Sektion Chemie, Bergakademie Freiberg, 9200 Freiberg, DDR 

(Eingegangen am 11. November 1987. Revidiert am 20. Januar 1988. Angenommen am 23. April 1988) 

Zuaammenfassung-Zur Bewertung der Verwndbarkeit temPrer Komplexe in der Photometrie 
organ&her Verbindungen wurden Systeme Eisen(III)/EDTE/Phenol mit UnterschuB sowie Uberschug an 
Phenolen nach gegebenen Arbeitsvorschriften analytisch charakterisiert. Neben der Ermittlung der 
Kennzahlen Arbeitsbereich, relative Standardabweichung, Eichfunktion turd KorrelationskoeBixient 
erfolgte such eine Untersuchung der entsprechenden Nachweisreaktionen (Erfassungsgrenxe bzw. 
Empfindlichkeitsexponent). Es zeigte sich, daB Phenole mit isolierter OH-Gruppe gegenilber der 
o-OH-Gruppierung weniger empfindlich reagieren. 

Summary-To assess the usefulness of ternary complexes in the photometry of organic compounds, 
iron(III)/EDTA/phenoI systems with a deficit or excess of phenol were examined analytically under 
different conditions. Besides determination of the working range, relative standard deviation, calibration 
function and correlation coefficient, an investigation was made of the corresponding qualitative reactions 
(detection limit and sensitivity exponent). It was found that phenols with an isolated OH-group gave less 
sensitive reactions than those with o-OH-groups. 

Im Rahmen systematischer Untersuchungen zur An- 
wendung temiirer Komplexe in der Photometric’ 
konnte nachgewiesen werden, daD dieser Komplextyp 
such in der organ&hen Analyse van Bedeutung sein 
kann. Wie sich am Beispiel der hlufig auftretenden 
aromatischen funktionellen Hydroxylgruppe -OH 
zeigen IiiDt, treten mit Eisen(II1) in Gegenwart von 
Ethylendiamintetraessigsiiure (EDTE, H4Y) analyt- 
isch wertvolle Reaktionen auf. Das Chelat FeY - 
bildet dabei mit Phenolen je nach deren Struktur 
farbige temlre oder binare Komplexe, welche die 
Ausarbeitung von Nachweis- oder Bestimmungsver- 
fahren gestatten. Vom analytischen Standpunkt aus 
ist diese Variante den bisherigen Reaktionen mit 
einfachen biniiren Komplexen iiberlegen. 

In der vorliegenden Arbeit sol1 deshalb iiber Er- 
gebnisse zur spektralphotometrischen Bestimmung 
und zum Nachweis einiger typischer Phenole mit dem 
Reagens Fey- berichtet werden. 

EXPERIMENTELLKS 

Die nhotometrischen Messunaen erfolaten mit einem 
Beckman Spektralphotometer DU, und zur Kontrolle der 
nH-Werte diente ein nH-Meter MV 88 NEB Priicitronic. 
Dresden). Fur die Heistellung der 1M E&en-Stammldsung 
(0,lM an HCIO,, gravimetrisch kontrolliert) wurde 
Fe(NO,), .9H,O (p.a. Reachim, UdSSR) verwendet. Als 
Eichliisungen, welche tiiglich frisch hergestellt wurden, ka- 

*Die Ladungen sollen hierbei unberticksichtigt bleiben. 

men methanolische LGsungen (maximal 5 ml/Probe) zum 
Einsatx. Fur die Liisungen der EDTE fand N&H,Y. 2H,O 
(rein, VEB Feinchemie Sebnitx) Venvendung. Alle ver- 
wendeten Phenole waren handelsiibliche Produkte; ihre 
Reinheit wurde nach Umkristallisation durch Scbmelzpunkt 
bzw. Brechungsindex sowie Elementaranalyse kontrolliert. 
Die Messungen erfolgten in Abhingigkeit von der Los- 
lichkeit der Phenole in Wasser oder Methanol/Wasser 
(50 Vol. %). 

KOMPLEXBILDUNG IM SYSTEM 
EISEN(III)/EDTE/PHENOL 

Wegen der unterschiedlichen komplexchemischen 
Eigenschaften von Phenolen mit isolierter Hydroxyl- 
gruppe oder mit der o-OH-Gruppierung gibt es eine 
Reihe von Koordinationsmoglichkeiten, die im fol- 
genden kurz erortert werden sollen. Zur Be- 
schreibung der Gleichgewichte,*” welche mit Hilfe 
physikalisch-chemischer Methoden (Spektralphoto- 
metrie, Papierelektrophorese) aufgekllrt wurden, 
sollen nachstehende Symbole dienen: H,Y(EDTE), 
H, R(Phenole). 

Die Gleichgewichte gelten fur Systeme (Wasser 
bzw. Methanol/Wasser) mit EDTE-UberschuB 
(Cv/Cr, = 5) und einer Ionenstiirke von Z = 0,l 
(NaClO,). 

Die bolierte OH-Gruppe 

Zur Bildung temlrer Komplexe* kommt es neben 
Fey- hauptslchlich mit dem davon abgeleiteten 

701 
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Teilchen [FeY(OH) 

FeY + HR+FeYR + H (pH 5-7) 

FeY(OH) + HR+FeY(OH)R + H (pH 7-9) 

Der jeweilige Mechanismus wird dabei durch die 
S&me-Base-Eigenschaften der Phenole und somit 
vom pH-Wert des Mediums festgelegt. WBhrend es 
sich mit FeY- urn eine Anlagerungsreaktion des 
Liganden R- handelt, stellt die zweite Variante eine 
innerkomplexe Verdrangungsreaktion einer Carboxy- 
latgruppe des Y4- aus der Koordinationssphlre dar. 
Die angegebenen einfachen Reaktionen, welche fur 
ein-, zwei- und dreiwertige Phenole zutreffen, laufen 
dabei aber nur in Systemen mit PhenolilberschuB ab. 
Bei Fey-uberschug kommt es mit mehrwertigen 
Phenolen such zur Bildung zwei- bzw. dreikerniger 
Species:* 

2FeY + H,R+(FeY),R + 2H (zweiwertig) 

3FeY + H,Re(FeY),R + 3H (dreiwertig) 

Die o-OH-Gruppierung 

Die Bildung ternlrer Species stellt hierbei eine 
Anlagerungsreaktion des Liganden HR- dar, wobei 
folgende Reaktionen ablaufen: 

FeY + H,R+FeY(HR) + H (neutral) 

FeY(HR) + 2H,R + 40H 

+ FeR, + HY + 4H20 (alkalisch) 

Da die Komplexe FeY(HR) aus verschiedenen Griin- 
den zur analytischen Anwendung nicht geeignet 
sind,’ kommen hierfiir die entsprechenden bin&en 
Chelate (Fey-ffberschug) 

FeY(OH) + H,R$FeR + HY + H,O (alkalisch) 

FeY(OH) + 2H, R + 20H 

*FeR, + HY + 3H20 (alkalisch) 

in Frage. 

Statistische Bewertung 

Zur Festlegung des Arbeitsbereiches wurde als 
untere Grenze A = 0,05 und als obere Grenze 
A = 15 bzw. der Bereich bis zum Abknicken der 
Eichfunktion festgelegt. Die Berechnung des Schiitz- 
wertes der Standardabweichung mittlerer Konzent- 
rationen (A z 0,4) mitf = 20 Freiheitsgraden erfolgte 
wie ilblich nach 

Bei der Ermittlung der Eichfunktionen (Korre- 
lationskoeffizient r) mittels Regressionsanalyse mit 
f= 8 Freiheitsgraden wurde von der Geraden- 
gleichung 

A=bc+a 

bzw. fur gekriimmte Eichfunktionen von einem 
Polynom zweiten Grades 

A=&,+b,c+b,c* 

ausgegangen. 
Die Charakterisierung der Nachweisreaktionen er- 

folgte mit Hilfe der Erfassungsgrenze als kleinste 
noch sicher nachweisbare Menge (Arbeitsvolumen: 
1 ml) und des Empfindlichkeitsexponenten: 

D = Erfassungsgrenze kg] 

Arbeitsvolumen [ml] x lo6 

pD=-1gD 

ERGEBNISSE 

Aus den komplexchemischen Eigenschaften der 
Systeme Fey/R lassen sich nun mehrere Varianten 
zum Nachweis sowie zur Bestimmung von Phenolen 
ableiten. 

Phenole mit isolierter OH-Gruppe 

Fur diesen Analyttyp ergeben sich zwei Meg- 
lichkeiten zur spektralphotometrischen Bestim- 
mung. Wahrend man bei der ersten Variante (lineare 
Eichfunktion) mit Fey-ffberschull arbeitet, erfordert 
die zweite (gekriimmte Eichfunktion) einen Analyt- 
fiberschug. Bei der zweiten Variante liegt der seltene 
Fall vor, dag sich der Komplex nicht vollstandig 
bildet. 

Arbeitsvorschrifen 

Variante mit FeY-OberschuJ. Zu 25 ml einer 0,4M 
EDTE-Losung (pH = 10) gibt man unter Riihren 2 
ml einer 1M Eisen(III)-Losung (0,lM an HC104) und 
10 ml Analyt-Losung entsprechend des Arbeits- 
bereiches. Die Einstellung des pH-Wertes erfolgt mit 
Ammoniak sowie mit Perchlorsaure geeigneter Kon- 
zentration. Nach uberfiihrung der Losung in einen 
50-ml MeDkolben und Auffiillen mit dem 
Liisungsmittel wird die Probe gegen eine Ver- 
gleichsprobe ohne Analyt, nach einer Stunde, bei 
d = 1 cm gemessen. 

Variante mit Phenol-oberschuj?. Zu 5 ml einer 
0,05M EDTE-Msung (pH = 10) gibt man unter 
Riihren 1 ml einer 0,05M Eisen(III)-Losung (0,05M 
an HC104) und 10 ml Analyt-Losung entsprechend 
dem Arbeitsbereich. Die Einstellung des pH-Wertes 
erfolgt mit verd. Ammoniak bzw. Perchlorslure. 
Nach uberfiihrung der Losung in einen 50-ml 
Meljkolben und Auffiillen mit dem Losungsmittel 
wird die Probe nach einer Stunde gegen Wasser bei 
d = 1 cm gemessen. Die Megparameter dazu sowie 
die ermittelten Kennzahlen beider Varianten sind in 
den Tabellen 1 und 2 zusammengestellt. 

Phenole mit o-OH-Gruppierung 

Bei solchen Phenolen ist nur die Variante mit 
Fey-uberschug geeignet, weil sonst wegen der 
vollstandigen Bildung des Chelates FeR, keine 
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Tabelle 1. Spektralphotometrische Bestimmungen mit FeY-Wzrschug (isolierte OH-G~ppe) 

Analyt 

Phenol 

&lax, 
Medium nm pH,, 

H,G 520 8,0 

Arbeitsbereich, &I, 6’7 
mg % (mg)’ Eichfimktiont I.mole-‘.cm-’ r 

2-l 10 1.24 (25) b = 0.0136 68 0.9999 

2Chlorphenol 

4Chlorphenol 

2-Cresol 

3Cresol 

4Cresol 

2,5-Xylenol 

Resorcinol 

Phloroglucinol 

I-Naphthol 

2.Naphthol 

W 510 

Hz0 525 

W 530 

Hz0 520 

W 530 

CH,OH 540 

H,G 520 

Hz0 515 

CH,OH 610 

CH,OH 550 

7,4 

798 

875 

8,3 

831 

898 

798 

794 

896 

834 

l-50 

480 

4-130 

4120 

5100 

8-180 

2-60 

l-60 

4-90 

4-130 

1,67 (15) 

0,99 (25) 

I,45 (30) 

0,69 (40) 

0.88 (30) 

1934 (60) 

1 ,oo (20) 

4,25(15) 

I,16 (25) 

1,65 (30) 

0 = 01020 
b = 0,0302 
a = 0,054 
b = 0,0193 
u = -0,017 
b =0,0113 
a = 0,005 
b = 0,0124 
a=o,OO4 
b = 0,0147 
u = -0,018 
b = 0,0082 
u = -0,OI 1 
b = 0,025O 
a=o,OOo 
b = 0,0258 
a = 0,059 
b = 0,017O 
a = -0,007 
b = 0,0116 
II = 0,002 

211 

119 

68 

66 

81 

47 

137 

191 

120 

85 

09989 

09995 

09999 

09998 

09999 

09999 

09998 

0,9995 

09987 

09999 

*Probekonzentration. 
TLineare Regressionsanalyse, A = bc + a; c = [Analyt] (mg/50 ml). 

Tabelle 2. Spektralphotometrische Bestimmunaen mit Phenol-l)berschug (isolierte OH-GNDD~) 

Analyt 
LX, Arbeitsbereich, 

Medium nm pH,, M % &* Eichfunktiont r 

Phenol W 

2-Chlorphenol CH,OH 

4Chlorphenol CH,OH 

2Cresol CH,OH 

3Cresol CH,OH 

4-Cresol CH,OH 

2,5-Xylenol CH,OH 

Resorcinol H,G 

Phloroglucinol H,G 

I-Naphthol CHJOH 

2-Naphthol CH,OH 

495 8.7 0,005-0,1 

490 896 0,002-O, 1 

500 8.8 0,00-0,1 

520 9,2 o,oo!-o, I 

500 92 0,0074,1 

520 94 0,0060, I 

530 996 0,006-0,1 

500 894 0,002-o, 1 

505 8,f 0,0024,1 

600 993 o,oo4-0,1 

550 9,2 0,0034,1 

I ,3 I (0,05) 

0,37 (0,05) 

0,73 (0,05) 

1,21 (0,05) 

0,80 (0,OS) 

0,82 (0.05) 

0,62 (0,05) 

0,82 (0.05) 

0.91 (0,05) 

I,13 (0,05) 

LO6 (0,05) 

6, = Ojl64 
6, = 8,23 
b, = -20,15 
b, = 0,031O 
b, = 15,31 
6, = -59,83 
b, = 0,0132 
b, = 11,70 
b, = -33.32 
b. = 0,0056 
b, = 5,29 
b, = - IO,72 
b,, = 0,0048 
b, = 6,03 
b, = - 1251 
b,, = 0.0084 
b, = 6.42 
b,= -12.18 
b, = -0,0035 
b, = 6,26 
b2 = -15,70 
b,, = 0,0255 
b, = 14,35 
b, = -51,17 
b, = 0,0373 
6, = 15,53 
b, = -60,52 
b. = 0,0194 
b, = 12,65 
b, = -40,99 
b, = 0,0038 
6, = 11,14 
b, = -34.35 

0.9998 

09986 

0,9996 

0.9986 

0,9988 

0,9996 

09988 

0,9992 

09991 

0,9982 

09993 

*Probekonzentration. 
TGekriimmte Eichfunktion A = b, + b, c + b,c*; c = [Analyt] (M). 
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Tabelle 3. Spektralphotometrische Bestimmungen mit FeY-uberschufi (o-OH-Gruppierung, Medium: H,O) 

Zeit, Arbeitsbereich, e<, %I, 
Analyt min rng I.mole-‘.cm-’ % Eichfunktion* r 

Brenxcatechin 60 0,14,5 2010 I,10 b = 0,3241 0,9997 
a = 0,019 

4-Nitrobrenxcatechin 30 O,l-8,3 1520 0,74 b = 0,1748 09994 
(I = 0,050 

Tiron 120 0,5-25,0 1400 140 b = 0,0512 0,989 1 
a = 0,157 

Gallustiure 60 l&9,4 1220 1,39 b = 0,1749 0,9994 
a = -0,139 

Pyrogallolcarbontiure 30 0,%1,3 1510 164 b = 0,2296 0,9995 
0 = -0,17 

2,3-Dihydroxynaphthalen 60 O,l-3,0 3810 0,85 b = 0,4748 09999 
a = 0,002 

*A = bc + a; c = [Analyt] (mg/50 ml). 

Abhiingigkeit A = f(C,) resultiert (C, = Analytkon- handelt, sind diese Reaktionen als Nachweisreak- 
zentration). tionen fur Phenole geeignet. 

Arbeitsuorschrgt. Zu 25 ml einer 0,4M EDTE- 
Ltisung (PH = 10) gibt man unter Riihren 2 ml einer 
1M Eisen(III)-Liisung (O,lM an HClO,). Zur Ver- 
hinderung der Oxydation der Phenole durch 
Luftsauerstoff setzt man der Liisung eine Spatelspitze 
Natriumsulfit zu. AnschlieDend wird der pH-Wert 
mit verd. Ammoniak und Perchlorsaure auf etwa 9 
gebracht, und es erfolgt entsprechend des Arbeits- 
bereiches die Zugabe von 10 ml Analyt-Losung. Nach 
Einstellung des pH-Wertes auf 9,0 iiberfiihrt man die 
Losung in einen SO-ml MeDkolben und fiillt mit 
Wasser auf. Die Probe wird bei 600 nm und d = 1 cm 
gegen eine Vergleichsprobe ohne Analyt nach ent- 
sprechender Reaktionszeit gemessen. 

Arbeitsvorschrift. In einem Halbmikroreagenzglas 
gibt man zur neutralen Probeliisung (maximal 
1 ml) 1 ml Reagens (C,, = 0,02M, Can,, = 0,04M, 
pH = 8,5) und vergleicht den Ansatz mit einer 
Reagens-Probe. 

Die nach der angegebenen Vorschrift fiir eine 
Reihe von Phenolen ermittelten Kennzahlen enthiilt 
Tabelle 4. 

DISKLESION 

Das Chelat FeY- stellt praktisch ein universelles 
Reagens Wr Phenole unterschiedlicher Struktur dar, 
wobei gegeniiber den klassischen Reaktionen mit 
Eisen(II1) die schon beschriebenen Vorteile’ bestehen. 

Tabelle 3 enthiilt die einzelnen Reaktionszeiten 
sowie die dazugehijrigen Kennzahlen. _ - 

Nachweisreaktionen 

Wie bereits dargelegt, reagiert das Chelat FeY- mit 
Phenolen je nach deren Struktur zu unterschiedlichen 
Koordinationsverbindungen. Da es sich bei allen 
diesen Teilchen urn Komplexe mit intensiven Charge- 
Transfer-Banden im sichtbaren Spektralbereich 

Bei den hier untersuchten Reaktionen mit FeY 
findet man generell eine hohere Selektivitiit. So zeigen 
Oxime, Alkohole, Carbonsauren, Aminosauren, aro- 
matische Amine und viele Enole keine Farb- 
reaktionen. Nach den vorliegenden Ergebnissen 
wird jedoch deutlich, dal3 die angegebenen Verfahren 
auf Einzelbestimmungen beschrlnkt bleiben. Dabei 
storen o-Diphenole die Bestimmung einfacher Phe- 
nole stark. Andererseits findet man fur o-Diphenole 

Tabelle 4. Nachweis von Phenolen mit FeY 

Analyt Farbe Erfassungsgrenze, fig pD-Wert 

Phenol 
2Chlorphenol 
4Chlorphenol 
2-Cresol 
3-Cresol 
4-Cresol 
2,5-Xylenol 
Resorcinol 
Hydrochinon 
Phloroglucinol 
1 -Naphthol 
2-Naphthol 
Brenzcatechin 
Tiron 
Pyrogallol 
Gallussiiure 
2,3-Dihydroxynaphthalen 
Chromotrops;iure 

orange 

rot 
weinrot 
rot 
rot 
weinrot 
violett 
weinrot 
tiirkis 
rosa 
griin 
blau 
violett 
violett 
violett 
griin 

268 56 
30 4,5 
67 4,2 

318 3,5 
69 4,2 

209 3,7 
238 3,6 
318 3,5 
176 337 
295 395 
318 335 
223 336 

13 4,9 
35 4,4 
16 478 
18 4,7 
5 593 

318 3.5 
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durcb Phenole mit isolierter OH-Gruppe nur eine p0 = 3,5 sowie komplexchemische Untersuchungen” 
geringe Uberlagerung. Da die Komplexbildung nicht machen deutlich, dal3 hier der tern&e Komplex 
nur durch die phenolischen OH-Gruppen bestimmt [FeY(OH)R]6- wegen eines extrem stabilen Pro- 
wird, sondern eine Funktion des gesamten Molekiils tonenchelates und der damit verbundenen Ein- 
darstellt, ist such eine S~~~sti~~g nicht ~hr~nk~g der Zweix&nigkeit keine Bildung bininirer 
miiglich. Species FeR, zuliiI3t. 

Die Empfindlichkeit der einzelnen Varianten wird 
naturgemal3 vom Mechanismus der dazugehorigen 
Reaktionen bestimmt. Wlihrend die Variante (iso- 
lierte OH-Gruppe) bei PhenoltiberschuB mit nicht- 
linearer Kalibrationsfunktion fur hohe, die mit FeY- 
~~~~u~ fiir mittlere Ko~entrationen geeignet ist, 
erlaubt das Verfahren zur Bestimmung von Phenolen 
mit der o-OH-Gruppierung die Erfassung kleiner 
Gehalte. Die Ursache fiir diese htihere Empfind- 
lichkeit, welche such bei den Nachweisreaktionen zu 
sehen ist, liegt in der bin&en Komplexbildung 
mit ~ei~hnigen Phenollig~den und der damit 
verbundenen hohen ~~rgan~wahrscheinlichkeit. 
Phenole mit isolierter OH-Gruppe bilden dagegen 
tern&e Species mit einzahnig wirksamen Liganden, 
deren Reaktionen deshalb weniger empfindlich sind. 
Wie man den Steigungen der Eichfunktionen und den 
pI)-Werten entnehmen kann, werden die Reaktionen 
in iiblicher Weise9 durch Substituenten im aro- 
mat&hen System aufgrund von Induktions- sowie 
Mesomerieeffekten beeinflul3t. Interessant ist in die- 
sem Zusammenhang das Verhalten der Chromo- 
tropdure als Verbindung mit Hydroxylgruppen in 
peri-Stellung. Der fur Liganden mit benachbarten 
OH-Grup~n kieine Empfindlichkeitsexponent von 

Vom Vorteil ist das Reagens FeY such fur die 
Priizision, da Stiirreaktionen wie Hydrolyse und/oder 
Oxydation nicht auftreten. Die erarbeiteten 
Varianten weisen bei guter Zeitstabilitiit die fur 
photometrische Verfahren iiblichen relativen Stan- 
dardabweichungen auf. 

Mit Hilfe der vorgestellten Verfahren ist es prin-’ 
zipiell miiglich, weitere Derivate von Phenolen, Cre- 
solen, Xylenolen und Naphtholen zu bestimmen. 
Ausgenommen davon sind aber phenol&he Nitro- 
verbindungen sowie Phenole mit einer Carbox- 
ylgruppe in o-Stellung, da diese Produkte mit FeY 
keine Farbreaktionen zeigen. 
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Summary-It is shown theoretically and experimentally that the reliability of the analytical results 
obtained by Kalman filtering in multicomponent spectrophotometry can be judged by means of the 
normalized autocorrelation coefficient (NAC) of the innovation sequence. Variations of the initial values 
of the concentration vector X(O), the error covariance matrix P(O), and the measurement noise variance 
R over a wide range do not show a substantial effect on the computed results. The effect of the rounding-off 
errors associated with aonlication of different forms of the equation for calculation of the error covariance 
matrix is also discussed.’ 

Kalman filtering as a chemometrics tool has been 
used to estimate concentrations from multi- 
component spectrophotometric measurements. A 
Kalman filter relies on two models: one describing the 
dynamic system and the other expressing the mea- 
surement process. The system model can be formu- 
lated as 

X(k) = @(k, k - l).X(k - I) + r(k).w(k) (1) 

where X(k) is the vector of state variables, r(k) the 
model noise matrix, and w(k) the vector of model 
noise at time k. The state transition matrix, 
@(k, k - l), describes how the states propagate from 
time k - 1 to time k. The model describing the 
behaviour of the measurement process is given as 

Z(k) = H(k).X(k) + v(k) (2) 

where Z(k) is the vector of measurables, u(k) the 
measurement noise, and H(k) describes the func- 
tional relationship of the states X(k) to the mea- 
surements, Z(k), at time k. In multicomponent spec- 
trophotometry, measurements are made at various 
wavelengths, so we can consider the variable k in the 
equations above as referring to wavelength rather 
than time. Since the state variables, i.e., the concen- 
trations of the components, are invariant at various 
wavelengths and there is only one measurable (ab- 
sorbance of the solution), equation (1) reduces to 

X(k) = I.X(k - 1) (3) 

where X(k) is the vector of concentrations at wave- 
length k, and I the identity matrix. The measurement 
model can also be rewritten as 

z(k) = ST(k).X(k) + u(k) (4) 

*Project supported by National Natural Science Founda- 
tion of China. 

TAuthor for correspondence. 

Here the measured absorbance, z(k), and the noise of 
the absorbance measurement, o(k), at wavelength k 
are both scalars. S(k) is no longer a matrix but a 
vector consisting of the absorptivities of the com- 
ponents involved, at wavelength k. Table 1 shows a 
summary of the Kalman filtering algorithm equations 
for interpretation of multicomponent spectro- 
photometric measurements. The sequence of the 
residuals, v(k) for k=1,2...,v(k)=z(k)- 
S’(k).X(klk - l), in equation (8) is known as the 
innovation sequence. 

The use of Kalman filtering to estimate concen- 
trations from multicomponent spectrophotometric 
and electrochemical measurements has been re- 
viewed.14 In the present work some aspects concem- 
ing the application of Kalman filtering to multi- 
component spectrophotometry are investigated; these 
include the evaluation of reliability of the analytical 
results obtained, the effect of the values of the initial 
guess on the computed results, and selection of the 
equation for computation of error covariance matrix. 

EXPERIMENTAL 

Simulated spectra 

Gaussian peaks containing 30 data points each were 
generated by using a computer program written in BASIC. 
All of these peaks had standard deviations of 5 units and the 
separations between them were 2 units. Individual responses 
and normally distributed random noise with zero mean and 
standard deviation of 0.3% (relative to the value of multi- 
component response) were added together to form a syn- 
thetic multicomponent response (Fig. 1). 

Data analysis 

The spectral data were treated by using a Kalman filter 
program in BASIC running under single precision on an 
IBM PC-XT. Equation (10) was used for calculating the 
covariance matrix P, unless specified otherwise. 
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Table 1. Kalman filter algorithm equations 

State-estimate extrapolation: X(k lk - I) = X(k - 1 lk - 1) 
Error covariance extrapolation: P(k I/c - 1) = P(k - 1 I/c - 1) 
Kalman gain: K(k) = P(kjk - i).S(~)*[~T(~).P(~ 1.k - I).S(k) + R(k)]-’ 
State-estimate update: X{k 1.k) = X(k lk - 1) + K(k).[r(k) - Sr(k>~X(k lk - I)] 
Error covariance update: p(k lk) = [r - ~(~).~(~)],P(~}~ - 1) 
or P(R)k)=[I-lY(k).ST(k)]*P(kJk - I)*II-~(k).ST(~)]T~~(k),R(k).lYT(k) 

RRSULTS AND CONCLUSlON 

One of the outstanding features of Kalman filtering 
as applied to analytical chemistry is that during the 
filtering process the analyst can obtain information 
conceding the reliability of the analytical results 
obtained. Seeling and Blount’ proposed some criteria 
for evaluation of the ~rfo~an~ of the Kalman 
filter as applied to linear-sweep anodiostripping volt- 
ammetry. They tested whether the innovation se- 
quence converged to values uniformly distributed 
about a zero mean. In our previous work6 it was 
reported that examination of the nature of the inno- 
vation sequence would provide information concern- 
ing the presence of a third (impurity) component in 
the analysis of a two-component drug mixture. 

There are many reasons for bias in analytical 
results. In spectrophotometry, for example, unknown 
absorbing species may be present in the solution; 
recording the absorbance before completion of the 
colour reaction, and the ins~bility of absorbing 
complex species may lead to deviation from the 
proposed system model, equation (l), and/or the 
measurement model, equation (2). 

A biased estimator of the aut~orreiation 
coefficients of the innovation sequence, C(k), at point 
k is giveG7 by: 

C(k) = (l/N) f v(i>*v(i - kjT 
i=k+l 

k=0,1,2,...N-1 (11) 

where N is the number of data points. In the case 
described here the normalized auto~o~etation 
coefficients (NAC) denoted by p(k), can be calcu- 
Iated from 

p(k) = C(k)/C(O) k > 0 (12) 

The range of variation for p(k) is -t_ 1 .OO. If less than 
5.0% of the calculated NAC values fall outside the 
confidence limits of f (i.96/N1’2), the innovation 
sequence is taken as a white-noise sequence, with 
95% confidence.’ Otherwise the analytical results 
must be considered as unreliable. 

Figure 2a shows the NAC sequence for the inno- 
vation sequence obtained when Kalman filtering was 
used to deconvolute the simulated three-component 
mixture spectrum (depicted in Fig. 1). If this three- 
component system was treated as a two-component 

Stage number k 

Fig. 1. Simulated spectra. Spectrum of component I (a); 
component II (b); component III (c); a mixture of com- 
ponents I, II, III in a concentration proportion of 

1.5:0.5: 1.0 (d). 

NAC sequence for the innovation sequence obtained 
during the filtering process was that depicted in Fig. 
2b. In this case 23% of the NAC values fell outside 
the 95% confidence limits of *(I .96/N”*~, indi- 
cating the unreliability of the analytical results. Even 
in this case, however, the concentration estimates 
converged as described in Fig. 3, and the two diago- 
nal elements of P(k) decreased monotonically as 
described in Fig. 4, which gave no information about 
the biased results. 

When biased results ate caused by measurement of 
the absorbance before the completion of the colour 

0.2 ---------.. 

5 0.0 

---- ---_ 
-0.2 

0.2 ---------_ 

Stage number X 

Fig. 2. NAC sequences for reliable analytical results (a) and 
for unreliable ones caused by an interfering absorbing 

comnonent oresent in the svstem (bl. system with a third interfering absorbing species, the . , 
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2 

f 

<< I 

c 

TX2 
L ---J 

Stage numbar X 

Fig. 3. Estimates X,(k). Kalman filtering used for system 
containing an unknown absorbing component. Initial val- 
ues: X(0) = 0, P(0) = I. R(k) = 10m3 for all k. The true 

values are indicated by the horizontal lines. 

reaction, the NAC sequence is also very helpful. 
Suppose that the true system model is 

X(k)=X(k -1)+G1 

i.e., the concentrations of the absorbing species in- 
crease by a during the time period between two 
measurements. During the filtering process we still 
use the system model described by 

X(k) = X(k - 1) 

For simplicity, assume that the measurement func- 
tion, S(k), consists of unit absorptivities, i.e. 
S(k) = 1, and the measurement-noise variance R(k) 
is 8’ for all measurement points. Take X(0) = 0, 
P(0) = co as the initial values. That is to say, we do 
not have any a priori knowledge about the state. 
Using the expressions for P(k Ik) and K(k) in the 
following modified forms* 

P(k lk)-’ = P(kjk - l)-’ + S(k)‘R(k)-‘.ST(k) 

and 

K(k) = P(k)*S(k).R(k)-‘, 

s so 
Stage number R 

Fig. 4. Estimated variances. Kalman filtering used for 
system containing an unknown absorbing component. Ini- 
tial values: X(0) = 0, P(0) = I. Measurement noise variance 

R(k)=O.OOl for all k. 

we obtain 

P(11 l)-’ = P(ljO)-’ + S(l).R(l)_‘.ST(l) 

= P(OIO)-l + S(l).R(l)-‘.S’(l) 

=@-2 

P(klk)-’ = P(klk - l)-’ + S(k).R(k)-‘*ST(k) 

= P(k - 1 Ik - l)-’ 

+S(k).R(k)-‘-S’(k) 

= P(k - 1 Ik - l)-’ + /I -* 

=P(k -2[k-2)-‘+2jV2 

= . . . =kfi-2 

K(k) = P(k Ik).S(k).R(k)-’ 

=P(kIk)fi-2= l/k 

X(k) = X(k - 1) 

+K(k).[z(k) - S’(k).X(k - l)] 

=X(k-l)+;[z(k)-X(k-l)] 

X(k - 1)+$“(k) 

X(k-2)+;z(k-1) 

+;z(kf 
. 

= ..+ iz(i) 
I I 

Note that the measurable z(k) is given as 

z(k) = X, f k .a + u(k) 

Then 

where X0 is the true value of the state at m~s~ment 
point k = 0. The expectation of X(k) is 

T’he true value of the St&e at measurement point k, 
however, is 

X,=X,+k.a 

The error in the estimate is 

AX,= y a. ( > 
As shown above, the error covariance matrix P(k) is 
given as 

P(kJk)=; 
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Table 2. Effect of initial guess on the estimates 

Initial guess 
Estimates 

Expt. No. X(0) P(o) R XI X2 x3 

1 0 1 .I, 0.1 1.498 0.504 0.995 
2 0 1 .I, 10-r 1.498 0.502 0.996 
3 0 1.1” 10-S 1.498 0.502 0.996 
4 0 10.1” 10-j 1.498 0.502 0.996 
5 0 10-3.1, 10-j 1.498 0.502 0.996 
6 5 1 .I, lo-) 1.498 0.502 0.996 

True values: x, = 1.5, xz = 0.5, = x3 1.0 

which decreases monotonically, not providing any 
information about the biased analytical results. For 
the NAC of the innovation sequence we have 

v(k) = z(k) - ST(k).X(k - 1) 

=z(k)-(&)[rI)x” -I)] 

=z(k) - (&)@;F; z(l) 

= z(k)- 

=X,+k.a +v(k)-X0 

1+2+3...+(k-1) - 
k-l 

Thus the mean value of the innovation v(k) is f a. 
Then the NAC of the innovation sequence can be 

Poulisse’ suggested that choosing the largest possible 
value for Q was preferable for obtaining unbiased 
estimates, and gave an empirical equation for esti- 
mating 6. The measurement noise variable R is also 
taken as an initial value, because it is often assumed 
to be invariant at all wavelengths in Kalman-filtering 
spectrophotometry and must be given in advance. 
The simulated three-component spectrophotometric 
system (depicted in Fig. 1) was treated by a Kalman 
filter initiated with various initial guesses. Changes in 
the X(O), P(0) and R values over quite a wide range 
do not affect the computed results (Table 2). It was 
found that larger cr2 caused more rapid convergence 
of the estimates to the true values, but with larger R 
values the convergence rate slowed down. 

Effect of rounding-off errors 

In the routine applications of Kalman filtering it is 
possible to use pocket computers for experimental 

written as 

p(k) = 
l(k + 1) + 2(k + 2) + 3(k + 3) + . . . + (N - k)N 

l2 + 22 + 32 + . . + N2 

l(k+l)+2(k+2)+3(k+3)+ . ..+(N-k)(k+N-k) 
= 

l2 + 22 + 32 +. . + N2 

k[l +2+3+.. 
= 

.+(N-k)]+ 12+22+32+...+(N -k)2 

l2 + 22 + 32 + . . . + N2 I2 + 22 + 32 +. . . + N2 

It is obvious that the innovation sequence does not 
have the character of white noise and so the results convenience. In such cases care should be taken 

obtained must be considered as unreliable. concerning the rounding-off errors and some alterna- 
tive algorithms of the original Kalman filter, such as 

Effect of errors in the initial guess square-root Kalman filtering algorithms, are prefer- 

When no a priori information is available, the filter able.’ With the original Kalman filter, we should be 

is generally initiated with X(0) = 0 and P(0) = u’.I,. careful, for instance, in choosing the equation for 

Table 3. Effect of the rounding-off errors--comparison between equations (9) and (10) 

Estimated values 

No. of the True values KF* based on equation (9) KF* based on equation (10) 
simulated 

system XI X2 x3 X4 XI X2 X3 X4 XI *2 x3 X.4 

1 1.5 1.0 1.49 1.0 1.49 1.0 
2 1.5 0.5 1.0 1.59 - 575 0.98 1.51 0.49 1.0 
3 1.5 0.5 1.0 0.5 58.6 -169 5.7 0.53 1.5 0.49 1.0 0.5 

Initial values: X(0) = 0, P(0) = 1 .I.. Measurement noise variance R = IO-’ for all k. 

*KF program run on a SHARP PC-1500 pocket computer. 



Kalman filtering in multicomponent spectrophotometry 711 

calculation of the error covariance matrix. Two equa- 
tions [(9) and (lo)] are most frequently cited in the 
chemical literature. It has been noticed that for the 
calculation of P(k) during the filtering process, equa- 
tion (9) is much more sensitive to the rounding-off 
errors produced by a pocket computer than is equa- 
tion 10 (Table 3). It should be mentioned that both 
equations (9) and (10) can give satisfactory results 
when a microcomputer such as an IBM PC is used, 
especially with double precision. 

1. 
2. 
3. 
4. 
5. 

6. 

7. 

8. 

9. 
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Summary-The solution of systems of equilibrium equations is an important though commonplace 
operation, rendered difficult by non-linearity. Previous methods of numerical solution have suffered from 
slow convergence, unreliability, and inefficient structure. An algorithm, RAMESES, is presented in matrix 
algebra terms, which is both simple in structure and efficient, involving only one matrix inversion per 
system and giving an exact solution of the set of dependent equilibrium equations at each iteration. 

The calculation of the distribution of species in a 
solution according to the various equilibria involved 
is tractable by classical methods only for relatively 
simple systems, with few components. The manual 
solution of the problem is discussed and illustrated in 
many elementary textbooks’s2 and serves to explain 
such common concepts as buffers and titration. 
Briefly, the problem is one of solving a set of simul- 
taneous equations, namely the equilibrium equations, 
and the mass and charge balances. An explicit solu- 
tion may be obtained by the usual method of succes- 
sive substitution in some simple cases, but this rapidly 
becomes unmanageable or frankly impossible as the 
size of the system increases. To reduce the difficulties 
(which are in terms of effort and not theory) reliance 
is often placed on assumptions of the insignificance of 
various species and thus the elimination of variables. 
In practical terms, for simple systems, this may be 
satisfactory, but it has the disadvantages that a 
different set of assumptions must be made in each of 
several pH regions, for example, and that the concen- 
trations of the minor (ignored) species are not well 
defined. This latter point may be particularly 
significant when a reactive species is in the discarded 
group. However, for polyelectrolyte systems in gen- 
eral such assumptions are dangerous and do not 
appreciably reduce the labour. 

Various computational methods for calculating the 
distribution of species at equilibrium in multi- 
component electrolytes have been reviewed and uti- 
lized.3” The existing general procedures can be di- 
vided into two main categories: free-energy 
minimization and equilibrium-constant methods. 
These are essentially routines for (a) optimization, 
and (b) solution of non-linear equations, respectively. 
The free-energy minimization approach is based on 
the thermodynamic criterion that the total free energy 
of a system at constant temperature and pressure has 
a minimum value at equilibrium. However, the 
present discussion is restricted to the second class of 
methods, based on equilibrium constants. 

It seems to be a common aspect of these methods 
that the ionic species in an aqueous solution are 
divided into two sets: one, the “basis” set, consists of 
the uncomplexed ionic species, and the other of the 
complexes. It is stated that the efficiency of the 
computation is critically dependent upon the choice 
of the “basis” set and the initial estimates of the 
equilibrium concentrations of the components,5,7 two 
constraints which are at best inconvenient and at 
worst require much preliminary exploratory work. 

The program HALTAFALL* used a nested rou- 
tine which solved for one component at a time, 
feeding back estimates for each free ion concentration 
in turn, holding the concentration of complexes 
constant. When the iteration was finished the com- 
plex ion concentrations were determined. The sub- 
routine COGS9 estimated, in the one loop, com- 
plexes, free cations, and free anions in turn, before 
adjusting the estimates for the next iteration. MUL- 
TIREACTIONEQUILIBRIUM,‘” however, solved 
each of the equilibrium equations individually, one 
after another, with use of the estimates from the 
equations already solved, before testing the error and 
going back to the top of the list for another iteration. 
Each of these represents a rather crude programming 
approach to the solution of the problem, relying on 
the ability of machines to perform large numbers of 
extremely tedious calculations. None of these meth- 
ods requires explicit matrix inversion, and they suffer 
from rather slow rates of convergence because of the 
stepwise-by-species adjustments. One reason for this 
is that every time an adjustment is made, error 
reappears from other sources, i.e., from complex ions 
or ions previously considered but now needing read- 
justment. 

The adoption of the Newton-Raphson method’~“~‘* 
gave an improvement in the rate of convergence 
under some limited conditions. The subroutine 
COGSNR12 developed from COGS9 is such a pro- 
cedure, but it too has the assumption of no complex 
formation in the first part of the program, which then 
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parallels the procedure in HALTAFALL.” COGSNR 
inverts a matrix of errors to find adjustments for the 
next cycle. The estimated free metal and ligand 
concentrations are used to calculate the concen- 
tration of all other species for the next iteration, It is, 
however, known to be unreliable, even with double 
precision, for systems of more than two metals and 
two ligands, for which COGS9 is preferred.” 

COMPLX” also utilizes the Newton-Raphson 
method, with the use of partial derivatives of the 
mass-balance and charge-balance equations, ex- 
pressed as Taylor series, as the coefficients of the 
principal matrix. The program flow differs slightly 
from that of COGSNR,‘* but not significantly. Using 
estimates of only the free species concentrations, a 
matrix inversion routine provides the next set of 
estimates for iteration. When the differences become 
less than an assigned value, the method is said to have 
converged. This kind of tolerance test is, in general, 
somewhat weak, as the rate of convergence is not 
known: there is a danger of premature termination at 
a solution which is wide of the mark by an unknown 
amount. A rather small tolerance would have to be 
imposed to prevent this. When approximations to the 
equilibrium concentrations of the free species have 
been found, the concentrations of the remaining 
species are calculated from the equilibrium equations. 

EQUIL’ has been highly recommended,5q6 and uses 
a general numerical technique based on a modified 
Newton-Raphson method. Both selection of the “ba- 
sis”’ and making the initial estimates of the equi- 
librium concentrations of the main components are 
tedious, but it is understood that these are critical.’ 
Since the method suffers from a substantial risk of a 
singular matrix and of non-convergence, various 
protections are adopted, including scaling the matrix, 
eigenvector analysis, development of an iteration 
matrix, and adoption of a convergence forcer, a 
somewhat lengthy and convoluted procedure overall. 

The solution of the general problem is made 
difficult by the fact that the system of equations is not 
homogeneous: that is to say, the equilibrium equa- 
tions are in the form of products, the remainder are 
sums. The equilibrium equations are convertible into 
linear form by taking logarithms, but the system 
remains inhomogeneous. Nevertheless, matrix solu- 
tion methods can be used on the logarithmic ex- 
pressions and are eminently suited to machine 
computation, especially with the development of both 
extensive libraries of good matrix routines and higher 
level languages capable of handling matrix mathe- 
matics directly (such as Hewlett-Packard BASIC). 
These methods offer considerable scope for poly- 
electrolyte systems. The method proposed here can 
handle all the species together, without the risk 
of matrix singularity, thus avoiding complicated 
manipulations. 

NUMERICAL METHOD 

If we have r equilibria, with equilibrium constants 

K (excluding “complete” dissociation), involving s 
species in solution, there are t = s - r non-explicit 
concentrations. The values of t - 1 of these may be 
chosen independently (that is, these are the degrees of 
freedom of the system), the remaining one species 
being determined by the constraint of charge balance. 
Such a system is, of course, indeterminate and further 
constraints, t - 1 in number, must be invoked to find 
the single, thermodynamic, solution. These con- 
straints may take one of two forms: (i) the actual 
concentration of a species may be fixed, regardless of 
the total amount of the corresponding system com- 
ponent, for example by choosing a particular pH, but 
otherwise this seems to be of rather rare interest; (ii) 
the total concentration of the system component, 
irrespective of the species in which it is found, is 
predetermined as in working with, say, a fixed total 
molarity of ligand. 

The solution of the system in the first case is direct, 
as one (ionic) species can be left available to adjust 
the charge balance; in the second case a guess or 
guesses must be refined. A general approach might 
then be to adjust the concentration of the other t - 1 
species by the proportion in which the corresponding 
calculated total of fixed components is in error, 
following the method employed in COGS9 providing 
successive approximation and convergence to the 
unique solution. 

Thus the first step is to choose the minimal set of 
t (convenient) independent species in terms of which 
all others will be calculated from the equilibrium 
equations. These concentrations provide a vector 
X,(t x 1): 4 x,= ; 

[ 1 (1) x, 
At the start, the values of non-preset concentrations 
must be guessed for XAc,,. These need only be non- 
zero positive, i.e., each XAie R+, but common sense 
permits more sensible choices in the range from zero 
to the maximum notionally feasible. Informed 
guesses will reduce the number of iterations but are 
not essential. 

The remaining, “dependent”, species then form a 
second concentration vector XB(r x 1): x 1+1 x,= : 

[ 1 (2) x l+r 
These two vectors may be combined into the full 
concentration vector, X(s X 1): X,4 x= x [I (3) 

B 

Corresponding to XB, we have a vector K(r x 1) of 
equilibrium constants. To linearize this portion 
of the system, these must be converted into their 
logarithms to yield the vector L(r x l), with the ith 
element given by: 
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Li = log(KJ 

Similarly, for PA@ x 1): 

(4) 

pAi = l”dxAi) (5) 

The corresponding matrix of coefficients is C(r x s), 
the coefficients being the powers to which the species 
are raised in the equilibrium equations, with note 
taken of sign. The columns of the submatrix 
C,(r x I) are identified and deleted from C to form 
C,(r x r); then Z(r x 1) is found from: 

Z=L-C,P* (6) 

The columns of C, are chosen to correspond to the 
species of the rows of X, , the implication being that 
these can be any subset of size t: the choice depends 
only on need and convenience. The corresponding log 
(concentrations) of the remaining r species are given 
by the vector Pa: 

P,=Ci’Z (7) 

Then: 

x,, = log-‘(P& (8) 

X,,, is then the first (n = 1) approximation to the 
solution if XA contains any guessed values. 

Charge balance is next checked by using Q(s x 2), 
the matrix of the (signed) species charges z: 41, I q1.2 

[ 1 
qi,1=z,, Zi>O 

Q= i ; ; qi,2=zjr z,<o (9) 
4 s-2 45.2 = 0 otherwise 

(the order of the rows of Q corresponds to the order 
in X). Then, the matrix of total positive and negative 
charges D(l x 2) is given by: 

D=XTQ (10) 

(we use superscript T to mean “transpose”), so that 
the charge error, A, is obtained from A = D, + D, 
(i.e., the sum of the elements of D), Similarly, a matrix 
M(s x t) of component multiplicities in all solution 
species is constructed (ignoring OH- and H+ if 
combined with any species, i.e., setting m,- to zero): MI,, . . mI,, M= ; . . . ; 

[ 1 (11) m, I . . .m,, I 
Then S(1 x t), the current component totals matrix, 
is given by: 

S=XTM (12) 

There is also a corresponding matrix T(1 x t) of 
required total component values, one of which, the 
jth, is undefined (required for the charge balance). 

If the approximation is made that the adjustment 
required in the guessed values of the species in vector 
X, with preset component totals is proportional to 
the error, we form a diagonal matrix of correction 
factors, F(t x t), where: 

&=;; F,=O, i#k (13) I 

The jth, and necessarily charged, species in X,, for 
which no value in T is defined, is adjusted according 
to the charge balance, but in proportion to the 
concentration of that species relative to the sum of 
concentrations of all species having the same charge 
sign, weighted by the charge number. This correction 
factor is then: 

(14) 

Here, D, means either D, or D2 as appropriate to the 
value of zj, the charge of the species being adjusted, 
introduced to correct the direction and equivalence of 
the adjustment which is to be made. The scalar,f, is 
a damping factor introduced in an ad hoc fashion to 
avoid uncontrolled oscillation, particularly in the 
early iterations, where the approximation may be 
poor. In one sense, f represents the sensitivity of the 
system to perturbation and a general optimum value 
cannot be given. Values in the range 0.7-2.5 have 
been found to work in practice; some programming 
refinement is required to optimize this if necessary. 

The success or otherwise of the approximation at 
each iteration is tested by comparing each error, E,, 
defined by 

E=F-I (15) 

where I is the identity matrix, against a tolerance, 
6, thus requiring I Eii I <E, any difference exceeding 
the tolerance forcing a further iteration. Then the 
elements of XAtn) can be corrected for the next, 
(n + l)th, iteration: 

X A(n + I) - - FXA(n, (16) 

The adjusted vector XAcn+ i) is then reinserted at 
equation (5) for the (n + 1)th iteration. When the 
initial approximations are poor, the values of the 
correction factors, Fii, from equation (14) may be- 
come negative (corresponding to negative concen- 
trations in the following step, purely because of the 
simplicity of the adjustment rule itself), and it is 
suggested that Fii be then given a nominal default 
value near to 0, say 0.01 or 0.001, to permit the 
approximation to proceed. Even if this turns out to 
be excessively conservative, self-correction usually 
appears to be rapid, and no more sophisticated 
procedure is necessary. Certainly, no problem has 
been observed. 

A rather faster convergence is achieved by use of 
a slight calculation refinement, without affecting the 
principle of the procedure. Since in any iteration, the 
change in an estimated complex concentration will be 
strongly positively correlated with the changes in its 
free component concentrations (allowing that it is 
frequently convenient to choose the independent 
species in X, as “free” species and not themselves 
complexes), there is a tendency for the corrections to 
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be overdone. However, calculating the (t - 1) F,, WO,(OW,1 
values (i.e., excluding the jth, charge-adjustment, X,= [HL”-] 

species), and then making the approximation that all [ 1 lH+l 

complexes containing X,, are adjusted in proportion lUO,(OH)+ 1 
to the change in xj required for charge balance, FJO, (OH); ’ I 
makes the adjustments to those independent species FJ0:+ 1 
a little more conservative, the solution a little more 

[UO,HL-] 

stable, and consequently the convergence faster. 
KWW-I 

X, = 
The conditional adjustment is set up in a 

l(JIUO$(H,L),(OH);- I 
*__2_ . 

temporary matrix M*(s x t): 

M,f,=M,,F, if M,,>O 

M,$ = M,, otherwise 

LH,L-1 

$!y 

(17) 
W-1 

The vector of the log K values’)-‘5 and the coefficient 

Then, analogously to equations (12) and (13) matrices are: 

L= 

7.68 

7.40 

4.07 

5.62 

4.34 

2.91 

10.82 

14.00 

!5.20 

17.20 

9.20 

c, = 

0 0 2 
o-1 0 

0 0 0 

0 -1 -1 

0 0 -1 

0 0 -1 

0 1 -1 

0 0 -1 

0 0 0 

1 0 0 
0 0 0 

1 c,= 

0 o-2 0 1 0 -2 0 
0 o-1 10 0 0 0 

0 0 o-2 10 0 0 
0 0 0 0 0 0 1 0 
0 0 0 0 0 o-1 I 
0 0 0 0 0 0 0 -1 

0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 

0 1-l 0 0 0 0 0 

0 o-1 0 0 0 0 0 

I o-1 0 0 0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

I 0 0 

O-l 0 

0 0 -1 

0 0 -3 

0 0 -2 

0 0 -1 

and 

s* = XTM* (18) 

Fii=$; Fv=Oo, i #j (19) 

The procedure coniinues with equation (16) as 
before. 

The routine, programmed in Hewlett-Packard 
BASIC, is given in the Appendix. This language is 
used for the illustration primarily because of its 
readability. The “housekeeping” part of the program, 
i.e., data input, array dimensioning and manipu- 
lation, as well as the utilities for scans and data 
output, have been omitted since they are matters of 
style and installation rather than critical to the 
present proposal. As far as possible, the notation of 
the text has been retained, except as noted; cross- 
references to the equations have been inserted to 
reduce the documentation. 

EXAMPLE 

The aqueous uranylkitrate system is used as an example 
of application of the method. Fourteen species are consid- 
ered, and the behaviour of the system containing 10-5.44 
total uranium is examined as a function of pH, i.e., total 
citrate is allowed to vary. The choice of species for the 
vectors X, and X, (based on the treatment” of citric acid 
as H,L) is as follows 

For example, the first row corresponds to the equilibrium: 

[H+]r =[(uo2)z(HzL),(oH):-]; 
[UO:+]2[H2L2-]2 

K = 4.79 x 10, 

Notice that some rows in C, are allowed to contain only 
zeros, but that no row or column in C, may. 

The corresponding charge and multiplicity matrices are: 

Q= 

0 0 

0 -3 

1 0 
1 0 

0 -I 

2 0 

0 -1 

0 -2 

0 -2 

0 -2 

0 -I 

0 0 

0 -4 

0 -1 

M= 

1 0 0 

0 1 0 

0 0 1 

1 0 0 

100 

100 

I 1 0 
2 2 0 
2 2 0 
0 I 0 
0 1 0 
0 1 0 

0 1 0 

0 0 0 

remembering that the columns of M and CA correspond to 
the elements of X,. 

Figure 1 shows the calculated distribution of all species 
except H+ and OH- over a range which shows clearly the 
kind of complexity that can be readily handled. The pro- 
gram was written in Turbo Pascal, using for the matrix 
solution a Gauss-Jordan Elimination MethodI subroutine, 



Multiple equilibrium systems 717 

45 SO 5.5 
PH 

6.0 

Fig. 1. Log (concentration) VS. pH for each species in 
the uranyl-citrate (L) system for a total uranyl concen- 
tration of 10e5M, calculated by using RAMESES. The 
narrow range in pH was chosen to illustrate the resolution 
of a difficult region. The right-hand limit corresponds to no 
citrate [i.e., UO1(OH), in water]. The species are as follows: 
1. [UO,HL-1, 2. [UOz(OH)+], 3. [vq’], 4. [HL3-1, 
6. B-I&- I, 6. WW,(H,L),(OHy,-1, 7. [(UO,HL):-I, 
8. WQ(OH),l, 9. ‘““$$I)&]; 10. B&L-l> 11. [H,Ll, 

. . 

and run on an IBM PC XT with 8087 and 8088 processors. 
The running time for each set of results was between about 
3 and 5 set, usually with between 20 and 40 iterations for 
pH steps of 0.1 and the results of the previous run used as 
the “guess” for X,. The tolerance, c, was set at IO-“, to 
demonstrate the general stability of the solution and the lack 
of need to compromise accuracy for non-inherent reasons. 

DISCUSSION 

The proposed algorithm offers a great improve- 
ment in the numerical analysis of equilibrium systems 
in that the computational route is very direct 
and free from arbitrary simplifications or approxi- 
mations. It is efficient, giving complete solution in 
relatively few iterations, and has the advantage of 
procedural clarity. 

An immediate and major advantage apparent is the 
need to invert the matrix Ca only once (usually matrix 
inversion is the slowest and therefore rate-limiting 
procedure, especially for large systems). This is true 
even when many calculations on the same system are 
required, since Ca is the equilibrium equation 
coefficient matrix which is, of course, unchanging, so 
this step can be taken outside the main loop. Cs is 
also always non-singular. There is thus no possibility 
of failure to converge [provided that f in equation 
(14) is chosen appropriately] for chemically feasible 
systems. 

It is noteworthy that equation (7) represents a 
complete and exact algebraic solution of the r simul- 
taneous equations for the n th estimate of dependent 
species concentrations. This is in contrast to previous 
methods, which all involve some degree of approxi- 
mation at this stage, primarily because of the stepwise 
solution of the equations. 

The remark above, concerning chemical feasibility, 

needs some elaboration. It is obvious that for a given 
acid-base system with, say, the concentration of the 
base given, there is a corresponding upper limit to the 
pH when the end concentration of acid is zero. No 
solution exists beyond that point (see Fig. 1). Simi- 
larly, there is a lower pH-limit. There is also the 
question of overall solubility limits, which must be 
determined separately. Care must therefore be taken 
when setting up scans in pH, for example, which will 
produce nonsensical answers (e.g., 103M!) or failure 
to converge because of the simple impossibility of 
satisfying the equilibrium equations. 

The example given is a demonstration of the 
method and is only a first approximation, because the 
concentrations and not the activities of the ions were 
used. This computational example is not necessarily 
complete or accurate as a description of the system, 
since the constants have been taken uncritically from 
the literature. 

Further refinements are possible, such as the use of 
activitiesI rather than concentrations, and consider- 
ation of the “concentration” of solvent (for high 
molality calculations). In addition, the efficiency of 
the convergence can be increased by modifying the 
adjustment factor calculation. 

It is important to recognize that because of the 
efficiency of the calculation very small tolerances are 
easily attained (no difficulty has been experienced in 
obtaining algebraically stable solutions at tolerances 
of lo-I2 and smaller), but that although this is 
beneficial in ensuring that spurious solutions are not 
found, especially for very large systems, no more 
significance should be attached to the results than is 
allowed by the reliability of the equilibrium constants 
themselves (which is usually not very good’4*‘5). 

The method may find wide applicability in solution 
chemistry in general, for example in the field of 
environmental pollution: risk assessment for radio- 
active waste disposal’* routinely involves such 
calculations. 
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APPENDIX 

Listing of the BAMESES algorithm as a snbroutine in 
Hewlett-Packard BASIC. Equation numbers (eqn) refer to 
the main text. Data input and matrix manipulation are 
omitted. 

1000 
1010 
1020 
IO30 
1040 
1050 
I 060 
IO70 
1080 
1090 
1100 
1110 
1720 
1130 
1140 
1150 
1160 
1170 
1180 
1190 
1200 
1210 

1 RAMESES 

i matrix XI = XA @ eqn(1) 
! matrix X2 =XB @ eqn(2) 
! matrix CI = CA @ eqn(6) 
! matrix C2 = CB @ eqn(7) 
! matrix PI = PA @ eqn(5) 
! matrix P2 = PB @ eqn(7) 
! matrix M0 = M+ @ eqn(l7) 
! matrix SBt=Sb: @ eqn(l8) 
! matrix I = identity 
! E = tolerance 
! F=f @ eqn(f5) 
! J = index of charge balance sp. 
! R = r: no. equilibria 
! S=s:no. of spp. 
! T = t: independent spp. 

T(J) =0 
MAT C3 = INV(C2) 
FOR I=1 TO R 
L(1) = LGT(K(I)) ! eqn(4) 

1250 I 
1260 FOR I=1 TO T 
1270 Pl (I) = LGT(X1 (I)) I eqn(5) 
1280 NEXT I 
1290 MAT Z=Cl *Pl 
1300 MAT Z=L-ZI eqn(6) 
1310 MAT P2=C2rZi eqn(7) 
1320 FOR I=1 TO R 
:r33 ~2~~~10~P2(i) I eqn(8) 

1350 MAT X(1 :T) =X1 I eqn(3) 
1360 MATX(T+l:S)=X21 eqn(3) 
1370 ! 
1380 I totals 
1390 MAT S=TRN(M)*X! eqn(l2) 
1400 FOR I=1 TO T 
1410 Ffl, I) =T(I)/(S(l) 1 eqn(13) 
1420 NEXT I .-_ 
1430 
I440 
1450 
1460 

I 
I charge correction 
MAT O=TRN(Q)*X! eqnfll) 
F0=1 -F*(D(l)+D(Z))/(D(l)*Q(J,I)-D(2) 
*Q(J, 2)) ! eqn(l4) 

1470 
1480 
1490 
1500 
1510 
1520 
1530 
1540 
1550 
1560 
1570 

1580 
1590 
1600 
I610 
f 620 
1630 
1640 
I650 
1660 
1670 
1680 

I690 
1700 
1710 
1720 
I730 
1740 

IF F0<0 THEN F05.01 
F(J, J) = FQ 
! 
t tolerance check 
MAT E=F-I! eqn(l6) 
IF MAXAB(E) <E THEN 1730 
i 
I independent I charge 
FOR K=I TO S 
FOR L=l TO T 
IF M(K, L) AND M(K, J) THEN M0(K, Lf = 
M(K, L)*F0 ELSE M0(K, L) =M(K, L) I eqrt( 
NEXT L 
NEXT K 
1 
I charge adjusted totals 
MAT S0=TRN~M0~*X~ eqn(I8) 
FOR I-I TOT 
F(I, I) =Tfl)/S(b(l) I eqn(l9) 
NEXT I 
F(J, J) = FO 
I 

‘I7 

IF AMIN <0 THEN F(AMINROW, 
AM~NROW) = .01 @ GOT0 I680 
MAT Xl = F*Xl I eqn(16) 
lFN>20ANDXl(J)<l.E-25TH~NI720 
NEXT N 
PRINT “NO SOLUTION” 
RETURN 
END 
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COMPLEXOMETRIC DETERMINATION OF MERCURY(I1) 
WITH 2-IMIDAZOLIDINETHIONE AS A SELECTIVE 
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Summary-A simple, rapid and selective complexometric method is proposed for the determination of 
mercury(H). Mercury(H) is first complexed with a known excess of EDTA and the surplus EDTA is 
back-titrated at pH 5.&&O with lead nitrate, Xylenol Orange being used as indicator. 
2-Imidazolidinethione is then added to displace EDTA from the Hg-EDTA complex quantitatively and 
the EDTA released is titrated with lead nitrate. Reproducible and accurate results are obtained for 
2-75 mg of mercury, with a relative error of less than 0.3% and standard deviation of less than 0.04 mg. 

Korbl and Piibil’ reported the determination of 
Hg(I1) by complexation with EDTA in presence of 
associated cations, followed by selective decom- 
position of the Hg-EDTA complex with a masking 
agent such as thiosemicarbazide, and titration of the 
EDTA liberated. In this method Cu(I1) interferes 
severely. VolP titrated Ca*+ and Mgrt with EDTA in 
presence of Hg(II), Pb (II) and Zn(I1) by masking 
these three ions with unithiol. Ueno3 suggested potas- 
sium iodide as releasing agent in alkaline medium for 
indirect complexometric determination of Hg(I1) in 
the presence of Cu(II), but found that several cations 
interfered. Singh4 described the determination of 
Hg(I1) in presence of various cations with thiourea as 
releasing agent; the interference of copper was 
avoided by controlling the pH at 5.5 and cooling the 
solution to below 15”. Good results in presence of 
Cu(I1) are obtainable with thiourea as releasing agent 
provided it is added in only slight excess, relative to 
the mercury, which suggests that a preliminary esti- 
mation would be needed for completely unknown 
concentrations of mercury. Barcza and Kiir& 
used thiocyanate to mask Hg(I1) during the deter- 
mination of Bi(II1) at pH 1.0. The mercury thio- 
cyanate complex could then be decomposed by silver 
ions and the liberated mercury(I1) titrated with 
EDTA at pH 5.W3.0 in the same solution. Chickerrur 
and Venugopalam6 suggested a method for the deter- 
mination of Hg(I1) in the presence of Ca2+ by 
masking Ca*+ with ammonium fluoride. The selective 
determination of Hg(I1) suggested by Vasilikiotis and 
Apostotopoulou’ with N-allylthiourea as releasing 
agent is inconvenient because it involves heating for 
decomposition of the Hg-EDTA complex, and some 

*Author for correspondence. 

precipitation of HgS occurs. 4-Amino-S-mercapto- 
1,2,4-triazoler and thiocyanate9 have been found to 
be reliable and convenient as replacing reagents. 

This paper demonstrates the merits of 
2-imidazolidinethione (IMT) as a selective releasing 
agent for the indirect complexometric determination 
of Hg(I1) by EDTA titration. 

EXPERIMENTAL 

Reagents 

2-Imidarolidinethione (IMT). Synthesized as reported in 
the literature” and used as a 0.5% solution in acetone. 

Mercuric chloride solution. Prepared from analytical grade 
material and standardized by the ethylenediamine method.‘* 

Lead n&ate solution, 0.02iU. Standardized by the sal- 
icylaldoxime method.i2 

EDTA solution, O&U. Prepared by dissolving the di- 
sodium salt in distilled water. 

Xylenol Orange (X0) indicator solution (0.5%). 

Procedure 

To an aliquot of acidic solution [containing 2-75mg of 
Hg(II)], an excess of 0.04M EDTA is added and the mixture 
is diluted to about 100 ml. The pH is adjusted to 5.0-6.0 by 
adding hexamine, a few drops of X0 indicator are added 
and the excess of EDTA is back-titrated with the standard 
lead nitrate solution. An excess of IMT solution in acetone 
is added, and after 3-5 mitt the EDTA liberated is titrated 
with the lead nitrate solution. This second volume of titrant 
is equivalent to the Hg(I1) present in the aliquot taken. 

Analysis of mercury complexes 

A number of mercury(I1) complexes with some sulphur- 
containing ligands were prepared by conventional methods 
and their purity checked by elemental analysis. About 
0.2-0.4g of complex was decomposed by evaporation to 
near dryness with aqua regia. The residue was then cooled, 
dissolved in water and the solution made up accurately to 
100 ml. Aliquots of 100 ml were used for titration by the 
procedure above. 



720 SHORT COMMUNICATIONS 

Table 1. Determination of mercury(I1) in 
mercuric chloride solution 

Hg taken, Hg found,* Standard 
mg mg deviation, mg 

1.92 1.92 0.02 
3.83 3.82 0.02 
9.58 9.56 0.02 

19.17 19.18 0.02 
28.75 28.73 0.04 
38.33 38.36 0.03 
47.91 47.89 0.03 
67.08 67.19 0.04 
76.66 76.62 0.04 

*Average of five determinations. 

RESULTS AND DISCUSSION 

The fact that IMT displaces EDTA quantitatively 
from the Hg-EDTA complex indicates that the 
Hg-IMT complex is more stable than the Hg-EDTA 
complex. The reaction takes place quantitatively and 
rapidly at room temperature. Further, unlike many 
thio-ligands, IMT forms a highly soluble (1: 2 
metal:ligand)‘O mercury complex. The absence of a 
precipitate in the reaction mixture favours sharpness 
of the end-point. At least 100% excess of IMT is 
required for complete release of EDTA from its 
mercury complex, but a larger excess has no adverse 
effect. A high concentration of chloride and sulphate 
should be avoided, since they may tend to form a 
precipitate with the titrant. 

Table 1 shows that accurate and reproducible 
results are obtainable for analysis of mercuric chlo- 
ride with a maximum relative error of + 0.3%. The 
effects of various metal ions and anions on the 
determination of mercury(I1) was studied. It is note- 
worthy that copper(I1) can be tolerated even at above 
three fold w/w ratio to mercury, without the need for 
secondary masking agents and cooling to below room 
temperature, unlike some earlier methods. However, 
the presence of Pd(II), Fe(I1) or Fe(II1) results in 

sluggish end-points and a positive error, possibly 
because of slow partial demasking of their EDTA 
complexes by IMT. No interference in the deter- 
mination of 20 mg of mercury was observed when 
any of the following ions were present, in the 
amounts stated in brackets: Zn, citrate, chloride, 
oxalate, sulphate, tartrate (100 mg); Cd (80 mg); Bi, 
Co, Cu, Ni (60mg); Zr (50mg); Al, Cr(III), La, 
Ti(IV) (25mg), Mn(I1) (12 mg), Au(II1) (8 mg); 
Sn(IV) interferes severely. 

A special feature of the reagent is that it does not 
form any precipitate with either Hg(I1) or Pb(I1) 
under the experimental conditions; this results in a 
sharp end-point without the need for addition of 
other chemicals. The method works well for up to 
75 mg of mercury. A further advantage of the method 
is that it does not require heating or cooling before 
or during the titration, or extraction of the mercury 
complex. 
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Summary-A simple and selective EDTA method using a masking and demasking technique is proposed 
for the determination of thallium(II1). The thallium is complexed with excess of EDTA, the surplus being 
back-titrated (pH 5-6, hexamine buffer) with zinc sulphate solution (Xylenol Orange as indicator). 
4-Amino-5-mercapto-3-propyl-1,2,4-triazole is then added and the mixture heated on a water-bath for 
S-10 min to displace EDTA from its thallium complex. The EDTA liberated is titrated with zinc sulphate 
solution. Reproducible and accurate results are obtained in the range 575 mg of thallium with both the 
relative error and coefficient of variation not exceeding 0.4%. 

4 - Amino - 5 - mercapto - 3 - propyl - 1 ,2,4 - triazole 
(HPAMT) has been used as a displacing reagent in 
the complexometric determination of Hg(II) and 
Pd(II).‘** Although sodium thiosulphate,’ ascorbic 
acid,4 diethylenetriamine-N,N,N’,N”,N”-penta-acetic 
acid,’ EDTA, etc., have been used for indirect com- 
plexometric titration of Tl(III), complexometric 
determination of Tl(II1) by the demasking technique 
is rare. Thiopyrine6 is one such reagent used in 
chelatometric titration of Tl(II1). Here we report on 
the use of HPAMT for the purpose. 

EXPERIMENTAL 

Reagents 
HPAMT. The reagent was synthesized by the method 

reported in the literature.’ The product was recrystallized 
twice and the purity of the sample checked by elemental 
analysis and the m.p. (104”). The reagent was used as a 1% 
solution in acetone. 

Thalfium(II1) chloride solution. Prepared from analytical 
grade thallium(I) nitrate* and standardized by the chromate 
method.9 

Zinc sulphate solution, 0.02M. Prepared from analytical 
grade material and standardized by a gravimetric method.“’ 

EDTA solution, U.O4M. Made from the disodium salt and 
demineralized water. 

Xylenol Orange, 0.5% aqueous solution. 

Procedure 
To a known volume of acidic sample containing 5-75 mg 

of Tl(III), an excess of 0.04M EDTA was added and the 
mixture was heated to about 80” to ensure complexation of 
species such as Al(III), which react slowly with EDTA. The 
solution was diluted to 30 ml with distilled water and the pH 
adjusted with solid hexamine to 5-6. The surplus EDTA was 
titrated with 0.02M zinc sulphate to the sharp colour change 
of Xylenol Orange to red-violet. A 1% solution of HPAMT 
in acetone (1 ml for every 3 mg of Tl) was added, and the 

*Author for correspondence. 

reaction mixture was heated on a water-bath for 5-10 min, 
then cooled to room temperature and the EDTA released 
was titrated with zinc solution as before, the volume needed 
corresponding to the thallium present. 

Analysis of thallium complexes 
A number of Tl(1) complexes with some sulphur-donor 

ligands were prepared and their purity was checked by 
elemental analysis. About 0.3 g of the complex was decom- 
posed by evaporation nearly to dryness with aqua regia. The 
residue was cooled, dissolved in 3 ml of 2M hydrochloric 
acid, and made up to volume in a 250-ml standard flask with 
demineralized water, and 25-ml aliquots were used for 
titration by the procedure above. 

RESULTS AND DISCUSSION 

Effect of excess of HPAMT 

Experiment showed that 1 ml of 1% solution of 
HPAMT for every 3 mg of Tl(II1) was suI?kient for 
quantitative displacement of EDTA from the 
Tl-EDTA complex, but no adverse effects were ob- 
served when a larger ratio was used. 

Effect of heat 

The displacement of EDTA from the Tl-EDTA 
complex by HPAMT at room temperature was rather 
slow and the end-point of the titration not sharp. 
Quantitative release and a sharp end-point were 
obtained when the reaction mixture was heated on a 
water-bath for 5-10 min before the second titration. 

Accuracy and precision 

Six titrations of thallium at each of eight levels 
ranging from 7.6 to 76 mg, gave coefficients of 
variation not exceeding 0.4% and a maximum mean 
error of 0.4%. 

721 
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Table 1. Analysis of thallium complexes Table 2. Analysis of HPAMT and its thallium comnlex’ 

Complex 

Tl theoretically 
present, 

% 
Tl found, 

% 

Tl(C, H, N,S)* 61.27 61.4 
T&,H,, N4S)t 46.97 46.0 
fl(C,H,N,S,H 60.73 60.5 
Tl(C,H,N,S,)S 58.13 58.4 

*Thallium complex of 4-amino&mercapto-3-methyl- 
1,2,4-triazole. 

tThallium complex of 4-benzylidene-3-ethyl&mercapto- 
1,2,4-triazole. 

$Thallium complex of 5-amino-2-mercapto-1,3,4-thiadi- 
azole. 

SThallium complex of 4-amino-3,5-dimercapto- 1,2,4- 
triazole. 

Effect of foreign ions 

The effect of other metal ions on the accuracy and 
precision of the method was examined by deter- 
mining 20 mg of Tl(II1) in presence of each of these 
cations. The tolerance levels found were 200mg for 
Au(II1) and Pb, 100 mg for Co, 60 mg for Cu and Cd, 
40 mg for Ni and Fe(III), and 20 mg for Mn(I1). 
However, Hg(II), Pd(II), Bi(III), Sn(IV) and Cr(II1) 
interfere severely. The interference of Cr(II1) is due to 
the deep purple colour of its EDTA complex. It is 
important to add the indicator only after the addition 
of excess of EDTA and heating of the solution, 
otherwise the indicator may be “blocked” by any 
aluminium, gallium or indium present. 

Application 

The proposed method is useful for the deter- 
mination of thallium in its complexes with sulphur- 
containing ligands and also in mixtures of salts of 
thallium(II1). It can also be used for the deter- 
mination of the composition of alloys containing Tl 
as an alloying element. Same results are summarized 
in Table 1. 

Composition of the TI-HPAMT complex 

Whereas Tl(1) shows little tendency for 
complexation” with EDTA, Tl(II1) forms a stable 
chelate” (log K = 22.5). Like many mercapto com- 
pounds, HPAMT is a powerful reducing agent. It 
also forms stable complexes with soft metal ions.‘3*‘4 
It can therefore be expected that it would first reduce 
Tl(II1) to Tl(1) and then form a stable chelate with the 
latter. This is the principle underlying the displace- 
ment of EDTA from the Tl-EDTA complex by 

C* H* N* St Tlt 

GH,,W Theory, % 37.9 6.3 35.4 20.3 - 
Found, % 38.3 6.1 35.5 20.3 - 

TlC,H,N,S Theory, % 16.6 2.5 15.5 8.9 56.5 
Found, % 16.5 2.6 15.5 8.8 56.3 

*Microanalysis done at CDRI, Lucknow. 
@emimicroanalysis. 

HPAMT. To confirm this and determine the com- 
position of the complex, solid Tl-HPAMT complex 
was prepared and analysed. The results (Table 2) are 
in agreement with a 1: 1 molar ratio of thallium to 
HPAMT. The oxidation state of thallium in the 
complex was further confirmed by a spot-test for 
T1(I),15 a red precipitate being produced when a 
solution of the complex in dilute hydrochloric acid 
was treated with one drop each of bismuth nitrate 
and sodium iodide. The cause for the slow displace- 
ment of EDTA from the Tl-EDTA complex by 
HPAMT in the cold is presumably due to a slow rate 
of reduction, which should increase on heating. 
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A HIGHLY SENSITIVE SPECTROPHOTOMETRIC 
DETERMINATION OF CADMIUM WITH 

a,&y,ii -TETRAKIS(4-N-TRIMETHYLAMINOPHENYL)- 
PORPHINE 

MA~ASHI KOMATA and JUN-ICHI ITOH* 

Department of Environmental Chemistry, Kitami Institute of Technology, Keen-cho 16.5, Kitami-shi, 
Hokkaido, 090 Japan 

(Received 9 December 1987. Accepied 24 May 1988) 

Summary-A new and highly sensitive reagent is proposed for s~trophotometric determination of 
cadmium. cc,fi,y,6-Tetrakis (4-~-trimethylaminophenyl) porphine forms a chelate with cadmium in 
alkaline solution with a molar absorptivity of 5.77 x 10’ 1 .mole-’ .cm-I, the largest value reported to date 
for a cadmium complex. An extraction method is described for selective separation of cadmium. 

Extensive studies have been made of the complex- 
ation of metal ions with water-soluble porphyrins 
and its application to spectrophotometric deter- 
mination.‘-’ Three tetraphenylporphines have been 
proposed as sensitive reagents for cadmium.4’ We 
have previously reported that a,B,y,S-tetrakisf4-N- 
t~methylaminophenyl)po~hine (I) is the most sensi- 
tive reagent for copper.&? Further investigation has 
shown that it is also the most sensitive reagent for 
cadmium, allowing its determination at levels as low 
as 10 ng/ml without preconcentration. 

Reagents 
Tbep-toluenesulphonate of I was prepared by the method 

described in a previous paper,6 and an 8 x lO-‘M solution 
was prepared by dissolving 0.063 g of it in water and diluting 
to 500 ml. The solution was standardized by photometric 
titration with a standard copper solution. A O.OlM cad- 
mium solution was prepared by dissolving 1.54 g of cad- 
mium nitrate tetrahydrate in water containing a small 
amount of nitric acid and diluting to 500 ml, and was 
standardized by titration with EDTA. Other reagents were 
of reagent grade. The water used was distilled twice and then 
subjected to Mini-Q purification. 

Apparatus 

Measurem~ts were made with a Hitachi 200-10 type 
s~trophotometer equipped with a l-cm cell. 

Separation of cadmium 

The method previously reported for selective separation 
of cadmium4 was modified. To the sample solution (500 ml, 
containing less than 9 fig of cadmium) 10 ml of 0.25M 
hydrobromic a&d/0.2&W potassium bromide and 10 ml of 
5% t~~tyl~ine/xylene solution are added. The solution is 
shaken for 10 min in a separatory funnel, the aqueous phase 
is discarded, and the cadmium is stripped with two lo-ml 
portions of sodium hydroxide. 

*Author to whom correspondence should be addressed. 

A 40-ml portion of sample containing not more than 9 pg 
of cadmium is transferred to a lO&ml amber-coloured flask. 
Then 5 ml of 2M sodium hydroxide are added (this is not 
necessary if the sample is prepared by extraction), and the 
mixture is brought to the boil. Then 1 ml of 8 x lo-‘M 
reagent so!ution is added, and after 2 min the solution is 
cooled to room temperature and diluted accurately to SO ml 
with water. The absorbance at 433 nm is measured against 
water. 

RESULTS AND DISCUSSION 

In alkaline solution, I forms a I : 1 complex with 
cadmium. The absorption spectra of the Soret bands 
of I and the complex are shown in Fig. 1. In alkaline 
solution, I is reddish-purple and has a Soret band 
absorption peak at 411 nm (f~=S.2xlO~ 
l.mole-' .cm-‘); the cadmium complex is green and 
has a Soret band absorption peak at 433 nm 
(6 = 5.77 x lo5 l.mole-‘.cn-‘). The molar absorp- 
tivity of I is larger in alkaline medium in neutral 
solution.’ The molar absorptivity for the complex is 
the largest so far reported for a cadmium complex. 
The absorbances of the reagent and the complex are 
unaffected by the alkali concentration in the range 
O.l-IM sodium hydroxide. At room temperature, the 
complex formation reaction proceeds instantan~usly 
to about 90% completion and then stops, so heating 
is necessary for quantitative reaction, and is complete 
after heating for over 1 min at 90”. Bases such as 
imidazole, pyridine and 2,2’-bipyridyl, which have 
been reported as effective catalysts for formation of 
cadmium complexes with other po~hy~ns,4 do not 
accelerate the reaction with I. Like other 
cadmium-porphyrin complexes, the Cd-I complex is 
decomposed by light; the absorbance is decreased by 
15% after 1 hr under room lighting, but is not 
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r The interference of various ions with the direct 
determination without extraction was examined, the 
criterion for interference being a deviation of f 5%. 
Au(III), Bi(III), Mo(VI), Pb(II), Pd(II), Sn(II), V(V) 
and V(IV) could be tolerated at 300: 1 w/w ratio to 
Cd, but Ag(I), Co(II), Cr(III), Cu(II), Fe(II), Fe(III), 
Hg(II), Ni(II), Mn(I1) and Zn(I1) interfered at this 
level. However, cadmium could be selectively sepa- 
rated from 1000 pg of each of these interfering ions, 
except Hg(I1) and Zn(II), by the extraction system 
described above. The tolerance limit thus obtained 
for Zn(I1) was 50 pg, and the interference of 50 pg 
of Hg(I1) could be avoided by adding 2 ml of lo-‘M 
thiourea as masking reagent. 

390 410 430 450 

Wavelenyth / MI 

Fig. 1. Absorption spectra of I and its cadmium complex. 
m] = 10-6M; [Cd(H)]: 1, 0; 2, 2.7 x lo-‘; 3, 5.4 x lo-‘; 4, REFERENCES 

8.1 x lo-‘; 5, 1.08 x 10-6W. 
1. J. Itoh, T. Yotsuyanagi and K. Aomura, Anal. Chim. 

changed at all after 8 hr if the complex is kept in an Acta, 1975, 14, 53. 

amber-coloured flask. 
2. T. Makino and J. Itoh, Rinshou Kagaku, 1979, 8, 296. 

The calibration curve is linear for up to 9 pg of 
3. J. Itoh, M. Yamahira, T. Yotsuyanagi and K. Aomura, 

Bunseki Kaaaku, 1976, 25, 78 1. 
cadmium. By use of a spectrophotometer with an 4. S. IgarashirJ. Itoh, T. Yotsuyanagi and K. Aomura, 

expanded full-scale absorbance range of 0.1, a cad- Nippon Kagaku Kaishi, 1978, 212. 

mium concentration of 10 ng/ml can be directly 
5. H. Koh, K. Kawamura and H. Ishii, ibid., 1979, 591. 

determined. The relative standard deviation found 
6. T. Makino and J. Itoh, Clin. Chim. Acta, 1981, 111, 1. 
7. J. Itoh, M. Komata and H. Oka, Bunseki Kuguku, 1988, 

for 5 determinations of 67 ng/ml cadmium was 2.4%. 37, Tl. 
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ALKALIMETRIC DETERMINATION OF MERCURY BY USE 
OF ITS REACTION WITH l-MERCAPTOPROPAN-2,3-DIOL 
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Department of Chemistry, Rani Durgavati University, Jabalpur 482001, India 

(Received 3 October 1986. Revised 18 February 1988. Accepted 16 May 1988) 

Summary-The reaction of mercury(I1) with I-mercaptopropan-2,3-diol to form its mercaptide and 
protons, and alkalimetric titration of the acid produced is proposed as a simple and rapid method for 
determination of mercury. Any acid already present is first neutralized to Phenol Red indicator after 
complexation of the mercury(R) with iodide to avoid precipitation of mercuric oxide. Mercury metal, its 
insoluble salts in both oxidation states, complexes and organomercury compounds have been determined 
after digestion with nitric acid and persulphate to produce mercury(I1). The interference of copper(I1) is 
avoided by its reduction and solvent extraction with 2-benzoxazolethiol. The method is unaffected by the 
presence of large amounts of halides, oxalate, tartrate, citrate, fluoride, EDTA, thiocyanate and thiourea, 
which all interefere severely in complexation titrations. 

Most of the titrimetric procedures for mercury are 
applicable only to ionized mercury(I1) salts’ and 
cannot be applied to those which are either feebly 
dissociated such as mercuric chloride, or contain a 
masking anion such as cyanide or thiocyanate. Mer- 
curic chloride is usually determined by reduction to 
mercurous chloride, which is titrated with iodine’ or 
iodate.‘,’ The same method is also applicable to other 
salts of mercury(R) such as the acetate and phosphate 
and the tetraiodo complex, but not to the cyanide, 
which fails to undergo reduction even after several 
hours of heating with a reducing agent? Direct 
EDTA titration of mercury(I1) has poor selectivity 
and its modifications still suffer interference from 
masking anions and copper( 

Recently, 2-mercaptopropionic acid has been used 
for the alkalimetric determination of mercury(II)5 but 
has the disadvantage that the reagent is acidic and 
that acid or basic impurities and copper(I1) interfere. 
However, we have found that mercury(I1) can be 
determined by reacting it with an excess of 
I-mercaptopropan-2,3-diol and titrating the liberated 
acid with sodium hydroxide. Any free acid present 
cannot be directly neutralized (with phenolphthalein 
or Phenol Red as indicator) since precipitation of 
mercuric hydroxide (or oxide) begins near the equiv- 
alence point, but this can be circumvented by first 
complexing the mercury with excess of iodide; the 
tetraiodomercurate anion does not react with alkali, 
and any concomitant acidity can be completely neu- 
tralized. Elemental mercury, mercurous salts and 
organomercury compounds are oxidized to give mer- 
cury(R), which is then determined. The interference 

of copper(I1) is avoided by solvent extraction of its 
2benzoxazolethiol mercaptide. 

EXPERIMENTAL 

Reagents 

I-Mercaptopropan-2,3diol, 1% solution in water. The 
solution is stable for several months. 

Sodium hydroxide, 0.02 and 0.04M. Standardized with 
furoic acid. 

Phenol Red, 0.05% solution in 95% ethanol. 

Samples 

All mercury compounds tested were analytical reagent 
grade chemicals and their mercury content was determined 
by established procedures (Tables 1 and 2). 

Determination of mercury(H) 

Shake a weighed quantity of sample containing 5-40 mg 
of mercury(I1) with about 0.5 g of potassium iodide and 25 
ml of demineralized water until dissolution is complete, then 
add 3 or 4 drops of Phenol Red indicator and neutralize any 
acid or base impurity present with 0.02M sodium hydroxide 
or hydrochloric acid. Add 5 ml of 1% l-mercaptopropan- 
2,3-diol solution with swirling and titrate the liberated acid 
with 0.02M sodium hydroxide for up to 20 mg of mercury 
or with 0.04M sodium hydroxide for larger amounts. The 
end-point is shown by appearance of the pink colour of the 
indicator. Hg (mg) = 1.00.3 PM where V is the volume used 
(ml) of sodium hydroxide of molarity M. To analyse 
mercury(I1) oxide or cyanide, digest the sample with 5 ml of 
hydrochloric acid (1 + l), evaporate just to dryness, dissolve 
the residue in demineralized water and proceed as for 
mercury(I1) determination. 

Determination of mercury(U) in the presence of copPer 

Acidify the test solution with 2 ml of 1% hydrochloric 
acid, dilute to 25 ml with water, add 5 ml of 0.5% 
2benzoxazolethiol solution in chloroform, followed by 5 ml 
of aqueous 4% thiourea solution, and shake the mixture in 
a separatory funnel. The copper complex is extracted, while 
the mercury(I1) thiourea complex remains in the aqueous 
phase. Discard the chloroform layer, and repeat the extrac- 
tion with S-ml portions of chloroform until the extracts are 
colourless (three extractions are sufficient). Analyse the 
aqueous phase for mercury(I1) as above. 
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Acetate 

Bromide 

Table 1. Determination of mercury without involving any 
pre-digestion 

Mercury, mg, found by 

Present Comparison 
Mercury(H) salt method* methodt 

Chloride 4.99 f 0.01 5.OOa 
10.16 + 0.02 10.01 a 
12.15 12.13a 
25.49 f 0.05 25.03 a 
35.82 + 0.09 35.04 a 
38.05 k 0.11 31.55 a 
4.95 * 0.01 5.02 b 
5.95 + 0.01 6.01 b 
7.43 * 0.02 7.50 a 

10.00 * 0.02 9.90 c 
14.95 15.01 b 
19.53 19.96 c 
24.32 k 0.06 25.01 b 
34.44 34.98 b 
6.07 + 0.01 5.98 a 
1.43 1.47 c 

10.13 * 0.02 9.97 a 
19.58 f 0.02 19.95 c 
24.54 24.93 c 
34.66 f 0.06 34.84 a 
48.84 f 0.15 49.85 a 
10.54 10.01 b 
15.34 f 0.03 15.05 b 
20.08 19.97 a 
25.31 k 0.06 25.02 a 
35.34 + 0.06 35.25 b 

Thiocyanate 10.07 * 0.02 9.92 c 
19.95 f 0.04 20.14~ 
25.62 25.17 c 
30.10 + 0.07 30.21 c 
35.68 f 0.07 35.52 c 

*Average of six determinations f standard deviation. 
tcomparative results were produced by (a) reduction and 

iodate titration,) (b) EDTA back-titration,16 and (c) 
digestion with nitric acid/peroxydisulphate and EDTA 
back-titration.16 

Determination of elemental mercury, mercurous salts and 
organomercury compounds 

Boil a known amount of sample, containing 5S40 mg of 
mercury, with 5 ml of concentrated nitric acid, then with 
two successive 5-ml portions of nitric acid (1 + 1) containing 
about 2 g of potassium peroxydisulphate, evaporate gently, 
cool the residue, take up soluble salts with 20 ml of water, 
filter off any insoluble material on a Whatman No. 41 filter 
paper, and analyse the filtrate for mercury(H). 

RESULTS AND DISCUSSION 

Most of the methods for the analysis of biological 
and environmental materials require decomposition 
of the sample. In analysis of biological samples for 
toxic elements, especially mercury, to avoid loss of 
analyte the sample decomposition has usually been 
conducted in closed systems,b8 or in open systems 
coupled with means of trapping the volatile ele- 
ments.‘*1° In many instances a simple open decom- 
position procedure would be of advantage. One such 
method” provides quantitative recovery of mercury, 
but the resulting chloric acid medium is often not 

Table 2. Determination of mercury after pre-digestion 

Mercury found, rng 

Test substance 
Present Comparison 

method* methodt 

Mercury metal 

Mercurous nitrate 

Mercurous chloride 

Mercuric oxide 

Mercuric cyanide 

5.36” + 0.01 
9.73b 

13.16’+ 0.03 
19.71d 
24.8V f 0.06 
29.13f 
35.288 k 0.11 

5.06 f 0.01 4.98 
7.52 7.48 

10.10 f 0.02 
12.02 
13.88 f 0.04 
10.03 f 0.02 
19.97 
24.97 + 0.05 
29.58 
34.90 f 0.07 
49.48 f 0.13 

5.08 f 0.01 
9.93 

19.08 
25.17 f 0.06 25.00 
34.78 f 0.10 35.02 

5.17 ? 0.01 5.29 
9.86 10.12 

20.14 + 0.05 20.30 
25.43 25.25 
30.39 f 0.09 30.14 

9.75 
13.20 
19.76 
24.62 
29.21 
35.35 

9.97 
12.22 
13.49 
10.14 
20.02 
24.94 
29.63 
34.86 
49.15 

4.99 
10.03 
19.97 

*Average of six determinations &standard deviation. The 
weights of mercury taken for analysis were (a) 5.32 mg, 
(b) 9.78 mg, (c) 13.25 mg, (d) 19.82 mg, (e) 24.70 mg, (f) 
29.28 mg, and (g) 35.46 mg. 

tcomparative results for mercurous chloride by iodate 
titration,3 and for the other substances by digestion with 
nitric acid/peroxydisulphate and EDTA back-titrationI 

suitable for the determination procedure. It has been 
experimentally confirmed ‘*Jo that losses of mercury 
from hydrochloric acid/hydrogen peroxide and nitric 
acid/hydrochloric acid/hydrogen peroxide mixtures 
at temperatures up to 220-250” are undetectable, but 
the decomposition of organic matter is reported not 
to be complete.‘4 In the present work a nitric 
acid/peroxydisulphate mixture is employed for open 
wet decomposition and the recovery of mercury has 
been found to be quantitative. Being a very powerful 
oxidizing agent, peroxydisulphate quickly decom- 
poses organic matter and oxidizes mercury to its 
bivalent state. Concentrated nitric acid alone was 
found to be a better reagent for the oxidation of 
elemental mercury. 

Aromatic thiols and those which contain a car- 
boxy1 group are themselves acidicI and not suitable 
for use as releasing agents in the alkalimetric deter- 
mination of mercury. I-Mercaptopropane-2,3-diol is 
the reagent of choice, because it does not have an 
offensive odour, is miscible with water to give solu- 
tions of excellent stability, and though it has an acid 
reaction towards phenolphthalein it is neutral to 
Phenol Red. The following mercaptide formation 
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Table 3. Determination of mercury in organic compounds 

Test material Theory, % Found,* % RSD, % 

Sodium 4-chloromercuribenzoate 52.64 53.2 0.3 
Bis-(2-mercaptobenzoic acid)mercury(II) 39.64 39.5 0.3 
Sodium 2-ethylmercurithiobenzoate 49.58 50.0 0.3 
Bis-(diethyldithiocarbonato)mercury(II) 40.39 40.5 

*Average of six determinations; RSD = relative standard deviation. 

0.2 

Table 4. Determination of mercury in the presence of copper 

Mercury(I1) Copper Mercury(I1) RSD 
taken,* mg added, mg found,? mg % 

8.25 30.5 8.29 0.6 
15.39 25.0 15.42 0.7 
20.16 20.3 20.25 0.5 
22.55 15.4 22.80 0.4 
25.89 10.2 25.67 0.6 
31.68 5.6 31.56 0.5 

*Stock solutions standardized by EDTA back-titrationI 
tAverage of five determinations; RSD = relative standard deviation. 

reaction occurs with mercury(I1): 

Hg*+ + 2RSH+Hg(SR)r + 2H+ 

Acknowledgemenr-Thanks are due to the Council of 
Scientific and Industrial Research (New Delhi) for award of 
a Senior Research Fellowship to RT. 

The protons liberated can be titrated with alkali. 
The present method can only determine total mer- 

cury. A wide variety of compounds have been ana- 
lysed by it and the results obtained (Tables l-3) 
compared with those found by reduction to mer- 
cury(1) and iodate titration,3 and by EDTA back- 
titration.“j Test substances which contain anions that 
interfere in the EDTA back-titration methods,‘“r8 
or mercury(I), were digested with nitric acid/ 
peroxydisulphate and analysed by EDTA back- 
titrationI to produce comparative results. Mer- 
cury(II) undergoes mercaptide formation with 
2benzoxazolethiol but copper is reduced by 
the reagent to give a disulphide and the copper(I) 
mercaptide: 

2Cuz+ + 4RSH-+RSSR + 2CuSR + 4H+ 

The separation of copper is based on the fact that on 
treatment with thiourea the copper(I) mercaptide 
remains unaffected whereas the mercury(I1) mer- 
captide decomposes to give a water-soluble mer- 
cury(II)-thiourea complex. Results for the deter- 
mination of mercury in the presence of copper are 
presented in Table 4. 

Large amounts of chloride, bromide, iodide, 
fluoride, borate, phosphate, acetate, tartrate, oxalate, 
thiocyanate, thiourea and EDTA do not effect the 
results. 
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2. 
3. 
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6. 
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RESPONSE OF AMMONIUM-SELECTIVE 
MICROELECTRODES BASED ON THE NEUTRAL 

CARRIER NONACTIN 
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Department of Chemical Engineering and Biotechnological Centre, University of Amsterdam, Nieuwe 

Achtergracht 166, 1018 WV Amsterdam, The Netherlands 

(Received 10 December 1987. Revised 19 April 1988. Accepted 12 May 1988) 

Sunmmry-Ammonium-selective microelectrodes made with an ion-exchanger based on nonactin and 
having a tip diameter of 1 pm have been developed. The response of the electrode is linear from 10m5 to 
lo-‘M NH: and the response time is 1 min. Applications of these electrodes can be found in 
biotechnology and microbial ecology, but the low selectivity with respect to K+ and Na+ limits their use 
to low salt environments. Concentration gradients in gels containing cross-linked urease were measured 
and found to be in accord with macrokinetic measurements. 

Microelectrodes are unique tools for the mea- 
surement of concentrations in extremely small vol- 
umes, and of concentration gradients over pm dis- 
tances. They were first used for intracellular analysis 
by animal physiologists and neurophysiologists. 
Nowadays their application has reached the fields of 
microbial ecology and biotechnology, for use in 
microenviromnental studies. Interesting results have 
been obtained for sediments and microbial films with 
pH and oxygen microelectrodes.’ Besides their com- 
plicated construction, oxygen microelectrodes have 
the disadvantage of disturbing the oxygen distribu- 
tion patterns because of their size of 5 pm and their 
consumption of oxygen.’ Until now, no other micro- 
electrodes have been available to measure the sub- 
strates relevant in this context. 

In order to study kinetics and mass transfer in 
bacterial aggregates, microelectrodes have been con- 
structed with an ammonium-selective liquid mem- 
brane. The electrodes have a tip diameter of about 
1 pm and are relatively simple to prepare. TO test the 

EXPERIMENTAL 

Two types of liquid ion-exchanging membrane (LIX) - - 
were use&type A was a saturated solution of NH:-selective 
ligand (75% nonactin + 25% monactin, Fluka AG) in 
tris(ethylhexy1) phosphate (TEHP), and type B was a solu- 
tion oflO% of the same ligand and 1% oftktraphenylborate 
(tPB) in o-nitroohenvl n-octvl ether (NPOE). Glass cauillar- 
ies 112 mm in diameter (Clark GC12bF-15) were drawn with 
an automatic horizontal puller (Anna puller, Biological 
Centre Amsterdam) into micropipettes. During the pulling 
procedure air was blown at 1 ml/set along the capillaries to 
reduce the ratio of the outer and inner diameters of the tip 
of the micropipettes. The outer tip diameter of the micro- 
pipettes was about 1 pm, and their resistance when filled 
with 3M potassium chloride was 5 mR. Immediately after 
being pulled, the tips were silaned by dipping them in a 20% 
solution of trimethylchlorosilane in carbon tetrachloride for 
15 set, followed by baking at 130” for 15 min. The electrode 
tips were filled with sensor through capillary attraction by 
dipping the tips in the sensor at 40”. The electrode shafts 
were subsequently filled with 0.03M potassium chloride as 
electrolyte solution by means of a small tube. Air bubbles 
were removed by heating the electrodes locally with a 
heating loop. 

The cell used for calibration was 

reliability of these microelectrodes under experi- 
mental conditions, product gradients have been mea- 
sured in a well-defined model system. For this pur- 
pose, spherical gel beads were prepared containing 
immobilized urease, which catalyses the hydrolysis of 
urea to ammonium and carbonate. The product 
gradients were compared with data obtained from 
macrokinetic measurements. 

Urease-containing gels may be employed for 
the treatment of urea containing waste water from 
fertilizer industries etc.3 

The electrode assembly was placed inside a Faraday cage. 
Measurements were made with a continuous-flow cell at 
20 f 0.5”. The solutions inside and outside the Faraday cage 
were electrically separated by drip chambers. The potential 
difference between the Ag/AgCl wires was transmitted 
through a triaxial input cable (Keithley 6011) to an elec- 
trometer (Keithley 617) placed outside the Faraday cage. 

Selectivity factors were determined by the separate solu- 
tion method!.’ 

The urease-containing gels were prepared as follows. 
Urease was cross-linked with bovine serum albumin.6 A 
0.75% suspension of the cross-linked enzyme in demin- 
eralized water containing 0.001% Triton X-100 was pre- 
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pared by sonification (2 x 30 sec. 8 W/ml). One part of the 
suspension was mixed with four parts of a 2.5% agar 
solution at 40”. The enzyme-agar suspension was dripped 
into oil at 10” to form spherical gel beads with a diameter 
of 3.2mm. The homogeneous distribution of the enzyme 
was verified calorimetrically with Coomassie Brilliant Blue. 
The gels were kept at pH 9.0 in a buffer consisting of 0.02M 
triethylethylenediamine (TEEDA) and O.OOlM ethylene- 
diaminetetra-acetic acid (EDTA). 

The gel beads were fixed in the flow cell with two 
entomological-specimen needles. Electrodes were positioned 
in the gels by a micromanipulator driven by a stepper 
motor. During concentration measurements on the gel, 
buffer supplied with the desired concentration of urea was 
pumped through the flow cell. Before each experiment the 
gels were incubated in this buffer for 40 min to achieve a 
steady state. 

The maximum reaction rate (I’,,) and Michaelis con- 
stant (K,,,) of the cross-linked enzyme were determined by 
measuring the rate of ammonium carbonate production 
with an ammonium-selective macroelectrode.’ The apparent 
kinetic parameters of the immobilized enzyme in the gel 
beads were measured in the same way. 

When the conversion in a homogeneous gel bead is 
reaction-limited, it can be deduced that the product concen- 
tration gradient in the gel near the interface with the bulk 
liquid is given by 

dc L-1 I’,,, SR 
dr ,xR= 3(S + K,)D 

(1) 

where c is the product concentration, S the substrate 
concentration, R the radius of the gel bead, D the diffusion 
coefficient, and r the distance from the centre. The nature 
of the limitation was determined by calculating the modified 
Thiele modulus Gp.s If 0, is < 1 the conversion is not 
limited by diffusion. 

RESULTS 

The responses of both types of microelectrodes to 
concentrations of 10-S-lO-iM ammonium carbonate 
in demineralized water were linear, with slopes of 
50-55 mV/log[NH:] (Fig. 1). 

The resistance of the electrodes with LIX type A 
depended on the NH: concentration and varied from 
20GRat lo-‘MNH: to90GRat 10-SMNH$.The 
90% response time (tW) was about 10 sec. The re- 
sistances of the electrodes with LIX type B ranged 
from 10 to 40 GQ and were independent of the NH: 
concentration. The response time (tw) was 60 sec. The 
drift of the signal after a stabilization period of about 
0.5 hr was l-2 mV/hr. The response of the electrode 
was independent of pH in the range from 5 to 8 but 
at higher pH values the response decreased because 
of the shift in the ammonia/ammonium equilibrium. 

E 
2&O- 

(mV) 
200. 

-LOi 

1 2 3 L 5 6 

-logINH, Cl1 

Fig. 1. Calibration curves of microelectrodes with LIX type 
B. (0) demineralized water, (A) pH 9.0 buffer, 0.02M 

TEEDA and O.OOlM EDTA. 

In a 0.02M TEEDA buffer at pH 9.0 the lower limit 
of linear response increased to 10-4M NH: 

The selectivity factors of the different types of 
electrode are given in Table 1. Electrodes with NPOE 
as solvent (type B) for the ion-exchanger showed a 
higher selectivity than those with TEHP (type A). 
Addition of 1% tPB did not influence the selectivity 
with respect to Na+ and K+, but increased that with 
respect to Ca2+. 

The electrodes could be used for 12 hr, during 
which the detection limit and the slope factor re- 
mained constant. However, after 24 hr the detection 
limit had sometimes increased by a factor of 10. As 
a consequence, freshly prepared electrodes were used 
for each experiment. 

Product gradients in gel beads containing cross- 
linked urease were measured with electrodes of type 
B. They were almost symmetrical, and their size 
depended on the substrate concentration, as shown 
in Fig. 2. The results of four experiments are 
summarized in Table 2. The measured slopes show 
good agreement with those calculated by means of 
equation (1) from macrokinetic measurements. In the 
buffer used, the K,,, value for the cross-linked enzyme, 
and also the apparent K,,, for the gel beads, was 
0.0058M. In all experiments the modified Thiele 

Table 1. Selectivity factors KNH,,, for microelectrodes with different types 
of liquid membranes and a macroelectrode 

Microelectrode 

Macroelectrode’ 
LIX type B 

i LIX type A LIX type A (no tPB) (with tPB) 

Kf 0.12 0.85 0.4 0.38 
Na+ 0.002 0.67 0.02 0.02 
Ca2+ 0.00017 0.07 0.07 0.002 
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Table 2. Product concentration gradient (dc/dr) at r = R in different conditions 

0.5 

g 0.4 

E 

7 0.3 

s 

< 0.2 

z 

= 0.1 

0.0 
-0.002 -0.001 0 0.001 0.f 

r(m) 

Parameter 

V mole.l-‘.sec-’ _rr 
R, mm 
5, M 
@P 

5 x 10-7 8.8 x IO-8 3 x IO-’ 6.8 x 10-n 
I .68 1.64 1.68 1.64 
0.1 0.1 0.004 0.004 
0.053 0.015 0.165 0.055 

dc/dr*, mole.l-‘.m-’ 0.332 0.057 0.086 0.019 
dc/drt, mole.l-‘.m-’ 0.340 0.051 0.080 0.018 

*Calculated from macrokinetic data by equation (1). 
t Measured with microelectrodes. 

2 

Fig. 2. Measured product concentration gradients in agar 
gels containing immobilized urease. Gels were incubated in 

(0) O.lM and (A) 0.004M urea. 

modulus 0, was less than 1 so the reaction rate was 
not limited by diffusion, and equation (1) holds. 

DISCUSSION 

The electrode developed is a modification of the 
macroelcctrode described by Scholer and Simon.’ 
Simple miniaturization, however, was unsatisfactory 
because the resulting microelectrodes showed poor 
selectivity (Table 1) and often shed their membranes. 
Both selectivity and stability could be improved by 
the use of NPOE (type B) instead of TEHP (type A) 
as the membrane solvent, although the response time 
was longer. Furthermore, addition of tPB increased 
the selectivity with respect to bivalent cations and 
resulted in a resistance that was independent of the 
ammonium ion concentration. The selectivity of the 
microelectrodes with LIX type B was sufficient for 
our purposes, although lower than the selectivity of 
macroelectrodes.’ It should be noted that minia- 
turization increases the role of shunt resistances 
between the glass-membrane interface and the glass 
wall, generally leading to a decrease of selectivity.5 

The measuring range of the electrodes for ammo- 
nium ions is limited by the presence of interfering 
ions. As a rule of thumb the detection limit for NH: 
is O.l[Na+] or lO[K+]. The electrode is therefore not 
suitable for physiological experiments or use in ma- 
rine environments. During measurements in dilute 

salt solutions no concentration changes of interfering 
ions should occur. Measurements can be made in 
media such as freshwater sediments, nitrifying bacte- 
rial granules9 and gels with immobilized enzymes, 
since in these systems no concentration gradients 
or concentration changes of Na+ and K+ are to 
be expected. In our experiments the electrode 
proved to be reliable, since the measured gradients 
corresponded quite well with macrokinetic data. 

In biotechnology much effort is directed to the 
development of mathematical models to quantify the 
conversion inside a biofilm or a catalyst particle 
containing immobilized enzymes.“’ The value of these 
models depends heavily on the assumed structure 
of the biological system, i.e., the distribution of 
organisms and kinetic parameters. With micro- 
electrodes it is possible to obtain direct information 
from measurements inside heterogeneous biological 
systems. Therefore, it is to be expected that the 
electrode developed may have wider applications in 
microbial ecology and biotechnology. 
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FLUOROMETRIC DETERMINATION OF RESERPINE 
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Summary-A rapid and highly sensitive fluorometric procedure has been developed for the routine 
determination of reserpine, in bulk and in dosage forms. The method is based on the fluorescence induced 
by oxidation of reserpine with hexa-amminecobalt(III)tricarbonatocobaltate in aqueous acetic acid. The 
oxidation product exhibits a greenish yellow fluorescence. with its emission maximum at around 420 nm. 
The fluorescence intensity is a linear function of reserpine concentration over the range O.OlLO.24 pg/ml 
in the solution finally measured. The advantages and disadvantages of the proposed method are discussed, 
and its applicability to different formulations is demonstrated. 

The double therapeutic effect of reset-pine as an 
antihypertensive and a tranquilizer is well known. 
Because of its therapeutic importance, several 
methods have been developed for the determination 
of reserpine. Most of these methods require separation 
steps, by extraction, paper and column chro- 
matography, paper electrophoresis, etc. Schirmer’ 
has reviewed the methods reported up to 1975 for the 
determination of reset-pine. Since then spectro- 
photometric, ‘~6 densitometric,’ polarographic,8 radio- 
immunoassay,’ gas-chromatographic” and HPLC” 
methods have appeared. 

Reserpine has been determined fluorometrically 
in tablets after oxidation with nitrite.‘**r3 Reagents 
other than nitrite have also been used to induce 
the fluorescence, including hydrogen peroxide,14 sel- 
enious acid,” p-toluenesulphonic acid,16 “sulpho- 
vanadic” acid” and vanadium pentoxide.rs 

The goal of this study was to develop a 
fluorescence method which would be as sensitive as 
the published methods, but simpler. The method is 
based on the formation of a greenish yellow fluor- 
escence on oxidation with hexa-amminecobalt(III)tri- 
carbonatocobaltate(III), HCTC, in aqueous acetic 
acid, and can be used for the determination of 
reset-pine when high sensitivities are desired. 

EXPERIMENTAL 

Apparatus 

Aminco-Bowman spectrofluorometer, model 54-8960, 
with excitation and emission slit controls set at 5 mm, 
and the intensity scale control set at 3. The excitation and 
emission wavelengths used were 370 and 420 nm re- 
spectively. Measurements were performed with I-cm silica 
CdlS. 

*To whom correspondence should be addressed. 

Materials 

Reserpine (Ciba) pharmaceutical grade, was used as the 
working standard. Dosage forms were collected from com- 
mercial sources. 

Reagent 

HCTC was prepared as described by Baur and Bricker,i9 
and a 5 x IO-‘M solution was made bv stirrine 3.0 a of the 
pure compound with 1 litre of water (saturatedYwithsodium 
bicarbonate) for 2-3 hr, then filtering, and standardizing 
iodometrically. 

A l.O-mg/ml stock solution of reserpine in glacial acetic 
acid was prepared. This solution was further diluted 
with 10% acetic acid to give a I-yg/ml reserpine working 
solution. 

Calibration graph 

Known volumes of I-pg/ml reserpine solution were trans- 
ferred to 25ml standard flasks. Five ml of 10% v/v acetic 
acid were added to each followed by 0.2 ml of 5 x IO-)M 
HCTC. After 20 min, the fluorescence was measured. 
The fluorescence intensity was plotted against amount of 
reserpine. 

Procedures for dosage forms 

Tablets. Weigh and pulverize 20 tablets. Transfer an 
accurately weighed amount of the powder equivalent to 
-. 2.5 mg of reserpine into a small conical flask, add 30 ml 
of glacial acetic acid, stir for 15 min, filter into a 100-m] 
standard flask, washing the residue with 10% v/v acetic 
acid, and dilute the combined solution and washings to 
volume with the same solvent. Analyse a suitable volume as 
described above. 

Ampoules. Mix the contents of 20 ampoules. Transfer 
an accurately measured volume equivalent to _ 2.5 mg 
reserpine into a IOO-ml standard flask, and make up to the 
mark with 10% v/v acetic acid. Analyse as described above. 

Tablets containing reserpine and dihydralazine sulphate. 
Weigh and pulverize 20 tablets. To a quantity of the powder 
equivalent to _ 1 .O mg of reserpine add 10 ml of 2% citric 
acid solution, and extract the reserpine with three 25-ml 
portions of chloroform, shaking for 20 min each time. Wash 
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Fig. 1. Fluorescence spectra of the oxidation product 
of reserpine (0.14 pg/ml). (a) Excitation spectrum. (b) 

Emission spectrum. 

the combined extracts with 10 ml of 1% sodium bicarbonate 
solution. Place the chloroform extract in an evaporating 
dish, and evaporate to dryness on a water-bath. Dissolve the 
residue in 10 ml of glacial acetic acid. Transfer the solution 
into a 50-ml standard flask, make up to the mark with 10% 
v/v acetic acid, filter through a dry paper, transfer 25 ml 
of the filtrate into a IO@-ml standard flask and make up to 
the mark with 10% v/v acetic acid. Transfer an aliquot 
containing a suitable quantity of reserpine into a 25-ml 
standard flask and analyse as described above. 

DISCUSSION 

HCTC is a stable tervalent cobalt complex. In acid 
medium, it releases free Co’+, a strong oxidizing 
agent with an oxidation potential of 1.18 V in 0.9M 
hydrochloric acid. 2o It has been used for the deter- 
mination of phenothiazines2’ and antimony(II1) 
compounds. 22 In this work, it has been tested as a 
reagent for inducing fluorescence from reserpine. 
Figure 1 shows the excitation and emission spectra 
obtained. 

The effect of various experimental conditions on 
the fluorescence intensity was studied. The volume of 
HCTC solution was found to be critical, 0.2 ml of the 
5 x 10m3M reagent producing the maximum reading, 
but larger volumes giving a much lower value. This 
may be due to further oxidation to give a less 
fluorescent (or even non-fluorescent) product. The 
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Fig. 2. Effect of volume of HCTC (5 x 10W3M) on the 
fluorescence of reserpine (0.15 pg/ml). 

fluorescence develops immediately, reaches maximum 
intensity after 20 min and remains stable for 1.5 hr 
(Fig. 3). The fluorescence intensity is a linearly related 
to the reserpine concentration in the measured solu- 
tion over the range 0.0110.24 pg/ml. 

The precision of the method was evaluated by 
analysing reserpine solutions in triplicate at three 
levels (0.1, 0.16, 0.2 pg). The mean recoveries ranged 
from 98.8 to 100.8%, with standard deviations rang- 
ing from 0.8 to 1.4%. 

The method was also applied to some dosage forms 
containing reset-pine, either alone or in combination 
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Fig. 3. Effect of time on the stability of oxidation product 
of reserpine (0.12 pg/ml). 

Table 1. Analysis of some Ciba-Geigy dosage forms containing reserpine by the 
proposed and official methods* 

Recovery, % 

Preparation 
Proposed 
method 

Official 
method2,3 

Serpasil ampoules (1.0 mg reserpine/ml) 99.1 kO.1 99.0 + 1.1 
Serpasil ampoules (2.5 mg reserpine/ml) 101.6 + 1.4 100.8 k 0.7 
Serpasil tablets (0.1 mg reserpine/tablet) 100.2 * 1.4 101.3 k 0.6 
Serpasil tablets (0.25 mg reserpine/tablet) 99.0 * 0.9 99.8 k 1.2 
Adelphan tablets (0.1 mg reserpine 

+ 10 mg dihydralaxine sulphate/tablet) 99.9 f 1.3 100.0 + 1.3 

*The results are the averages (f standard deviations) of 6 separate deter- 
minations and are expressed relative to the nominal reserpine content. 
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with other drugs. The results in Table 1 are in 
accordance with those obtained by the official 
method.2*3 Statistical analysis23 of these results by the 
Student-r test and the variance-ratio F-test showed 
no significant difference between the performances of 
the two methods as regards accuracy and precision. 

Interference from drugs likely to be co-formulated 
with reserpine was studied. Phenobarbitone, caffeine, 
barium chloride, ferric chloride, potassium chloride 
and calcium chloride in 100 times amount relative to 
reserpine did not interfere. Ascorbic acid and aspirin 
decreased fluorescence when present in amounts 50 
times greater than that of reserpine, hydralazine and 
hydrochlorothiazide caused quenching of the 
fluorescence. 

The proposed method is simpler than any of the 
reported fluorimetric methods. The experimental 
conditions are very mild, neither corrosive acids nor 
heating being required. The nitrite method involves 
heating for 30 min12 and the proposed method is 
slightly more sensitive. In the nitrate method the 
decomposition products of reserpine, particularly 
3,4_dehydroreserpine, are estimated as reserpine 
unless corrections are applied. Similarly, the p- 

toluenesulphonic acid methodI involves heating in 
glacial acetic acid for 10 min. The method using a 
mixture of sulphuric, hydrochloric and acetic acids24 
is tedious and much less sensitive than the proposed 
method. The product from oxidation of reserpine 
with vanadium pentoxide in phosphoric acid was 
reported to be identical to that produced by the 
nitrite method,‘* and so the vanadium method should 
also be subject to interference by the decomposition 
products. 

Although the chemical structure of the product in 
the proposed method is not yet known, it is neither 3,4- 
dehydro reserpine nor 3,4,5,6_tetradehydroreserpine. 
Its ultraviolet absorption spectrum and fluorescence 
spectrum are not identical with those of these decom- 
position products,18 and as these do not fluoresce at 
the wavelengths used in the proposed method, this 
can be considered as a stability-indicating assay for 
reserpine. 

Analysis of one sample takes 30 min, whereas the 
official methods2v3 need more than 2 hr. With the 
exception of the volume of HCTC, the condition 
are not critical. Thus the method is simple and easy 
to use. 
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OSTERYOUNG SQUARE-WAVE VOLTAMMETRIC 
DETERMINATION OF NICARBAZIN IN 

CHICKEN TISSUE 

Sunnmuy-Osteryoung square-wave voltammetric analysis is a rapid technique that can be used to 
determine nicarbazin residues in chicken tissue. The method is reproducible and can be applied to samples 
containing as little as l-10 rrala nicarbazin. This level of sensitivity is more than adequate for meeting _._ 

I voltammetry is significantly faster than classical governmental regulations. Osteryoung square-wave 
differential pulse polarography. 

Nicarbazin is widely administered to poultry as an 
effective coccidiostat.’ Several assays are currently in 
use to detect nicarbazin in tissue or in feed. Since 
nicarbazin is a 1: 1 complex of 2-hydroxy-4,6- 
dimethylpyrimidine (HDP) and 4,4’-dinitrocarb- 
anilide (DNC), either the HDP or the DNC moiety 
is assayed to determine the total nicarbazin content 
in poultry feed. HDP, however, is excreted from 
chickens more rapidly than DNC and tissue residue 
analysis for nicarbazin is therefore most commonly 
based on the DNC moiety.* 

Instrument DMP-40 series digital plotter or a Bioanalytical 
System printer. An internal program of the BAS-100 was 
used to measure peak heights, which were mainly used as the 
analytical signal (exceptions are noted below). 

Calorimetric procedures are generally employed to 
determine nicarbazin in feed, but the sample prepara- 
tion is tedious and the assay is subject to inter- 
ference.3 Nicarbazin in feed can also be measured by 
liquid chromatographic (LC) methods and an LC 
method for nicarbazin determination in tissue is also 
available.3,4 Gas chromatography is also used to 
assay nicarbazin.’ The current FDA method for 
measuring nicarbazin levels is differential pulse polar- 
ography, based on two-electron reduction of the 
DNC moiety at a mercury electrode.6 This method is 
direct (no separation is required), sensitive (below 
1 pg/ml detection limit), and selective (only a limited 
sample clean-up is required), but differential pulse 
polarography is a relatively slow electroanalytical 
method.’ 

The solution preparation and tissue residue analysis were 
as described by Wood and Downing.’ Nicarbazin standards 
and samples were prepared in O.lM tetraethylammonium 
perchlorate in DMSO containing 0.24 mg/ml benzoic acid. 
All solutions were deaerated with nitrogen for 4 min before 
a scan was started, and no precautions were taken with 
regard to solution temperature. Instrumental parameters 
used throughout are initial potential = -800 mV, final 
potential = - 1400 mV, square-wave amplitude = 25 mV, 
frequency = 15 Hz, potential increment = 4 mV. 

RESULTS 

Figure 1 shows a typical set of current-voltage 

curves obtained from Osteryoung square-wave volt- 
ammetric analysis of nicarbazin standards ranging 
from 0 to 10 pg/ml. The nicarbazin is reduced at a 

We have applied a new electroanalytical approach, 
Osteryoung square-wave polarography (OSWP),* to 
assay nicarbazin in chicken tissue. We have found 
OSWP has the same advantages as differential pulse 
polarography, yet is an order of magnitude faster. 

EXPERIMENTAL 

A Princeton Applied Research model 303A static mercury 
drop electrode and a BAS-100 electrochemical analyser were 
used for all the electroanalytical work. The counter- 
electrode was made of platinum wire. The reference elec- 
trode consisted of, a silver wire (previously coated with 
silver chloride) immersed in O.lM potassium chloride. 
Current-voltage curves were recorded either on a Houston 

L 1 

-0.800 -10 -1.400 

E (Volt) 

Fig. 1. Square-wave voltammetry of 0, 1, 2, 3, 4, 5 and 10 
pg/ml nicarbazin standards in 0. 1M tetraethylammonium 
perchlorate and 0.24 mg/ml benzoic acid solution in DMSO. 

Instrumental parameters as in text. 
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Table 1. Precision of OSWV (mean of 5 runs, conditions as for 
Fig. 1) 

Nicarbaxin, flglml 1 2 3 4 5 10 

Peak heir&t. nA t&4+ 36.6 53.9 71.4 91.8 180 
RSD, %- 5 1.4 0.7 1.0 3 0.8 

*The internal program of the BAS-lO0 did not recognize the ni- 
carbaxin reduction wave at this low ievel, so this value was taken 
directly from plots of the current-voltage curve. 

peak potential of - 1.1 V vs. Ag/AgCl. Previous 
studies with ~fferential pulse ~larography (DPP) 
demonstrated that nicarbazin is reduced in a single 
wave at - 1.0 V vs. SCE9 (same solution conditions 
as those described in the experimental section). The 
nicarbazin reduction peak obtained by OSWV, as 
shown in Fig. 1, is symmetrical with peak height 
pro~~ona~ to the con~ntration of nicarbazin. Both 
the peak symmetry and the concentration dependence 
in Fig. 1 are consistent with OSWV the0ry.s Table 1 
shows the average values obtained in five runs for 
the peak currents. The relative standard deviations 
for five different nicarbazin concentrations were all 
below 5%, demonstrating the precision of the 
procedure. 

The calibration graph for the measurement of 
nicarbazin is linear from 0 to 10 fig/ml, with a slope 
(sensitivity) of 18 nA.ml.~g-’ and correlation 
coefficient 0.9996. These data demonstrate that this 
technique is sensitive enough to detect nicarbazin 
reliably at the 1 &g/ml level. 

To establish whether the OSWV technique could 
be applied to assaying nicarbazin in chicken tissue, 
we spiked liver homogenates, from non-medicated 
chicken, with different levels of nicarbazin. A typical 
Osteryoung square-wave voltammogram for ni- 
carbazin in chicken liver homogenates (spiked at the 
3.8 fig/ml level) is shown in Fig. 2. The peak is 
symmetrical and appears at the characteristic peak 
potential of - 1 .I V us. Ag/AgCl for nicarbazin. 
There is only one symmetrical peak, which suggests 
that the assay is specific for the nicarbazin in the 

E Wdts) 

Fig. 2. Osteryoung square-wave voltamperogram of nic- 
arbazin recovered from non-medicated chicken liver (spiked 

at the 3.8-yg level). Conditions as for Fig. 1. 

Table 2. Recovery experiments for nicarbaxin in chicken 
liver 

Spike, pgrgiml Found, pg/mI Recovery,% 

Control (0 pg/ml) 0 - 

3.88 3.40 88 
7.76 7.00 90 

11.64 10.30 8R 

Nicarbaxin was measured by OSWV under the conditions 
for Fig. 1. 

homogenate. Additions of nicarbazin to chicken tis- 
sue resulted in a similar reduction wave to that shown 
in Fig. 2, with an increase in peak height that was 
proportional to the amount added. 

Tissue homogenates from non-medicated chickens 
were spiked with nicarbazin and analysed by OSWV, 
and the nicarbatin levels read from the calibration 
graph (Table 2). Most of the nicarbazin was recov- 
ered (f&90%), demonstrating that OSWV can be 
used to measure accurately the amount of nicarbazin 
contained in chicken tissue (provided an empirical 
recovery factor is employed). The results are in good 
agreement with those previously reported for mea- 
surements by DPP.9 Jacobsen and Lindseth have 
suggested that low recoveries in a polarographic 
assay of nicarbazin might be due to matrix effects 
such as adsorption of the tissue components on the 
electrode.” 

DlSCUSSlON 

We have demonstrated that OSWV is a useful 
technique for measuring nicarbazin residues in 
chicken tissue at levels as low as 1 pg/g. This 
sensitivity is more than adequate to meet U.S. gov- 
ernmental regulations, which stipulate that the ni- 
carbazin concentration in chicken tissue must be be- 
low 4 pg/g. 

The major advantage in using OSWV rather than 
diffe~tial pulse pol~ography to measure nicarbazin 
is the shortened analysis time, Only about 8.5 min 
instrument time was required to collect the data in 
Table 1. To collect the same information by 
differential pulse polarography requires consider- 
ably longer (about 2 hr). 

There is also another advantage to using OSWV. 
An occasional splitting of the nicarbazin reduction 
waves is observed when differential pulse polar- 
ography is used as the detection method (and is 
attributed to the phenomenon of a polarographic 
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maxima).1° This problem was not encountered with 
OSWV, probably because this method is insensitive 
to convective diffusion currents, which can cause 
polarographic maxima.’ Finally, OSWV requires 
only a single drop of mercury per voltage scan, 
compared to about 50 drops of mercury per voltage 
scan for the DPP technique. 

These advantages, combined with the specificity 
and sensitivity of the OSWV nicarbazin assay, sug- 
gest use of this assay when nicarbazin residues must 
be quickly and routinely measured. This assay might 
also be used to measure nicarbazin residues in 
different milieux and also be adapted to detect resi- 
dues of similar drugs. 

Acknowledgement-We would like to thank Dr. T. Wehner 
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DETERMINATION OF GALLIUM IN GEOLOGICAL 
MATERIALS BY GRAPHITE-FURNACE ATOMIC-ABSORPTION 

SPECTROMETRY 

FUMIYASU TAKEKAWA and ROKURO KURODA 
Laboratory for Analytical Chemistry, Faculty of Engineering, University of Chiba, Yayoi-cho, 

Chiba, Japan 

(Received 28 December 1987. Accepted 10 May 1988) 

Summary-A graphite-furnace atomic-absorption spectrometric method has been worked out for the 
determination of traces of gallium in silicate rocks and minerals. The samples are opened up by fusion 
with a lithium carbonate-boric acid mixture and the cake is taken up with 2M nitric acid. Addition of 
nickel nitrate to this solution elminates the severe matrix effects, allowing gallium solutions in nitric acid 
to be used as calibration standards. No separations are necessary. Results are quoted for 14 standard 
silicate rocks and two minerals. The RSD is 2.9%, and the sensitivity is 27 pg of gallium for 1 ‘?A 
absorption. 

The concentration of gallium in silicate rocks is 
normally in the range 10-100 ~gjg, and the crustal 
abundance is I8 pg/g.’ Some papers on application of 
atomic-absorption spectrometry (AAS) to the ana- 
lysis of environmental and complex inorganic materi- 
als deal with separation and concentration of gallium 
after acid dissolution. 2-4 Because of serious inter- 
ferences encountered in the electrothermal AAS of 
gallium, various techniques such as use of standard 
additions, 5-7 the L’vov p1atfonn4” a metal microtube 
atomizer,* a zirconium-impregnated graphite tube,3 
matrix modifi~tions4,5.~” etc. have been employed 
for complex inorganic materials. A combined use of 
a matrix modifier (magnesium nitrate) and the 
s~ndard-addition method for dete~nation of gal- 
lium in phosphorus flue dust and other materials by 
Zeeman-corrected graphite-furnace AAS has been 
repor&df A similar el~trothe~al method has been 
developed for gallium in environmental samp1es,‘0 
with both nickel and ammonium sulphate introduced 
into sample solutions to modify the matrix and to 
remove severe perchloric acid interference, re- 
spectively. These methods are efficient for analysis for 
traces of gallium, but take considerable time and 
effort and sometimes require specialized techniques. 
Solid sampling with electrothermal atomization has 
also been used for gallium in bauxite, flint clay etc., 

but authentic solid standard samples are essential for 
calibration. 

There is scant information about the analysis of 
sihcate rocks for traces of ga1lium.2 Therefore, we 
attempted to develop a simple, rapid method for 
gallium in a variety of silicate rocks and minerals, 
with direct calibration with aqueous gallium standard 
solutions. 

Instrument 
A Shimadzu AA-646 atomic-absorption spectrometer 

with microcomputer-based control and logic software was 

used. The instrument was fitted with a deuterium back- 
ground corrector, a GFA-4 furnace atomizer and a U-135 
chart recorder. Background correction was performed for 
all measurements. The radiation source used was a Ham- 
amatzu Photo&s HTV-L233 single-element hollow- 
cathode lamp for gallium. The settings were lamp current 
2.5 mA, wavelength 294.4 mn and spectral band-width 
0.19nm. A regular high-density graphite tube (200-54520, 
Shimadzu) was used throughout. The atomization pro- 
grammes are snmmarized in Table 1. The sheath gas used 
was argon. 

Reagents 
A standard solution of gallium (1.00 mg/ml in lM nitric 

acid) for atomic-absorption spectrometry was obtained 
from Kanto Chemical Co. (Tokyo, Japan). Nickel solution 
was prepared by dissolving 10.0 g of nickel nitrate hexa- 
hydrate in 100 ml of 2M nitric acid and diluting to 100 ml 
with the same acid. Lithium carbonate and boric acid were 
of Suprapur grade (Merck). “Poisonous metal analysis 
grade” nitric acid was used throughout. 

Procedure 
Place a lOO-mg sample in a platinum crucible, add 250 mg 

of 1: 1 lithium carbonate-boric acid mixture and mix. Dry 
the mixture for a few minutes with a gentle flame and then 
fuse the mixture for IS min at 1000”. Dissolve the cooled 
melt in 2M nitric acid (magnetic stirring) and dilute accu- 
rately to 25 ml with the same acid. Place a 5-d aliquot of 
the solution in a IO-ml standard flask, add 2.00 ml of the 
nickel solution, and dilute to the mark with 2M nitric acid. 
Inject 20 ~1 of the mixture into the furnace with an Oxford 
P-7000 sampler (or equivalent) and proceed according to the 
programme given in Table 1. Construct the calibration 
curve by use of a series of gallium standard solutions which 
are 2M in nitric acid and contain the same amount of nickel 
as the sample solutions do. 

Table 1, Recommended furnace programmer settings 

Dry Ash Atomize Cleaning 

Temperature “C 150 800 2200 2500 
Time, set 30 20 4 3 
Mode ramp step step step 
Internal gas* 

flow-rate, Ljmin 1.5 1.s 0 1.5 

*Argon. 

737 
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RESULTS AND DISCUSSION 

It is often necessary to modify sample matrices to 
avoid interferences in graphite-furnace atomic- 
absorption spectrometry. In the present study a uni- 
form content of lithium borate appeared to make it 
possible to minimize interferences due to differences 
in the matrices. However, the AAS signal for gallium 
is poor when lithium borate-nitric acid media are 
used, and the calibration graphs obtained with gal- 
lium standards in blank flux solution/2M nitric acid 
did not give accurate results for standard rocks with 
known gallium contents. Therefore, we decided to 
modify the matrices further and tested ammonium 
fluoride, magnesium nitrate, ascorbic acid and nickel 
nitrate for the purpose. The first three turned out not 
to be sufficiently effective to eliminate matrix effects, 
but the nickel yielded an enhanced gallium signal, 
thus reducing the matrix effects. Figure 1 illustrates 
the effect of the nickel concentration on the absorb- 
ance of gallium (40 ng/ml) in aqueous 2M nitric acid 
and a rock sample solution (JB-1, basalt, a standard 
rock of the Geological Survey of Japan) prepared 
according to the procedure given above (Ga N 40 
ng/ml). The gallium signals increase with increasing 
concentration of nickel nitrate, reaching a plateau in 
the range 2-5 mg/ml nickel, and then decrease again. 
A silicate rock standard (GSP-1, granodiorite, US. 
Geological Survey) yielded a curve similar to that of 
JB-1. At a nickel content of 4 mg/ml, the two curves 
in Fig. 1 approach each other, permitting the deter- 
mination of gallium by means of the calibration curve 
constructed with a series of aqueous gallium standard 
solutions in 2M nitric acid. 

Figure 2 shows the effect of the ashing and atom- 
ization temperatures on the response from gallium in 
(A) 2M nitric acid (Ga 45 ng/ml) and (B) a rock 

0 2 4 6 6 10 

Concentration of Ni, mg/ml 

Fig. 1. Effect of nickel nitrate concentration on the signal 
from gallium. 0 Gallium standard solution (Ga 40 ng/ml in 
2M nitric acid). l A rock solution as prepared by the 

procedure (JB-1, Ga 40 ng/ml). 

Temperoture,‘C 

Fig. 2. Effect of ashing temperature (atomization at 2200°C) 
and atomization temperature (ashing at 800°C) on the signal 
from gallium. (A) A Gallium standard solution. The solu- 
tions contained 45 ng/ml Ga and 4 mg/ml Ni in 2M nitric 
acid. (B) 0 A rock sample (GSP-1) solution as prepared by 
the procedure. The solutions contained 4 mg/ml Ni and 43 
ng/ml Ga in 2M nitric acid. Gallium concentration calcu- 

lated from the literature value.” 

sample solution that is 2M in nitric acid and contains 
flux and 43 ng/ml gallium. In both instances nickel 
nitrate was added prior to the atomic-absorption 
measurements. It appears that the ashing and atom- 
ization of gallium proceed similarly in the presence of 
nickel for (A) gallium alone and (B) a rock sample 
solution (GSP-I). The peak height for the rock 
solution atomized at 2200” (ashing at 8OO”C), when 
referred to the calibration with the standard solution 
(A) accounts reasonably well for the gallium content 
calculated from the recommended composition. 

The results obtained for many different types of 
standard silicate rocks of the Geological Survey of 
Japan are given in Table 2 (duplicate independent 
determinations). The fused masses from these rocks 
always dissolved completely in 2M nitric acid to give 
clear solutions and the solutions remained unchanged 
for a long period of time. For comparison purposes 
reported values for these standard rocks are also 

Table 2. Determination of aallium in standard rocks 

Reported values, pg/g 
Ga found,* 

Rock Mig Ando’* Koshima’r 

JA- 1 (Andesite) 16.8, 17.1 17.3 17.3 
JA-2 (Andesite) 16.6,16.6 16.4 16.4 
JA-3 (Andesite) 16.3, 16.4 17 16.7 
JB-1 (Basalt) 18.3, 18.3 18.1 18.1 
JB-la (Basalt) 18.0, 18.1 18 18.0 
JB-2 (Basalt) 16.9, 17.3 17 17.1 
JB-3 (Basalt) 20.4, 20.6 20.7 20.3 
JGB-1 (Gabbro) 18.9, 18.8 18.9 18.9 
JF-1 (Feldspar) 17.2, 17.9 18.1 18.1 
JF-2 (Feldspar) 17.7, 17.5 18 17.5 
JG- 1 (Grandodiorite) 16.6,17.1 17 16.9 
JG-la (Granodiorite) 16.9, 16.3 17 17.0 
JG-2 (Granite) 18.5, 18.5 19 19.0 
JG-3 (Granodiorite) 16.6, 16.9 17 16.6 
JR- 1 (Rhyohte) 17.0, 17.2 17.6 17.6 
JR-2 (Rhyolite) 18.4,17.7 

*Samples taken independently. 

18.2 18.2 
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given in Table 2; there are only a few data on gallium 
because most of the rocks became available only 
recently. The present results are in excellent agree- 
ment with the reported values. The precision (RSD, 
n = 5) ranges from 1.2 to 6.4%, averaging 2.9%. 

The proposed method is rapid, simple and accu- 
rate, because it uses the fusion technique instead of 
prolonged acid digestion, and involves no separation 
steps; it takes 20 min to complete the fusion and 
about the same time to dissolve the melt in 2M nitric 
acid. The sensitivity of the method is 27 pg of gallium 
for 1% absorption. 
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Summary-The macrocyclic complexone 1-oxa-4,7,1O-triazacyclododecane-~,W,N”-triacetic acid 
(cODTA) has been synthesized and its protonation constants, stability constants of metal complexes and 
enthalpy changes for the formation of alkaline-earth complexes have been determined. Although it is not 
so powerful a complexing agent as the N-acetate derivative of the corresponding tetra-aza macrocycle, 
cDQTA, this is still one of the strongest complexones known, particularly towards the alkaline-earth 
metals. The complexes of the transition metals are also very stable and there is an inversion of the 
Irving-Williams order of stability for the complexes of cobalt and nickel. 

The development of macrocyclic complexones, i.e., 
N-acetate derivatives of polyaza-oligo-oxa, oligo- 
oxa-oligoaza macrocycles containing donor atoms 
other than nitrogen or oxygen, is a fairly recent field 
of research which has attracted the attention of a 
number of groups. 

The aim of the work was to combine the selec- 
tivity associated with macrocyclic ligands (crown 
ethers, polyazamacrocycles, etc.) with the convenient 
properties of the aminopolycarboxylate compounds 
(stable water-soluble solids, easy to purify, yielding 
metal complexes of definite stoichiometry and large 
formation constants) to obtain new complexones that 
might exhibit interesting or unusual properties. 

The most interesting of these macrocyclic complex- 
ones, from the analytical point of view, is probably 
1,4,l,lO-tetra-azacyclododecane-N,N’,N”,N’~-tetra- 
acetic acid (N-ac,[l2]aneN, or cDOTA), I, the 
calcium complex of which is the most stable (in 
aqueous solution) known to date for a synthetic 
ligand,‘** but several other compounds of this family 
have properties of interest, e.g., 1,4,7,1 O-tetra- 
azacyclotridecane-N,N’N”,N”-tetra-acetic acid (N- 
ac,[13]aneN, or cTRITA), II, which gives a copper 
complex with unusually high molar absorptivity3 or 

1,4,10-trioxa-7,13-diazacyclopentadecane-N,N’- di- 
acetic acid (K21DA or cTOPDA), III, which shows 
an unusual inverted U-shaped trend for the stability 
constants of its rare-earth metal complexes.4 Minor 
variations in the structure of the macrocycle may lead 
to considerable differences in behaviour that cannot 
be anticipated, as in the case of the two ligands 
cDOTA and cTRITA, so it is not surprising that the 
difficult synthesis of compounds of this type still 
appeals to researchers, even though no spectacular 
new findings or very substantial improvements over 
the non-cyclic complexones appear to have been 
achieved. 

- 
IV 

cODTA 

In this paper we report results for a new member 
of the series of complexones derived from oligo-oxa 
oligo-aza macrocycles: the N-acetate derivative of 
1 -oxa-4,7,10-triazacyclododecane, i.e. the compound 
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I -oxa-4,1,10-triazacyclododecane-N,N’,N”_acetic 
acid (N-ac,[12]aneN,O or cODTA), IV, which has 

proved to be almost as powerful as the corresponding 
tetra-aza complexone cDOTA. 

EXPERIMENTAL 

Synthesis and characterization of the ligand 
1-0xa-4,7,1O-triazacyclododecane-iV,N’,N”-triacetic acid 

(cODTA) was prepared by reaction of the corresponding 
cyclic amine in the trihydrobromide form with mono- 
chloroacetic acid in alkaline aqueous solution. 

The cyclic amine was synthesized by the Richman-Atkins 
procedures involving condensation of the disodium salt 
of trio-toluenesulphonyi)diethylenet~amine with di@-tol- 
uenesulphonyl)diethyleneglycol, at 110” in dry dimethyl- 
formamide as solvent (yield 52%). 

The p-toluenesulphonyl groups were removed by reduc- 
tive cleavage with a mixture of glacial acetic acid, 48% 
hydrobromic acid and phenol6 for 5 hr (yield 82%, M.W. 
415.7; m.p. 253-255”). Found: C, 23.0%; N, 10.2%; H, 
5.4%; C,H,N30Br, requires C, 23.11%; N, 10.11%; H, 
5.33%. ‘H-NMR spectrum (D,O, DSS): 6 3.94 (triplet, 4H, 
-OCH, protons), S 3.50 (multiplet, 8H), 6 3.42 (triplet, 4H). 

For the condensation of the cyclic amine with mono- 
chloroacetic acid, which took several days, the temperature 
was kept between 40 and 60” and the pH below 12. After 
the reaction, the pH was adjusted to 2.0 with 5M hydro- 
chloric acid; the reaction mixture was concentrated and the 
precipitated inorganic salts were filtered off. 

l& ligand was purified by anion-exchange chro- 
matoaraohv on Dowex 1 x 8. The fractions eluted with 
0. lMVhyhr&hloric acid were selected and after evaporation 
to dryness and several washes with ethanol, a white solid 
was obtained (yield 70%, M.W. 401.8; m.p. 132-134”). 
Found: C, 41.9; H, 7.0; N, 10.5; C,,H,N,O,C1.HZO 
requires C, 41.85%; H, 7.02%; N, 10.46%. ‘H-NMR spec- 
trum (D,O. DSS. oDl.9): 6 4.03 (singlet. 4H. acetate 
group& ‘s 3.95 (t&let, 4& -OCH, hngpr&o&), 6 3.73 
(triplet, 4H), 6 3.64 (singlet, 2H, acetate group), 6 3.58 
(triplet, 4H), S 3.10 (triplet, 4H). 

Other reagents and standard solutions 
Metal nitrates of analytics-regent grade were used and 

solutions were prepared in demineralized water and stan- 
dardized by EDTA titrations. 

The ionic strength was adjusted with a solution of tetra- 
methylammonium nitrate, Me4NN0,, prepared from 
Me,NOH and nitric acid and recrystallized from 80% 
ethanol. 

Carbonate-free solutions of the titrant, tetramethyl- 
ammonium hydroxide, were prepared by reacting freshly 
prepared silver oxide with tetramethylammonium iodide 
solution, under nitrogen as described in the literature.’ The 
solutions were standardized by titration with O.OlOM hydro- 
chloric acid and regularly tested for carbonate; they were 
discarded when the concentration of carbonate reached 
0.5% of the concentration of the hydroxide. 

Polenliomeiric ~~srations 
The experimental set-up has been described previously;2 a 

Crison Digilab 517 measuring instrument was used together 
with an Ingold U1330 glass electrode and a U1335 saturated 
calomel reference, with a Wilhelm-type salt bridge contain- 
ing O.lOM Me.,NNO, solution. The ionic strength of the 
titrated solutions was kept at 0. 10M with Me, NNO, and the 
temperature was controlled at 25.0 rfr 0.1 o by circulating 
water through the jacketed titration cell, from a thermostat. 
The emf of the cell is given by E = E’* + Q log[H+] + Ej and 
both E’O and Q were determined by titrating a solution of 
known hydrogen-ion concentration at the same ionic 
strength. E,, the liquid-junction potential, was found to be 

negligible in the experimental conditions used. The ionic 
product of water, &, was determined from data obtained 
in the alkaline zone of the titrations. 

Calorimetric &terminations 
The calorimetric measurements were made with an LKB 

model 2107 mi~~lo~meter. The ionic strength of the 
solutions of the metal nitrate and of the deprotonated 
complexones (with a slight excess of base-pH 12.6) was 
adjusted to O.lOM with Me,NNO, and the distribution of 
the species present before and after mixing was calculated 
at equilibrium for the actual conditions in the calorimeter; 
these were such that only the ML complex and the free 
non-protonated form of the ligand were present. Cor- 
rections for the enthalpy of dilution of the ligand were made 
for each experiment. 

Cakutation of the stability constants 
The stability constants of the various species formed were 

obtained from the experimental titration data with the aid 
of the program SUPERQUAD.’ The results were obtained 
from a minimum of two titrations for which the C&C,_ 
ratios were 1: I and 2: 1. The errors quoted were calculated 
by the propagation rules from the standard deviations of the 
overall constants obtained for about 50 readings in each set 
of titrations, given by the program, and do not represent the 
total experimental errors, which can be estimated as equiv- 
alent to kO.25-0.45 in log K for work of this nature.9 

RESULTS AND DISCUSSION 

The new l&and, cODTA, can be considered to be 
derived from cDOTA by replacing one of the nitro- 
gen atoms (and its N-acetate pendant group) by an 
ether oxygen atom. This change must have an effect 
on the complexation properties of cODTA relative to 
cDOTA, but the extent of the effect is not easily 
predictable since not all the nitrogen atoms and 
acetate groups are necessarily co-ordinated to the 
metal ion; an experimental study of the properties of 
cODTA is therefore necessary. Table 1 lists the values 
of the protonation constants (log I$,) and of the 
stability constants of its MHL and ML complexes 
with alkali-, alkaline-earth and some first-series tran- 
sition metal ions. For comparison, the values for the 
corresponding cDOTA complexes are also presented. 

The data in Table 1 show that cODTA is less basic 
than cDOTA, but the main difference is in the value 
of log &,, rather than that of log KHL. This suggests 
that in the species HL and H,L of cDOTA each 
proton bonds with one nitrogen atom and forms a 
hydrogen bond with the adjacent nitrogen atom 
(which may also involve the attached acetate group). 
For cODTA this is possible for HL but not for H,L, 
since there are only three nitrogen atoms, so the value 
of log KHzL for this ligand may be lower for this 
reason. 

An NMR study of the protonation sequence of 
cDOTA and other complexones derived from tetra- 
azamacrocycles clearly shows that the first two pro- 
tons added to the ionized ligands L4- bind to diago- 
nally opposite atoms I0 but gives no information on 
hydrogen bonding, although this might be expected. 

All the reactions with the metal ions studied are 
rapid except for iron and nickel, in the titration of 



ANALYTICAL DATA 143 

Table 1. Protonation constants (log KHIL) and stability constants (log KMHL and 
log K,,,r) of the metal complexes of I-oxa-4,7,10-triazacyclododecane-N,N’,N”- 
triacetic acid (cODTA) and corresponding values for cDOTA [T = 25.0 f 0.1 “C; 

p = O.lOM (Me, MNO,)] 

Formation constants 
(1% &L 108 h,HL and loi3 KiL)* 

Ion Species cODTAt cDOTA$ 

H+ 

Na+ 
K+ 
W+ 

Ca*+ 

Sr2+ 

Ba2+ 

Mn2+ 

Fez+ 

coz+ 

Ni2+ 

cd+ 

Zn2+ 

LH 
LH2 

W 

LH., 
ML 
ML 
MHL 
ML 
MHL 
ML 
MHL 
ML 
MHL 
ML 
MHL 
ML 
MHL 
ML 
MHL 
ML 
MHL 
ML 
MHL 
ML 
MHL 
ML 

11.61 + 0.03 
1.70 f 0.05 
4.05 * 0.07 
2.77 + 0.1 

3.266 + 0.006 
2.78 + 0.02 
4.31 k 0.06 

10.254 f 0.006 
5.30 f 0.02 

12.984 f 0.009 
4.48 a 0.04 

11.370 * 0.007 
4.34 f 0.02 

9.915 f 0.007 
8.62 + 0.05 

16.09 f 0.03 
8.94 f 0.04 

16.55 k 0.01 
10.57 f 0.05 
19.54 + 0.04 
10.09 * 0.05 
18.04 &- 0.05 
11.66 * 0.07 
20.17 & 0.07 

9.90 * 0.03 
18.66 * 0.02 

12.09 
9.680 
4.548 
4.130 
4.38 
1.64 
3.917 

11.915 
8.68 

17.226 
7.80 

15.22 
6.415 

12.873 

- 

12.08 
20.17 
11.45 
20.03 
14.416 
22.21 
13.145 
21.049 

*log KHiL = [H,L]/[H,_ ,L] [H+]; log K MH,. = WW[MlWU log KM,. = W-I/ 
[Ml D-1. 

tPresent work. 
§Reference 2. 

which the potentials take about 5-10 min to stabilize 
after each addition of titrant. The only metal for 
which cODTA gives a more stable complex than 
cDOTA is potassium, but the differences in favour of 
cDOTA complexes are higher for the alkaline-earth 
metals (magnesium excepted) than for the transition 
metals. For the latter metals the differences can be 
ascribed to the higher basicity of cDOTA and corre- 
spond to the difference (ca. 2) between the values of 
log KHzL for the two ligands; this suggests that the 
oxygen atom of the macrocyclic ring of cODTA and 
one nitrogen atom and one acetate group of cDOTA 
(forming an iminoacetate grouping) are not involved 

in the co-ordination to these metals or interact only 
very weakly with them, owing to the strict stereo- 
chemical requirements for covalent bonding. 

The decrease in stability of the alkaline-earth com- 
pexes of cODTA relative to the complexes of cDOTA 
cannot be explained simply in terms of basicity: the 
noble-gas electronic structure of these cations allows 
an optimal adjustment to all donor atoms of cDOTA 
to maximize the electrostatic interactions and the 
loss of a charged iminodiacetate moiety is not com- 
pensated by the uncharged ether oxygen atom of 
cODTA. This is reflected in the enthalpy and entropy 
changes on formation of the alkaline-earth metal 

Table 2. Thermodynamic functions* for the formation of 1: 1 
metal-to-ligand complexes of alkaline-earth metal ions with 
cODTA and cDOTA [T = 25.0 f O.l”C; p = O.lOM (Me,NNO,)] 

cODTA cDOTA 

Metal ion AG AH AS AG AH AS 

Mg2+ -13.9 +2.4 55 -16.3 +1.9 61 

;;:: -17.5 -15.5 -10.1 -9.6 25 20 -23.5 -20.8 -11.7 -10.5 40 35 
Ba2+ -13.5 -8.1 18 -17.6 -8.5 30 

l AG, AH, kcal/mole; AS cal.mole-‘.K-‘. 
tPresent work. 
SReference 12. 



744 ANALYTICAL DATA 

Table 3. Entropy changes 
(cal.mole-‘.K-‘) for the for- 
mation of alkaline-earth metal 
complexes of cODTA and 

DTPA 

cODTA DTPA 

Mg2+ 55 53 
CaZ+ 25 29 
SZ+ 20 20 
Ba*+ 18 16 

complexes of the two ligands (see Table 2), both of 
which are favourable for the cDOTA complexes. 

The differences in the entropy changes for the 
formation of the alkaline-earth metal complexes of 
cDOTA and cODTA are very close for the complexes 
of Ca2+, S$+ and Ba*+ (- 15 cal.mole-‘.K-‘) and 
should correspond approximately to the formation of 
an iminoacetate chelate ring. The only available AS 
value in the literature is that for the magnesium 
complex” and this is indeed of the right order of 
magnitude. 

Note also that the entropy changes on formation 
of the alkaline-earth metal complexes of cODTA are 
quite close to the values given in Table 3 for the 
corresponding complexes of diethylenetriaminepenta- 
acetic acid (DTPA, V) a non-cyclic complexone 
which has structural similarities with cODTA and, 
probably, co-ordinates to the alkaline-earth metal 
ions through three nitrogen atoms and three carbox- 
ylate groups. 

CH2COOH 

HOOC,HC 
\ I / 

CH,COOH 

/ 
N-CH2CH2-N-CH,CH,-N 

HOOCIHC \CH,COOH 

V 

DTPA 

Although it is potentially octadentate, DPTA (like 
all the common non-cyclic complexones), forms com- 
plexes with the alkaline-earth metals that are less 
stable than those of cODTA and cDOTA. 

Since the entropy changes are not very different,i2 
the increase in stability must be due to the more 
favourable heats of reaction for the macrocyclic 
complexones; hence a moderate interaction with the 
ether oxygen of cODTA and a favourable “cage” 
structure may be the reasons for the enhanced sta- 
bilities of its complexes. 

With reference to the inversion of the Irving- 
Williams order of stability for the complexes of Co*+ 
and Ni2+ of the new ligand, deviation was already 
apparent for the complexes of cDOTA (though not 
for higher members of the family of tetra-aza com- 
plexones), but is quite significant in the present case, 
meaning that the complexes do not have regular 
octahedral co-ordination, a requisite for the rule to be 
obeyed. 

By analogy with other cases in which the Irving- 

Williams order is not followed,i3*i4 it might be pro- 
posed that the transition metal complexes of cODTA 
have a pentaco-ordinated square pyramidal or tri- 
gonal bipyramidal structure; the same argument 
would be valid for the cobalt and nickel complexes of 
cDOTA and the fact that the entropy changes on 
formation of these complexes are smaller than for the 
corresponding complexes of cTRITA and the other 
members of this family of ligands (which we have 
considered an anomaly’*), could be explained on this 
basis. 

However, an X-ray diffraction studyi gives evi- 
dence for a (distorted) octahedral geometry involving 
four amino nitrogen atoms and two carboxylate 
groups for the Ni2+, Cu2+ and Zn*+ complexes of 
cDOTA, and the electronic spectrum of the Co*+ 
complex of this ligand exhibits the features of six-co- 
ordinated cobalt complexes’6 (although some degree 
of asymmetry is apparent) both in the position and 
structure of the absorption bands and in the values 
of the maximum molar absorptivity.” 

The electronic spectrum of the Co*+ complex of 
cODTA is not very dissimilar from that of the Co*+ 
complex of cDOTA, but it has a higher maximum 
molar absorptivity, approaching the values for 
five-co-ordinated complexes. Still, the possibility of a 
six-co-ordinated complex cannot be dismissed, per- 
haps involving the ether oxygen atom of the macro- 
cycle (a rather weak interaction) or a co-ordinated 
water molecule. 

It is likely, therefore, that the inversion of the 
Irving-Williams order derives from a change in the 
ligand-field symmetry in the complexes, to be closer 
to pentaco-ordinatate, relative to that of the octa- 
hedrally co-ordinated aqueous ions, as a consequence 
both of stereochemical constraints and non- 
equivalent donor atoms, but until more direct evi- 
dence is obtained on the actual structure (when in 
solution) of the complexes of the transition metals 
with the new ligand, this idea cannot be confirmed. 
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Summary-The determination of phosphorus in biological materials by instrumental neutron-activation 
analysis by the reaction “P (n 1)“P is described. The bremsstrahlung produced by 32P is measured in , 
a well-type NaI(TI) detector. The samples are measured in the polyethylene irradiation container with 
no additional handling between irradiation and measurement. The sources of error have been studied and 
the proposed method has been applied to the determination of phosphorus in ten internationally certified 
materials. 

Neutron activation analysis is a sensitive method for 
the determination of phosphorus by means of the 
reactions “P(n, Y)‘~P and 31P(n, a)28Al (Table 1). 

because 32P (t,,, = 14.3 d) emits no gamma rays 
and 28A1 has a very short half-life (t,,2 = 2.2 min) 
many workers have developed other radioanalytical 
methods such as derivative neutron-activation 
analysis,“-” isotopic exchange,‘r radioreagents,3&40 
and isotopic dilution with substoichiometric 
liquid-liquid extraction,41a for the determination. 

In our laboratory, about 25 elements are routinely 
determined in plants by instrumental neutron- 
activation analysis. The importance of phosphorus 
in plant physiology justified extension to include 
determination of this element. The reaction 

31P(n, y)32P and measurement of the bremsstrahlung 
produced in a well-type NaI(T1) detector by the beta 
rays of 32P could be easily added to the existing 
procedure and required no additional equipment. 
The method has been applied previously, but without 
discussion.‘2s’3.‘8.21.22 This paper presents the factors 
affecting the accuracy of the method and reports 
the results of its application to standard reference 
materials. 

EXPERIMENTAL 

Samples and star&r& 

For irradiation, powdered materials were encapsulated in 
clean high-purity polyethylene containers (“Spronk” con- 
tainers: Hart Woolresearch Foundation, Vondelstraat 47, 

Table 1. Determination of phosphorus by neutron-activation analysis 

(A) Analytical reaction: 3’ P(n, y ))*P. 
Potential interferences: 32S(n, P)~*P, 35Cl(n, a)-‘*P 
Irradiation facility: nuclear reactor. 

Methods of detection Applications 

With radiochemical separation of 32P Measurement of beta radiation Biological materials,‘” rocks,“rO 
(Geiger-Miiller detector) water” 
Measurement of bremsstrahlung Biological materials,12.13 
[NaI(Tl), detector] 
Cerenkov radiation (photomultiplier, Biological materialsr4.i5 
detector) 

W$;t radiochemical, separation Measurement of beta radiation Biological materials,3.16i9 rocks” 
(Geiger-Mtiller detector) 
Measurement of bremsstrahlung Biological materials’8~2’~22 
[NaI(TI) or Ge(Li) detectors] 
Measurement of bremsstrahlung Rocks*) 
(plastic scintillator) 
Measurement of Cerenkov radiation Biological materials’5.24.25 
(photomultiplier detector) 

(B) Analytical reaction: 3’ P(n, u)**AL 
Potential interferences: *‘Al(n, y)**Al, **Si(n, p)*sAI 
Irradiation facility: neutron generator (14 MeV) or nuclear reactor (epithermal neutrons). 
Radiochemical separation of 28AI is excluded because of its short half-life (2.2 min) 

Neutron source Applications 

14 MeV neutrons Biological materials,2628 synthetic mixtures.29 
Epithermal neutrons Biological materials,*32 synthetic mixtures.‘) 

747 
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Amsterdam). Containers of type D (capacity, 0.85 ml; 
weight, 0.37 g; height, 19 mm; diameter, 9.4 mm) were used. 
The same type of container and weight of material (550 f 55 
mg) were taken for samples and standards. 

Phosphorus standard. To reproduce the apparent density 
of the samples, spruce needles (Picea abies (L.) Karst) were 
used as a phosphorus standard. Twigs were collected and 
washed with chloroform to remove wax and other adhering 
material,4s then dried at 65” for three days. The needles were 
pulverized in a coffee grinder, then kept in an open container 
for one week to permit their moisture content to equilibrate 
with that of the atmosphere. Analysis of this material gave, 
on a dry basis (drying at 85”) 1900 ppm for phosphorus 
(calorimetry), 920 ppm for sulphur (nephelometry) and 842 
ppm for chlorine (neutron-activation analysis). 

Anion-exchange resin loaded with “P. An anion-exchange 
resin (Dowex 1 x 8, 50-100 mesh) was loaded with 3*PO- 
by the batch technique, washed with water, and air-dried 
at 20”. The loaded resin was used to simulate activated 
biological materials containing ‘*P. The apparent density of 
the air-dried resin was 0.71 g/cm’. Its small beads are 
incompressible and behave like a liquid. 

To prepare samples with different apparent densities, 
an easily compressible and homogeneous material was 
obtained by grinding a mixture of the 32P-leaded resin and 
spruce needles in 1:2.5 w/w ratio. 

Irradiation 

Samples and standards were irradiated simultaneously in 
the rotating facility of the Saphir reactor for 0.41.5 hr at 
a flux of 3.3 x IO” n.cm-2.secc’. 

Counting equipment 

Counting was done with a well-type NaI(T1) detector 
linked to a single-channel gamma-spectrometer; the well had 
a diameter of 17 mm and was 37 mm deep. The window of 
the amplifier was set to integrate the gamma-radiation in the 
energy range lW200 keV; this setting was somewhat 
arbitrary. The radiation measured was the bremsstrahlung 
generated by the beta rays (E,, = 1.7 MeV) of )*P in the 
sample, the polyethylene container, and the detector itself. 
An aluminium absorber 3.00 mm thick (810 mg/cm*) was 
used in some cases; the range of the 1.7 MeV beta rays in 
aluminium is 800 mg/cm’. 

RESULTS AND DISCUSSION 

Various factors may affect the determination of 
phosphorus in biological materials by neutron- 
activation. 

Linearity 

Mixtures of resins loaded and non-loaded with “P 
were encapsulated in the polyethylene containers. 
The weight of the mixture was kept constant at 
328 mg, which represents about half the container 
capacity. Good linearity was obtained for plots of the 
specific count-rate as a function of the weight of 
loaded resin in the mixture (Table 2). The slope of the 
straight line obtained when the aluminium absorber 
was used was not significantly different from zero, 
whereas that obtained without the aluminium 
absorber was different from zero at the P = 0.10 
level. The presence of the alumium absorber lowers 
the count-rate by a factor of 2.7. With the aluminium 
absorber, all the beta rays are absorbed in the sample 
and the aluminium. Without the absorber, most 
of the beta rays enter the detector itself and are 
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absorbed there; the bremsstrahlung is then produced 
in higher yield. 

Sample weight (volume) 

The variation of the specific count-rate with sample 
weight (volume) was followed by introducing 
different quantities of the 32P-leaded resin into the 
containers. The results are also shown in Table 2. The 
specific count-rate decreases as the sample weight 
increases, because of the increase in sample volume 
and self-absorption in the sample. 

Sample density 

Samples with different apparent densities were 
prepared from the ground mixture (3ZP-loaded resin 
plus spruce needles). The containers (all of which had 
the same capacity) were filled up with different 
amounts of this mixture by applying pressure as 
required. 

The variation of the specific count-rate with the 
apparent sample density is shown in Table 2. 
Increasing the sample density increases the fraction of 
beta rays absorbed within the sample and decreases 
the fraction reaching the detector. Because the main 
constituents of the sample (C, 0, and H) have low 
atomic numbers, they yield less bremsstrahlung than 
do the heavier components (Na and I) of the detector. 

The equations in Table 1 may be used to refer the 
specific activity of samples of different weights to a 
common weight. The ratio of the specific activities 
with and without the aluminium absorber present 
may be used to detect the presence of gamma- 
emitting nuclides. 

Blank 

In the proposed method, samples and standards 
are counted in the polyethylene container in which 
they were irradiated. Trace amounts of bromine and 
chromium are present in these containers, but mea- 
surements made 10-50 days after irradiation showed 
that the interfering emission from the radionuclides 
r* Br and 51 Cr was equivalent to less than 1 pg 
of phosphorus per container, corresponding to an 
apparent concentration of <2 ppm in a 550 mg 
sample. As the phosphorus content of most biological 
materials is about 1000 ppm, this error can be 
neglected. 

Interferences 

The interferences introduced by the reactions 
‘*S(n, P)~*P and 35Cl(n, a)‘*P were determined by 
irradiating known quantities of diammonium hydro- 
gen phosphate, potassium chloride and potassium 
sulphate in the position used for the phosphorus 
analysis. After a waiting period for the decay of some 
small gamma activities, the samples were dissolved in 
water and matched for their salt content. Aliquots of 
2.0 ml were then counted in the NaI(T1) detector 
under the conditions used for routine phosphorus 
sample analysis. Phosphorus produced 37.5 times as 

much activity as sulphur and 108 times as much as 
chlorine, per unit mass. Thus, for most materials, the 
correction for sulphur amounts to a few per cent of 
the phosphorus content and the correction for the 
chlorine content is much smaller and can usually be 
neglected. 

Analysis of real samples 

Decay time. Any radioactivity contributed by the 
short-lived nuclides 24Na, “K, and *‘Br decays to an 
insignificant level within 8 days after irradiation of 
the sample. After this waiting period, the decay of the 
count rate was dependent only on the half-life of ‘*P. 
A standard cooling period of 14-20 days was chosen. 

Sensitivity. A typical 550-mg plant sample contain- 
ing 1000 ppm phosphorus irradiated at an integrated 
flux of 1.5 x 10” ncm-* gives a count rate of 
1.6 x lo3 cps when measured without an aluminium 
absorber two weeks after irradiation. This is 
equivalent to a specific phosphorus count-rate of 
5.7 cps/pg at the end of irradiation. The background 
count rate is 1.3 cps. 

Sources of error. The production of ‘*P from “Cl 
and 32S interferes directly with the determination of 
phosphorus. Contributions from these sources can be 
subtracted after calculation by using the factors 
quoted in the section on interferences if the concen- 
trations of chlorine and sulphur in the sample are 
known. The determination of chlorine by neutron- 
activation through the “Cl(n, y)‘*Cl reaction is a 
straightforward task. Sulphur however, yields no 
useful gamma-emitter. Irradiations of samples with 
and without thermal-neutron shielding should allow 
the simultaneous determination of P and S,‘.” but 
this procedure was not tested. 

No interference by long-lived radionuclides23 or 
high-energy beta-emitters” was detected from the 
shape of the decay curves. This is undoubtedly 
because the content of phosphorus in most biological 
materials is very much higher than that of any 
potentially interfering elements. 

The error introduced by comparing the specific 
activities of samples and standards of different weight 
can be corrected by using equations of the type 
presented in Table 2. However, in the routine analysis 
of very similar materials it is worthwhile simply to 
match the standard to the sample in weight, volume, 
and composition. 

Results 

The results obtained are shown in Table 3. 
Each replicate and the corresponding standard were 
measured, without an alumium absorber, eight times 
over a period of 10-39 days after the irradiation. The 
phosphorus content of each sample was calculated 
for each measurement. The coefficient of variation 
of these eight determinations was always less than 
2% for all 3 replicates. The post-irradiation decay 
period is thus shown to be non-critical, and a single 
measurement will suffice for routine work. 
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Accuracy and precision of the method 

Table 3 shows that the method is accurate. The 
ratio of content found to known content (n = 10, 
_? = 0.98, s = 0.04) is very close to 1, especially when 
account is taken of the uncertainty associated with 
the reference values. 

Whenever new biological materials are analysed, 
phosphorus should be determined with and without 
an aluminium absorber present, in order to detect 
any contribution from gamma-emitters. For example, 
the results obtained for beech leaves (n = 12) and 
spruce needles (n = 20) for the ratio of the 
phosphorus contents (2 f 1s) determined without 
and with an aluminium absorber were 1.03 f 0.01 
and 1.01 f 0.01, respectively. The contribution of 
gamma-emitters could therefore be neglected in these 
cases. 

The precision was tested by analysing many 
samples in duplicate. A typical run with 21 samples 
of beech leaves analysed in duplicate showed 
a coefficient of variation of 0.8% for phosphorus 
contents ranging from 800 to 1400 ppm. 

The reproducibility, or long-term standard 
deviation, was determined by including two samples 
of NBS-SRM-1571 Orchard Leaves in each of 13 
irradiations spread over one year. The result was 
2 = 1950 ppm, C.V. = 1.3%, and a range of 
191&1990 ppm phosphorus. 
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Summary-Theoretical aspects, instrumental devices and analytical applications of derivative 
ultraviolet-visible region absorption spectrophotometry are reviewed. 

Derivative spectrophotometry is an analytical tech- 
nique of great utility for extracting both qualitative 
and quantitative information from spectra composed 
of unresolved bands. Although it was introduced 
more than thirty years ago,lm3 and has demonstrable 
advantages for the solution of specific analytical 
problems, this technique has been accepted only 
hesitantly, because of the initial lack of reasonably 
priced instrumentation and original limitation to the 
first derivative. However, in recent years, the intro- 
duction of electronic differentiation by a micro- 
computer interfaced with the spectrophotometer 
makes possible the plotting of the first, second or 
higher order derivatives of a spectrum with respect to 
wavelength. 

The derivative method has found application not 
only in ultraviolet-visible region spectrophotometry, 
but also in infrared,4 atomic-absorption and flame 
emission spectrometry,@ and also in fluorimetry 
(normal’ and synchronous scanning’). The use of 
derivative spectrometry is not restricted to special 
cases, but may be of advantage whenever quantitative 
study of normal spectra is difficult. Its disadvantage 
is that the differentiation degrades the signal-to-noise 
ratio, so that some form of smoothing is required in 
conjunction with the differentiation.’ 

Reviews dealing with the properties of deriva- 
tive spectra,‘&‘* and their practical applications,“” 
are available. Reviews in foreign languages have 
been presented by Kubiakz2 (Polish), Dubrovkin23 
(Russian) and Wang24 (Chinese). 

The purpose of this paper is to review general 
aspects of derivative spectrometry (DS), and its use 
in chemical analysis, clinical chemistry and other 
areas of application. 

THEORETICAL ASPECTS 

Basic properties of derivative spectra 

For a single-peak spectrum, the first-derivative is a 
plot of the gradient dA/dl of the absorption envelope 
vs. wavelength and features a maximum and a min- 

imum; the vertical distance between these is the 
amplitude, which is proportional to the analyte con- 
centration; theoretically, dA/dl is zero at I.,,,, for the 
band in the normal spectrum. The second-derivative 
spectrum, d2A/d12 vs. 1, has two maxima with a 
minimum between them, at I,,, of the normal ab- 
sorption band. 25 In principle, both peak-heights 
(measured from d2A/dA2 = 0) are proportional to the 
analyte concentration but the amplitude can also be 
measured by the so-called tangent method, in which 
a tangent is drawn to the maxima and the amplitude 
is measured vertically from the tangent to the min- 
imum.” Other possibilities have been considered,26 
and background absorbance can be eliminated. 

The differentiation discriminates against broad 
bands, emphasizing sharper features to an extent that 
increases with increasing derivative order, because 
for bands (Gaussian or Lorentzian) the amplitude D, 
of the n th derivative is related to the n th power of 
the inverse of the band-width, w, of the normal 
spectrum:27 

/, \rr 

Thus, for two bands A and B of equal absorbance but 
different width, the derivative amplitude of the 
sharper band (A, for example) is greater than that of 
the broader (B) by a factor that increases with 
increasing derivative order:28.29 

n 

For this reason, the use of derivative spectra can 
increase the detection sensitivity’6.30*31 of minor 
spectral features. 

For quantitative analysis, if Beer’s law is obeyed 
for the normal spectrum, the following equation can 
be obtained: 

where A = absorbance, E = molar absorptivity, 

753 
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I= cell path-length and c = concentration of the 
analyte, and this forms the basis for analytical 
detenninations.32 

Eflect of dzjjerentiation on signal-to -noise ratio 

An inconvenience of the derivative technique is 
that the signal-to-noise ratio (SNR) becomes worse 
for progressively higher orders. The noise of a normal 
spectrum may be expressed as the standard devi- 
ation a,, of the absorbance of a blank; for the nth 
order derivative, the standard deviation 0, can be 
calculated from a,, by the usual rules for error 
propagation. 

The SNR of derivative signals depends on the 
shape of the spectrum, and has been evaluated34 for 
different bands. In Gaussian bands, for example, if 
we suppose an SNR of 1 in the normal spectrum, the 
SNR is given by 2.02/M in the first derivative, 
3.26/M2 in the second, 8.10/M’ in the third, 17.8/M4 
in the fourth, etc., where M is the number of points 
in the peak full-width at half maximum. For example, 
if M = 12, the SNR values for the first four deriva- 
tives are 0.168, 0.022, 0.0047 and 0.00086; that is to 
say, if n is large, the SNR of the derivatives will be 
very small. 

For this reason, practical derivative techniques 
include some degree of low-pass filtering or smooth- 
ing to control the increase in noise. The process of 
smoothing involves a convolution of the data series 
with a smoothing function consisting of a set of 
weighting coefficients. The various smoothing meth- 
ods differ only in the way that the coefficients are 
calculated. 

The effect of smoothing depends on two variables: 
(a) the smoothing ratio, which is the ratio of the 
width of the smoothed peak to the number M of data 
points corresponding to the peak full-width at half- 
maximum, and (6) the number of times that the 
smoothing is done. Moreover, the attenuation factor 
is determined by the smoothing ratio. A detailed 
study of the influences of these variables on the 
derivative spectra has been reported by 0’Haver.34 

The ratio of the SNR of the unsmoothed nth 
derivative (SNR), to that of the unsmoothed normal 
SNR (SNR), is given by9 

@NW, - = tl”c”r(“+Q.5)@ 
W-h 

where C,, is a constant which increases with derivative 
order n, and tl,, is the attenuation factor of the n th 
derivative for a smoothing ratio r. Values of 
(SNR),/(SNR), have been calculated as a function of 
r; the SNR ratios of all derivatives, including the 
zeroth, increase with r, but tend to converge at high 
r values; it can be concluded that the commonly 
observed degradation of SNR accompanying differ- 
entiation is not a necessary consequence and can be 
avoided if sufficient smoothing is employed. In gen- 
eral, the selection of the optimum smoothing ratio 
depends on the purpose for which the derivative 

technique is used. Thus, for quantitative applications, 
in which the derivative technique is used to reduce a 
broad-band background, significantly larger smooth- 
ing ratios (0.5, for example) may be profitably em- 
ployed. In contrast, when the technique is used only 
to enhance resolution, relatively small smoothing 
ratios (w 0.2) will ensure very little loss of resolution, 
but a significant loss in SNR will have to be tolerated. 

Multicomponent analysis 

Spectrophotometry in the ultraviolet-visible region 
can be used for simultaneous determination of several 
components; however, the determination of the area 
or height of overlapping bands can be very difficult. 
Various theoretical and practical methods evaluating 
overlapping peaks have been suggested. Morrey3’ 
describes the limiting conditions for the detection of 
overlapping peaks; information obtained by use of a 
derivative spectrum is sufficient to place accurately 
peaks which appear only as shoulders on stronger 
peaks. Two reviewPv3’ on the computer resolution of 
overlapping electronic absorption bands have been 
published; both mention differentiation of spectra, 
but give little indication of the care necessary in 
obtaining and interpreting such spectra. 

Various attempts have been made to assess the 
potential utility of DS for quantitative analysis of 
mixtures. A microcomputer has been to calculate the 
resolution obtainable with the 2nd and 4th deriva- 
tives of two overlapping Gaussian bands of equal or 
differing heights, widths and separation intervals.3* 
O’Haver and Green3’ have evaluated, on a rather 
general basis, the utility of the technique in reducing 
band-overlap errors of the type often encountered in 
quantitative spectrometry. The approach was based 
on computer-generated overlapping Gaussian band 
pairs, one of which was an interfering band to be 
discriminated against; the success of a measurement 
was indicated by its total error, defined as the sum of 
the systematic error plus twice the random error. 
From the results obtained it can be concluded that 
the methods developed by these authors would be 
useful for reduction of band-overlap errors if the 
systematic error caused by the overlap is large com- 
pared to the random error and the interfering band 
is either known and constant or is broader than the 
analyte band. In general, the derivative technique 
reduces the total error by a factor of at least 3, and 
usually by much more. 

Griffiths et al4 made a theoretical study of some 
relationships between absorption spectra and their 
second and fourth derivatives, including the lim- 
itation arising from fortuitous overlap of neigh- 
bouring peaks, and the possibilities of resolving 
spectra into overlapping bands; it was concluded that 
the practice of computing a least-squares fit of 
overlapping bands to a spectral profile must be 
changed, because the minimization step often pro- 
duces a result involving excess or negative absorb- 
antes; the spectral profile should be regarded as a 
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boundary limit and any absorbance excess assessed as 
possible evidence for an additional band. On the 
other hand, Kvaratskheli and Demin have developed 
a formula for evaluating the optimum selectivity of 
conventional and derivative spectrophotometric de- 
terminations, including those involving higher-order 
derivatives.41 Problems arising in the determination 
of spectral parameters of complex spectra contours 
by use of high-order derivatives have been discussed 
recently.42 

Effects of temperature 

The effects of temperature variations on derivative 
spectra have been investigated.43*44 The absorbances 
of most of the substances examined exhibited a 
temperature coefficient of -O.O7%/degree, and the 
second-derivative amplitude had temperature coef- 
ficients (ranging from -0.1 to -0.5%/degree) that 
bore no significant relationship to those of the corre- 
sponding absorbances. These effects can be attributed 
to the small reduction in curvature at the correspond- 
ing wavelengths of the fundamental spectra, that 
occurs with increasing temperature. The precise and 
accurate assay of substances by DS requires that the 
temperature of the standard and sample solutions are 
identical at the time of measurement. 

INSTRUMENTATION 

Various instrumental arrangements have been used 
for obtaining derivative spectra, from the initial 
attempts45@J to the use of direct reading spectro- 
photometers and desk top calculators.47@ Williams 
and Hagerr described a portable second-derivative 
spectrophotometer for gas analysis. Modern micro- 
computer-operated spectrophotometers are easy to 
set up and yield more accurate results. 

In general, the methods can be classified according 
to Talsky et al.-” as follows. 

Electromechanical systems. A tachometer generator 
and a lock-in amplifier followed by a filter have been 
used for first-derivative spectra.% Similar arrange- 
ments have been devised, in which the signal, after 
amplification by a lock-in amplifier, is rectified, 
smoothed and filtered.5’.52 

Modulation systems. Modulation of the wavelength 
induces a synchronous modulation of the signal. If 
these signals are expanded as a Taylor series and the 
powers of the sine functions are expressed as sine and 
cosine functions, the derivatives can be obtained from 
the Fourier coefficients of this series.53 The modu- 
lation is achieved in various waysss9 with quartz 
plates, vibrating lattices, mirrors, vibrating exit slits 
and optical wobblers. Cook et al.*.6’ described a 
vidicon-based rapid-scan spectrophotometer; the 
wavelength modulation used to produce the deriva- 
tive signal was created by the electron-beam scan 
pattern; the system operated in the visible region over 
a selectable range of 40 or 400 nm and was interfaced 
to a minicomputer. A second-derivati;e tunable di- 

ode laser spectrophotometer has been described;‘j* 
spectra with adequate signal-to-noise ratio could only 
be measured when the modulation amplitude was 
equal to the half-width of the band at half-height. 

Two-wavelength spectrophotometry. In this method 
the light is divided between two monochromators and 
its intensity measured by two identical photo- 
multipliers. The signals are then directed (after 
amplification) to a subtraction unit with its output 
connected to the Y-input of a recorder; the X-axis of 
the recorder is driven synchronously with the wave- 
length scan. If the difference between the wavelength 
scans is sufficiently small, dA/dl is obtained. The 
time constant can be adjusted by altering the wave- 
length difference of the monochromators.63-66 The 
principal disadvantage is that the higher derivatives 
cannot be obtained directly by this method. 

Subtraction of delayed spectra. The output of the 
photomultiplier is divided into two equal parts. One 
passes directly to the subtraction unit, the other is 
first delayed in time or space by an electronic or 
electro-optical circuit. The output signal from the 
subtraction is passed to the recorder and is directly 
proportional to the first derivative of the spectrum.67 

In another technique the signal delay is produced 
by tape recording with two recording heads arranged 
in tandem; the time constant is regulated by the 
separation between the recording heads.6* In general, 
higher order derivatives cannot be obtained by these 
methods. 

Digital d@erentiation. The derivatives are numer- 
ically calculated by digital computers in this 
method.6’73 The output signal of the spectropho- 
tometer is fed to an analoguedigital converter, the 
signals at each given wavelength are accumulated and 
smoothed, and the mean value is calculated. Less 
complicated digital differentiators, generally based on 
microcomputers, have recently been used.7”76 Since 
the development of microprocessor-controlled spec- 
trophotometers, DS by the convolution method is 
often used. The relation between the derivative band 
characteristics and the data-processing span in the 
convolution operation has been investigated.” Re- 
cently, a Fourier transform algorithm was used to 

obtain higher-order derivative spectra; it offers high 
reproducibility.73 

Electronic differentiation. This method29 offers nu- 
merous advantages: higher derivatives can be ob- 
tained relatively simply without modification of the 
optical system, the instrumental variables can be 
easily optimized and the costs are, in general, rela- 
tively low. A condenser (c,) and a resistance (R,) are 
combined with an operational amplifier, and the 
differentiation time constant (T) is obtained from 
T = c,R,, and can be adjusted by varying either the 
capacitive or the ohmic component. The practical 
resolution of the derivative spectrum depends not 
only on the slit-width but also to a large extent on the 
rate of the wavelength scan (So) and on T. In general, 
the best resolution is obtained with a small band-pass 
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(0.5-2 nm), slow scan (l-5 nm/sec) and T between 0.1 
and 1 sec. The principal disadvantage of the elec- 
tronic differentiation is that the derivative spectra are 
somewhat delayed with respect to the fundamental 
spectrum; this phase shift depends on the differ- 
entiation time constant and on the rate of the wave- 
length scan. For this reason, it is convenient to 
measure a series of samples containing the analyte 
and other accompanying substances, to observe 
the variation of the derivative peak when different 
experimental variables are used. 

In recent years, the use of diode-array spec- 
trophotometers, the data from which are easily con- 
verted into n th derivatives, has facilitated the use of 
the derivative technique in a wide field of applica- 
tions.‘* 

APPLICATIONS 

Pharmaceutical analysis 

DS has been used in the analysis of many pharma- 
ceutical formulations;79~80 it has proved particularly 
useful in eliminating matrix interferences,*1 including 
that of aromatics,20 which have feeble absorption in 
the near ultraviolet. An accurate and precise method 
for the assay of ephedrine or its diastereoisomer 
pseudoephedrine has been described; the method was 
applied to tablets, capsules and nasal drops, contain- 
ing also aminophylline and amylobarbitone, and also 
to coloured syrups containing triprolidine hydro- 
chloride and codeine phosphate. The method has 
been extended recently to assay of 18 drugs in tablet 
and capsule formulationsE5 and suppositories.86 Other 
compounds, e.g. diphenydramine hydrochloride,87 
have been determined in the same way. Mixtures of 
antazoline, phenylephrine and andophedrine in eye 
drops and acepifylline-cinchocaine-phenylbutazone 
and oxyphenbutazone in pharmaceuticals have been 
resolved satisfactorily. **Jo DS has also been used in 
the assay of thiamine and pyridoxine in commercial 
solid dosage forms, and in aged commercial sam- 
ples.90*9’ A combination of derivative and least- 
squares methods has been used to analyse tablets 
containing pseudoephedrine, triprolidine and dex- 
tromethorphan.92 

Another application is the determination of sal- 
icylic acid in aspirin. The second-derivative spectrum 
of salicylic acid showed a trough at 292 nm, and 
a satellite peak at 3 16 nm; in presence of large 
amounts of aspirin, the trough disappeared, but the 
height of the satellite peak was not altered even at 
an aspirin concentration 2 x lo4 times that of the 
salicylic acid.93 

Olson and Alway demonstrated the usefulness of 
first-derivative spectra in the qualitative character- 
ization of testosterone, progesterone and some of 
their a- and P-substituted derivatives.94 More re- 
cently, mixtures of prednisolone, norgestrel, hydro- 
cortisone and ethinyloestradiol have been analysed 

by using the second and fourth derivative spectra.95 
Although ethinyloestradiol is readily distinguished 
from other steroids in the normal spectrum, pred- 
nisolone and norgestrel have similar normal spectra, 
but may readily be distinguished in the second- 
derivative spectrum. Hydrocortisone is not readily 
distinguished from norgestrel in normal or second- 
derivative spectra, but the fine structure in the 
norgestrel fourth-derivative spectrum satisfactorily 
discriminates between the two. Other mixtures of 
oestrogens and progestins have been analysed, after 
prior separation by thin-layer chromatography.% 
Some other pharmaceutical formulations (aspirin 
tablets, vitamin B, cortisone acetate, prednisone ace- 
tate, hydrocortisone and hydroprednisone) have also 
been systematically analysed by second-derivative 
spectrometry.97 

The caffeine content of tablets can be assayed 
by extraction of the caffeine into alcohol and mea- 
surement of the peak-trough amplitude of the broad 
second-derivative spectrum, between 270 and 290 
nm.*’ A more complicated problem is the analysis of 
hyoscine hydrobromide eyedrops (0.2>2%) contain- 
ing 0.01% of chlorhexidine acetate as preservative. 
This mixture presents difficulty in conventional spec- 
trophotometry: although the concentration of hy- 
oscine hydrobromide is 25200 times that of the 
preservative, its absorptivity is lower by a factor of 
100 so its spectrum is almost completely obscured by 
the broad-band spectrum of the preservative. How- 
ever, the amplitude of the second-derivative spectrum 
is linearly related to the hyoscine hydrobromide 
concentration, and can be used in the routine analysis 
of batches of the eyedrops, the coefficient of vari- 
ation being l-20%. 2o A similar method for analysis 
of the three-component system pilocarpineeserine- 
benzalkonium chloride has been developed.20 The 
assay of tropane derivatives in formulations by 
second-derivative ultraviolet spectrophotometry has 
also been described.98 

The derivative technique has been used for deter- 
mination of phenol in oily phenol injections (usually 
prepared in almond oil), and of aromatic alcohols 
(benzyl alcohol, 2-phenylethanol, 3-phenylpropanol 
and 4-phenylbutanol) used as preservatives in nutri- 
ent broth seeded with Staphylococcus aureus; the 
analysis by normal spectrophotometry is complicated 
by the high matrix absorbance, but the second- 
derivative method is applicable to a simple dilution of 
the sample. The amplitude is independent of the 
proportion of nutrient broth and bacterial concen- 
tration.99 

DS has been used for the rapid determination 
of many food colours used in pharmaceuticals 
(Amaranth, Camoisine, Tartrazine, Sunset Yellow, 
Green S, etc.). A mixture of Tartrazine and Green 
S in a methadone elixir can be resolved by the 
second-derivative method.lw Recently some 1,4-ben- 
zodiazepines and their degradation products have 
been determined in mixtures.‘0’.‘02 
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Forensic toxicology 

DS has been used in the analysis of illicit drugs, 
especially for the identification of compounds which 
have very similar spectra, such as amphetamines’03 
and related drugs (meperidine, ephedrine, etc.)lw 
Mixtures of heroin and morphine have also been 
analysed by DS.“’ 

Amino -acid and protein analysis 

The determination of aromatic amino-acids in 
proteins by ultraviolet spectrometry is based on the 
assumption that the absorption spectra of fully dena- 
tured proteins can be considered as the sum of the 
spectra of the aromatic amino-acids which they con- 
tain. DS can extract more information than would be 
obtained from direct measurements and, properly 
applied, can eliminate or reduce the effect of much 
spectral interference. 

A method for the direct determination of phenyl- 
alanine and tryptophan has been developed by 
Balestrieri et af.lM Phenylalanine was measured at 
25&265 nm, where there are no significant con- 
tributions from other aromatic chromophores; tryp- 
tophan was determined at 29&295 nm, the values 
being corrected for the presence of tyrosine. Another 
procedure for phenylalanine (as the N-acetyl ethyl 
ester) residues in proteins utilizes second-derivative 
spectra at 245-270 nm, where tyrosine and tryp- 
tophan have no influence.“’ Fell has made a system- 
atic study of mixtures of phenylalanine, tryptophan 
and tyrosine by second- and fourth-derivative meth- 
ods; the fourth-derivative spectra gave sharper peaks 
for phenylalanine and tryptophan, but none for 
tyrosine.lo8 A similar procedure was used for the 
determination of these amino-acids in the liver micro- 
somal mono-oxidation system.lW Fourth-derivative 
spectra have been used for the determination of 
tyrosine and phenylalanine residues; the two main 
vibrational bands of tyrosine are resolved, giving rise 
to two peaks which are sensitive to changes in the 
environment of the phenolic rings. The parameters 
obtained from the fourth-derivative spectra were 
found to depend on the strength of the hydrogen 
bonds formed by the OH-group of tyrosine, and on 
the heterogeneity of the tyrosine environment. The 
peaks for phenylalanine, although less sensitive than 
those for tyrosine, also depend on the polarity of the 
environment. Both amino-acids have been deter- 
mined in calf thymus histone and bovine pancreatic 
ribonuclease.“’ Mixtures of tyrosine and tryptophan 
residues in proteins have also been considered, with 
reference to the mutual interference between the 
second-derivative bands in terms of the ratio r be- 
tween pairs of peak-to-peak distances. The r values 
were found to be correlated, although not linearly, to 
the tyrosine/tryptophan ratio. The polarity of the 
medium modifies the r value appreciably.“‘.“* A 
ternary mixture of N-acetyl ethyl esters of tryp- 
tophan, tyrosine and phenylalanine has been anal- 

ysed by second-derivative spectrometry at pH 7 and 
13.“’ Applications of derivative spectrometry in the 
study of the characteristics of aromatic amino-acids 
in proteins have been reviewed.“4 

The advantages of higher-order derivative spec- 
trophotometry have been demonstrated with lactate 
dehydrogenase isoenzymes, myoglobins, tyrosine, 
phenylalanine, trypsin and tryptophan in proteins, 
nucleic acids and synthetic polymers. The sensitivity 
was good, and residual monomers could be detected 
in polymers at levels as low as 0.02%.“5 

The near infrared absorption spectrum (between 
800 and 900 nm) has been used in the study of the the 
pigment-protein complexes from Rhodopseudonomas 
capsulata, by use of the second- and fourth-order 
derivatives.“” A significant splitting of the 870~nm 
band was observed in all the derivative spectra. 
Fourth-order spectrometry has been used as a de- 
tection system in the molecular weight determination 
of trypsin, chymotrypsin and their oligomers by gel 
chromatography.“’ 

Clinical chemistry 

The potential clinical applications of derivative 
spectrometry were discussed by O’Haver, along with 
the analysis of porphyrins.“* The determination of 
urinary porphyrins as described by Jones and 
Sweeny”9 is an excellent example of the advantages 
of derivative spectral measurements in clinical anal- 
ysis. The procedure simply involves acidification of 
a sample of urine and recording the second deriva- 
tive spectrum from 380 to 430 nm. The amplitude 
of the second derivative signal was linearly related 
to porphyrin concentration, and the wavelength 
(400-430 nm) of the central peak gave an estimate 
of the ratio of uroporphyrin to coproporphyrin; the 
limit of determination was 8 nM. A similar pro- 
cedure was described by Schmitt;‘*O the determination 
limit was 10 nit4; a dilution is required for higher 
concentrations. 

A rapid, direct and non-destructive method has 
been described for the determination of met- 
haemalbumin in human blood serum.‘*’ The second- 
derivative spectrum of undiluted serum was recorded 
(560-700 nm); the difference between the signals at 
636 nm (max) and 600 nm (min) was calculated, 
and the haematin concentration from a calibration 
equation. Other procedures have been described for 
the determination of haemoglobin in plasma’** and 
methaemoglobin in the presence of a light-scattering 
suspension.‘23 

Kullmann et al. have described the direct deter- 
mination of phenylalanine in serum by second-order 
DSLz4 after the removal of protein and uric acid, a 
10&l portion of serum was analysed directly for 
phenylalanine (by use of the maximum at 257 nm and 
the minimum at 254 nm); the sensitivity obtained was 
5 mg/l. An interesting use of DS is the determination 
of bilirubin and haemoglobin.‘*’ The method may be 
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useful for determination of the two substances in 
amniotic fluid, urine and other biological fluids. 

A simple and precise method, based on the second- 
and fourth-order derivative spectra has been estab- 
lished for the determination of paraquat dichloride in 
serum, plasma or dialysis fluid, the detection limit 
being 2 pg/l. (at 396 nm); results obtained in cases of 
paraquat poisoning correlate well with those ob- 
tained by radioimmunoassay. The method has been 
applied to routine haemodialysis control.‘26 

The determination of benzodiazepines in biological 
fluids by means of DS has been described. Diazepam, 
chlordiazepoxide, nitrazepam and chlorazepate may 
be determined directly at 20.2 mg/l.‘*’ DS has also 
been used to determine epinephrine/norepinephrine 
and metanephrine/normetanephrine ratios in urine, 
after a prior separation of these compounds by 
ion-exchange.‘** 

Environmental analysis 

Derivative spectrometry has been used in environ- 
mental analysis for some inorganic pollutants. 
Strojek’29 describes the determination of traces of 
sulphur dioxide. Second-order derivative spectra 
have been tested for rapid determination of nitrogen 
oxides and sulphur dioxide.130 Phenolic compounds in 
waste water have been determined.13’ Continuous 
determination of sulphur dioxide in gases has been 
described,13* and the use of a repetitive-scanning 
spectrophotometer to monitor air for sulphur di- 
oxide and nitrogen oxides.‘33 In analysis for poly- 
nuclear aromatic compounds, second-derivative 
spectrometry was coupled with linear least-squares 
fitting;‘34 detection limits of a few ng/ml were at- 
tainable for many compounds. The method was used 
to determine napthalene vapour and to analyse a 
mixture of anthracene, phenanthrene, chrysene and 
pyrene in cyclohexane; polynuclear aromatic hydro- 
carbons have been determined in the range 0.2-2.0 
pg/ml.13’ A prototype instrument for field monitoring 
of polynuclear aromatic hydrocarbons has been de- 
scribed.‘36 Matthews et al. 13’ determined inorganic 
compounds (HNO,, SO*, NO, NO*, 03, NH3) in 
smoke plumes, by use of the second-derivative spec- 
trum in the ultraviolet region. Uric acid has been 
detected in waste water.13* Stream samples polluted 
by coloured substances have been compared with 
samples from suspected sources of pollution.‘39 

Sensitive detection of hydrogen chloride at concen- 
trations below 50 pg/m3 in the atmosphere has been 
achieved by derivative spectrometry with a diode 
laser spectrophotometer; the method has been used to 
monitor incineration plumes for HC1.14’ 

The use of higher-order derivative spectropho- 
tometry for environmental analysis was proposed by 
Talsky,‘4”42 on account of its fine resolution and 
better interpretation of such electric signals. These 
techniques have been tested for the determination of 
phenols in air. 

Inorganic analysis 

Talsky et al. used the derivative technique for trace 
metal analysis; by means of the fifth-derivative spec- 
trum it is possible to determine cadmium and zinc 
as dithizonates simultaneously.‘43 Third-derivative 
spectra have been used for rapid determination of 
small amounts of Nd, Ho, Er and Tm in a mixture 
of rare earths, with thenoyltrifluoroacetone as a 
mixture of Sm and Eu,‘~’ and for the determi- 
nation of zirconium in the presence of hafnium with 
Picramine E.la 

The sum of nitrate and nitrite has been determined 
in sea-water by use of a continuous flow system; 
samples are pumped through a converter containing 
cadmium-copper powder to convert nitrate into ni- 
trite; the effluent is mixed with a reducing agent 
(sodium iodide), which reduces nitrite to NO, and 
the mixture is fed through a gas-liquid separator; the 
NO thus separated is carried by nitrogen into a 
heated optical cell, where the second-derivative ab- 
sorbance at 214 nm is recorded.14’ A simpler deter- 
mination of nitrite alone was described earlier.14* 

High-order derivative spectrometry has been used 
to study the chemical and structural changes in the 
surface layers of ferruginous bentonite containing 
montmorillonite as a result of the action of various 
acids, alkalis and chelating agents;‘49 the method can 
be used as a supplement to IR, EPR, ESCA, NMR 
and Miissbauer spectroscopy. 

Other applications 

Second-order spectra have been used for direct 
identification of ketones (cyclohexanone, cyclo- 
heptanone, 2-octanone, 2-butanone, 3-heptanone 
and acetone) at 27&300 nm; no formation of semi- 
carbazones or nitrophenylhydrazones was neces- 
sary. Iso Phenols in essential oils have been determined 
similarly.“’ 

Naphthalene and some homologues have been 
determined together and separately in a series of 
petroleum fractions by means of the second- 
derivative signals at 311, 314, 319, 322 and 324 nm; 
the method may be useful in the preparation of 
suitable heart-cuts from cracked petroleum products 
to obtain naphthalene.ls2 

The method has been used for measurement of 
acetanilide (the substrate) and aniline (the product) in 
a culture of Pseudonoma fluorescens; the method 
offers appreciable advantages over other tech- 
niques.‘53 Urea has also been determined, and saccha- 
rin in soft drinks and dyes in solution (with a prior 
adsorption on a thin layer of alumina).‘” 

Olson and Alway” use derivative spectrometry as 
an auxiliary method for steroid structure deter- 
mination; the effects of structure on the derivative 
ultraviolet spectra of the n--rlr transition of some 
ketosteroids show that it is possible to distinguish 
between CL and b epimers, and to locate the position 
of substitution in some cases. 
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Second-derivative ultraviolet spectrometry has 
been used as an excellent method for arson in- 
vestigation. The second-derivative spectra of accel- 
erants are relatively uncomplicated even for 
multicomponent substances such as gasoline. This 
simplicity allows good visual comparison between 
standard and sample and generally facilitates identi- 
fication of accelerants. The fire debris (matrix mate- 
rial) is extracted with cyclohexane. Few of these 
matrix materials give second-derivative spectra when 
treated in this manner. The method devised is both 
sensitive and rapid.ls5 

The technique has been used recently in the inter- 
pretation and exploitation of data obtained from 
rapid-scan absorbance detectors for ascertaining the 
purity of chromatographic peaks. Two types of deriv- 
ative were examined. The derivative of the elution 
curve with respect to the specific wavelength at which 
the major compound has a zero derivative was shown 
to be rapid and useful for the determination of 
co-eluting peaks of impurities which might form 
in solution or during the chromatography of 
compounds otherwise known to be pure. The de- 
rivatives of the spectral curves obtained during chro- 
matography have been also examined; the results 
showed that derivative spectrometry has considerable 
potential in screening compounds for possible im- 
purities giving overlapping peaks in HPLC. It was 
possible to detect, under suitable conditions, as little 
as a 0.1% impurity that was co-eluted with the major 
component.‘56 

Use of the derivative technique in astronomical 
spectroscopy has recently been considered.‘57*158 
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Summary-Commercial grade 2-butyne-1,4-dial has been used in electroplating for several years. In 
laboratory experiments, its presence in the electrolyte increases the current efficiency of zinc electro- 
winning. Its chemical behaviour in solution is not well known. The present paper indicates that the 
brownish technical grade 2-butyne-I,Cdiol contains the monomer, the dimer and some trimer. Pure 
monomeric 2-butyne-1,4-diol is a white solid obtained by evaporation of the technical grade product. The 
monomer is slowly transformed into dimer and possibly into a trimer when dissolved in water. Various 
analytical techniques were used in the study of this system. Factor analysis with column cross-validation 
was applied to chromatographic data to help in the resolution of the system. 

The compound 2-butyne-1,4-diol (abbreviated to 
BD) is used as a brightening agent in nickel plating.‘,2 
Most of the literature concerning this chemical deals 
with the morphology of nickel deposited in its 
presence. The diol is a grain refiner and a levelling 
agent which reduces dendrite formation.2m5 It has also 
been shown5.6 that BD slows down nickel plating by 
constant-current deposition from solutions rich in 
nickel ions (about 60 g/l.). This experimental fact is in 
agreement with the change in polarization curves for 
nickel, on a nickel surface, in the presence of BD.’ 
Volk and Fisher’ have proposed the presence of a 
thin film of BD on the nickel surface. Thus, they 
report that an increase in the 2-butyne-1,4-diol 
concentration causes a decrease of the differential 
capacity of a nickel electrode, so that the surface 
coverage by the organic material is increased. Other 
researcherPO have studied the kinetics of deposition 
of nickel in the presence of BD. They also have 
observed a reduction of the differential capacity of 
the electrode and have shown that BD reduces the 
rate of the different reactions associated with the 
nickel deposition. Moreover, in zinc electro-winning, 
it has been observed that the presence of BD in 
the electrolyte decreases the nickel content of the 
cathodic deposit. This result, as yet unexplained, 
offers the possibility of increasing current efficiency in 
the presence of impurities.“,‘2 The compound also 
finds widespread application in organic synthesis.13-I7 
Neither the exact nature of the diol in solution nor 
that of the adsorbed substance on the electrode 
surface has ever been thoroughly studied. The 
present work was undertaken to achieve a better 
understanding of the chemical behaviour of 
2-butyne-1,4-diol in electrolytic solutions. 

*To whom correspondence should be addressed. 

EXPERIMENTAL 

Ultraviolet-visible region spectra were recorded between 
200 and 600 nm, against water, with a Perkin-Elmer model 
552 spectrophotometer and 1 .OO-cm path-length matched 
silica cells. Gas chromatograms were obtained with a 
Hewlett Packard F&M Scientific 700 Laboratory Chro- 
matograph, using a flame ionization detector and helium as 
carrier gas. The column temperature was varied between 135 
and 200”. The liquid chromatograph system consisted of an 
Altex pump, model 100 (Altex Scientific, Berkeley, CA), 
coupled to a Perkin-Elmer LC-55 or Hitachi model 100-20 
variable wavelength detector. A universal injector, Altex 
model 905-19, was used. The stainless-steel column (15 cm 
long, 4.2 mm bore) was packed with either Lichrosorb RP-8 
(10 pm; Merck) or with Si-60 (5 pm) by a balanced-density 
slurry method. The chromatograms were obtained with 
eluents of different polarities. 

Technical grade 2-butyne-1,4-diol was obtained from 
Eastman Kodak. HPLC grade acetonitrile and HPLC Rrade 
methanol were from Birdick and Jackson (Muskigon, 
MI 49442). Dimethvlformamide. methvlene chloride and 
hexane were Fisher chemical reagents. - 

Commercial 2-butyne- 1 &diol was purified through a 
slow (18 hr) sublimation at 45”, or evaporation at 70” (5 hr) 
under reduced pressure (cn. 10 mmHg). Both methods gave 
a compound with similar properties. Purified 2-butyne- 
1,Cdiol (m.p. 58”; literature value 57.5”) was recovered as 
a white solid. A small quantity of residue, highly soluble in 
water, was also recovered. When exposed to light for a long 
period of time (many weeks), the purified compound is 
slowly transformed into a yellowish substance very similar 
in appearance to the technical grade chemical. 

A small amount of the commercial BD was dissolved in 
a minimum of hot methanol. A brownish precipitate was 
obtained upon addition of dichloromethane. The ultraviolet 
and infrared spectra of this compound were similar to those 
of the unpurified reagent. 

RESULTS AND DISCUSSION 

The ultraviolet spectrum (Fig. I) of purified 
2-butyne- 1 ,Cdiol in an unbuffered aqueous solution 
is featureless; it merely shows a sharp increase of 
absorbance for wavelengths shorter than 250 nm. 

763 
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Fig. I. Absorption spectra for fresh solutions of pure mono- 
meric 2-butyne-1,4-diol in water, at room temperature. 

This fact contradicts the report by Balyatinskaya and 
Babankova” of absorbance maxima at 26&279 and 
284 nm. The single triple-bond structure of the 
butyne diol is not compatible with these absorption 
bands, which we attribute to different species (see 
below). The absorbance of the pure monomer at 210 
nm deviates from Beer’s law for concentrations larger 
than cu. 6-7 x 10m3M (Fig. 2); it was verified that 
under the measurement conditions, stray light was 
not responsible for the deviations. A simple model 
involving the formation of a dimer explains the 
deviations, but these are too small, and not 
sufficiently accurate, to allow the establishment of a 
more precise chemical model for the system. 

The absorptivities (in I .g-’ .cm-‘) of technical 
2-butyne-1,4-diol in water are shown in Fig. 3; Beer’s 
law is obeyed at all wavelengths examined in the 
concentration range studied (as for the pure com- 
pound). This fact indicates that the proportions of 
the various species present in solution are constant, 
relative to each other, or that the contribution of a 
given species is too small to affect the absorption of 

0.25 

0 
200 300 400 

Wavelength (nm) 

Fig. 3. Absorption spectra for technical grade 2-butyne-1,4- 
diol in water, at room temperature 

light in the wavelength range studied. The technical 
reagent was shown’* to mainly contain the dimer and 
some trimer of butyne-2-diol- 1,4. Therefore, its 
properties should resemble those of the dimer. 
Spectra of the compound recrystallized from 
dichloromethane were very similar to those of the 
technical reagent. Hence, we conclude that the 
recrystallization procedure produces the dimer. A 
complete characterization is now under investigation. 

Gas chromatography of the purified BD shows a 
single sharp peak which is attributed to the monomer. 
Under the chromatographic conditions (injector 
temperature > loo’), substances such as the dimer 
or trimer. if present, would be converted into the 

l.Or 

I I 1 
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Fig. 2. Beer’s law plot for purified 2-butyne-1,4-diol at 
210 nm. 

time 

Fig. 4. Gas chromatogram for technical grade 2-butyne- 
I,Cdiol. Column, Apiezon b, 3%, 90 cm long x 8 mm bore, 
170°C; detector, FID, range 102, att. 5; carrier gas, helium, 

30 ml/min. Amount injected, 250 pg. 
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monomer in the injector, and thus would escape 
detection (N.B., the monomer is obtained by 
evaporation of the solid). 

The technical reagent produces a chromatogram 
with two peaks, which is very similar to the chro- 
matograms obtained with aged solutions of the 
purified samples. A representative gas chromatogram 
(Tc,,, = 170”) is shown in Fig. 4. An intense peak, 
having the same retention time (t, = 63 set) as the 
pure monomer, is observed along with a small peak 
at a shorter retention time, 43 sec. This result may be 
explained by the arguments given above: dimer and 
trimer are converted into monomer in the injector, 
but owing to the large proportion of dimer in the 
technical reagent, some of it is still unconverted 
when it reaches the column. The gas chromatograms 
were obtained at different temperatures; the retention 
time of the large peak, 63 set at 170”, increases to 116 
set at 140”. A van’t Hoff plot of log k’ for the large 
peak us. the inverse of the absolute temperature was 
linear with a slope corresponding to a heat of absorp- 
tion of -56 kJ/mole + 3%. This value is twice as 
large as that for a common hydrogen bond. This 
suggests that a molecule of the substance retained is 
able to form two hydrogen bonds with the material 
of the stationary phase. This is possible with the 
monomeric form of 2-butyne- 1 +diol. Similar results 
(1 and 2 peaks respectively for the purified and the 
technical grade reagent) were obtained with a polar 
column (DEGS, 3%; temperature range, 160-200”). 
Therefore, the gas chromatograms do not permit firm 
conclusions as regards the composition of the solid or 
the solutions of commercial 2-butyne-1,4-diol. 

HPLC was used in an attempt to separate the 
constituents of a solution of technical 2-butyne-1,4- 
dial. Chromatograms of freshly prepared and aged 
solutions of the purified 2-butyne-1,4-dial were 

. obtained by reversed-phase chromatography 
(Lichrosorb, RP-8, 10 PM). Acetonitrile was used as 
eluent at a flow-rate of 1.0 ml/min. The detection 

t 

Elution time 

Fig. 5. HPLC chromatogram for 2-butyne-1,4-dial. 
Column, RP-8, 10 pm; eluent, acetonitrile, 1.0 ml/min; 
detector, 260 nm; 0.008 AUFS; (a) technical grade; (b) 

purified reagent, aged. 

b) 

Elution time 

Fig. 6. HPLC chromatogram of 2-butyne-1,4-dial solution. 
Column, RP-8, 10 pm; eluent, methanol, 1.0 ml/min.; 
detector, 250 nm, 0.004 AUF.9 (a) solution of technical 
grade 2-butyne-1,4-dial; (b) aged solution of purified 

2-butyne-1,4-diol. 

wavelength was 260 nm. Freshly prepared solutions 
of purified BD in acetonitrile produced a single peak. 
The same behaviour was observed for methanol 
solutions. Two peaks were observed for the technical 
product in acetonitrile (Fig. 5a). The peak with the 
longer retention time was similar in retention time to 
the peak observed with an old solution (not shown) 
of purified BD. Although a single peak (Fig. 5b) is 
observed on the chromatogram of old solutions of 
2-butyne-1 ,Cdiol in acetonitrile, more peaks (Fig. 6b) 
are observed when methanol is used as the solvent 
and eluent. The chromatograms of technical BD 
(Figs. Sa and 6a) may be compared with those of the 
old solutions (Figs. 5b and 6b) of purified BD. The 
intense peak at t, z 180-195 set is attributed to the 
dimer, on the basis of mass spectrometry.‘* The peak 
with t r z 70 set in the acetonitrile chromatograms is 
attributed to a trimer, possibly the cyclotrimer. This 
trimer contains six CH20H groups which would 
interact strongly with the polar eluents and very 
little with the aliphatic chain of the stationary 
phase. Therefore it is not expected to be retained 
significantly under those chromatographic con- 
ditions. Elution with solvents containing an 
increasing proportion of methanol in acetonitrile 
(i.e., a decreasing polarity), increased the number of 
peaks appearing in the chromatogram. The best 
separation was achieved with pure methanol. Typical 
chromatograms obtained with this solvent are shown 
in Fig. 6; they are more complex than those for the 
acetonitrile system. The attribution of the peaks is as 
follows: monomer at x 180 set, dimer at z 150 set, 
and trimer at ~80 sec. The other peaks may corre- 
spond to impurities in the commercial chemical or to 
some yet unidentified compounds or intermediates 
present in the system. The chromatograms of old 
methanol solutions of 2-butyne-1,4-diol (Fig. 6b) are 
compatible with a model in which the monomer is 
slowly transformed into the dimer and some trimer. 
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Elution time 

Fig. 7. HPLC chromatogram of 2-butyne-1,CdioL Column, RP-8, 10 pm; eluent, water, 2.0 ml/min; 
detector, 220 nm, 0.002 AUFS: (a) purified reagent; (b) technical grade. 

This model agrees with the previous observation 
that the reagent is slowly transformed into a dimer 
when dissolved in water. It is noteworthy that the 
same transformation does not seem to take place 
to any significant extent in acetonitrile; hence a 
proton-donor solvent seems to be required for the 
transformation. 

Pure 2-butyne-1,4-diol was also examined under 
the same conditions as those described above for the 
technical reagent: a single peak was observed. 

The dark brownish residue remaining after a 5-hr 
evaporation cycle was also examined by HPLC. The 
chromatograms were very similar to those of the 
technical BD under the same experimental con- 
ditions. Longer wavelengths, 35G400 nm, can be 
used for the detection of these species. This last 
observation shows that the residue contains a higher 
proportion of trimer. 

A final series of chromatograms was obtained with 
water as eluent. Both purified and technical grade 
BD give numerous peaks when the RP-8 column is 
used. The technical product shows (Fig. 7b) two 
more peaks (40 and 66 set) than the purified reagent 
(Fig. 7a). The intensity of the larger peak (137 set) 
decreases rapidly to zero at detection wavelengths 
longer than 280 nm; the intensity of the 40-set peak 
remains high for those wavelengths. The use of 
methanol-water mixtures as eluent decreases the 
number of peaks appearing on the chromatogram of 
the techncial grade BD; furthermore, the intensities 
of the various peaks decrease with increase in de- 
tection wavelength. 

Chromatograms obtained by HPLC, with various 
methanol-water eluents, were also studied carefully 
by factor analysis to establish the number of 
significant species independently of the number and 
shape of the peaks; in some cases factor analysis also 
permits identification of some or all components of 
the system. 

Abstract factor analysis (AFA) and column cross- 
validation were used to evaluate the number of 
chemical species present in the system responsible for 
the data matrix. The matrix contained data from 
chromatograms obtained by detection at different 

wavelengths. It contained 24 rows and 18 columns. 
The matrix was transposed and factor-analysed 
according to previously described methods.‘9-21 

Column cross-validation of the data (Fig. 8) shows 
that 5 factors are required to explain the data within 
experimental error. The diagram shows the function 
SREP as a function of the number of factors. This 
function is defined*’ as follows: 

The real errors in the predicted vector, REP(i), are 
calculated with the AFA models. The latter were 
obtained from the experimental data after removing 
successively each and every column of the original 
data matrix, and using the removed column as the 
test vector. Thus, m REP values are generated for 
each of the k factors tested. These REP values are 
summed and averaged. We thus obtain an SREP 
value for each factor tested; the function SREP us. 
number of factors tested shows a minimum when the 
correct number of factors is used. The minimum 
value must take into account the error in the SREP 
function itself. The stippled rectangles represent 
SREP values which are not statistically different. A 
one-tail (Student) value is established, and the correct 
number of factors is taken as the smallest number 
which gives an SREP minimal value that is smaller 
than or equal to the maximal value (one-tail test) of 

Number of factors 

Fig. 8. Column cross-validation of a data matrix from the 
HPLC chromatograms of technical grade butyne-2-diol- 1.4. 
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Fig. 9. Target factor analysis: predicted spectra us. target 
spectra: (a) monomer; (b) dimer; (c) trimer. 

the smallest SREP value on the graph. Figure 8 
shows that the absolute minimum is observed with 7 
factors; the 5% one-tailed maximal value is 3.87. 
With 5 factors, the one-tailed minimum is 3.71; with 
4 factors it is 4.68. Therefore, at the 5% confidence 
level, it can be said that there are 5 species in the 
system. At the 1% confidence level, we have re- 
spectively: for 7 factors, a maximal value of 3.99; for 
5 factors, a minimum of 3.58, and for 4 factors, a 
minimum of 4.52. Again, at the 1% confidence level, 
we can say that there are 5 species in the technical 
grade butyne-2-diol- 1,4. Therefore, the technical 
reagent contains 5 significant chemical species when 
in water and methanol solution. 

Target factor analysis (TFA) complements abstract 
factor analysis. Whereas AFA gives an evaluation of 
the number of factors which are necessary to explain 
the experimental data, TFA confirms the 
identification of some or all of the factors. In the 
present experiment, the factors are identical to the 
chemical species present in the system. Identification 
of the factors is achieved by testing one of its target 
vectors against the factor-analysed model. The test 
vectors to be used with the matrix studied consisted 
of the absorption spectra of the species suspected 
to be present in the solution. The spectra of the 
monomer and dimer were obtained directly by 
spectrophotometry. The spectrum of the trimer was 

evaluated from a series of aqueous chromatograms 
obtained with detection at different wavelengths. 
The height of the peak assigned to the trimer was 
measured as a function of the detection wavelength. 
Thus, a graph showing the peak height vs. detection 
wavelength represents a qualitative spectrum of the 
species. 

TFA calculates a spectrum based on the AFA 
model; the calculated values are compared with the 
spectrum tested. If both spectra are statistically 
equivalent, the species corresponding to that vector 
is present in the solution, Various statistical 
parameters*’ may be used in order to test for the 
statistical acceptability of a given factor (or chemical 
species). Accordingly, the functions AET (apparent 
error in the target), RET (real error in the target), 
REP (real error in the predicted vector), and SPOIL 
(xRET/REP) were evaluated with the vectors of 
various suspected factors. 

Values of the functions defined above, for three of 
the species believed to be present in the system, are 
given in Table 1; a 5-factor model was used in the 
calculations. Plots of the predicted values against 
experimental values for the spectra of the three 
species are shown in Fig. 9. A linear least-squares 
analysis of the plots gave the results in Table 1, which 
clearly show that monomer, dimer and trimer are 
likely substances in the system. SPOIL values of 4.3, 
4.2 and 2.8 respectively for the monomer, dimer and 
trimer definitely show that these species are present in 
the system. The two other species present in the 
technical grade are as yet unidentified; these may be 
different oligomers of butyne-Zdiol-1,4 or unknown 
impurities. 

CONCLUSION 

Sublimation of technical grade 2-butyne-1,4-diol, a 
brownish solid, produces the pure monomer, a white 
solid. The solid technical compound contains the 
dimer, some trimer, and some monomer. Spectro- 
photometric data support the hypothesis that the 
monomer is slowly transformed into a dimer (and 
possibly a trimer) when dissolved in water and 

Table I. Target factor analysis (TFA) of the chromato- 
graphic data 

Parameter Monomer Dimer Trimer 

AET 0.136 0.018 0.011 
RET 0.132 0.017 0.010 
REP 0.030 0.004 0.004 

SPOIL 4.3 4.2 2.8 

: 
-0.033 - 0.002 0.000 

1.002 f 0.017 I .002 & 0.014 0.99 f 0.04 
R2 0.995 0.996 0.973 
F 3363 4819 576 

N.B.: The a and b values are the least-squares parameters 
for the data in Fig. 9: a is the intercept, b is the slope with 
its standard error. R* is the coefficient of determination 
and F is the Fisher coefficient. 
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methanol. At room temperature, monomer, dimer 
and trimer can clearly be identified by liquid chro- 
matography under various elution conditions. Since 
the dimer and trimer are transformed into monomer 
in the gas phase at temperatures above room 
temperature, only the last is detected under gas 
chromatographic conditions. Factor analysis by 
AFA and TFA supports the hypotheses resulting 
from the different analytical techniques. 
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MEDIUM: INTERTITRATION VARIABILITY 
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Summary-Homogeneous sets of data from strong acid-strong base potentiometric titrations in a mixed 
solvent medium (9: 1 v/v methanol/water), performed by means of the glass electrode, at various constant 
ionic strengths and with different reference electrodes, have been analysed by statistical criteria. A 
standardized procedure has been established to obtain reliable potentiometric data in mixed solvents. It 
has been demonstrated how, with the aid of a proper linearized model, analysis of variance (ANOVA) 
applied to the standardization titrations can be used to test the reliability of a potentiometric chain in 
a medium other than pure water. The error expected in the stability constants thus evaluated is related 
to the intertitration error of the operational pK, , *’ for the same medium and the same chain. The results 
obtained by applying ANOVA to the mixed solvent data substantially confirm the trend found for 
aqueous media, the intertitration error being larger than the intratitration error for all the parameters 
investigated (E& pK,*’ , mean equivalence volume). The stochastic error thus obtained depends on the 
ionic medium used and on the kind of reference electrode employed in the electrochemical chain. 

Our preceding studies on the assessment of models 
for the investigation of metal-proton-ligand equi- 
libria in aqueous solutionim3 have shown that the 
formation constant, &, = [M,H,L,]/[M]P [HI’ [L]‘, 
for a given species MPH, L,, is affected by an error 
which is randomly distributed between the titrations 
performed rather than between the individual points 
of the titrations. In other words, the largest source 
of error in the potentiometric determination of 
equilibrium constants in aqueous solution is the 
variability from one titration to another. 

Because the parameters specific for each titration, 
such as E,,, the standard potential, Ej, the liquid- 
junction potential, and the operational ionic product 
of water, K,*, usually derived by a strong acid-strong 
base standardization titration, seem to be the major 
source of errors in evaluating the formation con- 
stants, we have applied analysis of variance to sets of 
standardization data, in order to ascertain whether 
they are affected by the same kind of errors as the 
formation constants are.3 

Some methods proposed for testing the per- 
formance of glass electrodes in aqueous media and 
for calibration purposes use a suitable series of 
standard buffers. The correction for the liquid- 
junction potential is empirically evaluated either by 
the Biedermann and Silltn method4*5 or by mea- 
surements in cells with and without liquid junction.6 
Otherwise, the glass electrode is calibrated on the 
concentration scale against the hydrogen electrode, 
by measurement of the potentials of the two elec- 
trodes immersed in the same buffer.’ 

*To whom correspondence should be addressed. 

It is also possible to obtain the measurements in 
terms of emf, by standardizing the chain by means of 
a previous calibration titration: provided the ionic 
strength of the test solution remains constant, the emf 
at each point of the titration is related to the concen- 
tration of free hydrogen ions, h, by the Nemst 
equation 

E = E,, + (RT/F) In h 

where E, accounts for all the constant potentials in 
the cell, disregarding any possible junction potentials 
Ej . 

More recently,8~‘0 an iterative procedure using the 
computer program MAGEC has been proposed in 
order to optimize simultaneously any or all of the 
titration parameters pertinent to the calibration of 
the glass electrode, even if limitations arise from the 
correlations of errors between the parameters. 

The potentiometric method has been scarcely used 
in the past to study equilibria in non-aqueous and 
mixed solvents. In recent years, however, the number 
of thermodynamic studies of metal complexes in 
solvents other than water (pure solvents or binary or 
ternary mixtures) has been considerably in- 
creasing.“*‘* 

Recently, in order to overcome some experimental 
difficulties (low solubility of ligands and/or of 
Cu(II)-complexes in water)13 and to obtain informa- 
tion about solute-solvent and solvent-solvent inter- 
actions, we have chosen to study solution equilibria 
by potentiometric titrations in mixed solvents, partic- 
ularly in 9: 1 v/v methanol/water. This choice is 
justified by the fact that the alcohols are similar to 
water in the nature of their protolytic behaviour and 
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can be studied by the same experimental techniques, 
though they differ in physical properties (dielectric 
constant, lipophilicity, etc.).i4 The solvent can indeed 
influence the equilibria in solution by long-range 
electrostatic interactions and through short-range 
factors, such as solute-solvent interactions, the 
importance of which is not yet well understood.‘ss’6 

Binary mixed solvents containing water as one 
component are able to react protolytically both with 
protic acids and their conjugate bases. The acid-base 
behaviour of many of these mixed solvents is qual- 
itatively comparable with that of water, even though 
wide quantitative differences are observed. 

In non-aqueous and mixed solvents, the glass 
electrode is widely used in combination with an 
Ag/AgCl or a commercial aqueous saturated calomel 
electrode as reference. From a practical point of view, 
this choice is very attractive, notwithstanding the 
large liquid-junction potentials introduced. 

However, no definitively recommended procedure 
for handling the potentiometric data for solvents 
other than pure water has yet been established. 

To evaluate the response of different electrode 
chains and achieve a satisfactory standardization of 
potentiometric titrations in mixed solvents, we have 
applied analysis of variance (ANOVA) to homoge- 
neous sets of strong acid-strong base potentiometric 
titrations, once a suitable model to interpret the data 
was chosen. 

It is the purpose of this work to demonstrate how, 
with the aid of a proper linearized model, ANOVA 
can be applied to strong acid-strong base poten- 
tiometric titrations to test the reliability of the poten- 
tiometric technique in a solvent other than pure 
water. The error evaluated by this treatment of the 
data should be related to the accuracy to be expected 
in determination of stability constants in the same 
medium.‘,’ 

EXPERIMENTAL 

Reagents 

Freshly boiled doubly distilled water, stored under nitro- 
gen, was used throughout. Doubly distilled methanol was 
boiled, and stored in CO,-free conditions. Hydrochloric acid 
(ca. 0.15M) and potassium hydroxide solution (ca. 0.20M) 
were prepared by diluting the contents of Merck Titrisol 
ampoules with the proper quantity of water and methanol 
to achieve a methanol/water ratio of 9: 1 v/v. The potassium 
hydroxide solutions were standardized with potassium 
hvdroaen ohthalate (C. Erba: dried at 120”). 
- Apirophate weights of potassium chloride (C. Erba) 

or of tetrabutylammonium bromide (Fluka; dried under 
vacuum) were added to the acidic solution to give an ionic 
strength of O.lM. 

Measiuemenls 

The potentiometric measurements were Performed with 
an automated titration system based on a Radiometer PHM 
64 digital voltmeter (nominal error 0.1 mV) and an Ingold 
H6336 glass electrode. The reference electrodes were: (a) 
Ingold saturated KCl/calomel; (b) Ingold O.lM aqueous 
KCl/calomel; (C) K4078 Radiometer O.lM KC1 (in 9: 1 v/v 
methanol/water)/calomel. Titrant was added by means of a 
5-ml Metrohm Dosimat E535 motor burette (nominal 

error 0.005 ml). The whole system was controlled by an 
Apple IIe Personal Computer. The starting volume in the 
cell (I’, = 50 ml) contained 0.4-0.5 mmole of hydrogen 
chloride. The titration vessel was kept at 25.0 f 0.1” 
under a stream of nitrogen, pre-equilibrated by bubbling 
through a O.lM solution of potassium chloride or tetra- 
butylammonium bromide in the same mixed solvent. 

DATA PROCRSSING 

As already outlined,3 once the starting V, and the 
concentration N of the titrant (or of the acid titrated) 
are known, a strong acid-strong base potentiometric 
titration curve is completely defined when the param- 
eters E,,, K,* and the equivalence volume are defined. 
In the following, when the parameters E, and K,* 
refer to the mixed solvent, they will be marked by a 
prime. To evaluate these parameters and their relative 
standard deviations, a suitable model for treating the 
experimental data must be chosen. A titration curve 
can be linearized in two ways: by using the Nernst 
equation or by using the Gran plot.” We have chosen 
to use the latter, as we did for investigations of 
aqueous media.3 

The potentiometric data were processed by com- 
puter programs assembled in our laboratory, with an 
IBM XT PC. The data automatically collected by the 
Apple IIe PC were transferred to the IBM through 
the communication interface. The program GRAP- 
PLE processes the data according to the Gran 
method (or, optionally, the Nemst equation) by a 
least-squares fit and determines the values and the 
relative standard deviations of the parameters E,, the 
standard potential of the electrode chain, K,*, the ion 
product of water, the acidic and basic equivalence 
volumes and the difference (A and A/2) between the 
two values, and its relative value with respect to the 
mean value of the equivalence volume (VEM). These 
parameters are collected in a file for the subsequent 
application of ANOVA. The program GRAPPLE 
evaluates the junction potentials by the Gran method 
modified by Rossotti and Rossotti.” The program 
STATGRAN applies the analysis of variance to the 
files of the parameters collected as described above. 

STANDARDIZATION OF THE METHOD 

As regards potentiometric titration in 
methanol-water solutions, the literature generally” 
refers to the studies of Bates et al.:19320 the electrode 
chain of glass and calomel electrodes is calibrated by 
means of aqueous buffer solutions. The “pH” read on 
the pH-meter is referred to the standard state in the 
mixed solvent by means of the parameter 6, account- 
ing for the differences in activity coefficients and 
liquid-junction potentials. 

Rossotti and Rossotti” stressed the importance of 
keeping constant the activity coefficients of species 
participating in the cell reaction, and the potentials at 
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Fig. 1. Gran plot for a strong acid-strong base titration in 
9: 1 v/v methanol/water with a saturated KCl/calomel refer- 
ence electrode and aqueous potassium hydroxide as titrant, 
without pretreatment of methanol; I = O.lM KCl. (Scale 

factors: basic range 1 x 10-l; acid range 2.85 x lo”.) 

any liquid-liquid junction, in order to get better 
potentiometric data for complexation equilibria in 
solution. 

To obtain a reliable electrochemical technique for 
use in methanol/water systems, we have performed a 
set of strong acid-strong base titrations, paying at- 
tention principally to three experimental aspects: (a) 
pretreatment of the organic solvent, (b) preparation 
of the reactants, (c) the electrode chain. 

The pretreatment and storage of the methanol as 
described in the experimental section appears to be 
absolutely necessary if good linearity of the Gran plot 
is to be obtained. 

During the whole titration, the water/methanol 
ratio must be kept perfectly constant to ensure con- 
stancy of the junction potentials, activity coefficients’r 
and K,*‘, the operational ionic product of water in the 
mixed solvent used. This means that the titrants must 
be prepared in the same solvent as that used in the 
potentiometric cell. If the titration is done by means 
of aqueous potassium hydroxide without pre- 
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Fig. 2. Gran plot for a strong acid-strong base titration in 
9: I v/v methanol/water with a commercial aqueous satur- 
ated KCl/calomel reference electrode; I = 0.1 M KCI. (Scale 

factors: basic range 4.6 x IO-‘; acid range 1 x lo”.) 
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Fig. 3. Gran plot for a strong acid-strong base titration in 
9 : 1 v/v methanol/water with a 0.1 M KCl/calomel reference 
electrode; I = O.lM KCl. (Scale factors: basic range 

1 x lo-‘, acid range 2.6 x 1013.) 

treatment of the methanol, the Gran plot is non- 
linear in the acid region, as shown in Fig. 1. 

When the important requirements mentioned 
above were fulfilled, the use of a saturated 
KCl/calomel electrode with a porous diaphragm gave 
a Gran plot like that shown in Fig. 2: the Gran model 
did not agree with the experimental data in the 
alkaline region, the plot showing two branches with 
different slopes after the equivalence point. We 
ascribe this behaviour to precipitation of potassium 
chloride at the liquid junction between the mixed 
solvent and the aqueous saturated potassium chloride 
solution in the reference electrode, resulting in a 
sudden variation of the liquid-junction potential. 

The use of a O.lM solution of potassium chloride 
in 9: 1 v/v methanol/water in the calomel electrode 
overcomes this difficulty, and results in a Gran plot 
like that shown in Fig. 3. 

DISCUSSION 

The sets of standardization titrations examined by 
ANOVA allow evaluation of the general behaviour 
of the electrode chain in 9: 1 v/v methanol/water, 
and the effect of a different liquid-junction potential 
(realized by using O.lM potassium chloride solution 
in 9: 1 v/v in methanol/water) and of a different ionic 
medium. 

(I) Reference electrode 0. I M aqueous KCl/calomel; 
ionic medium 0. I M KCI 

The intratitration error can be evaluated by means 
of the standard deviations of the parameters E&, 
K$‘, pK,Z’, A/2, A/2%, obtained from the output of 
the program GRAPPLE. Table 1 gives the values 
obtained and the relative standard deviations for the 
set of titrations under examination. It has been 
demonstrated3 that the variance of A/2 is the same as 
that of VEM, so a(A/2%) is an estimate of the 
relative error in VEM. The intratitration variance of 
A/2%, EA, K,*’ and pK,+’ can be evaluated from the 
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Table 1. Set 1 of titrations: intratitration variability 

A/2% E; IQ? 

1 -0.277 f 0.075 338.488 k 0.029 14.4109 f 0.0006 
2 -0.374 f 0.064 336.721 f 0.021 14.4422 f 0.0005 
3 -0.266 f 0.051 334.655 f 0.023 14.4272 f 0.0005 
4 -0.296 f 0.070 334.025 f 0.025 14.4296 f 0.0006 
5 -0.231 f 0.057 333.301 + 0.024 14.4249 f 0.0005 
6 -0.179 kO.112 332.834 kO.045 14.4128 f 0.0014 
7 -0.351 f 0.232 335.516 kO.057 14.4056 f 0.0007 
8 -0.279 f 0.097 333.272 + 0.038 14.4227 f 0.0007 
9 -0.113 f 0.122 334.317 f 0.049 14.4406 k 0.0009 

10 -0.283 f 0.074 335.623 f 0.030 14.4608 f 0.0006 
11 -0.744 f 0.122 334.734 f 0.047 14.4448 + 0.0009 
12 -0.183 f 0.076 331.416 + 0.032 14.4241 f 0.0006 
13 -0.139 k 0.117 331.717 It: 0.048 14.4278 ~0.0009 
14 -0.041 f 0.094 331.395 + 0.040 14.4209 f 0.0007 
15 -0.140 f 0.072 331.905 f 0.047 14.4301 + 0.0006 
16 -0.020 f 0.090 331.905 f 0.038 14.4305 f 0.0007 
17 -0.011 f 0.075 329.917 f 0.028 14.4106 +0.0006 
18 -0.045 f 0.099 330.415 f 0.044 14.4102 f 0.0008 
19 -0.140 f 0.102 330.106 &- 0.041 14.4124 + 0.0007 

Solvent: 9: 1 v/v methanol/water 
Reference electrode: aqueous calomel in O.lM KC1 
Ionic medium: O.lM KC1 
Temperature: 25.0 + O.l”C 

laws of error propagation as 

a*(A/2%) = & ai(VEM)[l +(&J] 

u2(E@ = (/3/b)*u*(b) + (p/N)*a*(N) 

u*(K,“) = e~2~~B/n2[a2(E~)~2/~2 

+ u*(a)N*/a* + a*(N)] 

a*(pKX’) = a*(Kz’)/( -K,*’ In lo)* 

where p = RT/F, b is the slope of the acidic branch 
of the Gran function, with standard deviation u(b), 
a is the alkaline branch slope with standard deviation 
u(n), and N is the normality of the base, with 
standard deviation u(N). 

It is easy to see that the model fits the experimental 
data very well, the standard deviations of VEM and 
E; being comparable with the instrumental error, and 
the ionic product of water showing a very small 
standard deviation. 

If we compare the behaviour in mixed solvent with 
that in water,’ the intratitration errors seem to be 
greater for the latter medium: the greater accuracy 
when the mixed solvent is used is, in our opinion, 
probably due to the automated collection of the data 
and to the greater number of points so collected for 

each titration (about 60 points for mixed solvent, a 
maximum of 30 points for water). 

Table 2 reports the results of ANOVA applied to 
the set of 19 titrations of Table 1 to assess the 
reliability of both the equipment and the titration 
system. Comparison of the variance of the mean 
values with the estimated interpoint average variance 
indicates (at a chosen confidence level) whether the 
titrations belong to the same normal population 
(H, hypothesis) or not (H, hypothesis). The F-test 
applied to the mean values of Ei and pK,Z’ (or K,Z’) 
indicates a behaviour similar to that in the aqueous 
environment: the H, hypothesis must be rejected, at 
a very high level of confidence. This fact confirms 
once more what we found ear1ier:lm3 the intertitration 
errors are much larger than the intratitration errors, 
so a correct evaluation of the precision of the above 
mentioned parameters can be obtained only from the 
intertitration variability. The standard deviation of 
Eh is 2.3 mV, about three times that found for the 
water system: such a large value can be due either to 
a non-reproducible liquid-junction potential, inde- 
pendent of the hydrogen-ion concentration, or to a 
less stable standard potential of the O.lM KC1 elec- 
trode. On the other hand, it is generally accepted that 
the value of E, can change from one titration to 
another, by inclusion of any systematic error. 

The mean value of A/2% is 0.15, corresponding to 
a systematic error of 0.15% in the evaluation of 
VEM: this value is small and insignificant, as demon- 
strated by the value of 0.94 for r, compared with the 
tabular value t,,,ss = 2.10 for 18 degrees of freedom. 

The F-test applied to the evaluated and estimated 
variances of A/2% seems to indicate that the H, 
hypothesis could be accepted at only a moderately 
significant confidence level, the value being between 
the tabular values for 95% and 99% confidence (18 
and 30 degrees of freedom). 

(2) Reference electrode 0.1 M KC1 (in 9: I v/v 
methanol/water)/calomel; ionic medium 0.1 M KC1 

The data reported in Table 3 for 11 titrations show 
that the intratitration errors are of the same order of 
magnitude as in the set obtained with the aqueous 
reference electrode. When ANOVA is applied to this 
set of data, the same arguments as before can be 
applied to the parameters shown in Table 4. Again 
the titrations belong to different populations. The 
intratitration errors, however, are smaller: the stan- 
dard potential Eh is the parameter most sensitive to 
the change in the kind of liquid junction and it can 

Table 2. Set 1 of titrations: intertitration analysis of variance 

A/2% -0.15 0.16 0.025 0.010 2.35 
EL 333.28 2.33 5.44 1.40 x IO-) 3875 
KZ’ 3.73 x lo-l5 1.29 x lo-l6 1.67 x lo-= 4.23 x IO-” 395 
M&Y 14.429 0.015 2.31 x 1O-4 5.81 x IO-’ 398 
2 = mean of the parameter, with estimated standard deviation 0 
ai = estimated intertitration variance 
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Table 3. Set 2 of titrations: intratitration variability; effect Table 5. Set 3 of titrations: intratitration variability; effect 
of change of reference electrode of chanae of backaround electrolvte 

A/2% E;, pG 

1 -0.058 + 0.056 406.421 f 0.034 14.4404 f 0.0007 
2 -0.152 + 0.040 406.812 f 0.026 14.4415 + 0.0006 
3 -0.103 f 0.034 407.125 f 0.027 14.4409 f 0.0006 
4 -0.102 + 0.079 406.862 + 0.029 14.4355 f 0.0008 
5 -0.181 kO.045 406.185kO.030 14.4388+0.0007 
6 -0.210 + 0.032 407.211 f 0.025 14.4560 * 0.0006 
7 -0.252 f 0.063 407.878 f 0.035 14.4479 + 0.0007 
8 -0.046 + 0.059 407.067 + 0.034 14.4369 f 0.0007 
9 -0.090 + 0.039 406.499 f 0.029 14.4371 + 0.0006 

10 -0.127 + 0.038 407.025 + 0.028 14.4444 f 0.0006 
11 -0.137 f 0.064 406.250 + 0.035 14.4392 f 0.0007 

Solvent: 9: 1 v/v methanol/water 
Reference electrode: O.lM KCl/calomel in 9: 1 v/v 

methanol/water 
Ionic medium: 0.1 M KC1 
Temperature: 25.0 f O.l”C 

A/2% go pKZ’ 
1 -0.442 f 0.133 422.083 f 0.047 14.5054 f 0.0009 
2 -0.431 & 0.126 421.974 f 0.041 14.5107 f O.ooO8 
3 -0.443 f 0.100 418.055 f 0.029 14.5105 f 0.0007 
4 -0.592 f 0.142 416.077 f 0.031 14.5277 f 0.0008 
5 -0.450 f 0.115 415.395 f 0.042 14.5229 f 0.0008 
6 -0.642 f 0.097 406.488 f 0.043 14.3841 f 0.0008 
7 -0.682 +_ 0.135 408.354 + 0.041 14.3858 f 0.0009 
8 -0.900 f 0.091 409.951 f 0.016 14.3967 f 0.006 
9 -0.996 f 0.078 409.441 f 0.025 14.4064 f 0.0006 

10 -0.772 f 0.078 408.969 f 0.029 14.3919 f 0.0006 
11 -0.836 f 0.066 408.938 f 0.031 14.4046 f 0.0006 
12 -0.899 f 0.054 408.963 f 0.016 14.3974 + 0.0004 

Solvent: 9: 1 v/v methanol/water 
Reference electrode: O.lM KCl/calomel in 9: 1 V/V 

methanol/water 
Ionic medium: O.lM N(But),Br 
Temperature: 25.0 + O.l”C 

be evaluated with a standard deviation of 0.48 mV, 
larger than the instrumental error, but comparable 
with that for the aqueous system. The error in the 
determination of pK,*’ decreases to 0.006. 

(3) Reference electrode: 0.1 M KC1 (in 9: 1 v/v 
methanol/water)jcaIomel; ionic medium O.IM 
N(But), Br 

The effect of the ionic medium was examined by 
means of a set of 12 titrations in which O.lM 
N(But),Br was employed as background electrolyte: 
the results are reported in Tables 5 and 6. The 
intertitration standard deviations are much worse 
than in the preceding two sets, even though the 
intratitration errors of Eh and pK,*’ are of the same 
order of magnitude. 

The mean value of A/2% is -0.67 and the t-test 
shows that the presence of a systematic error in the 
determination of VEM within each titration is highly 
probable. The variability of Eh is very large and pK,*’ 
can be evaluated with an error of 0.06. 

This behaviour is comparable with that when 
potassium nitrate solution in water is used as ionic 
medium,’ and appears to be due to a sort of noise, 
probably due to junction potentials. In this case, 
however, we cannot exclude the possibility that the 
difficulty of obtaining certain quaternary ammonium 
salts in highly purified form could play an important 
role, even though organic nitrogen bases partially 
neutralized with hydrochloric acid have been 
suggested*’ as stable compounds for the preparation 
of standard buffer solutions to determine the sodium 
error of the glass electrode. 

(4) Mean values of pK,+’ 
The mean values of pK$’ reported in Tables 2, 4, 

and 6 do not differ significantly, the grand mean 
being 14.438 f 0.009. The error introduced by using 
different reference electrodes or ionic media is com- 
parable with the intertitration error. An inspection of 
the data in Tables 1, 3, and 5 could suggest that the 
distribution of these values is not normal. Therefore 
the mean values of pK,1’ obtained by assuming a 
Gaussian (normal) distribution and by calculating the 
best Poisson distribution fitting the data have been 
compared (Table 7). The grand means are very close. 
Because of the limited number of determinations, 
however, it is hard to say whether the pK,*’ values 
always have a Poisson distribution. The answer can 
be obtained by examining a large number of data 
from different laboratories. 

CONCLUSIONS 

The possibility of obtaining reliable results when 
potentiometric methods are used to evaluate the 
formation constants of a given metal-ligand-proton 
system in a mixed solvent, depends on accurate 
standardization of the method. When a suitable 
model is used to fit the experimental data, statistical 
parameters can be derived and the classical statistical 
tests applied to the analysis of the results. Application 
of ANOVA to three sets of potentiometric strong 
acid-strong base titrations in 9: 1 v/v methanol/water 

Table 4. Set 2 of titrations: intertitration analysis of variance 

A/2% -0.13 0.06 3.9 x 10-s 2.7 x lo-’ 1.46 
&I 406.85 0.48 0.23 9.2 x IO-’ 246 
K:’ 3.62 x lo-l5 4.89 x IO-” 2.39 x lo-” 3.26 x IO-” 73 
PK,+’ 14.442 0.006 3.5 x IO-5 4.7 x lo-’ 75 
P = mean of the parameter, with estimated standard deviation (r 
ui = estimated intertitration variance 
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Table 6. Set of 3 titrations: intertitration analysis of variance 

R a a2 af F 

Al2 -0.67 0.21 0.042 0.011 3.84 
K;, 412.89 5.55 30.78 1.14 x 10-j 26868 
K,t’ 3.62 x 1O-‘5 5.06 x 10-u’ 2.56 x lo-” 3.54 x lo-” 7244 
PKZ’ 14.445 0.063 3.93 x 1O-3 5.26 x lo-’ 7418 
2 = mean of the parameter, with estimated standard deviation u 
uf, = estimated intertitration variance 

substantially confirms the trend found in aqueous 
systems, as follows. 

(a) The parameters Ei and pKz’ show a distribu- 
tion where the intertitration error is larger than the 
intratitration error. The titrations of a set must 
therefore be individually refined and the mean values 
of the set evaluated. 

(6) The distribution of A/2% is also not normal, 
though the confidence level for this statement is lower 
than for the other parameters. Its value, compared 
with the standard deviation, however, is not 
significant. 

(c) The use of a reference electrode with the same 
solvent as that in the potentiometric cell gives a more 
reproducible liquid-junction potential, thus de- 
creasing the intertitration error. 

(d) The potentiometric method is considerably 
affected by the background salt added to keep the 
ionic strength constant. Very good results are ob- 
tained with O.lM potassium chloride; the use of 
N(But),Br results in a remarkable increase in the 
errors of any parameter. In our opinion, apart from 
the problem of impurities or decomposition, some 
salts lead to differences in concentration and density 
which make the galvanic cell unstable. 

It is important to stress that the analysis of strong 
acid-strong base potentiometric titrations implies 
evaluation of an equilibrium constant, the ionic prod- 
uct of water, pK,*‘: the intertitration error of pK,*’ 
gives us a measure of the accuracy we can expect in 
the potentiometric determination of the stability con- 
stants. On the other hand, the use of an iterative 
procedure like that proposed by May and Williamss*‘o 

Table 7. Analysis of the distribution of pK$‘; titration sets 
1, 2 and 3 

Mean values 

Table Gauss Poisson 

I 14.428 14.423 
3 14.442 14.439 
5 14.445 14.434 

Grand mean 14.438 14.432 
Normal distribution: mean = ZpK:‘/n for n titrations 
Poisson distribution: mean = (pKz’),,, + md 
d = sampling interval for the histogram 
m from P(X = k) = e-“mk/k!, fitting the observed 

frequencies 

does not allow a distinction to be made between the 
inter- and intratitration errors, and though it may 
confirm the variability among titrations, it does not 
give a real estimate of the error in the stability 
constants, this error being minimized by variation of 
the other parameters (E,, titrant and titrand concen- 
tration and so on). 

The application of the classical statistical tests to 
the standardization titrations therefore appears to be 
a good tool for fast and complete evaluation of the 
reliability of an electrochemical system in mixed 
solvents as well as in purely aqueous media. 
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Summary-Volatile substances derived from moulding compounds, resins and fillers used in the 
formulation of phenol-formaldehyde materials have been identified, isolated and determined. The 
amounts of the volatiles are related to the type of resins, fillers, curing agents and degree of cure used 
in the formulation. 

There is interest in the potential corrosivity and 
toxicity of the volatile species derived from organic 
polymers. Corrosion by polymers is of particular 
concern within the electronics industry,‘-’ as is in- 
duced failure of polymers due to metal-polymer 
contact,4 where such materials are applied extensively 
for encapsulation of integrated circuits. Reasons for 
their use include humidity control, protection against 
atmospheric contaminants, and buffering against 
temperature and pressure fluctuations. Any release of 
aggressive species by the encapsulants themselves can 
be disastrous, owing to the small dimensions of the 
circuits enclosed.’ Phenolic polymers are generally 
considered to be particularly corrosive,gs because 
they are known to break down to produce phenol, 
formaldehyde, ammonia and formic, acetic and 
hydrochloric acids. 3,6q7 However, one reviewer9 has 
stated that fully cured phenolics containing only 
“inert” fillers do not release such species and are 
non-corrosive. Few detailed studies have been 
reported. 

Various fillers, including cellulose (cotton) and 
lignin (wood, olivestone), are often incorporated in 
phenolic compositions, to impart particular physical 
and mechanical properties, and reduce the cost of the 
final article. Such materials are known to be a further 
source of harmful volatiles. Zinc, cadmium and other 
metals readily corrode in the vicinity of wood6**,r0 
owing to the release of formic and acetic acids. 
Possible factors affecting the acidity and consequent 
corrosivity of wood include the species and type of 
wood, season of felling, and subsequent chemical 
treatment.“.12 

*Enquiries should be addressed to: Dr. G. D. Jones, 
Rhone-Poulenc Ltd., Biopharmaceutical Research, 
Rainham Road South, Dagenham, Essex, England. 

This report is concerned with the identification of 
volatiles evolved from commercial phenolics of 
known formulation and history, together with the 
determination of the major species. The materials 
were selected as representative of those phenolics 
currently available. 

EXPERIMENTAL 

Table 1 summarizes the materials investigated. These 
were the moulding compounds (MC), cured to approxi- 
mately 95%, together with the individual resins and fillers 
used in their formulation. Resol resins are prepared under 
basic conditions, with excess of formaldehyde, and novolak 
resins are prepared under acidic conditions with an excess 
of phenol. Consequently, the chemistry of resol materials is 
such that they may be referred to as “self-curing” whilst 
novolaks require the addition of a curing agent, hexa- 
methylenetetramine (HMT) being by far the most com- 
monly used.” Full-cured mouldings (M) were prepared 
from these moulding compounds, according to British 
Specification BS 771, as follows. 

Precure heating is optional in BS 771, but was always 
applied in this work: a known weight of MC was heated 
at 95” for 15 min, then immediately transferred to the 
moulding die (S-cm diameter, preheated to 160 f 3”) and a 
pressure of 25 MPa was applied for the time required for 
full-cure, which was dependent on the amount of material 
used, i.e., on the thickness of the moulding. 

Weight of moulding Time for full-cure, 
compound, g min 

5.0 4 
10.0 6 
30.0 12 

Extraction of volatiles 

Cold-trap collection. A schematic diagram of the appara- 
tus used is shown in Fig. 1. The helium carrier gas (flow-rate 
30 ml/min) was purified by passage through a moisture trap 
(A), an oxygen trap (B) and a 5-pm dust filter (C), placed 
immediately before the flow-controllers (D). The gas was 

775 
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Table 1. Summarv of materials used 

Curing agent and 
Moulding compound Resin(s) used Catalyst used for Filler(s) incorporated approximate percentage 

reference and type resin preparation in moulding compound (w/w MC) 
MC1 R I-Resol Sodium hydroxide Glass tibre None required 
MC2 *R2.1-Resol Ammonia solution Cotton fibre HMT-I 

R2.2-Novolak Oxalic acid (cellulose-based) 
MC3 R3-Novolak Sulphuric acid and Wood flour and HMT-12 

calcium sulphate olivestone 
(both lignin-based) 

MC4 R4-Novolak Oxalic acid Olivestone and nylon HMT-12 
MC5 *RS.I-Novolak Hydrochloric acid and Glass fibre HMT-12 

sodium chloride 
R5.2-Novolak Acetic acid and zinc 

acetate 
MC6 l R6. I-Resol Ammonia solution Wood flour and HMT-I 

R6.2-Novolak Unknown glass fibre 

*Indicates the major resin component of the moulding compound. 

then heated in a series of metal coils (E) before entering the 
sample compartments (F), all held at 103” in the oven. 
Species volatilized from the sample (which was typically 20 
g of moulding compound or 100 g of moulding, crushed and 
sieved to pass an 80-mesh but not a 120-mesh sieve) were 
carried through heated transfer lines (G) maintained at 15” 
above the oven temperature to a cold trap (H) immersed in 
liquid nitrogen. The trap consisted of a U-tube of 15 mm 
internal diameter containing crushed glass helices (1 g) to 
provide a large cold-surface area. Both the inlet and outlet 
of the trap were sealed by Teflon-backed silicone rubber 
washers. After a collection period of approximately 8 hr for 
examination of moulding compounds and up to 42 hr for 
that of mouldings, the trap was removed from the liquid 
nitrogen. Distilled water (10 ml) was then immediately 
added to wash the trap and transfer line. The frozen water 
was thawed, the trap and transfer line were rinsed out with 
more water, and the combined washings were analysed. 

bottomed Bask, together with 100 ml of distilled water. 
Distillation was continued for several hours, the water level 
in the flask being maintained by dropwise addition of water 
from a dropping funnel at a rate matching the distillation 
rate. The remaining solution was decanted from the sample 
and distilled, and this distillate was combined with that 
previously obtained. This process of collecting fractions was 
repeated until no further volatiles could be detected, each 
fraction being analysed separately. 

Aqueous refhx. This was performed in a twin-necked 
round-bottomed flask to which 8&100 g of moulding, 
crushed and sieved, together with 100 ml of distilled water, 
were added. After several hours of reflux the solution was 
decanted, and the residue similarly extracted with a fresh 
lOO-ml volume of water, the process being repeated until no 
further volatiles were detected in the extract. This method 
was also applied to the extraction of volatiles from filler 
materials. 

“Flash” distillation. This method was adapted from The complete removal of volatiles by the distillation and 
normal steam distillation, previously used for the extraction reflux techniques was confirmed by analysis of the remain- 
of volatiles from polymers. “~‘s Approximately 20 g of ing sample residues by low-temperature solid-probe mass 
moulding compound were sieved, then loaded into a round- spectrometry. 

I 

t 

I ____-______ 
t 

D L F 
_‘_____‘_~_____‘_____~ -1 

--------___-__ -I 

Ur H 

Fig. 1. Schematic diagram of cold-trap apparatus: (A) moisture trap, (B) oxygen trap, (C) dust filter, (D) 
flow controller, (E) gas heating coils, (F) sample compartments, (G) heated transfer lines, (H) cold-trap, 

(I) flow monitors. 
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Identification of volatiles 

Gas chromatography-mass spectrometry (GC-MS). The 
GC-MS system consisted of a Perkin-Elmer Sigma 3 gas 
chromatograph, interfaced through a jet separator to a 
single-focusing VG 305F mass spectrometer, operated in the 
electron impact mode at 70 eV. Data-acquisition, cali- 
bration and processing were performed with a VG Multi- 
Spec 8 data system. 

-Chromatographic separation was achieved with either a 
moderatelv nolar free fattv-acid nhase (FFAP) or a basic 
Chromosord 103 packed column; both‘1 metre in length. 
Detected species were identified on the basis of retention 
times and spectral interpretation, with selected ion moni- 
toring applied to confirm the association between molecular 
and fragment ions. To minimize any memory effects, 
distilled water was injected alternately with the sample 
solutions. 

Head-space gas chromatography-mass spectrometry 
(HSGC-MS). Identification of the volatiles evolved di- 
rectly from the materials was performed with a semi- 
automated Perkin-Elmer HS6 unit,i6 combined with the 
GC-MS system described above. The finely powdered 
sample (3-4 g) was loaded into a glass head-space vial, 
which was then sealed with a silicone-backed septum. The 
vial was heated in an oven at 100” for at least 24 hr before 
insertion into the heated head-space unit, also at 100”. After 
a pressurization time of I min, the head-space atmosphere 
above the sample was automatically injected into the 
chromatographic column, packed with either FFAP or 
Poropak QS. 

High-performance ion chromatography (HPIC). This was 
performed with an unsuppressed anion-exchange column 
(Vydac 302: 25 cm x 4.2 mm bore) and detection by on-line 
ion conductance or indirectly by ultraviolet absorbance 
measurement.” Concomitant separation of anionic species 
extracted from the samples was achieved by using a mobile 
phase of aqueous phthalic acid solution (1 mM, pH 3.5) at 
a flow-rate of 1.5 ml/min and ambient temperature. 

Quantitative analysis 

The ammonia content of the distillate and reflux fractions 

loo A -6 

was determined by means of an ammonia gas-sensitive 
electrode (Orion Research Inc), which was both sensitive 
and selective in the absence of volatile amines;” no evidence 
had been found by GCMS for the presence of such amines. 
Working standards, adjusted to pH 13 by dropwise addition 
of concentrated sodium hydroxide solution, were prepared 
from a stock solution of ammonium chl,oride, which con- 
tained the equivalent of 1000 pg/ml free ammonia. 

Formaldehyde was determined gravimetrically as its 
dimedone derivative,‘4.‘9 which was found to be the method 
providing the most consistent results.M 

Phenol was determined by gas chromatography with a 
flame ionization detector. The FFAP packed column was 
maintained at 180” and the carrier gas flow-rate was 50 
ml/min. Working standards were prepared by sequential 
dilution of a O.lM aqueous stock solution of phenol. 

Acetate, formate and chloride were determined by 
the HPIC procedure described. Working standards were 
prepared on a daily basis for both acetate and formate, 
owing to their observed instability even when stored under 
refrigeration. 

For each of the species determined, the total water- 
extractable volatiles (TWEV) content in the sample was 
expressed in pmole/g. 

RESULTS AND DISCUSSION 

Qualitative analysis 

GC-MS was used for the identification of species, 
primarily in samples obtained by cold-trap collection, 
owing to the relatively large amounts of volatiles 
released. Species evolved directly from the materials 
under investigation were detected by HS-GC-MS. A 
typical HS-GC-MS trace obtained for the head- 
space analysis of olivestone filler is shown in Fig. 2. 
Table 2 summarizes the results obtained for moulding 
compounds, resins and filler materials. With the 

Time (min) 

Fig. 2. HSGC-MS trace for olivestone (Poropak QS column). (A) air, (B) carbon dioxide, (C) water, 
(D) methanol, (E) acetaldehyde, (F) acetone, (G) methyl acetate, (H) acetic acid, (I) alkane-alkene, 

(J) alkane. 
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Table 2. Species identified in moulding compounds, selected resins and fillers 

Material investigated 

Species identified MC1 MC2 MC3 MC4 MC5 MC6 R2.1 R4 Cotton Nylon Olivestone Wood 

Acetaldehyde 
Acetic acid 
Acetone 
Alkaneialkene 
Ammonia 
Benzaldehyde 
Carbon dioxide 
Formaldehyde 
Furfuraldehyde 
Hexamethylenetetramine 
Methanol 
Methyl acetate 
Methylfuran 
Methylphenol 
Methylpropanol 
Naphthalene 
Phenol 
Salicylaldehyde 
Species A 
Species B 
Toluene 
Water 
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Identified by GC-MS(*) and HSGC-MS(+). 

exception of the fillers, phenol was the major com- 
ponent in all cases and probably originated from 
unreacted starting material. Other components, such 
as benzaldehyde, methylphenol and salicylaldehyde, 
were observed in all MC extracts, being either im- 
purities in the starting materials or degradation prod- 
ucts produced during cure. 

Hexamethylenetetramine was identified only in 
those formulations which contained novolak resin 
as a major component (Le., MC3, MC4, MCS). 
Ammonia was also detected whenever HMT was 
used for curing and in resins R2.1 and R6.1, for 
which ammonia solution was used as a catalyst. 
Formaldehyde was difficult to detect with certainty, 
owing to a relatively high background of low-mass 
fragments. However, its presence was positively 
confirmed in a range of formulations by selected ion 
monitoring at the retention time previously deter- 
mined by the injection of aqueous formaldehyde 
standards. Both ammonia and formaldehyde can 
be produced by the hydrolysis of HMT,*’ particularly 
under acidic conditions. Toluene and 2-methyl- 
propanol, detected in only a few samples, are com- 
monly used solvents and were probably processing 
residues. Naphthalene, detected only in MC3, is a 
commonly used plasticizer for phenolics, and fur- 
furaldehyde (MC2, MC4, MC6 and R2.1) may be 
incorporated to aid flow characteristics during mou- 
Iding. Neither of these species was detected in the 
full-cured mouldings themselves. Species A, the mass 
spectrum of which is shown in Fig. 3a, is considered 
to be a mono-substituted aromatic compound of 
molecular weight 136. Species B (Fig. 3b) was inter- 
preted from the mass spectrum as an alkyl ether 

derivative of diethylene glycol, although exactly 
which homologue remains uncertain. 

Although GCMS was not applied quantitatively, 
the relative amounts of those species detected by 
using the FFAP column were estimated by nor- 
malizing to the peak area for phenol, the major 
component. As shown by Table 3, significant 
amounts of salicylaldehyde, furfuraldehyde and 
Species A were also present in certain samples. 

The HPIC results (Table 4) showed that formate 
and chloride were present in all MC samples, and 
acetate in all but MC 1. Oxalate was detected in MC2, 
probably as a result of its use for the catalysis of resin 
R2.2. Sulphate anions in MC3 originated from the 
sulphuric acid-calcium sulphate catalyst used in the 
preparation of resin R3. Fillers based on lignin and 
cellulose were shown to contain acetate, formate and 
chloride ions. 

Quantitative analysis 

Investigations into the recoveries by “flash” 
distillation showed that the average losses were am- 
monia 7.3%, phenol 4.2% and formaldehyde 32.2%. 
Those found by aqueous reflux were ammonia 
15.2%, phenol 1.4%, formaldehyde 49.7%, formic 
acid 9.0%. The reason for the high loss of for- 
maldehyde could not be established. The results given 
are those which were experimentally determined and 
have not been corrected for losses incurred during 
extraction. 

Table 5 summarizes the results obtained by steam 
distillation for moulding compounds, selected resins 
and fillers. The levels of formaldehyde and ammonia 
in the moulding compounds are comparable to those 
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Fig. 3. A: averaged mass spectrum of Species A, considered 
to be a mono-substituted aromatic compound of molecular 
weight 136. B: averaged mass spectrum of Species B, 
considered to be an alkyl ether derivative of diethylene 

glycol. 

previously given for “phenolic plastics”.‘s The am- 
monia and formaldehyde values are higher for 
novolak-based materials, in which a greater amount 
of HMT is employed (up to 12% w/w). The TWEV 

value for ammonia in MC2 is increased because of 
the use of ammonia solution as a catalyst in the 
preparation of the constituent resin R2.1. The con- 
centration of phenol in the moulding compounds is 
apparently unrelated to the resin type, although the 
novolak resin R4 did show a substantially higher level 
than resol resin R2.1. In both cases, the phenol 
content of the resins was found to be greater than 
that for the moulding compounds although it should 
be remembered that approximately 50% of each 
moulding compound is filler. The amounts of anionic 
species are closely related to the nature of the filler, 
particularly for acetate and formate. Thus glass-filled 
materials (MCI) contained no acetate and little for- 
mate and chloride. Acetate in particular is present in 
fair quantity in those moulding compounds filled 
with olivestone and wood (e.g., MC3). Comparable 
results were obtained for the fillers themselves, 
although direct comparisons are difficult to make. 

The cumulative extraction us. time profiles for ionic 
species in MC4 and olivestone filler by aqueous reflux 
are shown in Fig. 4. From the linear section of each 
curve, as estimated by linear regression, the rates 
of extraction of acetate, formate and chloride ions 
from MC4 are 21.0, 2.3 and 1.5 pmole.g-‘.hr-‘, 
respectively, compared with 2.5, 0.5 and 1.0 
pmole.g-’ . hr-’ for the filler. Therefore, despite the 
greater porosity of the filler, the rate of removal of 
acetate and formate from it was lower than that from 
the moulding compound, by a factor of 5-10. One 
explanation is that these acidic species exist as free 
entities within the moulding compounds, but only as 
hydrolysable esters within the lignin-based fillers 
themselves. It is possible that the free acids are 
produced within the moulding compounds during the 
initial cure process (160”, 5 MPa pressure) as a result 
of partial filler degradation, perhaps through hydro- 
lysis by the water produced during the curing process. 
A similar effect has been reported in connection with 
the kiln drying of wood.iO 

Table 6 summarizes the TWEV values obtained by 
aqueous reflux for mouldings and also provides a 
comparison with the results obtained for the associ- 
ated moulding compounds. Certain volatiles were 

Table 3. Estimation of amounts of volatile snecies detected by CX-MS (FFAP column) 

Material investiaated 

Snecies identified MC1 MC2 MC3 MC4 MC5 MC6 R2.1 R4 

Benzaldehyde 
Formaldehyde 
Furfuraldehyde 
Hexamethylenetetramine 
Methylphenol 
Naphthalene 
Phenol 
Salicylaldehyde 
Species A 
Species B 
Toluene 

D D D D D C D 
D B C C 

D A C D 
C C C 

C C C C C C C C 
C 

100 100 100 100 100 100 100 100 
C B D C C C B C 
C D B D C C D 

D B D D 
D D D 

Relative to phenol (100%): greater than 60% (A), 60-30% (B), 30-5% (C), less than 5% (D). 
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Table 4. Species identified by HPIC in steam distillate and aqueous reflux solutions 

Material investigated 

Species identified MC1 MC2 MC3 MC4 MC5 MC6 R2.1 R4 Cotton Nylon Olivestone Wood 

Acetate l * * * * * * * 

Chloride * l l * * * *T *T * * * 

Formate l l * * * * * * 

Oxalate * 

Sulphate l 

Tentative assignment (T). 

Table 5. Determination of TWEV @mole/g) of major species in moulding compounds, resins and fillers 

Moulding compounds Resins Fillers 
Species 
determined* MC1 MC2 MC3 MC4 

Ammonia 193 263 593 738 
Acetate ND 2 253 369 
Chloride 9 19 22 29 
Formaldehyde 87 167 471 574 
Formate NQ 28 48 42 
Phenol 188 234 326 208 

*Volatiles extracted by steam distillation. 
NQ: Not quantifiable. 
ND: Not detected. 

R2.1 ____ MC5 MC6 ~~~ 
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46 
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655 

NQ 
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ND 
13 

ND 

ND 
ND 
ND 
ND 
ND 
ND 

319 189 
20 11 

ND ND 

20 40 60 80 100 

Cumulative time of reflux (hr) 

Fig. 4. Plot of cumulative amounts of ionic species extracted from MC4 (---) fnd olivestone filler (-) 
by aqueous reflux. Acetate (0 and O), formate (m and 0) and chloride (v and V) ions. 
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Table 6. TWEV @mole/g) of major species in mouldings 

Material investigated? 

Species determined* Ml M2 M3 M4 MS M6 

Ammonia 

Acetate 

Chloride 

Formaldehyde 

Formate 

Phenol 

NQ 

ND 

NQ 
(7Y7) 

(223) 
NQ 

ND NQ 

5 29 

231 239 
(39.0) (32.4) 

(2) (2i60) 

(I&) (7?9) 

(422) 
NQ 

$2) 
20 

(5;8) 

265 

%) 
(382) 

(4?0) 
NQ 

$9) 
ND ND 

NQ 
(35 

20 21 
(2.7) (12.4) (6.1) (20.2) (9.7) (12.4) 

*Volatiles extracted by aqueous reflux; the percentage of the value for moulding 
compounds is given in parenthesis. 

TM1 Denotes the moulding derived from MCI, etc. 
NQ: Not quantifiable. 
ND: Not detected. 

substantially reduced in amount, although for am- 
monia this was dependent upon resin type. These 
losses may be explained in terms of volatilization 
during full-cure, although the argument is less 
convincing for phenol, formaldehyde and ammonia 
(resol only), which may suggest that these species are 
active in the curing mechanism. Conversely, the 
comparatively small reduction in ammonia for 
novolak mouldings may indicate minimal 
involvement in curing. 

CONCLUSIONS 

It has been shown that a complex range of volatiles 
exists within phenol-formaldehyde polymeric ma- 
terials, arising from a variety of sources: unreacted 
starting compounds (phenol, formaldehyde), catalyst 
residues (ammonia, oxalic acid), decomposition of 
HMT curing agent in novolak-containing formula- 
tions (ammonia, formaldehyde), processing residues 
(toluene, 2-methylpropanol), additives (naphthalene, 
furfuraldehyde), resin degradation (salicylaldehyde) 
and lignin fillers (acetic, formic acids). 

The determination of selected major compounds 
has indicated that the amount of residual phenol is 
independent of the resin type, whereas the levels 
of ammonia and formaldehyde are greater with 
novolak-based materials. The use of olivestone and 
wood fillers in the formulation of moulding com- 
pounds and mouldings leads to increased levels of 
acetic and formic acids and, to a lesser extent, of 
chloride ions. The acidic species probably arise from 
the partial degradation of the fillers’ lignin structure 
during the cure process, although cotton, which 
is cellulose-based, appeared not to follow this 
behaviour. 

It has been shown that the degree of cure is 
important with regard to the level of volatiles. The 
most striking result was for ammonia, which was 

present in the resol mouldings at approximately 1% 
of the moulding compound, but at approximately 
40% of the moulding compound in novolak mould- 
ings. The greater level of ammonia trapped in the 
novolak mouldings might be expected as the result of 
degradation of the remaining HMT. However, such 
degradation would also be expected to result in the 
production and retention of formaldehyde in the 
polymer, which is not the case, as seen in Table 6. 
This may indicate that formaldehyde is possibly more 
important than ammonia in the curing of novolaks. 
Possibly paraformaldehyde, which would evolve for- 
maldehyde only on full-cure, could be used instead 
of HMT,*’ particularly where sensitivity towards 
ammonia is important. 
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Summary-Calibration of a sulphide electrode in the pH-range 9-12 has been studied as an e.m.f. vs. 
(PH - p[HS-1) function by measuring e.m.f. and pH in parallel. Calibration can also be done in this pH 
range by using a differential amplifier with a three-electrode measuring cell (glass, sulphide-selective and 
reference electrodes). The effects of an antioxidant (ascorbic acid) and a complexing agent (DCTA) on 
the calibration of the glass-sulphide electrode cell at pH < 5 were studied. The applicability of this 
end-point indicator cell has been demonstrated for titrations of Ag+, Pb*+ and Bi’+ with Na,S. 

Sulphide-selective electrodes are widely used for the 
rapid determination of S*- in many kinds of 
samples. ‘J Alkaline pH buffers are commonly added 
in order to avoid the loss of H,S and to keep the 
pH constant. Since S2- is a strong base, the potential 
of the indicator electrode is strongly affected by 
the effect of pH changes on the protonation equilibria 
of SZ- 2.3 

The equilibrium concentrations of the protonated 
species can be calculated if the potentials of a 
sulphide-selective electrode and a pH glass electrode 
are measured, by using the protonation constants of 
S2-, but these constants are the subject of consid- 
erable debate!ss 

In this paper we present some speculations (based 
on equilibrium chemistry) on the effect of pH on the 
measured sulphide-electrode potentials, together with 
experimental evidence supporting these speculations. 
The calibration of the sulphide-electrode+-Ag/AgCl 
reference electrode measuring cell in the pH-range 
9-12 without a pH-buffer is discussed. A method 
is suggested for direct potentiometry with a sulphide- 
selective-pH-sensing glass electrode measuring cell 
at pH < 5, and the application of this special cell 
for end-point detection in the Ag+-S2--H+, 
Pb2+-S2-_H+ and Bij+-S2--H+ systems is 
presented. 

EXPERIMENTAL 

The following electrodes were used: an OP-S 07110 
sulphide-seleaztive electrode, an OP-0718P glass electrode, 
an OF8202 Ag/AgCl double-junction reference electrode 
(Radelkis) and a 6202B glass electrode (Radiometer). 

The e.m.f. measurements were made with OP 208 and OP 
208/l precision digital pH-meters (Radelkis). In the case of 

*Author for correspondence. 
tpresent address: Alkaloida Pharmaceutical Works, H-4440 

Tiszavasvlri, Hungary. 

the sulphide-selective electrodeglass electrode measuring 
cell, the sulphide electrode was connected to socket R and 
the glass electrode to the high-impedance input G. 

The circuit diagram of the home-made amplifier used for 
the experiments with three electrodes (sulphide-glass- 
reference) is shown in Fig. 1. 

The direct potentiometric experiments were performed 
with 0.5M potassium nitrate media. To protect S2- from 
oxidation by air, deoxygenated argon was passed over the 
test solutions. Sodium sulphide solution was added to the 
sample from a microburette. For mixing, a magnetic stirrer 
was used. Since. the presence of air was not observed to 
affect the titrations of the Ag+, Pb2+ and Bi3+ solutions, the 
use of an argon atmosphere was not needed for these. 

A stock solution of sodium sulphide (about 0.5M) was 
prepared from recrystallized Na,S.9H20 (pa. Merck) 
dissolved in deaerated distilled water, and 1% v/v isoamyl 
alcohol was added to inhibit the activity of any sulphur 
bacteria. The solution was stored under argon. The 
potassium hydrogen sulphide stock solution was prepared 
by absorption of a weighed quantity of H,S in potassium 
hydroxide solution, and was stored similarly to the sodium 
sulphide stock solution. 

The S*- concentrations of the stock solutions were 
determined by oxidation with potassium iodate in acidic 
medium,6 and also by potentiometric precipitation titration 
of acidified silver nitrate solution with the sodium sulphide 
solution. The concentrations of the sulphide stock solution 
remained constant for weeks. Diluted sulphide solutions 
were prepared daily. 

The AgNO,, Pb(NO,), and Bi(NO,X (Reanal) used were 
of reagent grade. Silver nitrate solutions were prepared from 
accurately weighed portions of the recrystallized and dried 
chemical. The lead and bismuth solutions were standardized 
by complexometric titration.’ 

The points of maximum slope (inflexion points) on 
the potentiometric titration curves were evaluated by the 
standard graphical method and the Gran methods modified 
for precipitation titrations, with a computer program.9 The 
results obtained by the two methods agreed well. 

RESULTS AND DISCUSSION 

At 25” and at constant ionic strength the electrode 
potential’ of the sulphide electrode (Es) is given by 

Es = const, - 0.0296 log [S2-] (1) 
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LX LF356N 

2.5 MQ + 9v 

l out, 

ov 

A7 
Out, 

LX LF 356N 

Fig. 1. Circuit diagram of the amplifier. The electrodes were connected as follows: (A) glass electrode, 
(B) sulphide-selective electrode, (C) Ag/AgCl double-junction reference electrode. 

The equilibrium concentration of S2- can be ex- 
pressed as 

p-1 = Ts 
1 +K~[H+]+K~K~[H+]2 

(2) 

where Ts = [S2-] + [HS-] + [H2S], KY = [HS-]/ 
([S’-] [H+]) and KY = [H,S]/([HS-] [H+]). The pH- 
dependence of the electrode potential is frequently 
eliminated by using a pH-buffer. This is obviously not 
possible in many cases in co-ordination chemistry, 
where the other equilibria of the system are generally 
influenced by both the pH value and the components 
of the buffer.‘O Here, we suggest an alternative route 
to avoid these problems. 

Calibration in the pH-range 9-12 

Equation (2) can be simplified for work within a 
restricted pH range. Since log KF = 7.0 and log 
KY = 13.9,” at pH above about 9, 
KrKF[H+]2<<KF[H+] and Kr[H+]>>l; thus, equa- 
tions (1) and (2) give the expression 

Ts 
Es = const, - 0.0296 log ~ 

K:W+l 
(3) 

(The value of log KY has recently been debated 
again, but use of the proposed values log 
KY = 19 f 2,4 or log KY = 17.6 f 0.3,5 simply corre- 
spondingly extends the upper limit of validity of the 
following derivation.) 

If we consider the range (log KF + 2) < pH < (log 
KY - 2), i.e. 9 < pH < 12, Ts is [HS-1, and thus 
equation (3) can be written in the form: 

Es = const, - 0.0296 (pH - p[HS-1) (4) 

A linear calibration plot based on equation (4) was 
obtained by titrating 20 ml of OSM potassium nitrate 
with 0.05M sodium sulphide. The potential difference 
between the sulphide-selective electrode and an 
Ag/AgCl double-junction reference electrode was 
measured. The pH increased during the titration 
because of the hydrolysis of S2-, and was measured 

with a glass electrode against the same reference 
electrode. The very good linearity, and the almost 
theoretical slope of -28.8 f 0.05 mV/(pH - p[HS-1) 
recorded at five different times, demonstrate the 
applicability of the method. The intercept was found 
to be very reproducible, with a mean value of 
-502.5 + 0.3 mV. The linear response range was 
pTs = 2-4.5 for pH values in the range 9.0-l 1.5. Note 
that [HS-] can be found from the calibration curve 
without direct use of the debated values of log KY. 

These experiments were repeated with use of the 
amplifier system (Fig. 1). The e.m.f. was measured 
between the glass electrode (input A, electrode poten- 
tial EG = cons& + 0.0591 log[H+]), and the sulphide 
electrode (input B). The potential of the sulphide 
electrode was amplified with a gain of 2. Both 
potentials were referred to the potential of the 
Ag/AgCl reference electrode (input C). The e.m.f. 
between socket out, and socket out, is 

e.m.f. = EG - 2Es 

and substituting equation (4) into (5) gives 

(5) 

e.m.f. = const, - 0.0591 p[HS-] (6) 

The e.m.f. given by equation (6) is independent of pH 
when the differential amplifier is used in the appro- 
priate pH-range 9-12. 

The calibration plots were both linear, with a 
slope of -56 mV/p[HS] for the Radelkis and 
- 58 mV/p[HS ] for the Radiometer glass electrode. 
These values are close to the theoretical value of 
-59.1 mV/p[HS-] given by equation (6). The 
method also gives the equilibrium concentration of 
HS-, but does not require a separate pH 
measurement. 

Calibration of the glass-sulphide-selective electrode 
measuring cell in acidic solution 

The advantages of an H+-selective glass-sulphide- 
selective measuring cell have been studied indepen- 
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dently by Frevert12 and Gulens.13 At pH < 5, T, is 
N [Hz S] and equation (2) can be simplified to 

[S2-] = Ts 
KyK;[H+]’ 

The e.m.f. measured between the glass and sul- 
phide electrodes can then be expressed as 

e.m.f. = const, - 0.0296 p[H,S] (8) 

Although the only condition required for the 
validity of this equation is pH < 5, the behaviour of 
this special cell when there are significant changes 
in pH was not investigated in detail. In the case of 
natural water samples, the glass electrode has a 
constant potential because of the nearly constant 
PH.‘* In the samples measured by Gulens,” the pH 
was adjusted to the same value by a diffusion process. 

In our work, standard sodium sulphide solution 
was added to OSM potassium nitrate/O.O3M ascorbic 
acid mixture. The pH was adjusted with concentrated 
hydrochloric acid or sodium hydroxide solution and 
the e.m.f. measured with the glass electrode-sulphide 
electrode cell. At Ts = 10m3M, the e.m.f. was constant 
for pH < 5. 

Various sulphide antioxidant buffers have been 
investigated in alkaline solutions. To increase the 
sensitivity of the sulphide-selective electrodes,‘4 we 
repeated the experiments in acidic solutions. Cali- 
bration graphs were obtained for 0.5M potassium 
nitrate with and without ascorbic acid and diamino- 
cyclohexanetetra-acetic acid (DCTA) present, by 
titration with sodium sulphide solution to cover the 
range pT = 2.5-7 (Fig. 2). The concentration of the 
acids was kept low, allowing a definite change in pH 
during the titration, from pH N 2.5 to pH N 4.5. 

The calibration graphs have a Nernstian response 
at pT, < 5 for each system, but a deviation was found 
at lower concentrations of sulphide. The range of 
Nemstian response was extended by the addition of 

ascorbic acid (2) or DCTA (3). The calibration graph 
was linear up to pTs w 6 in the solution containing 
both ascorbic acid and DCTA (4). The nearly the- 
oretical slope, - 30.5 mV/pT,, demonstrates the ad- 
vantage of using a cell without liquid-junction poten- 
tial.” It should be stressed that the potentials of both 
electrodes of the cell change during the titration, but 
their changes are parallel and the e.m.f. depends only 
on T, (or [H,S]). 

Potentiometric titrations with the glass 
electrode-sulphiak electrode measuring cell in acidic 

solution 

For the determination of S2- concentration by 
potentiometric titration or by direct potentiometry 
with an ion-selective electrode, several methods are 
available.3~‘6’* Since a number of metal ions form 
insoluble sulphides19 there is a possibility of deter- 
mining them by precipitation titration monitored 
with a sulphide-selective indicator electrode. How- 
ever, most of these metal ions form hydroxo- 
complexes or hydroxides in the alkaline solutions 
which are normally considered best when the sul- 
phide electrode is used. A glass electrode-sulphide 
electrode measuring cell working in acidic solution 
can overcome this problem. 

Acidified silver nitrate solutions were titrated with 
sodium sulphide (Fig. 3) and with potassium 
hydrogen sulphide solutions (Fig. 4). There 
is practically no pH change until the end-point 
of the precipitation reaction (2Ag+ + S2-eAgzS) 
in the case of sodium sulphide as titrant, but 
the acid concentration increases throughout 
the titration with potassium hydrogen sulphide 
(2 Ag+ + HSeAg,S+ H+). When the precip- 
itation is complete, there is a pH increase due to 
hydrolysis of S2- (S2- + H,OeHS- + OH-) or 
HS- (HS + H,OeH,S + OH-). To keep the pH 
below 5 until about 100% excess of titrant has been 

&_J I', 2 
I I I I 

7 6 5 4 3 2 

pc H,Sl 

Fig. 2. E.m.f. values between glass and sulphide-selective electrodes us. p[H,S) in 0.5M KNO, with 
(1) O.OlM acetic acid, (2) O.OlM ascorbic acid, (3) O.OlM acetic acid + O.OSM DmA, (4) 0.01M ascorbic 

acid + 0.05&f DCTA. 
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Fig. 3. Titrations of 20 ml of 0.0184OM AgNO, + 0.03M HN03 with Na,S titrant. 

added, nitric acid (0.03M) was added to the samples. 
Figures 3 and 4 show sharp breaks and good re- 
producibility, demonstrating the applicability of the 
measuring cell. The sulphide concentrations calcu- 
lated from the inflexion points were found to be close 
to the results of iodometric titrations6 and these 
concentrations were used for the potentiometric ti- 
trations of lead and bismuth solutions. 

To compare the titration curve recorded with a 
conventional sulphide electrode-Ag/AgCl double- 
junction reference electrode measuring cell, silver 
nitrate solutions with different excesses of nitric acid 
were titrated with sodium sulphide. Typical titration 
curves are shown in Fig. 5. In the case of titration 
curve 1, the excess of nitric acid is relatively high and 
the shape of the curve is not strongly affected by the 
pH change resulting from the excess of S2-. When 
the acid concentration was decreased (titration curves 
2 and 3), the pH increased markedly during the 
titration and the titration curves became more 
complicated. The second and third inflexion points 
at about -400 and -700 mV relate to the 
protonation reactions of S2- (2H+ + S*-sH,S 
and H,S + S2-~2HS-, respectively). (These curves 

400 

t I 

2 
2 200. 

E 
d 

-200 
0 0.2 0.4 0.6 0.8 1.0 

Vfml) 

Fig. 4. Titrations of 20 ml of 0.01905M AgNO, + 0.03M 
HNOj with KHS titrant. 

demonstrate the operation of the sulphide electrode 
as a pH-sensor). 

Lead nitrate solutions were also titrated in acidic 
solution. Typical titration curves are shown in Fig. 6. 
The starting potentials are different for the O.OlM 
lead solutions (curves l-3) because of the slightly 
different concentrations of acetic acid used, but 
the end-points are very close to each other. The 
calculated concentration of lead agrees well with the 
concentration measured by complexometric titration. 

500 

250 

0 

2 

*: 
E 
ai 

-250 

-500 

-750 

0 

V(ml) 

Fig. 5. Titration of 20 ml of 0.01905M AgNO, with Na,S. 
Measuring cell: sulphide-Ag/AgCI reference electrodes 
(connected to socket R). Approximate concentration of 
HNO,: (1) 3 x lo-*M, (2) 1 x IO-*M, and (3) 5 x lo-‘M. 
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Fig. 6. Titration of 20 ml of 0.01019M Pb(NO,), + 7 x 10-3M acetic acid with 0.5294M Na,S (l-3). 
Calculated concentration of Pb2+ IS O.O1017M, and the error is -0.2%. Titration of 210 ml of 
4.76 x 10W5M Pb(NO,), + 0.04M acetic acid with O.OlM Na,S (4). Calculated concentration of Pb2+ is 

4.84 x 10-SM, and error is + 1.7%. 

The inflexion point of the titration curve coincides 
with the end-point of the reaction Pb2+ + S2-*PbS, 
and thus the cell is suitable for end-point indi- 
cation.20*2’ 

Acceptable titration curves could also be recorded 
for very dilute solutions, as shown in Fig. 6 (curve 4, 
for a lead concentration that is l-2 orders of mag- 
nitude lower than that determinable by conventional 
titration methods). 

To demonstrate the application of this cell to the 
determination of an easily hydrolysed metal ion, 
bismuth solutions were titrated at different pH values 
(Fig. 7). The position of the inflexion point varied 
with the pH, and an increasing positive error was 
found with increasing pH. Bismuth(II1) is known to 
form very complicated multinuclear hydroxo- 
complexes,22 and the following competing reactions 

can be considered to occur during the titration: 

nBi3+.aq+mH20=Bi,(OH)~-m)+ +mH+ 

2Bi3+ + 3S2-z$Bi S 2 3 

2H+ + S2-=H,S. 

The optimum pH for the determination was found 
to be N 1, because at this pH the hydrolysis of Bi’+ 
is suppressed and the formation of Bi,S, is stoichio- 
metric. The end-point of the titration then coincides 
with the inflexion point of the titration curve. This 
low pH is optimum even though the equilibrium 
concentration of S2- in the system is decreased by 
protonation. 

Determination of bismuth in the range 
10-3-10-2M at pH N 1 was possible with a relative 
error of 1%. 

0 0.1 0.2 0.3 0.4 0.5 

V(m1) 

Fig. 7. Titration of 20 ml of O.OOSM Bi(NO,), with 0.568lM Na,S. Starting pH of the samples: (1) 0.581, 
(2) 0.972, (3) 1.295, (4) 4.374 and (5) 4.61. 
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Summary-Lithium, potassium and caesium-selective microelectrodes were prepared by coating the tips 
of preconditioned silver wires, incorporated in a flow-cell, with PVC membranes containing four different 
ionophores. A dicarboxamide, a 14-crown-4 carboxylic acid, benzo-18-crown-6 and di-(rerr-butylbe.nzo)- 
21-crown-7 ionophores were used in the electrode matrix. The first two ionophores were used in lithium 
ion-selective electrodes, the third in a potassium ion electrode and the fourth in a caesium ion electrode. 
Two different plasticizers, o-nitrophenyl octyl ether (NPOE) and o-nitrophenyl pentyl ether (NPP’E) were 
used. Enhancement of the signal and the slope of the calibration curve and improvement of the curve 
linearity were observed in all cases when NPP’E was used as plasticizer. A general trend of enhanced 
selectivity of the electrodes incorporating crown ether ionophores was also observed when NPP’E was 
the plasticizer. 

Ion-selective electrodes based on neutral carriers have 
attracted the attention of many researchers in the last 
decade. Neutral carriers have been utilized to prepare 
electrodes selective for certain metal ions, especially 
the alkali and alkaline-earth metal cations.le5 
Different neutral ionophores have been used for 
different cations.3” The electrode response and selec- 
tivity for a certain metal ion relative to another 
depend on the nature and characteristics of the 
ionophore and on the exact composition of the 
electrode matrix.4 The selectivity coefficient values 
also depend on the composition of the solution to 
which the membrane is exposed and the method of 
measurement and calculation of the selectivity 
coefficients.4*5 

It has been found that the selectivity of a certain 
ionophore for lithium ion changes with variation of 
the plasticizer and whether potassium tetrakis(p- 
chlorophenyl)borate is present.4.6 Discussion of the 
influence of the electrode composition has been 
presented.‘.‘.’ The selectivity can be significantly al- 
tered by changing the relative proportions of the 
electrode components.’ One of the major components 
of the electrode membrane is the plasticizer, which 
mainly acts as a solvent for the membrane.* Various 
plasticizers have been used in different metal ion- 
selective electrode matrices. o -Nitrophenyl octyl 

ether (NPOE), a widely used plasticizer, has been 
employed in ion-selective electrodes for hydrogen, 
sodium,’ lithium,*~‘* potassium,i3*14 calcium,’ stron- 
tium and lead ions. I5 Dipentyl phthalate (DPP) has 
been used for potassium ion-selective electrodes.‘b’* 
Dioctyl phenyl phosphate (DOPP), dioctyl 3- 
nitrophenyl phosphonate (N-DOPP),” dipentyl 
phthalate (DPP), tris-(2-ethylhexyl) phosphate 
(TEHP), dioctyl phthalate (DOP) and bis-(2- 
ethylhexyl) sebacate ‘*Jo have been used in membranes 
selective for lithium ions. o-Nitrophenyl phenyl ether 
(NPPE) has been used in membranes selective for 
lithium’* and barium ions.20 Dioctyl sebacate has 
been used with different ring-size crown ethers in 
ion-selective electrodes for sodium and potassium 
ions.*’ 

In this study, two plasticizers, o-nitrophenyl octyl 
ether (NPOE) and o-nitrophenyl pentyl ether 
(NPP’E) were used with four ionophores (l-4) to 
construct electrode membranes. A comparative study 
was made of the performance of the electrodes made 
with the two plasticizers. 

EXPERIMENTAL 

The l4crown-4 carboxylic acid (ionophore 1) was 
synthesized according to the reported procedure.= The 
ionophore N,N-dicyclohexyl-‘,N’,N’-disobutyl-cis-cyclo- 
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hexane- 1,2_dicarboxamide (ionophore 2) was supplied by 
Professor W. Simon. Ionophore 3, benzo-18-crown-6 was 
synthesized according to the reported procedure.23 Iono- 
phore 4, di-(rerr-butylbenzo)-2lIcrown-7 synthesis will be 
reported elsewhere.24 Tetrahvdrofuran (THF). obtained 
from EM Science, Cherry Hill; NJ, was used to dissolve the 
electrode matrix. Poly(viny1 chloride) (PVC) (high molecu- 
lar weight) was obtained from Fluka AG, and o-nitrophenyl 
octyl ether (NPOE) and potassium tetrakis-(p-chloro- 
phenyl)borate were from Specialty Organics, Inc., Irwin- 
dale, California. o-Nitrophenyl pentyl ether (NPP’E) was 
synthesized as described below. Caesium, rubidium, potas- 
sium, sodium, lithium, strontium, calcium, and magnesium 
chlorides were dried at 140” for 48 hr prior to the prepara- 
tion of standard solutions. Distilled demineralized water 
was used to prepare all standard solutions. 

Synthesis of o-nitrophenyl pentyi ether 

To 75.0 g (0.54 mole) of dry o-nitrophenol dissolved in 
550 ml of dry acetone, 75 g of anhydrous potassium 
carbonate and 89.8 g (0.59 mole) of I-bromopentane were 
added. The reaction mixture was refluxed for 60 hr and then 
evaporated under reduced pressure. To the residue 0.6 1. of 
water was added and the mixture was extracted with 
dichloromethane solution (3 x 200 ml). The organic layer 
was washed with 10% aqueous sodium hydroxide solution 
(3 x 350 ml) and then water (400 ml). After drying over 
anhydrous magnesium sulphate, the dichloromethane was 
evaporated under reduced pressure. Vacuum distillation of 
the residue gave 67.5 g (60%) of a yellow liquid with b.p. 
137-140”/0.5 mmHg, literature value25 b.p. 150-153”/9 
mmHg. 

Apparatus 

A flow-injection analysis system with a flow-cell incor- 
porating a series of silver wire electrodes, similar to that 
reported earlier,26 was used in this study. A set of electrode 
membranes was prepared by completely dissolving 1.4 mg 
of each ionophore, 65 mg of NPOE, 33 mg of PVC, and 
an amount of potassium tetrakis(p-chlorophenyl)borate 
equivalent to half the molar amount of the ionophore, in 
350 pl of tetrahydrofuran (THF). Another set of electrode 
matrices was similarly prepared with 65 mg of NPP’E. Three 
2-~1 portions of the matrix solution were applied to the tip 
of a preconditioned” silver wire, by means of a capillary 
pipette to give a thin membrane. After the solvent had 
evaporated, the flow channel was sealed by a plastic sheet 
with double-sided adhesive tape. The flow-cell was then 
introduced into the flow system and the electrodes were 
conditioned before use, by being left in contact with a static 
carrier-stream solution (14mM sodium chloride) overnight. 
A silver chloride electrode mounted downstream in the 
flow-cell was used as a reference electrode. 

A Beckman 3500 digital pH-meter was used to monitor 
the potentials of the electrodes. It was connected to a 
strip-chart recorder (Linear Co.) to record the FIA signals. 
Air-pressurized reference and carrier-stream reservoirs were 
used in connection with flowmeters and debubblers. 

Procedure 

A measurement procedure similar to that reported 
earlieti6 was used except that the carrier stream and the 
reference stream were both 14mM sodium chloride, and the 
Row-rates were 1 ml/min for the carrier stream and 0.2 
ml/min for the reference stream. The 14 mM sodium chlo- 
ride carrier was chosen to represent the sodium back- 
ground corresponding to injection of a ten-fold diluted 
serum sample. The sample volume was 200 pl, to eliminate 
dispersion at the middle of the sample plug, as previously 
demonstratedP 

Standard solutions of 0.2,0.5, 10,20,50, 100 and 200 mM 
lithium chloride in distilled demineralized water were injec- 
ted and the potentiometric FIA signals of each solution were 

recorded for electrodes incorporating ionophores 1 and 2, 
and used to construct calibration curves for lithium. Similar 
standard solutions of potassium chloride and caesium chlo- 
ride were used to construct calibration curves for electrodes 
containing ionophores 3 and 4, respectively. For deter- 
mination of selectivity coefficients, standard solutions of 
1OOmM caesium chloride, rubidium chloride, potassium 
chloride, sodium chloride, lithium chloride, strontium chlo- 
ride, calcium chloride and magnesium chloride were used. 

Calculation of the potentiometric selectivity coeficients 

The selectivity coefficients were calculated by two meth- 
ods.26.27 In method 1 (the separate solution method), equal 
concentrations of pure solutions of the primary and the 
interfering ions were injected separately into the carrier 
stream. The potentiometric FIA signal of each solution was 
recorded. The selectivity coefficient was calculated from the 
equation:27 

log k!$ = (1) 

where Es and EA are the FIA signals for the primary (A) and 
the interfering (B) ions, respectively, S is the slope of the 
calibration curve for the primary ion, Z, and Z, are the 
charges of the primary and the interfering ions, respectively. 
Since the sample volume is large enough to prevent dis- 
persion at the middle of the sample plug, the height of the 
FIA signal represents the signal of the pure solutions. 

In method 2,X pure solutions of the interfering ions of 
known concentrations were injected into the carrier streams 
and the potential responses were recorded. The primary ion 
concentrations corresponding to these potentials were ob- 
tained from the calibration graphs for the primary ions. The 
selectivity coefficients were then calculated according to the 
equation:26 

RESULTS AND DISCUSSION 

Calibration graphs 

Figure 1 depicts the calibration graphs for lithium, 
obtained by using electrodes made with ionophore 1 
and the two plasticizers. The use of NPP’E enhanced 
both the FIA potentiometric signal and the slope of 
the calibration plot. Figure 2 shows the correspond- 
ing lithium calibration graphs for electrodes made 
with ionophore 2 and the two plasticizers. The use of 
NPP’E again increases the slope and slightly im- 
proves the signal. Figure 3 shows the calibration 
graphs for the determination of potassium ion with 
electrodes made with ionophore 3. The linearity and 
the slope of the curve are preserved when the plas- 
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Fig. 1. Calibration graphs for lithium, with ionophore 1, 
and NPOE (a) and NPP’E (0) as plasticizers. 

ticker is changed from NPOE to NPP’E, but the 
signal is enhanced. Figure 4 depicts the calibration 
graphs for the determination of caesium ion by use 
of electrodes made with ionophore 4. It is seen that 
the use of NPP’E greatly improves the linearity, 
increases the slope and enhances the potentiometric 
FIA signal. 

It is clear from these results that the use of NPP’E 
as a plasticizer instead of NPOE improves the sensi- 
tivity of the sensors. 

160 

60 

Fig. 2. Calibration graphs for lithium, with ionophore 2, 
and NPOE (D) and NPP’E (0) as plasticizers. 

O I 2 3 

WQmM 

Fig. 3. Calibration graphs for potassium, with ionophore 3, 
and NPOE (n) and NPP’E (0) as plasticizers. 

Selectivity coeficients 

Table 1 shows the selectivity coefficients and their 
reciprocals for lithium relative to caesium, rubidium, 
potassium, sodium, strontium, calcium and mag- 
nesium with ionophores 1 and 2. The values of the 
selectivity coefficients determined by the two methods 
are reasonably similar in most instances. With iono- 
phore 1, the selectivity for lithium relative to the large 
ions (Cs, Sr, Rb) is decreased by the use of NPP’E as 
plasticizer, but increased with respect to the smaller 
ions (K, Na and Mg). This indicates an enhancement 

300 

2oc 

MV 

100 

0 

I 
I 

I- 

/ 

0. NPOE 
0). NPPE 

b 

0 

. ’ 

-1 0 2 3 

Fig. 4. Calibration graphs for caesium, with ionophore 4, 
and NPOE (m) and NPP’E (0) as plasticizers. 
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of the selectivity for the larger ions when NPP’E is 
used as plasticizer. With ionophore 2, the selectivity 
for lithium ion with respect to all other ions is poorer 
when NPP’E plasticizer is used. 

2. 

3. 

4. 
Table 2 records the selectivity coefficients and their 

reciprocals for potassium relative to caesium, rubid- 
ium, sodium, lithium, strontium, calcium and mag- 
nesium ions, with ionophore 3 in the electrode matrix 
with both plasticizers. The selectivity for potassium is 
improved by using NPP’E as the plasticizer. 

Table 3 shows the selectivity coefficients and their 
reciprocals for caesium with respect to rubidium, 
potassium, sodium, lithium, strontium, calcium and 
magnesium ions with electrodes incorporating iono- 
phore 4 and both plasticizers. The selectivity for 
caesium relative to the other metal cations studied 
(except rubidium and potassium) was enhanced by 
the use of NPP’E as plasticizer. 

5. 

6. 

I. 

8. 

9. 

IO. 

11. 

12. 

13. 

14. 

15. 

V. P. Y. Gadzekpo, G. J. Moody, J. D. R. Thomas and 
G. D. Christian. ibid.. 1986. 8. 173. 
Neutral Ionophoies for Ion-ieiective Electrodes, Fluka 
Chemical Corp., Ronkonkoma, New York. 
V. P. Y. Gadmkpo, J. M. Hungerford, A. M. Kadry, 
Y. A. Ibrahim, R. Y. Xie and G. D. Christian, Anal. 
Chem., 1986, 58, 1948. 
A. S. Attiyat, G. D. Christian, R. Y. Xie, X. Wen and 
R. A. Bartsch, ibid., in the press. 
E. Metzger, D. Ammann, E. Pretsch and W. Simon, 
Chimia, 1984, 38, 440. 
P. C. Meier, W. E. Morf, M. Laubli and W. Simon, 
Anal. Chim. Acta, 1984, 156, 1. 
A. F. Zhukov, D. Eme, D. Ammann, M. Guggi, E. 
Pretsch and W. Simon, ibid., 1981, 131, 117. 
R. Y. Xie and G. D. Christian, Anal. Chem., 1986, !I& 
1806. 

CONCLUSION 

The use of o-nitrophenyl pentyl ether (NPP’E) 
enhanced the signal, slope and linearity of the cali- 
bration graphs for all four ionophores used in the 
electrode matrices. However, the selectivity of iono- 
phore 2 (a dicarboxamide) for lithium ion was de- 
creased when NPP’E was used as plasticizer. On the 
other hand, this plasticizer generally enhanced the 
primary ion selectivity when used with crown ether 
ionophores. The combination of increased signal, 
better linearity and larger slope of the curve and 
enhanced selectivity leads to improved electrode 
performance. 
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E. Metzger, R. Dohner, W. Simon, D. J. Vonderschmitt 
and K. Gautschi. Anal. Chem.. 1987. 59. 1600. 
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Analyst, 1985, 110, 295. 
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Acta, 1982, 136, 399. 
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Summary-Simple titrimetric methods are described for the analysis of potassium hexacyanomanga- 
nate(III) and of heptapotassium p-oxo-bis(pentacyanomanganate(III)J cyanide. Mn,O(CN)f; is deter- 
mined by potentiometric titration with hexacyanoferrate(II1). Cyanide is determined in both complexes 
by back-titration with Hg(I1) and SCN-, and manganese(II1) is determined by back-titration with Fe(I1) 
and MnO;. The absorption spectra of both cyano-complexes in cyanide and in acidic solutions are also 
described, and their molar absorptivities are reported. 

Two manganese(II1) cyano-complexes are known as 
potassium salts. Potassium hexacyanomanganate(II1) 
is obtained by the action of potassium cyanide on 
manganese(II1) phosphate, according to the method 
of Lower and Fernelius,’ and heptapotassium 
p-oxo-bis[pentacyanomanganate(III)] cyanide is ob- 
tained when potassium permanganate is reduced by 
potassium cyanide under appropriate conditions.**’ 
Cyanate appears to be the oxidation product of 
cyanide in the basic medium used.4 Alternatively, 
both complexes may be prepared from the same 
solution by following the method reported by Brauer 
for obtaining potassium hexacyanomanganate(III).5,6 

Analysis of K,Mn(CN), and K,[Mn,O(CN),,]CN 
gives very similar manganese, cyanide and potassium 
contents. This may be the reason why, before being 
characterized,2*3,7,8 the binuclear compound was con- 
fused for a long time with the mononuclear one.p-‘4 
On the other hand, the preparation of the binuclear 
compound by oxidation of cyanide with per- 
manganate gives a highly impure product.* This is 
why it would be useful to have analytical methods 
accurate enough to characterize these two man- 
ganese(II1) cyano-complexes. 

Cyanide in metal cyano-complexes is usually deter- 
mined by decomposition with acid and distillation of 
HCN.‘>” When applied to manganese(II1) cyano- 
complexes, this method gives low results,‘* apparently 
because of partial oxidation of cyanide, probably to 
cyanogen, by manganese(II1) during the acidic treat- 
ment at the high temperature used since the reaction 
is relatively slow at room temperature.6 Manganese is 
generally determined by oxidation to permanganate 

*Author for correspondence. 

and titration with standard iron(I1) solution. Obvi- 
ously, this method gives the total manganese content, 
not the manganese(II1) content. 

In this paper we report simple titrimetric methods 
for determining the purity of the binuclear com- 
pound and for determining the cyanide and the 
manganese(II1) in the two manganese(II1) cyano- 
complexes. The purity of p -oxo-bis[pentacyano- 
manganate(III)] is determined by potentiometric 
titration with hexacyanoferrate(II1) standard solu- 
tion. Distillation is not necessary to determine the 
cyanide, and cyanide oxidation is avoided by prior 
reduction of the manganese(II1). Manganese(II1) is 
determined by addition of excess of iron(I1) and 
back-titration with permanganate. The absorption 
spectra of both compounds in cyanide and in acidic 
solutions, as well as their molar absorptivities, are 
also reported, as they may be useful for both charac- 
terization and quantification. 

EXPERIMENTAL 

Reagents 

K,Mn(CN), and K,[Mn,O(CN),,]CN were prepared by 
the procedure previously reported.6 Solutions of Hg(NO,),, 
H,O,, HNO, , Fe2(S04), , KSCN, Fe(NH,), (SO,), .6H,O, 
H,SO,, H,PO,, KMnO,, KCN, NaCl and K,Fe(CN), were 
prepared from analytical grade reagents. Distilled water was 
used throughout. 

Apparatus 

A Radiometer PHM 82 potentiometer with platinum and 
calomel electrodes was used for potentiometric titrations, 
and a Varian 634-S spectrophotometer with I.O-cm silica 
cells, coupled with a Radiometer REC 80 Servograph 
recorder, was used for the spectrophotometric mea- 
surements. 
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Procedures 

Titration of y-oxo-bis~entacyanomanganate(III)]. Dis- 
solve 0.1-0.2 g of sample in 50 ml of 4M sodium 
cyanide/0.5M sodium chloride solution at a temperature of 
about 15” and titrate immediately with O.OlM potassium 
hexacyanoferrate(III), using potentiometric end-point de- 
tection with a platinum indicator electrode. 

Cyanide determination. Weigh accurately 0.1 g of the 
sample and dissolve it in a few ml of distilled water. A brown 
precipitate of manganese(III) oxide will appear. Add 25 ml 
of O.OSM mercuric nitrate solution in 0.12M nitric acid, and 
then one drop of 10% hydrogen peroxide solution. Warm 
at 50-60” until the precipitate is completely dissolved. Cool 
to room temperature, add 1 ml of saturated iron(II1) 
sulphate solution and titrate with O.lM potassium thio- 
cyanate. Near the end-point, add 5 ml of 6M nitric acid and 
continue the titration to the end-point. 

Manganese(llI) determination. Weigh accurately 0.14.2 g 
of sample and add it to 25 ml of 0.03M iron(I1) solution. If 
a blue precipitate of mixed Mn-Fe cyanide compounds of 
the Prussian Blue type is formed,‘* warm slowly until the 
precipitate is redissolved. Cool, add 4-5 ml of concentrated 
phosphoric acid and titrate with 0.006M potassium per- 
manganate. Iodometric titration can be used as an alterna- 
tive for determining the manganese(II1) content in the 
binuclear complex, but not in the mononuclear one. 

Other determinations. The total manganese content can be 
determined by oxidation to permanganate, addition of 
excess of iron(I1) and back-titration with permanganate. 
Potassium can be determined gravimetrically as potassium 
tetraphenylborate. 

RESULTS AND DISCUSSION 

Titrimetric determination of p-oxo-bis~entacyano- 

manganate(III)] 

The binuclear complex is readily oxidized by hexa- 
cyanoferrate(II1) in cyanide medium. A stoichiomet- 
ric ratio close to 2: 1 Mn(III):Fe(III) has been 
reported for this reaction.’ The anodic oxidation of 
Mn,O(CN)f; at a platinum electrode in cyanide 
solution gives two one-electron reversible waves 
which are due to the following electrode reactions:* 

Mn(III)~Mn(III)-+Mn(III)~Mn(IV) + e- 

Mn(III)~Mn(IV)+Mn(IV)~Mn(IV) + e- 

The half-wave potentials are about 0.03 and 0.60 V 
us. SCE respectively. From these values and from 
the standard potential of the Fe(CN)i-/Fe(CN):- 
couple, it can easily be deduced that, thermo- 
dynamically, the Mn(II1) binuclear cyano-complex 
may be oxidized by hexacyanoferrate(II1) only to 
the Mn(II1). Mn(IV) mixed oxidation state complex, 
according to the equation 

Mn,O(CN)f; + Fe(CN)i- 

-+Mn,O(CN):; + Fe(CN)4,- 

but the further oxidation to the Mn(IV).Mn(IV) 
complex is not possible. Since both systems are 
reversible, equilibrium potentials during the course of 
the reaction may easily be measured with the plati- 
num indicator electrode, and the end-point may be 
conveniently located by potentiometry. 

Two parallel reactions may act as sources of inter- 

ference. On the one hand, the manganese(II1) bi- 
nuclear complex is unstable in cyanide solution, and 
slowly decomposes into the mononuclear complex. It 
has been found that the rate of this reaction decreases 
at high cyanide concentration and at high ionic 
strength, as well as at low temperature. On the other 
hand, free cyanide ion may be oxidized by hexa- 
cyanoferrate(III), the rate of this reaction being in- 
creased when the cyanide concentration as well as the 
ionic strength increase.” These two reactions cause 
interferences which have opposite effects, and there- 
fore the experimental conditions for the titration 
must be selected so that the experimental errors are 
minimized. The results obtained by use of a 4.OM 
sodium cyanide/O.SM sodium chloride medium at 
about 15” were in good agreement with the cou- 
lometric value,” and this may be a useful rapid 
procedure for finding the purity of the binuclear 
complex. In Table 1 the results for seven different 
samples are shown. As can be seen, the compound is 
not pure, its K,[Mn,O(CN),,]CN content ranging 
between 92.5 and 97.0%. It has been detected, by 
voltammetric measurements in fresh cyanide solu- 
tions of K7[Mn20(CN),,]CN, that the amount of 
K,Mn(CN), present is close to the impurity content 
of the solid binuclear complex, so K,Mn(CN), ap- 
pears to be the principal impurity. Therefore, it can 
be expected that the analysis of impure samples for 
individual constituents does not give very significant 
differences from the theoretical values, in view of the 
very similar elemental composition of the two man- 
ganese(I11) cyano-complexes. 

Analysis o$ the manganese(III) cyano-complexes 

The proposed procedure for cyanide determination 
is based on addition of an excess of mercury(I1) and 
back-titration with thiocyanate.2’ Decomposition of 
the Mn(II1) cyano-complexes starts when the sample 
is dissolved in water, and proceeds rapidly with 
precipitation of manganese(II1) oxide, while cyanide 
remains mostly in solution. The addition of mer- 
cury(I1) completes the decomposition by complex- 
ation with the cyanide. Finally, Mn(II1) is reduced in 
acidic medium with hydrogen peroxide to avoid both 
its oxidation of cyanide, and the presence of a 
precipitate, because manganese(I1) remains in 

Table 1. Determination of the 
K,[Mn,O(CN),,]CN content in 
samples of the binuclear complex 
(each result is the average of 3 

determinations) 

Sample K,[Mn,O(CN),,]CN, % 

1 96.3 k 0.2 
2 92.5 k 0.2 
3 95.8 f 0.2 
4 96.1 k 0.2 
5 96.3 + 0.3 
6 93.8 + 0.3 
I 97.0 + 0.2 
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Table 2. Determination of cyanide and manganese in manganese(III) cyano-complexes (each result is 
the average of 336 determinations) 

CN-, % Mn(III), % Total Mn, % 

Complex 

K, Mn(CN), 

WM~20(CNh,ICN 

Calc. Found Calc. Found Calc. Found 

47.54 47.10 f 0.03 16.73 16.76 f 0.01 16.73 16.70 f 0.01 
41.74* 
41.95t 40.54 f 0.13 

16.02* 16.02* 
16.05t 15.98 f O.Ol$ 16.05t 15.94 f 0.03 

*Calculated for a pure sample. 
Walculated for a sample with 96.3% K,[Mn,O(CN),,]CN and 3.7% K,Mn(CN),. 
§Iodometric value: 15.99 k 0.01 (3 determinations). 

solution in acidic medium. In this way, the separation 
of HCN by distillation is made unnecessary and the 
procedure is simpler. The results obtained (Table 2) 
indicate that the method gives good reproducibility, 
and is more accurate for analysis of Kj Mn(CN), than 
of K, [Mn,O(CN),,]CN. Presumably, the oxidation of 
cyanide by manganese(II1) cannot be completely 
avoided in the decomposition of the binuclear 
complex. 

The results for determination of manganese(II1) 
in pure K,Mn(CN), and in the 96.3% pure 
K,[Mn,O(CN),,]CN (sample 1 in Table 1) by the 
back-titration method are given in Table 2, and are 
in good agreement with those obtained in the 
determination of total manganese. Furthermore, 
iodometric determination gave practically the same 
manganese(II1) content in the K,[Mn20(CN),,]CN. 
However, when iodometry was applied to 
K, Mn(CN), significantly high results were obtained, 
which seems to indicate that iodide then undergoes 
aerial oxidation, probably by an induced reaction. 

Gravimetric determination of potassium as the 
tetraphenylborate gives precise and accurate results: 
35.69 f 0.08% for K3Mn(CN), (talc. 35.72%) and 
39.81 f 0.04% for K[Mn,O(CN),,]CN (talc. 
39.8 1%). 

Absorption spectra 

The absorption spectra of cyanide and acid solu- 
tions of the two manganese(II1) cyano-complexes are 
summarized in Table 3. When K,Mn(CN), is dis- 

solved in acidic medium, the spectrum obtained in the 
fresh solution is similar to that obtained in cyanide 
medium but rapidly changes owing to the formation 
of Mn(CN)i- and of Mn(H,O):+ by disproportion- 
ation of Mn(CN)i-. This reaction is rapid,6 
and therefore the spectrum described in Table 3 
actually corresponds to the Mn(CN):- complex. 
K,[Mn,O(CN),,]CN is unstable in both cyanide and 
acidic solutions. Nevertheless, the decomposition in 
acidic medium is very slow, and the decomposition 
rate in cyanide medium may be made conveniently 
low by use of high cyanide concentration. The spectra 
of the binuclear complex in both cyanide and acidic 
media have been recorded under conditions giving 
slow decomposition. The differences observed be- 
tween the cyanide and acidic solutions of the bi- 
nuclear complex are probably due to the predom- 
inance of protonated species in the acid medium. In 
fact, at low acidities the absorption bands at 231 and 
373 nm decrease, the band at 462 nm increases and 
a band at 290 nm appears. Three isosbestic points at 
235, 320 and 410 nm are produced in this spectral 
change. A value of about 0.1 may be estimated for the 
acid dissociation constant, although no attempt has 
been made to calculate a more precise value, because 
the experimental data have been obtained in only a 
narrow acidity range (between 0.05 and l.OM sul- 
phuric-acid), as the complex is hydrolysed at lower 
acidities. In view of ‘the rather high acidity constant, 
it may be assumed that the proton is linked to one of 
the co-ordinated cyanide ions. 

Table 3. Spectral characteristics of hexacyanomanganate(II1) 
and p-oxo-bis[pentacyanomanganate(III)]. K,Mn(CN),: 0.27M 
NaCN (cyanide solution); 0.05M H,SO, (acidic solution). 
K,[Mn,O(CN),,lCN: l.OM NaCNI4.0M NaCl (cvanide solution): . _ ..“_ 

I.OM H,SO, (acidic solution) . _ 

Cyanide solution Acidic solution 

Complex 

K3 Mn(CN), 324 2.99 x lo3 387 2.03 x 10) 
268 1.63 x 10) 292 3.78 x IO’ 
238 3.86 x 10) 244 8.6 x 103 

K,[Mn,O(CN),,]CN 500 1.59 x 103 462 1.72 x 10) 
370 3.93 x lo” 373 1.32 x 104 
235 1.09 x IO’ 231 1.83 x 104 

The spectrum described for the acidic solution of K,Mn(CN), corre- 
sponds in fact to that of an Mn(IV) cyano-complex (see text). 
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Summary-A new procedure for determination of ammonium ion in sea-water by means of capillary 
isotachophoresis and a gas-liquid separator with a tubular microporous polytetrafluoroethylene 
membrane for preliminary enrichment has been developed. Ammonia generated by adding sodium 
hydroxide solution to the sea-water samples is allowed to permeate through the membrane and then 
dissolve in sulphuric acid. A linear calibration graph has been obtained with artificial sea-water samples 
containing up to 3OOyg/l. ammonium ion. The method has been applied to the determination of 
ammonium ion in surface and bottom sea-water samples. 

It is important to determine the concentration of 
ammonium ion in sea-water, because the ion is 
closely related to marine-life production.’ The indo- 
phenol blue method*-’ is widely applied for the 
purpose, but is complex and time-consuming and 
subject to several interferences. 

Recently, separation with a gas-permeable mem- 
brane has been applied to the determination of 
volatile substances in water samples, and also to the 
determination of ammonium ion in river and lake- 
waters,*-lo blood and urine,“~‘* and condensed 
steam and boiler feed-water,13 but has been little 
applied to the determination of ammonium ion in 
sea-water.r4,r5 There is no report of the analysis of 
sea-water by capillary isotachophoresis with use of a 
gas-permeable membrane for prior separation. 

We have already described the isotachophoretic 
determination of sulphide,r6 total carbon dioxide” 
and bromide’* in sea-water after preliminary enrich- 
ment by use of a gas-liquid separator with a tubular 
microporous polytetrafluoroethylene (PTFE) mem- 
brane, and now report extension of the technique to 
the determination of ammonium ion in sea-water. 

EXPERIMENTAL 

Apparatus 
A Shimadzu IP-2A isotachophoretic analyser was used, 

with a potential gradient detector. The main column was a 
fluorinated ethylene-propylene (FEP) copolymer tube, 15 
cm long, 0.5 mm inner diameter; the precolumn was a PTFE 
tube, 30 cm long, 1.0 mm inner diameter. A Hamilton 
1725-N microsyringe was used for the injection of samples. 
Two kinds of gas-liquid separator were used. One was the 
double-tube structure used in our previous studies;‘“‘8 it 
consisted of an inner microporous PTFE tube (20 cm long, 
2.0 mm i.d., 2.8 mm o.d.) and an outer glass tube (3.5 mm 
i.d., 6.0 mm o.d.). The second was similar, but had an inner 

microporous PTFE tube (100 cm long, 1 .O mm id., I .8 mm 
o.d.) and an outer FEP tube (2.4 mm i.d., 3.2 mm o.d.). 
Both PTFE tubes (Japan Goretex Inc.) had maximum 
pore size of 2 pm, and 50% porosity. The flow system is 
shown in Fig. 1. The gas-liquid separators, wound round a 
cylindrical PVC former, were immersed in a Tokyo- 
Rikakikai SB-35 water-bath. The sample solution (the pH 
of which was raised by addition of sodium hydroxide 
solution) was circulated through the outer tube; sulphuric 
acid was circulated through the inner PTFE tube by means 
of an Atto SJ-1220 peristaltic pump. The temperature, pH, 
salinity and dissolved oxygen (DO) content of sea-water 
were measured as already described.i6’* Sea-water samples 
were filtered through a 0.45~pm membrane and stored in 
polyethylene bottles inside a refrigerator as soon as possible 
after the sample was collected.‘* 

Reagents 

All solutions were prepared from analytical reagent grade 
chemicals. 18-Crown-6 was obtained from the Aldrich 
Chemical Co. Standard solutions of ammonium ion were 
prepared by dissolving ammonium chloride in water from a 
Yamato-Kagaku WA-22 automatic still and a Nihon 
Millipore-Kogyo Milli QII system. The preparation of the 
artificial sea-water was based on a Japanese Standard.” 

Procedure 

Sea-water samples were analysed by the following pro- 
cedure as soon as possible after collection. Add 0.5 ml of 5M 
sodium hydroxide to 45 ml of sea-water sample to convert 
ammonium ion into ammonia. Centrifuge the suspension at 
3000 rpm for 5 min to remove the magnesium hydroxide 
precipitate. With the water-bath temperature set at 60”, 
circulate 40 ml of the supematant solution through the outer 
FEP tube and 2.0 ml of 2.0 x 10m4M sulphuric acid through 
the inner PTFE tube, both at a flow-rate of 6 ml/min, for 
20 min. Ammonia permeates through the wall of the inner 
PTFE tube and dissolves in the suIphuric acid. Pump out 
the sulnhuric acid and iniect 150 ~1 of it into the iso- 
tachophoretic analyser. Maintain the migration current at 
200 PA for the first 16 min and then reduce it to 50 PA. As 
leading electrolyte use 5mM hydrochloric acid/2mM 
18-crown-6/0.01% Triton X-100, and as terminating 
electrolyte 1OmM lithium chloride/O.Ol% Triton X-100. 
Prepare a calibration graph by applying the method to 
synthetic standards. 
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Peristaltic pump 
- 

Gas-liquid sepoxhx 
\ 

Water-bath $ r$cehrlaride Sample 
r 230” 

Fig. 1. Schematic diagram of flow system. 

0 

Flow-rate, ml/ min 

Fig. 3. Effect of the flow-rate of sample solution. 

RESULTS AND DISCUSSION 

Electrolyte system 

It was necessary to select an electrolyte system by 
which the ammonium ion could be isotachophor- 
etically separated from the potassium ion present as 
an. impurity in the reagents. We have already 
described” how the isotachophoretic separation of low 
concentrations of these ions can be achieved with a 
leading electrolyte containing l-3 mM I&crownd, 
with linear response for ammonium ion up to 1 .O mg/l.. 

Gas-liquid separator 

Artificial sea-water samples containing 100 pug/l. 
ammonium ion were analysed by use of both the 
gas-liquid separators described above. The recovery 
of ammonium ion was 20% when the older (glass) 
type was used and 69% with the modified (FEP) 
type, i.e., the increase in the surface area of the inner 
PTFE tube resulted in a corresponding increase in the 
recovery factor. The modified gas-liquid separator 
was, therefore, used in all subsequent experiments. 

Volume of sodium hydroxide solution 

The zone length for ammonium ion in the iso- 
tachopherograms was almost constant irrespective of 
the volume of 5M sodium hydroxide added (over the 

0' I 1 I I I 

0.5 1.0 1.5 20 2.5 3.0 

HzSO,, 1 O-L M 

Fig. 2. Effect of sulphuric acid concentration. 

range 0.3-0.7 ml). During the circulation, magnesium 
hydroxide precipitated when the volume of alkali 
added was below the range above, because significant 
amounts of the magnesium ion remained in solution, 
and calcium carbonate precipitated when volumes 
>0.7 ml were used. Therefore, 0.5 ml of 5M sodium 
hydroxide was selected as the volume to be added to 
the 45 ml of sample solution. 

Concentration of sulphuric acid 

The concentration of the sulphuric acid was varied 
in the range 0.5-3.0 x 10m4M. The zone length for 
ammonium ion increased with the sulphuric acid 
concentration, but only slightly when this was 
> 1.0 x 10w4M, as shown in Fig. 2. The iso- 
tachophoretic measurement took longer when the 
sulphuric acid concentration was higher than 
2.5 x 10m4M, because of the excess of hydrogen 
ion in the treated solution. Therefore, 2.0 x 10m4M 
was adopted as the optimum sulphuric acid 
concentr+Qion. 

Flow-rate of sample circulation 

The flow-rate of sample solution was varied in the 
range 2-10 ml/min. The zone length for ammonium 

lj--_-- 
10 15 20 25 30 

Circulation time, min 

Fig. 4. Effect of circulation time. 
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‘fL---- 
30 LO 50 60 70 

Temperature of water-bath, ‘C 

Fig. 5. Effecct of temperature. 

ion increased with flow-rate up to 4 ml/min, but then 
almost levelled off, as shown in Fig. 3. At higher 
flow-rate, sample solution as well as ammonia is 
liable to permeate through the wall of the inner PTFE 
tube, so 6 ml/min was adopted as the optimum 
flow-rate for sample circulation. 

Duration of sample circulation 

The circulation time was varied in the range 10-30 
min. The zone length for ammonium ion increased 
with circulation time, but not linearly, as shown in 
Fig. 4. To shorten the analysis time, 20 min was 
adopted as the circulation time. 

Eflect of temperature 

The temperature of the water-bath was varied in 
the range 30-70”. The zone length for ammonium ion 
increased linearly with temperature up to 60”, as 
shown in Fig. 5, because of decreased solubility of 
ammonia in the alkaline solution.*’ Although the 
recovery of ammonia was greater when a temperature 
of 70” was used, 60” was preferred because tem- 
perature control was easier. 

Calibration graph 

A linear calibration graph was obtained for 12 
artificial sea-water samples containing 25-300 pg/l. 
ammonium ion. The regression equation was 

y = 0.395x - 0.8 (correlation coefficient 1 .OOO) where 
x is the ammonium concentration in pg/l. and y the 
zone length in mm. The performance was estimated 
from the variation in zone length per 1.0 pg/I., 
calculated for each point on the calibration graph. 
The standard deviation was found to be 0.033 mm 
(n = 12). The lower determination limit for ammo- 
nium ion was calculated by substituting 0.1 mm for 
y in the regression equation, and was taken as 0.25 
pg/l. The recovery of ammonium ion, at 67 f 3%, 
was less than complete, but this does not matter in 
practice, because the recovery is almost constant in 
the range O-300 pg/l. It may, however, be increased 
by use of a longer microporous PTFE tube. 

In addition, a similar calibration was obtained for 
sea-water samples appropriately diluted with artificial 
sea-water. The regression equation of this graph was 
y = 0.379x + 0.6 (correlation coefficient 0.999). 

Analysis of sea -water samples 

The proposed method was applied to the deter- 
mination of ammonium ion in surface and bottom 
sea-water samples collected around the coastal area 
of Osaka Bay between Port of Amagasaki and Rokko 
Island on 6 February 1988. The concentrations of 
ammonium ion in these samples were so high that 

I I I I 

22 23 2L 25 

Time, min 

Fig. 6. Isotachopherogram of sea-water sample treated by 
the proposed method. Q, NH: ; b, K+ ; c, Ca*+ ; d, Na+ 

Table 1. Results for ammonium ion in sea-water 

Sampling site 
Depth, Temp., Salinity, DO, NH: found, 

M “C pH %o mgll. /xgll. 

Port of Amagasaki 0 10.5 7.50 15.1 7.11 3750 
Port of Amagasaki 5.0 10.7 7.64 24.0 7.00 1740 
Mouth of Muko river 0 9.5 7.79 26.0 10.05 1060 
Mouth of Muko river 3.0 9.2 7.85 26.5 9.09 1060 
Nishinomiya harbour 0 10.1 7.78 25.6 8.85 1200 
Nishionmiya harbour 1.5 9.6 7.83 26.6 8.25 987 
Pond at KUMM 0 9.3 7.82 22.6 9.89 4580 
Pond at KUMM 5.0 9.2 7.80 26. I 7.89 1040 
Rokko Island 0 9.2 8.01 27.6 10.77 1010 
Rokko Island 5.5 9.1 8.08 27.9 9.80 970 

Sampling date: 6 February 1988; KUMM = Kobe University of Mercantile Marine. 
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they were diluted with artificial sea-water before 3. J. D. H. Strickland and T. R. Parsons, A Practical 
analysis. An isotachonheroaram of surface sea-water Handbook ofSeowarer Analysis, 2nd Ed., p. 87. Fisheries 

from the mouth of-the Muko river is shown in Research Board of Canada, Ottawa, 1972. 

Fig. 6. The concentrations of ammonium ion listed in 
4. F. Koroleff, in Merhoats of Seawarer Analysis, 2nd Ed., 

K. Grasshoff, M. Ehrhardt and K. Kremlinn feds.). n. 
Table 1 were calculated by use of the calibration 
graph prepared with artificial sea-water samples. 
From these results, it was found that eutrophication 
was progressing rapidly in these sea-areas. 

Tanaka et aL9 found that methylamine interfered 
positively with the determination of ammonium ion 
by the automated measuring apparatus with a gas- 
permeable membrane. In the proposed method, this 
interference can be eliminated because methyl- 
ammonium, dimethylammonium and trimethyl- 
ammonium ions are separated from the ammonium 
ion by isotachophoresis with the electrolyte system 
described above.** 

For the determination of ammonium ion in sea- 
water, the proposed method is simple, has a high 
sensitivity and precision and no interferences. 
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SPECTROPHOTOMETRIC DETERMINATION OF BISMUTH 
AND EDTA BY MEANS OF THE REACTION OF BISMUTH 
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OF SEPTONEX 
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Summary-The reaction of bismuth(III) with F’yrocatechol Violet in the presence of the cationic surfactant 
Septonex was studied and the optimal conditions for its analytical use were found (A = 612 nm, pH = 3.1, 
I+” = 4 x lO_SM, C&r, = 5 x 10e4M). The Lambert-Beer law is obeyed over the bismuth range 
0.1-7.5 pg/ml. Decomposition of the Bi-PV-Septonex complex was utilized for indirect determination of 
ethylenediaminetetra-acetic acid at concentrations of 0.3-7.4 pg/ml. 

Pyrocatechol Violet (PV) is one of the most common 
metallochromic indicators’ and has often been used 
as a spectrophotometric reagent. Its reaction with 
bismuth2 was studied soon after it had been intro- 
duced in analytical practice and a method for spectro- 
photometric determination of bismuth was developed 
later.’ This method has been modified by use of 
diphenylguanidine in the procedure! Methods of 
spectrophotometric determination of bismuth have 
been reviewed.j 

The present paper deals with the effect of the 
cationic surfactant carbethoxypentadecyltrimethyl- 
ammonium bromide (Septonex) on the reaction of 
bismuth with Pyrocatechol Violet. The results 
obtained have been used in the development of a 
spectrophotometric method for the determination of 
bismuth, with reasonably high sensitivity. It has 
further been found that the complex of bismuth with 
Pyrocatechol Violet and Septonex is decomposed by 
ethylenediaminetetra-acetic acid, EDTA, similarly 
to the Bi(IIIkPV binary comp1ex;6 on this basis, a 
highly sensitive, indirect method has been developed 
for the determination of EDTA. 

EXPERIMENTAL 

Apparatus 

A Pye-Unicam SP 800 spectrophotometer with 1.00~cm 
path-length silica cuvettes, and a Radiometer pHM 64 
pH-meter with GK 24OlB combined electrode were used. 

Reagents 

A O.OlM stock solution of bismuth was prepared by 
dissolving 2.090 g of the 99.999% pure metal in nitric acid 
and diluting with redistilled water to 1000 ml. A 3 x lo-‘M 
workina solution was obtained bv diluting the stock solu- 
tion with redistilled water. _ - 

A 1 x lo-‘A4 stock solution of Pvrocatechol Violet (PV) 
was prepared by dissolving 0.108-l g of the substance; 
purified by recrystallization from ethanol, in 250 ml of 
redistilled water. 

A 5 x lo-)A4 stock solution of Septonex was prepared by 
dissolving 0.5281 g of the substance in 250 ml of distilled 
water. 

A 5 x 10W2M stock solution of EDTA was prepared by 
dissolving 18.61 g of the free acid in water and diluting to 
1000 ml, and standardized by titration of copper. 

The pH was adjusted with a solution prepared by mixing 
50 ml each of 0. 1M sodium acetate and 0. 1M nitric acid and 
diluting to 250 ml with distilled water. 

Analytical grade reagents were used whenever possible. 

Procedures 

Determination of bismuth. The sample solution, contain- 
ing not more than 200 pg of bismuth, is placed in a 25-ml 
standard flask, two drops of 1% Pentamethoxyl Red solu- 
tion are added and 0.5M sodium acetate is added until the 
indicator becomes colourless. Then 5 ml of the sodium 
acetate-nitric acid mixture are added, followed by 3.5 ml of 
a mixture of Pyrocatechol Violet and Septonex (prepared by 
mixing 1 part of 1 x lo-‘M PV and 2.5 parts of 5 x lo-‘M 
Septonex). The solution is made up to the mark with 
distilled water and after 5 min the absorbance is measured 
at 612 nm against a reagent blank. 

Determination of EDTA. A 2.5-ml volume of 3 x 10m4M 
bismuth and 5 ml of the mixture of sodium acetate and nitric 
acid are placed in a 25-ml standard flask, Pentamethoxyl 
Red solution is added, the pH is adjusted by addition of 
0.5M sodium acetate until the colour is discharged, then 
3.5 ml of the mixture of Pyrocatechol Violet and Septonex 
are added. After 5 min (allowed for formation of the 
Bi(III)-PV-Septonex complex), the test solution, containing 
a maximum of 170 pg of EDTA, is added, the mixture is 
diluted to 25 ml and the absorbance at 612 nm is measured 
immediately against a similarly prepared blank. 

RESULTS AND DISCUSSION 

Bismuth &termination 

The absorption spectra of Pyrocatechol Violet and 
its binary complex with bismuth are given in Fig. 1; 
A,,,,, = 440 and 450 nm respectively. The spectrum of 
the complex has a plateau at 550-580 nm. The spectra 
of the same solutions in the presence of Septonex are 
shown as curve 1’: Q.,,, = 440 nm) and curve 2’: 
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Fig. 1. Absorption curves: (1) PV, (2) Bi(IIIkPV, (3) the difference curve (2 - I), (1’) PV-Scptonex, 
(2’) Bi(IIItPV-Septonex, (3’) difference curve (2’ - 1’); Cafe,,,) = 3 x 10e5M, cry = 4 x 10m5M, 

c sc,,=5x10-4M,pH=3.1. 

(A,,, = 612 nm). The cationic surfactant thus pro- 
duces a maximum in the spectrum of the complex, at 
612 nm, and a large hyperchromic shift; the molar 
absorptivity calculated for A,,,,, of the corresponding 
difference curves (3 and 3’) increases from 
c5*,,= 1.13 x IO4 l.mole-‘.cm-’ for the binary 
complex to t6,* = 3.36 x 1041.mole~i.cn-i for the 
ternary system containing Septonex. 

Maximal and constant absorbance of the complei 
in the presence of Septonex is attained in the pH 
range 2.8-3.9. The colour is fully developed within 
5 min, and is stable for 24 hr, whereas the colour in 
the absence of Septonex is stable for only 15 min. The 
complex formation is not affected by changes in 
temperature. For complete complex formation, a 
Pyrocatechol Violet concentration greater than 
3.5 x lo-‘M is required for a bismuth concentration 
of 3 x 10w5M; a PV concentration of 4 x lo-‘M 

is recommended. Under these conditions, maximal 
colour is attained with a Septonex concentration of 
5 x 10m4M. It has been found that the best 
reproducibility of measurement is obtained if the time 
interval between the additions of PV and Septonex is 
as small as possible, so it is best to add a mixture of 
the two reagents in the appropriate ratio. 

Composition of the complex. It was found by the 
Job method and the molar ratio method, that the 
stoichiometric ratio of Bi(II1) and PV in the complex 
is 1:l; in these tests the Septonex concentration was 
maintained constant at 5 x 10e4M. 

Calibration and interferences. Under the optimal 
conditions found (1 =612 nm, pH = 3.1, 
cpv =4 x lo-‘M, csep, = 5 x 10m4M), the calibration 
graph was linear from 0.1 to 7.5 pg of Bi(II1) per ml. 
The relative standard deviation was 1% for 5.0 pg/ml 
Bi(II1) (7 parallel determinations). 

Na+, K+, Mg*+, Ca2+, Sr2+, Ba2+, NO,, SOi- and 

CHJOO- do not interfere up to a w/w ratio to Bi3+ 
of 5000. The tolerance ratios for other ions are 
NH: 3000, Zn2+ 1000, Cd2+, Pb2+, Mn2+ 300, Ni2+, 
Cr2+, Cu2+, Al)+ 100, and Fe2+ 50. Ions that form 
complexes with Pyrocatechol Violet under the given 
conditions will interfere; these are Sb3+, Sn4+, Fe’+, 
Z#+, Ti4+, Th4+, MOOS-, We4-. 

Determination of EDTA 

Addition of EDTA to the Bi(III)-PV-Septonex 
ternary system leads to a decrease in the absorbance 
at 612 nm, as the Bi(II1) complex with EDTA is more 
stable than that with PV. This decrease is a linear 
function of the EDTA concentration and can be used 
for the determination of EDTA. 

The optimal conditions for the reaction @H, cpv, 
csep,) are the same as above. The colour is decreased 
immediately on addition of EDTA and the residual 
absorbance is stable for more than 24 hr. 

Calibration and interferences. The calibration 
graph, constructed with cr,icIlj = 3 x 10A5M, cpv= 
4 x lo-‘M, csep, = 5 x 10m4M, pH = 3.1, is linear 
from 0.3 to 7.4pg/ml EDTA. The relative standard 
deviation, obtained for 7 parallel determinations, is 
1.6% for 6.0 pg/ml EDTA. 

The interferences are the same as those in the 
determination of Bi(II1) with PV and Septonex. 
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Summary--The use of adsorptive stripping voltammetry to measure sub-micromolar concentrations of 
methotrexate in plasma has been investigated. A simple clean-up procedure has been developed in which 
methotrexate is extracted from blood plasma with Amberhte XAD-2, which is a non-ionic resin, and eluted 
with methanol. Recovery for plasma analysis was 80%. 

Methotrexate (4-amino-N10-methylpteroyl glutamic 
acid MTX) is one of the most widely used anti-cancer 
drugs. High-dose MTX therapy has been effectively 
employed in chemotherapy for a variety of neo- 
plasms. The clinical usefulness of MTX is, however, 
limited because of its marked toxicity. It has been 
shown that MTX toxicity increases in some patients 
if its elimination is delayed and that the routine 
monitoring of MTX levels in blood plasma may allow 
early detection of patients at high risk.’ It is, there- 
fore, important to have a reliable method for deter- 
mining the amount of MTX in plasma. There are 
several methods for measuring the drug concen- 
tration in plasma: fluorimetry,2 radioassay, radio- 
immunoassay and enzyme inhibition assay,’ and 
HPLC.4s5 

The electrochemical behaviour of MTX has been 
studied 6 and an adsorptive stripping voltammetric 
method developed’ for its determination down to 
2 x 10-9M. The purpose of the present study was 
to examine the applicability of adsorptive stripping 
voltammetry to the assay of the drug in plasma, 
where pretreatment is required. The work described 
here shows that a non-ionic resin can be used to 
separate MTX in aqueous solution. Some minor 
changes to the adsorptive stripping voltammetry pro- 
cedure itself are also proposed. 

EXPERIMENTAL 

Apparatus 

A PAR 174A voltammetric analyser with a PAR 303A 
static mercury drop electrode was used. Other equipment 
was as previously described.’ The sample cell (PAR model 
0057) was fitted with a saturated calomel reference electrode 
and a platinum wire auxiliary electrode. The hanging 
mercury drop mode was used throughout. Instrumental 
parameters were as follows: drop size, “large;” potential 
scan-rate 5 mV/sec; pulse amplitude 50 mV; pulse repetition 
0.5 set; equilibrium time I5 sec. A magnetic stirrer and a 

*This work was presented at the International Symposium 
on Pharmaceutical and Biomedical Analysis, Barcelona, 
23-25 September 1987. 

tTo whom correspondence should be addressed. 

Teflon-coated stirrer bar provided the mixing during the 
accumulation step. 

Reagents 

A stock solution of MTX (1000 mg/l.) was prepared by 
dissolving the drug in 0.1M sodium hydroxide. Dilute 
solutions of MTX were prepared daily. The supporting 
electrolyte was B&ton-Robinson (BR) pH-4.5 buffer. 

Plasma samples 

Plasma samples were obtained from patients undergoing 
high-dose MTX therapy in the Pediatric Oncology De- 
partment of the Faculty of Medicine, Hacettepe University. 
MTX was extracted from the plasma by use of Amberlite 
XAD-2 non-ionic resin. 

Extraction procedure 

Amberlite XAD-2 (2.1 ng) was placed in a plastic tube 
and washed with 5 ml of 0.2M sodium hydroxide. After 
introduction of 1 ml of plasma into this column, it was 
washed in succession with 5 ml of pH-6.5 phosphate buffer. 
3 ml of chloroform, 3 ml of diethyl ether and again with 5 
ml of pH-6.5 phosphate buffer. MTX was eluted from the 
column with 3 ml of methanol in 0.5-ml portions. Applica- 
tion of suction to the column speeded up the extraction. The 
methanohc extract was evaporated at 60” and the residue 
was dissolved in I ml of water. Portions (0.1 ml) of this 
solution were analysed in the electrochemical cell. 

Stripping procedure 

BR buffer solution (5 ml) was used as the supporting 
electrolyte and was deaerated by passage of nitrogen for 8 
min. The preconcentration potential (-0.54 V vs. SCE) was 
applied to the HMDE for a known time (1-3 min) while the 
solution was stirred at a reproducible rate. Stirring was then 
stopped and after a 15-set rest period the voltamperogram 
was recorded, with application of a negative-going 
differential pulse scan. First a background voltamperogram 
was recorded, then further voltamperograms for addition of 
a IO+1 portion of the plasma extract, and subsequent 
successive IOO-~1 additions of l-kg/ml standard MTX solu- 
tion, the adsorptive stripping cycle being repeated with a 
new drop for each addition. All data were obtained at room 
temperature (20.0 f 0. I “). 

RESULTS AND DISCUSSION 

There has been increasing interest in the electro- 
analytical determination of anti-cancer drugs in re- 
cent years,‘,“’ including the use of adsorptive strip- 
ping voltammetry.7~12~13 MTX has been studied by 
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Fig. 1. Adsorptive stripping voltamperograms of MTX 
extracted from plasma samples. (A) supporting electrolyte, 
(B) plasma sample, (C)-(G) 100~~1 additions of 1 mg/l. 

MTX. 

cyclic voltammetry6 and adsorptive stripping 
voltammetry’ and shown to exhibit three cathodic 
peaks in the low-neutral pH range. The adsorption 
of MTX on mercury can be used as a precon- 
centration step prior to voltammetric determination 
and the resulting adsorptive stripping procedure 
offers a convenient means of analysing for sub- 
micromolar and nanomolar levels of the drug. 

Because of the high sensitivity of this method, the 
possibility of applying the adsorptive stripping pro- 
cedure for the determination of MTX in plasma was 
tested. A linear calibration plot has been reported’ 
for 2.5 x 10-9-l.25 x lo-‘M MTX in 0.05M phos- 
phate buffer at pH 2.5. By using a large drop size, a 
different electrolyte (pH-4.5 BR buffer) and a 
different preconcentration potential (- 0.54 V), we 
have extended the linear calibration plot to cover the 
range from 8.8 x lo-lo to 1.0 x 10e6M (using 3 min 
adsorption at the lower levels and 1 min at the higher 
levels). A typical adsorptive stripping voltam- 
perogram of MTX at the hanging mercury drop 
electrode is shown in Fig. 1. After vohamperograms 
had been taken for the supporting electrolyte before 
and after addition of the extract, known amounts of 
MTX were added to the solution. The concentration 
of MTX in the plasma sample was calculated as being 
4.3 x 10mSM. This plasma sample belonged to a 

patient having high-dose MTX chemotherapy and 
was taken 48 hr after injection of the drug. The 
results show that there was no risk of toxicity from 
the MTX because it was below the 1 x lo-‘M level 
considered to be “safe”.14 Folic acid and citrovorum 
factor (N-formyltetrahydrofolic acid), which may be 
present in some samples, did not interfere with the 
determination of MTX in plasma, nor did other 
drugs less commonly used in conjunction with 
MTX: chlorpromazine, oxytetracycline, metachloro- 
pramidine, vincristine and dixyrazine. Metabolites of 
MTX have not been detected in man and other 
animals,15 so no interference from this source is 
expected. The procedure is, therefore, highly selective 
for MTX. 

Clinical application of the adsorptive stripping 
approach required a clean-up procedure to minimize 
the possible interferences. The plasma sample con- 
taining MTX was passed through a properly condi- 
tioned column, allowing selective retention of the 
MTX. The column was washed to remove un- 
desirable matrix components, such as proteins, salts 
and pigments, and the MTX was then selectively 
eluted from the.column. Determination was based on 
standard addition. The recovery obtained was nearly 
80%. The loss occurs during the washing of the 
XAD-2 column, and can be allowed for in calculating 
the results. The correction factor can be determined 
by adding an MTX standard to an MTX-free plasma 
sample and applying the whole procedure to it. 

In conclusion, the assay of plasma MTX reported 
here provides an effective way of monitoring MTX 
excretion and should be useful in helping to prevent 
development of renal toxicity. 

Acknowledgement-This work was supported by Hacettepe 
University Research Foundation, Grant 85-01-013-07. 
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Stunmar-A PVC membrane xanthate-selective electrode has been developed for the direct determination 
of xanthates of primary and secondary alcohols: The xanthate electrode is highly selective and exhibits 
a Nemstian response in the range 5.0 x lo-‘-7.1 x 10m5M xanthate with a slope of 58.6 mV per 
concentration decade. The electrode has a wide working pH range (5.0-l 1.5), a fast response time (less 
than 30 set) and is stable for at least two months. 

Alkyl xanthates are important analytical, agricultural 
and industrial chemicals. They are widely used as 
chelating reagents in analytical chemistry, as fungi- 
cides for soil treatment’ and as collection agents in 
the mining industry.2 Although many analytical 
methods such as titrimetry, gravimetry, polarography 
and photometry are available for the determination 
of xanthate,’ most of them are rather tedious, un- 
selective and inapplicable to low concentrations of 
xanthates. On the other hand, ion-selective electrodes 
(ISI%), which have been successfully used in direct 
potentiometric determination of many ionic organic 
specieq4 have many advantages in terms of simplicity, 
selectivity and sensitivity. An indirect ISE method 
using a Cu-salicylaldoxime electrode for end-point 
detection in the titration of xanthate with copper 
sulphate solution had been reported.5 However, di- 
rect ISE determination of xanthate has not received 
much attention.6 The aim of our study was to develop 
a general PVC membrane xanthate-selective electrode 
for the direct determination of various xanthates 
derived from primary and secondary alcohols. The 
performance and application of this electrode are 
reported. 

EXPERIMENTAL 

Apparatus 

Potentiometric measurements were made at constant tem- 
perature in the range 20-25” with an Orion digital “ion- 
analyser” (model 6OlA). A platinized platinum electrode 
(model 3401) from Yellow Spring Instrument Co. Inc. was 
used as an internal reference electrode. A saturated calomel 
electrode (SCE) from Orion (model 9006) was used as 
external reference electrode. A Sensonex combined pH 
electrode model (5200C) was used for pH measurements. 

Reagents 

High molecular-weight PVC was obtained from Aldrich 
Chemical Company. Analytical grade reagents and demin- 

eralized distilled water were used throughout. Potassium 
ethyl xanthate was recrystallized once from acetone before 
use. Other alkyl xanthates were prepared by reacting the 
corresponding potassium alkoxides with carbon disulphide.’ 

Preparation of the sensing material 

A mixture of 0.2 g of purified potassium ethyl xanthate 
in 20 ml of distilled water and 0.6 g of tetraheptylammo- 
nium bromide in 20 ml of dichloromethane was stirred 
magnetically in a lOO-ml round-bottomed flask for 1 hr. The 
organic layer was separated and the aqueous layer was 
extracted with two lo-ml portions of dichloromethane. The 
combined organic layers were dried over anhydrous mag- 
nesium sulphate. Evaporation of solvent by a rotary evapo- 
rator gave the sensor, tetraheptylammonium ethyl xanthate 
[C,H,OCSS- .N(n-C,H,,):], as a white solid. 

Fabrication of the tetraheptylammonium ethyl xanthate- 
PVC matrix membrane 

A mixture of 0.14 g of tetraheptylammonium ethyl xan- 
thate and 0.35 g of PVC powder with 0.32 g of plasticizer 
(dioctyl phthalate) was dissolved in 20 ml of tetrahydro- 
furan (THF). The solution was poured into a Petri dish 
(diameter 7.5 cm) and covered with a filter paper. After all 
the THF had evaporated, a sheet of tetraheptylammonium 
ethyl xanthate-PVC matrix membrane remained. 

Assembly of the ISE 

The electrode body was made from a screwcap adapter.* 
A circular PVC matrix membrane with a diameter of cu. 
0.8 cm was placed in the space between the plastic screwcap 
and the glass adapter. With the aid of an O-ring, the 
membrane was held tightly without leakage of the internal 
solution (Fig. 1). The electrode was filled with the internal 
solution, a O.OlM solution of potassium ethyl xanthate at 
pH 9. A platinized platinum electrode was used as the 
internal reference electrode. The electrode, filled with the 
internal solution, was conditioned (for 2 hr) and stored in 
distilled water before and after use. 

Electrode calibration 

A series of standard potassium ethyl xanthate solutions in 
the concentration range 1 x 10m5-5 x lo-‘M was obtained 
by appropriate dilution of a O.lM stock solution. Fifty ml 
of each standard solution were used for calibration after 
adjustment to pH 9 by addition of a few drops of concen- 
trated sodium hydroxide solution. With an SCE as external 
reference electrode, the experimental cell is 

807 



808 SHORT COMMUNlCATlONS 

internal 
reference 
electrode 
(Pt-Pt) 
electrode) 

internal 
reference 
solution 
O.OlM 
EtOCSSK 
at pH 9 

PVC matrix 
membrane with 
tetraheptyl- 
ammonium ethyl 
xanthate 

standard 
xanthate 
solution 
at pH 9 

saturated 
KCI 
solution 

external 
reference 
electrode 
WE) 

The two half cells, the PVC-matrix membrane electrode 
in standard xanthate solution and the external reference 
electrode in saturated potassium chloride solution were 
electrically linked by a potassium nitrate salt bridge. The 
measured potentials of the standard solutions were plotted 
as a function of the logarithm of the xanthate concentration. 

RESULTS AND DISCUSSION 

Nature and composition of the membrane 

The 1: 1 ion-pair nature of the sensor has been 
established by means of its NMR spectrum in CDC& 
Of the quatemary ammonium salts considered for the 
sensor preparation, tetraheptylammonium bromide 
emerged as the best; others considered included 
n-hexadecyltrimethylammonium bromide and Ali- 
quat S336. Addition of plasticizer in the membrane 
fabrication greatly improved the performance and the 
lifetime of the membrane. After some experi- 
mentation, the optimum amount of plasticizer to be 

L 

--- 

-Screwcap adaptor 

Intern01 reference electrode 
(P1-Pt) 

Internal reference solution 

Fig. 1. Schematic diagram of the electrode. 

used in the membrane fabrication was found to be 
40%. 

Response characteristics of the electrode 

A typical calibration graph for the tetra- 
heptylammonium ethyl xanthate-PVC membrane 
electrode, as depicted in Fig. 2, showed a Nernstian 
response in the range 5.0 x 10m2-7.1 x lo-‘M ethyl 
xanthate. The response characteristics of the elec- 
trode, obtained from nine determinations over a 
period of two months, are summarized in Table 1. 
The slope, correlation coefficient and detection limit 
all demonstrated the suitability and sensitivity of this 
membrane for the determination of ethyl xanthate. In 
addition, the response bf the electrode was sufficiently 
rapid for routine analysis. The time required for the 
electrode to reach a value within + 1 mV of the final 
equilibrium potential, was less than 30 set for succes- 
sive immersions in ethyl xanthates of different con- 
centrations. Also, the aging of the membrane was not 
a serious problem, the performance of the electrode 
in terms of linearity and Nernstian response being 
reproducible over a period of two months. 

-350 

-300 

> 
E 
‘, -2x 

.? 
E 
e 

2 -2oc 

I I I I I J 
5 4 3 2 1 

- log [xonthate] 

Fig. 2. Calibration graph for potassium ethyl xanthate at 
pH 9. 

Table 1. Response characteristics of tetraheptylammonium ethyl xanthate-PVC membrane for 
different xanthates 

cyclohexyl 
Xanthate C2 H,OCSSK C,H,,OCSSK -0CSSK 

Slope, mV/log [xanthate] 58.6* 57.1t 55.3t 57.2t 
Correlation coefficient 0.9997 0.9993 0.9993 0.9996 
Detection limit, M 7.1 x IO-5 5.8 x 1O-5 1.5 x 10-S 1.5 x 1o-5 

*Average of nine determinations at pH 9. 
tAverage of five determinations at pH 11. 



-350 

-300 

> 
E 
\ 

Ii 
-250 

E 
J? 
a” 

-200 

-150 

SHORT COhfMUNlCATlONS 

Table 2. Selectivity coefficients for tetraheptylammonium ethyl xanthate+PVC 
membrane electrode 
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Interfering 
comoound 

Concentration of Selectivity 
interfering compound, coefficient, 

M K.. 

Sodium chloride 
Potassium nitrate 
Sodium carbonate 
Sodium acetate 
Ammonium 

ovrrolidinedithiocarbamate 

2.1 x 10-j 3.3 X 10-Z 
2.0 x 10-a * 

1.8 x lo-’ l 

2.0 x IO-’ 3.6 x IO-’ 
9.6 x lo-” l 

*No interference was observed by the fixed interference method.’ 

J 1 1 1 ’ ’ ’ ’ 1 
5 6 7 8 9 10 11 12 13 

PH 

Fig. 3. Effect of pH on the potential of the tetraheptyl- 
ammonium ethyl xanthate-PVC membrane electrode at 

different xanthate concentrations. 

Effect of pH and interfering ions 

The effect of pH on the response of the electrode 
at three different concentrations of ethyl xanthate is 
shown in Fig. 3. Evidently, the electrode exhibits a 
wide pH working range. Within the pH range 
5.0-11.5, the potential difference for the solutions 
varied by less than 1 mV. In practice, the potential 
measurement is best made between pH 9 and pH 11 
(Table 1). 

To study the selectivity of the electrode, the re- 
sponse of the electrode to ethyl xanthate was exam- 
ined in the presence of some foreign organic and 
inorganic species, by the fixed interference method.’ 
The selectivity coefficients found are reported in 
Table 2. Common inorganic ions found in water, 
such as Na+, K+, NH:, CO:-, NO;, do not interfere 
with xanthate determination, and acetate and chlo- 
ride interfere only slightly. It is interesting that 

I-pyrrolidinecarbodithiocarbamate, which has a very 
similar structure to xanthate, did not interfere. 

Response characteristics of the electrode to other 
xan thates 

At the outset of this study, we considered that an 
electrode with a tetra-alkylammonium ethyl xanthate 
as the sensing material should be a general sensing 
device for xanthates derived from alcohols other than 
ethanol. To prove this supposition, the electrode 
was calibrated with standard solutions of potassium 
n-heptyl and cyclohexyl xanthates derived from 
n-heptanol and cyclohexanol respectively. Linear 
Nernstian calibration graphs resulted, with detection 
limits comparable to that for ethyl xanthate. The 
response characteristics of the tetraheptylammonium 
ethyl xanthate PVC membrane toward various xan- 
thates are summarized in Table 1, and show that 
the application of the electrode, can be extended to 
the determination of xanthates derived from other 
primary and secondary alcohols besides ethanol. 
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CONFIGURATION WITH INTERNALLY COUPLED 
VALVES TO OVERCOME SHORTCOMINGS IN 

THE SIMULTANEOUS DETERMINATION OF NITRITE 
AND NITRATE BY FLOW-INJECTION ANALYSIS 
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(Received 21 October 1987. Revised 20 March 1988. Accepted 21 June 1988) 

Summary-A configuration with internally coupled valves and a reductant column located in the loop 
of the secondary valve is proposed for the simultaneous determination of nitrite and nitrate. Depending 
on the column characteristics, a washing stream flowing in the opposite direction to the sample may or 
may not be required. The washing step may conveniently be performed by use of the proposed 
configuration. 

In implementing an automatic FIA method for rou- 
tine determination of nitrite and nitrate, based on 
earlier methods, namely the direct determination of 
nitrite by the modified Griess reaction and the sum of 
nitrite and nitrate after passage of the sample through 
a column of copper-coated cadmium,‘-’ we found 
that when the redox column was used, the signal for 
a fixed amount of nitrate increased in the first 4Ck50 

min and then remained essentially constant (Fig. 1). 
After searching the literature, we found no clear 
reference to this phenomenon, nor to the expected 
column life-time, but only indirect information 
(“copperized cadmium filings were prepared daily”;2 
“The reaction column can be activated by replacing 
the distilled water with EDTA-copper sulphate solu- 
tion”’ which indicated the problem. A recent paper’ 

Fig. 1. Reproducibility of the signals obtained with a column of copper-coated cadmium and a normal 
FIA configuration. 
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NED 
1.1 

Fig. 2. FIA configuration used for the determination of nitrite and nitrate. Ww, washing waste; C, carrier; 
SPA, sulphanilamide; NED, N-( I-naphthyl)ethylenediamine; RC, redox column; Vl and V2, primary and 
secondary valves, respectively; L, and L, sub-loops of secondary valve; S, sample; Ws sample waste; D, 

detector; Wg general waste. 

reported the use of two columns (copper and copper- 
coated cadmium) to overcome it. 

Having found that the effect was due to the 
continuous increase in column compactness caused 
by the uninterrupted flow in the same direction, we 
have tried to solve this problem and achieve a 
completely simultaneous determination (both anal- 
ytes with a single sample injection6) by using a 
configuration with internally coupled valves’~* such as 
that shown in Fig. 2. 

EXPERIMENTAL 

Apparatus 

A Pye Unicam SP6-500 spectrophotometer equipped with 
a Hellma 178. I2QS flow-cell, a Gilson Minipuls-2 peristaltic 
pump, a Tecator type I chemifold and a home-made dual- 
injection valve were used. 

Reagents 

Sulphanilamide solution. Prepared by dissolving 0.95 g of 
the chemical in 10 ml of concentrated hydrochloric acid and 
diluting to 250 ml with distilled water: 

N-(I-Naphthyl)ethylenediamine dihydrochloride solution. 
Prepared by dissolving 0.36 g of the chemical and 2.8 g of 
sodium chloride in 250 ml of distilled water. 

Standard nitrite and nitrate solutions, l.ooO g/l. 

Column package 

The reduction column was made by packing a glass 
capillary (8.5 cm long, 1.8 mm bore) with cadmium granules 

of various sizes, coated with copper by passage of a 0.1% 
cupric sulphate/O. 1 M copper-EDTA solution. In the assem- 
bly shown in Fig. 2, the sample (containing both analytes) 
fills the two sub-loops (L, and b) of the primary valve (Vl), 
and the reduction column is contained in the loop of the 
secondary valve (V2). 

Procedure 

The loop of the primary valve is filled during a time 
interval in which the washing solution (the carrier, lo-‘M 
acetic acid) circulates through the loop of the secondary 
valve (and hence through the reduction column) from right 
to left. When both valves are switched simultaneously to the 
emptying position, the sample volume contained in L, 
passes through the reactor section, merges with the reagents 
and, on arrival at the detector, provides a peak due to the 
presence of nitrite in the sample; meanwhile, the sample 
volume in Lr passes through the reduction column in the 

Table I. Classification of the columns according to grain- 
size distribution 

Grain diameter, Type I, Type II, Type III, 
mm % % % 

>l 2.0 6.0 10.0 
l-O.84 3.5 8.5 20.3 

0.840.50 32.0 59.5 53.4 
0.50.42 26.5 18.5 15.1 
0.41-0.21 25.5 7.5 1.2 
0.21-0.17 3.0 0.0 0.0 
0.17-0.149 7.5 0.0 0.0 

Table 2. Rehaviour of the different types of column 

Time needed to attain re- Column 
Column type Grain size Features producible signals Effect of reversal of flow life-time 

I small uncoppered >60 min (progressive critical; mandatory con- at least 15 
increase of-the-signal) 

coppered >>60 min (progressive 
decrease of the signal 

II 

III 

medium 

medium-large 

uncoppered 15-20 min 

coppered 15-20 min (poorer 
stability than for 
uncoppered) 

uncoppered 34 min 

trol of flow in each direc- days 
tion 
critical; mandatory con- 1 day 
trol of flow in each direc- 
tion 
significant; reversal advis- at least 15 
able days 
significant 1 day 

not useful at least 15 

coppered 34 min not useful 
days 
1 day 
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Table 3. Features of the method 

NO; 

NO; first peak second peak 

(a) Uncoppered column 
Linear pggiml range, 0. I-16.0 0.025-16.0 
Intercept 0.004 - 0.007 - 0.005 
Slope 0.0725 0.327 0.272 
Regression coefficient 0.999 0.999 0.999 
RSD, % (mixtures)* 0.9 1.1 

(b ) Coppered column 
Linear pg/ml range, 0.2-18.0 0.1-3.5 
Intercept 0.001 0.002 0.004 
Slope 0.0705 0.326 0.266 
Regression coefficient 0.999 0.999 0.999 
RSD, % (mixtures)* 1.3 1.5 

*[NO;] 1.0 pg/ml; [NO;] 5 pg/ml (11 samples, each injected in triplicate). 

secondary valve, where nitrate is reduced to nitrite, and 
when this plug reaches the detector, the signal produced is 
due to the sum of nitrite and nitrate initially present in the 
sample. 

RESULTS AND DISCUSSION 

After study of the FIA manifold variables with the 
reagent concentrations described in the literature 
(resulting in the optimum values shown in Fig. 2) the 
influence of the grain size and nature of the reductant 
was examined. Three types of particle-size distribu- 
tion (Table 1) were tested. The results given in Table 
2 show that: 

(1) when small or medium-sized grains are used 
(easier column packing and higher reduction yield) 
reversal of flow between the washing and reduction 
steps is necessary to preserve the degree of com- 
pactness and yield reproducible signals (use of only 
small grain sizes even requires accurate control of the 
duration of passage in both directions); 

(2) use of medium to large grain sizes does not 
require reversal of the flow, and the signal stabilizes 
rapidly, though it is always smaller than that 
achieved with small grain-sizes; 

(3) there is no clear gain in copper-coating the 
cadmium beads. 

The features of the method were determined by 
using a column made with type II particle-size distri- 
bution (with and without copper coating). Table 3 
summarizes the results. 

The sampling frequency is 65 per hr. The proposed 
configuration allows determination of both nitrite 
and nitrate in the same sample, elimination of the 
effect of changes in the column compactness, and 
elimination of loss of activity of the reductant (non- 
coated). 
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Summary-A spectrophotometric procedure for determination of the quaternary ammonium salts 
cetrimide (N,N,N-trimethyl-1-hexadecylammonium bromide), cetylpyridinium chloride (l-hexadecyl- 
pyridinium chloride) and sapamine [N-(2-dimethylaminoethyl)oleamide acetate] in bulk form and some 
pharmaceutical formulations, such as eye-drops, disinfectant solutions, creams and tablets, is described. 
Following TLC separation when necessary, addition of an aqueous solution of the active surfactant to 
a standard amount of Bromothymol Blue, buffered at pH 7.5, leads to an equivalent decrease of the 
absorbance at 610 nm, which can be taken as an analytical measure of the drug concentration. Good mean 
recoveries have been obtained for standard additions of these analytes to pharmaceutical formulations 
containing them. 

Quaternary ammonium salts are commonly used in 
galenicals, owing to their emulsifying properties, i.e., 

their surface activity, and/or their antibacterial 
effects. Such compounds are normally used in very 
low concentrations, and are then difficult to deter- 
mine with high precision and reproducibility. Most 
methods for their determination are based on com- 
plexation with an acid dye followed by extraction of 
the coloured complex into a chlorinated hydro- 
carbon.‘” Formation of an emulsion in the extraction 
system leads to inaccuracy and poor reproducibility. 
A survey of dye-surfactant interactions has recently 
been made, including the influence of the cationic, 
anionic or non-ionic character of a surfactant on the 
absorption and/or fluorescence behaviour.4 Ion- 
exchange separation and automated determination of 
commercial detergent formulations has also been 
investigated.’ 

The present work overcomes the problem of in- 
complete extraction of the dye-surfactant products, 
by use of a spectrophotometric method that measures 
the hypochromic effect caused by the action of cat- 
ionic surfactants on the acid dye Bromothymol Blue. 

EXPERIMENTAL 

Apparatus 

A Varian DMS 100 double-beam spectrophotometer with 
matched l-cm glass cuvettes was used. TLC was performed 
on 0.3-mm thick layers of silica gel G (Merck) prepared and 
activated according to Stahk6 the developing solution was a 
I:9 v/v mixture of concentrated ammonia solution (sg. 
0.88) and acetone. 

Reagents 

Phosphate buffer, pH 7.5, was prepared from 0.05M 
dipotassium hydrogen phosphate and 0.05M potassium 
dihydrogen phosphate.’ A 1013M solution of Bromothymol 
Blue (Riedel-DeHdn) was prepared according to BP 1980.* 
Modified Dragendorff’s reagent9 was freshly prepared. Pure 

CP-grade samples of cetrimide (ICI), cetylpyridinium chlo- 
ride (Prolabo) and sapamine (Ciba-Geigy) were used with- 
out further treatment, to prepare 10e3M solutions in water. 
Corresponding 10m4 M solutions were made by dilution 
with the pH 7.5 phosphate buffer. 

Pharmaceutical preparations 

Samples of pharmaceutical formulations containing the 
surfactants were randomly purchased from local pharmacies 
in Cairo and Riyadh. 

Procedures 

Calibration graph. Transfer suitable volumes (in the range 
1-1Oml) of standard 10-4M surfactant solution in phos- 
phate buffer (pH 7.5) into 25-ml standard flasks. To each 
add about 5 ml of the buffer solution followed by 1 ml of 
Bromothymol Blue solution, mix, and dilute to volume with 
the buffer. Measure the absorbance (A) at 610 nm against 
the buffer solution. Measure the corresponding absorbance 
(B) of a reagent (buffer + Bromothymol Blue) solution 
similarly prepared. Plot B -A us. concentration. Use the 
same procedure for assay of the bulk analytes. 

Disinfectant solutions. Mix the contents of at least 3 
bottles, transfer accurately a known volume equivalent to 
about 30 mg of surfactant into a lOO-ml standard flask and 
dilute it to the mark with 95% ethanol. Apply a 0.5 ml 
portion of the solution in band form, 2 cm above the lower 
edge of an activated TLC plate. Apply lO+l of 1% alcohol 
solutions of the authentic surfactant and other ingredients 
beside the sample band. Develop the plate in the 
acetone/ammonia system and let it dry in air (under a fume 
hood). Cover the sample and spray the reference spots with 
modified Dragendorff’s reagent, locate the surfactant band, 
scrape it off and transfer it to a small beaker. Extract the 
surfactant with two 5-ml portions of 5% aqueous ethanol 
and then with 10 ml of phosphate buffer (pH 7.5), collecting 
the extracts in a 25-ml standard flask. Add 1 ml of Bro- 
mothymol Blue reagent, mix and dilute to volume with 
buffer solution. Run a blank with 1 ml of the indicator in 
the same phosphate buffer, without surfactant. Record the 
absorbance at 610 nm. 

Creams. Mix the contents of at least three tubes and weigh 
accurately an amount equivalent to 2.5-5 mg of surfactant. 
Transfer it to a 150-ml separating funnel with 50 ml of water 
and 30 ml of petroleum ether (b.p. 60-80”) and shake the 

813 
TAL. )51&E 



funnel mechanically for about 5 min. If an emulsion forms, 
centrifuge the mixture (3-5 min). Repeat the extraction with 
30 ml of petroleum ether, and centrifuge if necessary, then 
wash the combined organic extracts with two lo-ml portions 
of water. Combine the aqueous phase and washings in a 
IOO-ml standard flask and dilute to the mark with distilled 
water. Transfer 2 ml of this solution to a 25-ml standard 
flask and complete the analysis as for authentic samples. 

Eye-drops. Mix the contents of 3-5 bottles, transfer 5 ml 
into a flat-bottomed dish, and evaporate the solvent over 
concentrated sulphuric acid in a vacuum desiccator. Dis- 
solve the residue in I ml of ethanol, and apply the TLC 
separation etc., as for disinfectant solutions. 

Tablets. Weigh and powder at least ten tablets and 
calculate the average weight of one tablet. Extract an 
amount of powdered tablet equivalent to 3-12 mg of surfac- 
tam, with IO,5 and 5 ml of ethanol, and dilute the combined 
extracts to volume in a 25-ml standard flask, with ethanol. 
Apply the TLC separation etc., as for disinfectant solutions. 

RESULTS 

The results are calculated from calibration graphs 
prepared with solutions of the authentic surfactant or 
from the corresponding linear regression equation, or 
from the apparent absorptivities for the surfactants. 

Table 1 shows the results of analyses of the three 
model surfactants and their statistical comparison 
with those obtained by the BP 1980 procedure.” 

Table 2 shows results of pharmaceutical assays and 
recoveries of different amounts of added pure surfac- 
tants. 

DISCUSSION 

Analytical applications of surfactants to alter reac- 
tion pathways and equilibria are based mainly on the 
characteristics of micelles. Addition of a cationic 
detergent to an indicator in anionic form produces 
spectral changes due to solubilization of the anion in 
the surfactant micelles4*” 

Formation of true ion-association complexes be- 
tween ionic surfactants and dyes with opposite 
charges has been suggested,‘**” but not yet satis- 
factorily explained. A possible mechanism recently 
discussed4 is that in the presence of cationic surfac- 
tants, an aromatic compound containing -SO; or 
-COO- groups, such as a dyestuff, may be incorpo- 
rated into the water-rich Stem layer of the micelles in 
a sandwich arrangement. This permits not only hy- 
dration of the hydrophilic groups but also solu- 
bilization+of the aromatic part of the dye by means 
of the -NR3 groups and participation of van der 
Waals interactions between adjacent surfactant 
chains and the organic dye moiety. This will 
lead to a change in the micro-environment of the 
chromophore. 

Indirect methods based on the acid dye 
technique’-’ have the disadvantage that the ion- 
association complex must be extracted, which may 
reduce the accuracy and reproducibility. Procedures 
similar to the one described here were developed 
by Lowry for determination of benzalkonium 
chloride, benzethonium chloride and chlorohexidine 
gluconate.14 
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Table 1. Purity assessment of authentic samples of cetrimide, cetylpyridinium chloride and sapamine by applying the 
proposed acid dye technique and a pharmacopoeia1 procedure (BP 198O)‘O 

Proposed method 
Official (BP 1980) method 

Amount taken* 
Recovery,? Amount taken, Recovery,? 

Sample mg pglml % g % 

Cetrimide 75-300 3-12 99.9 f 0.9 (n = 8) -2 100.2 kO.1 (n = 8) 
t = 0.367 (2.365)$ 

Cetylpyridinium chloride 75-300 3-12 99.8 f 0.7 (n = 8) -2 100.1+0.1 (n=9) 
t = 1.785 (2.365)$ 

Sapamine 120-350 4.8-14 99.8 k 0.5 (n = 8) -2 100.4 & 0.8 (II = 9) 
t = 0.644 (2.365% 

*Samples and working solutions: see experimental part. 
tMean percent recovery f standard deviation for n experiments. 
#Figures in parentheses are the corresponding theoretical f-values at p = 0.05. 

Table 2. Assay and recovery of cetrimide and sapamine in some pharmaceutical formulations by the described acid dye 
procedure 

Recovery 
Pharmaceutical Assay*, Amount 

formulations Surfactant Nominal content % added, mg % SDW 

Savlon” solution cetrimide 30 mg/ml 97.6 15-30 mg 99.4 0.95 (n = 6) 
Cetazole’ cream cetrimide 5 mgig 99.2 5-12 mg 99.2 0.60 (n = 5) 
Prisohne ’ drops cetrimide 20 tig/ml 104.3 5&14Opg 99.7 0.76 (n = 5) 
Enterovioform” tablets sapamine not stated (8.64 mg/g)t 2-5 mg 100.2 0.31 (n = 5) 

*Relative to nominal content, average of at least 5 replicates. 
TActual content found. 
$SD, is the relative standard deviation. 
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Wavelength (nm 1 

Fig. 1. Effect of equal molar amount of cetrimide (----) 
cetylpridinium chloride (. .) and sapamine (+ + + +) on 
the colour of Bromothymol Blue (---), expressed as 
ratio of absorbance to that of Bromothymol Blue at 610 nm 

(Ax/&,). 

Optimization of the conditions for the acid dye 
technique included choice of pH, dye : drug ratio, etc. 
Different buffers in the pH range 5-9 were tried, and 
use of phosphate buffer, pH 7.5, was found to give 
the highest absorbances of the Bromothymol 
Blue-surfactant complexes. Bromothymol Blue gives 
higher absorbances than Bromophenol Blue and 
Phenol Red.’ 

The change in absorbance was found to be greatest 
at 610nm (Fig. 1). Application of Job’s method” 
showed that all three surfactants react with Bromo- 
thymol Blue in 1: 1 molar ratio. The calibration graph 
was linear over the range 0.5-3 x IO-‘M. 

Table 1 shows that there are no significant 
differences between the results obtained by the 
present method and the pharmacopoeia1 method. 

Table 2 shows acceptable recovery values for 
standard additions of the appropriate surfactant to 
pharmaceutical preparations containing cetrimide or 

sapamine. For samples containing more than one 
surfactant of the same type, the acid dye technique 
can only be applied after separation of the analytes.4*5 
Also, when the surfactant is present in minute 
quantities, a separation and preconcentration step 
may be necessary for an acceptable degree of sensi- 
tivity and accuracy to be achieved. The TLC method 
recommended by Beyr6 is suitable for the purpose. 

The method described is preferred when extraction 
difficulties arise with other methods, and its sensi- 
tivity allows the low concentration of surfactants in 
pharmaceutical formulations to be determined with 
good precision and confidence. 
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Summary-Adsorptive stripping voltammetry was combined with separation of the surfactants by gel 
chromatography or solvent extraction for determination of the growth promotor, cyadox, and its 
metabolites in the plasma from pig blood. The procedure permits determination of the substance at 
concentrations from units to hundreds of ng per ml of plasma. The accuracy of the results was checked 
by comparison with radiochemical measurements. 

Studies of the adsorptive voltammetry of some deriv- 
atives with the quinoxaline-N-dioxide structure’*2 
have indicated that these substances can be 
determined at the nanomolar level after adsorptive 
accumulation on the surface of a mercury electrode. 
The detection limit for the growth stimulant cyadox3A 
is 3 x 10-‘“M. Owing to this high sensitivity, 
adsorptive stripping voltammetry can be applied to 
monitoring cyadox and its metabolites in the plasma 
from pigs reared with fodder containing cyadox. 
Such determinations have hitherto been made only 
radiometrically, with a tritiated cyadox derivative.s 

On the basis of our knowledge of cyadox (I) 
metabolism,6 the adsorptive voltammetric deter- 
mination has also been applied to cyadox monoxide 
(II), deoxycyadox (III) and the final metabolite 
isolated from pig’s blood, quinoxaline-2-carbonyl- 
glycine (IV). The interference from surfactants was 
eliminated by removal of the surfactants from plasma 
samples by gel chromatography’ or by extraction of 
the test substances and back-extraction into a pure 
electrolyte. 

. QlI”Y RI 

/ 
N 

(III, IV) 

I, II and III: R, = CH=NNHCOCH,CN 
IV: R, = CONHCH,COOH 

EXPERIMENTAL 

Apparatus 

The measurements were made with a PA-3 polarographic 
analyser and a three-electrode circuit consisting of a static 
mercury drop electrode, SMDE-1, a saturated calomel 
reference electrode (SCE) and a platinum counter-electrode 
(all from Laboratomi Piistroje, Prague). The solutions were 
deaerated by passage of nitrogen. 

The extractions were performed with a Mixxor liquid 
extractor (Cole Palmer, USA). Preseparations were 
done with a Sep-Pak C 18 microcolumn (Waters, USA). 
Sephadex G-25 Medium (Pharmacia, Uppsala, Sweden) 
columns (200 x 10 mm) were used for gel-chromatography 
separations. 

Chemicals 

Cyadox (I), cyadox monoxide (II), deoxycyadox (III) and 
quinoxalinecarbonyl glycine (IV) were prepared in the 
Research Institute of Pharmacy and Biochemistry, Prague, 
and analysis showed that their active component content 
was at least 99%. Solutions of the substances (200 pg/ml) 
were prepared in freshly redistilled dimethylformamide, and 
were used within three days of preparation; more dilute 
solutions were prepared immediately before use. 

Dimethylformamide (DMF) was purified by distillation 
and kept at 6”. All the chemicals used were of p.a. purity 
and the water was distilled twice in a silica apparatus. 

Procedures 

Sample preparations. The plasma was obtained from the 
blood taken from the animal uena cava craniali. Heparin was 
added, and the sample was centrifuged and then frozen until 
used for analysis. 

The samples for monitoring the metabolic changes as 
a function of time, were collected at the required time 
intervals from 10 experimental and 4 control animals that 
were fed with a fodder mixture commonly used for a weight 
category of 35 kg. The experimental animals were fed 100 
mg of cyadox per kg of the mixture, according to a 
programme involving first 4 weeks of the use of the pure 
mixture, followed by 10 days of feeding with the mixture 
containing cyadox and then ‘again using the pure mixture. 
The control group of pigs was fed with only the pure 
mixture. The initial weight of the piglets was 16 kg and the 
average consumption of fodder was 1.63 kg per pig per day. 

Separation of surfactants by gel chromatography. Seph- 
adex (0.5 g) was stirred with 10 ml of a Britton-Robinson 
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buffer of pH 2.2. After swelling, the Sephadex was packed 
in a 200 x 10 mm column and washed with 10 ml of the 
buffer. A 100~~1 plasma sample was added to the column 
and eluted with the pH 2.2 buffer containing 10% v/v DMF, 
at a flow-rate of 1.5 ml/min. The first 5 ml of the eluate 
were discarded and then IO-ml fractions were collected and 
used for the voltammetric determination. A fresh Sephadex 
column must be prepared for each sample. 

&fraction sepurution. A l-ml portion of the plasma 
was acidified with 1 ml of hydrochloric acid (1 + 4) and 
extracted with acetone in the Mixxor liquid extractor. The 
acetone layer was separated, the acetone evaporated in a 
vacuum rotary evaporator and the residue immediately 
dissolved in 10 ml of Britton-Robinson buffer @H 2.2). 
This solution was applied to a Sep-Pak microcolumn pre- 
washed with 10 ml of methanol and 10 ml of water. The 
substances retained in the column were eluted with 10 ml of 
methanol and the solvent was evaporated in a rotary 
vacuum evaporator. The resultant residue was dissolved in 
10 ml of the pH 2.2 buffer, filtered through a fine-pore 
ashless paper filter (e.g., Whatman No. 44 or Schleicher 
and Schiill blue band) and used for the voltammetric 
determination. 

Vollammetric determination. The measurement was per- 
formed with the SMDE used as a hanging mercury drop 
electrode, and a potential scan from +O.lO to -0.70 V 
(SCE) at 20 mV/sec, by the differential pulse technique 
(lOO-msec pulses with lOO-msec intervals between them). 
The accumulation was done at a potential E, = +O.lO V in 
stirred solution, and was followed by a 15-set rest period. 

RESULTS AND DISCUSSION 

Adsorptive stripping voltammetry of cyadox and its 
metabolites 

Cyadox (I) and cyadox monoxide (II) are reduced 
in two steps, corresponding to the reduction of the 
N-O groups and the quinoxaline nucleus, re- 
spectively. Deoxycyadox (III) and quinoxaline-2- 
carbonylglycine (IV) are reduced in a single step, at 
the quinoxaline nucleus.* It has been found that 
accumulation at +O.lO V increases the height of the 
peaks corresponding to both reduction steps, as 
described for cyadox and other quinoxaline-N- 
dioxide derivatives.’ For analytical purposes it is 
more suitable to measure the heights of the peaks 
corresponding to the reversible reduction of the 
quinoxaline ring; the peak potential varies from 
-0.26 to -0.37 V. The dependence of the peak 
current on the accumulation time is given in Fig. 1. 

20 

5 ‘5 ,-• 

-z-:‘,,: 

._ 10 

./* 

5- ./ 
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t ISI 
Fig. 1. Dependence of the peak height for the reduction 
of the quinoxaline ring on the accumulation time: 
Britton-Robinson buffer, pH 2.2, E, +O.lO V, DPV, AE 25 
mV, O-cyadox, A-cyadox monoxide, l -deoxycyadox, 

q -quinoxaline-2-carbonyl glycine. 

The peak current is proportional to concentration for 
all four substances from 5 to 250 ng/ml, with an 
accumulation time of 40 sec. 

Adsorptive stripping determination after separation of 
surfactants from the pksma 

The separation of surfactants from the plasma by 
gel chromatography was verified for cyadox (I) and 
deoxycyadox (III). To IOO-~1 samples of the plasma 
from the control animals, 400 ng of cyadox or 
deoxycyadox were added. After the chromatographic 
separation, recoveries of 70% of the cyadox and 93% 
of the deoxycyadox were obtained in the 5-15 ml 
fraction of the eluate. This fraction was further 
treated and the linearity of the dependence of the 
height of the quinoxaline reduction peak on the 
substance concentration was verified. The measure- 
ments were performed for concentrations from 5 to 
200 ng/ml, with 40-set accumulation at + 0.10 V. The 
plots were always linear and the slopes for cyadox 
and cyadox monoxide were the same, 1.25 
nA. ml. ng-‘, similar to the value obtained for cyadox 
in sodium perchlorate medium.’ The values obtained 
for deoxycyadox and quinoxalinecarbonyl glycine 
were 3.25 and 0.25 nA.ml.ng-‘, respectively; 
hence the method is unsuitable for determination 
of quinoxalinecarbonyl glycine. 

Plasma analysis 

In analyses of samples from the test animals, peaks 
corresponding to the reduction of the N-O groups 
were not found, only those corresponding to the 
reduction of the quinoxaline ring. The peak heights 
depended on the accumulation time. The results were 
evaluated by standard addition of deoxycyadox (20 
ng/ml); when the gel chromatographic separation was 
used the 5-15 ml fraction was measured. The peak 
heights were evaluated by comparison of the current 
responses for the test and control animals, with the 
same sampling technique and both separation 
methods. In view of biological variability, the mean 
values were used. The values of the current for the 
control samples confirmed that the samples were not 
changed by aging or exposure to higher temperatures. 
The results for the two separation procedures are 
given in Table 1. 

Table 1. Deoxycyadox level in the plasma of pigs 

Separation 
Number of 

days after termination Gel chromatography, Extraction, 
of cyadox application nglml nglml 

1 446 434 
2 261 300 
3 215 - 
7 154 - 
8 92 - 

14 0 0 
15 0 - 
21 0 - 
28 0 0 
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500 

L 

Fig. 2. The levels of the cyadox metabolites in the plasma 
from pigs (ng/ml) as a function of the number of days 
elapsed from the termination of cyadox application: 
A-adsorptive stripping voltammetry with gel chro- 
matography; O-adsorptive stripping voltammetry with 

extraction; O-radiometric measurements.5 

The data in Table 1 show that the,two separation 
procedures yield comparable results; the use of gel 
chromatography is less tedious and time-consuming. 
It follows from Fig. 2 that the results obtained are 
in good agreement with those for radiometric deter- 
mination of the plasma level after administration (at 
80 mg/day for 7 days) of cyadox labelled with tritium 
on the benzene ring.5 

CONCLUSION 

It has been demonstrated that adsorptive stripping 
voltammetry, combined with gel chromatography 
or solvent extraction, is applicable to determination 
of cyadox, cyadox monoxide and deoxycyadox in the 
plasma from pigs. Another metabolite, quinoxaline- 
2carbonylglycine, cannot be determined in this way, 
as the accumulation step is insufficient. 

1. 

2. 

3. 

4. 

5. 

6. 

I. 
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Summary-An electrode for the anodic stripping voltammetric determination of trace lead has been made 
by coating glassy carbon with a film of Nafion in which a crown ether is incorporated. The sensitivity 
is increased because of continuous transfer of lead from solution to the electrode surface by complexation 
with the crown ether and reduction during the deposition period. A detection limit of 5 x lo-‘O&f has 
been obtained by electrodeposition for 3 min. The method is sensitive, simple and relatively rapid, with 
a relative standard deviation of 8% at the 2 x 10m9M level. 

Chemically modified electrodes (CMEs) are now 
widely used in analytical chemistry.‘-3 Typical appli- 
cations include determination of metal ions,“’ or- 
ganic molecules,” inorganic anions?” and in vivo 

monitoring of neurotransmission materials.” It has 
been suggested I2313 that a film consisting of redox 
centres and metal co-ordination sites may be used for 
analysis and for indication of saturation of the elec- 
trodes. A carbon-paste electrode prepared from 
graphite powder coated with dimethylglyoxime 
(DMG) has been used to detect nickel at the 50 ng/ml 
level.6 Wang and Huchins14 have shown that base 
hydrolysis of a cellulose acetate coating on an elec- 
trode opens up the pores in the film while still 
inhibiting electrode fouling by proteins. Polta and 
Johnson” have exploited the influence of non- 
electroactive adsorbed anions such as Cl- and CN- 
on the formation of platinum oxide, as the basis for 
flow-injection analysis. In our previous studies,‘6.‘7 
thallium and silver were determined by anodic strip- 
ping voltammetric analysis with a Nafion/crown- 
ether polymer film electrode. The sensitivity was 
enhanced, and saturation of the modified electrode 
could be overcome, mainly by releasing the active 
sites during the deposition step of the anodic strip- 
ping voltammetry (ASV). The present paper con- 
tinues the work with a study of the determination of 
trace lead by ASV with a Nafion/DC18C6 film 
electrode. DCl8C6 (dicyclohexyl-18-crown-6) forms 
a lead complex which can be strongly attracted to the 
electrode surface by Nafion in the cation-exchange 
mode. This electrochemical method is simple, reliable 
and quite sensitive, and avoids the use of mercury 
in ASV. It can be used for the determination of 
trace lead in water samples. A detection limit of 
5 x lo- “M (0.1 ngjml) has been achieved by electro- 
deposition at - 1,lO V for 3 min. Even higher sensi- 

*To whom correspondence should be addressed. 

tivity can be reached by using longer deposition times 
and higher purity reagents (in our previous work’6,‘7 
the detection limit for thallium and silver was 10-‘2M 
with a deposition time of 30 min). 

Apparatus 
EXPERIMENTAL 

A BAS Model CV-47 instrument (Bioanalytical Systems, 
Inc., U.S.A.) was used with a Model ATA-IA rotating disk 
electrode (Jiangsu Electroanalysis Instruments Factory, 
China). Data were recorded on a Model LZ3-204 X-Y 
recorder (Dahua Meters Factory, China). A three-electrode 
cell configuration was employed, which had a saturated 
calomel electrode (SCE) with double salt bridges as refer- 
ence electrode, a platinum wire as auxiliary electrode, and 
the CME as working electrode. All electrode potentials were 
measured and reported with respect to the SCE. 

Reagents 
DC18C6 was obtained from Fluka. A dry Nafion 117 (Du 

Pont, U.S.A.) membrane was dissolved according to the 
method of MartinI to give a 0.4% solution in ethanol- 
water (1: 1 v/v). Other reagents were of analytical or guaran- 
teed reagent grade. All reagents were used without further 
purification. All solutions were prepared with doubly 
distilled water. 

Modt$carion procedure 

Five ~1 of O.lM DClSC6 solution in acetonitrile were 
added to 500~1 of 0.4% Nafion solution to make the 
modifier solution. The CME was prepared by dip-coating as 
described previously.t6 

Before the analysis the CME was immersed in the 
supporting electrolyte solution, and the background volt- 
amperograms were recorded to examine its performance. 
The CME was then placed in a cell containing 10 ml of 
sample or standard lead solution containing 0.1 M lithium 
nitrate as supporting electrolyte. After deaeration of the 
solution by purging with water-saturated argon (or nitro- 
gen) for 10 min, a deposition potential of - 1.10 V was 
imposed on the CME [which was rotated at 1100 rpm under 
an argon (or nitrogen) atmosphere], for an adequate time. 
This was followed by a 15-set rest period and a linear 
potential scan at lOOmV/sec from -1.10 to -1.5OV and 
then back again while anodic stripping voltamperograms 
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were recorded. The potential was next kept at +0.40 V for 
1-2 min, then the CME was placed in IM nitric acid (and 
rotated) to release the lead cation. After 5 min the electrode 
was rinsed with doubly distilled water and was ready for the 
next deposition-stripping cycle. The performance of the 
CME was found to deteriorate with use, owing to the loss 
of DC18C6 from the Nafion film on the electrode surface. 
After about 60 determinations the sensitivity of the modified 
electrode was very low, so at this point the DCI8C6-Nafion 
film was removed by wiping the electrode face with a soft 
tissue wetted with ethanol and the modification procedure 
was repeated. 

RESULTS AND DISCUSSION 

Effects of supporting electrolyte and pH 

Lithium nitrate was chosen as supporting electro- 
lyte because the ability of lithium ion to form a 
complex with DCI8C6 is relatively low. The effect of 
its concentration on the anodic stripping peak current 
at the CME was examined. The peak current in- 
creases with the lithium nitrate concentration and is 
maximal at a concentration of 0.1-0.2M. A concen- 
tration of O.lM was selected for use. 

The solution pH has a large effect on the anodic 
stripping peak current (Fig. 1). Although the peak 
current for lead is higher at low pH, the peak often 
splits and is not well defined. A pH of S-6, where the 
peak current remains unaffected by small changes in 
pH, was chosen for use. 

Deposition potential and electrode rotation speed 

The deposition potential can affect the efficiency of 
deposition to some extent in ASV. The .anodic strip- 
ping peak current was observed to increase with shift 
of the deposition potential from -0.80 to - 1.10 V 
(Fig, 2), with little further change at deposition 
potentials more negative than - 1.20 V. A deposition 
potential of - 1.10 V was selected to obtain a high 
stripping current and to avoid many interferences. 

Under the selected conditions the peak current of 
lead is a linear function of the square root of the 
CME rotation speed in the range &1600 rpm, show- 
ing that the deposition is diffusion-controlled. An 
electrode rotation speed of 1100 rpm was used in all 
further work. 

Fig. 1. Effect of solution pH. Solution composmon, 
O.lM LiNO, and 2 x 10-7M Pb(II); deposition time, 
1 min; deposition potential, - 1.10 V vs. SCE; scan-rate: 

100 mV/sec. 

I6 I I I I I 
-0.80 -0.90 -1.00 -1.10 -1.20 -1.30 

E/V vs. SCE 

Fig. 2. Effect of the deposition potential. Conditions are the 
same as for Fig. 1 except the deposition potential. 

Effects of scan-rate and of other elements 

The relationship between the anodic stripping peak 
current and the potential scan-rate is not con- 
ventional. The peak current increases with the scan- 
rate up to about 100 mV/sec and then begins to 
decline. This is because the lead cation readily forms 
a cationic DC18C6 complex which is strongly ad- 
sorbed on the electrode surface by the Nafion cation- 
exchanger film. At the deposition potential chosen 
the strongly adsorbed complex is not completely 
reduced, so before the anodic stripping step the 
electrode is first scanned towards more negative 
potentials to reduce the complex cation completely, 
but if the scan-rate is too high the complex cations 
are still incompletely reduced, resulting in a lower 
peak current. A scan-rate of 100 mV/sec is recom- 
mended. 

Under these experimental conditions, there is a 
linear relationship between the anodic stripping peak 
current and deposition time over the range O-180 sec. 
The effect of deposition times longer than 180 set was 
not examined because the reagent purity was not high 
enough. 

We have noticed’6,‘7 that when the concentration of 
DClK6 in the Nafion film on the electrode surface 
is too high the film often splits, so a concentration of 
OSM (estimated from the density of dry Nafion 117 
membrane, about 2 g/cm3) was used. 

Interferences 

Under the recommended experimental conditions, 
no interferences appear from common cations such as 
Sn(II), Zn(II), In(III), Ni(I1) and Co(I1). In the 
presence of 1 x lo-“M Fe(H) the peak current for 
lead can be reduced by 10%. At Cd(I1) concen- 
trations above 1 x 10e6M there is a positive shift in 
the stripping peak potential, but little effect on the 
peak current. Copper(H) above 10w6M interferes by 
causing a positive shift of 70 mV and broadening the 
stripping peak, increasing the peak current by 50%. 
The peak current is slightly decreased by more than 
lO-‘jM Tl(1) or Ag(I), but the peak shape and 
position do not change. The same effect on the anodic 
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stripping peak is caused by the presence of 
> lo-*M alkali-metal ions such as K+ or Na + which 
can form complexes with DC18C6, but the inter- 
ference is not serious. 

Cyclic voltammetry 

Figure 3 compares the cyclic voltamperograms of 
2 x lo-‘M Pb(II) obtained with the CME and a bare 
GC electrode. Both voltamperograms were recorded 
after the electrode had been rotated in the solution 
for 1 min. The anodic and cathodic peaks obtained 
with the CME are higher than those with the bare GC 
electrode, and the ratio of anodic to cathodic peak 
current approaches 1: 1 for the CME but is very high 
for the bare GC electrode. The overpotential of lead 
reduction is lower on the CME. The cyclic volt- 
amperogram of lead with a Nafion/GC electrode is 
similar to that for the (DC18C6-Nafion)/GC CME 
but the peak height is lower. All these phenomena 
show that the Nafion film on the electrode surface has 
some affinity for the Pb(II), and this is enhanced by 
incorporating DC18C6 in the Nafion film because 
the DC18C6 complex cation is immobilized on the 
electrode surface as soon as it forms, owing to the 
strong electrostatic force between Nafion and large 
organic cations. At the deposition potential at which 
the Pb(I1) in the complex cation is reduced to the 
metal (which is deposited on the electrode surface), 
the DC18C6 molecule is released, then becoming 
a free complexing centre to collect more Pb(II) in 
the solution. Therefore the analysis sensitivity is 
apparently raised. 

Sensitivity and limit of detection for lead 

Under the experimental conditions, a detection 

77-l!-+ 
I 

4OpA 

-0JO -0.30 -0.50 -0.70 -0.90 -l.ld 

E/V vs. SCE 

Fig. 3. Cyclic voltamperograms of lead on different elec- 
trodes. Solution composition, O.lM LiNO, and 2 x lo-‘M 
Pb(II); scan-rate, 100 mV/sec. (a) Bare GC electrode. 

(b) (DCl8C&Nafion)/GC electrode. 

limit of 5 x 10-‘“M (0.1 ng/ml; peak current 0.1 PA) 
was obtained after a preconcentration time of 3 min. 
The relationship between peak current and lead 
concentration is linear over the range 1 x 10e9- 
1 x lo-‘A4 (correlation coefficient ~0.999) and the 
graph passes through the origin. 

The relative standard deviation found for nine 
determinations of 3 x lo-‘M Pb(I1) was 3.3%. Lead 
in the tap water in Changchun (Jilin, China) was 
determined by the single standard-addition method, 
with the CME. A O.lM lithium nitrate solution 
prepared in tap water was used as the sample solution 
and 1.00 x IO-‘M standard Pb*+ solution was used 
as the standard addition made to 10 ml of sample. A 
relative standard deviation of 8% was obtained for 
seven determinations of 2.1 x 10e9M lead. 

CONCLUSIONS 

The results above demonstrate the feasibility of 
using a crown ether incorporated in Nafion polymer 
to make a film electrode for the determination of 
trace lead in water by anodic stripping voltammetry. 
The detection limit is 0.1 ng/ml. The method is sensi- 
tive, simple and relatively rapid. The electrode is 
stable and can be used repeatedly. 
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Summary-A method has been developed for analysing gallium arsenide with a resistance of greater than 
lo9 a by spark-source mass-spectrometry, without the need for pelleting, which introduces a prohibitively 
high level of contamination and lowers the detection limit for a given exposure. It uses a gold evaporation 
technique, whereby a thin layer of 99.999% pure gold is deposited on one surface of the GaAs electrodes, 
in a chamber mounted on the ion-source. No contamination, other than gold, is introduced into the 
sample at a level of 50 rig/g or greater. It is possible to detect carbon in the sample at the l-2 pg/g level. 
The sample preparation time is less than 30 min, and more than one set of samples can be gold-coated 
at a time. 

Spark-source mass-spectrometry (SSMS) is an ex- 
tremely useful tool for the determination of im- 
purities or dopants in GaAs, for several reasons. 
First, it is possible to obtain detection limits in the 
low mid parts per billion atomic range for most 
elements, the most notable exceptions being carbon, 
oxygen and elements near the matrix isotopes which 
are “lost in the fog” of long exposures. SSMS also 
has the benefit of recording in a single exposure all 
elements from lithium to uranium, except for those 
giving lines covered by multiply-charged ions or 
molecular clusters. The results are “correct” within a 
factor of five when no standards are available, and 
the analysis time per element detected is good. 

The only major restriction is that the samples 
should be electrically conductive. The higher the 
conductivity, the more reliable the analysis, in that 
the sparking parameters are kept to the minimum 
values, which keeps the temperature of the electrodes 
as low as possible. Therefore, preferential ionization 
of the more volatile species is minimized.’ High 
conductivity may be achieved in three ways. If the 
sample is very conductive, it may be analysed di- 
rectly, as is commonly the case with pure metals. In 
the second method, the sample is ground to a powder, 
mixed with a conductive pelleting agent, usually silver 
or graphite, and analysed. This method is commonly 
employed in oxide analysis, and has several short- 
comings: the signal from the sample elements is 
decreased by the dilution caused by the pelleting 
material, thus raising the impurity detection limit for 
a given exposure; more importantly, contamination 
can be introduced into the sample in several ways. 
For example, the pelleting medium may constitute 
50% or more of the mixture with the sample and any 
impurities in it will show up in the mass spectrum. 
Also, the grinding process introduce impurities, not 
only from the material of the mortar and pestle, but 
also by contamination from previous samples ground 

in the same apparatus. The shaking necessary to 
homogenize the sample, and the pelleting material 
will introduce organic material if a plastic vial is used 
for the shaking, resulting in doublet lines (Fig. 1). 
Using graphite for pelleting is not advantageous, 
because even though it is available in higher purity 
than silver, C, clusters further complicate the spectra, 
interfering with Mg, K and Ti determination. Press- 
ing a metal backing onto the sample and sparking 
with a counter-electrode has several disadvantages. 
First the signal of the sample is decreased because of 
dilution by both the backing material and the 
counter-electrode. Secondly, there may be preferen- 
tial sparking of the backing material, leading to an 
inhomogeneous signal. Also, the pressing procedure 
may introduce contamination onto the sample. 
Therefore, a third method of inducing conductivity 
has been developed for semiconductor samples. In 
this procedure, high-purity gold is evaporated and a 
thin layer of it deposited on one surface of the GaAs 
to provide a conductive path, so that the sample can 
readily be sparked. The effective bulk concentration 
of the gold is less than 100 pg/g so it does not 
attenuate the sample impurity signals or introduce 
additional measurable impurities. Gold was chosen 

Organic from vial 

d CU 

I I 

62.9296 63.02397 

AMU 

Fig. 1. Organic doublet interference. 
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because it is mono-isotopic and has an odd mass 
number, minimizing the effect of multiply-charged 
interferences, is available as high-purity wire, (5N 
material was used in this work), and its signal is at 
the end of the photoplate where typical impurities or 
dopants in GaAs are not found. It is also easily 
evaporated. Other metals considered for evaporation 
were indium and aluminium. Indium was not tried 
because its low melting point may cause it to flow 
from the sample during sparking, breaking the con- 
ductive path to the sample holder. Aluminium was 
tried but is not a good choice because of the possi- 
bility of it being present in GaAs. 

EXPERIMENTAL 

An AEI MS-702 spark-source mass-spectrometer with 
photoplate detection was employed. The magnet current 
was 265 mA and the accelerating voltage 20 kV. The pulse 
length was 200 psec and the pulse rate 3OO/sec. The RF 
power was set at a meter reading of 35%, or approximately 
28 kV. The vacuum was in the 1O-n-lO-7 mmHg range. 
Kodak SWR photoplates were used to record the spectra. 

Sections suitable for electrodes (1.5 x 5 mm) were cut 
from a GaAs wafer with a diamond scribe. These were 
degreased in methanol, etched in a mixture of 5 ml each of 
concentrated hydrochloric and nitric acids and 90 ml of 
water, for 5 min, rinsed several times in distilled water, 
rinsed for 3 min in a 10% solution of bromine in methanol, 
then rinsed several times in pure methanol and dried under 
an infrared lamp.’ All the cleaning was done in a Teflon 
beaker. The resistance of these electrodes was greater than 
lo9 Q and they could not be sparked directly, even at full 
power of the spark source. Therefore, following the second 
method, commonly used for insulators, the sample was 
ground to a powder with a boron carbide mortar and pestle. 
Grinding the gallium arsenide, and/or the silver power used 
for pelleting, introduced several impurities at concentrations 
which would be critical with respect to the functionality of 
the GaAs device, including carbon, boron and zinc. When 
the grinding was done with an alumina mortar and pestle, 
impurities were again introduced. Therefore, new electrodes 
were cut and cleaned and the new technique was employed. 

A layer of SN gold, 0.14.2 @rn thick, was deposited on 
one side of the electrodes, by the following procedure. A 
chamber for evaporation of the gold was mounted on a port 
of the ion-source chamber (Fig. 2). Since the original source 
diffusion pump was replaced with a 6-in. one, the additional 
load did not affect the pumping speed or ultimate vacuum, 

Cryopump 

I 6”Diffurion 
pump u 

Fig. 2. Ion-source housing. 

2.75” Conflot flonqa I 

Shield I 
Ceramic vacuum 
feedthrouqhs 

I Filomenl withAt! wire 

Sample - 

Fig. 3. Evaporation apparatus. 

and an additional pumping unit was not needed. A pressure 
of 5 x IO-’ mmHg was obtained within 20 min of loading 
the sample. The evaporation apparatus was constructed 
from a modified sublimation-pump titanium filament holder 
which was mounted on a 2$n. Conflat flange. (Fig. 3). The 
holder was fitted with 1.5 mm copper wire to support a 
0.33 x 25 mm tungsten filament around which were 
wrapped several turns of 0.5 mm gold wire. Passage of a 
current of 10 A for 5 set deposited an adequate layer of gold 
on a sample placed approximately 20 mm from the filament. 
The system was then vented and the samples were removed 
from the evaporation chamber and mounted in the source 
chamber of the mass spectrometer, in previously redesigned 
sample holders. The source was evacuated, with a modified 
ion-source housing and pumping system2 utilizing a combi- 
nation of diffusion pumping and cryopumping, to IO-* 
mmHg. The cryopanel achieved a temperature of 18 K. The 
source chamber was not baked with the samples in place, 
because it was found that baking deposited contaminants on 
the sample surfaces, which interfered with the determination 
of carbon levels. The samples were very easily sparked and 
were presparked for 10 min to ensure that the gold had been 
removed from the tips of the electrodes, but retained on the 
sides of the samples to keep the conductive path intact, and 
to coat the source parts with gallium arsenide. Slight 
vibration was applied to the right-hand electrode and little 
further adjustment was necessary during the experiment. 
The exposures, of less than 0.003 nC, were very homoge- 
neous. This is not always the case if gold wire is either 
wrapped around the sample or placed next to it.3 It was 
possible to collect data at the rate of 5 nC/min. 

The photoplate was evaluated by means of an Apple IIe 
computer interfaced to a Photometric Data Systems micro- 
densitometer by an ADALAB card (Interactive Microware). 
The recorded transmissions, backgrounds and exposures 
were entered into the IBM 3081 mainframe and processed 
by the Hull equation and the Seidel function.4 Sensitivity 
factors were based on a combination of theoretical calcu- 
lations and measurements made in this laboratory. 

RESULTS AND DISCUSSION 

Table 1 summarizes the analysis of the gold wire 
employed, and the results of the GaAs wafer analysis 
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Table 1. Gold wire analysis 

Element 

Na 
Mg 
Al 
Si 
Ca 
K 
CI 
Fe 
Ni 

pgg/g Element mlg 
4.2 Cu 0.54 
0.11 Zn 0.14 
1.1 Rh 4.6 
1.5 Ag 3.9 
2.2 In 2.2 
3.1 c 4.4 
2.4 N 0.36 
6.0 0 1.9 
4.9 

are shown in Table 2. Since one of the impurities of 
interest was zinc, exposures were limited to 50 nC 
because of severe fogging in the m/z 64 region. This 
gave a detection limit of 0.145 pg/g or lower for 
most elements, and 0.6 pg/g for zinc. If lower de- 
tection limits for elements below mass 60 and 

above mass 85 are desired, the emulsion on the lower 
half of the plate can be either masked or removed in 
the mass range 60-80. This will eliminate the fogging 
of the background and allow exposures of 300 nC or 
more in an hour.s This would produce detection 
limits of 20 rig/g for many elements. Masking will 
not remove the arsenic exposures of interest, 
0.00034.003 nC, which are recorded on the upper 
half of the photoplate and used as the internal 
reference. A correlation coefficient of 0.999 was 
achieved for the arsenic calibration, in a plot of 
exposure in (nC) us. the Seidel function of the trans- 

Table 2. Analysis of GaAs 

Found, mlg 

Element Method 2a Method 2b Method 3a Method 3b 

z 

Mg 
Al 
Si 
P 
s 
Cl 
K 
Ca 
Mn 
Fe 
CU 

14 76 x 10’ 14 25 x 10’ 2.0 8.7 f + 0.9* 3* 2.9 3.1 

4.0 24 nd nd 
2.7 0.82 x lo3 nd 7.5 

31 0.52 x 10” nd 2.1 
1.5 0.1 nd nd 

26 1.5 nd nd 
16 43 nd nd 
1.6 14 nd nd 

17 34 nd nd 
0.24 0.23 nd nd 
3.2 13 0.5 * 0.1* 2.8 
0.15 1.3 nd nd 

Zn 0.45 1.4 nd nd 

nd = not detected. 
Method 2a: ground with boron carbide mortar and pestle 

and compacted with silver. 
Method 2b: ground with alumina mortar and pestle and 

compacted with silver. 
Method 3a: gold-plated wafer. 
Method 3b: aluminium-plated wafer. 
*Based on three analyses. 

mission. The background level of carbon found by 
this method appeared to be 1 pg/g (based on the fact 
that the electrically active carbon in the GaAs was 
calculated from resistivity measurements to be below 
this level. Because of the probability of oxidation of 
the surface during sample preparation, oxygen con- 
centrations were not calculated. Potassium was ob- 
served but not reported, because of severe in- 
homogeneity. Sodium levels could not be determined, 
owing to 69Ga3+ interference. With a difference of 
0.015 m/z between this and 23Naf, and a mass- 
spectrometer resolution of only 1550, no doublet 
could be observed. 

The results demonstrate the reduction in the levels 
and numbers of impurities when the gold-plated 
samples are used instead of compacted samples. The 
precision of the results for the gold plated samples is 
good. The additional time for sample preparation is 
more than offset by the shorter sparking time needed 
to achieve a given detection limit. 

CONCLUSIONS 

Future semiconductor devices will require ex- 
tremely pure substrate materials. As the purity of the 
material increases, the conductivity decreases, so 
direct analysis by spark source is not possible. Treat- 
ing the sample as an insulator and using the standard 
methods introduces prohibitively high contamination 
and reduces the sensitivity. Deposition of gold onto 
the sample is a satisfactory alternative, however. Its 
merits are that no contamination is introduced into 
the sample, the sample remains at a low temperature 
during sparking, 99.99% of the ions formed are from 
the sample and only 0.01% from the gold, so im- 
purities in the sample are not diluted, and the back- 
ground level of carbon is low. This method has also 
been applied to the analysis of an insulating film on 
a conductive substrate, for example a ZnS film depos- 
ited on a silicon wafer has been analysed for chro- 
mium and aluminium. 
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Summary-Difficulties with the analysis of titration data for the determination of formation constants are 
discussed. Considerable differences between published values can, in part, be attributed to incorrect 
“model selection”, i.e., incorrect selection of chemical species. Experimental errors also contribute to the 
problem in ways that are neither well understood nor easy to overcome. The library of computer programs 
described, called ESTA (Equilibrium Simulation for Titration Analysis), has been written to investigate 
better methods of optimizing formation constants from potentiometric titration data. 

SYMBOLS 

Z-formation function 

U+bjective function to be minimized 
R”-Hamilton factor 

n,-number of parameters to be optimized 
p,---parameter a 

/$-thermodynamic formation constant of 
complex j 

&+lectrode k response intercept 
s,--electrode k response slope 
V-initial volume in titration vessel 
C:--initial concentration of component i in 

vessel 
C,B,--concentration of component i in solution 

in burette m 

N-total number of experimental titration 
points 

n,-total number of electrodes 
uv,,-weight of qth residual at n th point 

yzp--observed variable of qth residual at nth 
point 

y$+alculated variable of qth residual at n th 
point 

T,,-total concentration of electrode ion q at 
nth point 

E,,-emf of electrode q at nth point 
&--Gauss-Newton quadratic parameter 

vector 

*Part II: P. M. May, K. Murray and D. R. Williams, 
Talanta, 1985, 32, 483. 

tAuthor for correspondence. 

&Gauss-Newton quadratic parameter 
vector 

j+ptimization parameter vector 
$-transpose of ~7 
H-Hessian 
gaauss-Newton gradient vector 
S-Gauss-Newton shift vector 
I-unit matrix 

p-Levenberg-Marquardt factor 
G-inverse Hessian 
a,-standard deviations of the rth optimized 

parameter 
I-ionic strength 

r,,*orrelation coefficient of parameters s 
and r 

Nowadays, the measurement of metal-ligand for- 
mation constants is often regarded as routine-a view 
which greatly underestimates the difficulties still in- 
volved in determination of reliable values. It takes 
many years to acquire the skills which are today 
expected of competent workers in this area and, 
therefore, most investigations are carried out by 
research groups that are very highly specialized in the 
necessary experimental and computational tech- 
niques. 

However, neither this specialization nor the intri- 
cate procedures which have been evolved to deter- 
mine formation constants guarantee good results. 
Considerable discrepancies between the values pub- 
lished for the same chemical system by various 
authors frequently occur. So worrying had this 
become that, some years ago, a collaborative 
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investigation of nickel(II)-glycinate equilibria mental data, (ii) the overall goodness-of-fit and (iii) 
compared the results from many laboratories work- the best model have become profoundly subjective. It 
ing under the same conditions. ’ Even with this seems clear that better ways must be found if the 
relatively simple and well-behaved chemical system, serious discrepancies between published sets of for- 
worrying differences emerged between the results. mation constants are ever to be satisfactorily re- 
With trickier systems such as aluminium(III)--citrate, solved. 
a comparison made by Martin* of published results3m5 This paper describes a library of computer pro- 
clearly shows how problematical the matter remains. grams collectively called ESTA (Equilibrium Simu- 
Reported formation constants often differ by orders lation for Titration Analysis). These programs were 
of magnitude, and agreement, even regarding the set developed to provide a flexible investigative tool for 
of most-predominant complexes, is rare. the quantitative characterization of chemical inter- 

This widespread lack of reproducibility is attrib- actions in solution, especially those pertaining to the 
uted by many of those working in this field to determination of formation constants. The programs 
difficulties associated with the computer analysis of are used to calculate equilibrium distributions of 
the titration data. Most concern is focused on the chemical species, to analyse potentiometric titration 
problem of “model selection”, i.e., the methods for data and to manipulate titration data for a variety of 
choosing the set of complex species which best de- other purposes. The underlying aim in their devel- 
scribes the chemical system investigated. Almost all opment was to produce a set of self-consistent pro- 
the computer programs available for calculation of grams that would permit easy simulation of a well- 
formation constants require a “model” to be specified defined system and then optimization of the resulting 
ab initio (although the HOSK approach provides an data in a variety of ways. Accordingly, the best choice 
interesting, albeit limited, exception6). Thus, for- of objective function, the effects of various kinds of 
mation constants can only be evaluated by refining a error and the most successful model selection strategy 
set of initial estimates on the assumption that all the could be unequivocally ascertained (because, when 
predominant complexes in the experimental solutions simulated data are used, the true result is known). It 
are already known. was hoped sufficient insight into the optimization 

Various techniques and strategies for identifying process would be gained to allow methods to be 
these major complexes do exist; the most commonly devised that could then confidently be applied to the 
used is based on the so-called formation function, 2.’ analysis of experimental data. 
However, such methods seldom (if ever) give un- 
equivocal results, so it is often necessary to make THEORY 

chemically informed guesses about which species it is 
most reasonable to consider. Searches are then made An approach towards the simulation of titration 

with the aim of finding the correct set of species, data has already been described in Part II of this 

defined as that which gives the “best agreement” series.9 It thus remains only to outline the algorithms 

between the calculated and experimental data. Un- for optimization. 
fortunately, there are usually too many possibilities Simultaneous optimization of frp parameters p, 

for these searches to be performed exhaustively and, (where Pr may be fi,* Ei~ ‘kr ‘“9 ‘: Or ‘k) is 
most importantly, it is extraordinarily difficult to performed by minimizing an objective function, CJ, 

know what sort of agreement between observed and defined as 
calculated data constitutes a genuinely good fit. 

The unfortunate but widely appreciated fact is that U=(N-n,)-’ 2 n,’ t w&C: - Y;‘c)2 (1) 

conventional measures of agreement between ob- 
“=I q=I 

served and calculated data cannot be trusted. Thus, where y;F and y,, cart may be either a 7’,, or an En4. The 

an apparent improvement in the goodness-of-fit can use of weights, w,~. will be discussed in detail later 

often be obtained simply by refining an extra par- (Part IV).” 

ameter (for example, as happens when an additional A Gauss-Newton method is the most frequent 

chemical species is included in the model). Opti- approach used for minimizing CJ, and this has been 

mization calculations can, almost always, exploit adopted in ESTA as the main means of optimization. 

another degree of freedom but, of course, this does The method assumes that U is quadratic with respect 

not necessarily indicate that the newly postulated to the parameters, Prv i’e.9 
species is actually present in the solution: the im- u = ,I +g’.d + @‘HP)/2 (2) 
proved agreement between calculated and observed 
data (as reflected, for example, in a lowered objective where the Hessian, H, is defined by 

function, U, or Hamilton factor, R”,‘) may merely C!i*u 
result from accommodation of experimental errors. H,,=- 

6Ps6Pr 
(3) 

Since, in the experimental context, neither the 
model nor the actual errors can ever be known with The gradient, g, is simply 

complete certainty, this problem has proved intracta- 
ble. Methods for judging (i) the quality of experi- 

@&+Hp (4) 
SD 
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and the solution, pm”, occurs when 

g -mm=~+H/“‘“=(-J 
(5) 

Hence 

b= -HP”‘” (6) 

Substituting into equation (4) leads to 

g = -H,j”“” +H@= -Hd (7) 

where the shift vector S =ym’” -@. 

Thus, given some initial estimates of the parame- 
ters, the set of linear equations # = -Hi can be 
solved for i to provide an improved estimate of the 
parameters. 

The elements of the Hessian, equation (3), are 
obtained as follows. Differentiation of equation (I) 
with respect to pI leads to 

dU 
&=2(fv -“r)-’ ; n,’ t wn4 

, n=l g=I 

x (Yi$ -YEpI 
&Y:; -Y;‘c) @) 

6P, 

where it is assumed that w,,,r #f(p,). Then 
differentiating equation (8) with respect to p, and 
ignoring second-order derivatives, leads to 

$$=2(N-n,)-’ 5 n;’ 5 w”g 
3 I "=I (=I 

X d(Y:; -YZC”, . &Y;;-Y:c) ($)) 

SP5 dP, 

In general, given good initial estimates and a 
reasonably well behaved system, the Gauss-Newton 
method described above performs extremely well. It 
often converges in 336 cycles. 

Unfortunately, the solution of equation (7) is 
sometimes obviously unsatisfactory. It may, for ex- 
ample, produce a shift vector with an upward gra- 
dient. Alternatively, one or more parameter shifts 
may be unreasonably large. If the shifts are not too 
excessive a Levenberg-Marquardt method” may be 
applied to reduce them. Otherwise, they are almost 
certainly indicative of an ill-conditioned system and, 
hence, the program should be made to terminate. 
In the Levenberg-Marquardt approach, equation (7) 
is modified as follows 

(H + pI)I = -g (10) 

This aims to modify the shift vector towards the 
direction of steepest descent and to reduce the size of 
the shift. Initially, we have used 

P =[ $!H-] f.-’ x lo-’ (11) 

If this does not satisfy the requirements of a down- 
ward gradient and reasonably-sized shifts, p can be 
repeatedly multiplied by 2 until it does. 

Even when the gradient and parameter shifts are 
controlled in this way, applying the shift may still 

result in an increase in objective function. This often 
indicates that the system is poorly conditioned, but 
occasionally it may mean that the objective function 
minimum has been overshot. Accordingly, to help 
ensure convergence, an attempt should be made to 
make a linear optimization of the shift.12 When 
non-unit weighting is applicable, it is simplest to 
make successive bisections of the shift; otherwise a 
combination of bisection and Davidson’s cubic 
interpolation” can be used. If linear optimization is 
unable to decrease the objective function before the 
shift is reduced below a threshold value (i.e., a preset 
minimum fraction of the original shift or the internal 
convergence tolerance, whichever is the larger), the 
program should terminate. 

When the estimates of the parameter being refined 
are judged to be sufficiently close to the solution, 
standard deviations of the parameters may be calcu- 
lated from 

” = (12) 

where G = H-‘. 
Correlation coefficients can be calculated by using the 
formula 

Gsr 
‘-” = (G,, G,J"2 

and the Hamilton R-factor, R*, is given by 

r iJ 1 '12 

(13) 

(14) 

Lfl=l g=, A 

and its limit by 

/ 

‘0 

(13 

PROGRAM DESCRIPTION 

ESTA accommodates chemical systems of up to 10 
components forming up to 99 complexes. Titrations 
involving up to three electrodes and three burettes are 
permitted. The programs can take into account vari- 
ations in ionic strength and the associated changes in 
activity coefficients. They also permit corrections of 
titration data affected by liquid-junction potentials 
and imperfect ion-selectivity of electrodes. 

The ESTA library contains the following program 
modules, many of which perform more than one kind 
of calculation (specified as a different “task”). Inter- 
ested readers can obtain details of how to acquire 
copies of the latest version (Version 3.0) of these 
programs by writing to one of the authors (PMM). 

ESTA 1: the simulation module 

By setting up and solving the mass-balance equa- 
tions, ESTAl can determine, on a point-by-point 
basis, single values for almost any titration par- 
ameter. The calculations fall into two categories: (i) 
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species-distribution calculations and (ii) poten- 
tiometric titration calculations. The former are 
specified by the task SPEC. The latter include 
determination of emf values (task SIME), formation 
constant estimates (task BETA), total analytical con- 
centrations (task TOTL), initial vessel concentrations 
(task VESL) and initial burette concentrations (task 
BURT). Other kinds of titration analysis are also 
possible; at each point the following can be obtained: 

(a) percentage distributions of species for both 
SIME- and SIMV-type calculations (task 
ERR%) 

(b) formation function values (task ZBAR) 
(c) deprotonation function values (task QBAR), 

and 
(d) appropriate weights, an overall objective func- 

tion value and the relative contribution of the 
most important errors based on residuals in 
both emf and total concentrations (tasks OBJE 
and OBJT respectively). 

A file of simulated titration data, with a format 
identical to ESTA input, can be generated as output. 

ESTAZ: the optimization moduIes 

There are two optimization programs, ESTA2A 
and ESTA2B, differing only in the way the weights 
are calculated (see Part IV” of this series). They are 
used when it is desired to determine, for one or more 
parameters, the “best” values, based on a least- 
squares procedure applied to a whole system of 
titrations. The following parameters can thus be 
refined: formation constants, vessel and burette con- 
centrations, electrode intercept, electrode slope and 
initial vessel volume. It is possible to group together, 
over any combination of titrations, local parameters 
of the same type and with the same value so that they 
are refined together as a single parameter. The objec- 
tive functions may be weighted or unweighted. The 
sum of squares of residuals may be minimized with 
respect to either emf-task OBJE-or total 
concentrations-task OBJT. The total number of 
titrations is dimensioned to 20 and the total number 
of points to 1000 but these can readily be varied if 
necessary. A file of titration data containing the 
optimized parameter values and with a format iden- 
tical to ESTA input can be generated as output. 

ESTA3: the Monte Carlo analysis modules 

These are mentioned here only for completeness. 
There are two programs, ESTA3A and ESTA3B, 
corresponding to the ESTA2 programs and again 
differing only in the way in which the weights are 
calculated. A full description of the theory and use of 
ESTA3 will be given in Part V of this seriesI 

ESTAk the experimental conditions optimization 
module 

This module is still under development and will be 
published in due course. 

ESTAS: the graphical display module 

Data for production of graphics are produced by 
ESTAl as a separate output file in a standardized 
format. The ESTAS program is used to process this 
file and to generate various kinds of display. This 
two-stage approach isolates the system-specific code 
which graph-plotting necessitates. Subroutines suit- 
able for the GINO and CALCOMP systems are 
available. 

ESTA6: the foreign program formatting module 

This program creates (from data in ESTA format) 
input files for a number of the more commonly used 
formation-constant programs. These include pro- 
gram MINIQUAD,15 task MINI, and program 
MAGEC,16 task MGEC. Similar capabilities for pro- 
grams SCOGS” DALSFEK” and SUPERQUAD19 
have been planned but are not yet completed. 

ESTA 7: the error imposition module 

This program produces an ESTA input file which 
can be used to examine the effects of random experi- 
mental errors on the values of optimized parameters. 
Emf values are calculated from parameters and 
titration volumes into which random errors (of 
known standard deviation) have been introduced. 

ESTA8: the interactive input module 

This program facilitates the preparation of ESTA 
input files. Data are supplied interactively by the user 
in response to specific prompts. A comprehensive 
on-line “HELP” facility is available to guide the user 
at every stage. An attempt is made to provide sensible 
defaults at each prompt in order to minimize typing. 

PROGRAM TESTING 

It is impossible to be entirely rigorous when testing 
a body of software of the size and complexity of 
ESTA. However, we have gone to considerable 
lengths to ensure that the programs do not contain 
major errors. For example, in one case, a system of 
three components and about ten complexes was 
solved manually (i.e., by using a calculator) and 
shown to yield a species distribution in exact agree- 
ment with that computed by ESTA. For those tasks 
where it is reasonable to make a comparison, ESTA 
gives results that are satisfactorily similar to those of 
other published programs such as PSEUDOPLOT,” 
SCOGS” and MINIQUAD.” [Refinement of for- 
mation constants by using an unweighted objective 
function based on total analytical concentrations, i.e., 
the ESTAZ task OBJT without any corrections 
switched on (see below), is comparable to the calcu- 
lations performed by SCOGS and MINIQUAD.] 
Nevertheless, this approach is not possible when it 
comes to many of ESTA’s other facilities: none of the 
previous programs permits calculations that involve 
corrections for activity-coefficient (Debye-Hiickel) 
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effects, liquid-junction potentials and imperfect ion- 
selectivity of electrodes; neither are they as versatile 
in respect of the parameters which can be determined, 
or of the titration set-up (number of electrodes, 
number of burettes etc.). 

Since many aspects of the programs cannot be 
tested manually, we have often had to resort to 
checking thoroughly for internal consistency. Such 
checks warrant more confidence than might initially 
be imagined, because, often, ESTA calculations can 
be performed in opposite directions independently. 
Obvious examples of this encompass the paired tasks 
SIME/SIMV and OBJE/OBJT (in those cases where 
both can be performed). A less apparent but none the 
less important instance of forward and backward 
calculation occurs with Debye-Htickel corrections 
when titration points actually have the reference ionic 
strength. This is because values (say, of emf) identical 
to those determined without Debye-Hiickel cor- 
rections must be obtained. Recall that activity 
coefficient calculations first convert all the user- 
supplied conditional constants into their “thermo- 
dynamic” counterparts (i.e., values at I = 0) and then 
back again on a point-by-point basis to the actual 
ionic strength that is calculated during the simu- 
lation.’ Finally, note that all calculations can be fairly 
well checked for internal consistency just by working 
with simulated data (for which, of course, the answer 
will be known). 

A third and rather different kind of test has arisen 
in implementing the ESTA programs on a variety of 
computers. Aside from considerations of FORTRAN 
standardization (which lie outside the scope of the 
present paper), this tends to reveal certain pro- 
gramming errors which would otherwise be very 
difficult or impossible to detect. We have prepared a 
set of eight data files containing input for the purpose 
of testing most aspects of the programs when they are 
loaded onto a new kind of machine. For example, 
when we first ported ESTA onto an ICL 2900 
computer, we obtained different results on successive 
executions with the same data! This was because we 
had not initialized every variable within the programs 
(a failure which has of course now been corrected). 
Unlike the VAXen on which the software was devel- 
oped, the ICL 2900 does not automatically initialize 
all program variables. The point is that this error had 
not previously manifested itself in any way. To our 
knowledge, the ESTA programs are now successfully 
implemented on computers from at least ten different 
manufacturers, including two kinds of micro- 
computer. Probably the most important requirement 
of a computer is that arithmetic should be done with 
a minimum precision of 32 bits. 

PROGRAM LIMITATIONS 

It was originally intended that ESTA should per- 
form all of its various calculations regardless of the 
kinds of corrections desired for changes in activity 

coefficients, electrode selectivity or liquid-junction 
potential. Unfortunately, this has not been entirely 
achieved. 

The most significant difficulty concerns the evalu- 
ation of certain analytical derivatives in those ESTA 
tasks where solving the electrode equation requires 
knowledge of all the free concentrations and where it 
is thus necessary to solve this equation and the 
mass-balance equations iteratively (see Part II9 of this 
series). The problem occurs only when the above- 
mentioned corrections are required. Whilst it is pos- 
sible, in principle, to overcome this obstacle, e.g., by 
evaluating the necessary derivatives numerically, this 
is tedious to do well, and would make for very 
sluggish processing performance. Since we now see 
little benefit in going to these lengths, we have not 
done so. Accordingly, the task OBJT (both in ESTAI 
and ESTA2) is not permitted to make Debye-Htickel, 
liquid-junction or ion-selectivity corrections. 

Another limitation arises with those tasks which 
either calculate total analytical concentrations 
(TOTL, VESL and BURT) or in which such totals 
are not always well defined because a free instead of 
a total concentration is specified (SPEC). In these 
cases, the mass-balance equations are solved in a way 
that does not ensure mathematically that the charge 
balance is maintained. In other words, a total concen- 
tration of a charged component, say citrate, can be 
calculated without constraining (through the mass- 
balance equations) the concentration of its inert 
counter-ion, say sodium. This is a consequence solely 
of the conventional way in which the mass-balance 
equations are set up, e.g., in introducing a mass- 
balance equation for hydrogen ion instead of consid- 
ering the solution’s charge balance. Once again, 
however, the problem is of little consequence apart 
from the exceptions it creates in ESTA’s capabilities. 
It is worth noting that in the important context of 
determining total analytical concentrations by opti- 
mization, charge balance can easily be maintained for 
the purpose of activity calculations by simultaneously 
adjusting the concentration of a corresponding inert 
ion. 

CONCLUSION 

The ESTA programs have been under development 
for several years. During this time they have been 
applied in the treatment of potentiometric data by a 
number of researchers studying a variety of chemical 
systems2’m27 and have been favourably compared with 
other programs.28.29 As intended at the outset, they 
have been used to explore many different approaches 
to optimization. Some of the ideas we investigated 
have proved unfruitful but others have fared better. 
The stage has only recently been reached at which an 
overall picture has emerged and a definitive strategy 
for optimizing formation constants can be recom- 
mended. 

With hindsight, it is not surprising to find that all 
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of our more important results concern the effects of 
errors on the data analysis. For example, we have 
published some preliminary findings showing that 
quite large errors may arise, at least with certain glass 
electrodes, owing to neglect of the sodium ion inter- 
ference from the background electrolyte often used in 
bio-inorganic studies. 22 Large errors may also occur, 
in particular circumstances, from changes during a 
titration of ionic strength and/or of liquid-junction 
potential.’ The only proper way to deal with these 
effects, when they cannot be suppressed experi- 
mentally, is to characterize them (more or less empir- 
ically, as needs be) and then to correct for them in all 
calculations, along the lines taken in ESTA. Much 
experimental work will need to be done to quantify 
these effects before they can be handled entirely 
satisfactorily,’ and this, undoubtedly, presents a for- 
midable challenge. 

2. 
3. 
4. 

5. 

6. 

7. 

8. 

9. 

10. 
II. 
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Summary-The determination of cadmium by use of a molybdenum-tube atomizer and atomic-absorption 
spectrometry has been investigated. The absorption profiles for various cadmium compounds and the 
interferences caused by large amounts of concomitants were evaluated. Sulphur was tested as a matrix 
modifier for removal of interference and found to be effective at the interferent levels likely to be found 
in bioloaical samdes. A simole. orecise and convenient method for determination of cadmium in 
biologi& materials has been &biished. 

Numerous investigators have reported detet- 
minations of cadmium in various types of sample 
by electrothermal atomization atomic-absorption 
spectrometry (ETA-AAS).‘4S 

However, in most cases there is the problem of 
matrix interference, and the AAS determination has 
been combined with a prior separation by electro- 
deposition, ion-exchange, co-precipitation or solvent 
extraction to eliminate the interference.4es’ Various 
matrix modifiers, including sodium phosphate, di- 
ammonium hydrogen phosphate, ammonium di- 
hydrogen phosphat~EDTA-thiourea, ammonium 
dihydrogen phosphate-nitric acid, diammonium 
hydrogen phosphate-ammonium nitrate, ammonium 
nitrate, palladium nitrate-ammonium nitrate, nitric 
acid, lanthanum, and thiourea have been used in the 
graphite-furnace or metal-tube AAS determination of 
cadmium.‘m’4 Yoshimura et al. have studied the de- 
oxidation effect of sulphur powder on zinc oxide in 
flame and on beryllium oxide in ETA-AAS,54,55 and 
found that the sensitivities for zinc and beryllium 
were improved by the addition of sulphur powder 
dispersed in water. However, relatively little infor- 
mation has so far been reported on the usefulness of 
sulphur as a matrix modifier for determination of 
cadmium by ETA-AA!% 

This report discusses the use of sulphur for the 
elimination of interferences in the ETA-AAS deter- 
mination of cadmium with a molybdenum-tube 
atomizer and reports a simple, precise, and con- 
venient method for dete~ining cadmium in bio- 
logical materials. The molybdenum-tube atomizer 
was chosen for use on account of its various 
advantageP and long experience with it. 

Apparatus 

EXPERIMENTAL 

All atomic-absorption measurements were made with a 
Nippon Jarrell-Ash 0.5 m Ebert-type monochromator fitten 

*To whom correspondence should be addressed, 

with an R943 photomultiplier tube (Hamamatsu Photonics 
Co.) and a fast-response amplifier. 

A molybdenum tube (20 mm long, 1.8 mm i.d., 0.05 mm 
wall thickness, 0.060 ml volume), made from high-purity 
molybdenum sheet (99.95% purity, Rembar Co.), was 
used as the atomizer. A cadmium holIow-cath~e lamp 
(Hamamatsu Photon& Co.) was used at the cadmium 
resonance line of 228.8 nm, and molecular-background 
correction was achieved with a deuterium lamp (Original 
Hanau D2OOF). 

The light-beam from the source was collimated with two 
apertures (1 mm diameter) in front of and at the rear of the 
atomizer tube to reduce the intensity of the radiation from 
the surface of the atomizer, to increase the sensitivity and 
improve the reproducibility of the signals. The atomic- 
absorption signal from the amplifier and the atomizer- 
temperature signal from a photodiode (Hamamatsu 
Photonics Co. S641) were monitored with an Iwatsu 
Memoriscope (MS-5021) and fed simultaneously to a micro- 
computer (Sord M223). The temperature read-out was 
calibrated beforehand with an optica pyrometer (Chino 
Works). Both signals were displayed on a cathode-ray tube 
and recorded on a plotter (Graphtec WX46’75) after math- 
ematical processing by a program already described.56 

A Rotaflex (Rigaku RU-2OOB) X-ray diffraction appar- 
atus fitted with a copper tube operated at 40 kV and 
150 mA, and a proportional detector, was used. 

Reagents 
A I-mgjml standard stock cadmium solution was pre- 

pared by dissolving the high-purity metal (optical grade) in 
7M mtric acid and diluting the solution to known volume 
with demineralized distilled water. Solutions of cadmium 
chloride, sulphate, phosphate and acetate were prepared by 
heating cadmium nitrate with the corresponding acid. 

Solutions of the matrix elements were prepared from the 
nitrates as needed. 

A sulphur solution (10 mgjml) was prepared by dissolving 
high-purity sulphur in carbon disulphide. All test solutions 
were prepared immediately before use, by dilution with 
demineralized distilled water. 

All chemicals used were of analytical grade. 

Procedures 
An argon (480 mi/min~hydrogen (20 ~/min) mixture 

was used to purge the atomization chamber. 
Accurately weighed portions of biological sample (about 

0.1 g) were digested with 8 ml of 14N nitric acid and 2 ml 
of 30% hydrogen peroxide for 3 hr in a Uni-seal de- 
composition vessel placed in an electric oven at 390 K. After 
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digestion, the solutions were transferred to Teflon beakers 
and evaporated to dryness in a poly(ethylene glycol) bath 
at 380 K. The residues were dissolved in about 2 ml of 1M 
nitric acid, transferred to IO-ml standard flasks and made up 
to the mark with water. These solutions were further diluted 
with demineralized distilled water as required. 

For the measurement step a l-p1 aliquot, containing 
2.5 pg of cadmium for the interference studies, was injected 
into the metal-tube atomizer with a glass pipette and dried 
at 370 K for 10 sec. A I-p1 aliquot of the sulphur solution 
(10 pg of S) was added to the atomizer with another glass 
pipette. After standing for 10 set the residue was pyrolysed 
at 570 K for 10 set and atomized at 2170 K. 

The atomic-absorption profile and the background signal 
were measured. The background was subtracted from the 
absorption profile, and the baseline variation with time was 
compensated to give zero baseline absorption. After 
smoothing, the data were accumulated automatically in a 
disk memory by the microcomputer. These steps were 
repeated at least three times. The position of the peak on 
each atomic-absorption profile was then established and 
the signals at other points away from the peak were 
accumulated. The averaged absorption profiles are shown in 
Figs. l-10. 

Samples for X-ray diffraction measurement were pre- 
pared by heating about 1 mg of cadmium nitrate, containing 
10 mg of sulphur, on a molybdenum sheet (5.5 x 50 mm) at 
570 K in the reducing argon-hydrogen atomosphere. The 
X-ray diffraction patterns were obtained by measurement at 
20 = 26.5” (d = 3.36 A). 

Fig. 2. Atomization profiles of cadmium in presence of large 
amounts of aluminium with and without sulphur present, 
in 480 ml/min Ar and 20 ml/min Hr. Solid line, sulphur 
added; broken line, without sulphur: (a) 2.5 pg of cadmium; 
(b) 2.5 pg of cadmium and 250 ng of aluminium; (c) 2.5 pg 
of cadmium with sulphur; (d) 2.5 pg of cadmium and 
250 ng of aluminium with sulphur; (e) 250 ng of aluminium; 

similar. Also, the signal for a given compound with 
added sulphur was similar to that for cadmium 
nitrate in the presence of sulphur. It was established 
by X-ray analysis that when heated in the presence 
of sulphur these compounds were converted into 
the sulphide at the pyrolysis temperature in the 
argon-hydrogen atmosphere. 

RESULTS AND DISCUSSION 

Eflect of the counter-ion 

For a simple and direct analysis of various samples 
for cadmium by ETA-AAS it is important to in- 
vestigate the atomization profiles of various stable Interference study 

cadmium compounds, because differences in the com- 
bined form of the cadmium would be expected to 
influence the profiles. Therefore, the signals from 
cadmium nitrate, chloride, sulphate, phosphate, acet- 
ate and sulphide in the metal-tube atomizer were 
measured, in a flow of 480 ml/min argon plus 20 
ml/min hydrogen, which is the best experimental 
condition for cadmium atomization,r4 and are shown 
in Fig. 1. The signals from these compounds were all 

The effects of large amounts (103-lo5 fold) of Al, 
Ca, Cr, Cu, Fe, K, Na and Pb on the cadmium 
absorption profile were investigated with the metal- 
tube atomizer. These elements were selected for 
examination on the basis of known interference 
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Fig. 3. Atomization profiles of cadmium in presence of 
2.5 ng of aluminium with and without sulphur added, 
in 480 ml/min Ar and 20 ml/min H,. Solid line, sulphur 
added; broken line, without sulphur: (a) 2.5 pg of cadmium; 
(b) 2.5 pa of cadmium and 2.5 ne, of aluminium; (c) 2.5 pe. 

ofcadn&m with sulphur; (d) 2Spg of cadmium.and 2.5 ng 
of aluminium with sulphur; (e) 2.5 ng of aluminium; ,^. (1) temperature Increase. 

Fig. 1. Effect of particular cadmium salts on the atomic- 
absorption signal in 480 ml/min Ar and 20 ml/min H,: 
(a) acetate; (b) chloride; (c) nitrate; (d) sulphate; (e) sul- 
ohide: (fl ohosohate: (e) temoerature increase: Cd 2.5 oe. . ~ I. . l_, . .- 
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Fig. 4. Atomizatisn profiles of cadmium in presence of 
large amounts of calcium with and without sulphur added, 
in 480 ml/min Ar and 20 ml/min H,. Solid line, sulphur 
added; broken line, without sulphur: (a) 2.5 pg of cadmium; 
(b) 2.5 pg of cadmium and 250 ng of calcium; (c) 2.5 pg of 
cadmium with sulphur; (d) 2.5 pg of cadmium and 250 ng 
of calcium with sulphur; (e) 250 ng of calcium; (f) tem- 

perature increase. 

effects for cadmiumI and in accordance with their 
abundances in biological materials. 

The interference effects of 250, 25 and 2.5 ng of 
aluminium in the absence and presence of sulphur 
were examined. The presence of 250 or 25 ng of 
aluminium depressed the cadmium signal consider- 
ably, as shown in Fig. 2, and the addition of sulphur 
did not modify this effect. The effect of 2.5 ng of 
aluminium on the signal for 2.5 pg of cadmium in 
the presence and absence of sulphur is illustrated in 
Fig. 3. Sulphur completely eliminated the interference. 

The effect of 250 ng of calcium on the cadmium 
signal, with and without sulphur present, is shown in 

Cr 

Time (secl 

Fig. 5. Atomization profiles of cadmium in presence of large 
amounts of chromium with and without sulnhur added. 
in 480 ml/min Ar and 20 ml/min Hr. Solid hne, sulphur 
added; Broken line, without sulphur: (a) 2.5 pg of cadmium; 
(b) 2.5 pg of cadmium and 250 ng of chromium; (c) 2.5 pg 
of cadmium with sulphur; (d) 2.5 pg of cadmium and 
250 ng of chromium with sulphur; (e) 250 ng of chromium; 

Fig. 7. Atomization profiles of cadmium in presence of large 
amounts of iron with and without sulphur in 480 ml/min Ar 
and 20 ml/min H,. Solid line, sulphur added; broken line, 
without sulphur: (a) 2.5 pg of cadmium; (b) 2.5 pg of 
cadmium and 250 ng of iron; (c) 2.5 pg of cadmium with 
sulphur; (d) 2.5 pg of cadmium and 250 ng of iron with 

(f) temperature increase. sulphur; (e) 250 ng of iron; (f) temperature increase. 

Time kec) 

Fig. 6. Atomization profiles of cadmium in presence of 
large amounts of copper with and without sulphur added, 
in 480 ml/min Ar and 20 ml/min H,. Solid line, sulphur 
added; broken line, without sulphur: (a) 2.5 pg of cadmium; 
(b) 2.5 pg of cadmium and 250 ng of copper; (c) 2.5 pg of 
cadmium with sulphur; (d) 2.5 pg of cadmium and 250 ng 
of copper with sulphur: (e) 250 ng of copper; (f) temperature 

increase. 

Fig. 4. An additional peak appeared in the higher 
temperature region of the absorption profile of 
cadmium in both cases. The melting points of calcium 
oxide and sulphide are 2845 and 1823 K, respectively 
and the boiling point of calcium oxide is 3123 K.s9 
Thus, the peak must result from molecular absorp- 
tion by calcium. The original cadmium absorption 
profile was restored (when calcium was present) by 
the addition of sulphur, but not by addition of 
thiourea.r4 

Figure 5 illustrates the effect of 250 ng of chro- 
mium on 2.5 pg of cadmium, and the effect of sulphur 
as matrix modifier. The chromium depressed the 
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Fig. 8. Atomization profiles of cadmium in presence of large 
amounts of potassium with and without sulphur added, 
in 480 ml/min Ar and 20 ml/min H,. Solid Iine, sulphur 
added; broken line, without sulphur: (a) 2.5 pg of cadmium; 
(b) 2.5 pg of cadmium and 250 ng of potassium; (c) 2.5 pg 
of cadmium with sulphur; (d) 2.5 pg of cadmium and 
250 ng of potassium with sulphur; (e) 250 ng of potassium; 

(f) temperature increase. 

cadmium signal, without shifting the peak tem- 
perature, but addition of sulphur eliminated the 
interference. 

The absorption signal for cadmium in the presence 
of 250 ng of copper was lower and at lower tem- 
perature than in the absence of copper. The inter- 
ference, however, was suffi~ently modified by adding 
sulphur, as shown in Fig. 6. 

The interference by 250 ng of iron and the 
modifying effect of sulphur are illustrated in Fig 7. 
Iron depressed the absorption signal, but sulphur 
eliminated this effect. 

The effect of 250 ng of potassium on the cadmjum 
absorption, and its modification with sulphur are 
shown in Fig. 8. The signal in the presence of 
potassium shifted to a lower temperature and was 
lower than for cadmium alone. Addition of sulphur 
completely removed this effect. However, two ab- 
sorption peaks appeared when both potassium and 
sulphur were present, though not in the presence of 
potassium alone. This is reasonable, considering that 
potassium oxide decomposes at 623 K and that the 
melting point of potassium sulphide is 1113 KS7 
Absorption measurements with a deuterium lamp 
indicated that the second peak resulted from molecu- 
lar absorption (maybe by potassium sulphide). 

The effect of 2.50 ng of sodium on the cadmium 
signal was investigated in the absence and presence of 
sulphur, as illustrated in Fig. 9. The cadmium signal 
was depressed by the addition of a 10S-fold amount 
of sodium. The signal in the presence of sodium was 
poorly reproducjble and appeared at a lower tem- 
perature than for cadmium alone. When sulphur was 
also added, the cadmium signal was the same as that 
for cadmium in the presence of sulphur and absence 
of sodium and was reproducible. Small peaks were 

c Na 
75 

Fig. 9. Atomization profiles of cadmium in presence of 
large amounts of sodium with and without sulphur added 
in 480 ml/mm Ar and 20 ml/mm H,. Sofid line, sulphur 
added; broken line, without sulphur: (a) 2.5 pg of cadmium; 
(b) 2.5 pg of cadmium and 250 ng of sodium; (c) 2.5 pg of 
cadmium with sulphur; (d) 2.5 pg of cadmium and 250 ng 
of sodium with sulphur; (e) 250 ng of sodium; (f) tem- 

perature increase. 

observed on the tail of the cadmium profile when 
sodium and sulphur were both present, but not when 
only sodium was added. Measurements with the 
deuterium lamp indicated that these peaks were due 
to molecular absorption. The melting point of so- 
dium sulphide is 1453 IL” On the other hand, sodium 
oxide decomposes to give sodium and sodium per- 
oxide at temperatures above 673 K and the peroxide 
then decomposes at 930 K.57 Since the peaks ap- 
peared at temperatures above 1500 K, they were 
probably due to sodium sulphide. 

The interference by 250 ng of lead was investigated 
in the absence and presence of sulphur. The lead 
depressed the cadmium signal considerably, and sul- 

Pb 

Time (secl 

Fig. 10. Atomization profiles of cadmium in presence of 
25 ng of lead with and without sulphur added, in 480 ml/min 
Ar and 20 ml/min Hr. Solid line, sulphur added; broken 
line, without sulphur: (a) 2.5 pg of cadmium; (b) 2.5 pg of 
cadmium and 25 ng of lead; (c) 2.5 pg of cadmium with 
sulphur; (d) 2.5 pg of cadmium and 25 ng of lead with 

sulphur; (e) 25 ng of lead; (f) temperature increase. 
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Table 1. Determination of cadmium in biological samples 

Cadmium, pg/g 

Sample Found Certified value 

Bovine liver* 0.26, 0.25. 0.24 0.27 + 0.04 
Oyster tissue* 3.2, 3.2, 3.5 3.5 & 0.4 
Orchard leaves* 0.11, 0.11, 0.10 0.11 kO.01 
Pepper bush? 6.6, 6.3, 6.6 6.7 + 0.5 

*NBS standard. 
tNIES standard. 

phur could not modify the signal sufficiently. How- 
ever, the interference of 25 ng of lead could be 
eliminated completely by the addition of sulphur, as 
seen in Fig. 10. 

In general, the cadmium absorption profile in the 
presence of sulphur was shifted to a slightly higher 
temperature than that for cadmium alone even 
though the dissociation energy of the sulphide is 
lower than that of the oxide. The sublimation tem- 
perature of cadmium sulphide is 1253 K which is 
higher than that of the oxide (973 K).57.58 Thus the 
shift may be due to this difference in the sublimation 
temperatures of the two compounds. Modification 
with sulphur for dealing with large amounts of the 
matrix interferents was more satisfactory than 
modification with thiourea.14 

Determination of cadmium in biological matrices 

Li and Zhang digested biological samples with 
concentrated nitric acid and hydrogen peroxide for 
cadmium determination and obtained recoveries of 
88.499.6% by graphite-furnace atomic-absorption 
spectrometry. 59 The same decomposition method was 
therefore used in the present work. Table 1 shows the 
results obtained for some biological materials with 
certified values. The relative standard deviations esti- 
mated by the range method were 2.7-5.4%. The 
method can be considered satisfactory for the deter- 
mination of cadmium in biological materials. 
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Summary-The adsorptive voltammetry of lipoic acid and lipoamide was investigated with a hanging 
mercury drop electrode. These compounds produced a catalytic hydrogen wave at - 1.35 V in ammonia 
buffer solution containing cobalt(H), and the peak current increased with adsorptive accumulation at the 
electrode. Thus adsorptive voltammetry with the catalytic hydrogen wave could provide a sensitive method 
for determining trace amounts of lipoic acid and lipoamide. The calibration graphs for both compounds 
were linear over the range 2-1OnM with accumulation for 5 min at -0.6 V, and the detection limit was 
ca. OSnM. 

Lipoic acid (6,8-dithio-octanoic acid) is a biologically 
important substance and widely distributed in many 
animal, plant and microbial cells.’ It plays an im- 
portant role in a number of biochemical reactions 
involving hydrogen transfer. Lipoamide is also an 
important substance, as the electron-acceptor of lipo- 
amide dehydrogenase. Both substances have the di- 
sulphide group in their structure. The biochemical 
reaction is accompanied by conversion of the di- 
sulphide into a dithiol grouping, and it has been 
reported that this redox reaction occurs reversibly 
at the mercury e1ectrode.2.3 The polarographic 
behaviour of lipoic acid has been studied in detail.‘8 

A few electroanalytical methods for determining 
lipoic acid and lipoamide have been reported. Polaro- 
graphic methods based on measurement of the wave 
for reduction from disulphide to dithioL6.’ the cata- 
lytic hydrogen wave produced by the disulphide in 
the presence of cobalt(H), the so-called BrdiEka cur- 
rent,’ and cathodic stripping voltammetry have been 
attempted, but were not sensitive enough. 

In this study, an investigation was made of deter- 
mination of trace amounts of lipoic acid and lipo- 
amide by means of the catalytic hydrogen wave 
produced by lipoic acid and lipoamide accumulated 
adsorptively on the hanging mercury drop electrode 
(HMDE) m an ammonia buffer solution containing 
cobalt(H). It was expected that the sensitivity, already 
high for the catalytic hydrogen wave, would be 
further increased by the adsorptive preconcentration 
of the analytes on the HMDE. 

EXPERIMENTAL 

Apparutus 

A PAR 174A polarographic analyser was used for 
voltammetric measurements. An Omnigraphic model 2OOOH 
X-Y recorder (Houston Instrument Co.) was used for 

recording voltamperograms. The working electrode was a 
Metrohm model E 410 HMDE and the counter-electrode 
was a glassy-carbon rod. A saturated calomel electrode with 
a diaphragm tube containing Wpotassium nitrate was used 
as reference electrode. Stirring for accumulation was per- 
formed with a magnetic stirrer. The measurements were 
made at 25 + 0.1”. A potentiostat (Hokuto Denki Co.) was 
used for potentiostatic experiments. Cyclic voltammetry was 
performed with a manually operated PAR 174A instrument. 

Reagents 

Lipoic acid and lipoamide were obtained from Sigma Co. 
and used without further purification. The O.OlM stock 
solutions were made in 50% v/v ethanol-water mixture. The 
solution of cobalt(H) was prepared from Co(NO,), (Wake 
Pure Chemical Industry Co.) and the solution of cobalt(II1) 
from [Co(NH,),]Cl, (Eastman Kodak Co.). The supporting 
electrolyte was ammonium chloride/ammonia buffer. High- 
quality nitrogen was used for deaeration. Other reagents 
were analytical reagent grade. 

RESULTS AND DISCUSSION 

Cyclic voltamperograms of lipoamide in O.lM 
ammonia buffer solution (pH 8.5) at the HMDE are 
shown in Fig. l(a). The waves of the redox reaction 
corresponding to the transformation from disulphide 
into dithiol and vice versa appear at about -0.7 V as 
sharp peaks, and indicate that lipoamide is adsorbed 
on the mercury electrode surface. In the presence of 
cobalt(II), the cyclic voltamperograms of lipoamide 
show a new reduction wave at about - 1.35 V, 
Fig. 1(&f). The peak current is very large and 
proportional to the concentration of cobalt(I1) when 
this is lower than 200yM. This wave seems to be a 
catalytic hydrogen wave since it is located at only 
slightly more positive potential than that of the 
hydrogen reduction wave in the same ammonia buffer 
solution and the peak current is very much larger 
than that expected from diffusion of cobalt(U) or 
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IPA 

0 -0.5 -1.0 -1.5 -2.0 

E,V vs. SCE 

Fig. 1. Cyclic voltamperograms of 10pM lipoamide. 
Supporting electrolyte, 0. IM ammonia buffer solution 
(pH 8.5); with (a) 0, (b) 1, (c) 2, (d) 3, (e) 4, (f) 5pM Co(U). 

Scan-rate; 50 mV/sec. 

lipoamide. Furthermore, it was confirmed by the 

potentiostatic investigations with a mercury pool 
electrode that gas was evolved at the electrode surface 
when the electrode potential was kept at - 1.35 V. 

Cyclic voltamperograms similar to that of lipo- 
amide were observed for lipoic acid, and a catalytic 
hydrogen wave appeared at about - 1.30 V when 
cobalt(I1) was present. 

The effects of the adsorptive accumulation of lipoic 
acid or lipoamide on the HMDE are shown in 
Fig. 2. The peak height of the catalytic hydrogen 

Al 

L 
1OpA 

-0.6 - 1.0 - 1.5 -2 -0.6 -1.0 -1.5 -2 

wave at - 1.35 V is increased by adsorptive accumu- 
lation of lipoic acid or lipoamide at -0.6 V. The 
catalytic hydrogen wave obtained after the adsorptive 
accumulation is sharper than that without accumu- 
lation. It is considered that the lipoic acid or lipo- 
amide adsorbed on the HMDE but not that diffusing 
from the bulk solution is concerned in the catalytic 
hydrogen evolution. The catalytic hydrogen wave is 
also influenced by the concentration and pH of the 
supporting electrolyte. The half-peak width of the 
catalytic hydrogen wave decreases with increase in 
the concentration of the ammonia buffer, from 220 
mV at O.lM to 70 mV at lM, though the peak current 
remains constant. The peak current is maxima1 in the 
pH region 8-9.5. 

The relation between peak current and accumu- 
lation potential is shown in Fig. 3. When lipoic acid 
(at O.lpM concentration) is accumulated for 2 min at 
various potentials, the peak current of the catalytic 
hydrogen wave is constant over the accumulation 
potential range from -0.5 to -0.8 V. For O.lpM 

20- 
u 
d 
. 

.-D 
IO- 

0 -0.2 -0.4 -0.6 -0.6 -1.0 -1 2 

E occum ,V vs. SCE 

Fig. 3. Effect of accumulation potential on peak current. 
Supporting electrolyte, IM ammonia buffer solution 
(pH 9.0) containing 2OOpM Co(II); (-_O-) O.lpcM lipo- 
amide accumulated for 1 min; (-a---) O.lpM lipoic acid 

accumulated for 2 min. 

(Bl 

E , V vs. SCE 

Fig. 2. Effect of accumulation. Supportmg electrolyte: O.lM ammonia buffer solution (pH 8.5). (A) IpM 
lipoamide, (B) 1pM lipoic acid: (a) not accumulated, (b) accumulated at -0.6 V for 1 min without stirring, 

(c) accumulated at -0.6 V for 1 min with stirring. 
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The relation between the peak currents of the 
catalytic hydrogen wave and the concentration of 
cobalt(H) is shown in Fig. 4. The peak current 
increases non-linearly with cobalt(H) concentration; 
approaching a maximum asymptotically, and is 
proportional to the square root of the potential 
scan-rate. This behaviour suggests that the catalytic 
hydrogen wave is produced by cobalt(U) diffusing to 
the electrode. 

I 

Table 1. Precision 

Fig. 4. Effect of concentration of Co(H) on peak current. 
Supporting electrolyte, IM ammonia buffer solution 
(pH 9.0); (-_O-) O.lpcM lipoamide accumulated at 
- 0.6 V for I min; (-a-) O.lpM lipoic acid accumulated 

At low concentrations of lipoamide and lipoic acid, 
the peak current of the catalytic hydrogen wave 
increases linearly with accumulation time but tends to 
approach a constant value at high concentrations. 
This is presumably due to saturation of the ad- 
sorptive sites on the mercury electrode. The trend 
towards saturation can also be Seen in the calibration 
graphs of lipoic acid and lipoamide; with accumu- 
lation at -0.6 V for 5 min there is linearity over the 
range from 1 to IOnM with correlation coefficients of 
0.986 and 0.997 for lipoic acid and lipoamide respect- 
ively. The precisions for 5 runs at various concen- 
trations of lipoic acid and lipoamide are shown in 
Table 1. The relative standard deviations at all the 
concentrations were cu. 6%. 

lipoamide the peak current is constant for accumu- 
lation for 1 min at a potential from -0.4 to -0.9 V. 
In this potential range, a constant amount of lipoic 
acid or lipoamide is adsorbed on the HMDE. Since 
the reduction potential from disulphide to dithiol is 
about -0.7 V, it is suggested that both the oxidized 
and the reduced form could be accumulated ad- 
sorptively to a similar extent. 

The catalytic hydrogen waves in the polarography 
of lipoic acid and lipoamide are observed at the same 
potential in the presence of not only Co(I1) but also 
Co(III), and also occur for many other compounds 
containing disulphide and thiol groups. Further, 
the presence of Fe(I1) or Fe(II1) also produces the 
catalytic hydrogen wave; in this case, however, the 
reproducibility of the peak current is reduced by 

[co (II)], 10-4# 

at -0.6 V for 2 min. 
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Lipoic acid 

Concentration, Accumulation ip, 
w time, min PA 

RSD, 
% 

Lipoamide 

Accumulation ir , 
time, min PA 

RSD, 
% 

0.1 2 12.4 6.0 1 22.9 5.4 
0.02 2 2.3 4.2 2 6.2 6.4 
0.005 5 1.4 5.3 5 2.9 6.6 

Supporting electrolyte: 1M ammonia buffer solution (pH 9.0) containing 2OO/cM Co(I1). 
Accumulation at -0.6 V. 

Substance 

Cysteine 

Cystine 

BSA 

Gelatin 

Triton X-100 

SDS 

Table 2. Influences of other substances 

Ai,, Concn., Ai,, 
Concn. % Substance w % 

Cu(I1) 50 5OyM 
IOO~M 
50/&u 

lOO/lM 
I x IO-S% 
5 x lo-5% 
5 x lo-5% 
1 x lo-4% 
I x lo-5% 
2 x lo-5% 
I x lo-4% 

lO/lM 
50jlM 

-2 
-10 

0 
-31 
-17 
-46 
-2 

-37 
-5 

-30 
-100 
-11 
-24 

100 
Pb(I1) 50 

100 
Cd(I1) 50 

100 
Mn(I1) 50 

100 
Ni(I1) 50 

100 
Fe(I1) 50 

100 

+2 
-6 

-II 
-19 
-13 
-17 
-25 
-30 
+10 
+14 

-7 
-25 

Supporting electrolyte 1M ammonia buffer (pH 9.0) containing 2OOpM Co(I1); 0. IpM 
lipoamide accumulated at -0.6 V for 1 min. 

TAL WI,--8 
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formation of the hydroxides. The presence of Ni(I1) Many metal ions did not interfere, not even Cu(II), 
does not produce a catalytic hydrogen wave. which is accumulated and forms an amalgam with the 

The influence of other substances on the catalytic mercury electrode. The presence of Fe(II1) or Mn(I1) 
hydrogen wave was investigated. In Table 2, the reduced the peak current slightly, owing to the 
extent of interference is shown as the relative change formation of their hydroxides. 
in the peak current of the catalytic hydrogen wave of 
lipoamide, caused by the presence of the potential 
interferent. Cysteine and cystine, typical compounds 
containing a thiol or disulphide group, do not inter- 
fere up to 50gA4 concentration. They produce a 
catalytic hydrogen wave in the presence of cobalt(II), 
but their adsorptivity on the mercury electrode at 
-0.6 V is lower than that of lipoamide, and they are 
not accumulated on the HMDE. BSA (bovine serum 
albumin), however, decreased the peak current even 
at 1 x lo-‘% concentrations. This seems to be due to 
the strong adsorptivity of BSA on the mercury elec- 
trode, which prevents the accumulation of lipoamide. 
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Surface-active substances such as gelatin, Triton 
X-100 and SDS (sodium dodecyl sulphate) interfered 
strongly by adsorption on the electrode. In particular, 
the peak of the catalytic hydrogen wave of lipoamide 
disappeared in the presence of 1 x 10m4% Triton 
x-100. 



~danra, Vol. 35, No. II, pp. 841-845, 1988 0039-9140/88 $3.00 + 0.00 
Printed in Great Britain. All rights reserved Copyright 0 1988 Pergamon Press plc 

EXTRACTIVE PHOTOMETRIC DETERMINATION OF 
GALLIUM WITH %QUINOLINOL IN LAYERED 

CRYSTALS OF BISMUTH TELLURIDE-ESTIMATION 
OF THE DETERMINATION LIMIT 

JITKA SRAMKOVA and STANISLAV KOTRL+ 
Department of Analytical Chemistry, University of Chemical Technology, 532 10 Pardubice, 

Czechoslovakia 

(Received 16 June 1988. Accepted 29 July 1988) 

Summary-A method for determining microgram amounts of gallium in milligram samples of layered 
monocrystals of the type AYBY’ is described. For the separation of l-5 pg of gallium(II1) from a large 
excess of bismuth in a single extraction the recommended conditions are pH 3.64.2 (acetate buffer, V_ 
40 ml), an adequate excess of 8-quinolinol for complete extraction and of thiosulphate for masking 
bismuth. The absorbance of a chloroform extract (V,, = 10 ml) is measured at 392.5 nm in a SO-mm cell 
against a blank extract concurrently obtained with a solution of pure Bi,Te,. Reference polycrystalline 
materials are used to check the precision and accuracy of the method. In routine analysis of layered 
monocrystals a relative standard deviation of 4-g% is to be expected for about 1 lg of gallium in the 
extraction system. Estimation of the limit of determination, based on two statistical models, is discussed 
with respect to the error of the method and the fluctuation of the blank. 

As part of a research programme investigating the 
optical and other physical parameters of bismuth 
telluride monocrystals doped with gallium atoms’ it 
was necessary to determine gallium at the 0.01% level 
in milligram samples of the crystals. Bismuth telluride 
forms monocrystals with a tetradymite structure in 
which gallium is distributed with a marked concen- 
tration gradient; therefore, every crystal segment 
taken for physical measurements is an individual and 
non-replaceable sample. The attainable precision and 
reliability of the method has to conform with the 
requirements of determination of the non-stoichio- 
metry in correlation with the physical parameters. A 
survey of the literature shows that the problem of 
microgram analysis of milligram samples is a new 
challenge in this field. 

Information on the applicability of 8-quinolinol 
in extraction of trace amounts of metals2 ’ led us to 
believe that a suitable method for gallium could be 
developed. A calculation, based on the equilibrium 
constants for the gallium(III~8-quinolinol system,6.7 
confirmed that between pH 3 and 4 the extraction 
into chloroform is practically complete in a single 
step if a suitable excess of the reagent is used. Basic 
data for the determination of gallium(II1) with this 
reagent have also been published.8m’0 Keil” recom- 
mended 8-quinolinol for spectrophotometric deter- 
minations of gallium because the extraction is almost 
specific if suitable masking reagents are used. How- 
ever, the problem of how to mask a large excess of 
bismuth had not yet been solved adequately. In our 
preliminary experiments thiosulphate was found to 
be a promising masking agent for bismuth. 

A search of the literature also revealed that 
8-quinolinol, despite the amount of work invested in 
fundamental studies of its analytical properties, has 
found only few applications in the determination of 
gallium in real samples. In most cases it was used only 
in the final reaction, e.g., in fluorimetric deter- 
minations in silicate rocksi and bauxites” or in a 
spectrophotometric determination of gallium in pure 
germanium and germanium dioxideI after a prior 
separation based on the extraction of chlorogallate 
species with ether. Some new applications of 
I-quinolinol can be illustrated by the determination 
of trace gallium in iron ores,15 in which gallium is 
separated by extraction into chloroform and 
determined by graphite furnace AAS. 

Evidently little attention has been given to the 
investigation of all the factors influencing the pre- 
cision and reproducibility of the extraction of the 
tris(8-quinolinolato)gallium(III) chelate from a more 
complicated matrix. In this respect it is also im- 
portant to tackle the problem of the effect of the 
blank on the error of an extractive determination. 
Statistical analysis of results obtained in a large 
number of experiments is used in the present paper to 
illustrate the influence of compensation of blanks on 
the limit of determination. 

EXPERIMENTAL 

Reagents 

Standard gallium(II1) solution, O.OlM in O.OlM nitric 
acid, was prepared from analytical-grade Ga(NO,),*3H,O. 
This stock solution was standardized by back-titration of 
EDTA added in sufficient excess. Precise results can be 
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obtained with visual end-point detection if a standard 
O.OlM solution of bismuth is used as t&ant at pH 2.5 
(chloroacetate buffer) and with Xylenol Orange as indicator 
(sr = O.l%, n = 5). The concentration of a standard 10e4M 
gallium(III) solution, prepared by appropriate dilution, can 
be checked by a photometric- microtitration (the same 
titrant. oH 1.5. Xvlenol Orange, I 535 nm). In this way 
sufficieni precision-can be achieved even with a very diluie 
titrant [e.g., 0.0025M bismuth(III), s, = 0.2%, n = 51. 

S-Quinolinol of analytical reagent quality (Lachema, 
Brno) was twice recrystallized from hot ethanol. An 
approximately 0.25% w/v solution was prepared by dis- 
solving 0.5 g of ourified 8-auinolinol in 50 ml of water 
acldifiid witch I ml of @a&l acetic acid and heated to 
50-60~, and diluting to 200 ml. This reagent solution should 
not be kept for more than I week. 

A sodium acetate solution (0.22M) was used for pH 
adjustment of the aqueous phase. Sodium thiosulphate 
solution (_ 2% Na, S,O, .5H, 0) was stabilized by addition 
of sodium carbonaie*(O.-1 g/l:). 

All reagents were reagent-grade quality. Distilled chloro- 
form and redistilled water were used in all experiments. 

Apparatus 

A Zeiss double-beam M40 spectrophotometer was used to 
record the absorption spectra of the chloroform solutions. 
For routine photometry a Zeiss precise single-beam VSU 
2G spectrophotometer was used. The absorbance of the 
chloroform extracts was measured at 392.5 nm (slit-width 
0.2 mm) in 50-mm glass cells fitted with PTFE caps, against 
a blank extract and pure chloroform as references. 

A Radelkls Model OP-21 l/l pH-meter with an OP-0808P 
combined glass electrode (Radelkis, Budapest) was cali- 
brated with the buffer solutions of the operational pH 
scale.” 

Burettes and pipettes were calibrated. 

Procedures 

Decomposillon of samples. Two extreme situations should 
be avoided when bismuth telluride materials are dissolved: 
(a) addition of an undefined amount of nitric acid-after 
dilution to volume the resulting acid concentration should 
be about 0.3M; (6) hydrolysis of bismuth(III), which may 
be caused by a local decrease in acidity during a dilution. 
As Ihe final dilution of the sample solution has to be chosen 
with respect to the available mass of the sample and the 
actual content of gallium, the dissolution procedure has to 
be modified accordingly. For the sake of convenience, the 
amounts of reagents are given here for a sample of 5(rl20 
mg and final dilution to 100 ml. 

Add 10.0 ml of dilute nitric acid (I + 4) to a sample 
(>0.02% Ga) in a tall-form l50-ml beaker and heat on a 
steam-bath for l&20 min till dissolution is complete and 
oxides of nitrogen are expelled. Allow the solution to cool, 
dilute with 20 ml of 0.2M nitric acid and transfer it to a 
100-m] calibrated standard flask. Use 5 x IO-‘A4 nitric acid 
for washings and dilution to the mark. Whenever a substan- 
tial modification of the procedure is necessary, check the 
resulting acidity alkalimetrically. 

Extracfion. Transfer IO ml of 0.22M sodium acetate, 5 ml 
of 0.25% solution of &quinolinol, and 5 ml of 2% sodium 
thiosulphate solution to a 100-m] separating funnel, in that 
order, and mix well. Then add by pipette a 5-ml aliquot of 
the sample solution, containing more than I pg of Ga(III), 
mix again and dilute the aqueous phase with water to about 
40 ml. Extract with 10.0 ml of chloroform by shaking for 
4 min. Allow the phases to separate and after discarding 
about 0.5 ml of the chloroform extract insert the funnel stem 
into a filter-tube containing a small dry filter paper to retain 
water droplets. Transfer the chloroform extract into a clean, 
dry 50-mm cell provided with a well fitting PTFE cap. 
Measure the absorbance at 392.5 nm against a blank extract 
as reference. 

Wavelength (nm) 

Fig. I. Absorption spectra of extracts measured against 
chloroform as reference (pH 4.2, 50-mm cell). Aliquots of 
solutions from the following materials [with amount 
of Ga(II1) per 5 ml] taken for extractions: l-reference 
material (Ga 10 pg); 2-sample of a monocrystal (Ga 1.54 

pg); 3-blank (pure Bi,Te,, 2.5 mg/5 ml). 

For a blank extraction use the same procedure but, 
instead of the sample solution, take a 5-ml aliquot of a 
matrix solution obtained by dissolving an appropriate 
weight of pure bismuth telluride. 

RESULTS AND DISCUSSION 

Choice of wavelength 

The yellow chelate Ga(ox), in chloroform has an 
absorption maximum at 39&396 nm (Fig. 1) located 
close to the descending part of a broad maximum 
(A,,, = 318 nm) of the free form Hox of 8-quinolinol. 
Thus only a shoulder on the absorbance curve reveals 
the presence of a microgram amount of gallium 
(curve 2, Fig. 1). Therefore, the background absorb- 
ance due to the uncomplexed 8-quinolinol, which is 
present in large excess, and the traces of impurities 
(curve 3) must be carefully compensated by means of 
a blank extraction. 

Effect of pH 

In preliminary experiments suitable conditions for 

the extraction of microgram amounts of Ga(II1) were 
found, namely the phase ratio (water:CHCI, = 4: I) 
and the excess of 8-quinolinol and thiosulphate ade- 
quate to separate and concentrate gallium(II1) in a 
single extraction from a great amount of bis- 
muth(III). These experimental conditions were then 
used in further investigations. 

The partition of tris@-quinolinolato)gallium(III) 
was studied in more detail within the pH range 
2.2-4.2. A reference polycrystalline material with a 
high gallium content of 0.429% was used for prepa- 
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Table 1. Determination of gallium in reference polycrystalline materials and in samples of layered 
monocrystals 

Ga found 

Sample 

RM-1 
RM-2 
RM-3 

Taken,* Number mGa 1 dmGd? sr* 

mg of detns. Absorbance3 pg K? % % 

18.825t 4 0.062 f 0.004 1.10 0.044 0.029 f 0.002 3.9 
129.11 8 0.052 f 0.005 0.923 0.099 0.036 + 0.003 10.7 

11.782t 4 0.052 f 0.006 0.941 0.078 0.040 + 0.005 8.3 
RM-4 128.37 6 0.080 ; 0.005 I .43 0.093 0.056 + 0.004 6.5 
MC-l 37.15 6 0.075 f 0.005 1.34 0.090 0.036 f 0.003 6.7 
MC-2 39.95 6 0.089 f 0.004 1.60 0.063 0.040 * 0.002 3.9 
MC-3 58.0 # 5 0.077 * 0.005 1.39 0.077 0.048 f 0.003 5.6 
MC!+1 48.41% 4 0.052 + 0.006 0.923 0.070 0.019 + 0.002 7.5 
MCS-2 3 1.00-f 4 0.103 + 0.008 1.84 0.096 0.030 + 0.002 5.2 
MCS-3 22.326t 4 0.153 + 0.008 2.75 0.096 0.062 k 0.003 3.5 

*Total volume of the sample solution: 72s; 7250; $50; # 100 ml. 
fMeasured against a simultaneous blank extract (see the text). For n 6 5 the confidence intervals and 

standard deviations were calculated by the Dean and Dixon method. 

ration of the test solutions. An aliquot of 5 ml 
contained about 10 pg of gallium(III). The aqueous 
phase was buffered with acetic acid-acetate and 
adjusted to a constant ionic strength of O.lM with 
sodium nitrate. Two extractions of the test solution 
and one of the matrix blank were performed concur- 
rently for each pH value of the aqueous solution. 

Between pH 3 and 4.2 the absorbances, measured 
against the matrix blank as reference, reached prac- 
tically a constant level with a mean value of 
0.542 f 0.010 (n = 20, a = 0.05). When the whole set 
was divided into two parts, a statistically significant 
difference was found between the relevant mean 
values (pH 3.0-3.5, 0.556 + 0.015, n = 8; pH 3.7-4.2, 
0.533 +- 0.011, n = 12). This indicated that a nar- 
rower pH range should be chosen and, moreover, 
that the pH-dependence of the blanks should also be 
taken into consideration. A plot of absorbance of the 
blanks, measured against chloroform as reference, 
showed a sharp increase in absorbance at above pH 
4, from a flat minimum between pH 3.3 and 3.6; 
however, in this region of low blanks a greater scatter 
of values was observed, which affected unfavourably 
the results of determinations. Reagent blanks pre- 
pared without addition of the matrix solution had a 
similar pH-dependence but the absorbance values 
were different and began to increase even at below pH 
3. The pH range 3.8-4.0 was thus considered as an 
optimum for the matrix under investigation. It was 
also possible to use sodium acetate for a safe pH 
adjustment. 

Calibration and testing of the method 

The range of concentration for the calibration was 
chosen to cover the amounts of gallium expected in 
the analysis of the telluride monocrystals. For a 
calibration solution 52-55 mg of powdered pure 
bismuth telluride was dissolved in dilute nitric acid 
and the solution was transferred together with wash- 
ings to a lOO-ml calibrated standard flask. Then a 
known volume of the standard 10m4M gallium(II1) 

was added (e.g., 3, 4 or 6 ml) and the solution was 
diluted to the mark with 5 x 10e3M nitric acid. 

In the course of calibration extractions, all experi- 
mental details (see the procedure) were carefully 
controlled to maintain optimum conditions. With 
each two calibration extractions one matrix blank 
was always run concurrently. The chloroform ex- 
tracts were measured in 50-mm cells in order to reach 
a measurable level of absorbance, always with the 
relevant blank as reference. 

The calibration was repeated several times. In all 
calibrations the Student’s t-test at 5% significance 
level led to acceptance of a zero intercept for the 
regression line. 

The calibration, which was used in most deter- 
minations listed in Tables I and 2, yielded the 
regression equation 

A = (5.58 + 0.18) x lo-‘m,, (1) 

where mGp is the amount of gallium(II1) within the 
range l-5 pg per 10 ml of the chloroform extract 
(n = 19, s,_ = 0.0070). The slope of this calibration 
agreed well with the preceding calibrations. 

The method was tested with powdered poly- 
crystalline bismuth telluride doped with various 
amounts of gallium, prepared so as to obtain a more 
homogeneous distribution of the gallium than that in 
the monocrystals. These reference materials (RM) 
allowed examination of the applicability of the 
method to different weights of sample. Also. some 
larger pieces of monocrystals (MC) were taken to 
prepare test solutions (see Table 1) with final volumes 
of 50, 100 and even 250 ml. Thus it was possible 
to check the precision attainable in series of 5-8 
extractions. 

The blank extractions 

As all blank extracts were also measured against 
chloroform as reference, large sets of absorbance 
values of the blanks were obtained under the same 
conditions. For example, a set of 49 blanks corre- 
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Table 2. Determination of gallium in milligram samples of layered monocrystals 

Ga found 

Sample 

MCS-4 
MCS-5 
MCS-6 
MCS-7 

Taken,* Number me, 3 %x1,. 
w of detns. Absorbancet pg pg % 

2 I .469$ 3 0.056 1.00 0.13 0.023 
6.166§ 1 0.045 0.81 0.13 0.026 
5.02&q 2 0.090 1.61 0.13 0.064 
9.2916 2 0.194 3.48 0.15 0.075 

*Total volume of the sample solution: $25 ml; $10 ml. 
tMean absorbance (8) against blank as reference (see the text). Estimated by 

inverse interpolation based on results of the calibration (n points of x, values 
of the concentration): 

I!2 

The symbols are explained in the text 

sponded to the calibrations represented by equation 
(1) and the majority of extractions listed in Table 1. 
These blank extracts (measured in SO-mm cells at 
392.5 nm) were obtained under carefully controlled 
experimental conditions, as demonstrated by the 
reliability interval of the mean absorbance, 
0.092 + 0.002. This set was tested for normality with 
the use of a complex statistical computer program. 
An estimate of x2 with partitioning into 8 classes was 
3.73, whereas the critical value is 12.60 (v = 6, 
P = 0.95). The computed estimates of the moments 
of skewness A, and curtosis A, were also much lower 
than the calculated critical values: (A,( = 0.002 
(<0.646); (A,-3+6/(n + 1)(=0.322 (<1.180). A 
plot of ordered blank values us. corresponding values 
of the standard normal variate gave a straight line, 
passing through a random scatter of points, with 
practically theoretical values of the parameters. All 
this indicated that it was not possible to reject a 
hypothesis of normal distribution for these blanks. 

Spectrophotometric measurements of the blank 
extracts revealed that the absorbance values at the 
beginning of the visible region were predominantly 
influenced by the large excess of the free, neutral form 
Hox of 8-quinolinol. This fact was also confirmed by 
calculation of the distribution of all forms of 
8-quinolinol in the extraction system at pH 4.0. The 
blank value is thus influenced by the purity of the 
reagent and by all complicating factors which affect 
partitioning of the form Hox between water and 
chloroform. 

The composition of the aqueous phase (even at 
constant pH and ionic strength) also has a significant 
effect; therefore, the matrix solution for blank extrac- 
tions should be prepared by dissolving a weight of 
pure Bi,Te, corresponding to that of an average 
sample to be analysed. In routine applications it is 
also important to watch systematically the trends and 
fluctuations of the blanks. 

Determination of gallium in layered monocrystals 

For measurement of the physical properties a small 

rectangle of about 6 x 8 mm is cut out from a thin 
plate of the monocrystal, which is several tenths of a 
milhmetre thick. As there is a considerable concen- 
tration gradient of gallium along the monocrystal, 
every such little crystal chip is an individual specimen 
with a weight of 5-2.5 mg (cf. MCS-3 in Table 1 and 
Table 2). As the amount of sample taken limits the 
total volume available for replication of the deter- 
mination, the reliability of the method must be 
adequate to provide safe results even for a small 
number of measurements. 

The samples of monocrystals were dissolved in 
dilute nitric acid according to the general procedure, 
modified according to the weight of the sample. For 
matrix blanks a matching amount of pure bismuth 
telluride was always dissolved and a 5-ml aliquot 
taken for a concurrent blank extraction. 

The results of determinations of gallium in some 
telluride monocrystals are listed in Table 2. If the 
reliability intervals and the standard deviations are 
compared with those of the test solutions, it may be 
concluded that the method gives reproducible results 
despite the low gallium content. 

Estimating the limit of detection 

A more detailed analysis of the results obtained in 
the series of repeated determinations at low concen- 
tration levels has revealed that the random error 
cannot be considered as uncorrelated with the error 
of the blank extracts measured against chloroform as 
reference. This fact is also indicated by the values of 
particular standard deviations for the absorbance. 
For example, in the case of 8 sample series with net 
mean absorbance values ranging between 0.05 and 
0.08 the pooled standard deviation was 0.0050 
(ns = 40, v = 32), whereas the standard deviation for 
the relevant set of blanks (ne = 49, see above) had a 
value of 0.0075 which was significantly different (by 
F-test at 5% significance level)-and larger. 

If the hypothesis is accepted that the influence of 
the blank is fully compensated, there are two main 
sources of error contributing to the error of the 
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determination expressed as a standard deviation s,: 
(a) error (s,,) incurred in ns measurements of the 
absorbance (y) in a given series; (b) the scatter of n 
points along a calibration regression line, e.g., 
y = b*x, which is characterized by a standard devi- 
ation sFX. It has often been assumed that sv = sYX. If 
the error of the slope b* is neglected, then an estimate 
of the limit of determination xLD is related to a chosen 
permissible level of the relative standard deviation s,: 

Considering that sY = 0.005 and s, = 0.1, xLD of the 
method is 0.90 rug of Ga(II1). This value agrees well 
with the results listed in Table 1. For example, if the 
standard deviations +oa) are pooled for 7 series 
(ng = 37), which fall close to the limit of deter- 
mination, then sg = 0.083, so for s, = 0.1 an estimate 

Of XLD is 0.83 pg of Ga(II1). EvidentIy the results in 
Table 1 correspond to the case of a “well-known” 
blank, as mentioned by Currie,” for which yLn = 100. 
If inverse interpolation is used to estimate s, on the 
basis of the calibration line in Eq. (1), xLn is about 
1.3 pg of Ga(II1) (see Table 2). 

Now consider the opposite case, in which the error 
incurred in n, measurements of samples against a 
blank as reference (cj Currie”) is uncorrelated with 
the error of the blank itself. The variance of a mean 
absorbance ss can be expressed by the law of 
propagation of errors as: 

3’s S2s s$=-+.- (3) 
% nB 

where the variances si of the samples and si of the 
blanks refer to absorbance. There is usually a con- 
stant ratio of the number of determinations to that of 
the blanks (ne) in a series, n, = kn,; thus the variance 
of absorbance corresponding to a given series of 
determinations is estimated by: 

s: = n& = si + ksi (4) 

which clearly shows that it is advisable to choose a 
reasonably low value of k. If a certain relative error 
is chosen as acceptable and the error of the slope b* 
is negligible, the limit of determination is given by: 

(3 

1. 

2. 

3. 

4. 

5. 

6. 
7. 

8. 
9. 

IO. 

II. 
12. 
13. 
14. 

is. 

16. 

Ifs, = ss = 0.005, sg = 0.0075 and k = 2, the estimate 
of the limit of dete~ination is 2.1 pg of Ga(III), 
which is evidently somewhat high. Evidently the 
blank is less likely to fluctuate within a series than 
between subsequently reproduced series of analyses. 17. 

The proposed method is applicable in routine 
analysis of milligram samples of monocrystals and 
can provide results which are useful for inter- 
pretations of optical and other physical properties of 
the crystals (cJ Lo&k et al.‘). 

For calibration with known amounts of the analyte 
a reasonably “pure” matrix should be chosen. 

The blank extracts, which are used as reference, are 
to be obtained by use of a solution containing a 
matching amount of pure matrix. The background 
absorbance, which is mainly due to the excess of 
extracted free 8-quinolinol, is very largely compen- 
sated. The deviations, which are caused by random 
changes in composition of the extraction system etc. 
and affect the error of the blank, are more clearly 
evident between series of analyses than within a 
certain series of extractions. 

Acknowledgement-Th authors wish to thank Professor 
J. Horlk from their University for an inspiring research 
project. Thanks are also due to his co-workers for providing 
the polycrys~lline materials and the samples of mono- 
crystals, and to Miss Y. Kalischovl, Eng.M., for her 
valuable assistance in some experiments. 

REFERENCES 

P. Lo&k, R. Novotnjr, J. Navratif and J. Sramkova, 
Phys. Stat. Sof., 1988, lO$A, 619. 
E. Sandell, Calorimetric Determination of Traces of 
Metals, 3rd Ed., Interscience, New York, 1959. 
J. Staj, The Solvent Extraction of Metal Chelates, p. 86. 
Pergamon Press, Oxford, 1964. 
A. K. De, S. M. Khopkar and R. A. Chalmers, So/rem 
Extraction of Metals, p. 79. Van Nostrand Reinhold, 
London, 1970. 
0. G. Koch and G. A. Koch-Dedic, Handbuch der 
Spurenanalyse, Vol. 1, p. 728. Springer-Verlag, Berlin, 
1974. 
A. P. Savostin, Zh. Neorgan. Khim., 1965, 10, 2565. 
J. Star+. Yu. A. Zolotov and 0. M. Petrukhin. IUPAC 
Chem.“bata Ser., 1979, No. 24. 
T. Moeller and A. J. Cohen, Anal. Gem., 1950,22,686. 
I&m, .I. Am. Chem. Sot., 1950, 72, 3546. 
K. Motojima and H. Hashitani, Bunseki Kaguku, 1960, 
9, 151. 
R. Keil, 2. Anal. Chem., 1970, 249, 172. 
E. B. Sandell, Anal. Chem., 1947, 19, 63. 
S. Lacroix, Anal. Chim. Acta, 1948, 2, 167. 
C. L. Luke and M. E. Campbell, Anal. Chem., 1956.28, 
1340. 
S. Hasegawa, T. Kobayashi, F. Hirose and H. Okochi, 
Ifunseki Kagaku, 1987, 36, 371. 
Pure Appl. Chem., 1983, 55, 1467. 
L. A. Currie, Anal. Chem., 1968, 40, 586. 



Talanm, Vol. 35. No. I I, pp. 847-854. 1988 
Printed in Great Britam. All rights reserved 

QUENCHING 

0039-9140/88 $3.00 + 0.00 
CopyrIght 0 1988 Pergamon Press plc 

AND LIQUID CHROMATOGRAPHIC 
DETERMINATION OF POLYTHIONATES IN 

NATURAL WATER 

BOKUICHIRO TAKANO* and KUNIHIKO WATANUKI 
Department of Chemistry, The College of Arts and Sciences, The University of Tokyo, Komaba, 

Meguro-ku, Tokyo 153, Japan 

(Received I March 1988. Revised 5 June 1988. Accepted 29 July 1988) 

Summary-Polythionates in highly acidic, crater-lake water have been determined by ion-chromatography 
and high-performance microbore liquid chromatography. The first technique allows the determination of 
tri-, tetra- and pentathionate in excess of 10 ppm, and the second allows analysis for tetra-, penta- and 
hexathionate in excess of 0.2 ppm. The methods for preserving polythionates in natural solutions are also 
discussed. The recommended procedures for storage are to add hydroxylamine hydrochloride to sample 
solutions or to exclude atmospheric oxygen by using Winkler oxygen-determination bottles, followed by 
storage in a refrigerator at 5”. 

Oxy-anions containing various oxidation states of 
sulphur have been reported as present in environ- 
ments such as volcanic fumaroles,‘,* hot springs,3.4 
crater-lake waters,‘s6 lake sediments,‘.’ and waste 
waters from mineral smelting industries.’ Many of 
the solutions containing these oxy-anions are acidic 
through the oxidation of sulphur species of lower 
valence or the disproportionation of unstable sulphur 
species of intermediate oxidation states.” Detailed 
oxidation mechanisms for these reactions, however, 
are far from being understood, mainly because most 
intermediate sulphur oxy-anions are labile and there- 
fore difficult to determine. Polythionates are 
examples of such oxy-anions, but they are rather 
stable under some conditions, compared with the 
other unstable sulphur compounds. Considerable 
numbers of papers have been published on the deter- 
minination of each member of the homologous series, 
most of the methods using indirect, often tedious and 
time-consuming, complicated analytical pro- 
cedures.“-‘3 

The recent development of high-performance liq- 
uid chromatography (HPLC) provides a technique 
for simple and rapid determination of the first four 
polythionates with a single injection. Takano et al. 

used an anion-exchange column to separate the thio- 
nates but the method was not fully successful.r4 A 
CN-bonded silica HPLC column has been success- 
fully used for the separation of tri-, tetra- and penta- 
thionate,” but equilibration with the mobile phase 
containing hexadecyltrimethylammonium bromide 
took a long time. Later, by a similar approach, Rabin 
and Stanbury” and Steudel and Holdt” were able to 
separate the polythionates, from the dithionate to 

pentathionate and from tri- to tridecathionate, re- 
spectively. Because of the rapid progress in the 
analytical chemistry of polythionates, it has become 
much more important to stabilize sulphur species in 
natural waters. 

This paper will present methods for stabilization 
and rapid determination of polythionates (trithionate 
to hexathionate) in natural waters such as hot 
springs; crater lakes and mine drainages. 

EXPERIMENTAL 

Reagents 

Potassium trithionate was synthesized by the procedure of 
Stamm er a1.‘* Potassium tetrathionate (Merck) was re- 
crystallized once. Potassium pentathionate and hexa- 
thionate were both synthesized by the method of Goehring 
and Feldman.19 Purities of all polythionate reagents were 
checked by gravimetry and chromatography and found to 
be > 99%. They were all stored as dry solids in a refrigerator 
at 5”. A standard solution of each was prepared as necessary 
for each series of analyses, with demineralized water (16 
M&m resistivity) from a Millipore Mini-Q11 system. 

Cation-exchange columns 

Columns (8 x 50mm) of Dowex 50 W x 8 (lo(t200 
mesh) cation-exchanger, in the Tl(1) and Ba(I1) forms, were 
prepared in disposable plastic hypodermic syringe barrels 
and connected in that order to remove most of the chloride 
and sulphate ions which interfere with the ion- 
chromatographic determination of tri- and hexathionate 
ions. 

Mobile phases 

The ion-pairing eluent for the ion-chromatography was 
prepared by diluting a mixture of 100 ml of 1OmM phthalic 
acid, 12.5 ml of 40mM tetra-n-butylammonium hydroxide 
solution, and 33 ml of tetrahydrofuran (chromatographic 
grade) to 1 litre and had a pH of 3.5. The mobile phase for 
the microbore HPLC was prepared by mixing 750 ml of 
O.lM potassium dihydrogen phosphate with 250 ml of *Author for correspondence. 
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chromatographic-grade acetonitrile and adjusting the pH to 
3.5 by dropwise addition of concentrated reagent grade 
phosphoric acid. Both mobile phases were filtered through 
0.45 pm Millipore filters, type HV. 

Chromatography 

The ion-chromatograph system was composed of a pump 
with dual reciprocating pistons (LDC/Milton Roy Consta- 
Metric III), an injector (Rheodyne 7125 with a 20 ~1 
sampling loop), a polystyrene gel column (Showa Denko IC 
I-613, 6 mm i.d. x 150 mm), and a detector (Shodex IC 
CD-2 conductometer). The flow-rate of the mobile phase 
was 1.5 ml/mitt. The column temperature was kept at 40” by 
circulation of warm water through a water jacket. 

The Microbore HPLC system (LDC/Milton Roy) com- 
prised a syringe pump of 5 ml total volume (microMetric 
metering pump, a UV detector set at 220 nm (spectro- 
Monitor D with a microflow cell of 2 ~1 volume and 3 mm 
path-length), a sample injector (Rheodyne 7520.0.5 ~1 sam- 
pling volume), and an ODS column (Spherisorb S30DS2, 
1 mm i.d. x 100 mm, particle size 3 pm). The flow-rate of 
the phosphate-buffered mobile phase was 25 yl/min. The 
column was kept at 30” to reduce the applied column 
pressure. Both mobile phases were continuously degassed by 
an instrument which eliminates gases in the mobile phase by 
diffusion through the wall of a plasttc tubing coil housed in 
an evacuated compartment (ERMA Optical Works, ERC- 
3310). The detector was interfaced with an NEC PC 9801 
personal computer. The peak areas of both conductivity and 
UV signals were calculated by using CDS software, pro- 
vided by Nippon Chromatographic Industries Co. 

-. 
I 10 20 30 40 10 20 30 4b 

min min 

Fig. I. Ion-chromatogram (A) and microbore-column HPLC (B, C) of the highly acidic (pH = 1.2) 
crater-lake water. Chromatogram C was obtained with the same mobile phase as for B except for the 
CH,CN/aq. solution ratio (3/7), Row-rate (50 pl/min) and sensitivity (2.5 x that for B). The conditions 
for C makes the presence of higher polythionates clearer. a, S,O:-; b, S,O:-; c, S,O,2-; d, S,,Oi-; e, S,Oi-; 
f, S,Oi-; g, S,Oi-; h, S,,O~-; unlabelled peak, phthalic acid. The S,Oi- was added to the water to test 

its retention time. See text for details on identification of polythionate ions e, f, g, and h. 

b 

RESULTS AND DISCUSSION 

Ion -pair chromatography 

Takano et a1.‘4 concluded that an anion-exchange 
column is not sufficient for separation of poly- 
thionates even if a long column were used, because 
the applied pressure in the column becomes too high 
when the mobile phase is delivered through it. 
Reeve” reported that reversed-phase chro- 
matography is effective for the separation of poly- 
thionates with a column of CN-bond type, but a long 
time is necessary to equilibrate the l-bromo- 
hexadecane in the mobile phase with the column 
packing material. In the present study we tried a 
polystyrene gel column (10 pm particle size) for the 
separation of polythionates with tetra-n- 
butylammonium hydroxide (TBAOH) as ion-pairing 
reagent. Tri-, tetra- and pentathionate were easily 
separated by this column under the conditions de- 
scribed above, but the hexathionate peak overlapped 
with a negative peak due to the phthalate anion in the 
mobile phase. This negative peak appeared at a 
retention time of 20 min. The maximum column 
capacity for loading of each anion is only 1 pg. 
However, a higher column capacity is occasionally 
necessary, when the sample solutions contain traces 
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of polythionates and are not diluted; in this case, the 
negative phthalate peak becomes a large positive 
peak as shown in Fig. 1A. 

Consequently, hexathionate could not be easily 
determined by this method. In addition, the sensi- 
tivity for hexathionate is too low, compared with that 
for the other three thionates, probably because the 
dissociation constant of hexathionic acid is much 
lower than those of the lower homologues.” Raising 
the pH of the mobile phase may lower the detection 
limit for hexathionate, but it is unfavourable for 
quantitative work because hexathionate decomposes 
rapidly at higher pH. 

To improve the analytical performance, interfering 
chloride and sulphate ions are first eliminated by 
cation-exchange. Sulphate can be removed with a 
cation-exchanger (Dowex SOW X-8, 100-200 mesh) 
in barium-form. Chloride can usually be removed on 
a similar column in silver-form but silver ions decom- 
pose polythionates, with precipitation of silver sul- 
phide. Therefore a column in thallium(I)-form is 
used. This technique is quite convenient for removing 
much of the saturation peak due to phthalic acid 
(Fig. 1A) and avoids partial superimposition of a 
trithionate peak on the sulphate peak. A T](I)-form 
column was connected with a Ba(II)-form column, 
These columns were prepared for each sample. No 
appreciable decomposition of polythionate and no 
poor reproducibility of the data were observed when 
this procedure was used (Table 1). A dilution factor 
of four was used in washing the column for analysis 
of the crater-lake water, which will be described later 
in the text. It should be noted here that owing to the 
low solubility of thallium and barium thiosulphate,21 
thiosulphate ions were also eliminated from the 
eluate. 

Microbore column HPLC 

Column efficiencies for the system ranged from 
6.0 x lo4 to 1.2 x lo5 theoretical plates/m for tetra- to 
hexathionate ions, which proved excellent for the 
polythionate determination, compared with those 
(5.0 x 103-1.0 x 104) arrived at by Rabin and Stan- 
bury.16 Figure 1B shows a chromatogram of poly- 
thionates in the crater-lake water, which contains a 
high concentration of chloride, sulphate and cations 

Table 1. Recovery of tetra- and penta- 
thionate after removal of chloride and 
sulphate by Tl(I)-form and Ba(II)-form 

ion-exchange columns 

s,o:-, /%lml s,o:-, KXglml 

added found added found 

880 900 1510 1540 
880 880 1510 1560 
880 840 1510 1430 
880 890 1510 1530 
880 910 1510 1550 

Mean 884 Mean 1522 

Table 2. Retention times and capacity 
factors (k’) of polythionates ions 

t$, min k’S 

s,o;- t 1.26 0.49 
.S,0:- 1.60 0.90 
s,o:- 2.33 1.768 
%.026- 3.63 3.31 
W-§ 5.97 6.08 
W-§ 9.39 10.14 
WF§ 16.46 18.53 
%02,-§ 31.24 36.00 
Dead time 0.84 

*Retention times were measured with 
a new column and a mobile buffer 
solution slightly different in 
CH,CN/aqueous solution ratio 
(3/7) from the buffer solution 
(2.5/7.5) used for the quantitative 
polythionate analysis. 

TTrithionate (ImM) added to the 
crater-lake water. 

Sin k’ is linearly related to the number 
of sulphur atoms (n) in the poly- 
thionates: In k’ = -2.50 + 0.67 n 
(correlatton coefficient r = 0.9996). 

§Polythionate ions not directly 
identified but suspected to be 
present, from the indirect evidence 
described in the text. 

but no appreciable amount of trithionate ions. How- 
ever, the sensitivity is at least an order of magnitude 
lower for trithionate than for tetra- and penta- 
thionate,22 owing to the lower molar absorptivity for 
this ion. Twenty minutes are required to determine 
tetra-, penta and hexathionate. Four more peaks 
were found beyond the hexathionate peak, probably 
attributable to the higher polythionate homologues 
(Fig. 1C). 

The logarithm of the capaicity factor (k’) was 
found to be a linear function of the number of 
sulphur atoms in the thionate ions (Table 2). A 
similar relation has also been reported for the anion- 
exchange column chromatography of polythionates 
up to hexathionate. 23 It is also known that log k’ for 
n-alkanes, n-alkylcarboxylic acids and sulphur homo- 
cycles in reversed-phase liquid chromatography can 
be readily predicted from a plot of log k’ US. the 
number of carbon or sulphur atoms.24.25 Table 2 
shows such a linear relation for the tetra-, penta- and 
hexathionate, and the retention times of the unknown 
substances (Fig. 1C) corresponding to 7, 8, 9 and 10 
sulphur atoms. Furthermore, chromatograms of a 
concentrated hexathionate solution that had been left 
for a few hours at ambient temperature showed peaks 
at exactly the same retention times as those of the 
suspected higher polythionates detected in the 
crater-lake water. According to Weitz and Spohn,26 
hexathionate, in the presence of hydrochloric acid, 
disproportionates into penta-, hepta- and further 
higher polythionate homologues in which the sulphur 
numbers are less than 20. 

2s,o:- =s,_,o:- +s,+,o2,- (1) 



Therefore, we believe that the unknown substances in 
the lake water are hepta-, octa-, nona- and deca- 
thionate. Recently, Steudel and Holdt” claimed that 
a parabolic relationship exists between log k’ and the 
number (a) of sulphur atoms (n >4) in a poly- 
thionate ion. Scrutiny of their results reveals that the 
data can be fitted to two straight lines which intersect 
at between n = 8 and n = 9. According to Strauss and 
Steudel,*’ a plot of log k’ for sulphur homocycles and 
the sulphur numbers (n = 6-28) consists of three lines 
which intersect at n = 10 and n = 20. It is therefore 
possible that the chromatographic behaviour of sul- 
phur homologues changes with every ten or so sul- 
phur atoms in an ion or molecule. 

Sampling, stabilization and storage of samples 

Polythionates have long been known in the form of 
salts that are rather unstable in aqueous solution,28 
but their decomposition in solution has been a matter 
of controversy, though the final decomposition prod- 
ucts are clearly sulphate and elemental sulphur. Ac- 
cordingly, for the determination of polythionates 
their degradation must be suppressed. 

We have mainly sampled solutions of volcanic 
origin, which are usually highly acidic and contain 
various salts. Currently it is not possible to determine 
polythionates in situ in sample solutions; therefore 
the preservation of polythionates in sample solutions 
is quite important in investigating geochemistry of 
sulphur in volcanic waters. The stability of these 
compounds was checked under various conditions 
with different containers for storing the solutions, 
reagents for stabilization, and storage temperatures. 
The solution used for these screening tests was an 
acidic (pH 1.2) volcanic water from Kusatsu-Shirane 
crater lake, Japan. The chemical composition of the 
water was reported earlier (for example: Cl- 2100, 
SOi- 2880, Na+ 34, K+ 15, Cazf 255, Mg+ 37, Fe2+ 
15 1, A13+ 206, SiO, 173 ppm, sampled 30 August 
1987).6 According to Kurtenacker et a1.,2q aqueous 
polythionates other than trithionate are most stable 
in the pH range O-2, at which thiosulphate is decom- 
posed into bisulphite and elemental sulphur. We 
accordingly examined the stabilities of ~lythionates 
in this pH range. 

Stability ofpolythionates in various containers. Poly- 
ethylene and glass containers of various sizes were 
used, to find the effect of their walls on polythionate 
stability. Transparent and amber glass bottles with 
air-tight plastic screw-caps were used to determine 
the effect of light on the stability. Contrary to our 
expectation, polythionates were less stable in the 
amber glass bottles than in transparent bottles. For 
example, 11 days after sampling, tetrathionate and 
hexathionate in an amber glass bottle have decom- 
posed by about 60 and 80% respectively, relative to 
storage in a transparent glass bottle. It is possible that 
transition-metal ions such as Fe(III) or Mn(II) in the 
amber glass accelerate the decomposition, but the 
mechanism is not clear. No significant difference in 

Fig. 2. Stabilities of tetra-, penta- and hexathionate in 
crater-lake water stored in polyethylene bottles. (o), S,Oi-; 

to), f&o;-; (O), s,o;-, (0). so:-. 

stability was found between solutions stored in 
tightly sealed polyethylene and transparent glass 
bottles. As will be shown later, no catalytic decom- 
position by Fe3+ in solution can be detected in the 
first few days. To determine the rate of decom- 
position of polythionates in the absence of additives, 
eight bottles of crater-lake water were collected, 
without air bubbles, in air-tight polyethylene bottles, 
and the polythionates were determined at regular 
intervals. Each bottle was opened only immediately 
prior to the first analysis. Figure 2 shows that poly- 
thionates in the crater-lake water are stable, within 
experimental error, for four days after the container 
is opened for analysis. Tetrathionate is completely 
decomposed within one month after opening of the 
container. Penta- and hexathionate are much more 
stable than tetrathionate, the extent of their decom- 
position in one month being 68 and 67%, re- 
spectively; the sulphate content increases during the 
same period. 

In particular cases, however, polythionates in 
acidic solutions can be preserved for much longer 
times. A O.lM hydrochloric acid solution of tetra- 
and pentathionate (445 and 304 pg/ml respectively) 
showed only slight decomposition of either poly- 
thionate during three years. Also, the crater-lake 
waters sampled in the 1360s and stored without any 
additives have retained polythionates at about 2000 
pg/ml concentration for more than 20 years. These 
curious phenomena will be discussed elsewhere in the 
near future. 

Addition of forma~~hyde or oxalaldehyde solution. 
Fo~aIdehyde forms an addition compound (hy 
droxymethane sulphonic acid) with bisulphate and/or 
sulphite ions30 and is used as a stabilizing agent for 
these ions in solution. 3’ Oxalaldehyde is a reagent 
which stabilizes hydrogen sulphide and sulphite in 
aqueous solution.32.33 We have examined the 
efficiency of both compounds as fixatives for poly 
thionates in sample solutions. AI1 test solutions were 
sampled from the lake at the same time and stored in 
tightly sealed polyethylene bottles, each of which was 
used for a polythionate determination at a given time 
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Table 3. Effect of formaldehyde on the stability of polythionate ions in 
crater-lake water 

Concentration found, pgjrni 
35% HCHO 

Polythionate soln., ml Day 0 Day 3 Day 17 Day 63 

s,o:- 0.1 48.1 44.7 39.1 
0.2 46.4 44.0 36.1 
0.5 49.2 47.8 45.0 37.2 
1.0 

i 

48.3 43.5 35.4 
2.0 46.9 32.0 13.7 

S@- 0.1 ~ 38.3 45.8 52.0 
0.2 40.1 43.5 48.4 
0.5 47.7 39.8 44.2 48.4 
1.0 38.2 41.5 47.2 
2.0 39.1 33.2 18.5 

S@- 0.1 15.6 14.4 17.3 
0.2 16.7 16.7 15.2 
0.5 18.2 15.5 17.0 17.7 
1.0 14.9 15.8 19.9 
2.0 17.3 12.6 7.9 

interval. During the test, each solution was left open 
to the air in the bottle after the first determination of 
polythionates. The results are listed in Table 3. Three 
days after sampling with in situ addition of 0.1-2.0 ml 
of 35% formaldehyde solution per 100 ml of sample 
solution, no change in each thionate concentration 
was observed in the lake water. Seventeen days after 
addition of the reagent, lO-35% of the tetrathionate 
had decomposed. The effect was most pronounced in 
the sample with 2 ml of aldehyde solution added. 
However, the ~ntathionate con~nt~tion increased 
by 12% over the same period of time, and hexa- 
thionate showed no significant change. Twenty-one 
days after sampling, the concentration of sulphate 
had increased by 6% from 2760 to 2930 pg/ml. The 
amount of sulphate which would be produced 
through decom~sition of the polythionates is less 
than the observed increase in sulphate content. This 
strongly suggests that sulphur species other than 
polythionates (for example, hydrogen sulphide and 
bisulphite ions) are responsible for at least part of the 
increase in sulphate content in the crater-lake water. 
In fact, the ~hromatogram of the lake water shows a 
peak due to hydrogen sulphide and/or the HS- ion, 
just before the tetrathionate peak. 

The behaviour of both additives suggests that they 
shift the reaction, 

S,O;- + S,O$- + H+ = S,,, ,q- + HSO; (2) 

to the right, by forming adducts, e.g., 

HSO; + HCHO = H,C(OH)(SO,)-. (3) 

Consequently, formaldehyde and oxalaldehyde are 
unsuitable for retaining the sulphur speciation of the 
natural water. 

Addi~iQ~ of ~ydroxyZ~~~~e ~ydroc~~or~~. Hydroxy- 
lamine hydrochloride (HAH), a strong reducing 
agent, was added to the sample solution to prevent 
oxidation of the sulphur oxyanions by atmospheric 
oxygen. No change in polythionate concentrations 
was observed for the sample solutions containing 
HAH, even 3 weeks after sampling. During month- 
long storage, only 14% of the tetrathionate was lost, 
and penta- and hexathionate were completely pre- 
served when more that 0.5 g of HAH was added per 

Sixty-three days after sampling, 20-28% of the 
tetrathionate in samples containing 0.1-1.0 ml of 
35% formaldehyde solution per 100 ml of sample had 
decomposed, whereas 73% had decomposed in a 
lOO-ml sample containing 2.0 ml of the fo~aldehyde 
solution (see Table 3). These facts indicate that too 
much (probably more than 0.4% in the sample 
solution) formaldehyde leads to decomposition of 
polythionates in solution. Furthermore, formalde- 
hyde added to the solution affects the polythionate 
speciation. Oxalaldehyde shows an even more pro- 
nounced effect on the polythionate speciation. Seven 
days after sampling, the tetrathionate concentrations 
have considerably decreased, and those of penta- and 
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hexathionate have increased (Fig. 3). 

Fig. 3. Efficacies of formaldehyde and oxalaldehyde as 
fixatives for polythionate ions. The solid line denotes poly- 
thionate ions with various volumes of 35% formaldehyde 
solution; dotted line denotes those with 45% oxalaldehyde 

solution. (II), S,Oa-; (o), S,O:-; (0). S&r-. 
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Table 4. Effect of hydroxylamine hydrochloride on the stability of polythionate ions in crater-lake 
water 

Polythionate found, pg/ml 
NH,OH.HCl, 

Polythionate g Day 0 Day 7 Day 14 Day 21 Day 29 Day 63 

s,o:- 0.2 1 42.6; 40.4 1.6 
0.4 40.8; 41.3 1.9 
0.6 49.2 50.9; 50.1 2.5 0 
1.0 50.1; 47.7 49.7 45.6 45.6 0 
2.0 49.0; 49.3 49.8 48.8 48.8 36.3 

s,o:- 0.2 
0.4 
0.6 
1.0 
2.0 

1 42.7; 43.5 4.3 - - 
44.9; 46.0 6.8 - 

47.7 49.7; 48.7 13.3 0 
47.0; 45.4 46.0 45.8 45.8 0 
48.0; 48.0 47.3 46.9 46.5 45.0 

S@- 0.2 13.8; 12.1 3.7 
0.4 -; 12.8 6.1 
0.6 18.2 12.9; 12.8 10.3 - - 0 
1.0 11.7; 11.8 12.8 11.4 12.5 0 
2.0 11.6; 11.6 13.2 12.8 13.0 13.1 

100 ml of sample water. Two months later, a solution 
containing 2 g of HAH per 100 ml showed consid- 
erable decomposition of the tetrathionate (26%) but 
little or no decomposition of penta- or hexathionate 
(Table 4). 

Gutmann found qualitatively that HAH (ca. 4 
g/100 ml) oxidized tetrathionate, but this conclusion 
was based on an experiment in which a tetrathionate 
solution in 25% v/v hydrochloric acid was heated for 
45min. It is well known that both heating and 
hydrochloric acid accelerate tetrathionate decom- 
positon, and therefore Gutmann’s conclusion is not 
tenable.30 The pH of the solution in our work is not 
nearly as low as in Gutmann’s experiment, and HAH 
is suitable for retaining the original distribution of 
sulphur oxyanions in the sample water, presumably 
by making the sample solutions oxygen-free and 
preventing abiotic and/or biotic oxidation of poly- 
thionates. Addition of both HAH and formaldehyde 
to a sample is undesirable, because both react to 
produce some unidentified ultraviolet-absorbing ma- 
terial which interferes in the determination of poly- 
thionates with an ultraviolet detector. 

Cold storage. Three different storage methods were 
tested with the crater-lake water when it was sampled 
on 25 December 1986. The temperature of the water 
at the sampling site was 0.4” and that of the atmo- 
sphere during transport (a one-day trip) to a labora- 
tory refrigerator (5’) was less than 10”. The sample 
solutions were stored in (a) five polythelene bottles, 
without additives, (b) five polyethylene bottles with 
the addition of HAH (1 g/l00 ml), and (c) six glass 
Winkler oxygen-determination bottles (a variety of 
incubator flasks for biological oxygen demand) with- 
out additivies, and analysed for polythionates at 
given intervals. For at least five weeks no detectable 
decomposition was observed for any type of storage. 
The samples stored in the Winkler bottles did not 
show any significant decomposition for at least 50 
days (Fig. 4). These tests suggest that if samples are 

taken without air, transported in a cooled container 
and kept refrigerated in the laboratory, polythionates 
from tetra- to hexathionate are stable for more than 
35 days. 

Effect of ferric ion. Moses et aL3’ have emphasized 
that some transition-metal ions, especially ferric ions, 
catalyse the oxidation of thiosulphate. This may lead 
indirectly to the chain-shortening of polythionates 
through reaction (2). To examine this effect of ferric 
ion on the stability of polythionates, we added Fe3+ 
at 50 and 200 pg/ml levels to the crater-lake water, 
in which the initial Fe3+ is as low as 0.3 pg/ml.35 
Figure 5 shows that in presence of 200 pg/ml Fe3+ the 
polythionates are stable for more than 60 hr. About 
120 hr later 30% of the hexathionate has been 
degraded, but only about 10% of the tetra- and 
pentathionate at low enough pH (in this case 
pH = 2.2). Two months after the addition of ferric 
ion, the polythionates were completely decomposed 
to sulphate and elemental sulphur. These results 

Fig. 4. Inhibitton of polythionate degradatton at 5~ by 
various additives. Solid line: no additive, in polyethylene 
bottles; dotted line: no additive, in Winkler bottles; broken 
line: with hydroxylamine hydrochloride, in polyethylene 

bottles. 
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Fig, 5. Stabilities of polythionate ions in the presence of 200 
pg/ml Fe3+. Solid line: solutions with Fe’+; broken line: 
control solutions without Fe3+ (o) 

suggest that the catalytic degradation of poly- 
thionates through thiosulphate to sulphate erc. is 
slow enough for sample-storage not to be a problem 
at a ferric ion concentration as low as that in the 
crater-lake water. 

Biological activity in the lake water. Satake’6 re- 
ported microbial sulphate reduction in the Katanuma 
volcanic acid crater lake (pH 1.8-2.0). However, he 
found no indication of carbon uptake in the Yugama 
lake water which was used for this research.” 
Takayanagi et al. 38 found sulphur-oxidizing bacteria 
(Thiobaciflus thiooxiduns) in lake-shore water. Until 
now it is unknown to what extent bacteria affect the 
sulphur cycle in the crater lake. The bacteria consume 
atmospheric oxygen, but the avaiIability of oxygen is 
limited in this strongly reducing environment. There- 
fore, it seems unlikely that bacterial activity affects 
the sulphur cycle in a major way. As recommended 
by Moses et al.,3’ however, abiotic samples should be 
taken in situ by filtration through a 0.22~pm mem- 
brane filter. 

Interferences 

No other natural solutes interfere with the deter- 
mination of polythionates by microbore HPLC. A 
large amount of chloride and sulphate, however, 
interferes with the dete~ination of tri- and hexa- 
thionate by ion-chromatography, as described in the 
text. Thiosulphate and bisulphite, if present, overlap 
the negative water peak in the HPLC, which appears 
at a retention time of 2-3 min. Ferric ion, which is 
one of the common ultraviolet-absorbing cations in 
natural water, does not interfere with the deter- 
mination, because it forms a complex with the phos- 
phate in the eluent, and is eluted before the poly- 
thionates. 

CONCLUSIONS 

Ion-pair chromatography and microbore HPLC 
methods have been developed for the direct deter- 
mination of polythionates in volcanic waters. The 
former method is conveniently used for tri-, tetra- 
and pentathionate. The latter method has proved to 

be simple and rapid for the determination of these 
compounds from trithionate to hexathionate and 
perhaps also higher homologues if pure salts of these 
higher members are available for calibration. 

~o~aidehyde and oxa~ldehyde, if used as 
quenching reagents for polythionate reactions, 
change the original distribution of sulphur oxy- 
anions. Hydroxylamine hydrochloride is adequate for 
preserving the initial distribution of species for at 
least three weeks, even if the sample is open to air. 
Abiotic and/or biotic oxidation by atmospheric 
oxygen may be the dominant reaction in the 
decomposition of polythionates. Excluding air from 
the sampling bottles, using Winkler oxygen- 
determination bottles, or adding 2 g of hydroxyl- 
amine hydrochloride per 100 ml of sample are 
recommended as methods for prolonging the safe 
storage periods for the sample solutions. 
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Summary-A comparative study with a home-built Kissinger-type twin-electrode thin-layer cell has been 
made, with the cell either filled with quiescent solutions or used as a flow-through detector. In both modes 
the cell was polarized by a slow linear potential sweep. The current-voltage curves recorded showed a 
limiting current region in both cases, in spite of the different types of transport process (steady-state 
diffusion caused by the redox cycling effect of the counter-electrode in the quiescent solution and 
convective diffusion in the flowing solution). The sensitivities and also the lower detection limits were 
found to be nearly the same for the two different modes of operation of the same cell, for which an 
explanation is given. The main analytIca advantage of the thin-layer twin-electrode cell filled with 
quiescent solution is that only a few pi of analyte solution are necessary for the measurement. It was 
proved experimentally that this type of cell, used as a flow-through detector, gives the expected limiting 
current, but this current is dependent on the cube root of the linear flow-rate, in agreement with Weber’s 
theoretical prediction, rather than on the square root of the flow-rate (commonly quoted in the literature). 

The twin-electrode thin-layer cell is a voltammetric 
signal transducer which is a popular flow-through 
detector in high-performance liquid chromato- 
graphy,‘,* flow-injection analysis (FIA)3and concen- 
tration monitoring techniques.4 The micrometer-type 
twin-electrode thin-layer cell was introduced by Reil- 
ley and co-workers.%’ The cell volume was adjusted 
by means of a micrometer screw and the electrodes 
were polarized by a bipotentiostat, which enabled 
them to be polarized independently to the desired 
potentials relative to a reference electrode connected 
to the cell by a Luggin capillary. The theory of this 
type of cell shows that if the solution film contains 
one form of a reversible system, then a steady-state 
limiting current region is developed on the 
current-potential curve, although both the electrodes 
and the solution layer are stationary during the 
recording of the polarization curve. According to this 
treatment, the steady-state limiting current is propor- 
tional to the concentration. This concept was 
proposed for precise measurement of diffusion 
coefficients and electrode reaction kinetic parameters. 

A twin-electrode thin-layer cell with extremely 
large glassy-carbon electrodes with an area of several 
cm’ was suggested as a coulometric detector for 
HPLC by Lankelma and Poppe.8.9 The first modern 
twin-electrode thin-layer cells having identical and 
opposing glassy-carbon electrodes of small area (a 
few mm*), with the possibility of iR compensation, 
were made by Blank” and by Brunt and Bruins.” 
Kissinger et .1.‘2.‘3 constructed the first such cell 

‘Author to whom correspondence should be addressed. 

suitable for commercial production (Bioanalytical 
Systems Inc). 

This type of cell required not a bipotentiostat, but 

a simple and inexpensive potentiostat with a built-in 
current-voltage converter, and its application spread 
extremely rapidly. One of the twin electrodes is kept 
at a constant potential against the reference electrode 
and the potential of the other (counter) electrode is 
polarized to the potential at which the electrode 
reaction of the solvent or base-electrolyte component 
takes place. 

The aims of the present paper are as follows. 
(i) To demonstrate the applicability of a home- 

built Kissinger-type thin-layer twin-electrode cell for 
the analysis of a few ~1 of analyte by linear sweep 
voltammetry. 

(ii) To compare the analytical parameters of the 
cell when used with quiescent and streaming analyte 
solutions. 

(iii) To prove experimentally that with the cell 
geometry used, the current is proportional to the cube 
root of the linear streaming velocity of the solution, 
in accordance with Weber’s theoretical prediction,14 
as opposed to the generally accepted square root 
relationship* based on the treatment by Blaedel et al. 
for streaming in a tubular electrode.‘5,‘6 

EXPERIMENTAL 

Apparatus 

The cell used was a home-built Kissinger-type twin- 
electrode thin-layer cell slightly modified as follows. The cell 
body was built from two “Plexiglas” rectangles. Tokai 
glassy-carbon plates, 5 x 7 mm, were embedded in the cell 
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body with epoxy resin and positioned exactly opposite each 
other. In the upper half of the cell body a hole was drilled 
for connection of the salt bridge solution of the reference 
electrode to the cell solution by means of a porous Vycor”’ 
rod. The reference electrode was a chloride-coated silver 
wire immersed in I M sodium chloride saturated with silver 
chloride. 

The stainless-steel inlet and outlet tubes were led through 
two “Plexiglas” screws positioned at equal distances from 
the centre of the working electrode, which was always the 
electrode in the lower cell body. These connections were 
made leak-proof by use of PTFE ferrules. The two surfaces 
of the cell body with the embedded electrodes were polished 
to a mirror finish, the final polishing being done with 
Buehler alumina, of 0.01 pm average grain-size, suspended 
in doubly distilled water. A 65 pm thick Teflon spacer with 
a 6.0 x 30 mm channel cut in it was positioned between the 
two halves of the cell and the whole sandwich was held 
together with stainless-steel screws at the four comers. In 
some cases, to decrease the volume of the cell, a 25 pm thick 
poly(vinyl chloride) spacer was used, with a channel of the 
same size as before. 

For measurements of quiescent solutions, the cells were 
flushed and then filled with the analyte solution by means 
of an Agla micrometer syringe with its glass needle fitted to 
the inlet tube through a very short polyethylene tube (bore 
0.25 mm). Both the inlet and outlet tubes were then closed 
with polyethylene caps. 

For measurements of streaming solutions an MMG AM 
0885 pneumatic low-pressure control valve fed high-purity 
(99.98%) nitrogen into a stainless-steel buffer chamber, to 
give a pressure which could be varied precisely and con- 
tinuously in the range O-2.5 bar. On the lid of the chamber 
up to three liquid-stream connections were mounted with 
soft copper and rubber O-ring gaskets. In this way the liquid 
pumping lines could be used simultaneously, the main 
advantage being fine control of flow-velocity and pulsation- 
free liquid stream(s) in the streaming solution line(s). The 
carrier solutions were contained in glass beakers in the 
pressurized chamber, each eqmpped with a polyethylene 
tube with one end near the bottom of the solution, and the 
other end attached to the stream connection in the lid of the 
vessel. The flow apparatus and cell are shown in Fig. 1. 

A Radelkis OH-105 type Universal Polarograph was used 
to polarize the cell and record the signal. Either am- 

perometric (E, = constant) or potentiodynamic [i =f(E,)] 
curves were recorded (E, = working electrode potential). In 
each case, a three-electrode arrangement was used. The 
instrument had a built-in potentiostat providing k50 V 
output voltage for compensating the iR drop. 

A further instrument used was a Radelkis OP 208/l 
precision digital pH-mV meter, with a Metrohm EA-120X 
combined glass electrode, to check the pH of the base 
electrolytes used. 

Reagents 

Chlorpromazine (IO-(3’-dimethylaminopropyl)-2-chloro- 
phenothiazine hydrochloride], EGIS Pharmaceutical Fac- 
tory, Pharmacopeia Hungarica VII quality, dissolved in 
0.01 M hydrochloric acid; Variamine Blue. HCI, 4-amino- 
4’-methoxydiphenylamine hydrochloride, freshly dissolved 
in 0.2M pH 4.6 acetic acid/sodium acetate buffer; dopa 
(3,4_dihydroxyphenylalanine), EGIS, Pharmacopeia Hun- 
garica VII quality, dissolved in O.lM phosphoric acid 
adjusted with disodium hydrogen phosphate to pH 2.40. 

Unless otherwise stated, all chemicals were of analytical 
reagent grade (Reanal) and used without further 
purification. 

RESULTS AND DISCUSSION 

Voltammetric measurements with cells filled with 

quiescent solutions 

One of the most significant characteristics of the 
measuring cell is the concentration-dependence of the 
signal, which was determined in the 10-7-10-3M 
analyte range. With a thin quiescent layer of solution 
between the twin electrodes, the product formed at 
the working electrode is converted back into its 
original oxidation state at the counter-electrode if the 
system being investigated is electrochemically revers- 
ible. During polarization, the diffusion profiles 
formed will be similar to those in Anderson and 
Reilley’s special thin-layer ~ell.~~’ It is expected, there- 
fore, that in spite of the solution being quiescent, a 
limiting current region will be found on the i =f(E,) 

Fig. 1. Stabilized low-pressure pneumatic-flow apparatus for analysis of streaming soluttons by methods 
sensitive to fluctuations of the flow-rate, with a voltammetric detector. The system shown includes a 
sample injector for FIA but results obtained with this method are not given in this paper. 1, N, gas 
cylinder; 2, pressure control valve; 3, MMG AM (Hungary) 0885 pneumatic pressure controller; 4, buffer 
vessel for pressure stabilization within *0.5%; 5, the solution to be pumped out from the glass beaker 
through a 0.25-mm bore soft silicone-rubber tube connected to a stainless-steel tube sealed into the hd 
of the buffer vessel; 6, a similar silicone rubber tube connected to the outlet of the stainless-steel tube in 
the lid; 7, Labor MIM (Hungary) OE 320 HPLC injector in “load” position; 8, in FIA operation the filling 
connection of the injector loop; 9, waste receiver vessel; 10, porous frit for mixing the carrier and Injected 
solutions; I 1, cross section of the thin-layer cell, where W is the working electrode, C the counter-electrode 
and R the reference electrode; 12, outlet tube of the cell; 13, Radelkis OH-105 Universal Polarograph. 
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Fig. 2. Voltammetric i =f(E,) curves recorded with the cell 
filled with quiescent solution. Depolarizer, I x IO-‘M dopa 
in pH-2.64 phosphate buffer; d = 65 pm (Teflon spacer), iL, 
the stationary limiting current; ip, anodic peak current. The 
solid line shows the curve recorded with the redox-cycling 
counter-electrode and the broken line the curve when the 
outlet tube of the cell was used as the counter-electrode. 

curve, and be completely different from the sym- 
metrical peak-shaped i-E,,, curves of classical thin- 
layer cells, where the counter-electrodes do not re- 
duce the product. The rate of polarization, u, must be 
slow enough to allow the development of stationary 
diffusion profiles between the two electrodes. A fur- 
ther condition needed for this behaviour is electro- 
chemical reversibility of the system under study. 

Figure 2 shows cyclic voltammetric curves for 
dopa, recorded in the twin-electrode cell in two ways: 
(a) with the counter-electrode opposite the working 
electrode to act as a redox-cycling electrode and (b) 
with the stainless-steel outlet tube as the counter- 
electrode, and the glassy-carbon electrode opposite 
the working electrode acting only as a diffusion- 
limiting barrier. Hysteresis was found on the reverse 
sweep, which can be explained by the electrode 
reaction mechanism of dopa” and its tendency to 
slight filming on the electrodes. The effect of the 
reducing counter-electrode is quite unambiguous 
when the cyclic voltammetric curve is compared with 
that obtained with the outlet tube as counter- 
electrode, where the irreversible shape is explained by 

the presence of a coupled chemical reaction in the 
electrode reaction of dopa.” Similar measurements 
were made with two other reversible redox systems 
with well known electrode reaction mechanisms, 
Variamine Blue” and chlorpromazine.‘9*” The shape 
of the signal in each case. showed a limiting current 
region when the counter-electrode worked as a redox- 
cycling electrode. The current was a linear function of 
the concentration in the range 1 x 10-‘-l x 10e4M. 
The coefficients of the linear calibration curves 
iL = mC + b measured in the I x 10m6-1 x 10W4M are 
summarized in Table 1. From the results of Table 1 
and experimental work done in the 1 x lo-‘- 
1 x 10m6M concentration range, the following 
analytical consequences can be inferred. 

(a) The thin-layer cell with a redox-cycling 
counter-electrode and a quiescent analyte layer can 
be used as a sensitive electrochemical detector (see the 
slopes obtained). 

(b) The sensitivity and the lower detection limit 
depend on the thickness of the spacer used; with the 
25 pm spacer the detection limit is found to be 
approximately 1 x lo-‘M. 

In the micromolar concentration range, the re- 
sidual current is reproducible and can be easily 
compensated. 

To a first approximation, the relationship derived 
by Anderson and Reilley’ for the limiting current can 
be used: 

i, = 
nFAD, CT 

d 
(1) 

where A is the surface area of the working electrode, 
C, the sum of the concentrations of the oxidized and 
reduced forms in the diffusion layer, d the thickness 
of the solution film, n and F have their usual mean- 
ings, and D,, is given by 

D = 2DJ’r 
ss D,+D, 

(2) 

where D, and D, are the diffusion coefficients of the 
oxidized and reduced forms of the reversible redox 
system. For n = 2, F = 96485 C/eq, A = 0.350 cm2, 
D,=D,=l~lO-~cm~/sec,C,=10-‘Mandd=25 
pm, the value of iL calculated by use of (1) is 27 nA 
at the limit of detection. 

Table I. The coefficients of the analytical calibration curves for three reversible systems measured with redox-cycling 
counter-electrodes at two spacer thicknesses* 

Compound Base Concentration Slope (m), Intercept (b), Correlation d, 
measured electrolyte range, M mA.I.mole-‘.mm-2 nA /mm’ coefficient p 

L-Dopa 0.2M phosphate I x 10-6-I x IO-4 21.2 2.88 0.9956 65 
buffer, pH 2.64 

L-Dopa 0.2M phosphate I x 10-6-I x IO-’ 37.8 6.77 0.9868 25 
buffer, pH 2.64 

Chlorpromazine IO-‘M HCI I x 10-6-I x IO-4 0.878 0.780 0.9989 65 
Chlorpromazine IO-*M HCI I x 10-6-I x 10-4 2.24 2.35 0.9979 25 
Variamine Blue 0.2M acetate I x 10-6-I x IO-4 1.58 0.642 0.9998 65 

buffer, pH 4.60 

*The d values are only approximate: the thickness of the solution layer is always smaller because of deformation of the 
spacers under pressure. 
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Fig. 3. The sensitivity of the cell filled with quiescent 
solutions of dopa dissolved in phosphate buffer of pH 2.64. 
Curve a, redox-cycling counter-electrode; curve b, non- 

redox-cyciing counter-electrode. 

The charging current, ic. can be calculated*’ from 

where C,, is the differential capacity (F/cm*) and o the 
rate of polarization (Vjsec). 

With A as above, C, = 20 pF/cm2 and v = 8.33 
mV/sec, i, = 58 nA/V. According to this the charging 
current interferes at the detection limit, which empha- 
sizes the need to apply as low a polarization rate as 
possible during the recording of the i =f(E,) curve. 

In the course of the measurements there was no 
difficulty in achieving a detection limit of lo-‘M for 
all the analytes investigated, which was helped by the 
fact that the twin electrodes worked not in a circular 
film of solution (Anderson and Reilley’s construc- 
tion”) but in a rectangular layer with an area larger 
than A. Hence besides strictly linear diffusion 
between the twin electrodes, there was diffusion to- 
wards the working electrode from the rest of the film. 

(c) The method shows outstanding characteristics 
as a microanalytical technique. Only a Xl-100 ~1 
volume of analyte solution is needed for the 
measurement, including flushing the cell with new 
solution. This is especially advan~geous when the 
volume of sample for analysis is extremely small, e.g., 
some samples of blood and other body fluids, es- 
pecially when these contain drugs or metabolites. 

Chlorpromazinez2 and diazepamz3 in biological fluids 
have been determined by differential pulse voltam- 
metry. 

(4 A pulse-free pumping system is needed only 
when flow analytical methods are to be used. 

(e) The limiting currents are additive, so this 
method is more convenient than simple linear-sweep 
voltammetric batch analysis.” Figure 3 shows that 
the sensitivity of the method is much higher in the 
redox-cycling mode than when the thin-layer cell is 
used with the twin electrode acting only to limit 
diffusion. 

Voltammetric measurements with twin-electrode thin- 
layer cells with jlowing sample solutions 

If the cell is operated as a flow-through detector, 
two kinds of measurement may be made: (a) the 
sample ~on~ntration varies continuously in the car- 
rier stream and can be monitored, or (6) samples are 
injected into the carrier stream in sequence, as in 
FIA, and are separately analysed. Both techniques 
are widely used.24 It was surprising to find that the 
lower detection limits were much the same whether 
the cell was used as a flow-through detector in 
streaming solutions or as a detector with quiescent 
solutions. Table 2 shows results obtained with the cell 
as a flow-through detector. 

Comparison of the results in Tables 1 and 2 shows 
that the most characteristic analytical parameters are 
at least of the same order of magnitude at the 
moderate flow-rate applied. The sensitivity values are 
about five times higher in flowing solutions than in 
quiescent solution and the correlation coefficients are 
also better. This can be explained by the cleaning 
effect of the streaming solution, which reduces the 
filming effect and so results in better reproducibility 
of the signals. 

No dramatic improvement of the analytical per- 
formance was observed in flowing solutions, and this 
can be attributed to two main factors. In agreement 
with other authors’ observations, when the cell is 
used as a flow-through detector, there is little, if any, 
contribution from the redox-cycling caused by the 
counter-electrode. The relatively small increase in the 
convective-diffusion limiting current compared to the 
redox-cycling diffusion limiting current is due to the 

Table 2. Analytical signal-concentration dependence obtained with a twin-electrode thin-layer cell as a flow-through 
detector with d = 65 pm 

Coefficient of the calibration curve 

Compound Base electrolyte 
measured (carrier stream*) 

Variamine Blue 0.2M acetate buffer, 
pH 4.60 

Variamine Blue 0.2M acetate buffer, 
pH 4.60 

Chlorpromazine 10mZ3vf HCI 

*Volume flow-rate 0.8 ml/min. 
tE, = +0.35 V vs. Ag/AgCl. 
IjRate of polartzation 0.5 V/min. 

Measuring Slope (m), Intercept (b), Correlation 
mode mA.I.mole-‘.mm-2 nA/mm’ coefficient 

Amperometric 7.21 39.9 0.9998 
monitoringt 
Linear sweep 8.35 2.53 0.9996 
voltammetry§ 
Linear sweep 4.56 8.16 0.9996 
voltammetry@ 
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Table 3. The current efficiency (4%) of a 
thin-layer cell in streaming solution for (a) 

I x IO-‘M and (b) 6 x IOd4M analyte 

Variamine Blue in the carrier stream 

(a) (b) 
v, mllmin q, % v, mllmin q, % 

0.8 8.67 0.8 7.90 
2.1 4.80 2.0 4.40 
3.5 3.43 3.3 3.21 
5.3 2.62 5.0 2.51 
6.8 2.16 6.2 2.17 

very poor current efficiency of the thin-layer cell as a 
flow-through detector, as shown in Table 3. 

The current efficiency of the cell was measured with 
streaming Variamine Blue solutions in the 
1 x 10e4-6 x 10m4M concentration range. For a 
given concentration of Variamine Blue at different 
flow-rates, potential steps of 0.35 V were applied 
starting at 0 V and the current was recorded as a 
function of time. After a wait of 2&30 set for the 
capacitive current to decay, the stabilized current, i, 
was integrated as a function of time for a given 
period, t: it = Q. With a known flow-rate, and con- 
centration of Variamine Blue in the carrier stream, 
the current efficiency of the cell can be readily calcu- 
lated for the 2-electron reaction. 

Dependence of the current on the linear flow-rate in a 

Kissinger-type thin -layer cell 

The literature differs as to the dependence of the 
current on the flow-rate, but it is accepted that the 
relationship has the following general form 

where i, is the limiting current density (A/cm2), k is 
a constant, D the diffusion coefficient of the analyte 
(cm*/sec), v the kinematic viscosity (cm/set), C the 
analyte concentration in the flowing solution (mM), 

t 

I I I I I ) 
1 2 3 4 5 

V-t-1 : or Y -3 to) 

Fig. 4. The current density as a function of linear flow-rate 
in a twin-electrode thin-layer cell. Solid line, plotted against 
P”‘; broken line, plotted against V ‘I*. Depolarizer: 
1 x 10m4M Variamine Blue in 0.2M acetate buffer, pH 4.60. 
E, = +0.35 V us. Ag/AgCl/IM NaCl reference electrode. 

P the linear flow velocity of the solution contacting 
the electrode surface (cm/set) and a an exponent 
depending on the geometry of the flow and governed 
mainly by the cell geometry. According to Levich,24.2S 
if the flow is not turbulent and the fluid is streaming 
between two parallel plates in a rectangular flow 
channel, then a = 0.5. 

The cell used in this work is stated in the literature2” 
to behave with ia r”’ but ia V’:3 can also be 
found.27 According to Weber,14 if the flow profile is 
completely developed in the cell, i.e., the velocity 
profile is parabolic in the cell channel, the current is 
proportional to LP”3 where L is the length of the 
electrode in the direction of flow, but when the 
flow-rate profile is unable to develop completely in 
the cell, then the limiting current i, is proportional to 
LP”2. Applying Weber’s calculations to a thin-layer 
cell with flow channel 0.0065 cm high and 0.6 cm 
wide, with a volume flow-rate of 0.017 ml/set, the 
distance needed for the full development of a para- 
bolic flow profile is 7.4 pm. This means that most of 
the thin-layer cells used will show dependence of the 
limiting current on pIa. 

The validity of this theoretical treatment was tested 
for the cell used throughout this work, by measuring 
the limiting current dependence in the 0.8-6.5 ml/min 
flow-rate range (P = 3.4-27.8 cm/set) for a carrier 
stream containing 5 x 10 -5-6 x 10e4M Variamine 
Blue as depolarizer. From the limiting currents, the 
current densities were calculated and plotted as 
functions of rli3 and p112 (Fig. 4). The plots show 
that the cell behaves in accordance with Weber’s 
prediction. The erroneous V 1’2 dependences reported 
in the literature may often be due to mechanical 
application of the Levich theory and the use of 
peristaltic pumps that do not provide flow-rate 
changes of wide enough range, such as that which can 
easily be achieved by pneumatic flow-rate control. 
With a narrow range of flow-rates it is easy to obtain 
a plot of i, us. V Ii2 that has acceptable linearity. The 
statistical evaluation of a large number of measured 
flow-rate dependences shows a clear dependence on 
pu3 
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Summary-Reciprocal derivative constant-current stripping analysis (RBCCSA) is based on the 
measurement of dr/dE converted from a derivative signal, dE/dr, us. electrode potential (E) during the 
stripping of analyte under galvanostatic conditions from a mercury-film electrode after preconcentration. 
The potential transient signal (E-r) in normal chronopotentiometric stripping analysis (CPSA) is 
converted in RWCCSA into a stripping peak (dT/dE), the height of which is proportional to the bulk 
concentration of analyte in solution. The theory of RDCCSA has been derived, and validated by the 
good correlation obtained between the theory and experimental data. Compared with normal CPSA, 
RRCCSA is more sensitive and has higher resolution. The detection limit for cadmium is 6 x 10-‘“M. 
Simultaneous determination of Cd ‘+, InJ+, and Tl+ (for which the differences between the stripping peak 
potentials are 58 and 50mV, respectively) which is impossible for normal CPSA, voltammetry or 
differential pulse polarography, has become possible with RD-CCSA. 

Chronopotentiometric stripping analysis (CPSA) has 
been known for a long time.‘-” A constant current, 
like the potential sweep in voltammet~c stopping 
analysis and the chemical reagent in potentiometric 
stripping analysis, is applied in CPSA to strip the 
analyte from the electrode surface where it has been 
preconcentrated. Along with the stripping time (t) the 
electrode potential (E) is measured. The analytical 
signal is the transition time (T) beginning and ending 
when the stripping is started and completed, re- 
spectively. A typical E-t curve for CPSA is shown in 
Fig. la. 

Although CPSA has some advantages over 
voltammetric and potentiometric stripping analysis,2 
it has not been as popular as the other stripping 
techniques, mainly because of its moderately low 
sensitivity. One apparent limitation to the sensitivity 
of CPSA is that it is difficult to measure a small time 
signal precisely, when the potential change during 
stripping is small. This is especially true for analysis 
of mixtures. Use of a derivative technique, by 
measuring dE/dt, has been proposed to overcome 
this shortcoming,‘3 and a typical derivative chrono- 
potentiogram is shown in Fig. lb. Apparently this 
dE/dt us. t curve makes the measurement of 7 easier 
than from Fig. la but without significant im- 
provement in the sensitivity. Actually, when the 
transition time is very small, the (dE/dt)-t curve 
becomes valley-like and much less well defined than 
that in Fig. lb,‘) so this method has not been widely 

*Permanent address: c/o Department of Chemistry, Iowa 
State University, Ames, IA 50011, U.S.A. 

used. Recently, Jagner and co-workersiC2’ have 
adopted a new technique to handle CPSA signals 
with a computerized system. The E signal is measured 
and stored in a computer. After the experiment, the 
E data are converted into dt/dE digitally and dt/dE 
is plotted against E, to give a peak as shown in 
Fig. lc. This scheme of measurement has been used 
in flow constant-current’~16 and ~tentiomet~c 
stripping analysis (PSA)“-*’ with much increased 
sensitivity and resolution compared to normal CPSA 
and PSA. However, no theoretical analysis has been 
given to describe the shape of the (dt/dE)-E curves. 
Recently, Hussam and Gunaratnaz2 have publish~ 
their work on chronopotentiometry by measuring 
current transients. Differential chronopotentiograms 
are obtained by measuring the relaxation time 
differences (At) after application of potential pulses. 
This m~s~ement is, however, no longer a truly 
galvanostatic experiment, although the shape of the 
signal (At-E) obtained is similar to that of (dt/dE)-E 
obtained by Jagner et al. A brief study has also been 
made of applications of this technique to stripping 
analysis. 

In this paper we report a much simplified analogue 
method for obtaining the (dt/dE)-E signal for 
constant-current stripping analysis. The potential 
signal in Fig. la is first differentiated to give dE/dt 
and then dE/dt is inverted to (dt/dE) which is plotted 
against E with an X-Y recorder. This new method is 
called reciprocal derivative constant-current stripping 
analysis (RD-CCSA) instead of chronopotentio- 
metric stripping analysis, since the actual signal 
obtained is no longer a chrono~tentio~am. A 
theoretical analysis of the (dt/dE) us. E signals for 
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time, t 

time, t 

ELECTRODE POTENTIAL, E 

Fig. 1. Comparison of schematic CPSA, BCPSA and 
RLI-CCSA signals. Curves: (a) normal chronopotentio- 
gram; (b) derivative chronopotentiogram; (c) (dr/dE) US. E. 

For the definitions of the symbols, see the context. 

constant-current stripping will be made and the 
theory validated with experimental results obtained 
by using this simple RD-CCSA instrument. 

THEORY 

Reciprocal derivatization measurement 

The potential-time equation describing the E-t 
curve in Fig. la for the normal CPSA at a mercury 
film electrode can be written’ as 

RT 2I RT 
E = E* f nF In (nD)‘,2 + nF ln (1) 

where I is the thickness of the mercury film, t is the 
transition time, D is the diffusion coefficient of the 

metal ion (M”+) in solution, t is the stripping time, 
and other symbols have their normal electrochemical 
meanings; dE/dt is obtained by rearranging and 
differentiating equation (1): 

dE 1 z+t A=- - 
dt [ 1 2nf t(t -t) 

in which f = FIRT. The measurement of dE/dt has 
been discussed before.” A typical (dE/dt)-t curve is 
shown in Fig. lb. The reciprocal of equation (2a) 
yields: 

t(s - f) 
g; =2nf - 

[ 1 T+t 
GW 

which is called the reciprocal derivative signal, and 
shown in Fig. lc. When 

t = tp = 0.4142~ (3) 

the value of dt/dE in equation (2b) is at a maximum, 
denoted by (dt/dE), and called the “stripping peak”, 
as shown in Fig. lc. It is noted that the stripping peak 
potential (E,) does not correspond to 2/2. This is due 
to the fact that the E-t curve as described in equation 
(I) is asymmetric. The value of (dt/dE), is obtained 
by substituting equation (3) into (2b): 

= 0.343 nft = 13.35 nr (at 25”) (4) 

Exactly the same parameter is measured in 
differential potentiometric stripping analysis 
(DPSA),23 so dt/dE can easily be measured with the 
differential potentiometric stripping instrument 
working in the constant-current mode. The principle 
of this instrument is based on the measurement of a 
derivative signal dE,ldt followed by inversion of 
dE/dt to obtain dt/dE, the final output being (dt/dE) 
plotted against E with an X-Y recorder. A block 
diagram is shown in Fig. 2 to illustrate the principle 
of the instrumental set-up. The potentiostat/galvano- 
stat is used for constant-potential preconcentration 
and constant-current stripping. Since it is (dt/dE)-E 
that is obtained instead of E-t, the curve, as shown 
in Fig. lc, actually resembles a pseudovoltampero- 
gram, rather than a chronopotentiogram. 

Apparently, the measuring technique for dt/dE 
presented here is totally different from that described 
by Hussam and Gunaratna,22 in which a potentiostat 
is actually used. RD-CCSA is based on a true 
galvanostatic measurement and it does not involve 
signal differentiation procedures. The shape of the 
(dt/dE)-E curve in Fig. lc is similar to that of the 
At-E curve (Hussam and Gunaratna) because the At 
values measured by these authors can be regarded 
as equivalent to AtjAE with AE kept constant. 
Compared to the computer system used by Jagner 
et al.‘c2’ to measure (dt/dE)-E the instrument 
presented here is simpler and represents a real-time 
dt/dE measurement. 
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cklvanostat 

(Potentiostat) 

E dE dt 

x Derivative 
iiir 

Differentiator X-Y Recorder 

Fig. 2. Block diagram of the instrument set-up for RD-CCSA. 

Factors aflecting the stripping peak height tution of equation (4) into equation (10): 

It is known that t is related to the concentration of 
metal M (C,) in a mercury film of thickness I: 

1% r=- 
I (5) 

in which 2 = iJnFA and i, is the stripping current. In 
turn, C, can be expressed according to the Levich 
equation:24 

C, =i 0.62 ~‘~2~2/3~-‘/6[-‘tdCo (6) 

where w is the angular rotational velocity during 
pr~oncentration, p is the viscosity of the solution, t, 
is the deposition time, and Co is the bulk concen- 
tration of the analyte (M”+) in solution. Substitution 
of equations (5) and (6) into (4) yields 

= 0.21 ~f(nFA)~‘~2D213~ -lib tdCoji, = 

7.89 x 10’ n2Ao’/2D2’3p -ii6fd Co/is (at 25”) (7) 

Peak potential and specific potential 

The peak potential equation is obtained by combi- 
nation of equations (3) and (4) and substitution into 
equation (1): 

EP=E’+1.39~+~Fln(n)-~Fln (12) 
P 

Apparently Ep is a function of peak height. 
The specific potential EM for element M is defined 

as 

&=EPf$$ln 2 
( > dE P 

(13) 

where A is the electrode area. From equation (7), it Substitution of (12) into (13) yields 
can be seen that the height of the stripping peak 
(dt/dE), is proportional to the bulk concentration of 

21 
EM = E” + E In - 

the analyte in solution (Co), which is the basis for the nF (nD)‘J2 + 1’39 riF 
g+$Fln(n) (14) 

quantitative application of RD-CCSA. According to equation (14), EM is a function of the 

Stripping equation 
standard potential of the M”+/M couple (E’) and the 
mercury film thickness (l), but independent of C, and 

Rearrangement and differentiation of equation (I) the stripping conditions. Therefore EM can be used as 
also yields a parameter for qualitative identification. 

dt 
- =@ 

[ 

2t + e-’ 

dE (4&+ l)“2-e-’ 1 (8) Peak width and resolution 

At half peak height 
where 

dt 1 dt 
x=2nf(E-E’) (9) 

-=- - 
dE ( > 2 dE P 

(15) 

with Substitution of equation (15) into (2b) and applica- 

E’=fl+RTfn- 
21 tion of (4) yields the time at half peak height (tpi2): 

nF (nD)‘” (10) tp,* = (0.4571 rt 0.3508)r (16) 

The stripping equation describing the RD-CCSA Two values of the half peak potential (E,,,) are 
curve shown in Fig. lc is thus obtained by substi- obtained by combination of equations (1), (7), and 
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(16): 

E;,z = Ep + I .46 $ 

The width of the peak at half its maximum height 
(W,,,) (see Fig. lc) can then be obtained as follows: 

=y (mV at 25”) (1% 

Equation (19) indicates that the resolution of 
RD-CCPA is apparently higher than that of linear 
sweep voltammet~, 173 mV/nzqa, and differential 
pulse polarography, ~.4mV/n2?b, and is close to 
that of semidifferential stripping voltammetry, 
54.4 m Vln.2s 

EXPERIMENTAL 

Apparut~ 
A Model DPSA-I electroanalyser (The Seventh Elec- 

tronic Factory of Shandong, China) re-equipped with a 
galvanostatic circuit with multilevel control of constant 
current between I and 20 PA was used as the 
potentiostat/galvanostat. The dr/dE signal was measured by 
using the differentiation mode of the DPSA-I instrument, 
originally designed for differential ~tentiometri~ stripping 
analysis. The working, reference, and counter electrodes 
were glassy carbon (GC), Ag/AgCl, and platinum, re- 
spectively. The GC disc electrode was mounted on a JCZ-A 
rotator (The Seventh Electronic Factory of Shandong, 
China). A thermostat system was used to control the 
temperature of the solution. 

Reagents 
All chemicals were of analytical grade and solutions were 

prepared with water doubly-distilled in silica apparatus. 
Cadmium and lead standard solutions were prepared from 
the nitrates and those of indium and thallium from the pure 
metals. Sodium nitrate (0.2M) was used as the supporting 
electrotyte. Nitric acid was used to adjust the solution pH 
to about 4. 

Procedure 
The glassy-carbon electrode was first polished with alu- 

mina powder, then cleaned consecutively with ammonia 
solution (1 + 1) and 95% ethanol, and finally rinsed with 
distilled water before use. The mercury-film electrode was 
prepared by depositing mercury from 2.0 x 10m4M mercuric 
chloride at Ed = - 1 .O V. The p~oncentration of analyte in 
sample solutions was done with rotational velocity 
w = 2000 rpm and stripping was done in quiescent solution. 
Before the deposition the solution was deaerated by passage 
of nitrogen for 15 mm. All experiments were done at 
25.0 * 0.2’. 

RESULTS AND DISCUSSIONS 

Factors affecting the stripping peak height 

The dependences of the stripping peak height 
(dt/dE), for the RD-CCSA of Cd2+, on deposition 

J 

0 30 60 so 120 750 100 210 240 

A PAECONCENTRATION TIME, t,, set 

I I I I I I I I 

0 10 20 30 40 60 60 70 

0 SQUARE ROOT OF ROTATiONAL SPEED, rprnrfl 

I / / L f I _I 

0 1 2 3 4 6 6 

m CADMIUM CONCENTRATION, 1O-7M 

Fig. 3. Dependences of (dt/dE) on w”, ta and [Cd”]. 
Curves: (0) (dr/dE), vs. wrR; 2 x IO-‘M cadmium, 
i, = 2 PA, and I* = 2 min. (A) (dr/dE), IW. t,; 2 x 10--‘&f 
cadmium and z1 = 2 pA (m) (dt/dE), cs. [Cd”+]; i, = 5 pA 

and rd = 2 min. 

time (td), electrode rotational speed during precon- 
centration (o), bulk concentration of cadmium (Co), 
and stripping current (i,) were studied inde~ndently 
one by one, while keeping the others constant. The 
(dt/dE), values are pIotted vs. td, w “’ and Co in Fig. 3. 
The linear relations in these results are consistent 
with the predictions from equation (7). According to 
equation (7), (dt/dE), is should be a constant which 
is independent of is. However, the plot of (dt/dE), is 
against i,, as shown in Fig. 4, indicates that (dt/dE), 
is increases with i,, but less so at larger i, values. This 
may be caused by chemical stripping of the analyte, 
which is more effective when smaller i, is used. The 
correctness of equation (7) can also be justified by 

aok 

30 1 , I I ! t , I 

0 3 B 3 12 15 13 21 

STRIPPING CURRENT, is, PA 

Fig. 4. Plot of (dr/dE), i, us. i,; 4 x IOe7M cadmium and 
id = 2 min. 
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comparing the slopes in Fig. 3. Rearranging equation 
(7) yields 

*d’ = 
[ 1 ()_ 4 dE p 

Atd ,"2C 

AZ!_ = 
[ 1 o_ is dE p 

AC U”*t d 

= 7.89 x lo5 n2 AD2”p-“6 

= constant (20) 

in which the three items in square brackets represent 
the slopes of the straight lines in Fig. 3. The values 
of the slopes are 0.12V-‘, 0.317sec.V’.rpm-‘I*, 
and 2.8 x 10’ sec.V-‘.l.mole-‘, respectively. The 
constants as defined in equation (20) were calculated 
by applying these three slope values and other par- 
ameters. The results are 2.68 x 104, 2.64 x 104, and 
2.80 x lo4 pA.V-‘.rpm-‘/*.l. mole-’ respectively. 
The first two values are very close to each other, just 
as predicted. However, the third value is slightly 
larger than the others, probably because a larger 
value of i, is used for Co studies. 

Validation of the stripping equation 

A simulation method was used to validate equa- 
tion (11) as follows. The Ep and (dt/dE), values 
obtained from the stripping curves were first substi- 
tuted into equation (12) to calculate the correspond- 
ing theoretical values of E’. Then the E’ and (dt/dE), 
values were substituted into equation (11) to calculate 
the (dt/dE), and E values for the theoretical curve, 
which was compared with the experimental one. One 
of the results is depicted in Fig. 5. The theoretical 
values are in good coincidence with the experimental 
ones in the peak region, but slightly different at the 
bottom of the peak owing to the capacitance effect 
when the electrode potential changes rapidly, which 
is not taken into account in the theoretical treatment. 

Comparison of RD-CCSA and normal CPSA signals 

The theoretical value of the signal ratio for 
RD-CCSA and normal CPSA, i.e., (dt/dE),/r, is 
13.35n according to equation (5). The experimental 
(dt/dE),/r values for Cd’+, Pb*+, TI+, and In’+ are 
listed in Table 1 and compared with the theoretical 
ones. Apparently, the (dt/dE),/r values for Cd*+, 
Pb2+, and TI+ are very close to those predicted from 
the theory, but a noticeable difference is observed for 

-, 
,606 .a38 .570 .602 .634 .Bl(l .600 .722 

ELECTRODE POTENTIAL, -E,V 

Fig. 5. Reciprocal derivative constant-current stripping 
signal of cadmium. Solid line: experimental result; dots 
indicate the theoretical responses; 5 x IO-‘M cadmium, 

rd = I.5 min and i, = 5 PA. 

In3+. This may be caused by the lower reversibility of 
the In’+/In couple. 

Validation of the E, equation 

The specific potential for metal M, EM, defined in 
equation (13), is predicted by equation (14) to be a 
constant which is independent of stripping peak 
height, i.e., the concentration of the metal ion and 
other experimental variables. The EM values for 
Cd*+, In3+, Tl+, and Pb*+ at four different (dt/dE), 
values obtained by changing t, were calculated by 
substituting the experimental Ep and (dt/dE), data 
into equation (13). The results are listed in Table 2, 
and are in good agreement with the theory. For 
instance, when the (dt/dE), values for In3+ change 
from 6.2 to 46.8 set/V, the calculated EM values 
remain constant (0.528 V) within 0.4%. For other 
elements, the maximum relative deviation is also 
smaller than 1%. 

Half-height peak-width and resolution 

The theoretical W,,, values for Cd*+, In’+, TI+, 
and Pb*+ are close to their experimental ones as 
shown in Table 3, indicating the correctness of 
equation (19). 

The RD-CCSA signal for a mixed solution 
containing IO-‘M levels of Cd*+, In’+, and Tl+ is 
shown in Fig. 6. The peaks for these ions are 
well separated from each other, and therefore 

Table I. Comparison between RBCCSA signal, (dr/dE),, 
and CPSA sianal. I 

Element 
7. W/W, 

WC see/V Experimental Theoretical 

Cdl+ 0.9 23.4 26.0 26.7 
Pb2+ I.0 25.9 25.9 26.1 
In3+ 0.8 21.9 34.9 40. I 
Tl+ 0.7 8.8 11.5 13.4 
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Table 3. Wpil values (mV) 

Cd2+ In3+ Tl+ Pbz+ 

Experimental value 32.0 24.9 68.9 33.4 
Theoretical value* 32.8 21.8 65.5 32.8 
Relative error, % f3 -12 -5 -2 

*Calculated according to equation (19). 

simultaneous determination of these metal ions with 
RD-CCSA becomes possible, whereas it is impossible 
for normal CPSA. Considering that the Ep differences 
for the Cd-In and In-T1 couples are St3 and 50 mV, 
respectively, the increase of resolution for CPSA by 
the reciprocal differentiation technique is significant. 

Detection limit 

The RD-CCSA signal for 6 x 10-“M cadmium 
was obtained under the following optimal conditions: 
deaeration for 30 min, deposition for 10 min, 
is = 1 PA. The result is 0.55 set/V, about 3 times the 
value for the blank solution, 0.21 set/V. This limit of 
detection is comparable to those for voltammetric 
and potentiometric stripping analysis. 

CONCLUSION 

Both theory and the experimental results prove 
that the sensitivity and resolution of CPSA are 
greatly enhanced by measuring the reciprocal deriva- 
tive signal. The theories derived to describe the shape 
and change of the (dt/dE)--E signals for constant- 
current stripping analysis are consistent with the 
experimental results. It is believed that the improve- 
ments in signal measurement can broaden the 
acceptance of constant-current stripping analysis. 
The instrumentation reported for measuring 
(dt/dE)-E is different from, and, in some sense, 
simpler than that in the literature,“2’ though the 
same in principle. However, although the simple 
analogue instrument works reasonably well, as 
proved, and is useful under some circumstances, it 

.3s .40 .45 SO .65 .80 .66 .70 

ELECTRODE POTENTIAL, -E,V 

Fig. 6. Reciprocal derivative constant-current stripping 
signal of cadmium, indium, and thallium mixture solution: 
4 x IO-‘M cadmium, indium, and thallium, f,, = 1.5 min 

and i, = 5 MA. 
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by no means represents the future of RD-CCSA. 
Instead, computerized systems should certainly be 
the choice. 

It should be pointed out that the applications of 
the reciprocal differentiation technique in measuring 
chronopotentiometric signals need not be limited to 
stripping analysis. The technique may be used in any 
constant-current chronopotentiometric experiments, 
as it can be more generally called reciprocal deriva- 
tive chronopotentiometry. 
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UNITE D’ACQUISITION ECONOMIQUE 
POUR LE TRAITEMENT ELABORE DE DONNEES 

SPECTRO-CINETIQUES ISSUES D’UN 
SPECTROPHOTOMETRE UV-VISIBLE 

J. J. MEYER, J. L. PAUMARD, D. MILIN, P. LEVOIR et J. C. FONTAINE 
ITODYS, Universitb Paris VII, Paris, France 

(Rgu le 30 juin 1988. Accept6 le 1 I juillet 1988) 

RCsum&Nous avons ttudib et construit une unite d’acquisition numerique tconomique, destin&e a un 
spectrophotometre UV-visible CARY-210. IX flux de dontrees est controlt par un microprocesseur 6809 
qui commande quatre adaptateurs d’interface parallele. Deux liaisons “s&e” au standard RS232-C 
permettent de communiquer avec un terminal et une mtmoire de masse. Les don&es acquises sont trait&es 
par un ordinateur personnel. IX logiciel comprend plusieurs modules, developpbs dans notre laboratoire, 
qui utilisent des algorithmes de traitement de signal trts efficaces et particulierement utiles en cinttique 
chimique. 

Summary-A low-cost digital acquisition unit for a CARY-210 spectrophotometer has been designed and 
constructed. The data-flow is controlled by a 6809 microprocessor driving four parallel interface adapters. 
Two RS232-C serial links are provided for communication with a terminal and a mass storage unit. The 
acquired data are processed by a personal computer. Included are several software modules, based on 
powerful signal-processing algorithms, which are highly useful in kinetic studies. 

Ces dernieres annies ont vu l’apparition dune nou- 
velle generation de spectrophotometres UV-visible 
entierement numtris& et informatists permettant la 
mise en oeuvre de differentes mtthodes de traitement 
de signaux. Cependant, ces appareils trb complexes 
constituent souvent des systemes fermts et fig&s 
au niveau informatique et necessitent toujours un 
investissement important. Or, de nombreux labora- 
toires de recherche sont equip& de spectromitres de 
grande qualite optique, fiables et d’emploi facile qu’il 
wait interessant de munir dune interface autorisant 
le transfert des don&es vers un micro-ordinateur en 
vue de Ieur traitement ulterieur. 

Cet article decrit la rialisation d’une telle interface, 
originale et Cconomique, destinee a un spectromttre 
UV-visible CARY-210’ (Fig. 1). Le systeme 
d’acquisition numerique associe a un terminal 
(clavier-&ran) assure l’acquisition des don&es et 
controle leur enregistrement sur une unite tampon a 
cartouches magnetiques. La lecture par un micro- 
ordinateur des don&es ainsi enregistrees s’effectue 
par l’intermediaire d’une liaison “s&e” au standard 
RS232C. Cette facon de proctder permet de ne pas 
mobiliser l’ordinateur pendant la p&iode 
d’acquisition. Un programme interactif de traitement 
et de visualisation des dondes spectroscopiques a itt 
ecrit en Turbo-Pascal. Ce logiciel, outre les modules 
classiques de traitement numirique, integre des mod- 
ules originaux, en particulier celui d’analyse des 
signaux multi-exponentiels par la mtthode de Padt- 
Laplace.2.3 

Unite d’acquisition (Fig. 2) 

Le modele de base du CARY-210’ est equipe dun 
affichage numerique a 5 chiffres, avec virgule, de la 
densite optique. Cette information est disponible sur 
le connecteur J 13 sous forme de dix neuf lignes (Dxx) 
pour la densite optique et de cinq lignes pour la 
position de la virgule (DP). L’indication de densiti 
optique (DO) negative est fournie par la ligne MINS. 

Notre appareil est de plus Cquipe des accessoires 
suivants: 

-1e module 954100 “Wavelength Programmer” qui 
fournit l’information longueur d’onde sur cinq 
chiffres; les vingt lignes (Wxx) y afferentes se trouvent 
sur les connecteurs J202 et 5203 (resolution de 
0,l nm); 
-1e module 954300 “Temperature Readout” qui 
affiche la temperature sur quatre chiffres; le con- 
necteur 5502 fournit les seize lignes (Txx) correspond- 
antes (resolution de 0,Ol degre); 
-1e module 954000 “Timer” permettant a 
l’utilisateur de programmer differentes sequences 
doperations; toutes ces informations sont codees en 
BCD, a l’exception de la position de la virgule. Les 
donnees sont echantillonntes a la frtquence de 
12,5 Hz par le signal SYNC disponible sur le con- 
necteur 513. Toute la logique inteme est malisee en 
technologie CMOS (O-12 V). 

La realisation en TTL de l’unite d’acquisition nous 
a conduits a utiliser des convertisseurs de niveau 
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210 
NUMERIQUE 

J 502 

ORDINATEUR 

= \ 

Fig. 1. Schema fonctionnel. 

MC14049 et MC14050. Les soixante deux lignes de 
don&es sont ensuite connect&es aux ports dent&e 
des quatre adaptateurs d’interface parallele (PIA 
MC6821). Le front de descente du signal SYNC 
(CA2) positionne le sixieme bit du registre de com- 
mande CRA de PIAl et indique que les don&es 
den& optique, longueur d’onde et temperature sont 
valides et disponibles sur les ports den&e. 

Un micropr~s~ur MC6809 constitue le coeur du 
systeme. Le programme, implant& dans une memoire 
morte de 8 Koctets (ROM 2764), controle le flux des 
donnees en provenance des PIA. Ces donnees sont 
stockees lors de l’acquisition dans deux memoires 
vives de 8 Koctets (RAM TC5565). La charge im- 
portante du bus de don&es a n&cessite l’implantation 
d’un transmetteur bidirectionnel de bus 74LS245 
active par la ligne PIASEL; de m&me un circuit 
74LS241 amplifie les lignes AO, Al, E et R/F. Un 
double tmetteur-recepteur asynchrone universe1 
(DUART SC2681) assure les communications 
“serie” vers le terminal (Pl) et vers I’enregistreur 
ma~~tique (P2) par l’inte~~diai~ d’un con- 
vertisseur de niveau au standard RS232C (MAX 
232). Le clavier du terminal est brancht en mode 
interruptible (IRQ). 

Logiciel ~acquisition 

Un logiciel de 8 Koctets ecrit en langage 
d’assemblage symbolique 6809 permet: 

-d’initialiser et de tester le systeme a sa mise sous 
tension; 
-de gerer les pkiphtkiques; 
-de saisir et de valider les diffkentes commandes et 
d’exkcuter les modules associes d&its ci-apres. 

Module CINE. L’acquisition des don&es cin& 
tiques DO =f(r) a longueur d’onde 1 fixte est realisee 
a I’aide d’un algorithme original. Son principe con- 

siste a acquerir les 1024 premieres donnees avec le pas 
initial ~~chantillonnage de 80 msec (signal SYNC), 
puis de conserver une don&e SW deux et d’acqutrir 
les 512 valeurs suivantes avec un pas double. Ce 
processus est repkti jusqu’a une valeur maximale du 
pas (216 fois 80 msec) ou jusqu’a une interruption de 
l’opkrateur (fin de la cinetique). Cette methode 
prksente l’avantage de ne pas nkessiter la con- 
naissance prealable de la duree de la cinttique. 

Module SPEC. Ce module g&e l’acquisition auto- 
matique d’une s&tie de spectres DO = F(1) dans le 
mcme domaine de longueur d’onde, avec un inter- 
valle de temps prkdetennini: entre les balayages. 
L’operateur doit tout d’abord foumir un certain 
nombre ~info~ations: don&es generates (date, 
nom du compost,. . . ), parametres expkimentaux 
(domaine spectral, nombre de spectres, vitesse de 
balayage, . . . ). Des tests de validite sont effectues sur 
certaines informations. Le pas est ensuite calcule en 
fonction du domaine spectral choisi, du pas minimal 
et du nombre de points maximal autorise. 
L’acquisition est alors d&clench&e par l’opkrateur, 
Tout spectre acquis est enregistre entre chaque bal- 
ayage. 

Des modules suppkmentaires permettent a 
l’utilisateur de realiser des operations telles que 
l’enregistrement des don&es (ENRE), l’affichage des 
valeurs acquises (AFFI) et la visualisation des 
differentes commandes (MENU). 

Logiciel de traitement 

Le dtveloppement de cette unite d’acquisition nu- 
merique performante nous a permis d’entreprendre 
l’ittude de systemes chimiques complexes. En particu- 
lier, nous nous sommes indresses a la reaction de 
transimination des bases de Schie4 reaction qui 
prtsente deux phtnomenes cinetiques remarquables.’ 
Ainsi, avec une amine bi-fonctionnelle observe-t-on 
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un signal cinktique mono-exponentiel correspondant 
$ une cinttique classique du premier ordre, alors que 
dans le cas d’une amine mono-fonctionnelle le signal 
cinitique est plus complexe et correspond ii la somme 
de deux exponentielles coupl6es. L%tude de tels sys- 
t*mes chimiques nous a done amen&s $ concevoir un 
logiciel de traitement numtrique du signal souple et 
convivial. Des techniques de multi-fenCtrage et 
l’emploi gkntralisi de menus dtroulants et de boites 
de dialogue apportent ri ce logiciel une grande facilitC 
d’emploi, mEme et surtout pour des utilisateurs non 
avertis (Fig. 3). 

La partie analyse du logiciel est dot&e de diverses 
mkthodes de lissage dont le lissage bin6mial;6 d’autre 
part, l’utilisateur a la possibilitk de tronquer le signal 
li sa convenance et dispose d’une vaste panoplie de 
mkthodes permettant d’extraire les composantes de 
signaux mono- ou multi~xponentiels. La visual- 
isation en trois dimensions des spectres d’absorption 
fournit une aide I l’interprktation des signaux spec- 
troscopiques (Fig. 4). L’analyse des signaux mono- 
exponentiels peut s’effectuer soit par la mithode 
classique de Guggenheim, soit par celle plus puissante 
dite “du plan de phase’*,’ qui permet d’attknuer le 
bruit par integration directe du signal. D’autre part, 
pour des signaux multi-exponentiels, la dtter- 
mination des paramitres peut s’effectuer au moyen de 
deux mkthodes: 

-une mithode classique des moindres car&s non 
1inCaires; 
---we mkthode dite “de Pad&Laplace”2,3 qui permet, 
outre le calcul des paramttres des exponentielles, la 
dktermination sans a priori du nombre des com- 
posantes du signal. 

Ces techniques servent egalement $ traiter des 
probl6mes de recom~sition de bandes, dans le cas de 
spectres d’absorption, en partant d’un modkle bask 
sur une somme de lorentziennes ou de gaussiennes. 
Enfin, nous avons dCveloppC un module de visual- 
isation en trois dimensions de spectres d’absorption 

provenant de I’bvolution dans le temps du syst&me 
tiactionnel. Ce module permet aussi de reconstituer 
le spectre au temps z&o par extrapolation des absorb- 
antes. 

CONCLUSION 

Grace g la liaison “skrie” standard, la 
configuration d&rite dans cet article est facilement 
modifiable. Par exemple, i’ensemble clavier-Ccran 
ainsi que I’enregistreur & cartouches ma~~tiques 
peuvent Ztre remplaks par un micro-ordinateur d&ii6 
muni d’une mkmoire de masse (disquette, disque 
dur, . . , ). 

Au niveau du logiciel, d’autres modules sont actu- 
ellement en dkveloppement au laboratoire; entre au- 
tre, un module ~a~uisition de la densit optique en 
fonction de la tempkature permettra de dkterminer 
les grandeurs thermodynamiques des kquilibres chim- 
iques. Les auteurs sont g la disposition de toute 
personne qui souhaiterait des dktails com- 
plimentaires concernant le mattriel et le logiciel. 
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DEGRADATION OXYDATIVE DES SULFAMIDES A 
USAGE THERAPEUTIQUE 

ISOLEMENT STRUCTURE 
ET METHODES D’ANALYSE DES PRODUITS 

FORMES 

A. DE SOUZA, D. BAYLOCQ et F. PELLERIN 
Laboratoire de Chimie Analytiqudentre d’Etudes Pharmaceutiques de I-UniversitC de Paris XI, 1, Rue 

J.B. Clement, F.9229Mhatenay-malabry, France 

(Recu le 26 janvier 1988. Accept6 le 10 juillet 1988) 

R&sum&-L’oxydation douce de sulfamides antibacteriens est men&e a la temperature ambiante et I la 
lumiere du jour, au moyen de peroxyde d’hydrogene en milieu acide. Les produits d’oxydation form&s 
sont isoles par chromatographie classique sur colonne et apres purification leur purete est dtterminC par 
chromatographie liquide. Ces produits sont identifies a l’aide de mtthodes spectrales d’analyse, plus 
particulierement par spectrophotometrie infra-rouge et par spectrometrie de masse. Un produit 
d’oxydation, jusqu’a present non isole et rapport&, a et& isolt et identifit. La cinetique de formation est 
ttablie, et un m&canisme d’oxydation est propose. 

Summary-The mild oxidation of bactericidal sulphonamides by hydrogen peroxide in acidic medium at 
room temperature in daylight, is reported. The oxidation products have been isolated by classical 
chromatography and purified, and their purity has been determined by HPLC. They have been identified 
by spectroscopy, chiefly by infrared and mass spectroscopy. An oxidation product not previously reported 
has been isolated and identified. An oxidation mechanism and the kinetics are discussed. 

Depuis la dccouverte de l’action antibacterienne des 
sulfamidesim3 et des etudes de Fourneau et ~1.~ sur 
I’activite d’une skrie de derives sulfamidb, une 
gamme de sulfamides a activite diverse a Bte 
synthttisee et mise sur le march& 

La litttrature apporte des etudes diversifiies, 
soit sur le mecanisme d’action antibacterienne des 
sulfamides,5-8 soit sur les methodes d’analyse.“4. 

Pour Ctudier la conservation et la stabiliti des 
solutes injectables et des suspensions de sulfamides, 
des methodes d’analyse ont Cte mises au point dans 
le but de mettre en evidence les eventuels produits 
de degradation. Les resultats obtenus ne sont pas 
toujours concluants. Dans certains cas, ils restent au 
stade d’hypothese, dans d’autres, des produits de 
degradation sont dbce16s.15~i6 

Dans cette etude, les auteurs suivent la cinttique 
d’oxydation de trois sulfamides par chromato- 
graphie liquide haute performance, isolent les pro- 
duits d’oxydation par chromatographie sur colonne 
et les identifient par des mtthodes spectrales 
d’analyse; un mtcanisme d’oxydation a I’aide 
d’inhibiteurs de radicaux est ensuite propose. 

Une application particuliere envisagte concerne le 
comportement des preparations pharmaceutiques a 
base de sulfamides et leur stabiliti dans les climats 
tropicaux. Pour simuler ces conditions et isoler la 
nature des produits formes, une oxydation douce est 
envisagce selon une technique bien dtfinie. 

PARTIE EXPERIMENTALE 

Trois sulfamides sont ttudiis: le sulfanilamide, le sul- 
fametoxazole et le sulfadoxine (tableau 1). 

Preparation: isolement des produirs de dkgradation des 
sulfamides 

Une solution de sulfamides de 0,2 a O,S%, selon la 
solubilite, est p&par&e dans l’acide sulfurique 0,5M. Aprb 
addition de peroxyde d’hydrogene (0,176M) les Chantillons 
sont homogentists et abandon&s a la temperature ambi- 
ante, P la lumibre du jour. AprCs cinq jours de contact, les 
produits d’oxydation form&s sont isolb par chromato- 
graphie sur colonne de gel de silice 15 a 40 pm, a l’aide 
du melange m&hanol/2-propanol/tolutne/ammoniaque 
concentrt (12:3:3:4). 

IdentiJication &s produirs formes 

Les produits bruts sont recristallises puis identifies par des 
methodes spectrales d’analyse. 

Spectrophorotirrie infra-rouge. Perkin-Elmer modele 
297; et pastillage avec du bromure de potassium. 

SwcrromPtrie de masse. Spectrometre Nermag lo- 10 C a 
anaiyseur type quadripolaire; spectrometrie par impact tlec- 
tronique et par ionisation chimique, traitement de dontrees 
par ordinateur PDP- 11. 

Etude de la cinh’que de &gradation 

La cinetique de degradation est ttudiee par CLHP dans 
les conditions suivantes: pompe Chromatem M 380, vanne 
a boucle RhCodyne 7 125, colonne en acier inox de 200 mm 
de longueur sur 4mm de diametre inteme, remplie dune 
phase Cl8 Lichrosorb RP de granulometrie 7 pm, dttecteur 
Shimadxu modele SPD-2 A a longueur d’onde variable, 
enregistreur Kipp et Zonen BD-40-04/06. Un ttalon inteme, 
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Tableau 1 

Sulfanilamide 
p-Amino benzene sulfonamide 

SulfamCtoxazole 
Amino-4 N (methyl-5-isoxazolyl-3) 
benzene sulfonamide 

Sulfadoxine 
Amino-4 N (dimethoxy-56, pyrimidinyl-4) 
benzene sulfonamide 

le nitro-4-~nz~n~ulfonamide synthetisk par les auteurs, est 
utilisk. 

Proposition du mkanisme d’oxydation 
Un mecanisme d’oxydation est Btudit selon une sdrie de 

reactions chimiques utilisant deux mod&es organiques, et 
I’addition d’un inhibiteur de radicaux. 

r! 

RESULTATS 

Identification et structure des produits d’oxydation 

Le sulfanilamide apres cinq jours de contact avec 
le melange d’oxydation a donne trois derives 
d’oxydation rev& par CLHP. Ces derives isoles par 
chromatographie preparative ont ttt identifies par 
analyse spectrale, en particulier par spectrometrie de 
masse et par spectrophotometrie infra-rouge. 

L’analyse systematique des spectres de masse a mis 
en evidence les pits des fragments ies plus importants 
de ~hydroxylamino-4-~n~nesulfonamide, du N,N’- 
dihydroxyhydrazo~nz~ne~suifonamide-4,~ et de 
I’azoxybenzenedisulfonamide-4,4’, comme I’indi- 
quent les schtmas de fragmentation correspondants 
(schemas 1, 2 et 3) (tableau 2). 

Les spectres infra-rouge confirment la presence 
des grou~ments fonctionnels de chaque prod& 
identifie, particulitrement les vibrations de valence 4 
3450 cm-’ (-N-O-H), B 1340 et a 1150 cm-’ (SO* 
sym et asym), a 1260 cm- ’ (-N = N-C- ). 

En ce qui concerne le derive N,N’-dihydroxy- 
hydrazobenzenedisulfonamide-4,4’, l’analyse par 
ionisation chimique avec ~ammoniaque a don& des 
fragments permettant d’analyser plus precisement 
I’ion moleculaire et la fragmentation formic. La 
presence dun fragment de masse 356 est due 
a la perte dune molecule d’eau a partir de l’ion 
moltculaire, ce qui a Cte confirmt par I’analyse 
thermogra~m~t~que. 

-I+ 

HO-N ’ --@S02N”* ” 

m/z 142 

O=N+SO,'+ 

m/z 124 

I\ -NO 

m/z 170 

Schema I 
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“2No,s~r-7~so.NH. -It 
OH 

m/r374 

I -Hz0 

m/z 356 

m/z 156 m/z 184 

Schema 2 

11 s’agit d’un produit, jusqu’$ prksent non isok et 
rapport& comme un produit intermediaire de 
l’oxydation des sulfamides en milieu alcalin.” 

Le sdjim~toxazole soumis au mCme traitement 
oxydatif pendant le meme temps, a don& trois 
produits d’oxydation detect& par CLHP. L’analyse 
spectrale a permis d’identifier l’hydroxylamino-C 
benzene-N-(methyl-S-isoxazolyl-3)-sulfonamide, le 
nitro-4-benz~ne-N-(mCthyl-5-isoxazolyl-3)-sulfon- 
amide et I’azoxybenzene-N-(methyl-5-isoxazolyl-3)- 
disulfonamide-4,4’. 

Pour les spectres de masse, les pits qui resultent de 
la perte de SO* a partir de I’ion moliculaire sont 
toujours presents. Les derives azoxy sont fragment& 
suivant le modele bien connu.‘8 Pour les derives nitro, 
on observe la perte de NO, caracteristique de 
l’isomerisation du groupement nitro du groupement 
nitrile. Dans le cas de l’hydroxylamine d&iv&e, les 
pits M+ - 1 et M+ - 16 sont aisement identifies. 

Les spectres infra-rouge permettent d’identifier les 
groupements hydroxylamino, nitro et azoxy particu- 
lierement par les vibrations de valence a 3430 cm-’ 

(-N-O-H), 1300 et 1150 cm-’ (SO, sym et asym) et 
1250 cm-’ (-N=H-C-). 

Le sulfadoxine dans les m&mes conditions 
d’oxydation a formi deux derives d’oxydation indi- 
q&s par CLHP et isoles par chromatographie sur 
colonne. L’analyse spectrale a permis une fois de plus 
d’identifier I-hydroxylamino-4-benzkne-N-(dimethoxy- 
5,6-pyrimidinyl-4)sulfonamide et le nitro-4-benzene- 
N-(dimethoxy-5,6-pyrimidinyl-4)-sulfonamide. 

Les caracteristiques spectrales des derives hydroxy- 
lamino et nitro sont confinnies par I’analyse des 
spectres de masse et infra-rouge. 

m/z356 

m/z 356 

H,NO,S-@\N,O-@So~NH~ " 

m/z356 

/ \ 

H,NO,S-@& L@o,NH, 

m/z184 m/z172 

c 
-N, 

c 
-so, 

HlNO,S 6+NHz 

m/z 156 m/z 108 

m/z80 

Sch6ma 3 
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Tableau 2 

Constante de vitesse, 
Produit de depart Derives formis 10-6hr/l. 

Sulfanilamide Hydroxylamino-4-benzene sulfonamide 1.790 

Sulfam&oxaz 

Sulfadoxine 

ole 

-N-N’-Dihydroxyhydrazobenzbne- 
disulfonamide-4,4’ 

Azobenzenedisulfonamide-4,4 
Hydroxylamino-4-benzene 

N-(methyl-5-isoxazoly-3)-sulfonamide 
Nitro-4-benzene-N-(methyl-5- 

isoxazolyl-3)-sulfonamide 
Azoxybenzene-N-(methyl-5 

isoxazolyl-3)-disulfonamide-4,4 
Hydroxylamino-4-benztne- 

N-(dimethoxy-5,6-pyrimidinyl-4)- 
sulfonamide 

Nitro-4-benzene-N-(dimethoxv-5,6- 
pyrimidinyl-4)-sulfonamide 

0,505 
1,604 

1,490 

I.286 

0,499 

0,724 

0,242 

Citktique d’oxydation 

La cinetique a &te suivie par CHLP sur des 
Cchantillons oxydes dans les mimes conditions. Pour 
chaque sulfamide etudie la constante de vitesse 
d’oxydation et I’ordre de la reaction ont ett dtter- 
mines. Une sequence de degradation oxydative a CtC 
Ctabhe en vue d’etudier le micanisme. 

Les constantes de vitesse sont indiquees dans le 
tableau 2. 

Mkanisme d’oxydation 

A partir de la sequence d’oxydation determinee par 
la cinetique, un mecanisme d’oxydation a tti: Ctudie 
en utilisant un thiol-l’acide amino-2-mercapto-3- 
propandique-comme inhibiteur de radicaux pour 
deceler la formation de I’hydroxylamine. L’inhibition 
de la reaction est totale en fonction de la quantite 
d’inhibiteur addition& et du temps ce qui confirme 
un micanisme radicalaire pour la premiere &ape de 
la reaction d’oxydation de sulfamides dans les condi- 
tions d&rites. 

L’etude du mecanisme de formation du derive 
N,N’-dihydroxyhydrazobenzenedisulfonamide-4,4 a 
ite faite a partir dune serie de reactions entre le 
N,N’-dimethylamino-4-nitrobenzene et l’hydroxyl- 
amino-Cbenztne sulfonamide, synthetist par les au- 
teurs. Ces reactions ont et& realisees en milieu acide 
avec ou sans peroxyde d’hydrogene et en I’absence de 
I’acide amino-2-mercapto-3-propano’ique. 

Le N,N’-dimtthylamino-4-nitrobenzene a CtC 
choisi en fonction de la stabilite de la forme 
monomtre du groupement nitroso. 

Les resultats de ces essais autorisent a conclure 
a une condensation ionique entre le nitroso-rl- 
benzenesulfonamide et I’hydroxylamino-4-benzene- 

CONCLUSION 

Le comportement des medicaments en presence 
d’agents oxydants est prescrit dans les regle- 
mentations internationales, en vue de preciser leur 
stabilite et leur conservation; l’interet de I’oxydation 
par le perhydrol reside dans la douceur relative de 
I’oxydation qui permet de mieux situer les conditions 
de stabihte et sur le plan experimental d’arreter 
aisement son action et de simplifier les operations 
d’extraction des produits form&. 
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Summary-A simple and sensitive spectrophotometric determination of blsmuth(II1) is based on the 
reaction between bismuth(II1) and o-hydroxyhydroquinonephthalein in the presence of Brij 58 in acidic 
media. The calibration graph is linear over the range O-3.5 pg/ml bismuth(W) in the final solution, and 
the apparent molar absorptivity at 520 nm is 9.03 x IO4 l.mole-‘.cm-‘. The proposed method is 2-10 
times more sensitive than other methods, and simpler. It has been applied to the assay of bismuth(W) 
in pharmaceutical preparations, such as dermatol and bismuth subnitrate, with good results. 

Bismuth and its pharmaceutical preparations, such 
as bismuth subnitrate, subcarbonate, subgallate 
(dermatol), etc., are used as antidiarrhoeics and 
local astringents. Numerous methods are available 
for the spectrophotometric determination of bismuth- 
(III), e.g., with dithizone, diethyldithiocarbamate, 
thiourea, Xylenol Orange, potassium iodide, Methyl- 
thymol Blue (MTB), Bromopyrogallol Red, Phenyl- 
fluorone and Gallein derivatives.le9 

We have already reported that o-hydroxyhydro- 
quinonephthalein (Qnph), an analogue of phenyl- 
fluorone, is a useful xanthene dye for the 
spectrophotometric determination of various metal 
ions, such as tin(IV).‘,” In addition, the effect of the 
presence of various surfactants-hexadecylpyri- 
dinium chloride (HPC) as a cationic surfactant, 
poly(oxyethylene)sorbitan monolaurate (Tween 20) 
as a non-ionic surfactant, sodium laurylsulphate 
(SLS) as an anionic surfactant, and sodium N- 
lauroylsarcosine (LS) as an amphoteric surfactant, on 
the assay for various metals, such as aluminium, 
thorium, copper, palladium and molybdenum, and 
the effectiveness of these surfactants alone or in 
combination have already been reported.“-‘4 The 
effect of a cationic surfactant on the colour reaction 
between various fluorone or Pyrogallol Red deriva- 
tives and bismuth has also been investigated.68.‘5.‘6 In 
most cases, since the pH range for maximum colour 
development between these dyes and bismuth is 
restricted to around the neutral region, these reac- 
tions tend to be affected by foreign-ion interference. 
Systematic studies of the effect of surfactants on these 
reaction systems have not hitherto been made. 

*To whom correspondence should be addressed. 

This paper describes the effect of various 
surfactants-alone or in combination-on the colour 
reaction between Qnph and bismuth(II1) in weakly 
acidic media, and gives a simple, rapid and sensitive 
spectrophotometric method for determination of 
bismuth by means of the reaction with Qnph in 
the presence of the non-ionic surfactant, Brij 58 
[poly(oxyethylene) cetyl ether], without the need for 
solvent extraction. 

Reagents 

EXPERIMENTAL 

All reagents were of analytical reagent grade. A standard 
O.OlM bismuth(II1) stock solution was prepared by dis- 
solving 209.0 mg of the 99.999% pure metal in 5 ml of 
concentrated nitric acid by heating, and diluting accurately 
to 100 ml with water. A working bismuth solution 
(5.0 x 10-4M) was prepared by dilution of the stock stan- 
dard solution. A 1.0 x 10m3M Qnph solution was prepared 
as previously described.9,‘0 Aqueous non-ionic surfactant 
solutions (I .O%) of Triton X-100 [poly(oxyethylene) 
iso-octylphenyl ether], Tween 20 [poly(oxyethylene)sorbitan 
monolaurate], PVP [poly(N-vinyl-2-pyrrolidone)], PVA 
[poly(vinyl alcohol)], Brij 35 [poly(oxyethylene)dodecyl 
ether], or Brij 58 solut!ons were prepared by dissolving the 
commercially available compounds without purification. 
For the pH adjustments, 1.0% v/v nitric acid was used. 
Demineralized water was used throughout. 

Procedure 

To a solution containing up to 35 pg of bismuth(III), in 
a lo-ml standard flask, appropriate amounts (about 0.75 ml) 
of 1.0% v/v nitric acid (to give a pH of 1.7-2.1). I.0 ml of 
1.0% surfactant solution and 1.0 ml of 1.0 x IO-‘M Qnph 
were added. The mixture was diluted to volume with water 
(solution A), and kept at room temperature (1525”) for IO 
min. together with a reagent blank (solution B). The absorb- 
ance of solution A was measured at 520 nm against 
solution B. 
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RESULTS AND DISCUSSION 

Colour reaction with and without surfactants 

The colour reactions between various xanthene 
dyes and bismuth(II1) in acidic media were system- 
atically investigated in the absence of surfactant. AS 
shown in Table 1, the reaction between Qnph and 
bismuth(II1) gave the largest bathochromic shift, and 
high and stable absorbance. The effect of surfactants, 
alone or in combination, on the Qnph/bismuth SYS- 

tern was then investigated (Table 2). 
The absorption spectra of the Qn~h-bismuth 

complex (solution A) in the presence and absence of 
Brij 58 or hexadecyltrimethylammonium chloride 
(HTAC) are shown in Figs. 1 and 2, together with 
those of the reagent blanks (solution B). 

The presence of a cationic surfactant, such as 
HTAC or zephiramine, gave a large absorbance for 
the Qnph/bismuth system, but the colour developed 
was remarkably unstable, and gradually gave way to 
formation of a precipitate. The combination of cat- 
ionic and non-ionic surfactants did not give the effect 
reported for other systems.‘7.‘8 Stabilization of the 
Qnph-bismuth~ationic surfactant ternary complex 
by micelle stabilization was unsatisfactory with cat- 
ionic and non-ionic surfactant combinations. On the 
other hand, the Qnph-bismuth binary complex in the 

Wovelength ( nm I 

Fig. 1. Absorption spectra of Qnph and Qnph-bismuth(III) 
solution in the presence of Brij 58 as non-tonic surfactant. 
Bismuth(III), 26.1 pg/IO ml; Qnph, 5.0 x lo-‘M; Brij 58, 
0.1%; pH, 1.8: reference, water; --, Qnph; -x -, 

Qnph-bismuth(II1). 

presence of a non-ionic surfactant such as Brij 58 was 
very stable, and its absorbance was relatively high, 
with good reproducibility. 

Table 1. Colour reaction between xanthene dyes and bismuth(II1) in the absence 
of surfactant 

Xanthene dyes 
2 *mdl 

nm 
Absorbance 

at A,., 

o-Hydroxyhydroquinonephthalein (Qnph) 505 0.292 
Pyrogallolphthalein (Gall) 570 0.126 
Pyrogallol Red (PR) 585 0.069 
Bromopyrogallol Red (BPR) 590 0.040 
Pyrocatechol Violet (PV) 550 0.200 
Xylenol Orange (X0) 540 0.145 
Methylthymol Blue (MTB) 525 0.087 

Bismuth(II1) taken, 20.9 pg/lO ml; dyes, I.0 x 10m4M: pH I 8; reference, reagent 
blank. 

Table 2. Effect of surfactants on the colour reaction between Qnph and 
bismuth(II1) 

Surfactants 
1 rndX 3 Absorbance at 

cationic amonic non-ionic nm i, “VA” 

- - 505 0.146 
HTAC - - 520 0.320; 

SLS - 500 0.266 
- Brij 35 520 0.445 
- - Brij 58 520 0.471 
- - Tween 20 520 0.362 

- Triton x 100 515 0.214 
- PVP 510 0.267 

HTAC 1 Brij 35 520 0.397 
- SLS Brij 35 520 0.384 

Bismuth(II1) taken, 10.5 pg/lO ml; Qnph, 10 x 10e4M; HTAC. 
I.0 x lO-3M; anionic and non-ionic surfactant, 0.1%; pH, 1.8; refer- 
ence, reagent blank. 

*Unstable. 
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350 450 550 

WaveLength (nm) 

650 

Fig. 2. Absorption spectra of Qnph-bismuth(W) and Qnph 
in the presence or absence of cationic surfactant. Bis- 
muth(III), 26.1 fig/IO ml; Qnph, 5.0 x IO-‘M; HTAC, 
0.1%; pH, 1.8; reference, water; -, Qnph; -x -, 
Qnph-bismuth(II1); __-__ Qnph-HTAC; ---O---, 

Qnph-HTA&bismuth(III). 

E$ect of non-ionic surfactant 

The addition of a non-ionic surfactant of poly- 
(oxyethylene) alkyl ether type, such as Brij 35 or 58, 
especially the latter, was particularly effective, giving 
good sensitivity and stability. Maximal and prac- 
tically constant absorbance was obtained in the pres- 
ence of 0.75-3.0 ml of 1.0% Brij 58 solution in a final 
volume of 10 ml. Hence, all further work was done 
with a final concentration of 0.1% Brij 58. 

E$ect of pH 

Maximal and constant absorbance was obtained in 
the pH range from 1.7 to 2.1, with 0.5-I .O ml of 1 .O% 

1.0 

-X-X x Composition of the compIex 

.I< 
1% Brij 58 sotn , ml/l0 ml 

Fig. 3. Effect of Brij 58 concentration. Bismuth(III)q 
15.7/rg/lOml; Qnph, 5.0 x 10eJM; pH, 1.8; reference, re- 

agent blank. 

v/v nitric acid used for pH adjustments. Further 
investigations were made at pH 1.8. 

Effect of Qnph concentration 

The absorbances for 7.5 x 10e6 and 1.0 x 10-SM 
bismuth were practically constant when 0.5-1.0 ml of 
1.0 x 10m3M Qnph was present in the final solution, 
and 1.0 ml was chosen as the optimum reagent 
volume. 

Calibration data 

Beer’s law was obeyed up to 35 yg of bismuth in 
the final volume of 10 ml. The apparent molar 
absorptivity was 9.03 x 104 I.mole-‘.cm-’ at 520 
nm. The relative standard deviation (5 replicates) was 
0.5% for 21 pg of bismuth. The sensitivity was 10 
times that of the potassium iodide or diethyl- 
dithiocarbamate methods and twice that of the MTB 
methods.‘-5.7*8 The absorbance was unaffected by 
temperature in the range investigated (15-25”), and 
stable for a considerable time. 

Interferences 

Iron(III), thorium, tin(W), zirconium, molyb- 
denum(VI), antimony(II1) and other ions giving col- 
our reactions with Qnph in acidic media caused large 
positive errors even at low concentrations (Table 3). 

Aluminium could be tolerated at about 50 fig/ml 
in the final solution, copper at about 30 pg/ml and 
cobalt at about 150 pg/ml. The proposed method is 
somewhat superior to the Phenylfluorone derivative 
or other method&* in terms of interferences. 

Of the anions tested, only oxalate caused serious 
interference. The high tolerance for fluoride was 
useful, since the interference of aluminium or tho- 
rium could be eliminated by masking with fluoride. 
For example, addition of 2.5 ml of 0.02M sodium 
fluoride eliminated the interference of about 400 pg 
of aluminium or 200 pg of thorium. Table 4 shows 
the results for assay of bismuth-aluminium and 
bismuth-thorium solutions with masking by addition 
of sodium fluoride. 

The molar ratio of Qnph to bismuth in the presence 
of Brij 58 was estimated to be 3: 1 by the molar-ratio 
method and Job’s method. 

Application 

The proposed method was applied to assay of 
bismuth pharmaceutical preparations, such as bis- 
muth subnitrate, bismuth subcarbonate or dermatol, 
as antidiarrhoeic drugs. The results are shown in 
Table 5 and compared with those obtained by 
ICP-AES and EDTA titration. 

ICP-AES is generally insensitive for the deter- 
mination of bismuth, but the proposed method is 
very sensitive and simple and shows satisfactory 
agreement with certified values. 
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Table 3. Effect of foreign ions 

Added 
Foreign Absorbance. 

ions Added as ~)I/10 ml mole ratio to Bi at 520 nm 

- - 0.471 
Fe(II1) alum 2.8 I 0.654 
Th(IV) nitrate 11.6 I 0.558 
Sn(IV) sulphate 6.0 I 0.558 
Sb(II1) sulphate 6.1 I 0.720 
Al(II1) sulphate 135 100 0.492 
Zr(IV) chloride 4.6 1 0.634 
Cu(I1) nitrate 318 100 0.472 
Co(H) nitrate 1470 500 0.477 
MOO:- Na, MOO, 4.3 I 1.034 
I- KI 634 100 0.470 
F- NaF 950 1000 0.487 
NO; NaNO, 2300 1000 0.561 
SO:- Na,SO, 2002 500 0.483 
L-Ascorbic acid 8800 1000 0.470 
Tartaric acid 8500 1000 0.452 
Oxalate Na,C,Q, 44.0 10 0.430 

Bismuth(II1) taken, 10.5 rg/lO ml; Qnph, 1.0 x 10e4M; Brij 58, 0.1%; pH, 
1.8; reference, reagent blank. 

Table 4. Assay of bismuth(II1) in a mixed solution of bismuth(II1) and aluminium(II1) or thorium(IV) 

Bi found, 
Absorbance IrgllO ml 

Bi, Ion Amount, Mole ratio no masking no masking 
IrgllO ml added i.+Ig/lO ml Bi:ion added masking with NaF masking with NaF 

10.5 - 0.471 0.473 10.5 10.5 
10.5 A&) 404 I:300 0.526 0.473 12.0 10.5 
10.5 Al(II1) 539 I:400 0.534 0.473 12.5 10.5 
10.5 AI(II1) 809 1:600 0.670 0.480 14.5 10.9 
10.5 Th(IV) 232 1:lO 0.674 0.471 14.5 10.4 
10.5 Th(IV) 464 I:20 0.705 0.473 15.5 10.5 

Qnph, 1.0 x 10m4M; Brij 58, 0.1%; pH, 1.8; reference, reagent blank; NaF, 1.0 x lo-*M. 

Table 5. Assay of bismuth-containing pharmaceutical preparations, and recovery tests 

Recovery* by 
Bismuth(II1) found, % proposed method 

Samples ICP-AES EDTA titn. Proposed? % R.S.D., % 

Bismuth subnitrate 74.9 73.2 73.9 103.8 0.7 
Bismuth subcarbonate 77.1 81.4 84.4 98.1 0.4 
Dermatol 50.5 48.1 49.8 96.3 0.4 

destr.4 48.0 48.2 48.8 99.0 0.4 

*Bismuth(III) taken, 10.5 pg. 
tR.S.D. (n = 5) 0.40.7%. 
$destr. = destruction by heating with nitric acid. 
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MANUAL AND FIA METHODS FOR THE DETERMINATION 
OF CADMIUM WITH MALACHITE GREEN AND IODIDE 
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Summary-A sensitive and rapid spectrophotometric method for the determination of cadmium is 
described, based on the formation of a blue complex at pH 4 between the anionic iodide complex of 
cadmium(I1) and Malachite Green; the colour is stabilized with poly(viny1 alcohol). The calibration graph 
for measurement at 685 nm is linear over the range l-50 fig of cadmium per 25 ml of final solution, with 
a relative standard deviation of + 1.7% for 1 j~g/ml cadmium. The molar absorptivity is 6.1 x IO4 
I. mole-’ cm-‘. The method can be successfully adapted for FIA, the peak height being proportional to 
the cadmium concentration over the range 0.1-3 pg/ml; a two-channel manifold is used and an 
improvement in selectivity is obtained. The use of a gradient tube is demonstrated to give a good 
calibration for Cd(R) over the range 2 x lo-‘-2 x 10m6M. 

The determination of traces of cadmium has attrac- 
ted considerable attention owing to the toxicity of 
cadmium and its compounds. In addition to the AAS 
and ICP methods, the use of ternary complex for- 
mation provides an attractive alternative to the con- 
ventional extraction with dithizone.’ The procedures 
so far described are sensitive, but as a general rule, 
separation of the complex into an organic solvent is 
needed.24 However, certain dyes show spectral shifts 
on formation of ion-association systems involving 
cadmium.>’ If this occurs, a solvent extraction step 
is unnecessary. With this in mind, we have studied 
the interaction of Malachite Green with cadmium in 
the presence of large amounts of iodide, and have 
developed a new method for the spectrophotometric 
determination of cadmium without extraction. 

The characteristics of the proposed method make 
it suitable for use in flow-injection analysis (FIA). 
Although several FIA methods have been proposed 
for cadmium, with electrometric,8-‘3 atomic- 
absorption’4.‘5 and fluorimetric*’ detection, very few 
spectrophotometric procedures have been developed 
either with2’~23 or withoutZ4 extraction. In this study 
the cadmium-iodide-Malachite Green system has 
been used as the basis for a FIA-spectrophotometric 
method for the routine determination of cadmium. A 
very simple manifold is proposed: good selectivity is 
obtained from peak height measurements. 

The use of peak width as a quantitative parameter 
in FIA was first demonstrated by RdiiEka et al.25.26 

and since then, the method has been studied and 
applied by various workers.27m29 Recently an accurate 
equation relating peak width to analyte concen- 
tration, when FIA manifolds with mixing chambers 
or other gradient-forming devices are used, has been 
studied in depth by Tyson.“.” When advantage is 
taken of the peak-width method to extend the 

working range, cadmium can be determined by FIA 
in the range 2 x 10e6-2 x 10m2M. 

The aim of our work was to develop a rapid 
method for the routine determination of cadmium, 
for industrial purposes. We report here our findings 
on the interaction of the anionic iodo-complex of 
cadmium with Malachite Green, as the basis for a 
spectrophotometric method involving no extraction 
step. To decrease the analysis time the batch pro- 
cedure has been adapted to FIA systems. The use of 
simple FIA manifolds allows a high sampling rate 
with good reproducibility and moderate selectivity. 

EXPERIMENTAL 

Apparatus 

A Pye-Unicam SP8-200 spectrophotometer with IO-mm 
path-length glass cells was used for recording spectra and 
making absorbance measurements, and a Radiometer 
PHM63 pH-meter was used for pH measurements. 

The flow injection system (see Fig. 1) consisted of a 
Gilson HP8 peristaltic pump, an Chnnifit injection valve and 
a Perkin-Elmer 550 SE spectrophotometer as detector. 
Connecting tubing was 0.5 mm bore P’TFE tubing and 
various end fittings and connectors (Omnifit) were used. 
The output from-the detector was monitored either by a 
Perkin-Elmer 561 chart recorder or a Perkin-Elmer Siama 
15 chromatography data station. 

A gradient tube consisting of a straight “Perspex” tube 
approximately 50 mm long and 2 mm in bore was used. 

Reagents 

All inorganic chemicals used were of analytical-reagent 
grade and were used without further purification. Doubly 
distilled water was used throughout. Malachite Green solu- 
tion (2 x lo-‘M) was prepared from a commercial product. 
Potassium iodide-ascorbic acid solution was prepared by 
dissolving 16.6 g of potassium iodide and 2 g of ascorbic 
acid in water and diluting to 100 ml; a fresh solution was 
prepared every week. Poly(vinyl alcohol) (PVA) solution, 
I %. was prepared from commercially available PVA. Stan- 
dard cadmium solution was prepared by dissolving 3.00 g of 
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Fig. I. Two-line FIA manifold where the carrier solution 
(see text for details) is a mixture of two solutions each 
propelled at 0.7 ml/min by the peristaltic pump P; 
S = sample injector (135 gl loop size), C, and C, = coils 
(0.5 mm bore, lengths 1 m and 0.25 m, respectively), 
D = detector operating at 685 nm; R = recorder; 
T=gradient tube for peak-width measurements (2 mm 
bore, 50 mm length), R, and Rz =reagent solutions; 

W = waste. 

high-purity cadmium in 10 ml of concentrated hydrochloric 
acid and accurately diluting to 1 litre with water. Acetic 
acid/sodium acetate buffer solution, 2M, with pH 4.0, was 
made. 

Manual batch procedure 

Transfer up to 20 ml of sample containing no more than 
50 pg of cadmium into a 25-ml standard flask and dilute to 
20 ml with water if necessary. Add 1 ml of iodide/ascorbic 
acid solution, 1 ml of buffer solution, 2 ml of PVA solution, 
mix and add 1 ml of Malachite Green solution. Mix 
thoroughly and measure the absorbance at 685 nm after 1.5 
min, against a reagent blank. Beer’s law is obeyed over the 
concentration range I-50 .ug of cadmium in 25 ml of 
solution. 

FIA procedure 

Use the two-channel manifold shown in Fig. 1. The peak 
height at 685 nm is proportional to cadmium con~ntration 
between 0.1 and 3 pig/ml (f35911 sample loop). If the 
peak-width method is preferred, use the gradient tube 
instead of the coil. Prepare cadmium solutions covering the 
range 2 x IO-‘-2 x 10e2M by dilution of the stock solution 
and inject 1500 ~1 of each into the manifold. Plot a graph 
of the time interval between the doublet peaks (1,) us. the 
logarithm of the initial cadmium concentration (log C,). 

RESULTS AND DISCUSSlON 

Batch method 

Preliminary studies indicated that a major problem 
was the gradual precipitation of the complex on 
standing, which made absorbance measurements 
difficult. The complex was colloidal in nature and 
could be stabilized by addition of the protective 
colloid PVA, which successfully retarded precipi- 
tation of the complex, even on standing overnight. As 
a matter of routine, PVA was therefore added before 
the other reagents, for stabilization purposes. 

Figure 2 shows the abso~tion spectra of MaIachite 
Green with different amounts of cadmium in the 
presence of an excess of potassium iodide at pH 4. It 
is evident that the interaction between the cadmium 
iodide complex and the Malachite Green results in a 
considerable red shift and that the complex shows 
maximum absorption at 685 nm, compared with 615 
nm for the reagent. 

The optimum pH was found by using universal 
buffer solutions over the range 2-8. Measurements of 

600 700 650 

Wavelength (nm 1 

Fig. 2. Absorption spectra: (A) reagent blank; (B)--(E) as 
for (A) with the addition of 14, 18, 42 and 56 pg of 

showed that the colour system is unaffected by pH 
over the range 2-5, but iodine is liberated at below 
pH 2. Although the reaction proceeds over a wide pH 
range, the pH of the sample and the blank should not 
be widely different, as the blank absorbance varies 
slightly with pH (Fig. 3). The pH was maintained at 
4.0 in all subsequent investigations. To avoid the use 
of the complex universal buffer solution, simpler 
buffers for pH 4.0 were tested. Either potassium 
hydrogen phthalate or an acetate buffer could be used 
without affecting the colour system; varying the 
buffer concentration in the range 0.04-o. 12M did not 
affect the absorbance. All subsequent investigations 
were done with the acetate buffer. 

Two series of experiments were performed to in- 
vestigate the influence of the concentration of the 
reagents on the development of the colour. In one, 
various amounts of 0.2M potassium iodide were 
added to a mixture of 1 ml of 20 pgg/ml cadmium 
solution and 5 ml of 5 x 10e4M Malachite Green. 
The optimum amount was found to be 5 ml (Fig. 4). 
In the second series, various amounts of Malachite 

0.6 

s 
0.4 

C 

6 
/of 

0 

$ 

2 0.2 tw”.k h 

Fig. 3. Effect of pH on absorbance at 685 nm: (A) reagent 
blank (reference water); (B) and (C) with 15 pg of cadmium 

the absorbances of the complex and the reagent blank [(B) reference water and (C) reference reagent blank]. 
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Fig. 4. Effect of iodide concentration on absorbance at 685 Fig. 5. Effect of Malachite Green concentration on absorb- 
nm: (A) reagent blank (reference water); (B) and (C) with ance at 685 nm: (A) reagent blank (reference water); (B) and 
15 pg of cadmium [(B) reference water and (C) reference (C) with 15 pg of cadmium [(B) reference water and (C) 

reagent blank]. reference reagent blank]. 

Green were added to 1 ml of 1M potassium iodide. 
The colour development reached a maximum at 
5 x 10m5M Malachite Green and remained the same 
for Malachite Green concentrations up to 10e4M 
(Fig. 5). 

Poly(viny1 alcohol), PVA, plays an important role 
as stabilizing agent and its position in the order of 
addition of the reagents significantly affects the 
development of the colour. In the absence of PVA the 
colour faded gradually, and if PVA was added after 
the dye the absorbances were poorly reproducible. 
The best results were obtained when the PVA was 
added before the dye, as in the procedure. Under 
these conditions a standing time of 15 min was 
necessary in order to obtain constant absorbance 
measurements. The PVA concentration could be 
varied over the range 0.06412% without effect. 

The ratio of cadmium to Malachite Green in the 
complex in the presence of an excess of iodide was 
established as 1:3 by the conventional Job method. 
The ratio of cadmium to iodide in the complex was 
investigated in the presence of an excess of Malachite 
Green, and evidence for formation of the pentaiodo- 
cadmate(I1) anion was found. Since the method uses 
a large excess of both iodide and dye, it is concluded 
that the complex formed is [CdI,]‘-[R+], where R+ 
is the Malachite Green cation. 

Beer’s law is obeyed over the range l-50 pg of 

Table 1. EtTect of diverse ions on the determination of 0.7 pg/ml cadmium 

Tolerance ratio 
IIonl/lCd(II)l 

Suecies added 

Fluoride, nitrate, citrate 
Sulphate 
Mg, Ca, Ba, Co(II), Ni, Zn, Al, Mn(I1) 
Bromide, U(VI), Fe(III), Cr(II1) 
NTA, Cr(VI), V(V) 
As(V), Tl(III), MO(W), Pb(I1) 
EDTA, perchlorate, Pd(II), Pt(IV), Cu. Hg(II), Ag, Au(III) 

*Maximum molar ratio tested. 

TAL 35r,,--E 

0.6 r 

cadmium in a final volume of 25 ml. Under the 
conditions described, the molar absorptivity is 
6.1 x 10m4 1 .mole-’ . cm-‘. A series of 10 standard 
solutions each containing 25 pg of cadmium was 
analysed; the standard deviation and relative 
standard deviation (RSD) of the absorbances were 
0.008 and 1.7%, respectively. 

Numerous cations and anions were examined 
as potential interferents. The results are given in 
Table 1, column A. The tolerance limit for the foreign 
ion was taken as the concentration causing an error 
of f3% in the absorbance. The selectivity can be 
enhanced by using the FIA system, where kinetic 
effects play an important role (Table 1, column B). 

Flow-injection method 

Since the absorbance for the blank is low and the 
reaction is fast, the method described here is suitable 
for the routine determination of cadmium. 

A simple manifold using a mixture of Malachite 
Green and iodide as carrier is not suitable, because 
the Malachite Green/iodide ion-pair precipitates in 
the reagent reservoir. When a two-channel FIA 
manifold (Fig. 1) is used, there are no problems of 
precipitation in the coil or in the flow-cell, owing to 
the very short time of contact between the reagents. 
As a consequence, it is not necessary to add PVA, and 
the development of the colour is then faster. 

A, 
Spectrophotometry 

B, 
FIA 

4000. 40002 
2000 5000 
2000 3000 
1000 3000 
200 500 

10 100 
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Fig. 6. Effect of loop size (0). pumping rate (A) and C, coil 
length (0) on peak height at 664 nm. Sample injected 1 
fig/ml Cd(H). The arrows mark the selected values for these 

parameters. 

Figure 6 shows the effect of pumping rate, loop size 
and length of coil C,. From these results it seems 
clear that a coil length of 1 m is best if a decrease in 
sensitivity is to be avoided. On the other hand, the 
tube C, has to be as short as possible, to avoid 
dispersion effects. 

The optimum values for the FIA variables are as 
follows: flow-rate (q) = 1.4 ml/min; injected volume 
(u,) = 135 ~1; reactor lengths, C, = 1 m and C, = 25 
cm; inner diameter of the reactors (#J)= 0.5 mm. 
These values allow the cadmium-iodide-Malachite 
Green complex to be formed by the time the sample 
plug passes through the detector, where it is mon- 
itored at 685 nm. 

The optimum concentrations for the carrier solu- 
tions were found to be 0.08M for the potassium 
iodide (R,) and 2.5 x 10m4M Malachite Green (R,), 
both in 0.1 M sodium acetate-acetic acid buffer 

(PI-I 4). 
With the manifold described, a plot of peak ab- 

sorbance (corrected for the blank) vs. concentration 
of cadmium in the sample injected was linear over 
the range 0.1-3 pg/mI, with a small negative intercept 

on the ordinate. The RSD (P = 0.05) for the deter- 
mination of 1.5 pg/ml cadmium was 1.8%, at a 
sampling frequency of 120 samples per hour, 

Peak -width FIA ~e?hod 

The mathematical model usedB~lo assumes a molar 
reagent concentration C,R in the carrier flow-rate 
Q ($l/sec), an injected sample volume of V, ~1, 
with molar concentration Ci, and a mixing chamber 
of volume V gl. The time interval ces (XC) between 
the doublet peaks is given by: 

In order to strike a compromise between linearity 
of calibration and the sampling frequency a gradient 
tube was included in the manifold. Solutions contain- 
ing cadmium in the range 2 x 10s6 - 2 x IO-‘&t were 
prepared and a 1500~P 1 volume of each was injected 
into the carrier. A least-squares regression analysis of 
the graph of t,, vs. In C,S gave a slope of 14.5 f: 0.S 
and a correlation coefficient of 0.9976. 

The procedure described provides a simple means 
for the determination of trace amounts of cadmium. 
The sensitivity, similar to that of the standard 
dithizone method, is adequate for routine purposes 
but the procedure shows limited sensitivity. To 
validate the method, four samples of liquids from 
an electrolysis plant manufa~tu~ng zinc and 
cadmium were analysed by the batch procedure 
without any pretreatment. The results, shown in 
Table 2, were compared with those obtained by AAS. 
Recovery tests for cadmium were also made. 

~c~~~~~e~~e~e~f-~e authors are grateful to the CAI- 
CYT (project no 84-0374) for financial support. Thanks are 
also extended to the Espatiola de1 Zinc Company for 
supplying the liquid samples. 
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Summary-A method of concentration and determination of several polynuclear aromatic hydrocarbons 
(PAHs) in water by flotation enrichment and HPLC is described. Triton X-100 was used as the foaming 
agent to extract the PAHs from water by passage of nitrogen. Reversed-phase liquid chromatography with 
coupled fluorescence detection was applied to separate and determine these PAHs. Various factors which 
may affect the recovery of PAHs from water, inclu~ng pH, temperature and the con~ntration of T&on 
X-100 added, are discussed. This simplified method of concentrating PAHs from water has been applied 
to determine PAHs in water from Lake Erie. The method has practical value for the determination of 
PAHs in large volumes of water. 

Polynuclear aromatic hydrocar~ns (PAHs) are 
widely distributed throughout the environment from 
both natural and man-made sources. Because of the 
strong carcinogenic activity of several PAHs, consid- 
erable attention has been paid to their detection, 
identification and determination in a variety of matri- 
ces.‘.’ To regulate the consumption of PAHs in 
drinking water, it is necessary to monitor their pres- 
ence and concentration in natural waters. Since this 
concentration is very low, owing to the extremely low 
solubility of PAHs in water, the conventional anal- 
ytical methods are laborious, and often give poor 
recoveries. 

methylene chloride. This solution is then analysed by 
reversed-phase HPLC. 

The combination of the flotation technique and 
HPLC offers a convenient method for the deter- 
mination of rig/l.. levels of PAHs in water samples. 
We have used the method for determining PAWS in 
Lake Erie. It can be readily adapted for the routine 
monitoring of PAHs in natural waters. 

EXPERIMENTAL 

Reagents 

Many techniques have been developed to extract 
and concentrate PAHs from water, including solvent 
extraction3” and adsorption on solids.7-10 Both these 
approaches have certain disadvantages which affect 
the recovery and reproducibility. For example, the 
solvent extraction techniques require large amounts 
of both water and solvent, thus resulting in poor 
recovery of PAHs. In the adsorption technique, 
recovery becomes increasingly poor as the number of 
aromatic rings increases, probably owing to the de- 
creasing aqueous solubility, resulting in increasing 
adsorption of the PAHs on the container surfaces. As 
a more convenient alternative, a rapid and simple 
extraction technique has been developed in our labo- 
ratory, with a foam flotation method. The procedure 
involves the enrichment of the PAHs by means of a 
foam obtained by bubbling nitrogen through a solu- 
tion of non-ionic surfactant, Triton X-100, followed 
by collection of the foam in a small volume of 

Methybne chloride, methanol and acetonitrile were 
HPLC grade (J. T. Baker Chemical Co.). The T&on X-100 
was analytical grade (Fisher Scientific Company). 

Standards 
The individual PAH standards and a standard solution 

of mixed PAHs were obtained from Supelco Inc. The 
standard mix contained anthracene, benz(a)anthracene, 
benzo(ufpyrene, benzo(e)pyrene, chrysene, fluoranthene, 
perylene, phenanth~ne, pyrene and t~phenylene, at a con- 
centration of 0.5 mg/ml each, in toluene. The standard PAH 
solutions were prepared in methanol. In some cases, com- 
plete dissolution required treatment in a sonic bath. The 
stock solutions were stored in the refrigerator at 7”. 

Glassware 
All glassware was soaked in “Alconot”, then rinsed with 

deminemli~ water and finally with methanol. Sample 
blanks confirmed that this washing procedure was adequate 
for the removal of PAHs and other contamination from the 
glassware. 

Instrumentation 
A Varian VISTA series 5000 liquid chromatograph, 

coupled with a Fluorichrom detector, was interfaced with a 
401 data-station printer and plotter. The chromatographic 
conditions are given in Table 1. 

*Visiting scholars from the Department of Chemistry, East Extraction of PAHs by flotation with i’kiton X-100 

China Normal University, Shanghai, China (which is The water sample (1 litre) was filtered (glass fibre GF/F, 
their present address). Whatman Ltd.) into a flotation vessel (Fig. 1) to remove any 
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Table 1. Chromatographic conditions 

Column Sup&o C,, column, 15 cm x 4.0 mm, particle 
size 5 flrn 

Mobile Water/acetonitrile linear gradient from 65/3T 
phase to 15/S (v/v) over 40 min then held. 
Flow-rate 1.2 ml/min 
Detector Fluorichrom detector (FD) with filters set for 

&, = 34&380 nm (filters 7-54, 7-60) and 
A,, = 46S650 nm (filters 4-76, 3-71) 

turbidity. The pN of the filtered water was adjusted to 3 with 
6A4 hydrochldric acid. T&on X-100 (0.2 mi of 5% v/v 
solution in water) was added. Nitrosten was bubbkd at 250 
ml/min through’ this mixture, w&h was stirred mag- 
neticalIy. The foam thus formed was collected in a sepa- 
ratory funnel containing I5 ml of methylene chloride. The 
foam was collapsed and extracted by shaking the separatary 
funnel for 1 min. The methylene chloride extract was 
transferred into a vial and evaporated to dryness under 
reduced pressure. The residue was dissolved in 0.2 ml of 
methanol. Aliquots (50 ~1) were analysed by HPLC (see 
Table I for HPLC conditions). 

RESULTS AND DISCUSSION 

Flotation is a well known technique for separ- 
Sing and concentrating particles from aqueous 
system.@ and has been used for many years to 
separate minerals from a rock matrix. The process is 
usually accamplished by bubbling air through the 
solution, resulting in the suspension of the solid 
particles as they come into contact with the bubble 
film, the particles and bubbles then being carried to 
the surface and skimmed off with the foam. Research- 
ers have applied this technique in analytical chemistry 
to improve trace analysis. ‘2mt5 However, the use of the 
non-ionic surfactant, Triton X-100, as a collector for 
extraction of PAHs from water has not been pre- 
viously reported. It is a new approach to the deter- 
mination of PAHs in natural waters, and may have 
practical value in routine analysis for PAHs. 

Parameters influencing recovery 

Amount of Triton X-100 added. Maximum recov- 
eries of benzo(a)pyrene added to distilled water were 

Fig. I. Flotation apparatus. I-sintered-glass frit; 2-stirrer 
bar. 

I I I I I I 
0.05 0.10 0.15 0.20 0.25 0.30 Iml J 

Trifon X - 200 

Fig. 2. Effect of amount of Triton X-100. 

obtained with the addition af 0.1-0.3 ml of 5% 
Triton X-100 solution per litre of water (Fig. 2). The 
volume selected for subsequent experiments was 
0.2 ml. The use of larger volumes is disadvantageous 
because a fonger flotation time (and hence ionger 
analysis lime) is required. Of the various solvents 
(methanol, acetonitrile, methyiene chloride, etc.) used 
for subsequent treatment of the Triton X-100 foam, 
methylene chloride was found to be superior to 
methanol and acetonitrile, because using a hydro- 
phobic solvent, methylene chloride, faciiitates the 
drying and concentration of the extract. These results 
demonstrate that the flotation technique is useful not 
only for the concentration of suspended particles, but 
also for the quantitative extraction of trace quantities 
of organic material from water, 

pH and temper~t~e. The recovery of PAHs was 
highest at pH 3-4 (see Fig. 3) and progressively 
decreased at higher pH. A possible interpretation is 
that since the Triton X-100 is a macromolecule with 
a hydroxyl group, it may be partially ionized at high 
pH, thus partially losing its binding affinity for 
PAHs. 

The effect of a minor change in the water tern- 
perature on the recovery ofPAWs was not significant. 

Chromatographic separation and determination 

Five PAN (out of the total of 10) (5 ng of each) 
were resolved from the mixed PAS standard, and 
detected with a Auorimetric detector under the condi- 
tions used (Fig. 4). The faifure to detect the remaining 
5 PAHs [benzo(e)pyrene, chrysene, phenanthrene 

I i I I I I I I I I 
1 2 3 4 3 6 7 8 9 10 

PM 

Fig. 3. Effect of pH value. 
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Table 2. The results for the water sample analysis (sample volume 
WOO ml) 

Compound 
PAH added, PAH found,* RSD, Recovery,? 

ng W % % 

Renzo(a)pyrene 0 0.3 56.1 
10 9.6 2.1 93 

Perylene 0 1.6 41.3 
10 12.3 13.6 107 

Fluoranthene 0 10.6 2.5 
IO 21.0 10.3 104 

*Average of 5 determinations. 
tAverage of 4 determinations. 

pyrene and triphenylene] apparently resulted from 
their relatively low fluorescence response under these 
conditions. Calibration curves (FD response US. 
concentration) were obtained for five of the PAHs 
[perylene, benzo(a)anthracene, anthrancene, fluor- 
anthene and benzo(u)pyrene]. Those for anthracene, 
fluoranthene and benzo(a)anthracene were linear for 
10-100 ng of PAH in 0.2 ml of methanol; the linear 
range for benzo(a)pyrene and perylene was O-80 ng 
in 0.2 ml of methanol. 

4 

II 5 

2 

.::-.‘i 

1 

3 

20 25 30 35 40 
(min) 

Fig. 4. The chromatogram of the standard mixture of PAHs. 
I-Anthracene; 2-fluoranthene; 3-benz(a)anthracene; 

4-perylene; Sbenzo(a)pyrene. 

I I I I I 

20 25 30 35 40 
(min) 

Fig. 5. The chromatogram of the PAH extract from the 
sample. I-tluoranthene; 2-perylene; 3_benzo(a)pyrene. 

Determination and recoveries of PAHs in water 

samples 

The recoveries of perylene (10 ng), benzo(u)pyrene 
(10 ng). anthracene (50 ng), fluoranthene (50 ng) and 
benz(u)anthracene (50 ng) from 1 litre of distilled 
water that had been spiked with these compounds 
were 102, 86, 87, 95 and 96% respectively. 

Samples of water collected from Times Beach, 
Buffalo (Lake Erie), a site containing dredged 
sediments with a high level of PAHs (Army Corps 
of Engineers, unpublished data) were subjected to 
Triton X-100 foam flotation and HPLC analysis 
as described above. Three PAHs were identified 
by comparison of their retention times with those 
of standards: perylene (1.6 pg/ml), fluoranthene 
(10.6 pg/ml) and benzo(u)pyrene (0.3 pg/ml) (Fig. 5, 
Table 2). The concentration of anthracene was below 
the limit of detection of the method (about 2 pg/ml). 
The failure to detect benz(u)anthracene could have 
resulted from interference by one or more unident- 
ified compounds (Fig. 5). It should be noted that 
the samples were collected in December and 
January (water temperature 0’) under conditions that 
would minimize the aqueous solubilities of these 
compounds. 

CONCLUSIONS 

Application of the Triton X-100 flotation tech- 
nique to concentrate PAHs from water, followed by 
HPLC identification and determination is a new 
approach for the determination of PAHs in natural 
water. It is a simplified analytical procedure with high 
sensitivity for PAHs and can be used for monitoring 
trace levels of PAHs in large volumes of water. 
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Summary-The use of ethyl acetoacetate in the spectrophotometric determination of chlordiazepoxide and 
nitrazepam has been investigated. The procedure is based on coupling the diazotized drugs with ethyl 
acetoacetate, which possesses an active methylene group. The products have absorption maxima at 408 
and 482 nm and apparent molar absorptivities of 2.74 x 10’ and 4.11 x 10’ l.mole-’ .cn-‘, respectively. 
The method is simple, highly sensitive and suitable for l-16 pg/ml concentrations of the two compounds, 
with mean recoveries of 100.3 f 1.2 and 99.8 f 1.0% respectively. 

Chlordiazepoxide and nitrazepam are 1,4-benzo- 
diazepines and are used as tranquillizers and sedatives. 
Several methods have been reported for their assay, 
including non-aqueous titration,‘.2 complexometry,3,4 
spectrophotometry,‘-’ colorimetry,8~‘4 fluorimetry,‘s,‘6 
polarography,“,‘* gas chromatography’9*20 and high- 
performance liquid chromatography.2’.22 

The calorimetric methods are based on acid hydro- 
lysis of the drugs, resulting in their corresponding 
aminobenzophenones. Determination is by measure- 
ment of the absorbance of the hydrolysis prod- 
ucts or the compound produced by diazotizing 
them and coupling with thiocol,* l-naphthol,9 Thy- 
mol Blue,” N-(l-naphthyl)ethylenediamine”~‘2 or 
8-hydroxyquinoline.‘31’4 

Coupling of the diazonium salt is an electrophilic 
substitution and may take place with carbanions 
associated with an active hydrogen atom.23 Thus 
ethyl acetoacetate, which gives a measurable coloured 
product with diazonium derivatives of 4-nitro- 
aniline” has been used as a coupling reagent for 
determination of pharmaceutical primary aromatic 
amines2’ and benzothiazines.2b 

This work presents a simple and sensitive pro- 
cedure for the estimation of chlordiazepoxide and 
nitrazepam. It is based on coupling the corresponding 
diazotized hyrolysis product with ethyl acetoacetate, 
followed by alkalization to obtain absorption 
maxima at 408 and 482 nm for chlordiazepoxide 

I 

tion pathway between ethyl acetoacetate and 
chlordiazepoxide and nitrazepam. 

Cl 

Chlordiazepoxide 
(A) 

t Nitrazepam 
(B) 

2 -Aminohenzophenone 

\ @O 
N=NCL 

(2) ,,,_I 
ii- i 

C--HI-CC-CCOOEt -5 CH,-C-?H-CC-CCOOEt 

Ethyl acetoacetate 

and nitrazepam respectively. The proposed method 
is compared with the N-( l-naphthyl)ethylene- 
diamine,“.12 8-hydroxyquinoline’3J4 and official2 ( 1+2) - 
methods. 

RESULTS AND DISCUSSION N=N-CH-C-COOEt 

The scheme presented below shows the reac- c=o 

*To whom correspondence should be addressed. 
I 
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Study of the experimental conditions 

Chlordiazepoxide is completely hydrolysed to 
S-chloro-2-aminobenzophenone when heated with 
3M hydrochloric acid in a boiling water-bath for 
15 min. Nitrazepam is converted completely into 
5-nitro-t-aminobenzophenone when boiled with con- 
centrated hydrochloric acid for 15 min. For either 
drug 0.5 ml of 0.05% sodium nitrite solution is 
sufficient for diazotization. Sulphamic acid is re- 
quired to remove the excess of nitrous acid, and 
stabilize the colour; 1 ml of 0.2% solution is ade- 
quate. One ml of 5% ethyl acetoacetate solution in 
ethanol is enough to ensure complete reaction. 

Addition of 2 ml of 50% sodium hydroxide solu- 
tion was needed to produce a high colour intensity. 
The absorption maxima are at 408 and 482 nm, with 
molar absorptivities of 2.74 x lo4 and 4.11 x lo4 
1. mole- ’ . cm- ’ for chlordi~epoxide and nitrazepam 
respectively. 

Beer’s law is obeyed over the concentration range 
l-16pg/ml. Table 1 shows the results of a study 
of the proposed method and the N-(l-naphthyl)- 
ethylenediamine dihydrochloride”~‘* and 8-hydroxy- 
quinoline’3,‘4 methods and Table 2 shows results 
obtained by the proposed method, the other two 
calorimetric methods and the official method.2 

The proposed method was then applied to analy- 
sis of certain commercial formulations (Table 3). 
Lactose, starch, magnesium stearate and talc, which 
are commonly incorporated as excipients, did not 
interfere. 

Statistical analysis of the results by the variance- 
ratio test and the Student t-test showed there was no 
significant difference between the performances of the 
three calorimetric methods (Table 4). The suggested 
method has the advantages of being simple and 
sensitive and may be considered as a general method 
for spectrophotometric determination of benzo- 
diazepines. It also has the advantage that the col- 
oured products are soluble in the aqueous alkaline 
medium and do not require extraction. 

EXPERIMENTAL 

Reagents 

Ethyl acetoacetate, 5% solution in ethanol. N-(1- 
Naohthvl)ethvlenediamine drhvdrochloride. 0.2% solution 
in water. g-Hydroxyquinoline, 3% in 1% sodium hydroxide 
solution in ethanol. Sodium nitrite, 2 and 0.05% solutions 
in water. Sulphamic acid, 0.2% solution m water. Sodium 
hydroxide, SO% aqueous solution. 

Drugs 

Chlordiazepoxide. The drug is hydrolysed by dissolving it 
in 3M hydrochloric acid and heating the solution in a 
boiling water-bath for IS min. - 

Nitrazepam. The drug is hydrolysed by dissolving it in 
concentrated hydrochloric acid and heating in a boiling 
water-bath for IS min. 

Procedures 

Ethyl acetoacetate method. Transfer suitable volumes (in 
the range 1-S ml) of solution (containing 25-400 pg of the 
drug) into 2S-ml standard flasks and add 0.S ml of 0.05% 
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Table 4. Statistical analysis of the proposed and other methods 

Chlordiazepoxide Nitrazepam 

N-( I-Naphthyl)- N-( I -Naphthyl)- 
ethylenediamine Proposed Oxine ethylenediamine Proposed Oxine 

methodI method method” method” method methodI 

No. of variates 8 7 5 6 6 5 
Mean recovery, % 100.0 100.3 99.9 100.2 99.8 100.0 
Variance 0.5 I.5 1.2 I.0 I.0 
Student f-test2’ 0.544 (2.160) 0.553 (2.228) 0.:; (2.228) 0.231 (2.262) 
Variance ratio2’ 3.244 (2.870) 1.217(6.160) I.651 (5.050) I .056 (6.260) 
(F-test) 

The values in brackets are the tabulated values (at P = 0.05).*’ 

sodium nitrite solution. After 2 min, add I ml of 0.2% 
sulphamic acid solution, I ml of 5% ethyl acetoacetate 
solution and 2 ml of 50% sodium hydroxide solution and 
dilute to the mark with water. Measure the absorbance at 
408 nm for chlordiazepoxide and 482nm for nitrazepam, 
against a blank similarly prepared. 

N-(I-Naphlhyl)ethylenediamine dihydrochloride 
method.“~‘* Transfer suitable volumes (in the range 
0.8-5 ml) of solution (containing 20400 pg of the drug) 
into IO-ml standard flasks and add 0.2 ml of 0.05% sodium 
nitrite solution. After 5 min add 1 ml of 0.2% sulphamic 
acid solutton, wait for 5 min, then add I ml of 0.2% 
N-(I-naphthyl)ethylenediamine dihydrochloride solution. 
Wait for IO min and dilute to volume with water. Measure 
the absorbance at 545 nm for chlordiazepoxide and 536 nm 
for nitrazepam, against a blank similarly prepared. 

I-Hydroxyquinoline method. 13,14 Transfer suitable volumes 
(in the range 2-5 ml) of solution (containing 5C&500 pg of 
the drug) into 25-ml standard flasks and add I ml of 2% 
sodium nitrite solution. After 5 min add 10 ml of 5% 
8-hydroxyquinoline solution and dilute to volume with 
ethanol. Measure the absorbances at 515 nm for chlor- 
diazepoxide and 585 nm for nitrazepam against blanks 
prepared in the same manner. 

Determinaiion of the compounds in commercial tablets. 
Weigh and powder 20 tablets. Take a weight equivalent to 
50 mg of the pure drug and extract with three successive 
20-ml portions of ethanol. Filter the combined extracts and 
evaporate to dryness. Hydrolyse the residue with hydro- 
chloric acid as described for the pure drug. Dilute to 50 ml 
with 3M hydrochloric acid for chlordiazepoxide tablets and 
concentrated hydrochloric acid for nitrazepam tablets, and 
analyse the solution by the procedures described above. 
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Summary-A program NABTIT written in BASIC has been developed for the treatment of data (mI/mV) 
obtained from potentiometric acid-base titrations in non-aqueous solvents. No preliminary information 
on equilibrium constants is required for the input. The treatment of the data is based on known equations 
and uses least-squares procedures. The essence of the method is to determine the equivalence volume (V,) 
accurately, and to use the data acquired by adding titrant after V, for the pH+-calibration of the 
non-aqueous potentiometric cell. As a by-product of the calculations, the pK* value of the substance 
titrated is also obtained, and in some cases the autoprotolysis constant of the medium (pK:). Good 
agreement between experiment and theory was found in the treatment of data obtained for water and 
methanol-water mixtures. 

Non-aqueous acid-base titration finds many applica- 
tions in the analysis of organic and inorganic sub- 
stances. This useful method could find even greater 
application if there existed a universal approach to 
the determination of pH in non-aqueous solvents. 
Potentiometric titration in these media is therefore 
mainly done by using the mV scale of pH-meters to 
detect the inflection point on the titration curve, 
perhaps with application of derivative methods. 
These methods of end-point (e.p.) determination 
cause some problems, especially in the determination 
of substances with weak acid-base properties. 

recently.” It seems that the FORTRAN program 
“ACBA”12 and its BASIC version “ESAB”” are 
especially effective. These programs use the basic 
idea, developed by Sillen in his program LETA- 
GROP,‘4.‘5 of multiparametric minimization. 

In aqueous solutions, the pH “problem” was re- 
solved by definition of the so-called “operational 
pH-scale”, in which a number of pH-standards are 
used. Many difficulties connected with potentiometric 
acid-base titration in water (including that of very 
weak acids and bases) were thus successfully re- 
moved, especially after Ingman and Still’ enlarged the 
method of Gran’ in deriving a non-approximate 
equation for evaluating titration of acids and bases. 
The same equation was rearranged later into linear 
form,3,4 yielding thus not only the equivalence volume 
(I’,) but also the pK value for the substance titrated. 
It was also shown that the equation in question was 
almost identical with that derived by Hofstee,’ 
applied by Benet and Goyan6 and enlarged and 
modified by Leeson and Brown.’ 

From the work discussed, it can be concluded that 
the accurate determination of weak acids and bases 
depends on reliable pH data and even on accurate 
autoprotolysis (pK,) values. The difficulty of obtain- 
ing reliable pH data for organic and aqueous-organic 
media creates serious problems for potentiometric 
acid-base non-aqueous titrations. It should be added 
that the computer treatments usually use non-linear 
regression, so some parameters must be known in 
order to solve the problem. 

Ingman and co-worker&l0 have given a critical 
survey of the determination of bases and acids, and 
proposed a new approach and a basic idea for a 
computer program. Besides the use of linear plots 
(the method of Gran), computer treatment of data 
for determination of acids and bases in water 
and some non-aqueous media has been reviewed 

We propose here a straightforward method for the 
determination of acids and bases in non-aqueous 
media, in which no preliminary pH-calibration or 
knowledge of constants is needed. Since it involves 
rather tedious calculations, a BASIC computer pro- 
gram for its implementation has also been developed. 
The method is based on our earlier proposal to 
calibrate the glass electrode non-aqueous cell during 
the potentiometric titration itself.r6 Once highly re- 
liable pH-values in the non-aqueous medium are 
available, application of the exact equations already 
mentioned leads to very accurate and precise results 
for the determination of acids and bases of various 
strengths. As a by-product from the calculations, the 
respective acid or base constant is also obtained. 
When the acid or base titrated is moderately strong 
(pK < S), the value of the autoprotolysis constant 
(pK,) can also be calculated. 

OUTLINE OF THE METHOD 

*Present address: Chemical Pharmaceutical Research Insti- Before the principles of the proposed method are 
tute, Kliment Ohridsky St. 3, Sofia-l 156, Bulgaria. outlined, a very important limitation must be men- 

899 



900 0. BUDEVSKY et al. 

tioned, namely, the titrant must be fully dissociated 
in the non-aqueous medium used. It may seem that 
this limitation is rather severe, since some very im- 
portant solvents such as glacial acetic acid and pyri- 
dine must lx excluded. However, as will be shown 
later, the highly accurate pH determinations obtained 
mean that analytical problems more complicated 
than with these solvents can be resolved. The most 
suitable medium for the application of the proposed 
approach is a solvent with properties close to those 
of water. Methanol is perhaps the ideal non-aqueous 
solvent, having a relatively high dielectric constant, 
hydrogen-bonding ability, compatibility with strong 
titrants etc. Still better properties are shown by some 
water-organic solvent mixtures. At constant ionic 
strength and with a standard solution of a strong acid 
(e.g., hydrochloric) as titrant, the galvanic cell, con- 
sisting of a glass electrode (GE) and a saturated 
calomel reference electrode (SCE-aqueous), has the 
following potential in such media (see list of symbols 
in Appendix I). 

E = E” + s logcn, (1) 

At this point it must be clearly stated that here pH 
is defined in terms of concentration, not of activity as 
it is in the formal definition for water. In order to 
differentiate between our definition (concentration of 
H+ in the non-aqueous medium at constant ionic 
strength) and the activity definition, ours will be 
denoted by an asterisk. Then equation (1) can be 
rewritten in the form: 

pH* = (E” - E)/s (2) 

As seen from equation (2) an accurate value of 
E” is very important for obtaining reliable pH* 
data. This value is calculated as a mean from the 
potentials for a series of titration points with known 
concentrations of hydrogen ions, i.e., 

EO=E+spH* (3) 

The titration of a base is considered first, and the 
accurate determination of F, will be the main aim. 
The strong-acid titrant added after the end-point 
defines accurately the concentration of hydrogen ions 
in equation (3), thus allowing an accurate deter- 
mination of the E” value, It was mentioned above 
that Pehrsson et cd8 showed that the determination of 

V,, especially for weak acids and bases, is not easy, 
and that the knowledge of some constants is essential. 
To deal with titrations in an arbitrary non-aqueous 
solvent or water-organic solvent mixture for which 
the appropriate constants are unavailable, we pro- 
pose the following treatment of the primary data 
(mV/ml) obtained from an acid-base titration. For 
the titration of a base with a standard solution of a 
strong acid (see the flow-diagram in Fig. 1 and the 
equations in Table I), step (i) is to apply Gran’s mV 
functions to obtain the equivalence volumes V: and 
V: from data before and after the end-point re- 
spectively. A least-squares procedure (LSQ) is used, 
after division of the data into two groups of i and j 
data points, before and after the end-point re- 
spectively. Only k’: is used later in the calculations. 
In step (ii) the titrant added after Yz is used to 
determine a rough mean value for E” from equation 
(3) along with its standard deviation (SD). When the 
base is not very weak, the SD of both V: and E” is 
very small and they hold the same values throughout 
the whole calculation procedure. In step (iii), by 
means of equation (2) all the original mV data are 
recalculated into pH* data; then in (iv), by means of 
a least-squares procedure and the Hofstee subroutine, 
rough values for K$ and Vi are calculated (note that 
K:, not K;, is found). In the determination of 
moderately strong bases (pK,* c 5), the standard 
deviation is highly sensitive to the value of the 
autoprotolysis constant pK: , so a minimization pro- 
cedure ApK: is used, and this yields quite accurate 
pK$ values. In step (v), the calculated K: values are 
used in the Ingman subroutine to find an accurate V: 
value, from which highly accurate E” and pH* values 
are obtained. When the base is very weak (pK* > 7), 
the standard deviation of Vi is very sensitive to the 
E”-value. A minimization procedure AK0 is applied in 
this case. In step (ni) the Hofstee equation is used 
again to calculate the final V: and K,* values, which 
are printed along with the V: and E” values and their 
SD. When the base is moderately strong, further data 
are available and pK,* and pK,* (= pK,* - pK,*) are 
also calculated. 

At this point a minor detail should be discussed: 
when the titration is done with an acid titrant, the 
characteristic constant of the galvanic cell E” defines 
the pH* scale from its acidic range, and the constant 

Name of 
subroutine 

Table 1. Equations used in NABTIT, symbols are given in Appendix I 

Equations Remarks 

Gran mV 
acids 
bases 

Hot&e 

Using LSQ yields Vi, V:[. 
Actually only V: is used. 
Using LSQ yields Y; and ru,* or 
V; and K’: 

Ingman Yields mean value of V: from 
j data points, with the 

WI’,+ V,)/TI+W,+ Y,)W,-C/H,) standard deviation 
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INPUT DATA 

Acid or base titration 

Molonty of titront, V, 

mv, ml 

I 

I 

Gran mV 

v:‘,J.J 

pK*>5 ,,K*%5 APK: 

C--- 

Hofstee 

V:,M-*.PK: 

4 
PRSNT 

v; ,V:‘,PX,c, PXb,PK*,E” 

-(ii+ PK*",-~~~ 1 

f v:,V:‘,pK*,E’ 1 

Fig. I. Flow diagram of NABTIT program. 
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is denoted as ELd or Ez+ When an acid is titrated with 
a strong base, the calculated constant is the basic one, 
Et, which defines the basicity scale, that is the pS* 
scale (note that S- is the analogue of OH- for 
non-aqueous solvents, the so-called lyate ion; SHZ is 
the analogue of I-&O+, the so-called lyonium ion). 
The calculations in the case of a titration of an acid 
are very similar to those already described (and use 
the same equations) but the constants obtained are 
now Kz and Et, and these are printed together with 
I’: and VI. When the acid is moderately strong 
(pK: c 5), pK: and pK: are also calculated. 

Of special interest is the accurate value obtained 
for the autoprotolysis constant pKd , which occurs in 
the equations for both the Hofstee and the Ingman 
subroutines (see Table 1). Preliminary investigations 
showed that this accurate value is necessary only in 
the dete~ination of V: with the Hofstee subroutine 
in the special case when the titrated acid or base is 
moderately strong. The determination of V: in this 
case with the Ingman subroutine is not affected by the 
pK$ value, unless its value is higher than the true one. 
The influence of pK,* in Hofstee’s equation was 
investigated in detail by use of simulated data for 
hypothetical titrations of acids of various strengths, 
by a BASIC computer program TIAB (Titration of 
Acids and Bases)i7 similar to Sillen’s HALTA- 
FALL.18 The results of these investigations are 
presented in Fig. 2, which shows the error-square sum 
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16 

Fig. 2. Error-square sum as a function of pK: from the 
Hofstee subroutine, for acids with pK2 = 1-6 in a hypo- 
thetical solvent with pK: = 14.7. (The log I/ scale is valid 

for pK: = 3.0.) 
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Fig. 3. Percentage error in the determination of Vi as a 
function of ply: for acids with pKt = 4-7 in a hypothetical 

solvent with pK,+ = 14.7. 

U = Z(K:x, + Vi- y,)’ as a function of the value 
assumed for ply:, for titration of acids (ply: = I-6) 
in a hypothetical solvent with pK: = 14.7. The error- 
square sum can be seen to be highly sensitive to 
variations in pK:. This behaviour explains the suc- 
cess of the method for determination of the auto- 
protolysis constant by finding the minimum of the 
U-function. Since local minima are observed in some 
cases (ply: < 3) the minimization procedure is 
started from higher pK: values. It can also be seen 
that with pK,* values above 6, the minimum is not so 
definite, so in these cases it cannot be used for the 
determination of pK:. 

Similar investigations were made of the error in the 
dete~ination of Vi (with the Hofstee subroutine) as 
a function of pK$ (see Fig. 3 where the “true” value 
of pK: is 14.7). As expected, the error in Vi was 
highly dependent on the pK: value only for a 
moderately strong acid. Since in these cases pK: is 
determined as a by-product of the calculations, the 
value of Y{ is determined accurately. For acids with 
pK$ > 6 the error is very small and quite independent 

of PK:, so the lack of pK: data will not prevent the 
determination of an accurate value for Vi. As already 
mentioned, high starting values should be used for 
pK:, moreover this is a requirement for the success- 
ful application of the Ingman subroutine in the case 
of a very weak acid. 

EXPERIMENTAL 

Reagents 
Methanol (Merck) was used without purification. 

Water-methanol (50%) solution was prepared by weight 
with doubly distilled water. 

Sodium chloride was recrystallized from water and dried 
at 105”. 

Tris(hydroxymethyl)aminomethane hydrochloride 
(Merck) and sulphanilic acid (Chemapol, Czechoslovakia), 
both reagent grade (99% purity), were used without 
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purification. Tris(hydroxymethyl)aminomethane (Merck) 
was recrystallized from water and dried at 105”. 

Sodium hydroxide (0.1 M) solution in water-methanol 
mixture was purified by addition of barium chloride 
(O.OlM) to precipitate carbonate. Aqueous hydrochloric 
acid (O.lM) was used. 

Measurements 

The potentiometric titrations were performed in a cell 
kept at 25 &- 0.2”. The potential was measured with a PHM 
84 pH-meter (Radiometer), to k 0.1 mV. Glass G202 B and 
saturated calomel K401 electrodes (Radiometer) were used. 
The ionic strength (I = 0.2 or O.lM) was maintained with 
sodium chloride. 

RESULTS AND DISCUSSION 

To check the validity of the proposed method and 
the function of the program NABTIT, several ti- 
trations were performed with standard substances 
often used in acid-base investigations. Since the 
method can in principle be applied in water, the first 
test was done with aqueous medium and tris- 
(hydroxymethyl)aminomethane (TRIS). The titration 
was done with standard hydrochloric acid at constant 
ionic strength. The data, the output and some specific 
details are presented in Table 2. 

As seen from the output of NABTIT, first the Gran 
mV plot is calculated, then the value of the specific 
constant of the potentiometric cell is found (E3. All 
quantities are printed with their standard deviations. 
Based on Et, all the original data are recalculated 
into pH* values, and the Hofstee subroutine is used 
to calculate I’:. Since the substance titrated is a weak 
base, no difference was found from Vi calculated by 

Gran’s mV equation, and little difference was found 
when the Ingman subroutine was used to calculate 
V:. This small correction did not alter Ef, so no 
change was observed in the final Hofstee V:. This 
final result was used to calculate the content of TRIS, 
which was found to be very near to that expected- 
99.9 f 0.4%. The concentration acidity constant of 
TRIS was calculated to be pK: = 8.054 + 0.004. By 
using the extended Debye-Hiickel equation with 
a =2.8A for HjO+ and u =4A for TRIS.H+,i9 a 
correction term of log CfH,O+/‘rRIS n+) = 0.018 was 
found. The thermodynamic constant, pK: = 8.072, 
calculated with this, coincides fairly well with that 
obtained by Bates and Hefter” (pKf = 8.075) (we 
think the good agreement is perhaps accidental). 

Good coincidence between experiment and theory 
was also found in the calibration of the poten- 
tiometric cell. This is demonstrated clearly in 
Table 2 where the experimentally determined pH* 
values (column 3) can be seen alongside the values 
calculated by program TIAB (column 4) and the 
differences ApH* = lOO( pH& - pH&,,) in column 5. 

It is obvious that the error of the pH* data found 
by NABTIT is less than f 0.01. Two points near to 
the end-point (Nos. 7 and 8) differ considerably from 
the theoretical values, and these two points are 
rejected by the program. This clearly demonstrates 
the advantage of linear plots over the use of the 
inflection point or derivative methods to estimate I’: 
from data only in the vicinity of the end-point, as is 
common with automatic titrators. 

The second step in this investigation was to check 

Table 2. Titration of 0.02M TRIS with hydrochloric acid in water 

Output from NABTIT 
Gran mV V: = 5.127 k 0.02 
Gran mV VI = 5.128 k 0.01 

E’&,d = + 388.1 f 0.2 

Experimental Volume, 
data, mV ml 

-99.7 2.00 
PH:., 
8.246 

-89.6 2.50 8.075 
-79.5 3.00 7.905 
-69.2 3.50 7.730 
-55.7 4.00 7.502 
-37.0 4.50 7.186 
+ 10.9 5.00 6.376 

+212.3 5.50 2.972 
+ 236.0 6.00 2.571 
+247.9 6.50 2.370 
f255.5 7.00 2.241 
f261.2 7.50 2.145 
+ 265.6 8.00 2.071 
+ 269.3 8.50 2.008 
+ 272.4 9.00 1.956 

Hofstee Vi = 5.127 + 0.02 
Ingman Vi = 5.125 f 0.01 

pK: = 8.054 k 0.04 

Output from TIAB 

PH:,,, 
8.246 
8.074 
7.903 
7.720 
7.504 
7.200 
6.478 
2.932 
2.565 
2.374 
2.246 
2.149 
2.073 
2.009 
1.956 

100 ApH* 
100 (PH:, - PH:,,,) 

0.0 
+0.1 
+0.2 
f0.1 
-0.2 
-1.4 

- 10.2 
+4.0 
+0.6 
-0.4 
-0.5 
-0.5 
-0.2 
-0.4 

0.0 

Conditions: titrant 0.0974M HCI; V, = 25.00 ml; I = 0.2 (0.2M NaCl); 
temperature = 25”; TRIS taken = 60.50 mg; found = 60.44 mg; purity 
= 99.9%. 
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Table 3. Titration of TRIS.HCI with sodium hydroxide solution 
in 50% w/w methanol-water 

Output from NABTIT 
Gran mV Vi = 2.872 f 0.02 
Gran mV Vi = 2.818 f 0.01 

EL = -447.09+0.13 
Output from TIAB 

Experimental Volume, 
data, mV ml PH:,, PH:,,, IO0 ApH* 

- 57.8 0.50 7.319 7.316 +0.3 

-81.4 1.00 7.718 7.720 -0.2 
-99.5 1.50 8.024 8.031 -0.7 

- 119.0 2.00 8.353 8.353 +o.o 
- 147.3 2.50 8.832 8.818 i-1.4 
-254.3 3.00 10.641 10.540 +10.1 
-274.2 3.20 10.977 10.920 +5.7 
-284.9 3.40 11.158 11.120 +3.8 
-292.3 3.60 11.283 11.256 +2.7 
- 302.6 4.00 I I.457 11.439 f1.8 
-311.5 4.50 11.608 11.590 fl.8 
-317.5 5.00 11.709 11.699 f2.0 
-322.5 5.50 11.793 II.784 +0.9 
-326.5 6.00 11.861 1 I.852 +0.9 
- 329.6 6.50 11.913 l I.909 +0.4 

Hofstee VA = 2.869 f 0.018 
Ingman Vl = 2.817 + 0.01 I 

pK,Z = 5.908 f 0.05 

Conditions: t&rant 0.08867~ NaOH; 50% w/w MeOH-H,O, 
V, = 25.00 ml; I = 0.1 (O.lM NaCl); temperature = 25”; TRIS. HCl 
taken = 40.35 mg; found = 40.09 mg; purity = 99.3,%. 

Table 4. Titration of sulphanilic acid with sodium hydroxide solution in 
50% w/w methanol-water 

Ou8put from NABTfT 
Gran mV Vi =- 3.277 + 0.23 
Gran mV Vl = 2.873 k 0.01 

EL = -450.64 * 0.17 
Output from TIAB 

Experimental Volume, 
data, ml/ ml PH& PH:,, 100 ApH* 

+ 208.4 0.80 2.719 2.718 f0.1 
+ 204.2 f .oo 2.790 2.790 0.0 
+ 199.7 1.20 2.866 2.866 0.0 
+ 194.8 1.40 2.949 2.949 0.0 
+ 189.5 1.60 3.039 3.039 0.0 
+ 183.5 1.80 3.140 3.139 +0.1 
+ 176.6 2.00 3.257 3.255 +0.2 
+ 168.3 2.20 3.397 3.393 +0.4 
f 157.8 2.40 3.575 3.572 +0.3 
+ 142.3 2.60 3.837 3.837 0.0 
-243.6 3.00 10.360 10.477 -11.7 
-272.1 3.20 10.842 10.873 -3.1 
-289.6 3.50 11.138 11.148 -1.0 
- 304.6 4.00 11.391 11.393 -0.2 
-313.7 4.50 11.545 Il.545 0.0 
-320.1 5.00 I 1.653 1 I .653 0.0 
-325.1 5.50 1 I.738 11.738 0.0 
- 329.2 6.00 Il.807 11.806 +0.1 
- 332.4 6.50 11.861 11.864 -0.3 

Hofstee Vi = 2.865 & 0.002 
Ingman V: = 2.871 & 0.009 

pK,* = 11.10 
pK:min = 13.90 

pK: = 2.80 

Conditions: Titrant 0.08739M NaOH; 50% w/w MeGH-H,O; V0 = 25.00 
ml; I = 0.1 (O.lM NaCl); temperature = 25”; SA taken = 44.15 mg; 
found = 43.36 mg; purity 98.2%. 



Computer program for non-aqueous acid-base titration 905 

the program by titrations with non-aqueous solu- 
tions. Because reliable data for 50% methanol media 
are available, this solvent was used, with TRIS.HCI 
and sulphanilic acid @A). The first was chosen 
because of the reliable data obtained by Schindler 
et aLI and the second because it is moderately strong 
so would allow determination of the pK: value for 
the mixture, in addition to V, and K:. The input 
data, the output and other details are given in 
Tables 3 and 4. The quantity of TRIS.HCI found was 
close to the expected value (equivalent to 99.3,% 
purity). From the base constant pK,* = 5.908, the 
acid constant was calculated to be pK: = pK: 
- 5.908 = 7.982 (pK: = 13.90-see below). By use 
of the extended Debye-Hiickel equation, with 
specific gravity d, = 0.9125,2’ and dielectric constant 
t = 56.3,19 for the methanol-water mixture, pKz 
= 8.00 was found, which correlates quite well with 
the literature value” of pK,‘= 7.818. Column 5 in 
Table 3 shows a relatively good calibration of the 
glass electrode cell in this medium. The results in 
Table 4 also show a very good coincidence for pH* 
between theory and experiment. Because SA is a 
moderately strong acid, the pK,* and pK: values were 
found. No data for pK: were found in the literature 
for this medium. The calculated pK: value is 13.90, 
which agrees well with the result (pK: = 13.86) ob- 
tained from a titration of hydrochloric acid with a 
standard solution of sodium hydroxide in the same 
non-aqueous medium (I = O.lM). The purity of the 
SA was found to be 98.2%, which was near to the 
specification. 

In conclusion, in contrast to other published pro- 
grams, the main advantage of NABTIT is the absence 
of any requirements for input information concerning 
equilibrium constants. This allows the program to be 
used for non-aqueous acid-base titrations (e.g. in 
water-organic solvent mixtures) for which equi- 
librium constants are scarce. A second interesting use 
of NABTIT might be to supply preliminary input 
data for non-linear regression programs for which the 
input of equilibrium constants as starting values is 
imperative. 
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APPENDIX I 

pH*-negative logarithm of hydrogen ion 
concentration in the non-aqueous 
medium at constant ionic strength 
(I = const.). 

pK:, pK: , pK,f---autoprotolysis, acid and base equi- 
librium constants defined for the same 
conditions. 

s-the Nemst factor 2.303RTIF 
= 59. I55 mV/decade at 25”. 

E”--characteristic constant of a galvanic 
cell consisting of a glass electrode 
(GE) and saturated calomel electrode 
(SCE). 

V,initial volume, ml. 
i,j-number of points before and after the 

equivalence point. 
V,, V,-volume of standard solution, ml. 

V;+quivalence volume calculated by 
means of data before the end-point. 

V:-equivalent volume obtained from data 
after the end-point. 

E,, E,-measured potential, mV. 
H,, H,-molar concentration of H+. 

T-molarity of titrant. 
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SHORT COMMUNICATIONS 

A MICROWAVE DISSOLUTION TECHNIQUE FOR THE 
DETERMINATION OF ARSENIC IN SOILS 

J. HUANG, D. G~LTZ and F. SMITH* 
Chemistry Department, Laurentian University, Sudbury, Ontario, Canada 

(Receiued 1 Februar)! 1988. Accepted 4 Augusr 1988) 

Summary-A procedure has been developed for rapid dissolution of soil samples by heating with various 
acid mixtures in sealed vessels in a microwave oven, without risk of loss of arsenic through volatilization. 

The decomposition of soil samples for analysis for 
arsenic is traditionally time-consuming. Great care 
must he taken to ensure that all the arsenic is released 
from the soil matrix into the solution, but that none 
is lost as volatile compounds.‘*2 In our laboratory, we 
have achieved excellent dissolution results with 
a wide range of soil types, using the method pro- 
posed by Maher,’ followed by arsine generation 
and atomic-absorption spectrophotometry. Recently 
however, we have developed a two-stage microwave 
dissolution procedure which cuts down the time 
taken for sample preparation from 15 hr or so, to 
2 hr. 

This communication describes the procedure, and 
reports the results of arsenic determination in four 
standard soil samples. 

EXPERIMENTAL 

Apparatus 

A domestic microwave oven (Toshiba model ER- 
855BTC) with nine power settings (starting at 72 W and 
increasing by 81-W increments to 720 W) was used. The 
Teflon-PFA vessels used for the dissolutions had a volume 
of approximately 150 ml and tight-fitting screw cap lids. 
Arsine was generated with sodium borohydride in a Perkin- 
Elmer MHS-10 system, and introduced into a silica cell, 16.5 
cm long and 1.2 cm in diameter, heated in the air-acetylene 
flame of a Perkin-Elmer model 5000 atomic-absorption 
spectrophotometer. 

*Author to whom correspondence should be addressed. 

Reagents 

All the chemicals used were of analytical-reagent grade. 
The standard soil samples were drawn from a variety of 
environments: 

SO-l: Regosolic C Horizon Soil 
SO-2: Podzolic B Horizon Soil 
SO-3: Calcareous C horizon Soil 
SO-4 Black Chemozemic A Horizon Soil 

The origin and preparation of these materials is detailed 
elsewhere,4 and the results of round-robin analyses for a 
number of elements in the samples have been reported.5 

Procedure for microwave dissolution 

The soil sample (0.1-0.5 g) was weighed into a 150-ml 
Teflon-PFA vessel and 3.5 ml of concentrated nitric acid 
were added. The vessel was then sealed with the screw cap 
(tightened with the wrench supplied by the makers) and 
placed in the microwave oven (set at power level 9) for 
2.5 min. The vessel was then removed from the oven and 
placed in a tray of ice-water for 30 min. Next, the cap was 
carefully removed and 3.5 ml of concentrated nitric acid, 
1.5 ml of 70% perchloric acid and 1 .O ml of concentrated 
sulphuric acid were added. The vessel was then re-capped 
and replaced in the microwave oven for three intervals of 
heating at power level 9, each of 2.5 min duration, with a 
break of 2 min without heating between each of the 
intervals. After this, the vessel was removed from the oven 
and placed in the ice-water bath for a further 30 min. Then 
the cap was removed, the contents of the vessel were washed 
through a Whatman No. 40 filter paper into a 50-ml 
standard flask and made up to volume with 1.5% v/v 
hydrochloric acid and the solution was stored in a plastic 
bottle to await analysis. 

Safely precaulions 

Since considerable pressures are generated in the vessels 
during the microwave heating process, gloves and a visor 
were used when removing the vessels from the oven, and 
when releasing the caps. 

Table 1. Results of arsenic analyses on standard soil samnles* 

Soil 
Sample 

weight, g n As found, pggig CANMET value, pg/g n 

so-1 0.3 8 1.9 (0.1) 1.9 (0.3) 
so-2 0.5 8 1.1 (0.1) 1.2 (0.2) 
so-3 0.2 8 2.6(0.1) 2.6(0.1) 
so-4 0.1 12 7.1 (0.5) 7.1 (0.7) 

*(Standard deviations are given in parentheses, for n replicates). 

907 
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RESULTS AND DISCUSSION 

The results of the determinations of arsenic in the 
standard soils, following the microwave dissolution 
procedure, are given in Table 1. 

The results are in very good agreement with the 
CANMETS values for each of the different soil types, 
and the precisions obtained are excellent. We there- 
fore have confidence in recommending this relatively 
rapid procedure for routine laboratory use. 
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A TITRIMETRIC METHOD FOR ESTIMATION OF 
FLUORINE IN ORGANIC COMPOUNDS 

PARTHA S. DAS, BASUDAM ADHIKARI, MRINAL M. MAITI and SUKUMAR MNTI 
Materials Science Centre, Indian Institute of Technology, Kharagpur 721 302, India 

(Received 1 March 1988. Revised 28 May 1988. Accepted 11 Judy 1988) 

Summary-A simple and rapid titrimetric method for estimation of fluorine in organic compounds and 
Auoropolymers is reported. It involves combustion of the sample in oxygen, absorption of the combustion 
products in an aqueous solution of Ce(II1) nitrate and glycerol, containing hexamethylenetetramine, and 
finally titration with EDTA, with Xylenol Orange and Methylene Blue as screened indicator. 

Many organic fluoro-compounds are widely used in 
industry, as aerosol propellants, refrigerants, insu- 
lators, agrochemicals, drugs, fluoroplastics, etc., but 
there are few satisfactory, simple and rapid methods 
for determination of fluorine in these materials. The 
procedures reported suffer from various drawbacks, 
such as poor accuracy or repr~ucibility, lengthiness, 
complexity and hazard. The major steps are 
decomposition to yield fluoride, removal of various 
interferences, and finally estimation of the fluoride 
by various methods, titrimetry, photometry, poten- 
tiometry etc. The main sources of error arise from the 
di~culty in decomposing the ~uor~om~und, sepa- 
ration of the fluoride from the interfering species, and 
the estimation methods themselves. 

Procedures for decomposition of organic 
fluoro-compounds were reviewed up to 1958 by Ma 
and Gwirtsman.‘q* They were based on catalytic 
oxidation, reduction with sodium in liquid ammonia, 
alkaline fusion, and hydrolysis to fluoride. The deter- 
mination was by titration with thorium nitrate, alka- 
limetric determination of hydrogen fluoride, or gravi- 
metric determination of fluoride. 

Light and Mannion reported a microdetermination 
by potentiomet~c titration, with a fluoride-selective 
electrode as the end-point detector, and compared the 
combustion of the fluoro-compound in a borosilicate 
flask with that in a polycarbonate flask, with or 
without a combustion aid. 

Here we report the estimation of fluorine in organic 
compounds after decomposition in a glass Schiiniger 
flask without a combustion aid. 

EXPERIMENTAL 

Apparatus 

A Heraeus Schijniger combustion apparatus was used. 

Reagents 

All chemicals used were of analytical reagent grade. 
Ce(II1) nitrate solution (O.OOS&f) was prepared by dis- 

solving 2.75 g of ceric ammonium nitrate in 1000 ml of water 
containing 2 ml of concentrated nitric acid, then gradually 
adding solid hydroxylamine hydrochloride until the solution 

was decolourized, and finally a further 2 g of hydroxylamine 
hydrochloride. 

EDTA solution (0.002M) was prepared by dissolving 
3.722 g of EDTA (disodium salt) in 1000 ml of water and 
diluting 200 ml of this solution to 1000 ml with water, and 
standardized by an appropriate titration. 

Pracediire 

Weigh about !i-10 mg of the fluorocarbon compound, 
containing t-3 mg of fluorine, into the usual L-shaped piece 
of Whatman No. 40 filter paper, fold the packet, and place 
it in the platinum basket of the combustion flask. Place the 
absorption solution, consisting of water (5 ml), cerium(II1) 
nitrate solution (exactly 15 ml) and 10% glycerol solution 
(5 ml) in the combustion gask, then fill the tlask with pure 
oxygen. If apparatus with a built-in ignition system is used, 
insert the stopper/sample-holder assembly, invert the flask 
to seal the joint with absorption solution, and place it in the 
combustion chamber. Otherwise, light the paper and insert 
the stopper as usual. After ignition, allow the flask to cool 
for 10 min and then vigorously shake it for complete 
absorption of the combustion products. Open the Bask, 
rinse the stopper assembly with a little water and add 20 ml 
of ethanol. Add 3 drops of 0.2% Xylenoi Orange solution 
and 2 drops of 0.1% Methylene Blue solution followed by 
-70 mg of hexamethylenetetramine to develop a violet 
colour for the indicator and maintain the pH in the range 
5.545. Titrate with 0.002M EDTA to a sharp colour 
change to green at the end-point (V, ml). Run a blank (V, 
ml) in the same way. 

The percentage of fluorine in the sample is calculated 
from 

% F = 57OO(V, - V,)M/W 

where M is the molarity of the EDTA and W is the weight 
of sample in mg. 

RESULTS AND DLSCUSSION 

Repeated attempts to analyse organic fluoro- 
compounds according to the manual for the com- 
bustion apparatus4 failed to give reliable results. We 
have therefore rn~i~~ the method as follows. 

1. Three drops of 0.2% Xylenol Orange solution 
and 70-75 mg of solid hexamethylenetetramine and 
three drops of 0.1% Methylene Blue solution were 
used as a screened indicator system and buffer, 
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Table 1. Determination of fluorine in organic compounds by a modified Schoniger 
combustion flask method 

Weight, Found, 
Sample mg % 

D-Fluorobenzoic acid 6.9 13.5, 
(Theory 13.56% F) 8.3 13.5, 

9.3 13.4, 
7.2 13.5, 

2-(Trifluoromethyl)phenothiazine 
(Theory 21.33% F) 

3-Trifluoromethylbenzoic acid 
(Theory 29.98% F) 

2,6-Dinitro-N,N’-dipropyl-4-(trifluoromethyl)~nzenamine 
(Theory 16.99% F) 

Teflon (commercial) 
(Theory 76% F) 

9.3 21.4; 
9.1 21.5, 
9.5 21.2, 
9.2 21.6, 
9.5 30.1, 
9.9 29.7, 
9.4 29.8. 
8.2 16.8, 

10.4 16.8, 
8.4 17.1, 
4.4 72.0 
3.9 72.3 
3.2 72.1 

instead of 1 g of Xylenol Orange/hexamine mixture 
(1:2 w/w) recommended.4 

2. A pH of 5.5-6.5 was used for the absorption 
solution to avoid any protonation of the fluoride. 

3. The recommended4 boiling of the absorption 
solution was eliminated. 

In this modified method a clear end-point is ob- 
tained. The results obtained for fluorine in four 
standard organic compounds by this method are 
presented in Table 1. It is evident that the combustion 
of the organic fluoro-compounds is complete. There 
is practically no interaction of the combustion prod- 
ucts with the glass vessel. In earlier reports2*‘,%’ the 
low results were attributed to incomplete combustion 
and the use of combustion aids was recommended. It 
was also reported that the results may be low because 
the hydrogen fluoride produced during the com- 
bustion reacts with the borosilicate glass of the 
combustion flask. Some authors claimed better re- 
sults could be obtained by using a polycarbonate 
flask. Others5*8,9 suggested the use of polypropylene 
and polyethylene flasks. 

Since Light and Mannion used only pure water as 
the absorption solution, there was ample scope for 
interaction of hydrogen fluoride with the borosilicate 
glass flask, so the major reason for error with their 
method may not have been due solely to the com- 
bustion problem. In the present method, since the 
absorption solution contains Ce(III) nitrate, the hy- 
drogen fluoride produced in the combustion reacts 

immediately to produce insoluble cerous fluoride.” 
The possibility of interaction of hydrogen fluoride 
with the glass flask is thus minimized. The function 
of the glycerol is not clear; if it is not present, low and 
irreproducible results are obtained. It may assist in 
rapid dissolution of the hydrogen fluoride, or prevent 
its interaction with the glass. 

This modified method is simple as well as rapid 
both in the decomposition and estimation steps and 
gives results within 15 min, with not more than 
f0.3% absolute error. 
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DETECTION 
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Summary-The suitability of electrochemical detection (ECD) following HPLC separation of guanosine, 
xanthosine and adenosine nucleotides has been evaluated. Separation of five monophosphates of 
guanosine was achieved by using a reversed-phase column; di- and triphosphates have also been separated 
from monophosphates. Adenosine compounds are insensitive to ECD. 

Putine and pyrimidine bases are important com- 
ponents of nucleic acids, coenzymes, and the media 
of hormone action. Thus qualitative and quantitative 
analyses for these bases are under continuous 
development. 

Recent studies have demonstrated that in certain 
pathological situations there is a change in the con- 
centration of mcleotides, nucleosides, and the corre- 
sponding purint bases in biological fluids. We can 
therefore think of these substances as biological 
markers.’ Particular importance from this point of 
view attaches to guanosine and its compounds, 
especially as neoplastic disease markers.’ 

A rapid and easily reproducible method for deter- 
mination of guanosine and its nucleotides is de- 
sirable. Several methods are available, but it is the 
chromatographic techniques which are preferred 
when separation of components is necessary-as 
from a complex biological matrix-prior to deter- 
mination. HPLC can be used successfully in the 
analysis of nucleotides and nucleosides and no de- 
rivatization is necessary.3.4 The possibility of coupling 
HPLC and electrochemical detection (ECD) should 
reduce the effect of interferences. Previous work 
related to HPLC/ECD examination of purine 
and pyrimidine bases has been reported.‘q6 We 
have studied’ bases and related nucleosides by 
HPLC/ECD, both in reversed-phase and ion-exhange 
chromatography, and verified that not all bases and 
related nucleosides are electrochemically active. 

EXPERIMENTAL 

Apparatus 

A Hewlett-Packard model 1OlOA liquid iso- 
chromatograph with a Rheodyne 7120 sample injector (20 
~1 loop, Varian model 2150) was used. The detectors were 
a Varian model 2550 variable wavelength detector and an 
ESA Coulochem electrochemical detector (model 5100) 
equipped with a model 5010 analytical cell. The output was 
recorded with a Houston Gmniscribe or a Varian model 
4290 integrator recorder. The columns used were an Erbasil 
Cl8 10 p (250 mm x 4.6 mm) and a Whatman Partisil PXS 
IO/25 SAX (250 mm x 4.6 mm). 

Reagents 

The eluents used were: (a) KH,PG, (0.02&f) and 
methanol (95:5 v/v), pH 5.8; (b) KH,PO, (0.02M). pH 7; 
and (c) KH,PO, (0.25M), pH 6.8. 

The pH was adjusted by addition of acid or base to the 
buffer solution and measured with an Orion Research 
pH-meter (model 201) with an accuracy of kO.01. Carlo 
Erba solvents (HPLC grade) and reagents (RPE grade) were 
used to prepare the eluents. 

The standards were 5’-guanosine monophosphate 
(5’-GMP), 3’-guanosine monophosphate (3’-GMP), 2’- 
guanosine monophosphate (2’~GMP), cyclic 2’,3’-guanosine 
monophosphate (2’,3’-GMPc), cyclic 3’,5’-guanosine mono- 
phosphate (3’,5’-GMPc), S-guanosine diphosphate (5’- 
GDP), 5’-guanosine triphosphate (5’-GTP), guanosine, 
5’-xanthine-monosphosphate -(5’-XMP), 5’-xanthosine di- 
phosphate (5’-XDP), S-xanthosine triohosohates (5’-XTP). 
5’-adenosine monophosphate (5’-AhiP), 5’-adenosine di: 
phosphate (S-ADP) and 5’-adenosine triphosphate (5’-ATP), 
supplied by Sigma, and of the highest purity available. 

The aim of this work is to complete the study, The standard solutions and eluents were filtered through 

examining the nucleotides of guanosine. adenosine a 0.45-pm plastic Millipore filter. For ultraviolet measure- 

and xanthosine by HPLC/ECD. We have used both 
ments a wavelength of 250 nm was chosen because the 
substances examined give maximum absorption at this 

reversed-phase and ion-exchange columns with the wavelength. All experiments were done at room tem- 
aim of establishing the optimum isocratic conditions. perature, and at least in triplicate. Voltammetric measure- 

Use of the gradient technique with an electrochemical ments were made with an AMEL model 556 potentiostat 

detector is not advised, as unacceptable noise is 
equipped with a Hewlett-Packard model 704OA x-y 

generated by the changes in Polat% and composition 
recorder. A three.-electrode cell was used with an AMEL 

of the eluents during the analysis. 
GC492 glassy-carbon working electrode, a platinum counter- 
electrode and a saturated calomel reference electrode. 
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Table I 

k = (1~ - hJ/h, 

Cl8 PXS 10125 SAX 

Nucleotides Eluent (a) Eluent (6) Eluent (c) 

5’-GMP 0.3 
3’-GMP 0.9 
2’,3’-GMPc 1.3 
2’-GMP 2.0 
3’,5’-GMPc 2.3 
5’-GDP 0 
5’-GTP 0 
Guanosine 5.2 
S-XMP 0.4 
5’-XDP 0 
5’-XTP 0 
5’-AMP’ 1.3 
5’-ADP* 0 
5’-ATP* 0 

25.4 0 
25.4 0 
12.6 0 
30.2 0 
12.6 0 
- 1.7 

26.5 
- 
0 
1.4 

23.2 
0 

- 
- 

Flow-rate 1 ml/min. 
Ultraviolet detection at 250 nm. 
*Electrochemically inactive. 

RESULTS AND DISCUSSION 

HPLC separation of nucleotides 

Nucleotides of guanosine, xanthine and adenosine 
were considered. Table 1 gives the capacity factors 
(k) of these compounds on the Erbasil Cl8 and 
Partisil PXS IO/25 SAX columns. It appears that an 
isocratic separation of the mono-, di, and triphos- 
phates of guanosine and xanthosine is not prac- 
ticable. The reversed-phase column, however, gives a 
good separation of the five guanosine mono- 
phosphates. 

With the ion-exchange column PXS lo/25 SAX 
and eluent (b) (Table 1) there is a predictable 
inversion of the retention times of the different 
substances, but the separation between the five 
guanosine monophosphates is poorer. S-GMP and 
2’-GMP are co-eluted and so are the two cyclic 
monophosphates 2’,3’-GMPc and 3’,3’-GMPc. 

1 

min 
Fig. I. Separation of guanosine monophosphates on an 
Erbasil Cl8 column, eluent (a). Electrochemical detection 
(oxidation potential + 1.0 V). I = 5’-GMP, 2 = 3’-GMP, 
3 = 2’,3’-GMPc, 4 = 2’-GMP, 5 = 3’,5’-GMPc, 6 = guano- 

sine. 

pp. 0.25 

V 
Fig. 2. Monophosphates: relationship between electro- 
chemical detector response and applied potential. Erbasil 

Cl8 column, eluent (a); sample solutions 10-5M. 

With eluent (c) (Table 1) it is possible to separate 
the di- and triphosphates from the monophosphates, 
which all have k = 0. Figure 1 shows the separation 
(Erbasil Cl8 column) of guanosine from its five 
monophosphates. 

Electrochemical detection of nucleosides 

The change in oxidation state during ECD of 
nucleotides and nucleosides is related to the structure 

1 I I I 

1.0 0.9 0.6 0.7 0.6 

V 

Fig. 3. Diphosphates: relationship between electrochemical 
detector response and applied potential. Erbasil Cl8 

column, eluent (c); sample solutions 10-5M. 
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1 I 1 
0 5 10 

min 
Fig. 4. EIe&ochemicat detection at + 1 .DD V; 1, Y-GMP; 2, 
5’-XMP; 3, 3’-GMP; 4, S-AMP, 5,2’,3’-GMPc; 6,2’-GMP; 

7, 3’,5’-GMPc. 

of the corresponding base. Our previous works 
showed that when the purine base was deetro- 
chemically active, the related nucfeotides were oxi- 
dizable and therefore detectable by ECD. The present 
study, extended to nucleotides, confirms this behav- 
iour. 

The electroactivity of the test compounds was 
investigated to find the best wurking potentids for 
use of LSV (linear sweep voltammet~) methods. An 
anodic peak with an Ep of about + 1.0 V, showing 
irreversibility characteristics under the experimental 
conditions (20 mV/sec), was observed. Over the range 
of potentials examined (down to - 1.0 V) no reduc- 
tion was apparent. Figure 2 shows the response 
(current tis. applied potential) for the guanosine and 
xanthosine monophosphates, and Fig. 3 gives the 
corresponding results for the diphosphates. The elec- 
trochemical response of the monophosphates begins 
at +0.7 V (with a maximum at about +0.95 V) 
whereas a tower potential is sufficient for the diphos- 
phates (+0.6 V). Adenosine and related nucleotides 
do not give oxidation curves. Figures 4 and 5 show 
the ultraviolet and ECD responses for a mixture of 

I I J 
0 s 10 

min 

Fig. 5. Ultraviolet detection at 250 nm; identification of 
peaks as in Fig. 4. 

monophosphat~. The detection of 2’,3’-GMPc in the 
presence of S-AMP is difficult with an ultraviolet 
detector but possibIe by ECD because the adenosine 
compounds do not given an ECD signal. The de- 
tection limits found for the mono- and diphosphates 
are around 10 pmole with either detector. The sensi- 
tivity for the triphosphates is poorer, toward 5 nmoie, 
with both detectors, because of the “flattening” of the 
peaks owing to the higher retention times of these 
substances. 

REFERENCES 

I. 

2. 

3. 
4, 

5. 

6. 

R. A. Hartwich and F. R. Brown, J. ~~~~~r~~~ 1976, 
rw, 769. 
Chaghou Yi, J. L. Fasching and P. R. Brown, ibid,, 
1985, 339, 75. 
J. Stadler, Anal. Biochem., 1987, 86, 477. 
J. B. K&l, H. Y. Cheng and T. A. Last, Anal. Chem., 
1986, 58, 285. 
A. M. Ghe, G, Chiavari and J. Evgenidis., ~~~fa* 1985, 
33, 379. 
R. J. Henderson and C. A. Griffin, J. Cbromatog., 1984, 
298, 231. 



Tdma, Vol. 35, No. II, pp. 914916, 1988 0039-9140/88 53.00 + 0.00 
Printed in Great Brttam. All rights reserved Copyright 0 1988 Pergamon Press plc 

SPECTROPHOTOMETRIC DETERMINATION OF 
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Summary-Five simple, rapid and sensitive spectrophotometric procedures for the determinatiqn of 
muzolimine in bulk samples and pharmaceutical dosage forms are described. The methods are based on 
the formation of coloured species when muzolimine is reacted with 3-methyl-2benzothiazolinone 
hydrazone hydrochloride, p-N,N-dimethylphenylenediamine dihydrochloride or p-N-methylaminophenol 
sulphate and a suitable oxidant or with 2,6-dichloroquinone chlorimide. The results obtained are 
reproducible with a coefficient of variation of less than 1.5%. 

Muzolimine [MZ, 3-amino-1-(3,4-dichloro-a-methyl- 
benzyl)-2-pyrazolin-5-one] is a new diuretic which 
differs structurally from other diuretics.‘.* In- 
vestigations with dogs and humans have shown it to 
be a potent loop diuretic combining high ceiling 
activity with prolonged duration of action3-’ similar to 
thiazides. In healthy volunteers, a single 30-mg dose 
of MZ was as effective a diuretic as a similar dose 
of frusemide.6 Currently, MZ and its formulations 
are not to be found in any pharmacopoeia. Only two 
chromatographic procedures (TLC’ and HPTLC’) 
have been reported for the determination of MZ 
in biological fluids. A sensitive and precise spectro- 
photometric method would greatly aid in its deter- 
mination in bulk samples and pharmaceutical dosage 
forms. 3-Methyl-2-benzothiazolinone hydrazone,‘,iO 
p-NJ-dimethylphenylenediamine” andp-N-methyl- 
aminophenol,‘2-‘4 each in conjunction with an ap- 
propriate oxidizing agent, and 2,6-dichloroquinone 
chlorimide’s,‘6 have been suggested as chromogenic 
agents for the determination of aromatic amines and 
enols. In this work we have utilized these reagents 
for the determination of MZ in bulk samples and 
pharmaceutical dosage forms. 

EXPERIMENTAL 

Apparatus 
A Systronics model 105 (MKI) spectrophotometer with 

l-cm matched glass cells and an Elico model LI- 120 digital 
pH-meter were used. 

Reagenis 
All the reagents were of analytical or pharmacopoeia1 

grade and all solutions were prepared in doubly distilled 
water unless otherwise specified. Freshly prepared solutions 
were used. 

Aqueous solutions of 3-methyl-2benzothiazolinone 
hydrazone hydrochloride (MBTH; Fluka; 0.2%), p-N,N- 
dimethylphenylenediamine dihydrochloride (DMPD; 
Fluka; 0.05%), p-N-methylaminophenol sulphate (PMAP; 
BDH; 0.4%). chloramine-T (CAT; Loba; 7.1 x IO-’ M), 

ceric ammonium sulphate [Ce(IV); BDH; 1.58 x IO-‘M 
in 4% v/v sulphuric acid], sodium hypochlorite (OCI-; 
Burgoyne; 4.6 x IO-‘M), potassium dichromate [Cr(Vl); 
Reechem; 1.02 x IO-rM) were prepared. All the oxidants 
except Cr(VI) were standardized. 

2,6-Dichloroquinone chlorimide solution (DCQC; Loba; 
0.05%) was prepared in isopropyl alcohol. 

Buffer solutions of pH 3.0 (potassium hydrogen 
phthalate-hydrochloric acid) and pH 7.0 (potassium di- 
hydrogen phosphatedisodium hydrogen phosphate) were 
prepared according to Lurie.” 

Standard drug solution. MZ (Bayer), 25 mg, was dissolved 
in 50 ml of methanol. Working solutions were prepared by 
further dilution with the same solvent. 

Procedures for bulk samples 

The procedures are given for preparation of the cali- 
bration graphs. The same methods are used for samples. 

Method A. Transfer suitable volumes (0.2-2.0 ml) of MZ 
solution (50 pg/ml) into a series of IO-ml standard flasks. To 
each add 2 ml of MBTH and 2 ml of CAT and dilute to 
the mark with methanol. Measure the absorbances at 430 
nm after 1 min, against a reagent blank. 

Method B. Transfer suitable volumes (0.25-3.0 ml) of the 
drug solution (200 pg/ml) into a series of IO-ml standard 
flasks. To each add 1 ml of MBTH and I ml of Ce(IV) and 
dilute to the mark wtth distilled water. Allow a I-min wait, 
then measure the absorbances at 620 nm within the next 15 
min against a reagent blank. 

Method C. Transfer suitable volumes (0.25-3.0 ml) of the 
drug solution (400 pg/ml) into a series of 25-ml standard 
flasks. To each add 15 ml of pH-3.0 buffer solution, 1 ml of 
PMAP and 1 ml of Cr(V1) and dilute to the mark with 
distilled water. Measure the absorbances at 620 nm after not 
less than 10 or more than 60 mitt, against a reagent blank. 

Method D. Transfer suitable volumes (0.2552.0 ml) of the 
drug solution (100 ng/ml) into a series‘of IO-ml standard 
flasks. To each add 1 ml of DMPD and 1 mi of OCll and 
maintain at 70” for 5 min. Cool, then dilute to the mark with 
methanol. After a I-min wait, measure the absorbances at 
500 nm during the next 60 min against a reagent blank. 

Method E. Transfer suitable volumes (0.25-3.0) ml of the 
drug solution (200 pg/ml) into a series of 25-ml standard 
flasks. To each add I ml of DCQC followed by 2 ml of pH 
7.0-buffer solution and dilute to the mark with distilled 
water. Allow 1 min for colour development then measure 
the absorbances at 500 nm against a reagent blank during 
the next 30 min. 
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Fig. 1. Absorption spectra of A, MZ-(MBTHCAT); D, MZ-(DMPDQCI-); E, MZ-DCQC; F, 
(MBTH-CAT) US. distilled water; I, (DMPD-OCl-) US. distilled water; J, DCQC vs. distilled water. 
Concentration of MZ: A, 2.76 x IO-‘M; D, 5.51 x IO-‘M; E, 5.85 x 10m5M; MBTH, 1.71 x lo-‘M; 

CAT, 1.42 x IO-‘M; DMPD, 2.39 x 10-4M; OCI-, 4.6 x W4M; DCQC, 9.5 x 10-5M. 

Atur~~xs of pharmaceutical preparations 

Treat a suitable amount of powdered tablet or volume of 
injection (equivalent to about 25 mg of MZ) with 50 ml of 
methanol and determine the concentration of drug by the 
procedures for assay of the bulk drug. 

RESULTS AND DISCUSSION 

The spectral characteristics obtained with different 
reagents are shown in Figs. 1 and 2. Several oxidants, 
Cr(VI), OCI-, SrOi-, CAT, Ce(IV), Fe(CN)i-, 
Fe(II1) and I, were tested. The combinations best 
suited for the determination of MZ were Ce(IV) and 
CAT with MBTH in acidic or neutral conditions, 
OCI- with DMPD in neutral conditions and Cr(VI) 
with PMAP at pH 3.0. 

The effect of the reagent concentrations, buffer (pH 
l-13), temperature and order of addition of reagents, 

on the blank, stability and adherence to Beer’s law 
was studied and the optimal conditions were 
identified. The optical characteristics and figures of 
merit are given in Table 1. The values obtained by the 
proposed methods and a reference method’r for 
dosage forms are compared in Table 2, together with 
the results of recovery experiments. Because these 
formulations were not available commercially in 
India, we prepared our own according to literature 
methods.19.20 

Commonly used tablet excipients such as starch, 
lactose, gelatin, talc and magnesium stearate and 
commonly used injection preservatives did not inter- 
fere in the procedures. 

The proposed methods were found to be simple, 
rapid, accurate and sensitive for the assay of bulk MZ 
and its dosage forms. 

0.5 

r 

Wavelength (nm) 

Fig. 2. Absorption spectra of B, MZ-[MBTH-Ce(lV)]; C, MZ-[PMAP-Cr(VI)]; G, MBTHCe(IV) vs. 
distilled water; H, PMAPCr(V1) vs. distilled water. Concentration of MZ; B, 1.47 x 10W4M; C, 
5.88 x 10e5M; MBTH, 8.56 x 10m4M; Ce(IV), 1.58 x IO-)M; PMAP, 4.65 x 10W4M; Cr(VI), 

4.08 x 10-4M. 
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Table I. Optical characteristics, precision and accuracy 

Proposed methods 

A B C D E 

Beer’s law flgglml range, I-10 5-60 448 2.520 2-24 
t, IO’ 1. mole-‘.cm-’ 14.7 2.31 5.10 7.34 5.44 
RSD, % 1.2 1.2 1.4 1.4 1.4 
Error,* % -0.3 +0.4 -0.6 -0.4 -0.8 

*Sample size: 100 pg in methods A and D and 200 pg in methods B, C and E. 
Average error for three determinations. 

Table 2. Assay of muzolimine in pharmaceutical preparations by proposed and reference methods 

Found,* mg 

Product 

Tablet 
Tablet 
Injection 

Nominal 
Recovery by proposed methods.5 % 

Proposed methods Reference 
MZ content A B C D E method? A B C D E 

10 mg 9.9 10.1 9.8 9.8 10.1 9.8 99 100 98 98 101 
30 mg 29.8 29.5 30.2 29.6 29.7 29.5 99 98 100 98 98 
15 mg/ml 14.9 15.1 14.8 14.9 15.1 14.8 99 101 98 99 101 

*Average of three determinations. 
TTitrimetric method. 
§Of 5 mg of MZ added to the pharmaceutical preparation. 

Nature of the coloured species 

The reaction pathways leading to the formation of 
the coloured species in methods A-E may be postu- 
lated by analogy. MBTH,9s’o DMPD” and PMAP*‘.** 
undergo oxidation in the presence of an appropriate 
oxidant to yield less stable and highly reactive species. 
These species and DCQC’S.‘6 react with MZ (through 
involvement of either the amino group or the enolic 
hydroxyl group) by an electrophilic attack on the 
most nucleophilic site on the 1,Zazole of the 
coupler. The resulting leuco dye is oxidized to the 
indo dye. The probable pathway in method C 
appears to be the formation of a charge-transfer 
complex*‘.** involving the reactive species p-N- 

methylbenzoquinone monoimine (acceptor) and MZ 
(donor). The variation in I,,, and E,,,~~ of the coloured 
species formed on treating MZ with MBTH and CAT 
or Ce(IV) appears to be due to the involvement of 
Ce(III) in complex formation with the oxidative 
coupling product initially formed in the latter case. 
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authorities of Andhra University for providing research 
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DETERMINATION OF SULPHIDE BY 
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Summary-A quick anion-exchange reaction, suitable for the determination of sulphide, has been found 
to occur on stirring a suspension of lead iodate (solubility product, & = 1.2 x 10-13) with sulphide 
solution at pH 5-8. After removal of the precipitates of lead iodate and lead sulphide (K,,, = 3.4 x IO-**), 
the iodate released can be determined by its reaction with acidified iodide to give tri-iodide which is either 
titrated with thiosulphate or measured spectrophotometrically as its blue complex with starch. Chloride, 
bromide, iodide, fluoride, oxalate, sulphate, thiocyanate and phosphate do not interfere. Thiosulphate, 
sulphite, nitrite and thiols do not give an anion-exchange reaction but do interfere in the redox reaction 
of iodate +th acidified iodide. However, this is avoided if they are first oxidized with bromine (the 
liberated iodate remains unaffected) before iodometry. 

Sulphide commonly occurs in a variety of waste 
effluents, e.g., septic sewage, oil refinery wastes, vis- 
cose rayon wastes, either free or as heavy-metal salts. 
Its presence in waste water is usually indicated by the 
characteristic odour of hydrogen sulphide, which is a 
toxic nuisance and may be taken as a measure of the 
prevalence of anaerobic conditions.’ The control 
authorities tend to determine sulphide species in 
terms of their capacity to yield hydrogen sulphide. In 
the traditional acid displacement procedure2 hydro- 
gen sulphide, liberated on acidification, is removed by 
a stream of carbon dioxide, absorbed in zinc acetate 
solution and determined iodometrically.3.4 Inter- 
ference from sulphite is minimized by addition of 
formaldehyde to the zinc sulphide suspension. In the 
spectrophotometric method,‘* which is applicable to 
fresh waters and lightly polluted effluents, the sample 
is treated with 4-N,N-diethylaminoaniline and an 
oxidizing agent [iron(III) or dichromate] in acid 
medium to produce Ethylene Blue, which is mea- 
sured. Sulphite, thiosulphate and iodide interfere. A 
field method for the determination of gaseous hydro- 
gen sulphide in equilibrium with dissolved sulphide 
by using gas analysis tubes’ has formed the basis of 
a gas chromatographic method” in which solution- 
gas equilibrium is achieved at an acidity that approx- 
imates to that used in the standard acid displacement 
procedure. 

Except for ion-selective electrode methods,2,4 no 
analytical procedure is available that is specific 

‘Present address: Department of Biochemistry and Nutri- 
tion, Virginia Polytechnic Institute and State University, 
Blacksburg, VA 24061, U.S.A. 

for free sulphide, or can tolerate the interference 
of reducing agents, e.g., sulphite, thiosulphate and 
thiols, when present in effluents. The following 
method is proposed. 

EXPERIMENTAL 

Reagents 

Lead iodate (made by the reaction of lead nitrate with 
potassium iodate) and starch-iodide reagent solution were 
prepared as described earlier.” 

Acetunilide solution. Dissolve 10 g of acetanilide in 50 ml 
of glacial acetic acid and dilute to 100 ml with water. 

Standard sulphide solution, approximately 100 mg/l. Dis- 
solve about 0.9 g of sodium sulphide nonahydrate in 1 litre 
of water, and standardize iodometrically.‘O Dilute a 25-ml 
portion of the stock solution to volume with water in a 
250-ml standard flask to give a IO-mg/l. sulphide solution. 
Standardize the stock solution frequently and dilute it 
freshly as required. 

Procedure 

Titrimetric determination in the absence ofreducing agents. 
To a 5-ml aliquot of test solution, containing 3&300 pg of 
sulphide, in a 20-ml beaker, add 2 ml of 10% sodium acetate 
solution and about 50 mg of powdered lead iodate, then stir 
the mixture for 10min. Filter off the lead iodate and lead 
sulphide on a Whatman No. 41 filter paper and wash with 
three 4-ml portions of ethanol-water mixture (40: 60, v/v). 
Mix the combined filtrate and washings with 0.5 g of 
potassium iodide, 2 ml of 5% sulphuric acid and 25 ml of 
water, then titrate the liberated iodine with O.OlM thio- 
sulphate, using starch solution as indicator. Concurrently 
run a blank determination with approximately the same 
amount of lead iodate (the blank titration is usually about 
0.3 ml). 

Sz-gig) = 2661 VM 

where V is the difference in the volume (ml) of thiosulphate 
(molarity M) used in the sample and blank titrations. 
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Table 1. Titrimetric and spectrophotometric determination of sulphide at the 
fig level 

Titrimetric determination 

Taken* Foundt (% RSD) 

Spectrophotometric determination 

Takent Foundt (% RSD) 

28.6 28.3 (1 S) 1.98 1.96(1.5) 
48.2 48.7 2.47 2.49 (0.8) 
63.7 63.1 (0.8) 3.55 3.52 

101.5 100.2 4.90 4.93 (0.5) 
138.9 137.5 5.72 5.68 
160.1 161.4 (0.5) 6.03 6.09 (0.4) 
198.7 199.0 7.54 7.49 
230.0 228.1 (0.6) 8.12 8.18(1.2) 
259.6 257.4 
276.9 279.2 
296.4 298.8 (1.0) 

*The test solution was standardized by iodometry.‘O 
tAverage of six determinations. 
$The test solution was standardized by the Ethylene Blue method.” 

Titration in the presence of reducing substances. Stir the 
test solution with lead iodate, filter and wash as before. 
Treat the combined filtrate and washings with 2-1 ml of 
saturated bromine water, allow to stand for 10 min (add 
more bromine if there is complete decolorization during 
standing), add 5 ml of 10% acetanihde solution and shake 
vigorously until the bromine is decolorized; then add 0.5 g 
of potassium iodide and 2 ml of 5% sulphuric acid and 
titrate the liberated iodine with O.OlM thiosulphate. Run a 
blank determination simultaneously. 

Spectrophofometric determination. To construct the cali- 
bration graph, mix 0.5.-3.0 ml of 25.0-mg/l. potassium 

iodate solution with 2 ml of starch-iodide reagent solution, 
1 ml of lM sulphuric acid and 6 ml of ethanol-water 
mixture in a 25-ml standard flask, shake, make up to the 
mark with water, and after 5 min measure the absorbance 
at 580 nm against water, and plot it against the weight (,ug) 
of iodate taken. 

Combine a 5-ml portion of test solution, containing 
2-8 pg of sulphide, with 1 ml of 10% sodium acetate 
solution and 20 mg of powdered lead iodate, stir the mixture 
for 10 min, filter into a 25-ml standard flask and wash the 
residue with three 2-ml portions of ethanol-water mixture. 
Mix the combined filtrate and washings with 2 ml of 

Table 2. Titrimetric determination of sulphide in the presence of 
reducing agents and other substances 

Amount 
S2- taken,* added, S2- found,? 

IG Foreign substance Pg pg (% RSD) 

25.0 

50.0 

75.0 

100.0 

150.0 

175.0 

200.0 

250.0 

300.0 

hydrogen sulphite 

thiosulphate 

nitrite 

phenol 

2-mercaptoethanol 

cysteine hydrochloride 

toluene-a-thiol 

hydrazinium chloride 

anilinium chloride 

5 25.2 (0.5) 
10 25.1 
50 25.3 

100 25.4(1.0) 
10 50.2 (0.6) 
50 50.2 

100 50.5 
150 50.4(1.1) 
20 75.1 (0.4) 
50 75.4 

100 75.7 (0.8) 
20 100.5 (0.5) 
40 99.6 
60 100.8 (0.5) 

5 149.6 (0.6) 
10 150.8 
20 151.0(0.9) 
10 175.9 (0.5) 
20 176.4 
30 178.3 (0.7) 

5 199.4 (0.8) 
10 200.9 
20 201.4 (0.9) 

5 248.1 (0.6) 
20 252.1 
50 252.2 (0.8) 
10 298.1 (0.6) 
30 302.6 
50 297.4 (1 .O) 

*The test solution was standardized by iodometry.“’ 
tAverage of six determinations. 



starch-iodide reagent solution and 1 ml of IM sulphuric 
acid, dilute to volume with water, and after 5 min measure 
the absorbance at 580 nm against a reagent blank. Reference 
to the calibration graph gives the amount of iodate libe- 
rated, which is related to that of sulphide in the sample 
aliquot by the equation: 

S’_(jfg) = 0.09143 m 

where m is the amount of iodate (pg) liberated. 

RESULTS AND DISCUSSION 

The high sensitivity of metal Mate methods,‘“” 
and the good selectivity of lead iodate,” prompted us 
to examine the analytical potential of lead iodate for 
the determination of sulphide. The anion-exchange 
reaction that occurs when sulphide is stirred with a 
suspension of lead iodate is: 

Sz- + Pb(IO& + PbS + 210; 

The solubility products (&,) for lead iodate and lead 
sulphide are 1.2 x lo-l3 and 3.4 x IO-** re- 
spectively.18 The most suitable pH for the exchange 
reaction is 5-8. 

The results, given in Table 1, were found not to be 
affected by the presence of as much as a IOO-fold 
molar ratio (to sulphide) of chloride, bromide, 
fluoride, iodide, phosphate, oxalate, tartrate, thio- 
cyanate or sulphite. Chromate also reacts quanti- 
tatively” but, being oxidizing in nature is not found 
along with sulphide. Thiosulphate, sulphite, nitrite, 
phenol, hydrazine, aniline, unsaturated organic com- 
pounds and thiols do not undergo any reaction with 
lead iodate in the present method but interfere in the 
redox reaction of iodate with acidified iodide. This 
interference can be avoided by oxidizing these species 
with bromine (the liberated iodate remains unaffec- 
ted) before iodometry (Table 2). T~bromophenyl 
hypobromite (C,H2Br,0Br), which is formed from 
phenol on reaction with an excess of bromine, re- 
mains unaffected when the residual bromine is re- 
duced by formic acid@** and also liberates iodine on 
reaction with iodide to give a positive bias for 
sulphide. This error was circumvented in the present 
method by replacing the formic acid by acetanilide, 
which reacts rapidly with residual bromine as well as 
with any hypobromite formed, to give 4-bromoacet- 
anilide. Neither acetanilide nor its bromo derivative 
interferes in iodometry. Cyanide, hexacyanofer- 
rate(H) and molybciate ions vitiate the analysis by 

giving an analogous exchange reaction. Ammonium, 
alkali metal and other cations which do not form 
insoluble salts with sulphide or iodate cause no 
interference. 

Lead iodate is more selective in its action than 
bariumr6 or mercuric iodatei2-‘r and can be used for 
the selective and sensitive determination of sulphide 
in the presence of a large number of substances. 

Acknowledgement-Thanks are due to the Council of 
Scientific and Industrial Research, New Delhi, for a Senior 
Research feiiowship to A.J. 
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ANALYTICAL DATA 

POLAROGRAPHIC STUDY OF THE 
DIPROPYLDITHIOPHOSPHINATE COMPLEXES OF Pd(II), 

Pb(II), Cd(II), AND Zn(I1) IONS 

ZHIVKO I. DENCHEV and NIKOLA K. NIKOLOV 
Central Research Laboratory, University of Plovdiv, 4000 Plovdiv, Bulgaria 

(Received 10 June 1987. Revised 22 February 1988. Accepted 20 June 1988) 

Summary-The complexes of the dithiophosphinic acids with W(H), Ph(II), Cd(II), and Zn(I1) in a 
toluene-ethanol medium produce single polarographic waves. The half-wave potential is a linear function 
of the ligand concentration. The stabilities of these chelates, which are characterized by a sulphur-metal 
bond, are in the order: Pd(I1) > Pb(I1) > Cd(I1) > Zn(I1). 

The polarographic behaviour of various bidentate 
chelate reagents containing a donor sulphur atom, 
such as dithiocarbamates, xanthates and dithio- 
phosphates, has been reported in the literature.lA 
Because of the electron-density distribution on 
the sulphur atom, the relative stability of their com- 
plexes is dithiocarbamates > xanthates > dithiophos- 
phates.4.s 

The objective of the present paper is to compare 
the polarographic characteristics and conditional sta- 
bility constants of the Pb, Pd, Cd and Zn complexes 
of another sulphur-containing complexing reagent, 
dipropyldithiophosphinic acid (DTPH). 

EXPERIMENTAL 

Apparatus 

A Radelkis OH-105 polarograph, with a dropping 
mercury electrode (DME, drop-time 4.4 set, mercury flow 
1.51 mg/sec, at a column height of 95 cm and potential of 
- l.OO?) and a saturated calomel electrode. A toluene- 
ethanol medium (2:3 v/v) containing 0.2 mole of lithium 
perchlorate per litre and’O.OI% Tri?on X-100 was used. 
A Specord spectrophotometer was used with 0.997 cm 
path-length silica cuvettes. 

Reagents 

Sodium dipropyldithiophosphinate was obtained by the 
usual method and recrystallized from acetone.6 

Procedure 

The polarography was Performed at 25 f 0.1”. The test 
solutions were deaerated by passage of argon for 15 min. 
The half-wave potentials were determined in the presence 
and absence of the ligand. The ionic strength of 0.2 was kept 
constant with lithium perchlorate. 

RESULTS AND DISCUSSION 

The metal complexes obtained are reduced according 
to the equation 

Me(DTPH), + 2e- + Hg+Me(Hg) + ZDTPH- 

The DME potential for an irreversible electro- 
reduction is given by 

E DME = E,,, - $F In (1) 

where id is the limiting current, i the observed current, 
and a is the transfer coefficient. 

The number of ligands (p) in the metal complex 
MeL,,, is calculated from the change in half-wave 
potential (A&,,) with change in ligand concentration 
(AC,) by means of the equation 

Alog CL anF 
--= -- 

W,, 2.30pRT 
(2) 

The conditional stability constants are calculated’ 
from 

RT 
E l/2Wl,) - -6,q~r +I = - - 

,~nF& 

where 

/I,, = [MeL,]/[Me”+] [L-y. 

When an is a constant, equation (3) is applicable to 
irreversible electroreduction of metal chelates.’ 

Palladium(U), lead(II), cadmium(H) and zinc(I1) 
produce single polarographic waves in a toluene- 
ethanol medium containing DTPH. Maxima on 
the reduction waves can be suppressed with 
Triton X-100. 

The wave-heights in the presence of 4 x 10e3M 
DTPH are a linear function of the metal-ion concen- 
tration over the range 2 x 10m5-4 x 10m4M. The ratio 
of the wave-height to the square root of the height of 
the mercury column is constant, indicating that the 
reduction is diffusion-limited. It was found that a plot 
of log [i/(id - i)] vs. applied potential was linear with 
a slope. of 0.034-0.036 V for W(U), Pb(I1) and Cd(II), 
and 0.042 V for Zn(II), the values remaining constant 
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Table 1. Stability constants calculated from variation of E,,? with concentration of ligand 

Cd Zn Pd Pb 

PTW, E,,, , E 112, E I,?., E r/2. 
M V vs. SCE log 82 V vs. SCE log 82 V vs. SCE log 82 V vs. SCE log 82 

- -0.630 - 
0.0012 -0.800 7.70 
0.0020 -0.815 7.64 
0.0032 -0.825 7.68 
0.0040 -0.838 7.71 
0.0048 - 0.845 7.74 
0.0060 -0.853 7.83 
0.0080 -0.860 7.79 

-1.00 - -0.095 
-1.156 6.86 -0.345 
- 1.170 6.54 -0.360 
- 1.181 6.81 -0.372 
- 1.188 6.75 -0.377 
- 1.194 6.78 -0.383 
-1.200 6.78 -0.388 

- -0.392 

9.85 
10.17 
10.05 
10.18 
10.08 
10.04 
10.07 

-0.450 
-0.645 
-0.660 
-0.675 
- 0.682 
-0.690 
-0.695 
-0.700 

8.24 
8.45 
8.61 
8.28 
8.42 
8.43 
8.47 

with increase in ligand concentration. Hence an was 
constant, indicating the reduction processes were 
reversible or close to reversible. For all four metals 
the value of p was found to be 2. 

Application of equation (3) gave log /?z = 10.1, 8.5, 
7.8 and 6.8 for the Pd, Pb, Cd and Zn complexes 

respectively. The extrapolation method* gave log b2 
for the Pd and Pb complexes as 10.5 and 9.1, 
respectively. 

The absorption spectra of the complex and the 
reagent were employed for the estimation of the 
conditional stability constant for Pd(I1) by the molar- 
ratio method and the equation: 

B* = 
Al6 

(G,-A/~)(G--2A/~)* 
where A is the absorbance of the solution at 315 nm, 
Cwe and CL are the total concentrations of the metal 
ion and ligand respectively, and L = 1.50 x 
1041.molee’.cm-’ at 1,,,=315nm and the com- 
position of the complex is Pd(II):DTPH = 1:2. The 

value obtained for log f12 (9.4) is reasonably close to 
the value 10.1 obtained polarographically. 

The relative order of stability of the dithio- 
phosphinate complexes is the same as that for the 
other sulphur-containing comp1exes’d of the four 
metals examined. 
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PRELIMINARY COMMUNICATION 

COLORIMETRIC DETERMINATION OF CYCLOBUTYLPHENYLGLYCOLLIC ACID AND ITS KETONE 

Harvey W. Yurow and Samuel Sass e 

U.S. Army Chemical Research, Development and Engineering Center, SMCCR-RSL, 

Aberdeen Proving Ground, Maryland 21010-5423, USA 

(Received 5 September 1988. Accepted 9 September 1988) 

A number of anticholinergic esters contain the benzilate moiety in combination with an amino- 

alcohol, u., benactyzine. 
1 

Benzilic acid yields an intense red colour in concentrated 

sulphuric acid, owing to the forming of various arylfluorene carbonium ions, and this serves 

as a fairly specific test. 2,3 In the search for more potent drugs, researchers have re- 

placed one of the phenyl rings in benzilic acid by various groups,4 including cycloalkyls 

(C3-C6). These acids fail to produce a colour in sulphuric acid alone. However, when l- 

anisaldehyde is added to the mixture followed by brief heating, a strong violet hue is given 

both by cyclobutylphenylglycollic acid and its ketone. 

The reaction is not produced by the cyclopropyl or cyclohexyl homologue and Only weakly 

by the cyclopentyl compound. Interestingly enough, a deep orange fluorescence (near ultra- 

violet excitation) accompanies the violet colour, and has some value as a spot-test. 

In the analytical procedure 1 ml of aqueous solution of the test compound is treated 

with 1 mg of panisaldehyde (1% solution in methanol) and concentrated sulphuric acid (4 ml) 

is added dropwise, followed by heating for 15 min in a boiling water-bath (45 min for the 

ketone). The sample is cooled and its absorbance at 580 nm measured against a reagent 

blank. Beer's law is followed in the range 0.5 - 2.5 ug/ml, and the colour is relatively 

stable. The molar absorptivity is 5 x 1041.mole -!cm-l . 

Heating of cyclobutylphenylglycollic acid with 80% sulphuric acid followed by addition 

of E-anisaldehyde and further heating also gave a positive result. In another experiment, 

brief refluxing of the ketone with panisaldehyde in trifluoroacetic acid and water, 9:l v/v, 

followed by cooling and addition of excess of methanol, precipitated a tan solid, (m.p. 142 - 

144") which dissolved in concentrated trifluoroacetic acid to give the characteristic colour. 

The mechanism of these reactions may involve initial carbonium ion formation followed by 

intramolecular cyclization and subsequent reaction with panisaldehyde. Aromatic aldehydes 

are known to condense at low pH with active methylene groups or with activated hydrogen atoms 

on phenyl rings. There appears to be a correlation between the intensity of colour produced 

and the stability of the cycloalkyl carbonium ion, which decreases in the sequence: cyclo- 

butyl > cyclopentyl > cyclohexyl > cyclopropyl.5 

A reaction similar to that for cyclobutylphenylglycollic acid is given by l-methoxy- 

bicyclo[3,2,0]hepta-3,6-diene, a compound containing a cyclobutene ring, which is formed by 

short-wave ultraviolet irradiation of 1-methoxy-1,3,5_cycloheptatriene in methanol. 
6 In 

contrast, of the cycloalkanols, only the cyclohexyl compound condenses with the aromatic 

*Deceased. 
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aldehyde in strong acid to give an analytically useful procedure. 
I 

A relatively unselective test for various substituted glycollic acids involves reaction 

with 2-diphenylacetyl-1,3-indanedione-1-hydrazone to produce fluorescence. 
8 

A considerable number of photochemical reactions involving unsaturated organic compounds 

result in the formation of cyclobutyl derivatives. 
9 For detection of these, and of any 

other cyclobutyl compounds, the technique that is described in this report should be consid- 

ered in any investigation. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 
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SOFTWARE SURVEY SECTION 

Software package TAL-007188 
CONSTRUCTION OF SMALL BIBLIOGRAPHIC DATABASES BY USING "LOTUS l-2-3" 

* 
Contributors: M.J. Gomez , H. Torres, 2. Benzo, M. de le Guardia and Ii. 
Schorin, Centro de Quimica, I.V.I.C., Apartado 21827, Caracas 1020-A, 
Venezuela. 

Brief description: The authors have developed a way of using a popular 
spreadsheet to construct databases, each of which summarizes, schematically, 
the specific content of a set of references. Specialist scientists who are 
already using a spreadsheet (here, Lotus l-2-3) for numerical data-handling, 
may be interested to apply the same program for bibliographic data handling. 
Careful design is necessary for such a database. The data items to be 
included must be carefully chosen in order to facilitate bibliographic 
searching, but without leaving too many blank spaces to consume memory 
unnecessarily. The data items and the form in which to record the 
information must be planned by the whole user group, especially for commonly 
used items such as keywords. The content of the references can be coded by 
mnemonic symbols, as an aid to subsequent searching, and also show 
schematically the content of the references. The entire information base 
can also be represented by a printed summary table. 

New data items are added as a single step procedure. Data extraction is 
quick and versatile. When the information becomes greatly diversified, 
derived databases can readily be generated. 

Potential users: scientists. 

Fields of interest: 
of kinds. 

bibliographic data storage and retrieval for scientists 

This application has been developed for the IBM-PC and compatibles, and it 
involves use of the commercial package LOTUS l-2-3 (Lotus Development Corp., 
161 First Street, Cambridge, MA 02142). The minimum memory required is 
256Kb. LOTUS l-2-3 is user-friendly and well documented. For this special 
application, extensive documentation is available to help users to develop 
and improve the design of a bibliographic database. This information can be 
supplied free of charge by the contributor. 

The application is fully operational, and is in use by two laboratory teams. 
The contributor is willing to deal with enquiries, and suggestions are 
welcome too. 

*Contributor for correspondence. 
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THE USE OF GLASS ELECTRODES FOR THE 
DETERMINATION OF FORMATION CONSTANTS-IV* 

MATTERS OF WEIGHT 
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Summary-Implicit and explicit methods of weighting titration data for the purpose of determining 
formation constants are considered. Many current computer programs make no provision at all for 
weighting and the exceptions do so in ways that have unknown effects. It is shown that formation 
constants obtained by optimization can, in practice, vary significantly when different methods of weighting 
are employed. However, none of these methods consistently yields the best results. Whenever possible, 
it is advisable to use several approaches to check for agreement between them. 

It is a well established statistical principle that, in 
general, least-squares analyses ought not to treat 
every data point as having identical importance. 
Homoscedasticity, the condition of uniform variance 
over all the data,’ must be fulfilled. Thus, to obtain 
unbiased results, the data ought to be “weighted” so 
that those points likely to be distorted most by 
experimental error are correspondingly reduced in 
their effect on the optimized values of parameters. 

However, in the determination of formation con- 
stants from titration data, the issue of weighting is 
often completely ignored. It is noteworthy that many 
of the most popular generalized formation constant 
programs (including MINIQUAD,’ SCOGS3 
ACREF3A4 and TITFIT’) make no allowance for it. 
What impact has this had on the great number of 
formation constants published from these programs? 

The neglect of weighting can, undoubtedly, have 
very detrimental consequences. As anyone who at- 
tempts to use an unweighted objective function based 
on residuals in emf soon discovers, manifestly bad 
results can be obtained because of the excessive 
influence of unbuffered regions in the data (for 
example, the points that occur near end-points, where 
small errors in titration volumes, etc., produce large 
errors in emf). 

Evidently such problems do not always arise. Pro- 
grams like those above, which treat every point as 
being equally affected by error (i.e., apply so-called 
unit weights by default) are widely regarded as satis- 

*Part III--Tuluttra, 1988, 35, 825. 
tAuthor for correspondence. 

factory. This can presumably be credited to the 
particular objective functions which they employ. For 
example, it might be predicted that by formulating 
residuals in terms of titration volumes or analytical 
concentrations, these programs limit the ill-effects of 
unbuffered titration regions. It seems, therefore, that 
an acceptable weighting can sometimes be achieved 
implicitly, because of the way in which the simulation 
calculations are performed. The precise consequences 
of this, however, are again unknown. How does 
expressing the residuals in different variables by 
transforming the calculation so that it is carried out 
in different “directions” (e.g., from emf to residuals 
in titration volume or vice versa) affect the resulting 
values of optimized formation constants? 

The effectiveness of weighting even in those pro- 
grams which use it explicitly is also unclear. For 
example, MIQUV6 and SUPERQUAD’ both calcu- 
late objective functions based on residuals in emf. 
They apply weights, w, at each point, calculated from 
estimated standard deviations in titration volume, u,, 
and emf, u,, by a standard error-propagation for- 
mula, namely 

w=[(gyut+u:]’ (1) 

where the derivative is obtained from the slope of the 
titration curve. Similar weighting functions are ap- 
plied by STBLTY,* MUCOMP’ and MICMAC.iO 
However, errors from many sources other than ti- 
tration volumes and emf will contribute to the proba- 
ble size of the residual. Ought these to be taken into 
account in calculating the weights, particularly since 
errors in analytical concentrations will often be the 
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dominant ones? Is a weighting scheme which neglects 
such factors satisfactory or even worthwhile? 

Other approaches to weighting have also been 
mentioned in the literature, e.g., with programs such 
as LETAGROP VRID,’ DALSFEKi2 and ABLETi3 
but, typically, implementation details are left ob- 
scure. Certainly, the consequences of these various 
adaptations have not been described. 

Questions concerning the weighting of titration 
data in the determination of formation constants thus 
abound. More generally, the whole matter of how 
best to deal with experimental errors in titration data 
needs to be elucidated. Is a better approach to 
weighting all that is necessary? The discrepancies 
between published sets of values described in the 
introduction to Part III of this seriesi may well be 
attributed to these problematical issues. Moreover, it 
is doubtful whether sound methods for model selec- 
tion can he agreed before the matter of weighting is 
properly settled. This paper describes an investigation 
of various possible weighting procedures, with the 
ESTA programs. 

THEORY 

The purpose of weighting is to reduce, as much as 
possible, the adverse influences on optimized param- 
eters that arise because errors in values held constant 
during the calculation tend to propagate differently at 
different points. This is quite distinct from the effects 
of systematic errors discussed in Part V of this 
series.” Proper weighting prevents the optimization 
process from reducing a large residual (that is proba- 
bly due to errors in the “known” titration parame- 
ters) at the expense of increasing other residuals less 
affected by such errors. In other words, in extracting 
information from the data, we must allow for the fact 
that some points will be more reliable and informa- 
tive than others, because they are relatively less 
distorted by experimental errors. 

Since the origin of the errors in the titration data 
may reasonably be considered as random, we can 
assess how they are likely to affect each point individ- 
ually, by using a Taylor-series propagation formula. 
The appropriate weight would thus be the reciprocal 
of the variance of the residual (y$ - y;“). With the 
same symbols as in Part 11114 

where up is the standard deviation of the titration 
parameters held constant during the optimization. 
These parameters may include the titration volume, 
a,,,, the initial volume V”, the formation constants & 
the initial vessel concentrations, CT, the burette con- 
centrations, Ck, the electrode intercept, Ef, the 
electrode response slope, s,, and the measured emf at 
the point, Ek. 

The main reason why considerations of errors have 
often been restricted just to those in v, and Ek is that. 

when everything else is neglected, the weights can be 
calculated directly from the experimental data (as 
described above for MIQUV and SUPERQUAD). 
Without this simplification, matters are much trick- 
ier. This is because the weights become dependent on 
the nature of the chemical system itself, e.g., whether 
it is buffered or not. Their correct evaluation involves 
the postulated chemical model: they are affected by 
the particular equilibria operating in the system and 
by the magnitude of the titration parameters, inciud- 
ing those being optimized. 

At first sight, trying to evaluate the weights in 
a model-dependent way appears to be extremely 
awkward. Since the objective function is a sum of 
weighted terms, this would make comparisons be- 
tween the results from different optimizations (say for 
the purpose of model selection) meaningless. Even 
worse, the important assumption made in deriving 
equation (8) of Part III, namely that wmq #S(pk), is 
rendered invalid. Calculating the Hessian without 
making this assumption is, if not impossible, a very 
formidable task. Moreover, it would be necessary to 
ensure that iterative changes in weighting did not 
subvert the location of the objective function 
minimum-the optimization would not be wanted to 
find those formation constants which give the largest 
(or even the smallest) error propagations! The fact is 
that, in measuring formation constants, the problem 
of how to handle real errors goes beyond the bounds 
of conventional least-squares theory. It can thus be 
concluded that, at least for now, weights cannot be 
evaluated in a rigorous manner. 

However, a rigorous evaluation may not actually 
be necessary. The aim of weighting is simply to obtain 
better (numerical) answers from the optimization 
than would otherwise be the case. Starting with any 
satisfactory estimates of the parameters to be opti- 
mized, perhaps obtained without weighting, we can 
calculate what is likely to be an excellent set of 
weights based on the particular model chosen. These 
may then be applied as constants in a subsequent 
optimization. The difference which this might pro- 
duce in the results would be indicative of the im- 
portance of weighting in the particular system being 
investigated. If the difference happened to be 
significant, the procedure could be repeated until 
convergence was obtained. In principle, this should 
be an improvement over methods of weighting hith- 
erto adopted. 

METHODS AND RESULTS 

Weighting procedures based on the principles out- 
lined above have therefore been incorporated 
throughout the suite of ESTA programs. In particu- 
lar, weights are calculated by equation (2) from errors 
in any or all titration parameters specified by the user. 
Default standard deviations are provided auto- 
matically by ESTA8.‘4 These correspond to the pre- 
cision which might reasonably be expected in routine 
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research (e.g., 0.2% in analytical concentrations) and 
are recommended unless there are compelling 
grounds for preferring other values. 

In the context of optimization, there seemed to us 
to be two possible ways by which the set of weights 
could be successively updated. The absence of a 
definitive theoretical approach prompted us to con- 
sider both. In method A (as implemented in ESTA2A 
and ESTA3A),i4 the weights are recalculated during 
each Gauss-Newton cycle from current values of the 
parameters being optimized; in method B (as imple- 
mented in ESTAZB and ESTA3B),j4 the weights are 
calculated just once from the initial estimates of the 
parameters to be optimized. If it converges, the first 
has the advantage that the weights will have been 
calculated on the basis of the “correct” parameter 
values. However, method B is more likely to converge 
than method A because, with invariant weights, the 
Hessian can be constituted properly. 

The introduction of two ways by which weights can 
be applied increases to six the number of possibilities 
for optimizing formation constants from titration 
data. Given that the objective functions can be based 
on residuals in emf (task OBJE) or total analytical 
concentrations (task 0BJT),14 these six options can 
be represented as follows. 

(a) OBJE weighted by method A 
(b) OBJT weighted by method A 
(c) OBJE weighted by method B 
(d) OBJT weighted by method B 
(e) OBJE unweighted 
cf) OBJT unweighted 

The relative merits of these cannot be assessed with 
complete certainty with experimental data, because 
the exact values of the formation constants can never 
be known. A~ordingly, we have investigate a num- 
ber of simulated systems. This involved the use of 
ESTA7 to introduce randomly generated errors into 
data for which a set of formation constants had been 
pre-defined. I4 Optimization of formation constant 
values calculated from these simulated data, with 
each of the six possible methods of weighting, yielded 
answers which could be compared with the “true” 
known values. 

The numerical results of these various calculations 
are too numerous for all to be shown individually. 
Results from a few systems are shown in Tables l-3 
as examples. Certain generalizations, drawn from 
these and other cases, can be summarized as follows. 

I. Remarkably little difference is observed between 
the two methods of weighting, A and B. ESTA2B 
certainly reports failure to converge less frequently 
than ESTA2A does, but otherwise the results from 
the two programs have not been observed to differ 
appreciably. No doubt this is, in part, because the sets 
of data which we have considered have a11 been 
reasonably well-behaved. This may not always be the 
case, but we suspect that data giving rise to marked 
differences between results obtained by ESTAZA and 
ESTA2B will be even more problematical in other 
respects of optimization. 

2. In contrast, the results obtained differ 
significantly when the other factors (represented by 
the six options) are varied. It clearly matters whether 

Table I. Example of results for titrations of a ligand: 4 titrations, 116 points (exact simulated values 
were log &, = 10.500, log &,r = 18.000 and log fiotX = 20.000; systems with reported correlation are 
indicated by the number of correlated parameters and the highest percentage correlation in 

parentheses; p,, = IM, L, H,l/[M~[Ll~[H~) 

Task OBJE Task OBJT 
~..._.. 

Unit Weighted Weighted Weighted Weighted --- Unit 
Parameter weights method A method B method A method B weights 

h3 A,, 10.540 10.541 10.541 10.530 10.530 10.528 
log A,* 18,087 18.096 18.097 18.053 18.053 18.047 

log PO,, 20.118 20.110 20.111 20.056 20.056 20.050 
I/ 6.3 2.4 2.5 3.3 x lo-’ 3.3 X 10-I 9.1 x 10-l 

Convergence Yes * Yes 1(92%)* 1(92%)* 1(96%)* 

‘Failure in shift optimization but each parameter shift was less than the corresponding standard 
deviation. 

Table 2. Example of results for titrations of a metal and a ligand: 5 titrations, 127 points (exact 
simulated values were log fi ,,0 = 9.000, log btzO = 16.0#, log &,, = 14.000 and fog &rO = 3O.oo0, 
systems with reported correlations are indicated by the number of correlated parameters and the 

highest percentage correlation in parentheses) 

Task OBJE Task OBJT 

Unit Weighted Weighted Weighted Weighted Unit 
Parameter weights method A method B method A method B weiehts 

~08 8,m 9.017 9.017 9.017 9.021 9.021 8.997 
bl Pl,iJ 
log Bill 
log 82,o 

u 
Convergence 

16.001 16.001 
13.958 13.958 
29.999 29.999 

3.4 X IO-’ 1.4 
Yes Yes 

16.001 16.003 16.003 16.013 
13.958 13.939 13.941 14.037 
29.999 29.996 29.996 30.028 

1.4 7.9 x lo-4 7.8 x 1O-4 8.8 x 1o-9 
Yes Yes Yes 1(94%i 
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Table 3. Example of results for titration of strong acid US. strong base: I titration only, IO1 points 
(exact simulated values were Log Kw = 14.000, E" = 400.00 mV and CY, = 20.C~3OmM) 

Task OBJE Task OBJT 

Unit Weigktcd Weighted Weighted Weighted Unit 
Parameter weights metkod A metkod B method A method B weights 

lo;, - 399.60 13.996 - 399.62 13.996 -13.996 39?,62 - 399.62 13.996 _ 399.62 13.996 - 399.62 13.995 

G 20.030 20.024 20.024 20.024 20.024 20.020 
u 9.10-3 5.5 x 10-f 5.5 x IO-2 4.f x 10-z 4.2 x 10-2 7.8 x IO-‘@ 

Convergence Yes Yes Yes Yes Yes 1(94%) 

weighting is applied and, if it is not, which objective 
function (viz. OBJE or OBJT) is chosen. It is inter- 
esting and relevant to note that agreement often 
occurs between the weighted optimizations regardless 
of which objective function is calculated. Further- 
more the weighted results often coincide within the 
precision of the optimization. These observations are 
in accord with the theoretical view that it does not 
matter which variable is chosen for expression of the 
residuals, prttvided that the residuals are correct& 
weighted. When such agreement is not observed it 
may mean either that the errors have been incorrectly 
estimated or that systematic effects dominate. Al- 
though not specifically evident in the examples cho- 
sen, it is also pertinent to point out that the weighted 
results generally fall somewhere between the un- 
weighted results but frequently lie closest to the 
unwei~ht~ OBJT values. Apparently, unweighted 
objective functions based on residuals in analytical 
concentrations (or titration volumes) are frequently 
not much different from (and possibly not inferior to) 
weighted objective functions. Indeed they have some 
distinct advantages, the most important being that 
they provide an absolute measure of agreement be- 
tween the calculated and observed data (which, un- 
like a weighted objective function, does not depend 
on assessment of experimental errors). On the other 
hand, OBJT calculations are not possible if it is 
desired to make Debye-Hiickel, liquid-junction or 
ion-selectivity corrections.‘4 

3. None of the options dist~n~ish~ itself as an 
unerring means of obtaining optimized values close 
to the “true”’ fo~ation constants used in the ESTA7 
simulations. Pronounced di~erences, much larger 
than might be expected from the conventional stan- 
dard deviations, affect most results. It seems clear 
that the unweighted OBJE calculations are sometimes 
especially prone to error. Otherwise, no general pat- 
tern emerges. Whilst certain options may perform 
significantly better than others in particular cases, 
none does so consistently. We have been unable to 
draw infallible conclusions regarding the best method 
of weighting to apply when the answer is unknown. 

4. The weighted objective function values generally 
do not tend to minimize to unity. Convergence to 
unity is expected and, reassuringly, is observed when 
the errors introduced by ESTA7 are confined to the 
experimental variables (titration volumes and emfs). 

However, when titration parameters are also per- 
turbed, the effects are unpredictable. 

DlSCUSSION 

The results described above strongly suggest that 
all attempts at weighting are being confounded by 
errors in titration parameters that are held constant 
during the calculation. These account for the 
differences observed between the optimized and the 
“true” values (point 3) and for the final weighted 
objective function values typically being greater than 
unity (point 4). The systematic nature of such errors 
is notorious for the di~culties it creates in formation 
constant determinations and it is not surprising to 
find adverse effects occurring in the present context. 

None of the weighting methods based on random 
error propagations is thus capable, by itself, of 
yielding satisfactory results. Unless and until the 
systematic effects of errors can be eliminated, the way 
the data are weighted is largely irrelevant. Accord- 
ingly, with many systems, we have investigated 
whether the problem can be solved by optimizing 
various titration parameters simultaneously with the 
formation constants. In particular, we wondered 
whether a particular set of titration parameters could 
be selected which would effectively eliminate the 
systematic influences at the root of all the trouble. 

This idea did not have the desired result as far as 
weighting was concerned, i.e., the question of which 
weighting method to use was not answered. However, 
the outcome of optimizing various parameters to- 
gether with the formation constants proved re- 
warding in another respect. As an example of this, 
Tables 4 and 5 show the results for the chemical 
system used in Table I. First, note that as the number 
of parameters being optimized is increased, an in- 
creasing degree of correlation becomes evident, as 
expected. This is reflected in both the number of 
correlations reported by ESTA2 and the extent of 
individual correlations (where the maximum per- 
centage of each set is given in parentheses). However, 
associated with the increasing number of parameters 
being optimized (and, hence, with increasing cor- 
relation) is a second, very striking effect. The for- 
mation constant values are progressively and dra- 
matically improved towards their “true” values 
(which are log & = 10.500, log /I2 = 18.000 and log 



T
ab

le
 

4.
 

E
xa

m
pl

e 
of

 
re

su
lts

 
fr

om
 

w
ei

gh
te

d 
O

B
JE

 
ta

sk
s 

w
he

n 
in

cr
ea

si
ng

 
nu

m
be

rs
 

of
 

pa
ra

m
et

er
s 

ar
e 

re
fi

ne
d 

si
m

ul
ta

ne
ou

sl
y 

w
ith

 
th

e 
fo

rm
at

io
n 

co
ns

ta
nt

s 
(t

he
 

si
m

ul
at

ed
 

da
ta

 
w

er
e 

th
e 

sa
m

e 
as

 
th

os
e 

of
 

T
ab

le
 

1;
 s

ys
te

m
s 

w
ith

 
re

po
rt

ed
 

co
rr

el
at

io
ns

 
ha

ve
 

th
e 

hi
gh

es
t 

pe
rc

en
ta

ge
 

co
rr

el
at

io
n 

gi
ve

n 
in

 
pa

re
nt

he
se

s)
 

Pa
ra

m
et

er
s 

re
fi

ne
d 

B
on

ly
 

B
+

E
” 

/J
+C

i 
/?

+C
: 

/J
+E

O
+C

V
, 

p+
c;

+c
; 

B
+F

+c
; 

p+
c;

+s
 

/I
+.

‘?
+c

;+
s 

10
.5

41
 

10
.5

52
 

10
.5

06
 

10
.4

97
 

10
.5

12
 

10
.4

97
 

;; 

10
.5

00
 

18
.0

97
 

10
.4

96
 

18
.1

14
 

18
.0

02
 

10
.5

09
 

17
.9

92
 

18
.0

13
 

17
.9

93
 

17
.9

98
 

20
.1

11
 

17
.9

85
 

20
.1

62
 

19
.9

82
 

18
.0

10
 

3 
19

.9
84

 
20

.0
06

 
19

.9
82

 
19

.9
93

 
19

.9
54

 
20

.0
03

 

u 
2.

46
 

2.
23

 
0.

26
3 

0.
33

4 
0.

32
0 

0.
07

05
 

0.
03

11
 

0.
17

6 
0.

02
84

 
W

ei
gh

te
d 

O
B

JE
 

N
um

be
r 

of
 

0 
0 

0 
1 

(9
7%

) 
1 

(9
5%

) 
0 

K
 

2 
(9

5%
) 

3 
(9

9%
) 

4 
(9

7%
) 

co
rr

el
at

io
ns

 
B

 

re
po

rt
ed

 
? 

Pa
ra

m
et

er
s 

&
 

fl
 +

.!?
o+

cV
, 

re
fi

ne
d 

/9
+.

@
+c

;+
c;

 
j?

+E
O

+C
;+

C
: 

S 
/l+

.@
+c

;+
c:

:+
s 

/?
+#

!?
+c

v,
+c

;+
c:

: 
+c

;+
c;

+s
 

P.
 

m
, 

10
.5

02
 

10
.5

07
 

10
.4

98
 

10
.5

01
 

14
.4

92
 

z 

;: 
18

.0
02

 
17

.9
99

 
17

.9
97

 
18

.0
00

 

8,
 

19
.9

98
 

17
.9

88
 

19
.9

95
 

19
.9

92
 

19
.9

96
 

19
.9

88
 

u 
0.

02
4 

I 
0.

02
35

 
0.

02
5 

1 
0.

02
44

 
W

ei
gh

te
d 

O
B

JE
 

0.
02

44
 

N
um

be
r 

of
 

3 
(9

6%
) 

I 
(9

4%
) 

3 
(9

8%
) 

9 
(1

00
%

) 
19

 (
lo

o%
,)

 
co

rr
el

at
io

ns
 

re
po

rt
ed

 



932 PETER M. MAY and KEVIN MURRAY 

Table 5. Example of results from unweighted OBJT tasks, for titrations of a ligand, when increasing numbers of parameters 
are refined simultaneously with the formation constants (the simulated data were the same as those of Tables 1 and 4; 

systems with reported correlations have the highest percentage correlations given in parentheses) 

Parameters 
refined 

B+C: 
B only /? + E” B+G /?+c’,+cE 

B+c;+cb 
+C;+EO +c;+I? 

;: , 20.050 10.528 18.047 20.070 10.533 18.054 19.979 10.505 17.998 10.497 17.994 19.985 20.002 10.505 18.005 20.020 10.512 18.018 

u 9.1 x 10-g 1.4 x IO-9 4.7 x 10-q 1.3 x 10-9 8.3 x IO-lo 8.6 x IO-10 
Unweighted 

OBJT 

Number of 
correlations 

reported 

1 (96%) 0 2 (98%) 0 5 (99%) 10 (100%) 

& = 20.000). At the end of Table 4, when six param- systematic errors are significant, they may well give 
eters are being optimized in addition to the formation rise to markedly different formation constant results. 
constants, the result suddenly gets much worse but, It is thus advisable to use several approaches when- 
before this, there are benefits in optimizing more and ever possible and to check for agreement between 
more parameters. Why is this? Evidently, error which them. Results which do not much depend on the 
would otherwise be transferred into the optimized particular method of weighting obviously merit more 
formation constant values is instead being squeezed confidence than those which do. 
into other parameters (of less interest). This general 
pattern of behaviour has been observed in all cases 
that we have studied. 
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Summary-The precision with which formation constants are calculated can be quantified by a Monte 
Carlo technique from realistic estimates of the experimental errors in titration parameters. The resulting 
standard deviations are invariably much poorer than those obtained conventionally because they reflect 
the true effects of systematic errors on the formation constant calculation. Such effects probably account 
for many of the discrepancies in the formation constant literature. Better assessment of errors makes 
it possible to select the set of titration parameters which, when optimized, yields the result with greatest 
probable accuracy. It is shown that this approach can markedly reduce the differences between formation 
constants determined by independent observers. 

There are two distinct ways, random and systematic, 
in which errors in titration data can affect the opti- 
mization of formation constants. Although many 
kinds of error originate from unpredictable variations 
in experimental procedure, only a few act randomly 
on a least-squares calculation. More often, because 
parameters in the calculation are held at either too 
large or too small a value, the resulting errors operate 
in the same sense over ranges of data. Accordingly, 
in these cases the errors do not tend to cancel out as 
the number of titration points increases (which they 
would if they were random). This is so even if the 
residuals caused by them tend to change sign period- 
ically. Such errors can thus have a systematic 
influence on any or all of the optimized formation- 
constant values. 

Indeed, in titration data, the only errors that can 
reasonably be treated as random are those made in 
estimating titration volumes and emf readings. These 
observations should tend to distribute themselves 
evenly around the true values. On the other hand, the 
errors acting systematically include those in “local” 
parameters such as analytical concentrations and 
electrode calibration constants (i.e., quantities 
affecting all points within individual titrations) and 
those in “global” parameters such as the dissociation 
constant of water and any ligand protonation con- 
stants. The so-called global parameters apply, more 
or less, at every point in all titrations in the data set. 

*Part IV--Talunra, 1988, 35, 927. 
tAuthor for correspondence. 

Although these systematic errors may be kept to 
a minimum by good experimental technique, their 
actual magnitude can never be exactly determined. 
Consequently, they tend to propagate into the calcu- 
lated values of the parameters chosen to be opti- 
mized. This happens in ways which are generally 
obscure and which differ markedly from case to case. 
The end result is that formation constants determined 
by titrimetry are often subject to substantial and 
unsuspected error. 

The main problem is that conventional standard 
deviations of formation constants [as calculated, for 
example, by equation (12) of Part III of this series’] 
take no account of possible systematic errors. A quite 
misleading view of the precision is therefore obtained 
from all current generalized computer programs 
which determine formation constants by the usual 
least-squares methods. Their statistical analyses al- 
ways significantly underestimate the spread of results 
likely to be obtained if the measurements were re- 
peated independently many times.2,3 

This paper describes a novel approach, based on 
an analysis by a Monte Carlo technique, which 
attempts to overcome this problem. The method aims 
to quantify how much “information” may reasonably 
be obtained by optimization of titration data, given 
standard deviations of certain experimentally deter- 
mined titration parameters. This permits the selection 
of those parameters which it is most beneficial to 
optimize. By such means it becomes possible to 
suppress the ill-effects of systematic errors in param- 
eters held constant during the optimization. We 
believe that by adopting a proper Monte Carlo 
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analysis, the differences between published sets of 
formation constants can be substantialIy reduced. 
These differences have hitherto been a marked and 
very disturbing phenomenon in the literature.’ 

THEORY 

The effects of errors in titration parameters held 
constant during an optimization cannot generally be 
assessed by an error propagation formula based on a 
Taylor-series expansion. Their influence depends on 
the whole body of data. This includes the various 
mathematical inter-relationships between all titration 
parameters, those being optimized as well as those 
being held constant. Accordingly, the sensitivity of 
any particuiar optimized parameter towards errors in 
another depends, at least in part, on the number and 
type of all the parameters that are being calculated 
simultaneously. 

This kind of interaction between parameters in an 
optimization may be called correlation. Un- 
fortunately, the term is used in a variety of ways in 
the literature and it is not always made clear exactly 
what is intended by it. Here it will be used to mean 
the tendency of optimized values to vary in response 
to changes in other parameters, whether or not they 
be optimized. In the following discussion it is only 
possible to mention those aspects of correlation with 
a particular bearing on the present objective. A more 
detailed, general treatment is available.4 

The degree of correlation between two or more 
parameters being optimized governs the possibility, 
mathematically, of determining the values indepen- 
dently. Highly correlated parameters cannot be so 
determined; in the calculation their values vary in 
concert, giving rise to sets of nearly equivalent an- 
swers, all with approximately the same objective- 
function sum. In contrast, the correlation between 
fixed and optimized parameters determines how 
errors in the former propagate into the latter. 

The effects of correlation most relevant to opti- 
mization processes are well illustrated by considering 
a linear least-squares regression. If the data points are 
well spread out, it is possible to obtain good, and 
reasonably independent, estimates of both the inter- 
cept and the gradient. On the other hand, if the points 
lie too close to one another (say, falling almost on the 
same spot), the data can only be used reliably to 
determine one of the two parameters-the other must 
be known accurately or it will cause the (single) 
optimized value to be in considerable error. In this 
second case, the parameters are said to be highly 
correlated. This example introduces two other perti- 
nent points. The first is that the extent of correlation 
is not inherent solely in the mathematical relationship 
between the parameters; it depends on the number of 
data points and, crucially, on the range over which 
they are collected. Secondly, the extent of correlation 
depends on errors in the data. The larger the scatter 
of data points, the more blurred is the optimized 

result and the more dependent will become the opti- 
mized value of one parameter on the exact value of 
the other if it is held constant. 

Sillen described the correlation between two 
parameters in terms of a “skewed pit”.S By this he 
meant that the objective function forms an elongated 
valley or pit (with a flattish bottom) oriented diago- 
nally to the orthogonal axes representing the param- 
eters. This picture clearly illustrates how fixing one 
parameter at an incorrect value may cause error in 
the optimized result (which corresponds to the 
objective-function minimum in the restricted dimen- 
sion). Note that if the pit runs parallel to an axis or 
if it has concentric contours, there is no correlation. 
Note also that, if errors even slightly distort the 
bottom of a diagonally-oriented pit (i.e., of a cor- 
related system), they can dramatically alter the opti- 
mized outcome because a displacement of one value 
can be compensated for by a displacement in the 
other, without necessarily causing much of an in- 
crease in the final objective-function value. 

This explains why, in the analysis of experimental 
data, it is not possible to optimize for all titration 
parameters simultaneously. In general, determining 
all parameters is only possible with perfectly simu- 
lated data, i.e., where errors arise only from round-off 
in the computer and happen to be insignificant. If 
larger (but still random) errors are introduced into 
the data, e.g., by using ESTA7,’ it is observed that 
certain titration parameters must be held constant for 
correct results still to be obtained. It can be said that 
the errors reduce the “information content” of the 
data. Which parameters have to be known (and hence 
fixed) varies somewhat from system to system, de- 
pending on the chemical model and the correlations 
which are established. 

As a prerequisite to limitation of their ill-effects, 
the important correlations affecting formation- 
constant determinations must be quantified. The 
easiest and, perhaps, the only way of tackling this 
problem is to use a Monte Carlo technique. This 
examines the effects of errors by successively impos- 
ing randomly generated perturbations on all the 
appropriate parameter values and repeating the opti- 
mization many times. The perturbations need to be 
applied with the correct (say Gaussian) distribution 
and they must be given a magnitude reflecting the 
error in each respective parameter (estimated, say, as 
a standard deviation). The spread of optimized re- 
sults obtained in this manner from the repeated 
calculations will reflect the way all the errors are 
propagated. The probable error in an individual 
optimized answer can thus be determined from the 
observed variation and expressed as a standard devi- 
ation, 95% confidence interval or whatever other 
statistical measure is deemed appropriate. 

What is particularly noteworthy about the Monte 
Carlo method here is its ability to encompass the 
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entire procedure for optimizing formation constants. 
This includes, for example, any method chosen to 
derive a set of weights (see Part IV). Given a partic- 
ular chemical model, the Monte Carlo analysis 
quantifies the effects of errors whether or not they act 
in a systematic way on the optimization. Indeed, 
every kind of error which can possibly be represented 
in setting up the calculations can be taken into 
account. 

Another way of looking at the proposed Monte 
Carlo method is to regard it as a means of simulating 
the measurements which might be made on a system 
if the whole practical exercise were to be repeated by 
a large number of independent investigators. On each 
such occasion, different experimental errors would be 
introduced: the dete~inations of titrand and titrant 
concentrations, of electrode calibration parameters, 
or previously measured protonation constants etc. 
would give final results scattered around the true 
values. 

Of course, these experimental errors only affect the 
result of each optimization if the respective par- 
ameters in error are held constant during the calcu- 
lation, i.e., are not optimized. Also, the extent to 
which they have an influence will differ from case to 
case, depending on the chemical system and on the 
range of experimental conditions, as described above. 
However, all these relevant factors are taken into 
account by using the same mathematical re- 
lationships and data ranges in the repeated Monte 
Carlo simuiations as in calculations with the real 
data. By using standard deviations that represent a 
realistic experimental precision (to determine proba- 
bilistically the effect of each simulated error), it is 
possible in this way to predict the variation in 
optimized formation constants which would be ob- 
tained by many independent investigators. 

In addition to this measure of how precisely a 
particular optimized parameter can be determined, 
the Monte Carlo method also provides a criterion for 
selecting which parameters to optimize. The set cho- 
sen should be the one that is found to give the 
smallest variation in the parameters of particular 
interest. The smaller the Monte Carlo spread, the less 
likely is it that the optimization of the parameters is 
significantly affected by errors in values held constant 
during the calculation. In other words, by using the 
Monte Carlo analysis, it is possible to judge quite 
accurately the extent to which the info~ation con- 
tent of the data justifies optimizing any chosen set of 
parameters. 

METHODS AND RESULTS 

The practical benefits of the proposed Monte Carlo 
analysis have been assessed by recomputing for- 
mation constants for the nickel(II)-glycine system 
with data taken from the benchmark interlaboratory 
study published in 197K7 With commendable far- 
sightedness, it was agreed that participants in this 

“challenge project” would tabulate their experi- 
mental details in full. This makes it possible for 
anyone to confirm for themselves the results obtained 
by the original calculations and to try out new 
computational methods on established data.3 
Sufficient information for this purpose is rarely to be 
found in the formation-constant literature and, to 
our knowledge, it was unique for several independent 
laboratories to contribute data on the same equi- 
iibrium system under identical conditions of tem- 
perature, ionic strength and background electrolyte. 
Accordingly, we have been able to test the ESTA 
Monte Carlo analysis on real data to establish its 
effectiveness. 

Three sets of data were selected from the seven 
tabulated in the “challenge project” publication. 
These were from the research groups in St. Andrews 
(STA), Firenze (FI) and Parma (PR). The choice was 
made simply on the grounds that the raw data could 
be set up in ESTA format almost exactly as provided. 
There were just two minor exceptions: (i) electrode 
gradients were not explicitly stated by FI and PR so 
the theoretical Nernstian value was used and (ii) the 
amount of hydrogen ion reported by FI for curve 3 
is in error; analysis with the ESTA task VESL 
suggested that the value should be 11.7523 not 
1.7523, a misprint which was confirmed by the au- 
thors (P. Paoletti and A. Vacca, personal commu- 
nication). Other participants did not report their 
measurements in a form that could be processed 
directly by ESTA, i.e., they did not specify their 
titrations wholly in terms of titration volumes, 
emfs and amounts or concentrations in vessel and 
burette. 

Two programs, ESTA3A and ESTA3B were devel- 
oped to perform the Monte Carlo analyses. These 
differ only in the way the titration data are weighted, 
as described in Part IV of this series6 The procedure 
by which they calculate the standard deviations of 
refined formation constants is as follows. In every 
Monte Carlo cycle, a new set of randomly generated 
errors is imposed on those parameters which are to 
be held constant in the subsequent optimization. A 
simulation is then performed in which the emf at each 
point is determined on the basis of the perturbed 
titration-parameter values. A further error, based on 
the standard deviation of the emf readings, is ran- 
domly generated and imposed on this calculated emf. 
Finally, the formation constants are optimized with 
the simulated error-loaded data. If the optimization 
succeeds, the resulting values are stored for sub- 
sequent averaging over all Monte Carlo cycles and 
evaluation of the corresponding standard deviations. 

The num~r of Monte Carlo cycles employed 
determines the precision with which the standard 
deviations are obtained and is set by the user, as the 
ESTA print option (IPRT). Fewer than 25 cycles is 
never recommended. In this work, we have used 75 
in determining all standard deviations that are actu- 
ally reported. 
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Table 1. Results from ESTA calculations of protonation constants with- 
out simultaneous refinement of titration parameters; p& = 13.690 in all 

cases, for comparability 

Laboratory 

STA 

Fl 

PR 

ESTA task log PO, I log BOlZ 
Weighted OBJE 9.562 f 0.026 11.972 k 0.049 
Unweighted OBJT 9.636 + 0.009 12.042 & 0.016 
Weighted OBJE 9.656 + 0.020 12.072 & 0.030 
Unweighted OBJT 9.643 f 0.016 12.054 k 0.03 1 
Weighted OBJE 9.685 & 0.026 12.101 + 0.039 
Unweighted OBJT 9.667 k 0.014 12.078 ? 0.026 

The appropriate number of Monte Carlo cycles to 
use depends on the reproducibility of the standard 
deviations calculated. We have found that this num- 
ber varies widely according to the chemical system 
being considered. Highly correlated systems, such as 
strong-acid us. strong-base titrations, appear to need 
many more cycles than less correlated ones. This has 
major practical implications because the Monte 
Carlo calculations require prodigious amounts of 
computation-CPU times on a MicroVax II and a 
Sperry 1100 of many hours, and even of days, are 
typically needed for large metal-ligand systems like 
some of those dealt with in this paper. An in- 
vestigation into the causes of this variability is pres- 
ently under way. 

The Monte Carlo procedure described above 
covers those instances in which a single set of user- 
specified titration parameters is optimized simulta- 
neously with the formation constants (as well as the 
case in which the formation constants are refined 
alone). Initially, however, it is necessary to consider 
many possible combinations of various selected pa- 
rameters since it is not known a priori which of these 
will yield the smallest standard deviation in the 
formation constants. This search is made by speci- 
fying a special print option (IPRT = 11). All combi- 
nations of flagged titration parameters are then auto- 
matically computed in turn. Thus, by comparison of 
the standard deviations obtained in the various cases, 
the most promising combinations of parameters to 
optimize can be identified. 

Unfortunately, this criterion for selecting par- 
ameters is not always clear-cut. Fairly frequently, we 
have obtained two or more sets of optimized par- 
ameters with standard deviations that are too alike 
for one set to be confidently preferred. Moreover, the 
alternatives may rank differently when different 
formation-constant values are granted the highest 

relative precision. In such cases, we have chosen to 
optimize those parameters for which it appears there is 
most “information content” in the data. This means 
optimizing as many parameters as possible, so long as 
it does not cause either too many optimization fail- 
ures (say, more than 2 in IO), or too much correlation 
between optimized parameters (say, more than one or 
two parameters with correlation coefficients greater 
than 95% and none greater than 99%). 

The rationale behind this strategy is to minimize 
the effects of errors in parameters held constant 
during the optimization, yet not to permit correlation 
to become so widespread that the uniqueness of the 
mathematical solution is lost. This is done by seeking 
the best trade-off between over-specifying informa- 
tion (which has harmful, systematic effects) and 
under-specifying it (which lets the formation con- 
stants deviate too readily from their true values). 

The subjectivity involved in these secondary selec- 
tion criteria is unfortunate but cannot be avoided. It 
is reassuring to remember that the choice has only to 
be made between sets of parameters which the Monte 
Carlo analysis shows are either the best or almost the 
best in terms of achievable precision. Consistent with 
this view, we have found that when the grounds for 
preferring one alternative to another are shaky, the 
two optimized results rarely differ by much. Pre- 
sumably, this is because correlations which make it 
difficult to pick out the best set of parameters inher- 
ently tend to blur other distinctions. For example, it 
is not surprising to find that, when each is optimized 
separately, parameters such as the initial vessel vol- 
ume and the vessel acid concentration frequently 
have very similar effects. 

The results of the ESTA3B calculations from the 
three sets of “challenge project” data are given in 
Tables l-4. Formation-constant values and the cor- 
responding standard deviations determined by Monte 

Table 2. Results from ESTA calculations of metal-ligand formation constants without 
simultaneous refinement of titration parameters; pK, = 13.690, log &,,, = 9.634 and 

log /Jon = 12.034 in all cases, for comparability 

Laboratory ESTA task log BllO log 8120 log BlJO 

STA Weighted OBJE 5.946 k 0.011 10.672 k 0.019 14.534 k 0.060 
Unweighted OBJT 5.827 f 0.018 10.612 k 0.022 14.393 + 0.074 

FI Weighted OBJE 5.598 + 0.014 10.325 k 0.026 13.705 k 0.060 
Unweighted OBJT 5.598 + 0.017 10.315 k 0.040 13.667 * 0.091 

PR Weighted OBJE 5.595 * 0.015 10.335 k 0.023 13.691 + 0.072 
Unweighted OBJT 5.594 * 0.013 10.334 & 0.019 13.668 ;t; 0.077 
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Table 3. Results obtained from ESTA calculations of protonation constants with simulta- 
neous refinement of given titration parameters; pK, = 13.690 

Parameters 
Laboratorv ESTA task co-refined log B”, I log Lx%, 

STA 

FI 

Weighted OBJE Ci, C: 9.632 f 0.003 
vo, cv,, c; 9.634 + 0.002 

Unweighted OBJT V”, C: 9.641* 0.003 
E”, V”, C; 9.628 f 0.002 

Weighted OBJE Ci 9.639 + 0.004 
C;, V”, E” 9.627 + 0.003 

Unweighted OBJT E”, C: 9.639 + 0.003 
PR Weighted OBJE Ci, Ci 9.635 + 0.003 

E”, V”, C; 9.632 + 0.003 
E”, V”, C;, C: 9.635 + 0.002 

Unweighted OBJT E”, CV,, Cz, Ci 9.636 f 0.002 

12.020 f 0.005 
12.027 f 0.005 
12.045 f 0.007 
12.016 f 0.006 
12.038 + 0.008 
12.028 + 0.005 
12.053 + 0.006 
12.065 + 0.008 
12.032 + 0.005 
12.032 + 0.007 
12.025 + 0.006 

Carlo analysis are presented. Optimizations have 
been performed by ESTA with a variety of objective 
functions. Some results from the original “challenge 
project” calculations are also given, for ease of 
comparison, in Table 5. 

Tables 1 and 2 show the values obtained when the 
formation constants are optimized alone. Significant 
differences are apparent between the results from the 
different laboratories. Reasonable agreement is 
achieved between FI and PR but not between them 
and STA. This is in accord with the findings tabu- 
lated in the “challenge project” report as a whole: the 
STA formation-constant values lay markedly outside 
the grouping of results from all the other laborato- 
ries. At the time, it was suggested that detection of 
hydroxo-nickel(B)-hydroxy-glycinate complexes in 
the STA titrations might have been responsible for 
the difference but this now seems unlikely for several 
reasons: (i) the discrepancy did not disappear when 
the titration points at high pH were removed from the 
STA calculation, (ii) evidence for complexes other 
than the three stepwise species was not obtained even 

when the other “challenge project” participants 
specifically extended their searches to find them and 
(iii) there was no indication of the “curls” in the STA 
formation function, Z, in repeated investigations of 
the nickel(IIkglycinate system by Ph.D. students 
from the Bioinorganic Group at UWIST in Cardiff 
(who, over a number of years, used it as a test of their 
experimental technique).6 It can thus be concluded 
that, in all probability, the formation-constant values 
from the STA data differ from the others simply 
because of the accumulated effect of experimental 
errors. 

Tables 3 and 4 show the values of the formation 
constants obtained after each set of data has been 
analysed (by the Monte Carlo method described 
above) to determine one or more combinations of 
titration parameters for simultaneous refinement. 
The improvement obtained in the agreement between 
the results from STA and those from FI and PR is 
striking. There is even a slightly better match between 
the results of FI and PR. It is important to record 
that no attempt was made to select titration parame- 

Table 4. Results obtained from ESTA calculations of metal-ligand formation constants with simultaneous 
refinement of given titration parameters; pK, = 13.690, log&,, = 9.634 and log /Jou = 12.034 

Parameters 
Laboratory ESTA task co-refined log Bll” log I%” log 81, 

STA 

FI 

PR 

Weighted OBJE 

Unweighted OBJT 

Weighted OBJE 

Unweighted OBJT 

Weighted OBJE 
Unweighted OBJT 

F”, c; 5.623 + 0.007 
c;, c; 5.626 + 0.007 
V”, Cg 5.595 f 0.010 
c;, c; 5.597 f 0.011 
E”, CL, CB, 5.603 f 0.009 
E”, C; 5.610 f 0.017 
E”, C;, C; 5.615 + 0.010 
Ci, Cz 5.618 f 0.006 
Eo, Cl, c; 5.617 f 0.005 
E”, Cl, C; 5.617 f 0.007 
E”, I$!, 5.618 f 0.008 
E”, C;, C: 5.615 k 0.006 

10.343 + 0.009 
10.358 f 0.010 
10.331 *0.012 
10.338 f 0.013 
10.304 & 0.015 
10.358 f 0.026 
10.364 f 0.018 
10.356 f 0.015 
10.367 * 0.009 
10.359 * 0.012 
10.365 f 0.015 
10.357 * 0.010 

13.698 f 0.012 
13.733 * 0.019 
13.725 + 0.020 
13.737 + 0.016 
13.630 f 0.018 
13.793 f 0.035 
13.799 f 0.039 
13.787 + 0.023 
13.797 f 0.014 
13.805 f 0.020 
13.801 f 0.027 
13.808 f 0.016 

Table 5. Results obtained in the original study’ for comnarison with those 
obtained by ESTA and given ;n Tables-l-4 

Laboratory pK, log /Jr,,, log 8012 log Bno log B,m log BlJO 

STA 13.680 9.629 12.036 5.800 10.588 14.308 
FI 13.704 9.654 12.067 5.625 10.356 13.750 
PR 13.700 9.659 12.071 5.625 10.381 13.805 

TAL. ,J,lbS 
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ters for optimization other than by the criteria listed 
above and that all optimizations for which results 
were obtained are shown in Tables 14. 

DISCUSSION 

The great disadvantage of using simulated data 
(with a known answer) to investigate strategies for 
the determination of formation constants is that the 
resulting test inherently conforms to all underlying 
assumptions regarding the source and magnitude of 
errors in the data. With real data, unexpected effects 
of varying degree are very likely to occur. If these 
happen to be significant, they may well confound the 
proposed strategy and, in particular, do so in a way 
that does not become apparent because the true 
answer is not known. In one sense, this is the problem 
with conventional least-squares programs: in deter- 
mining the formation constants, they implicitly ne- 
glect the effects of systematic errors in titration 
parameters. The consequence is that, in processing 
experimental data, the results are distorted and all the 
statistical analyses are rendered entirely invalid. 

There is no general remedy for this. New methods 
can be tested by using real data only if a reliable 
answer is already available. in the present context, 
however, since potentiometry is by far the most 
precise technique for measu~ng formation constants 
for more than three or four chemical species in 
solution, it is impossible for us to establish categori- 
ically that the methods proposed in this paper invar- 
iably lead to more accurate results. 

However, there are some good reasons for believ- 
ing that a Monte Carlo analysis by ESTA3 will 
prove effective. These are of both a practical and a 
theoretical nature. In practice, we have obtained 
consistently reasonable results with the dozen or so 
chemical systems thus far studied. The agreement in 
results achieved with the data from the three different 
“challenge project” laboratories is most impressive. 
This is especially so since it is in contrast with the 
results obtained by the original participant, who 
analysed their data by the best computational pro- 
cedures then available. The values obtained by us also 
lie very close to the middle of the ranges given in the 
IUPAC report on the recommended procedure for 
testing potentiometric apparatus used in the mea- 
surement of metal-complex equilibrium constants.3 

This assessment can be consolidated only by much 
more time and testing than has been possible to date 
but the experience we have had, albeit limited, has 
been good. The prospects also seem satisfactory on 
theoretical grounds. There is no doubt that deter- 
minations of fo~ation constants with no attempt 
made to deal with the systematic effects of errors 
in titration parameters are subject to substantial 
inaccuracy. Through optimization of appropriate 
titration parameters and effective weighting of 
data, the effects of experimental errors can surely be 
reduced. 

It follows that finding better ways to calculate 
formation constants depends mainly on avoiding the 
dangers of false optimization. The object of the 
Monte Carlo analysis done by ESTA3 is to find those 
sets of parameters to refine which, in this sense, holds 
the least risk. Predicting the “best” optimization(s) to 
perform on titration data really means finding those 
that are least likely to suffer from the adverse effects 
of systematic errors or correlations. Whilst this does 
not (and cannot) provide a guarantee, there is every 
likelihood that the results will be better than values 
obtained by previous methods of computation. 

Matters resolved 

With any sim~ation method (such as the proposed 
Monte Carlo analysis) it is obviously important to 
consider what happens when the assumed model does 
not conform exactly to reality. There are three areas 
of possible concern that, in our view, do not consti- 
tute serious problems. 

First, there are questions about the correctness of 
the chemical model. These need to be dealt with in 
two parts, concerning the choice of chemical species 
and the values of their formation constants. 

(a) It is necessary to state explicitly that through- 
out this paper it is assumed that the identities of the 
chemical species in solution are already known. Al- 
though, later, we will show that a Monte Carlo 
analysis can help to resolve the problem of model 
selection raised in Part III of this series,’ this remains 
outstanding for the time being. Selection of titration 
parameters to optimize, before deciding which chem- 
ical species are present, is totally inappropriate. 
Correlations between formation constants and 
titration parameters can act to reduce the objective 
function of an optimization in which a species has 
been neglected; consequently, minor species will 
be hidden and may be lost if titration par- 
ameters are optimized before the species have been 
identified. 

notwithstanding this im~rtant disclaimer, the 
effects of an incorrect model on the Monte Carlo 
analysis and subsequent optimization of titration 
parameters need to be considered. Whilst it is not 
easy to predict with complete certainty what would 
happen, it is reasonable to expect that omitting from 
the model a species that is present in solution, or 
including one that is not actually present, will intro- 
duce a systematic error. This will have many charac- 
teristics in common with the systematic errors that 
have already been considered. For example, cor- 
relations with titration parameters being optimized 
will tend to reduce any ill-effects on other formation 
constants. However, this also means that the stan- 
dard deviations calculated by the Monte Carlo anal- 
ysis will be incorrect (to an extent that depends on the 
importance of the erroneous species in the calcu- 
lation). In this respect, the Monte Carlo analysis is 
like all methods of formation-constant opti- 
mization: if the model if wrong, the results may or 
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may not be useful but they can never wholly be 
trusted. 

(6) The use of incorrect values of formation con- 
stants in the Monte Carlo analysis will, of course, 
distort the calculation of the standard deviations. In 
general, however, this is not going to be a serious 
problem. Optimizing the formation constants alone, 
can be expected to yield values which are sufficiently 
accurate to give satisfactory results. In any event, if 
there is any uncertainty about this, the Monte Carlo 
analysis could be repeated with the improved for- 
mation constants made available by titration- 
parameter optimization. 

Secondly, it is necessary to consider how the Monte 
Carlo analysis will fare if the actual errors in titration 
parameters are not correctly quantified. If users are 
unduly pessimistic about their experimental pre- 
cision, the calculated standard deviations of the 
formation constants will be higher than they should 
be. Conversely, if their specified standard deviations 
are unrealistically small, the final error estimates will 
also be too small. In so far as the search for the 
titration parameters to be optimized is concerned, the 
exact size of the perturbations, provided they are not 
too excessive, is unlikely to alter the kind of cor- 
relations which occur. 

On the other hand, these estimates of errors are 
critical in dete~ining the ma~itude of the standard 
deviations calculated by the Monte Carlo method, so 
there will be a problem if they are not assessed 
correctly on those (relatively rare) occasions when the 
absolute size of the error in formation constants is 
important. However, judging the experimental pre- 
cision is sometimes rather subjective, since not all 
investigators are willing to undertake calibration of 
all their apparatus and repeat everything a sufficient 
number of times to identify outliers. Furthermore, 
the value of much repetition is questionable, because 
it neglects the most damaging kind of error-the 
single, careless mistake producing an error lying well 
outside the normal distribution expected of a com- 
petent worker. In other words, real errors may not be 
distributed in a Gaussian manner. For these reasons, 
it has been recommended6 that the default error 
estimates supplied by ESTA8 be used in routine 
circumstances. This, at least, will provide standard 
deviations that can be compared m~ningfully. 

It is noteworthy that optimizing as many titration 
parameters as possible tends to reduce the untoward 
effects of gross experimental mistakes or of entirely 
unsuspected systematic errors. Of course, this cannot 
be relied on, because often the effects of such errors 
will not be entirely eliminated, and will still distort the 
answer to some extent. The point is, however, thatin 
these circumstances, optimizing only the formation 
constants will generally yield even worse results. 

Thirdly, there is a matter which is, perhaps, most 
likely to concern those who do not grasp how cor- 
relations affect all optimization calculations. Fre- 

quently, in the optimization of titration parameters, 
it is observed that the optimized values clearly lie 
outside the bounds es~blish~ by realistic estimates 
of the experimental precision. Worries of this kind led 
Gans et al. to describe optimized titration parameters 
as “dangerous”.g It is understandable but incorrect to 
regard optimizations with suspicion solely for this 
reason. It must be remembered that optimizers 
attempt to squeeze as much of the error as possible 
into the optimized values. In other words, errors are 
being propagated into the optimized titration par- 
ameters from many sources, especially those other 
titration parameters which are being held constant 
in the calculation. It is thus perfectty feasible for 
optimizations to loosen the connection between cai- 
cuiated the value of the parameter and the real value. 
The extent to which this happens is quantified by the 
Monte Carlo standard deviation. Hence, it is possible 
to check that the answers obtained by optimization 
are consistent with knowledge of the real system and 
how all the errors are propagated, but simply com- 
paring the optimized values of titration parameters 
with a range estimated analyti~Uy does not do this. 

On the contrary, the use of Monte Carlo analysis 
to select titration parameters for optimization will 
increase the number of instances in which titration 
parameters have optimized values lying outside plau- 
sible analytical limits. Making this choice of parame- 
ters solely on the grounds of reducing the standard 
deviations of the formation constants (if these are the 
only values it is actually desired to determine) means 
sacrificing interest in other parameters. Indeed, the 
proposed strategy is specifically designed to find ways 
by which errors can propagate into these unim- 
portant values instead of the formation constants. A 
different choice would have to be made if the object 
of the optimization was to determine titration par- 
ameters as well as, or rather than, formation constants. 

Matters unresolved 

though the approaches described in this paper 
can be applied immediately and, in our view, with 
benefit, the work has exposed certain fundamental 
difficulties in the construction of ESTA and other 
programs for determining formation constants. This 
prevents them from utilizing the Monte Carlo tech- 
nique in a strictly proper manner. 

The main problem arises from an effect which we 
have termed “linkage of systematic errors”. This 
means that certain experimental errors in local ti- 
tration parameters, i.e., ones applicable to individual 
titrations, act systematically for more than one ti- 
tration or more than one parameter within titrations. 
For example, if a single stock solution is used to 
prepare every solution being titrated, the error in its 
concentration affects all titrations in the same sense. 
As is widely understood, this practice is undesirable 
because it magnifies the effect of the single analytical 
error. In contrast, the use of independent stock 
solutions in different titrations tends to reduce the 
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effects of errors through cancellation. Ironically, the 
way in which standard deviations are conventionally 
calculated makes it seem that the data obtained in the 
first way give the more precise formation constants. 
(This is because the method leads to better internal 
consistency). Yet the formation constant values so 
determined are undoubtedly less reliable than 
those obtained by the second, more punctilious, 
method. 

A Monte Carlo analysis will not create this mis- 
leading impression if the randomly generated per- 
turbations are imposed in a way that mirrors the 
experimental procedure. If the same simulated error 
in analytical concentration is imposed in several 
places, the consequence would generally be to in- 
crease the Monte Carlo standard deviations of the 
optimized formation constants. 

In fact, ESTA and some other programs do allow 
titration parameters to be refined collectively over a 
range of titrations, so the linkage of some systematic 
errors, e.g., those arising through the use of a single 
stock solution, can, to a certain extent, be accommo- 
dated. However, the problem goes deeper than this. 
All current computer programs for determining equi- 
librium constants of reactions in solution are based 
on certain conventions as to how the problem is 
formulated mathemati~lly. Mass-balance equations 
are set up in terms of “components” and all com- 
plexes are described by overall formation reactions. 
There is no fundamental reason for this;‘O it is merely 
a matter of convenience in programming and, es- 
pecially, in helping the user to specify the chemical 
system to be evaluated. Avdeef has found that these 
conventions can cause difficulties with refinement.” 
The point, here, is that they are not appropriate when 
it comes to handling experimental errors correctly. 
This is for two reasons. 

(a) The total analytical concentrations of com- 
ponents (upon which each mass-balance equation 
is based) will often contain errors that have been 
generated in complicated ways-a correct error- 
propagation analysis requires that these ways are all 
faithfully reproduced in the Monte Carlo simulation. 
For example, the error in total concentration of the 
component H+ will often stem from experimental 
manipulations both with ligand and with mineral 
acid. The way in which the errors propagate into 
formation constants depends-very much on how the 
solutions were prepared. The same Can sometimes be 
said of different solutions used in the same titration, 
e.g., if the metal ion is dissolved in acid, an error in 
pipetting this solution affects the total concentration 
of both M”+ and I-I+ in a directly related way. These 
linkages of systematic errors are likely to have a 
significant impact on the optimization process and, 
notably, on which titration parameters ought to be 
refined. However, since they introduce entangled 
ratios into the total analytical concentrations, none 
of the present computer programs for determining 

formation constants (including ESTA) can easily be 
modified to deal with these effects. 

(b) The formulation of equilibrium constants in a 
particular general way (e.g., as overall formation 
constants) means that correlations are set up between 
them which will often be unnecessarily high.” This 
is readily illustrated by considering the dependence 

of ByLz on B~K. When the equilibrium M + L G ML 
is less amenable to characterization than ML + 
L* ML*, an uncertainty is associated with jIMLI 
(from its dependence on &,& that could be avoided 
by determining the stepwise equilibrium constants 
instead of the overall formation constants. 

ESTA3 currently has a capability that permits the 
user to deal with systems in which previously deter- 
mined formation constants (held constant in a sub- 
sequent calculation) are highly correlated amongst 
themselves. This is achieved by storing the successive 
sets of values for the constants determined during the 
Monte Carlo calculation of their standard deviations. 
These sets of (correlated) values are used instead of 
values with (independently) generated random errors. 
This propagates the effects of their correlation into 
the subsequent optimization. However, this merely 
allows the errors which arise to be estimated. If, 
instead, the chemical ~~lib~a could be refo~ulat~ 
to minimize these correlations, the result would be 
better formation constants rather than a better idea 
of their poor precision. 

It is clear from these difficulties that an entirely new 
approach to the computation of solution equilibria is 
needed in order to extract the maximum information 
possible from experimental titration data by using 
the Monte Carlo technique. For this and other 
reasons, we have begun development of a new com- 
puter package called JESS (for JOINT EXPERT 
SPECfAWUN SYSTEMS. About 50000 lines of 
FORTRAN code have been written so far.‘* Proto- 
type versions of the programs for accessing a large 
thermodynamic database have been completed. Inter- 
ested readers can obtain details of how to acquire 
copies of JESS by writing to the authors. 

JONCLUSION 

Nearly 30 years ago Sill&n5 wrote ‘It would be 
deplorable if the use of. . . computer methods should 
lead to an overestimate of the significance of “best” 
[formation constant] values’. Sadly, there is little 
doubt that this has occurred. The Monte Carlo 
calculations (for systems we have studied so far) 
suggest that errors in published values commonly 
exceed those expected (from the reported standard 
deviations) by one or even two orders of magnitude. 
The effects of propagating systematic errors are, 
virtually alone, capable of causing the kinds of 
discrepancies which commonly afflict the formation- 
constant literature. In spite of the difficulties outlined 



Monte Carlo analysis of error propagation 941 

above, the Monte Carlo analysis described in this 
paper can begin to rectify this underestimation. 

Our approach also provides a means for selecting 
titration parameters for simultaneous optimization 
with formation constants. It seems likely that this will 
yield more accurate values of formation constants 
than have been obtained hitherto. Until even more 
effective computational techniques are developed, the 
ESTA library of programs can be used, within the 
constraints imposed by existing conventions, to apply 
these new ideas forthwith. 

Although proper selection of the titration parame- 
ters to be optimized can thus now enhance the 
chances of reporting good constants, this ought not 
to detract from the importance, in itself, of having 
better estimates of the standard deviations. This 
capability of Monte Carlo analysis has potential 
implications for model selection and for assessing 
experimental design, which will be considered more 
fully in a later paper. 
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Summar-A kinetic method for determination of carbaryl and its hydrolysis product in mixtures, by a 
modular stopped-flow system, is reported. The method involves the formation of the coupling product 
formed between I-naphthol, the hydrolysis product of carbaryl and diazotized sulphanilic acid in a weak 
acid medium. With one hydrolysed and one unhydrolysed sample aliquot both carbaryl and I-naphthol 
can be determined in their mixtures, with a relative standard deviation of 0.8%. The method is highly 
selective and free from interference by other pesticides tested and has been applied to the analysis of 
environmental samples for carbaryl and I-naphthol. 

Pesticides of the carbamate family have become 
increasingly important in recent years because of 
their broad spectrum of biological activity. They are 
employed as insecticides, fungicides, nematocides, 
miticides and molluscicides.’ Of these pesticides, car- 
baryl (I-naphthyl methylcarbamate) is a broad- 
spectrum insecticide used extensively because of its 
effectiveness and low acute mammalian toxicity (the 
oral LDSo for rats is 560 mg/kg). However, recent 
studies have indicated that carbaryl may be a viral 
enhancer and a teratogen.* Because of this new 
information about its chronic toxicity and its wide 
use near water supplies and soil, evaluation of water 
pollution with carbaryl necessitates observation of 
the concentrations of both carbaryl and its hydrolysis 
product, I-naphthol, in natural waters. 

Although chromatographic methods are very use- 
ful for determining and estimating pesticides, the 
throughput capability of a stopped-flow method, 
requiring only a few seconds per sample, is much 
superior to that of a chromatograph. Furthermore, 
the susceptibility of many carbamates to thermal 
decomposition complicates their gas chromato- 
graphy.3q4 The spectrophotometric methods used are 
generally based on coupling of the I-naphthol ob- 
tained by hydrolysis of carbaryl to a diazotized 
compound,5m8 but the joint spectrophotometric deter- 
mination of carbaryl and I-naphthol in mixtures has 
not been reported so far. Such mixtures have been 
analysed, however, on the basis of the native 
fluorescence of the two compounds.“” 

A method for the kinetic determination of this 
pesticide, both alone and in mixtures with its hydro- 
lysis product, is presented in this paper. It is based on 
the rate of coupling between I-naphthol and diazo- 
tized sulphanilic acid and the use of the photometric 
stopped-flow technique. The substitution of a semi- 
automatic kinetic method for the equilibrium meth- 
ods, which involve several steps prior to the absorb- 

ance measurements, results in a considerably simpler 
and faster procedure for the determination of these 
substances. For this purpose, a modular stopped-flow 
system’* has been used. It is inexpensive and provides 
a useful means for routine analysis of pesticides. It 
was earlier used in clinical analysisI with good 
results. 

EXPERIMENTAL 

Reagents 

The reagents used were of analytical-reagent grade and 
distilled water and dioxan were used to prepare the solu- 
tions. Carbaryl and I-naphthol solutions (1000 pg/ml) were 
prepared by dissolving 100.0 mg of the chemical in 100 ml 
of dioxan, and were stored in a PTFE bottle in the 
refrigerator. Sulphanilic acid solution was prepared by 
dissolvina 500 ma of the reagent in 100 ml of 30% v/v acetic 
acid. A &dium nitrite solution (0.1%) was prepared with 
distilled water. 

Appararus 

The stopped-flow systemI marketed by QuimiSur Instru- 
mentation was fitted to a Perkin-Elmer Lambda 5 spec- 
trophotometer. Kinetic data were collected and treated by 
a Hewlett-Packard 98561AE computer and a 16-bit 
Hewlett-Packard 98640A analogue-to-digital converter pro- 
vided with a program written by us for application of the 
initial-rate method (readers can obtain a copy of the pro- 
gram from us). This data-acquisition system was also 
coupled on-line to the spectrophotometer. 

Procedure 

Kinetic determination of carbaryl. Two solutions were 
prepared and placed in the drive syringes. For solution A, 
the volume of carbaryl solution required to ensure a final 
concentration of pesticide between 0.7 and 70 pg/ml, 1 ml 
of 2M sodium hydroxide and 0.2 ml of ethanol (in order to 
ensure complete hydrolysis of carbaryl) were added to a 
IO-ml standard flask, then 1 ml of 2M hydrochloric acid and 
2 ml of 1 M acetic acid/sodium acetate buffer @H 4.14) were 
added and the mixture was diluted to the mark with distilled 
water. Solution B was prepared by mixing 0.5 ml of 0.5% 
sulohanilic acid solution and 1.5 ml of 0.1% sodium nitrite 
solbtion in a lo-ml standard flask and diluting to the mark 
with acetic acid/sodium acetate buffer (pH 4.14). 
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Equal volumes of both solutions (0.2 ml) were mixed in 
the stopped-flow system and the reaction was monitored at 
475 nm. The temperature was kept constant at 45 f 0.1” 
throughout. The kinetic curve, the initial rate measurement 
(in the first 1.5 set) and the concentration of the analyte 
were automatically obtained by means of the computer 
system. 

Analysis ojcarbaryl/l-naphthol mixtures. Synthetic sam- 
ples containing various trace concentrations of carbaryl and 
I-naphthol were analysed in two kinetic runs. Samples 
containing 3&600 pg of carbaryl and 21.5-250 pg of 
I-naphthol were reacted by the procedure described above. 
The initial rate calculated was proportional to the carbaryl 
plus I-naphthol concentration in the sample. In the second 
run, the sodium hydroxide and ethanol were omitted from 
the samples in order to avoid the hydrolysis of carbaryl, and 
the procedure was followed as above. The difference be- 
tween the two rates represented the carbaryl content. 

Preparation and analysis of environmental samples 

Extraction of water samples. After collection of the water 
samples (minimum volume 100 ml) their pH was adjusted 
to below 5.0 with 5 ml of sodium acetate/acetic acid buffer 
(pH 4.14) and 3 g of sodium chloride were dissolved in each 
lOO-ml sample. For spiking of the samples, several known 
amounts of carbaryl and I-naphthol from stock solutions in 
dioxan were added to the water samples. Next, each sample 
was shaken with 50 ml of methylene chloride in a 250-ml 
separating funnel for 4 min. The resulting organic extract 
was transferred into a 250-ml beaker and the aqueous phase 
was shaken with a further 25 ml of methylene chloride. The 
second organic extract was added to the first and this 
solution was evaporated almost to dryness. The residue was 
dissolved in 4 ml of dioxan and diluted accurately to 10 ml 
with distilled water for determination of the carbaryl con- 
tent, or was previously hydrolysed as described above for 
determination of the carbaryl plus I-naphthol content by 
the procedure above. 

Extraction and clean-up of vegetable samples. Fifty g of 
blended vegetable were spiked with 50-100 pg of carbaryl 
in dioxan and extracted with 100 ml of methylene chloride 
for 5 min. The organic layer was filtered through a What- 
man No. 1 filter paper and the residue was washed with two 
50-ml portions of methylene chloride. The solvent in the 
combined organic extract was evaporated, and the residue 
was dissolved and analysed for carbaryl by the above- 
described procedure. 

RESULTS AND DISCUSSION 

Weakly acidic solutions of diazotized sulphanilic 
acid react with I-naphthol to yield a coupling pro- 
duct p-(4-hydroxyl-1-naphthylaza)benzenesulphonic 
acid (4-HNBS): 

+ 

(A) 

E 
B 
i 
9 

0.6 (B) 

0.4 

0.2 

KI 
10 20 30 40 

Time (WC) 

400 500 500 

Wavelength (nm) 

Fig. 1. (A) Absorption spectrum of the coupled product 
formed between I-naphthol (from 10 pg/ml carbaryl) and 
diazotized sulphanilic acid. (B) Typical absorbance vs. time 
plot for the reaction under study. Conditions as described 

under experimental. 

(absorption maximum of the coupling product 
formed). The spectral features of the reaction product 
are given in Fig. lA, which also shows a typical 
absorbance vs. time plot for a carbaryl concentration 
of 10 pg/ml (Fig. 1B). 

As stated in the literature, the rate of hydrolysis of 
carbaryl is a function of pH and the solvent used.” 
In our method, carbaryl is instantaneously and quan- 
titatively hydrolysed to sodium I-naphtholate with 
ethanolic sodium hydroxide. On the other hand, since 
the coupling reaction takes place in a weakly acidic 
medium in which carbaryl is inactive, the method 
allows carbaryl to be distinguished from I-naphthol. 
Thus, a kinetic study of the influence of the variables 
on the rate of the coupling reaction was made in 
order to develop a kinetic method for the deter- 
mination of carbaryl alone or in mixtures with 
I-naphthol. _ 

.OH 

SOlH 

(4-HNBS) 

Since this reaction is time-dependent and fast, the Efict of reaction variables 
determination of carbaryl must be performed by 
using the stopped-flow technique with monitoring of In this study of the effect of variables, all concen- 
the reaction rate spectrophotometrically at 475 nm trations indicated are the initial concentrations in the 
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syringes (i.e., twice the actual concentrations in the 
reaction mixture at time zero after mixing). 

The effect of temperature on the reaction rate was 
examined between 15 and 50”. The absorbance vs. 
time curves show an increase in reaction rate with 
increase in temperature up to 40”, above which the 
initial rate remains practically constant. Therefore, a 
temperature of 45” was chosen as optimal. A plot of 
the logarithm of the rate constant against the inverse 
of the absolute temperature gave the activation en- 
ergy as 34.4 kI/mole. 

In the study of the other variables, the kinetic data 
were obtained from the initial rate vs. concentration 
plots. Likewise, the partial orders for each variable 
were calculated from the resulting log-log plots. The 
influence of the sulphanilic acid concentration was 
evaluated over the range 0.15-1.5 x 10e3M; the 
reaction rate was found to increase with sulphanilic 
acid concentration up to 1.15 x lO-‘M and remains 
constant above it. A sulphanilic acid concentration of 
1.45 x lo-‘M (0.5 ml of 0.5% solution) was selected. 
For the kinetic dependence on the sulphanilic concen- 
trations outside the plateau region, a partial order of 
1 was found. The effect of varying the sodium nitrite 
concentration over the range 3.7 x lo-‘-5.8 x 10e3M 
was also studied. The reaction rate does not depend 
on nitrite concentration when this is above 
1.45 x 10e3M, which corresponds to a sulphanilic 
acid/nitrite ratio of about 1. At lower concentrations, 
the reaction rate decreases linearly with decreasing 
nitrite concentration. The concentration advocated in 
the procedure (1.5 ml of 0.1% sodium nitrite in 10 ml) 
is 2.17 x 10e3M. 

The influence of the pH of solution B was studied 
between 2.75 and 5.88 (Fig. 2). The initial rate 
increased with increasing pH (partial order with 
respect to [H+], from a log-log plot was - 1 .O). Since 
no zero-order kinetic region was found in this study, 
the optimal pH was chosen according to the follow- 
ing reasoning. Obviously the kinetic determination of 
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8 0.4 - 

E 

s - e 0.3 

d 
3 0.2- 

E 

4 5 6 

Fig. 2. Effect of pH on the initial rate. Carbaryl concen- 
tration 10 pg/ml, other conditions as described under 

experimental. 

0.6 r 

I I I I I 

10 20 30 40 

Time kec) 

Fig. 3. Stability of the reaction product at pH 4.10 (1) and 
5.88 (2). Other conditions as described under experimental. 

carbaryl is more favourable at higher reaction rates 
(higher pH values). However, at pH about 6.0, 
several factors exert a negative effect on this kinetic 
determination. (a) The instability of the reaction 
product (see Fig. 3) gives rise to more irreproducible 
results in the initial rate measurement. Thus, the 
relative standard deviations (n = 11) for the initial 
rate at pH 5.88 and 4.10 were 5.9 and 0.8%, re- 
spectively. (b) The stability of solution B was greatly 
affected by the pH, e.g., at pH 4.10 it was stable for 
at least one day, whereas at pH 5.88 it had to be 
prepared every 2 hr. A pH value of 4.10 was therefore 
selected. This pH was achieved in solution B by using 
l.OM sodium acetate/acetic acid buffer (pH 4.14) to 
dilute the selected amounts of sulphanilic acid and 
sodium nitrite added to the lo-ml standard flask. 
Under these selected conditions, the diazotization of 
sulphanilic acid was instantaneous. 

Two important variables which affect the prepara- 
tion of solution A were studied. The pH of this 
solution over the range 2.0-12.0 did not affect the 
initial rate. However, even at pH 12.0, it was neces- 
sary to add some ethanolic sodium hydroxide solu- 
tion to hydrolyse the carbaryl instantaneously. The 
influence of several water-miscible organic solvents, 
such as methanol, dioxan and dimethylsulphoxide, at 
up to 50% v/v concentration was also studied 
because of the practical interest in application of the 
method (the residue of pesticides extracted from real 
samples must be dissolved in water-miscible organic 
solvents). At the highest concentration tested, 50% 
v/v, dioxan had no effect on development of the 
reaction; however, methanol and dimethylsulphoxide 
exerted opposite effects, methanol increasing the ini- 
tial rate by about 50%, and dimethylsulphoxide 
decreasing it by about 25%. 

Absorbance vs. time curves were recorded for 
solutions containing different amounts of carbaryl, 
under the above-described experimental conditions. 
The reaction was found to be first-order with respect 
to I-naphthol. By using the linear plot of In& - A,) 
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Table 1. Analysis of synthetic mixtures of carbarvl and I-nanhthol* 

Taken,? IO-‘M Carbaryl I-Naphthol 

Found, Error, Found, Error, 
Carbaryl I-Naphthol lo-5M % lo-5A4 % 

1.50 1.50 1.46 -2.1 1.43 -4.6 
3.00 1.50 3.09 3.0 1.46 -2.7 
7.50 1.50 7.66 2.1 1.49 -0.7 
15.0 1.50 15.4 2.7 1.41 -2.0 
22.5 1.50 23.3 3.6 1.51 0.7 
30.0 1.50 28.7 -4.3 1.52 1.4 
3.50 7.00 3.48 -0.6 7.02 0.3 
3.50 17.5 3.35 -4.3 16.8 -4.0 

*Experimental conditions as in procedure. 
tThese concentrations refer to the initial concentrations in solution B. 

US. time (where A, is the final absorbance and A, the 
absorbance at time t) a first-order rate constant of 
0.12 set-’ was computed, the half-life being 5.8 sec. 

The following simplified kinetic equation can be 
applied under the conditions recommended in the 
procedure for the determination of carbaryl: 

d[CHNBS]/dt = k[l-naphthol]/[H+] 

where k is the rate constant of the coupling reaction. 

Kinetic &termination of carbaryl 

The absorbance us. time curves recorded for 
different amounts of carbaryl by the stopped-flow 
technique were analysed by the initial-rate method. 
The calibration graph was linear over the concen- 
tration range 0.35-35 pg/ml carbaryl. Pearson’s cor- 
relation coefficient (r) was 0.998. These concen- 
trations refer to the actual concentrations in the 
reaction mixture (in the observation chamber). The 
slope of the calibration plot was (2.85 &- 0.05) x 10m3 
ml.pg-‘.sec-‘, and this value was taken as the 
analytical sensitivity. The detection limit was calcu- 
lated on the basis of the variation of the analyte 
response at low concentrations14 because no blanks 
were used in this determination, and was defined as 
the concentration of carbaryl yielding an initial rate 
equal to 3 times the standard deviation of the initial 
rate (20 determinations) on a sample containing 3.5 
pg/ml carbaryl. The value found was 0.17 gg/ml. The 
precision (RSD) (P = 0.05, n = 11) for 3.5 pg/ml 
carbaryl was 0.8%. The sampling rate, calculated 
from the time corresponding to three replicates per- 
formed for the same sample, was about 120/hr. 

Kinetic analysis of carbarylll-naphthol mixtures 

The simultaneous determination of carbaryl and its 
hydrolysis product, I-naphthol, in aqueous media is 
of great interest because I-naphthol is as toxic as the 
original pesticide carbaryl to a number of aquatic 
species.” The half-life of carbaryl in aqueous systems 
is strongly dependent on the pH, 15 min at pH 10 and 
10.5 days at pH 7, and the rate of hydrolysis increases 
2-3 times as the temperature increases from 20 to 
30 ‘.I6 In summary, the simultaneous rapid deter- 
mination of carbaryl and I-naphthol would permit 

the direct examination of the effect of environmental 
conditions such as temperature, pH, sunlight, etc. on 
the degradation of carbaryl. 

The carbaryl and I-naphthol concentrations in 
several standard mixtures were assessed from the 
initial rates obtained under two sets of experimental 
conditions and by using the calibration graph 
obtained with standards. Table 1 lists the results 
obtained; the analysis of carbaryl/l-naphthol mix- 
tures was feasible over the molar ratio range from 1: 5 
to 20: 1 (maximum relative error + 5%). These results 
are very satisfactory and more advantageous than 
those provided by the fluorimetric equilibrium 
method,‘,” because the proposed method allows the 
resolution of this mixture for lower degrees of hydro- 
lysis of carbaryl in the sample to be analysed (down 
to 4.8%). 

The mean of the results from 11 samples each 
containing 3.5 x lo-‘M carbaryl and I-naphthol 
gave the overall relative standard deviation of the 
method as 0.9%. 

A study of interferences was made to determine the 
tolerance limit for various compounds commonly 
associated with carbaryl and I-naphthol in environ- 
mental samples, especially in water samples. For a 
mixture of 3.5 x 10m5M carbaryl and I-naphthol the 
maximum level of foreign compound studied was 

Table 2. Influence of foreign species on the kinetic deter- 
mination of 3.5 x lO-5M carbaryl and I-naphthol. 

Tolerance 
Compound added ratio 

Malathion, parathion, parathion-methyl, 40* 
paraoxon, fenitrothion, dieldrin, a-HCH, 
lindane, carbofuran, propoxur, 2-isopropoxyphenol. 
carbofuranphenol, 4-nitrophenol, phenol, 
2-chlorophenol, o-cresol, m-cresol, benzene, 
toluene, cyclohexane, Manoxol 0. T., 
dodecyltrimethylammonium bromide, 
sodium dodecylsulphate 
Aldrint, ethylbenzenet, Triton X-100, 20 
Brij 
Cyclohexanet 10 
2-Naphthol, naphthalenet 5 

*Maximum foreign compound/analyte molar ratio tested. 
tMaximum ratio assayed owing to its low solubility in 

water. 
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Table 3. Recovery of carbaryl and I-naphthol added to water samples 
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Sam&e 

Carbaryl content, nglml 

Added Found’ 

Mean 
recovery, 

% 

I-Naphthol content, ng/ml 

Added Found* 

Mean 
recovery, 

% 

Distilled water 

Drinking water 

River water 

70 
140 
280 

70 
140 
280 

70 
140 
280 

61, 71, 76 
148, 148, 141 
279, 260, 274 

72, 12, 68 
128. 126. 139 
277: 275; 276 98.6 

70, 71, 69 100.0 
138, 140, 141 99.8 
211, 219, 274 98.8 

Mean 99.1 
Standard deviation 2.8 

99.0 
104.0 
96.8 

101.1 
93.6 

250 
100 
20 

2.50 
100 
20 

250 
100 
20 

248, 24 I, 246 
98, 105, 96 
19, 21, 19 

240,240,249 
97, 98, 97 
18, 19, 19 

240, 251, 243 
98, 104, 96 
21, 19, 20 

Mean 
Standard deviation 

98.0 
99.6 
98.3 
97.2 
97.3 
93.3 
97.9 
99.3 

100.0 
91.9 

1.9 

*For three separate determinations. 

1.4 x 10-3M (tolerance limit 40-fold molar ratio) 
when the solubility of the test compound in water 
allowed. The tolerance limit for the foreign com- 
pound was taken as the largest amount yielding an 
error less than It: 3% in the initial-rate measurements. 

The substances assayed in this study of inter- 
ferences can be classified into four groups: (a) other 
pesticides such as chlorinated, phosphorated and 
carbamate compounds; (b) phenol and its derivatives 
as well as phenolic hydrolysis products of other pes- 

ticides commonly found in water samples; (c) aro- 
matic and saturated hydr~ar~ns; (d) different types 
of surfactants {anionic, cationic and non-ionic). 

As can be seen from Table 2, the method offers 
much greater selectivity insofar as, of the tested 
compounds, the most serious interference was caused 
by 2-naphthol, but at a moderately high concen- 
tration level (5 times that of carbaryl or I-naphthol). 

Applications 

To obtain an indication of the efficiency of the 
proposed procedure for the analysis of 
carbaryl/l-naphthol mixtures, water samples to 
which known amounts of carbaryl and l-naphthol 
had been added were analysed. Water samples (100 
ml each) were spiked at levels of 70-280 ng/ml 
carbaryl and 20-250 ng/ml I-naphthol, extracted 
with methylene chloride and analysed for carbaryl 
and I-naphthol as described above. The results given 
in Table 3 indicate that recoveries ranged from 93.6 
to 104.0%, with an average of 99.1% for carbaryl 
and 97.9% for I-naphthol. The relative standard 
deviation for the whole procedure was 2.8% and 
1.9% for carbaryl and I-naphthol, respectively, for 9 
determinations. These recoveries show the good per- 
formance of the trace-enrichment technique used. 

According to literature data, no free l-naphthol is 
found in vegetables polluted with carbaryl. Thus, to 
check the recovery from vegetable samples, these 
were spiked only with carbaryl. Thus, SO-100 pg of 
pesticide were added to 50 g of vegetable (string bean, 
pepper and squash) and extracted with methylene 

chloride. The recovery was 95.5-100.5% (Table 4) 
with a standard deviation of 1.4%. 

CONCLUSIONS 

The results reported above show that the stopped- 
flow technique is suitable for the routine deter- 
mination of carbaryl and I-naphthol in environ- 
mental samples. The method offers several 
advantages which can be classified into two groups. 

(1) Those inherent in the stopped-flow technique: 
(a) low sample and reagent consumption; (b) ease of 
automation; (c) high sampling frequency; (d) low 
cost per determination. 

(2) Specific advantages over other classical photo- 
metric methods: (a) resolution of carbaryl and 
I-naphthol mixtures; (b) wider determination range 
and higher selectivity, which allow its application to 
environmen~l samples; (c) no blank is required, 
which is of interest in determination of carbaryl in 
vegetable samples, because the colour of the extracts 
has no effect on the kinetic determination; (d) higher 
stability of the colour-developing reagent in contrast 
to others such as p-nitrobenzenediazonium 
fluoro~rate, which is proposed in the AOAC stan- 
dard methods and must be prepared immediately 

Table 4. Recovery of carbaryl added to vegetable samples 

Carbaryl, pg* Mean 
recovery, 

Sample Added Found? % 

Pepper 50.0 47.8, 49.6, 49.5 97.9 
75.0 71.9, 71.5, 71.4 95.5 

100.0 96.4, 95.0, 101.2 91.5 
Bean 50.0 49.0, 49.9, 49.4 98.9 

75.0 76. I, 69.8, 74.0 97.7 
100.0 100.4, 100.2, 100.8 100.5 

Squash 50.0 48.1, 50.8, 49.8 99.1 
75.0 73.1, 73.6, 72.7 97.5 

100.0 97.4, 98.9, 98.3 98.2 
Mean 98.1 

Standard deviation I .4 

*Amount added to 50 g of vegetable. 
tFor three separate determinations. 
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prior to use;” (e) because of the dynamic nature of 
many of these coupling reactions, equilibrium meth- 
ods are troublesome as exact timing of the addition 
of reagents and of the instrumental measurement is 
required. The proposed kinetic method is therefore a 
suitable, faster and simpler alternative for the deter- 
mination of carbaryl and 1-naphthol. 
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Summary-The extraction of nickel from aqueous media (O.lM NaClO,) with 3-(2-furyl)-2- 
mercaptopropenoic acid (FMPA) in dichloroethane at 25” has been studied. The extraction is efficient only 
if a suitable counter-ion is present to form an ion-associate with the Ni-FMPA complex. The 
diphenylguanidinium ion has been found suitable as the counter-ion. 

3-(Z-FuryI)-2-mer~ptopro~noic acid (FMPA) and 
other 3-aryl-2-mercapto propenoic acids form 
chelates with various metal ions,’ and with Ni(II), 
Co(H), Mn(I1) and Zn(II) form the mononuclear 
complexes ML and ML:-.2*3 No evidence of poly 
nuclear complexes has been found. These complexes 
are partially or quantitatively extracted into solvating 
organic solvents, such as alcohols or ketones, and 
several 2-mercaptopropenoic acids have been used 
for the extraction and coiorimetric determination of 
some metal ions. Although the Zmercaptopro- 
penoate chelates are not extractable into non- 
solvating solvents, they can be effectively extracted 
into dichloroethane or chloroform when a large 
organic cation is added to the system to form an 
ion-association complex. 

The extraction equilibria for the Ni-FMPA- 
diphenylguanidinium system in water/ 1,2-dichloro- 
ethane are reported in this paper. Diphenylguanidine 
is a fairly strong base that exists as the guanidinium 
ion in acidic and neutral media and has been used in 
the extraction of a wide variety of metal ions,& and 
was chosen in this case because it was a more effective 
counter-ion than other organic cations tested. 

Appata~~ 
EXPERIMENTAL 

A Beckman Acta VII spcctrophotometer with IO-mm 
silica cells, a Perkin-Elmer 4000 atomic-absorption spec- 
trophotometer, and a Radiometer PHM64 pH-meter 
equipped with glass-calomel electrodes were used. 

Reagents 
Analytical-reagent grade chemicals were used throughout 

without further purification, unless stated otherwise. 
Standard nickel solution. A stock aqueous solution of 

nickel(U) chloride was prepared (I g/l.), and standardized 
gravimetrically with dimethylglyoxime. Working solutions 
were prepared daily by appropriate dilution. 

FMFA solution in l,Z~ichlo~~fha~. FMPA was syn- 
thesized and purified as described previously.* To prevent 
oxidation of FMPA, the ~chloroethane was shaken with an 
aqueous solution of sodium bisulphite and then several 

portions of distilled water before use. The solution is stable 
for at least 8 hr. 

Diphenyl~~~dini~ chloride solution. Diphenylguanidine 
(DPG). recrvstallized from diethvl ether. was dissolved in 
the stoichiometric amount of hydrochloric acid of the 
desired concentration, 

Procedure 

Ten ml of aqueous solution, saturated with dichloro- 
ethane, and 10 ml of organic solution, saturated with water, 
were shaken in 30-ml glass-stoppered vials in a water-bath 
kept at 25.0 f 0. lo. The organic phase was dichloroethane 
or a solution of FMPA in dichloroethane. and the aoueous 
phase contained various amounts of ki(II) and _ diph- 
enyl~nidini~ ion. The pH of the aqueous phase was 
adjusted by addition of small amounts of sodium formate, 
acetate, phosphate or borate. All solutions were made 0.1 M 
in sodium perchlorate, unless stated otherwise. After equi- 
librium was attained (shaking for 10 min was found 
enough), the phases were separated by centrifugation. The 
concentration of DPG in the aqueous phase was measured 
spectrophotometrically at 235 nm. The concentration of 
nickel in the aqueous phase was determined by atomic- 
absorption spectrophotometry. The concentration of 
FMPA in both phases was determined spectrophoto- 
metrically at 330 nm. The pH of the aqueous phase was 
measured after the extraction, 

RESULTS AND DISCUSSION 

The distribution of FMPA between dichloroethane 
and aqueous 0.1 M sodium perchlorate, at pH I-7, is 
illustrated in Fig. 1. Assuming no formation of 
polymeric species, the distribution ratio, D,, is given 

by 

W-M, 
DR=[RH,]+[RH-]+[Rz-] 

= K,,l(l + J&/W+1 + K%/W+l*) (1) 

where KDR is the distribution constant of FMPA, K, 
and Kz are the acid dissociation constants, and RH, 
is undissociated FMPA. Species in the organic phase 
are denoted by the subscript “0”. 
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Fig. 1. Distribution of FMPA in the water-dichloroethane 

system. I = O.lM NaClO.,; C, = 3 x lo-‘M. 

As Kz is less than 10m8, [R2-] is negligible at 
pH c 7, and equation (1) can be simplified to 

De= &I, 

1+ f&/W+1 
(2) 

The constancy of D, at pH 1-2, over the FMPA 
range 4 x 10e4-4 x 10m3M, agrees with the assump- 
tion that there is no association in the organic phase. 
KnR and K, were determined by Sillen’s graphical 
method,’ and also by the Letagrop-Distribution pro- 
gram-s The values found were log KnR = 1.45 + 0.03, 
pK, = 3.31 rt 0.05. 

The latter is in close agreement with that obtained 
potentiometr~~lly (3.51) in 10% v/v ethanol-water 
medium.* The equilib~um constants in this 
ethanol-water medium are approximately the same 
as those in aqueous medium. 

Extraction of DPGH + with CIO; into dichloroethane 

The system can be described by 

DPGH+=DPG + H” (3) 

DPG+DPG), (4) 

DPGH+ +ClO,-+(DPGH+CIO,-), (5) 

Assuming that the concentration of the ion-pair in 
the aqueous phase and the dissociation of the ion- 
pair in the organic phase can be neglected, the 
distribution ratio of diphenyIguanidine, r>,,,, is 
given by 

D 
[DPGH + ClO,- I0 + [DPG], 

DPG= [DPGH + ] + [DPG] 
(6) 

The distribution of DPG was found to be indepen- 
dent of pH at pH < 6, and to increase rapidly at 
higher pH. This indicates that for extraction from 
acid medium DPGH+ClO,- is the only significant 
species present in the organic phase; the concen- 
tration of DPG in the aqueous phase is also negligible 
(p& for DPGH+ in water9 is N 10). Therefore, at pH 
1-6, the extraction may be described by equation (S), 

and the extraction constant, KeHClo,, will be given by 

K 
[DPGH + ClO; 1, D,, 

BHC’o’ = [DPGH+ ] [ClO; ] = [clo;l (7) 

Results obtained at pH n* 4, with [ClO,-] constant 
(O.lM] and initial [DPDH+] in the range 
10-3-10-zM, showed that the dist~bution ratio is 
independent of [DPGH+], confirming that there is no 
appreciable dissociation of the ion-pair in the organic 
phase. 

When [DPGH+] was held constant, log D,, was 
found to be a linear function of log [ClO; ] over the 
range examined (0.04-0.13M). The slope of the 

jog Do, IIS. log [ClO;] plot was 0.96. From the 
extraction data, the extraction constant at ionic 
strength 0.1 was calculated. Values obtained from 
perchlorate concentrations other than O.lM were 
corrected by means of the Debye-Hiickel equation, 
with a = 3.5 for the perchlorate ion,” and 7 for the 
diphenylguanidinium ion (a for DPGH’ is not 
known, and was taken as 7 because analogous sub- 
stances have about this value). 

The extraction constant was found to be 
log KBH,Ioi = 1.13 + 0.04. 

Extraction of diphenylguanidine with FMPA 

At pH < 6, the predominant FMPA species in the 
aqueous phase are RH, and RH-. The latter can 
react with diphenylguanidinium to form an ion-pair 
extractable into dichloroethane: 

RH,*(RH,), (8) 

RH,;rtRH- + H+ (9) 

RH- fDPGH++DPGH+RH-), (10) 

A quantitative description of the extraction of the 
DPGH+ RH- ion-pair requires consideration of 
the extraction equilibria of the DPG+CI- and 
DPGH+ X- ion-pairs (X- is the anion used to adjust 
the pH or ionic strength). We have found that, in the 
presence of sodium chloride (O.lM) and sodium 
formate (O.OlM), there is less than 1% extraction of 
DPGH+Cl- and DPGH+HCGO-. To avoid the 
competitive extraction of DPGH+ CiO; in the study 
of extraction of the DPGH* RH- ion-pair, the ionic 
strength was adjusted to 0.1 with sodium chloride 
instead of sodium perchlorate, and the pH was kept 
in the range 3-4 with a formic acid-formate buffer. 
Under these conditions, the distribution ratio of 
diphenylguanidine will be 

D 
[DPGH+ RH-1, 

DPO = [DPGH+] 
(11) 

and the extraction constant, KeHRH, for equation (10) 
is 

K 
[DPGH+ RH-I, DDpG 

BH~=[D~H+J[RH-]=~ 
(12) 

D Dpo was calculated from the absorbance of the 
aqueous phase at 235 nm. For aqueous solutions at 
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pH 34 and 1 O- 3 A4 initial concentration of DPG, and 
organic phases containing FMPA at initial concen- 
tration in the range 5 x 10m4-5 x lo-‘M, a plot of 
log D,, vs. log[RH] was a straight line with a slope 
of w 1 (log Dnro = 3.51 + 0.94 log[RH-I). [RH-] 
was calculated from the material balances for DPG 
and FMPA, the pH, and the distribution constant of 
FMPA, by means of the equation 

100 

z so 
K 

[RH-] = 
C, - (C, - [DPGH+]) K, 

K, + [H+I(l + Km) 
(13) 

where CR and Cs are the initial concentrations of 
FMPA and DPG respectively. From the values of 
D DPG and [RH-1, and also by the Letagrop- 
Distribution program, the extraction constant was 
found to be log KeHRH = 3.67 k 0.06. 

Extraction of nickel with FMPA and DPGH’ 

The extraction of nickel from aqueous solutions 
containing diphenylguanidium, with an organic 
phase containing FMPA, can be described by the 
equation 

Ni*+ +n(RH,),+mDPGH+ 

= [(NiR,,H,,_,_,)“-(DPGH+),],+ (m + 2)H+ 

(14) 

The extraction constant, KX,, is given by 

K 

exe 
= KNiRH2,-2-,)m- (DPGH+M,W+~+* 

Wi2+][RH2E [DPGH+]” 

(15) 

Assuming that the ion-pair is the only nickel species 
extracted, and that the presence of hydroxo- 
complexes can be neglected,” the distribution ratio 
for nickel will be: 

D = [(NiR,H,-,-,)“-(DPGH),+l, 
N, 

[Ni*+] + [NiR] + [NiRi-] (16) 

From the formation constants* (log j$ = 7.5 and 
log /$ = 16.4) for NiR and NiRi- , we conclude that, 
for the conditions used in this study, the concen- 
trations of NiR and NiR$- in the aqueous phase are 

,,I, I I I I I I 

2 3 4 5 6 7 a 9 

PH 
Fig. 2. Nickel extraction as a function of pH. C,, = 7 x 

IO-SM; c, = 3 x lo-‘M; c, = lo-*IV. 

From this equation, which relates the distribution 
ratio to the experimental variables, the coefficients m 
and n and the extraction constant can be calculated. 

The effect of pH on the extraction of nickel from 
aqueous solutions containing a large excess of DPG 
(O.OlM) into an organic phase containing a large 
excess of FMPA (0.003M) is shown in Fig. 2. The 
extraction is almost quantitative (99.3%) at 
pH 4.0-8.3. 

The slope of the plot of log DNi vs. pH, at constant 
ligand and DPGH+ concentrations, will give (m + 2), 
the number of protons liberated per metal ion com- 
plexed. However, if a fixed initial concentration of 
DPG and FMPA is used, the [DPGH+] and ligand 
concentrations cannot be kept constant if the pH is 
varied, because of the pH-dependence of the extrac- 
tion of DPGH+ RH- and of the FMPA distribution. 
For example, the equilibrium concentrations of 
DPGH+ and (RH,),, in the pH range 2.7-3.4, vary 
by up to 9 and 25% respectively. Therefore 
log D,i - 2 log(DPGH+] - 2 log[RH,], was plotted 
against pH in order to calculate (m + 2); values of n 
and m are not yet known at this stage, but these 
values seem to be the most probable ones, and data 
obtained in further experiments agreed with this 
assumption. The [RH,], and [DPGH+ ] values used 
were calculated from the material balances for DPG, 
FMPA and perchlorate, the pH, the distribution 
constant of FMPA, and the extraction constants 
K BHCIO) and KBHRH, by means of the equations 

N-M, = GKdH+l 
KDR(H’I+[H’I+K~K~HRH[DPGH+]+K~ 

[DPGH+] = GKm[H+l 
KDR[H+I(~ +KBHc,o,[C~%I) +KBHRHK, W,I, 

(19) 

(20) 

negligible. Thus equation (16) can be simplified to: [ClO; ] = GOT 
(21) 

D = [(NiR2H2,-,-,)“-(DPGH+),1, 
1 + KBHCIO, PPGH+l 

NI 
[Ni*+] 

(17) These equations were derived with the assumption 
that the amounts of FMPA and DPG in the complex 

Substituting from equation (15) and taking loga- are negligible. 
rithms gives A set of exneriments done with initial concen- 

log D,i = log I&, + nlOg[RH,], trations of nickel, DPG and FMPA of 7 x 10m5, lo-*, 
and 3 x lo-‘M, respectively, gave a straight line 

+ mlog[DPGH+ I + (m + 2)pH (18) with a slope of -4 (log DNi - 2 log[RH,], - 
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2 log[DPGH+ ] = - 2.31 + 3.99 pH). This indicates 
the liberation of four protons per metal ion. 

From the values of log DNi and log[RH,],, at 
constant pH and DPGH+ concentration, the 
coefficient n can be calculated. Although the initial 
pH was the same for all samples, differences of as 
much as 0.1 in the equilibrium pH values were found. 
Furthermore with constant initial DPG concen- 
tration, the equilibrium DPGH+ concentration de- 
creased with increasing RH, concentration. There- 
fore, to calculate n, log D,i - 4 pH - 2 log (DPGH+] 
was plotted over the range 3.4-3.5, with initial con- 
centrations of nickel and DPG of 7 x lo-’ and 
lo-*A4, respectively. The plot was linear with a slope 
Of -2(lOgD,i-2lOg[DPGH’]-4pH=-2.51+ 
1.96 log [RH,],), which indicates that the value of n 
is 2. 

Similarly, log DNi - 2 log[RH,] - 4 pH was plot- 
ted US. log [DPGH+], for a set of experiments 
at pH 3.4-3.5 and constant initial ligand concen- 
tration (C, = 3 x lO_jM). The initial DPG concen- 
tration was varied over the range 2 x 1O-3 - lo-‘M. 
A straight line with slope of -2 was 
obtained (log D,i - 2 log[RH,], - 4 pH = - 2.23 + 
2.04 log[DPGH+]), indicating that two DPGH+ ions 
are required for each metal ion in the extracted 
species. The value obtained for w agrees with that 
obtained before for the number of protons liberated 
per metal ion. 

From these results, we conclude that the extraction 

equilibria can be described by 

Ni2+ + 2(RH,) + 2 DPGH* 

g[NiR:-(DPGH+),],+4H+ (22) 

log D,i = log kc,, + 2 lOg[RH, 1, 

+ 2 log[DPGH + ] + 4H + (23) 

To calculate the extraction constant, the experi- 
mental values from the determination of n, m and 
(m + 2) were substituted in equation (23), and also 
treated by the Letagrop-Distribution program. The 
value of the extraction constant was found to be 
log J& = - 2.36 f 0.04. 
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Summary-Anodic stripping staircase voltammetry (ASSV) has been tested as a method to determine the 
concentration of “free” ions and very labile complexes of zinc. These species are thought to be primarily 
responsible for the toxic effect of zinc on the ciliated protozoan Tefruhymena pyriformis. ASSV and 
toxicological experiments were performed in an inorganic salt medium and the effects of Cu interference 
were studied. Even though the ASSV results were encumbered with problems, the results agreed well with 
the toxicological effects. In contrast, calculations based on the solubility product of Zn,(PO&.4H,O could 
lead to erroneous results because kinetic and other effects result in very slow precipitation of zinc 
phosphate at the concentration levels in the salt medium used. In this medium there is a dose-dependent 
effect of zinc on Tetrahymena which is in agreement with the ASSV data, which indicate that all the zinc 
is in a labile form. The study emphasizes the importance of using experimental determinations in 
preference to theoretical models, which may predict quite erroneous results. 

There is increasing interest in the chemical speciation 
of heavy metals because several studies have indi- 
cated the importance of the chemical forms of a metal 
with regard to its toxicity.lA Several methods for the 
determination of the different species formed by 
heavy metals in natural waters have been proposed, 
including anodic stripping voltammetry.5-9 With this 
technique it is possible to resolve species according to 
their reduction potential and thus determine various 
levels of labile or electroactive complexes, and also 
“free” ions. 

Rapid-scan anodic stripping staircase voltam- 
metry,‘O ASSV, is a variety of stripping analysis 
whereby heavy metal ions can be determined without 
deaeration of the solution. Normally, deaeration 
is necessary because the oxygen reduction wave 
interferes during the reoxidation step of anodic strip- 
ping voltammetry. Deaeration may, however, change 
the natural conditions of complex media and seri- 
ously disturb the results of the anodic stripping 
determination.” 

To assess the ASSV results in terms of toxicity we 
have investigated the toxic effects of zinc on a uni- 
cellular organism, Tetrahymena. This freshwater 
ciliate is commonly used in biochemical and cell 
physiology studies, and it seems particularly suitable 
for toxicity bioassays.12-I5 The toxic effect and the 

*To whom correspondence should be addressed. 

electrochemistry were studied in an inorganic salt 
medium. 

The ASSV method has two principal drawbacks: 
(1) there is deterioration of the electrode by organic 
components, an effect which is common with many 
natural liquids,‘620 and (2) copper interferes strongly 
by forming an insoluble intermetallic compound with 
zinc in the mercury of the working electrode.2’,22 
These interferences were eliminated in the present 
study. 

At equilibrium in the inorganic medium used, zinc 
should precipitate as the phosphate, because the 
medium is mainly a phosphate buffer. Zinc phosphate 
is fairly insoluble [K,, for Zn,(PO,),~4H,O is 
5 x 10-36).23 Thus the highest concentration of free 
ZnZ+ under the present experimental conditions is 
below 1 PM according to calculations, but the ASSV 
experiments revealed that Zn2+ concentrations of at 
least 100 pM are possible in this medium. This can be 
explained by the kinetics of precipitation. The acti- 
vation energy of nucleation (the start of precipitation 
in homogeneous solutions) depends strongly on the 
supersaturation, i.e., initiation of the precipi- 
tation may take a very long time in highly diluted 
solutions.24 

The purpose of this part of our work on the toxic 
effects of heavy metals on living organisms is to stress 
the importance of the chemical speciation of a metal 
in toxicity bioassays. Furthermore, we will argue that 
the determination of chemical speciation purely by 

TAL. 35,12-c 
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calculation from published constants is inadequate 
and may lead to erroneous conclusions. The ASSV 
method seems, however, to be a promising experi- 
mental method for identifying the toxic species of a 
heavy metal. 

EXPERIMENTAL 

Electrochemical measurements 

The instrumentation and the anodic stripping staircase 
voltammet~c method have been described elsewhere.‘* The 
electrochemical inst~mentation was a home-made poten- 
tiostat controlled by an M6800 microcomputer connected to 
an RC8000 mainframe computer. The working electrode 
was a glassy-carbon rotating disc electrode, made from a 
2.5 mm VlO Le Carbone-Lorraine glassy-carbon rod, and 
rotated at a rate of 40.0 rps. A mercury film was formed on 
this electrode by reduction of a 100 ppm Hgr+ solution in 
0.29M nitric acid at -1.00 V us. SCE for 35.0 sec. The 
reference electrode was a Radiometer Standard Calomel 
Electrode and the counter-electrode a platinum wire. The 
cell was a fused-silica cup. 

The ASSV-labile zinc was determined in the following 
way. Potassium nitrate was added as neutral electrolyte to 
give a concentration of 0.2M. The mercury-film electrode 
was immersed in the solution, and zinc was plated out for 
10.0 set at a potential of -1200 mV us. SCE, without 
deaeration or use of a protecting gas. At the end of the 
plating time an anodic staircase scan was initiated immedi- 
ately. A normal scan consists of steps 10 mV in height and 
256 psec in duration. A single measurement (plating and 
stripping) thus takes less than 11 sec. 

The concentrations were calculated by simple proportion 
from the response for a zinc standard in 0.2M potassium 
nitrate (iHa) measured with the same ~lrn-el~trode before 
measurement of the sample solution (i,) (C, = cHlo ix/&J. 
This procedure introduces a possibility of minor errors, 
because the electrode is transferred from one solution (the 
standard) to another (the sample) between measurements. 
On the other hand, calibration by standard additions to the 
sample solution may give quite erroneous results, because 
the added standard may also become complexed,2s and at an 
unknown rate. Our procedure gives good accuracy but the 
precision may be reduced. 

Toxicological experiments 

Tetrahymena pyriformis GL26 was grown at 28” in sterile 
solutions of 2% proteose peptone (PP) and 0.1% yeast 
extract enriched with salts.27 Cells were used in the ex- 
~nentially multipl~ng growth phase (5 x I@ cells/ml). The 
cells were transferred to the starvation medium containing 
inorganic saltsZS (0.68 g of K2HPOd, 0.15 g of KH,PO,, 2.75 
P of NaCl and 0.25 e of MaSO,.7H,O in 1000 ml of H,O), 
7 hr prior to expe;mentai use. The pH of the medium 
was 7.1. 

The stock solutions of zinc chloride used were 1, 10, or 
IOOmM, kept in polyethylene bottles and at least O.lmM 
in nitric acid. When addition of a zinc solution to the 
culture medium caused a reduction in the pH, the pH was 
readjusted with sodium hydroxide. 

For determination of the effect of zinc on cell mortality, 
2-ml cell samples were withdrawn from the culture after 1 hr 
of starvation, placed in 30-ml conical flasks, exposed to zinc, 
and then returned to a temperature of 28”. 

The cell density of the cultures was determined after 
fixation of a 0.5 ml cell sampfe with 0.5 ml of 1% glutar- 
aldehyde in an inorganic salt medium; an electronic particle 
counter (Coulter Counter model ZB) was used. When cell 
mortality was observed, the cell density was determined 
manually in triplicate with a Fuchs-Rosenthals cell cham- 
ber; the electronic particle counter could not be used 
because it does not differentiate betwen living and dead cells. 

Identical values for the cell numbers of untreated control 
cultures were found by the two methods. When a large 
number of dead and partly dissolved cells were seen, 
100 ~1 of 1M hydrochloric acid were added to the cell 
sample before the cell density was determined to ensure a 
homogeneous sample for counting 

RESULTS 

Electrochemical measurements of zinc in the inor- 
ganic salt medium by ASSV showed that the anodic 
oxidation current was a linear function of the zinc 
concentration with an intercept on the ordinate. The 
current was the same for zinc in the inorganic salt 
medium and in water (both 0.2M in potassium 
nitrate) in concentrations up to 10OOgM. Thus the 
speciation of zinc is similar in both media. The 
negative intercept of the calibration line with the 
abscissa corresponded to a background level of 
O.$M zinc for both media, and this therefore could 
come from impurities in the potassium nitrate or 
from the electrodes erc. 

Since the inorganic salt medium used is mainly a 
phosphate buffer, zinc phosphate ought to precipitate 
under the conditions used. To show that this is the 
case under equilibrium conditions, the experiments 
listed in Table 1 were performed. Zinc solution and 
solid Zn, (PO,), 4Hz0 were added to 0.2M potassium 
nitrate solutions in the inorganic medium and demin- 
eralized water, the solutions were stirred overnight 
and the ASSV-labile zinc was measured. Table 1 
shows that the final concentrations of free zinc in 
solutions containing solid zinc phosphate are the 
same for both starting concentrations, 0 and 90pM. 

To avoid deterioration of the working electrode 
surface caused by organic components, the experi- 
ments were performed in an inorganic medium. To 
study the interference of copper in the zinc deter- 
minations, the interaction of Cu and Zn was studied. 
In Fig. 1 the ASSV sensitivity (PA/PM) for Cu and 
Zn is plotted as a function of amount of added Zn 
and Cu, respectively. There is a strong decrease in 
sensitivity with increasing levels of the other metal. 
Both plots are linear. To eliminate this interference, 
a copper-free inorganic medium was used. 

The rate of cell mortality was determined after a 
I-hr exposure to different concentrations of zinc. 
Some mortality appeared after 1-hr exposure to 
2.5yM zinc. Above this concentration, a dose- 
dependent increase in cell mortality was found, 

Table 1. Effect of solid Zn,(P0,),.4H20 on ASSV-labile Zn 
in the inorganic medium (IM) used 

Zn added, ASSV-labile 
Solution* Zr@QX~4H@ Gf Zn, &i 

H2O - 1.4 1.4 
IM 1.4 0.9 
IM + 0.0 1.5 
IM + 90.0 1.4 

*0.2M in KNO, . 
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Fig. 1. The ASSV sensitivity in 0.2M KNO, for Cu (Fig. la) 
and Zn (Fig. lb) as a function of the concentration of Zn 
and Cu res&ctively. In Fig. la the concentration of Cu is 
11.8-10.21&: in Fin. lb the concentration of Zn is 
12.5-l 1 .O&: This sm>ll variation in concentration is due to 

the volume increase on addition of Zn or Cu solution. 

Fig. 2. From the linear portions of the curve an LC, 
value of 8pM can be calculated for I-hr exposure in 
this medium. 

DISCUSSION 

The toxicological experiments show a dose- 
dependent effect of zinc on Tetrahymena in the 
inorganic salt medium at zinc concentrations above 
2.5pM. These results were unexpected, because from 
its solubility product zinc phosphate should pre- 
cipitate from the inorganic medium when the zinc 
concentration is above 1pM. However, the toxi- 
cological data are in agreement with the results from 
the ASSV method, which revealed that all the zinc is 
present as labile species in this medium. 

The inorganic medium used is essentially a 5mM 
phosphate buffer with pH 7.1. From the solubility 
product, 5 x lo- 36 for Zn,(P04)2.4H20,23 and the 
acid dissociation constants for phosphoric acid, 
pK,, = 7.2 and pK,, = 12.35, the solubility of zinc 
ions in this medium is calculated to be 0.6, 0.4 and 
0.2pM at pH 6.8, 7.0 and 7.2 respectively. The 

Y) QQr 

IJk” 

Fig. 2. A log-normal plot of the cell density in per cent of 
initial density as a function of the concentration of Zn in the 
inorganic salt medium. The cell densities were determined 

after 1 hr exposure in the inorganic medium. 

medium has a ionic strength of 0.064, and calcu- 
lations taking activity factors into account did not 
indicate a higher solubility. Similar values (0.4, 0.3 
and 0.2@f Zn2+ at pH 6.8, 7.0 and 7.2) are obtained 
by using the extended Debye-Hilckel theory.” Thus 
all calculations indicate equilibrium zinc concen- 
trations below 1pM in the pH range used. 

Experiments in which solid zinc phosphate was 
added to solutions containing 0 or 90pM zinc gave 
zinc concentrations of 1.5 and 1.4pM respectively. 
Thus, at equilibrium the ASSV-labile concentration is 
independent of the initial zinc concentration and in 
fair agreement with the concentration calculated 
from the solubility product. 

The reason why zinc phosphate does not precipi- 
tate is most likely the precipitation kinetics under the 
given circumstances. Formation of precipitates in 
homogeneous solutions requires that nuclei of 
sufficient size are formed, i.e., a certain number of 
the relevant ions should encounter each other in the 
solution. At very low concentrations this may be a 
slow process. Generally, the rate of nucleation is 
determined by the degree of supersaturation,24 alao, 
where a = (C~,C&-J’/s, and a, = (5 x lO-X)6)‘/s. For 
Cz, = 1OOpM and C,, = the free PO:- concentration 
in the inorganic medium at pH 7.1, the degree of 
supersaturation can be calculated to be. 39 and 21, 
with and without correction for activity effects, re- 
spectively. According to nucleation theory” these 
values indicate that one nucleus per ml is formed after 
about 10” set (3000 years). Experimentally, an ex- 
pression of the form taj = const. has been found to 
represent the induction time (1) for precipitation of 
simple salts such as BaSO, and Ag2Cr04.29 The 
exponent j is interpreted as the number of ions 
required to build the nucleus and was found to be 7 
and 5 for these two salts. Zinc phosphate has not 
been studied, but estimates based on values similar to 
those for BaSO, and AgrCrO, (ta5 = 10-12) result in 
induction times of the order of 10” set (3 million 
years). 

These calculations indicate that the precipitation of 
zinc by phosphate under the conditions used is likely 
to require a very long time. On the other hand, such 
exponential relations cause errors orders of mag- 
nitude in size, even for small errors in the concen- 
trations and constants. Another complication is that 
precipitation may be initiated by other particles or 
impurities in the solution, especially in the tox- 
icological experiments, where the chemical and 
physical conditions change with time.N High local 
concentrations or other precipitates may also initiate 
the reaction. We have observed that zinc was not 
precipitated in the phosphate buffer at pH around 
7.1. This result suggests that calculations based on 
equilibria for ions at trace levels are unsatisfactory 
and may lead to erroneous conclusions. Therefore the 
speciation should be determined experimentally un- 
der the actual conditions in each case. 

The power of anodic stripping voltammetry for 
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speciation studies is due to the selectivity in the 
preconcentration step-only species reducible at 
potentials lower than the plating potential are deter- 
mined. Complex formation between the metal ion 
and ligands in solution shifts the reduction potential 
towards more negative values. For a complex MeL, 
with a conditional stability constant /?, the reduction 
potential for the metal is shifted cathodically: 

AR,,* = E,,, (with ligand) 

-E,,, (without ligand) 

= -(RT/nF)ln(l + B[L]“) (1) 

By proper selection of the reduction potential relative 
to E,,, we can select the species to be determined. In 
this work we used the lowest plating potential at 
which all Zn2+ in 0.2M potassium nitrate is reduced. 
In this medium there are weak, very labile, zinc 
complexes with nitrate, j?, = 0.62 and /I2 = 0.24.3’ The 
potential shift in 0.2M potassium nitrate due to these 
complexes can be calculated from equation (1) to be 
1.6 mV. Thus the ASSV-labile species in our study 
include labile complexes such as ZnNO; and 

Zn(NW,. 
In this way we have demonstrated that all the zinc 

in the inorganic salt medium is completely available 
in ASSV-labile form. 

The interference by copper is clearly seen in Fig. 1. 
Since copper will always be plated out together with 
zinc we cannot avoid this interference. It is due to 
formation of CuZn, which is sparingly soluble in the 
mercury electrode,2’*22 and the effect is seen to be 
quite pronounced. Since this effect is caused by 
copper in the electrode film, it is important to strip 
the copper off the electrode between zinc deter- 
minations. Otherwise copper would accumulate in 
the mercury, an effect which would increase with 
time. This problem could be circumvented by the use 
of an inorganic medium free from copper. 

The classical method for measuring the toxicity of 
a metal to Tetrahymena and other aquatic organisms 
in an inorganic medium is by the LCso test. The LC,, 
value is the metal concentration at which 50% of the 
organisms are killed after a given time of exposure. 
The relationship between metal concentration and 
per cent survival is typically a log-normal distri- 
bution,” and this can be. utilized for determination of 
the LCsO values. By measuring the percentage re- 
sponse in terms of response probits, a linear relation 
betwen response and log of the dose can be ob- 
tained,3’ as demonstrated in the present study. It 
must be noted, however, that the curve obtained is 
sigmoid. 

In an inorganic medium the toxicity of zinc to 
Tetrahymena may vary greatly. Chapman and 
Dunlop33 reported an LCso value of about S/,0%4 for 
S-hr exposure, in agreement with the results obtained 
in the present study. However, Carter and Cameron” 
found LC,, values exceeding 150pM after 1,3, and 24 
hr of exposure. This difference may be explained by 

the use of different strains of Tetruhymena or by 
differences in the culture conditions. However, the 
discrepancy may also be due to dissimilarity of the 
physiological state of the cells; Carter and Cameron’s 
experiments were done with cells from a stationary 
growth phase, whereas we used cells from an ex- 
ponentially multiplying culture. That the toxicity of 
a heavy metal may depend on the physiological state 
of the cells prior to starvation has been demonstrated 
for copper.34 

CONCLUSION 

The present study showed that it may be a very 
risky approach to calculate the distribution of metal 
species in solution from the given or assumed com- 
position of the solution. The difficulty associated with 
such calculations may be due to either the kinetics or 
to the complexity of the medium. The difficulties 
increase with the complexity of the solution and 
may prove insurmountable for natural aquatic 
environments. 

For these reasons we find it worthwhile to continue 
attempts to optimize the ASSV method for deter- 
mination of toxic species of heavy metals. Though 
still far from perfect, it is the best method available 
at present. 
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Swary-The polarographic behaviour of 9, IO-anthraquinone (I) and some of its dihydroxy derivatives, 
such as alizarin (II), quinizarin (III) and chrisazin (IV) has been studied in the presence of proton donors 
of HA and HB+ type. After optimi~tion of conditions for reversible reduction of the an~raquinones, 
various ~~ro~aphic techniques were used for the dete~iMtion of anthraq~non~ in chlorofo~. In 
the dc method, the relative standard deviation for the dete~nation of 1mM ~on~ntrations was about 
1.5%. In the ac method, the detection Iimit was 0.1 &ml and the relative standard deviation for 
determination at the 0.2 pg/ml level was 2%. The proposed methods are usable for the simultaneous 
determination of I and II, II and III, II and IV, and have been applied to the determination of 
9,10-anthraquinone in papers and black liquors. 

Anthraquinones, particularly the 9,1&compounds, 
are of great importance in chemistry, mainly in 
connection with production of dyestuffs and pharma- 
ceuticals. Recently, ~thraquinones have become of 
considerable interest in pulp and paper production.‘*2 
Ethylanthraquinone and its tetrahydro derivative are 
present in the solution used in the autoxidation 
process for production of hydrogen peroxide.’ 

Because of the pronounced oxidation-reduction 
properties of anthraquinones, electrochemical meth- 
ods are convenient for their determination. Several 
polarographic studies of these compounds have 
been reported and quantitative methods developed, 
with dimethylformamide4~5 or alcohol-water mixed 
solvents, (where the alcohol was either methanoF’ 
or ethanol*) or chlorofo~-methanol-hydrochlo~c 
acid mixture’ as the medium. Differential pulse polar- 
ography has been applied to the dete~ination of 
9,10-anth~quinone at trace levels in aqueous 
system@ and in polygonum bulbs.” 

Polarographic analysis of mixtures of a-ethyl- 
anthraquinone and its tetrahydro derivative has been 
proposed by Jennings.’ 

In view of the high dissolution and extraction 
properties of chloroform for quinone compounds, 
and on the basis of our previous works,“-‘5 we have 
examined the use of dc, ac and differential pulse 
polarography for the determination of 9,10-anthra- 
quinone and its dihydroxy derivatives, with a sup- 
porting electrolyte of 0.75~ pi~ridinium perchlorate 

*To whom correspondence should be addressed. 

(PPC) + 0.25M piperidine (P) in chloroform. The 
methods developed were applied to the determination 
of anthraquinone in papers and black liquors. 

EXPERIMENTAL 

Reagenls 

The chloroform, piperidine and perchloric acid were 
Merck pa. grade. The anthraquinones were obtained from 
Aldrich and used without further purification. Piperidinium 
perchlorate was ,prepared by gradual addition of the 
required amount of perchloric acid to a given volume 
of piperidine at room temperature; the yellowish crystals 
obtained were purified by crystallization from aqueous 
acetone. 

A Polarecord ES06 was used with an ES05 mercury drop 
electrode (Metros). An E524 coulostat connected to an 
ES2.5 integrator ~Metrohm) was used for coulometry. The 
necessary glassware was made in our laboratory. An AgiAgI 
electrode in 0.05M (But),NI + O&44 (BuQ4NC104 in chloro- 
form was used as reference electrode.16 

Procedures 

In all experiments, the test solution was protected from 
light and deaerated by a stream of nitrogen that had been 
passed through chloroform. 

Analysis of papers. Cut the sample (cu. 10 g) into strips, 
place it in a 250-ml separating funnel and shake it with 
25 ml of chloroform for 2 hr. Withdraw 10 ml of the 
chloroform extract, add 1.40 K of pi~~~niurn oerchlorate 
and 0.25 ml of piperidine as &pp&ng eiectrofyte (0.75&f 
PPC + 0.25M P). Bubble nitrogen throu~ the solution for 
20 min, then record the ac polarogram by sweeping the 
potential from - 100 to -400 mV vs. Ag/AgI, at 2 mV/sec. 

959 



960 M. H. ~URNAGH~-A~AR and S. M. GIXABI 

EtmVf EfmVl 

Fig. I. Direct current polarograms of (a) 1, OSOM TBAPC, 2, I + 1mM 9,10-anthraquinone; 3, 
2 + 0.4mM CC1,COOH (?XXA); 4, 2 + 0.8mM TCAA, 5, 2 f 1.2mM TCAA; 6,2 + 1.6mM TCAA; 7, 
2 + 2mM TCAA: (b) 1, 1mM 9,10-anthraquinone in the presence of 0.7SM PPC + 0.25M P as supporting 

electrolyte; 2, dE = dlog(i, - i)/i. 

hmj& of black liquor by de ~o~~~~gr~pky. Place 5 ml of 
black liquor in a 200-ml separating funnei and extract with 
two IO-ml portions of chloroform, by shaking for IO min 
with each (on a shaker to avoid the fo~ation of an 
emulsion) and leaving for 10 min for phase separation. 
Collect and combine the chloroform phases. Use 10 ml of 
the solution for recording the de polarogram as for analysis 
of papers. 

Analysis of black Iiquor bll ac pdurography. Add 4 ml of 
water to 1 ml of black liquor in a 200-ml separating funnel 
and extract as for the dc method. 

RESULTS AND DISCUSSION 

In ~~for~f~~, in the absence of a proton donor 
and with (But)~~ClO~ as the supporting electrolyte, 
the reduction of 9,10-anthraqu~none (AQ) and its 
l&dihydroxy (quinizarin) and l,S-dihydroxy (chris- 
tin) derivatives gives one reduction wave which 
nearly coalesces with the reduction wall of the solvent 
(Fig. la, curve 2) and corresponds to reduction of the 
anthraquinones to semiquinones (radical anions).‘* 
1,24Xhydroxyanthraquinone (alizarin) is not reduc- 
ible in this medium. 

On the addition of a proton donor, such as benzoic 
or trichloroacetic acid (HA type) or piperidinium 
perchiorate (HB* type) to a chloroform solution 
of AQ and its dihydroxy derivatives, a new wave 
appears at less negative potentials. As the concen- 
tration of added acid increases from zero to a value 
equal to twice the AQ bulk concentration, the new 
wave grows at the direct expense of the original wave 
(Fig. la). At Ctid/C,, = 2, the original one-electron 
wave is completely replaced by a single two-electron 
wave. The height of this new wave is twice that of 
the wave obtained in the absence of the acid and the 
degree of reversibility of this wave increases with 

increasing concentration of the proton-donor (par- 
ticularly of HB’ type). With 0.7&W PPC f 0.25M P 
as supporting electrolyte, a well defined and rever- 
sible two-electron reduction wave is obtained 
(Fig. lb). Cyclic voltamperograms of AQ and its 
dihydroxy derivatives in the presence of this last 
spurting electrolyte are shown in Fig. 2. 

The half-wave potentials for AQ and its dihydroxy- 
compounds are given in Table 1. Controlled potential 
coulometry shows that the single cathodic wave of 
AQ and its dihydroxy derivatives corresponds to a 
Z-electron reduction. A plot of log&, - i)/i] vs. E 
giv& a straight line with a slope of about 32 mV 
(Table 1). 

(--T&Y-- -400 0 -400 -200 0 

ElmV) 

Fig* 2. Cyclic voltamperograms of (a) ImM I,8-dihydraxy- 
AQ, (b) ImM, 1,2-dihydroxy-AQ, (c) 1mM I,Cdihydroxy- 
AQ, (d) ImM AQ, in the presence of 0.75M PPC + 0.25&i 
P as supporting electrolyte. Scan-rate for (a) and (c) S 

mV/sec; for (b) and (d) 10 mV/sec. 



~t~~~tion of ~thraquinon~ %I 

Table l+ 

Anthraquinones Et/Z. V s,t V kg rsd, % 

~,i~Anthmquinone (AQ) -0.248 5.532 5.9995 1.1 
1,2-Dihydroxy-AQ -0.342 5.032 0.9993 I.1 

(alizarin) 
1 &Dihydroxy-AQ -5.266 0.032 0.9994 1.1 

~qui~~n) 
i,~~yd~xy-AQ -0.240 5.532 OS94 1.0 

(chrisa&l) 

*Data obtained for 1W3M solutions of anthraquinoncs. 
?Slope = dE/dlog&, - if/i]. 
$Correlation coefficient. 

The calibration graphs are linear over the range 
10-S-10-3M. At the 1 mM concentration level, 
the polarograms of five separate solutions had id 
values with a relative standard deviation of about 1% 
(Table 1). 

A~ternut~g current poiorogropky 

Folarograms For 4 x lit-sM anth~~non~ solu- 
tions in the presence of 0.75M PPC + 0.25M P as 
supporting electrolyte, were recorded under several 
different conditions (scan-speed, drop-time, voltage 
amplitude, and frequency of the ahemating current) 
and the optimal parameters were selected: scan-speed 
2 mV/sec, drop-time 1 set, voltage amplitude 10 mV, 
frequency 75 Hz. 

Figure 3 shows ac polarograms of AQ and its 
IPdihydroxy derivative (quit&arm). The vaiues of 
EP and other characteristic data are given in Table 2, 
An $-point calibration graph was linear over the 

range 10M6-6 x 10-sM. At the 10-sN level, the rela- 
tive standard deviation of the peak current was 1.4%. 

A solution of IO-‘M AQ and its I$-dihydroxy 
derivative, in 0.75M PPC + 0.25&f P as supporting 
electrolyte, gave a reduction peak nearly coalescing 
with the reduction wall of the solvent. The scan-rate, 
pulse width, modulation amplitude and drop-time 
were optimized. Figure 4 shows the differential pulse 
polarograms of AQ. The calibration levels examined 
were between 100~ and 5 x 10v5M for anthra- 
quinone. 

Analysis of papers and black liquors 

An~raq~none was extracted from the samples of 
papers and black liquors according to the procedures 
given above and determined by ac or dc polar- 
ography with the standard addition method. Table 3 

!OO -250 -300 -350 

E tmV) EtmVl 

Fig. 3. Akemating current polarograms of (a) AQ, (b) l,~ihyd~xy-AQ (from lo-* to 2 x IOesM), in 
the presence of 0.75.V PPC + 0.2% P as supporting ekctrolyte; t = 1 sac, V, = 10 mV, f= 75 Hz. 
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Table 2’ 

Anthraquinones 

9,1 ~Anth~q~none (AQ) -0.266 0.048 0.9995 
1,2-~hy~oxy-AQ -0.360 0.050 0.9994 

{alizarin) 
1,4-Dihydroxy-AQ -0.284 0.049 0.9996 

(quinixarin) 
1,8-Dihydroxy-AQ -0.258 0.050 0.9995 

(chri&zin) 

*Data obtained for IO-‘M solutions of anthraquinones. 
tHalf-peak width. 
@Zorrelation coefficient. 

1.4 
1.4 

1.4 

1.4 

0 
-100 -150 -200 

E (mV) 

I 
-250 

Fig. 4. Differential pulse polarograms of 10e6-2 x 10e5M 
AQ in the presence of 0.75M PPC + 0.2.5&i P as Supporting 

electrolyte; t = 1 set, pulse height = 50 mV. 

gives the results for the polarographic determination 
of 9,10-anthraquinone in papers and black liquors. 
Figure 6 shows the ac and dc polarograms of the 
extracts. 

CONCLUSIONS 

On the basis of results obtained from the dc and ac 
polarography and controlled-potential coulometry, 
the reduction of anthraquinones in the presence of 
0.75M PPC + 0.25M P in chloroform can be shown 

to be 

AQ + 2e + 2H++H,AQ 

The plot of log [{id - i)/i] vs. E for the de polar- 
ograms, the half-peak widths in the ac polarograms 
and the AEp values in the cyclic voltammetry are 
the criteria which indicate that the reduction of 
anthraquinones is a two-electron reversible process 
at sufficiently slow potential scan-speed (cf. Tables 1 
and 2). From the data in Tables 1 and 2, it can be 
concluded that AE,,, and AE, between 9,10-anthra- 
quinone and its 1,2-dihydroxy derivative are large 
enough (about 100 mV) to allow determination of 
both these anthraquinones in a mixture (Fig. 5). The 
separation between the two half-wave or peak poten- 
tials for 1,2-dihydroxyanthraq~none and the other 
dihydroxy derivatives, is also about 100 mV, permit- 
ting the determination of 1,2-dihydroxyanthra- 
quinone and one (but not both) of the other two 
compounds in a mixture (Fig. 6, a and b). 

The behaviour of anthraquinones in ac and dp 
polarography has shown that the selection of the 
correct inst~mental parameters is of importance. 
The detection limit of the ac method is acceptably 
low (0.5 pg/ml) and the method could be used for 
anthraquinone in the p g/ml concentration range. As 
can be seen from Fig. 4, the dp polarograms of 
anthraquinone derivatives coalesce with the reduc- 
tion wall for the solvent. Therefore an accurate and 
quantitative measurement of these peaks cannot be 
made. 

The correlation coefficients show a linear re- 
lationship between id or ip and the concentration of 

Table 3 

Sample Amount Procedure* AQ, PP~ 

Paper It 11.25 g 1.73 
Paper IIt 9.82 g ii,’ 2.42 
Liquor 15 1 ml (iii) 95.7 
Liquor 118 5 ml (ii) 95.8 

*A solution of 9,iO-an~raquinone in chloroform 
was used as standard: (i) ac polarography method 
for papers, (ii) dc polarography method for black 
liquors, (iii) ac polarography method for black 
liquors. 

@amples from Pars Paper Industry, Iran. 
@ample from Tchouka Paper Industry, Iran. 
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a) 

O.lC 

O.lC 

0.0: 

C 
-200 -300 -400 

E (mVJ 

[b) 

i; I 

c 
-200 -300 -400 

E(mVJ 

Fig. 5. (a) Direct current polarogram of IO-‘M I,&dihydroxy-AQ + 5 x IO-‘A4 l,Zdihydroxy-AQ. (b) 
Alternating current polarogram of a mixture of 2 x 1O-5M lgdihydroxy-AQ and l,Zdihydroxy-AQ. 

t = 1 set (V_ = 10 mV, f = 75 Hz. Supporting electrolyte in both cases was 0.75M PPC + 0.25M P. 

E (mVJ 

b) 

O.lC 

w -5 
EfmVJ 

(c 1 

EfmVJ 

Fig. 6. Polarograms of black liquor extracts in chloroform, (a) de and (b) ac, and of paper extract in 
chloroform (c), ac. (1) Extracted phases, (2) after standard addition. 
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the anthraquinones. All the anthraquinones should 
be individually determinable by means of a cali- 
bration graph and the method of standard additions 
can be used. 

It is evident from the results that chloroform as 
solvent with piperidinium pet-chlorate plus piperidine 
as supporting electrolyte is a suitable medium for the 
determination of anthraquinones by dc and ac polar- 
ography, with an error of about 2%. The methods are 
directly applicable for the determination of these 
compounds after their extraction into chloroform 
from aqueous (e.g., black liquor) and solid samples 
(e.g., papers). 
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Suuuuary-Hydrazine compounds can be determined by voltammetry, based on their hydrogen catalytic 
wave in formaldehyde-platinum-sulphuric acid media. Adsorption of the platinum-formazone complex 
on the hanging mercury drop electrode enhances the sensitivity, allowing convenient measurement of 
micromolar and submilhmolar concentrations of simple hydraxines. The selectivity is better than that 
of conventional (anodic) measurements of hydraxines, as oxidizable compounds do not interfere. The 
sensitivity is also greatly improved. The hydraxine response is evaluated with respect to preconcentration 
time, concentration dependence+ platinum and formaldehyde concentrations, reproducibility and other 
variables. The relative standard deviation (at 2 x lo-‘M) is 1.6%. 

Because of the industrial and toxicological signifi- 
cance of hydrazine compounds, a highly sensitive 
method is required for their determination. Spectro- 
photometric measurements of these compounds 
usually require preliminary derivative formation, 
owing to the modest absorptivities of simple hy- 
drazines.‘,2 Electrochemical measurements, based on 
direct oxidation of the hydrazine group, have been 
attempted.’ Because of the substantial overpotential 
for this process at conventional electrodes, modified 
(catalytic) electrodes are usually employed to facili- 
tate the determination, including phthalocyanine- 
containing carbon paste4 and electrochemically 
treated glassy carbons.5 However, unless used as the 
detection mode for liquid chromatography, voltam- 
metry at such activated surfaces permits quantifi- 
cation of only millimolar concentrations. 

This paper reports a sensitive and selective voltam- 
metric approach for determining simple hydrazines, 
based on their adsorption-dependent catalytic effect 
on hydrogen-ion reduction in the presence of plati- 
num and formaldehyde. It has been shown recently 
that extremely low levels of platinum can be deter- 
mined by means of the sensitive catalytic hydrogen 
wave obtained in its presence in formaldehyde- 
hydrazine medium.6,7 This wave was attributed to the 
lowering of the hydrogen overpotential on adsorp- 
tion of the platinum-formazone complex onto the 
mercury electrode (formazone is formed by the re- 
action of hydrazine with formaldehyde). Detection 
limits as low as 1 x lo-” and 1 x lo-‘*M platinum 
were reported as obtained by pulse polarography6 
and adsorptive stripping voltammetry,’ respectively. 
The catalytic wave was shown to depend strongly on 
the hydrazine concentration. Hence, the current work 
is intended to examine the utility of catalytic- 
adsorptive stripping voltammetry of simple hydraz- 

*Author for correspondence. 

ines in the presence of platinum and formaldehyde. It 
has been shown that by reversing the role of platinum 
and hydrazine, sensitive and selective voltammetric 
measurements of hydrazines can be attained. 

EXPERIMENTAL 

Apparatus 
The instrumentation used, a PAR 264A voltammetric 

analyser with a PAR 303 static mercury drop electrode, has 
already been described in detail.* Anodic measurements 
were made with a stationary glassy-carbon disk and a lo-ml 
voltammetric cell (Bioanalytical Systems Models MF2012 
and VC-2, respectively). 

Reagents 
All solutions were prepared with demineralized water. 

Hydraxine solutions were prepared from hydraxine sulphate 
(Baker). Methylhydrazine, 1,2-dimethylhydraxine and the 
lOOO-ppm platinum stock solution were purchased from 
Aldrich; formaldehyde was purchased from Fisher. 

Procedure 
Ten ml of lit4 sulphuric acid containing 0.1% w/v 

formaldehyde and 20 pg/l. platinum, were pipetted into 
the cell and purged with nitrogen for 8 min. The pre- 
concentration potential (-0.3 V) was applied to a fresh 
mercury drop while the solution was stirred (400 rpm). 
Following the preconcentration step, the stirring was 
stopped and after 15 set the voltamperogram was recorded 
by applying a linear scan terminating at - 1.30 V. After the 
background voltamperogram had been obtained, aliquots 
of the standard hydraxine solution were introduced. 
The solution was stirred and purged for 4 min to allow 
the formation of the platinum-formaxone complex. The 
accumulation/stripping cycle was repeated with a new drop. 
All measurements were made at room temperature. 

RESULTS AND DRXUSSION 

Figure 1 shows cyclic voltamperograms for 
2 x IO-‘M hydrazine in a sulphuric acid medium 
containing 20 pg/l. platinum and 0.1% w/v for- 
maldehyde, obtained after (A) 0 and (B) 60 set 
accumulation at -0.3 V. Two cathodic peaks are 

965 



966 JOSEPH WANG and ZIAD TAHA 

-0.3 

I 

Potential (VI 

Fig. 1. Cyclic vohamperograms for 2.5 x lO-sM hydrasine 
in 1M sulphuric acid containing 20 pg/l. platinum and 0.1% 
w/v formaldehyde, after (A) 0 and (B) 60 set accumulation 

at -0.3 V. Scan-rate 50 mV/sec. 

observed, at -0.85 and -0.95 V, The first is the 
catalytic response of the platinum-forgone com- 
plex; the second is the platinum catalytic response in 
the presence of formaldehyde [observed also in the 
absence of hydrazine (not shown)]. Scanning in the 
reverse direction exhibits also cathodic peaks indi- 
cative of hydrogen catalytic processes. The response 
increases dramatically when an accumulation period 
precedes the potential scan (compare A and B), 
indicating enhancement by adsorption. No significant 
change in the magnitude of the peaks is observed 
when scans are repeated (not shown). The effect of 
the potential scan-rate on the characteristics of the 
first peak-used for the hydrazine determination- 
was also evaluated (2.5 x lO-$M hydr~ne, 30 set 
accumulation). The peak potential shifted from 
-0.83 to -0.87 V when the scan-rate was increased 
from 10 to 100 mV/sec; no further change in the 
potential was observed at scan-rates between 100 and 
500 mV/sec. Unlike the direct proportionality be- 
tween the current and the scan-rate expected for an 
ideal redox couple immob~li~ on electrode surfaces, 
the catalytic/adsorptive current here first increased 
for scan-rates between 10 and 50 mV/sec and then 
rapidly decayed. 

Adsorption of the formazone complex can be used 
as a preconcentration step, prior to the voltammetric 
meas~ement of hydrazine, and makes possible a 
sensitive determination. Figure 2 shows linear scan 
voltamperograms for 1 x lo-‘M hydrazine, after 
different preconcentration periods [O-120 set (a-d)]. 
The Pt-formazone stripping peaks are well defined, 
with a peak potential of -0.84 V and peak half-width 

-0.7 

Potential (VI 

-0.95 

Fig. 2. Effect of preconcentration period on the voltam- 
perogram for 1 x lo-‘M hydra&e. Preconcentration 
period: (a) 0, (b) 30, (c) 60, (d) 120 sec. Preconcentration 
potential, -0.3 V. Atso shown are ~rmnt~~sition time 
plots for (a) I x lo-‘M and (b) 2 x lo-‘M hydra&e. Other 

conditions as for Fig. 1. 

of 53 mV. The longer the preconcentration time, the 
more formazone compIex is adsorbed on the surface, 
and the larger is the peak current. As a result, 
convenient measurement at the micromolar concen- 
tration level is possible. Also shown in Fig. 2 are plots 
of peak current us. preconcentration time at (A) 
1 x 10e5 and (B) 2 x lo-‘M hydrazine. In both cases, 

A) 

I 25pA 

[Bl 

I 25+A 

Potential fV) 

Fig. 3. Voltamperograms for (A) 2 x lo-rM methyl- 
hydrazine and (B) 2 x 10T5M 1,2-dimethylhydrazine after 
120 set accumulation. The responses without accumulation 
are shown as dashed lines. Other conditions as for Fig. 1. 
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the current increases rapidly at first with deposition 
time (up to 120 set) and then levels off. 

Other hydrazine ~ompo~ds which form com- 
plexes with platinum and fo~aldehyde can be 
measured in a similar manner. For example, Fig. 3 
shows catalytic-adsorptive stripping peaks for 
2 x lo-‘M methylhydrazine (A) and 1,2-dimethyl- 
hydrazine (B). A similar response is observed. The 
adsorptive accumulation of the corresponding com- 
plexes on the mercury electrode is indicated by com- 
parison with the response without p~on~ntration 
(shown as a dashed line). 

The data in Figs. 2 and 3 have several important 
analytical implications. Resides the enhanced re- 
sponse associated with the ~talytic-adso~tive pro- 
cess, these data indicate the feasibility of measuring 
oxidizable hydrazine compounds indirectly by reduc- 
tive voltammetry. Such use of a different detection 
principle affords a wider range of selectivity com- 
pared to conventional (anodic) measurements of hy- 
drazines. The improved selectivity is illustrated in 
Fig 4. When the voltammetric measurement is per- 
formed by a positive-going scan at the glassy-carbon 
electrode, the large phenol peak completely masks the 
hydrazine peak of interest (A, curve b). In contrast, 
no such effects are observed when the catalytic- 
adsorptive approach (B) is used, and hydrazine 
can thus be determined without interference. Similar 
improvements in selectivity (over anodic measure- 
ments) were observed in anaIogous measurements in 
the presence of m-aminophenol, 2,4-dichlorophenol, 
catechol and p-nitroaniline (not shown). Comparison 
of the curves in Fig. 4 indicates also the significant 
improvements in the sensitivity, and overall signal-to- 
background characteristics, when the adsorptive- 
catalytic scheme is used. 

The hydrazine catalytic response depends strongly 
on the solution conditions. For example, Fig. 5 
shows the effect of the platinum concentration on the 
catalytic current for (a) 5 and (b) 8 PM hydrazine. At 
the lower hydrazine level, the peak current increases 

(A) 
T 

Potentiol 04) 

Fig. 4. Response for 2.5 x 10e5M hydrazine in (a) the 
absence and (b) the presence of 5 x 10-5M phenol, as 
recorded at the glassy carbon (A) and hanging mercury drop 
(B) electrodes. Conditions: (A) differential pulse waveform 
with 10 mVfsec scan-rate and 25 mV amplitude; (B) as for 
Fig. I except that the preconcentration period was 30 sec. 

[Pt) ng/ml 

Fig. 5. Effect of platinum on the catalytic-adsorptive strip- 
ping response for (a) 5 x 1O-Sand (b) 8 x 10mSM hydra&e. 

Other conditions as for Fig. f B. 

linearly with change in platinum concentration over 
the O-120 ,ugjl. range. With 8@f hydrazine, the 
current increases linearly with the platinum level at 
first (up to 50 ~g/l_) and then starts to level off. 
Thus, full surface coverage is approached on forming 
higher concentrations of the complex. The effect of 
formaldehyde on the catalytic current was also in- 
vestigated (not shown, 5 x 10m6M hydrazine; 60 pg/l. 
platinum; 60 set preconcentration). The hydrazine 
peak increased rapidly at first (up to 0.1% w/v 
fo~~dehyde) and then levelled off. Measurements 
of 2.5 x lo--%M hydrazine were used to evaluate the 
effects of the accumulation potential, convective 
mass-transport and potential waveform (30 set 
a~umulation~. The peak current remained un- 
changed on varying the ambulation potential be- 
tween -0.1 and -0.3 V, a gradual decrease of the 
current was observed at higher potentials. Convective 
mass-transport (during accumulation) has only a 
mild effect on the adsorptive/catalytic current. For 
example, a stirring rate of 400 rpm resulted in almost 
two-fold enhancement of the response, as compared 
to that obtained in a quiescent solution. The linear 
Scan mode was preferred to use over the differential 
pulse waveform, because of its faster response, im- 
proved resolution (from the neighbor&g platinum- 
formazone peak), and slightly improved signal-to- 
background characteristics. 

Figure 6 shows the dependence of the catalytic 
current on the hydrazine concentration, for different 
preconcentration times [(a) 15, (b) 30 and (c) 60 set]. 
All the plots exhibit the same profile, with curvature 
at concentrations lower than 2 x lo-‘M and 
linearity over the (2-8) x IO-‘M range [the slopes 
of the linear portions are (a) 17.2, (b) 20.7 and 
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appear to relate to the formation of the formaxone 
complex. (This is supported by the fact that the trend 
in Fig. 6 is independent of the adsorption time.) 
Nevertheless, the condensation dependence is well 
defined and reproducible, allowing convenient deter- 
mination at the micromolar and submillimolar levels. 
The reproducibility was estimated by ten successive 
measurements on a stirred 2 x 10esM hydraxine sol- 
ution (30 set preconcentration). The mean peak 
current was 149 nA, with a range of 147-151 nA, and 
a relative standard deviation of 1.6%. Such excellent 
reproducibility is of great significance, considering 
the irreproducible response of anodic measurements 
at solid electrodes. 
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Summary-A method is described for determination of sulphoxides through their reaction with iodide in 
a trifluoroacetic acid/acetone medium to produce iodine, which is then titrated with thiosulphate. 

The determination of sulphoxides is of great interest converts sulphoxides into the corresponding sul- 
owing to the role which this class of sulphinyl phides according to the general eauation 
derivatives plays in modern organic synthesi&2 as 
well as in the field of bio-organic and biological 

R’R2S = 0 + (CF,CO),O + 2NaI 

chemistry.3A The significance of this topic is reflected -, R’R,S + I, + 2CF,COO- 
by the number of-procedures which have been re- 
ported during more than fifty years.5,6 

The preparative scale deoxygenation of sulphoxides 

Although in the last decade mainly GLC tech- 
by means of this reagent has been found to be fast 

niques have been introduced for the determination of 
and quantitative even at temperatures around O.‘* 

volatile sulphoxides the non-volatile and unstable 
The reaction may be rationalized as shown in the 
mechanistic scheme below. 

I 

R’- ; -R* + (CF,CO),O+R’-p CF,COO- 5 R’- L R2 or 

6 

A 

derivatives must still be determined by classical ti- 
trimetric methods. The first of these procedures were 
based on reduction with stannous’ or titanous8s9 salts 
and back-titration of the excess of reducing agent 
with a standard ferric iron solution. The sulphoxides 
have also been reduced with iodide in hydrochloric 
acid,‘O hydrochloric acid-acetic acid,” or acetic 
acid-acetyl chloride mixtures’* with subsequent de- 
termination of the iodine released. 

Later, methods based on the oxidation of sul- 
phoxides by potassium permanganate,13 potassium 
dichromate,” chloramine-T” or chloramine-B’6 were 
introduced. The sulphoxides were also determined by 
potentiometric titration with perchloric acid in anhy- 
drous dioxan-acetic anhydride solution.” 

Here we present a new procedure for the io- 
dometric determination of sulphoxides, which is 
based on the use of trifluoroacetic anhydride-sodium 
iodide (TFAA-I) mixture as a reducing agent, which 

*Author to whom correspondence should be addressed. 

1 
R-S-R 

I 
2 R’--S-R2 + I, 

I 

D E 

The first step of the reaction is undoubtedly the 
formation of the acyloxysulphonium salt B.‘2J9 In the 
subsequent step either the sulphonium salt D or the 
sulphurane intermediate C may be formed. Decom- 
position of C or D by iodide will lead to the final 
reduction product with simultaneous release of iodine 
in a quantitative reaction. The reactivity of TFAA-I 
also recommends this reagent for other deoxy- 
genations (e.g., of N-oxy compounds) as already 
described by US.*‘*~’ 

EXPERIMENTAL 

Materials 

DMSO (Aldrich) was standardized by the per- 
manganate method.” Phosphonoethionine sulphoxide 
(C,H,,N0,PS.2H20) was synthesixedz2 and standardized 
by the permanganate method.‘) The other sulphoxides listed 
in Table 1 were prepared as previously describedz3 and had 
the purity reported. Trifluoroacetic anhydrlde was pur- 
chased from Aldrich. Acetone was distilled from phos- 
phorus pentoxide and stored over 13 A molecular sieve. 
Sodium iodide (Aldrich) was dried in vacuum over phos- 
phorus pentoxide before use. 

TM.. 35112-O 969 
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Table I. Results for determination of various sulphoxides 

Compounds 
Taken, Found, Std. devn., 

R’ R* pmole pmoie pmole (n = 6) Solvent 

20 19.93 0.1 acetone 

la Me Me 

50 49.9 
90 89.7 
20 19.94 

49.9 
89.8 

lb nBu nBu 50 49.9 
lc Ph Ph 50 49.9 
Id Ph Bu 50.10 
le Ph pTo1 :I: 49.7 
If Ph pMe(KH, :: 49.8 

19.8 
lg Et H2N-CH(CH2)*- 50 49.8 

loo 99.0 
PO,H, 

0.1 
0.2 

0.1 

0.1 
0.2 
0.1 
0.1 
0.1 

0.3 

acetone 
acetone 
AcOH-AczO (5%) 
AcOH-A%0 (5%) 
AcOH-Ac,O (5%) 
acetone 
acetone 
acetone 
acetone 
acetone 
AcOH-AcrO (5%) 
AcOH-Ac,O (5%) 
AcOH-AC, 0 (5%) 

solutions Su~hoxides. Solutions (O.lM) of ~rn~unds la-l f 
Sodium iodide. A 0.5&i solution in anhydrous acetone. (Table 1) in anhydrous acetone, and of lg in a 95:5 v/v 

TF’A. A 0.8&f solution in anhydrous acetone, prepared mixture of glacial acetic acid and acetic anhydride. 

immediately before use. Aqueous potassium iodide solution, 0. I M. 

Table 2. Yields of the reaction of TFAA-iodide with compounds containing semipolar X4 bonds 

Structure 

Compounds 

R’ RI R’ 
Taken, 
pole 

Amount of 
iodine, pmole 

1 min 20 min 

la 
lb 
lc R’-S-R* 

2a 
2b 

RI-S-R2 
II 
0 

3a R’- S-R* 

II 
0 

4a 
R’\ 
R*-N-O 

4b R3/ 

5a 
5b R’-NO, 
5C 

6a R’ ‘Bu 

66 

7a R’ 

7b R* 
\ 

OH 

2 R-N- 

9a R-N=C=S 

Me Me 
BU Bu 
Ph Ph 

Ph Ph 
Bu. Bu 

Ph Me 

Me 

Ph 

Me 

Me 
Et 
Ph 

pCIC,Hs-- H 

p02NC6H,-- H 

Ph Me 

PhCH, 

Ph 
Naph 

Ph 

PhCH, 

50 
50 
50 

50 
50 

H 

Me 

50 

50 

50 

50 
50 
50 

50 

50 

50 

50 

50 
50 

50 

49.9* 
49.9* 
49.9* 

0.0 
0.0 

0.0 

0.0 

25 

0.0 
0.0 
0.0 

45 

45 

0.0 

0.0 

0.0 
0.0 

0.0 

0.0 
0.0 

0.0 

0.0 

49.5 

0.0 

I:X 

45 

45 

0.0 

0.0 

0.0 
0.0 

0.0 

*These amounts of iodine were released after a few seconds of reaction time and did not increase over 
a period of 1 min. 
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Table 3. Comparison with representative methods of sulphoxide determination 

Time, Range, Accuracy, 
Method mix IPU?lOk % Standard used 

A. Potentiometric titration with standardized solution of HClO, in 
Ac,G-dioxan solution 

B. Oxidation with excess of standardized solution of K,Cr,O, in 
H, Sod. Redox back-titration with 0. 1M Fe(I1) 

C. Oxidation with excess of standardized solution of KMnO, in 
H,SO,. Redox back-titration with O.lM Fe(I1) 

D. Oxidation with standardized solutions of chloramine-T,r5 or 
chloramine-B.16 Iodide reduction and iodometric determination 
of chloramine excess (0.05M Na,S,O,) 

E. Reduction with excess of standardized solution of SnCl,. Redox 
back-titration with O.lM Fe(W) 

F. Reduction with standardized solution of TIC&. Redox back- 
titration with 0.1 M Fe(III) 

G. Reduction with KI in 10M HCl. Titration of iodine with O.OSM 
Na, S, 0, 

H. Acetylation-reduction with AcCl-AcOH-NaI. Iodometric ti- 
tration with 0. I M Na, $0, 

I. Acylation-reduction with TFAAI. Iodometric titration with 

30 

45 

35 

S-10 

80 2.5-6.0 98.8 + 10 DBSO” 

95 

5-10 

20 

5 

2.e5.0 99.3 * 4.9 DBS019 

0.5 

OS-l.0 

0.02-O. I 

99.7 f 0.3 AMSP” 

100.2 f 1.3 DBS019 

99.8 f 0.2 la-lg (Table I) 

1.0 

0.51.5 

4.0 

0.2-l .o 

99.5 f 0.1 DMSO” 
99.2 f 0.2 DPSO 
99.7 f 0.4 DBSO” 

99.9 f 0. I DMSO, DPSO” 
95.7 f 7.4 DBS019 

99.4 f 0.6 DMSO, DPSO” 

99.5 f 0.5 DMSO’5*‘6 

0.02M Na, S, 0, 

l DMSG-dimethyl sulphoxide, DBSWibenzyl sulphoxide, DPSG-diphenyl sulphoxide, AMPS-3-amino-6 
methylsulphoxypyrazine. 

Sodium thiosulphate solution, 0.02M. Standardized by 
coulometric titration with iodine. 

Starch, 0.5% aqueous solution. 

Procedure 

A known volume of sample solution (containing 2&100 
pmole of the sulphoxide) is placed in a 100~ml Erlenmeyer 
flask and 1 ml of 0.5M solution of sodium iodide in acetone 
is added, followed by 0.5 ml of 0.8M solution of TFAA in 
acetone. Iodine is immediately formed. After gentle swirling 
for 0.5 min, the mixture is diluted with 20 ml of O.lM 
potassium iodide and titrated at once with 0.02M sodium 
thiosulphate. Starch indicator is added towards the end of 
the titration. 

RESULTS AND DISCUSSION 

The method of sulphoxide determination presented 
is characterized by the results summarized in Table 1. 
The reductive deoxygenation of sulphoxides is very 
fast and affords the stoichiometric amount of iodine 
over the broad range of sulphoxide concentrations 
from lo-” to 0. IM. Sulphoxide concentrations as low 
as 10m6M can be determined with ultraviolet spec- 
trometric determination of the iodine released. 

The sensitivity of the method results from the final 
determination system, namely the thiosulphate ti- 
tration of iodine with starch as indicator in the 
presence of excess of iodide to enhance the colour 
change. This system allows determination of sul- 
phoxides at micromole level (20-100 pmole in the 
titrated sample) with visual detection of the end- 
point. 

The low acidity of the reaction mixture (0.4 mmole 
of TFAA, 4-20-fold molar ratio of TFAA to sul- 

phoxide) practically eliminates the side-reaction of 
aerial oxidation of iodide, and the need for a blank 
titration (though this can always be performed). In 
comparison, the Allenmark procedure,12 involving 
titration in 1M hydrochloric acid medium, gives a 
blank of about 5 pmole, for which a correction must 
be applied. The selectivity of the method is illustrated 
by the results for application of the method to 
sulphoxides and other class of compounds bearing 
semipolar functions (Table 2). It is interesting that 
there is no interference by sulphides and sulphones. 
Thus, the determination of diphenyl sulphoxide (50 
pmole) alone or in a mixture with diphenyl sulphide 
(50 pmole) or diphenyl sulphone (50 pmole), under 
the prescribed conditions, always gave the same 
results. 

A comparison of this method with other represen- 
tative procedures, experimentally verified by Mor- 
avek and VlIBl,i9 is presented in Table 3. 
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Summary-Spectral studies of a series of ‘I-hydroxycoumarins substituted at positions 3 and 4 with methyl 
and phenyl groups are reported. Rates of ring opening in 0.7M potassium hydroxide at 25.5” have been 
determined fluorometrically, and rate constants and half-lives are reported. 

A great many investigations have been conducted on 
derivatives of 7-hydroxycoumarin (umbelliferone), a 
7-hydroxybenzo-2-pyrone. Among these are the in- 
vestigations of Balaiah et al.’ and of Sherman and 
Robins’ who found that electron-withdrawing sub- 
stituents such as carbethoxy, cyano, and phenyl 
dramatically enhance the fluorescence of 7-hydroxy- 
coumarins when they are located at position 3 of 
the benzo-2-pyrone ring. Other investigators have 
studied the hydrolysis of coumarin derivatives in a 
variety of solvents by spectrophotometric,3-5 polar- 
ographic,“’ and conductometricE methods. When 
coumarin is attacked by hydroxide the anion of 
cis-coumarinic acid is formed.’ Bowden et ~1.~ have 
shown that the mechanism of this reaction consists of 
hydroxide attack on the carbonyl carbon atom (rate- 
determining step) followed by fast fission of the cyclic 
oxygen-carbonyl bond. Under conditions of limited 
basicity, the singly charged anion is produced. The 
doubly charged anion is produced in the presence of 
excess of base. 

coumarin cis-coumarinic acid anion 

The present investigation was undertaken to deter- 
mine whether substitution patterns might be found 
which would provide the 7-hydroxybenzo-2-pyrone 
nucleus with high relative fluorescence as well as with 
resistance to ring opening in alkaline solution. These 
properties are necessary for molecules employed as 
the fluorescent moieties in metallofluorescent indi- 
cators which are to be used in spectrofluorometric 
analyses at high pH. This investigation, an extension 
of an earlier work,‘O followed essentially the same 
course as the investigation of derivatives of 7-hydroxy- 
benzo-Cpyrone, and the calculations and reasoning 
follow the pattern presented in the earlier paper. 

EXPERIMENTAL 

Eight 7-hydroxycoumarins differing in substitution at the 
3- and 4- positions were synthesized. 

‘I-hydroxycoumarin 
(7-hydroxybenzo-2-pyrone) 

I R,=H, R,=H 
(7-hydroxycoumarin) 

II R,=H, R,=CH, 
(7-hydroxy-3-methylcoumarin) 

III R, =CH,, R,=H 
(7-hydroxy-4-methylcoumarin) 

IV R, =CH,, R,=CH, 
(7-hydroxy-3.4dimethylcoumarin) 

V R,=H. R,=C,H, 
(7-hydroxy-3-phenylcoumarin) 

VI R,=C6H,, R,=H 
(7-hydroxy-4-phenylcoumarin) 

VII R, = C6H,, R, = C,H, 
(7-hydroxy-3+diphenylcoumarin) 

VIII R, = CH,, R, = C,H, 
(7-hydroxy-4-methyl-3-phenylcoumarin) 

References to compound preparation methods, melting 
points (uncorrected) and elemental analysis data are given 
in Table 1. 

All chemicals used were of reagent grade. Buffers were 
prepared according to the method of Bates”’ and were of 
constant ionic strength. All water was distilled and demin- 
eralized by passage through Amberlite MB-l. 

Procedures 
Absorprion spectra. Absorption spectra over the pH range 

3.e12.0 at intervals of 0.5 pH were obtained with a Cary 
Model 219 spectrophotometer. Stock solutions (3.11 x 
10-3M) of substituted ‘I-hydroxycoumarin, were prepared 
by dissolving appropriate amounts of each compound in 
100 ml of 95% ethanol. Solutions for which spectra were 
recorded were prepared by delivering 375 ~1 of stock 
solution into 25-ml standard flasks from a Micro Metric SB 
2 microburette and a model SSY syringe and diluting to the 
mark with the appropriate buffer. Spectra were run as soon 
as possible after solution preparation in order to avoid 
precipitation of the compounds from acid solution and 
hydrolysis of the compounds in alkaline solution. 

Fluorescence spectra. Fluorescence spectra were obtained 
for the pH range 3.0-12.0 at intervals of 0.5 pH by using an 
Aminco-Bowman spectrofluorometer and were uncorrected 
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Table 1. Literature references to preparation, melting points, and elemental analyses of 
3- and 4- substituted 7-hydroxycoumarins 

Elemental analvsis* 

Compound Reference m.p. (lit.), “C Carbon, % Hydrogen, % 

I 11 
II 12 
III 13 
IV 14 
V 15 
VI 16 
VII 17 
VIII 18 

236-238 (227-228) 
228-229 (2 18) 
192-193 (194-195) 
269-27 l(256) 
214-216 (209-210) 
255-256 (256.5257) 
298-300 (287-289) 
23 l-233 (228-229) 

*Theoretical values in parentheses. 

for variations in the emission characteristics of the lamp and 
response characteristics of the photomultiplier tube. The 
stock solutions were 1.55 x lo-‘A4 for compounds V and 
VIII and 3.11 x 10m3M for the others. Solutions were 
prepared by delivering between 5 and 25 ~1 of stock solution 
into 25-ml standard flasks from a Micro Metric SB 2 
microburette and a model S5Y syringe and diluting to the 
mark with appropriate buffers. Measurements were made as 
soon as possible after solution preparation. 

Aciddissociation constants. The acid dissociation constant 
of 7-hydroxy-3+diphenylcoumarin was determined from 
solubility data by the method of Krebs and Speakman.i9 
Acid dissociation constants for the other compounds were 
determined from absorbance and fluorescence mea- 
surements of the acid and base forms of the compounds, and 
of solutions containing a mixture of both forms, at 
pH = pKa k 0.0, kO.2, kO.4 and +0.6, by using methods 
described before.‘O 

Hydrolysis study. The rate of hydroxide attack on the 
3-methyl, 3-phenyl-, and 4-methyl-derivatives of 7-hydroxy- 
benxo-2-pyrone was followed fluorometrically by means of 
a Turner Model 110 filter fluorometer equipped with a 
flow-through cell. The filters used were: primary, 760; 
secondary, 110-828 (4), with a 1% neutral-density filter. For 
monitoring the hydrolysis of the feebly fluorescent 4-phenyl 
derivatives, the neutral density filter was removed. The 
hydrolyses were investigated by adding suthcient coumarin 
stock solution to 50 ml of 0.7M potassium hydroxide to 
provide an initial reading of 80-100% relative fluorescence. 
Plots of the logarithm of the difference in fluorescence at any 
time, F, and the final fluorescence, F,, , as a function of time, 
gave straight lines in accord with 

IoglF-F,l= &+loglFo-F,I (1) 

where F, is the fluorescence of the completely unhydrolysed 
compound. Rate constants and half-lives were determined 

66.6 (66.67) 
68.0(68.17) 
68.3 (68.17) 
69.4 (69.47) 
75.7 (75.62) 
75.6 (75.62) 
80.0 (80.24) 
75.7 (76.18) 

3.8, (3.73) 
4.6? (4.58) 
4.6, (4.58) 
5.4s (5.29) 
4.2, (4.23) 
4.3, (4.23) 
4.5, (4.49) 
4.9, (4.79) 

from the slopes of these straight lines. Hydrolyses were 
repeated a minimum of five times per compound, at different 
concentrations of coumarin. All hydrolyses were followed 
for a minimum of 3.5 half-lives and, in most cases, for 5 
half-lives. 

RESULTS AND DISCUSSION 

Absorption data 

The parent compound, 7-hydroxycoumarin, has 
absorption maxima at 323.3 nm in pH 4.0 solution 
and 365.7 nm in pH 10.5 solution, with molar 
absorptivities of 1.52 x 104 and 1.98 x 104 
1 .mole-’ .cm-‘, respectively. A similar shift to longer 
wavelength, accompanied by a 5530% increase in 
molar absorptivity, is observed for each of the com- 
pounds studied and is attributed to neutralization of 
the phenolic proton. Table 2 lists the wavelengths of 
maximum absorbance, and the molar absorptivities 
in acid and base solution. Phenyl substitution at 
position 3 or 4 results in an increase in the wavelength 
of maximum absorbance in both acid and alkaline 
solution, the shift being greater for compounds hav- 
ing a 3-phenyl substituent conjugated to the hydroxyl 
group at position 7. Methyl substitution at position 
3 or 4 produces a slight blue shift in the wavelength 
of maximum absorbance. Acid dissociation constants 
given in Table 3 and determined by changes in both 
absorbance and fluorescence are in excellent agree- 
ment, and are attributed to ground-state dissociation 
of the phenolic proton. 

Table 2. Absorption maxima and molar absorptivities of 3- and 4-substituted 
7-hydroxybenzo-2-pyrones at pH 4.0 and 10.5 

pH 4.0 pH 10.5 

Molar Molar 
Absorption absorptivity, Absorption absorptivity, 

Compound maximum, nm I.mole-‘.cm-’ maximum, nm I.mole-‘.cm-’ 

I 323.3 1.52 x lo4 365.7 
II 321.2 1.62 x IO4 361.2 
III 320.4 1.63 x lo4 359.9 
IV 320.7 1.56 x lo4 357.4 
V 338.0 1.12 x lo4 382.6 
VI 329.1 1.37 x 104 375.1 

251.8 
VII insoluble 378.5 

1.98 x lo4 
1.91 x 104 
2.11 x 104 
1.80 x IO4 
1.39 X 104 
1.77 x 104 
1.70 x lo4 
2.31 x IO4 

VIII 326.1 1.85 x lo4 365.8 2.25 x 104 
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Table 3. Acid dissociation constants 
( f standard deviation) obtained from absorb- 

ance, fluorescence, and solubility data 

Compound pK, Method 

I 7.74 + 0.03 
7.65 IO.03 

II 8.02 + 0.03 
7.97 f 0.05 

III 7.80 + 0.02 
7.83 + 0.03 

N 8.09 f 0.02 
8.04 f 0.04 

V 7.73 * 0.02 
7.70 * 0.02 

VI 7.64 f 0.05 
7.52 & 0.03 

VII 7.67 
VIII 7.86 f 0.05 

7.86 + 0.08 

Absorbance 
Fluorescence 
Absorbance 
Fluorescence 
Absorbance 
Fluorescence 
Absorbance 
Fluorescence 
Absorbance 
Fluorescence 
Absorbance 
Fluorescence 
Solubility 
Absorbance 
Fluorescence 

Fluorescence study 

The wavelengths of maxium fluorescence excitation 
in acid and base solution correspond to the wave- 
lengths of maximum absorbance (Table 4). The wave- 
length of maximum fluorescence emission of 
7-hydroxy-3-phenylcoumarin exhibits a 5-nm shift to 
longer wavelength on neutralization of the ground- 

Table 4. Wavelengths of maximum fluorescence excitation 
and emission at pH 4.0 and 10.5 

Fluorescence 

Excitation I,, , Emission &, , 
Compound pH nm nm 

I 4.0 
10.5 

II 4.0 
10.5 

III 4.0 
10.5 

IV 4.0 
10.5 

V 4.0 
10.5 

VI 4.0 
10.5 

VII 4.0 
10.5 

VIII 4.0 
10.5 

324 455 
366 455 
322 464 
363 464 
322 448 
360 448 
321 460 
358 460 
339 466 
382 472 
328 504 
374 504 

374 
332 
368 

insoluble 
483 
464 
462 

state phenolic proton. For the remaining compounds, 
the wavelength of maximum fluorescence emission 
remains unchanged over the pH range studied and, in 
all cases, emission is attributed to the phenolate form 
of the compounds. Phenyl substitution for hydrogen 
at, either the 3- or Cposition of 7-hydroxycoumarin 
increases the wavelength of maximum emission, 
4.phenyl substitution producing the compound with 
the longest emission wavelength. Addition of a 
second phenyl group at position 3 of 7-hydroxy- 
Qphenylcoumarin results in an emission maximum 
of shorter wavelength than that of the Cphenyl 
derivative and is due presumably to crowding of the 
two adjacent phenyl groups. Of the compounds stud- 
ied, 4-phenylumbelliferone exhibits the most feeble 
fluorescence. 

Hydrolysis study 

Attack by hydroxide on the carbonyl carbon atom 
of 7-hydroxycoumarin results in opening of the 
benzo-Zpyrone ring. Because ring-opening is accom- 
panied by loss of fluorescence, hydrolyses were con- 
veniently followed by monitoring fluorescence as a 
function of time. Pseudo first-order rate constants 
and half-lives are given in Table 5. Consistent with 
inductive effects, an electron-withdrawing phenyl 
group at position 3 results in accelerated rate of 
hydroxide attack on the carbonyl carbon atom (com- 
pare compounds I and V, III and VIII, and VI and 
VII). Pheny! substitution at position 4 has little, if 
any, effect on the rate of ring cleavage of 
7-hydroxycoumarin (compare compounds I and VI), 
while substitution of phenyl for hydrogen at position 
4 of 7-hydroxy-3-phenylcoumarin slows the rate of 
ring cleavage (compare compounds V and VII), 
presumably because the phenyl at position 3 is forced 
out of the plane of the benzo-2-pyrone ring, thus 
reducing the positive charge at the carbonyl carbon 
atom. 

It is surprising that introduction of the electron- 
donating methyl group at position 3 also results in 
accelerated ring-opening (compare compounds I and 
II, and III and IV), but Lippold and Garrett’ report 
a similar effect for 3-methylcoumarin at 25”; at 
temperatures below 15”, 3-methylcoumarin is less 
susceptible to attack by hydroxide than the un- 
substituted coumarin, but at 17.5” and 25.0” the 

Table 5. Pseudo first-order rate constants and half-lives (*standard 
deviation) for 7-hydroxybenzo-2-pyrones differing in substitution at 

positions 2 and 3; solvent 0.7M potassium hydroxide (25.5 + 0.1”) 

k 1112 

0.00831 f 0.00006 see-’ 83.1 + 0.6 set 
0.0117 f 0.0001 se-’ 59.1 f 0.3 set 

0.123 f 0.002 min-’ 5.63 + 0.10 min 
0.146 f 0.005 min-’ 4.74 f 0. I5 min 

0.0144 f 0.0002 see-’ 47.9 + 0.5 set 
0.00855 + 0.00007 see-’ 80.9 k 0.6 set 

0.0116 f 0.0000 set-’ 59.6 + 0.3 set 
VIII 0.165 + 0.001 min-’ 4.18 f 0.03 min 
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The half-lives of 7-hydroxybenzo-2-pyrones in the 
present study are shorter (between 47.4 set and 5.63 
min) than half-lives of compounds in a similar series 
of 7-hydroxybenzo-4-pyrones substituted at positions 
2 and 3 with methyl and phenyl groups (between 
6.98 min and 16.6 days),” indicating that the benzo- 
2-pyrone nucleus is more susceptible to alkaline 
hydrolysis than the benzo-4-pyrone nucleus. The 
approximately one order of magnitude range of 
half-lives exhibited by the 7-hydroxycoumarins is 
about one quarter of that exhibited by similarly 
substituted 7-hydroxybenzo-4-pyrones, indicating 
that methyl and phenyl substituents exert a lesser 
influence of 7-hydroxycoumarin stability than on 
7-hydroxychromone stability. 

Although the compound in the present study that 
is most resistant to alkaline hydrolysis, ‘I-hydroxy- 
4-methylcoumarin (III), is very fluorescent and 
has been used as the fluorescent moiety in the 
metallofluorescent indicator Calcein Blue, it is very 
susceptible to attack by hydroxide (t,,* = 5.63 &- 0.10 
min) and thus exhibits too rapid a decay of the 
fluorescence signal to be recommended for incorpo- 
ration into spectrofluorometric reagents that will be- 
used in highly alkaline solution. Furthermore, it 
appears unlikely that a structurally simple, readily 
synthesized, highly fluorescent ‘I-hydroxycoumarin 
could be prepared that would display significantly 
greater resistance to alkaline hydrolysis than 7- 
hydroxy-4-methylcoumarin (4-methylumbelliferone). 

2. 

3. 
4. 

5. 
6. 

7. 
8. 

9. 
10. 
Il. 

12. 

13. 

14. 

15. 

16. 

17. 
18. 

19. 

20. 

REFERENCES 

V. Balaiah, T. R. Seshadri and V. Venkateswarlu, Proc. 
Indian Acud. Sci., 1942, 16A, 68. 
W. R. Sherman and E. Robins, Anal. Chem., 1968,40, 
803. 
B. N. Mattoo, Trans. Faraday Sot., 1957, 53, 760. 
E. R. Garrett, B. C. Lippold and J. B. Mielck, J. Phurm. 
Sci., 1971, 60, 396. 
B. C. Lippold and E. R. Garrett, ibid., 1971, 60, 1019. 
G. Giacometti, Atti. Accad. Naz. Lincei, Rend. Classe 
Sci. Fis. Mat. Nat., 1954, 17, 379. 
A. Foffani, ibid., 1953, 14, 281. 
K. Bowden, M. J. Hanson and G. R. Taylor, J. Chem. 
Sot. (B), 1962, 174. 
H. Decker and P. Becker, Chem. Ber., 1922, 55, 375. 
G. M. Huitink, Talanfa. 1980. 27. 977. 
R. G. Bates, Determination of pH;‘Theory and Practice, 
pp. 156162. Wiley, New York, 1964. 
Organic Renctions, Vol. VII, p. 20. Wiley, New York, 
1953. 
E. Cingolani, A. Schiavello and C. Sebasitani, Guzz. 
Chim. Ital., 1953, 83, 647. 
Organic Syntheses, Collective Vol. I, p. 23. Wiley, New 
York, 1941. 
F. W. Canter, F. H. Curd and A. Robertson, J. Chem. 
Sot., 1931, 1264. 
Ng. Ph. Buu-Hail, B. Ekert and R. Royer, J. Org. 
Chem., 1954, 19, 1548. 
L. L. Woods and J. Sapp, ibid., 1962, 27, 3703. 
D. Lednicer, U.S. Patent 3,275,658 (Cl 260-343.2), 
27 September 1966. 
‘I’. R. Seshadri and S. Varadarajan, J. Sci. In. (India) 
Res., 1952, llA, 48. 
H. A. Krebs and J. C. Speakman, J. Chem. Sot., 1945, 
593. 



Talonto, Vol. 35, No. 12, pp. 977-980, 1988 
Printed in Great Britain. All rights reserved 

0039-9140/88 $3.00 + 0.00 
Copyright Q 1988 Pergamon Press plc 

SIMULTANEOUS SPECTROPHOTOMETRIC 
DETERMINATION OF FURAZOLIDONE 

AND BERBERINE IN TABLET FORM 

S. M. HASSAN, F. BELAL* and M. SULTAN 
Department of Analytical Chemistry, Faculty of Pharmacy, University of Mansoura, 

Mansoura 35516, Egypt 

(Recetied 10 August 1987. Reoised 29 June 1988. Accepred 23 August 1988) 

Summary-Two spectrophotometric procedures are suggested for the analysis of mixtures 
P 

f furazolidone 
and berberine in tablets. No preliminary separation step is required. The first procedure s based on the 
use of the modified Vierordt equation as developed by Glenn. The second depends on the spectral changes 
induced for both components by reduction with zinc and hydrochloric acid. The methods have been 
applied to the assay of mixtures of the two compounds in tablets and the results obtained compared 
favourably with those obtained by other methods, but the proposed methods are more accurate and 
precise and less time-consuming. 

Berberine is an alkaloid present in various species of 
berberis (Berberiduceue) and is reported to have 
antimalarial and antipyretic action.’ Numerous 
methods have been reported for its determination in 
plant extracts and in dosage forms, viz. titrimetric,2v3 
spectrophotometric,” fluorometric,* TLC,9 HPLCtO 
and HFTLC.” 

Furazolidone is a synthetic nitrofuran derivative, 
therapeutically effective as a bactericidal agent.’ It 
has been determined in bulk and dosage forms and 
in biological fluids by titrimetric,12 spec- 
trophotometric, I3 fluorometric,14 TLC,15 HPLC” and 
GLC” methods. 

Furazolidone and berberine are frequently formu- 
lated together, but only one method for analysis of 
such mixtures, based on TLC separation and sub- 
sequent spectrophotometric determination,‘* seems 
to have been reported, and is tedious, time- 
consuming and not sufficiently accurate. Neither the 
British Pharmacopoeia nor the United States Phar- 
macopeia has reported on the analysis of mixtures 
of the two species in formulations. This led us to 
search for a simple, rapid and accurate method for 
the purpose. Two spectrophotometric methods are 
suggested, the first the two-component method devel- 
oped by GlennI and the second the absorbance ratio 
method. Both give accurate and precise results. 

EXPERIMENTAL 

Procedures 

The two-component method. The accuracy obtainable 
from Vierordt’s method” largely depends on establishment 
of the required numerical coefficients for the particular 
instrument used at the time of the analysis. For the special 

*To whom correspondence should be addressed. 

case of a two-component mixture, Glenn has formulated the 
method in terms of absorbance ratios, which can be deter- 
mined with solutions of unknown concentration, thus facil- 
itating the task of obtaining the currently valid numerical 
coefficients. This enables the analyst to avoid use of wave- 
length pairs and concentration ratios that are unsatisfactory 
for precision. 

Prepare separate stock solutions of furazolidone and 
berberine sulphate, in dimethylformamide and water re- 
spectively. Prepare mixtures of the two and dilute with 
water, so that the concentration of each compound is in the 
range 0.4-1.5 mg/lOO ml. Measure the absorbances (A, and 
AZ) of the mixtures in a I-cm cell at 365 and 342 nm 
respectively, and calculate the concentration of the two 
compounds from the equations: 

C,= -$(b -m)/(b -a) 

C,=$[b(m -a)/(b-a)] 
2 

where C, and C, are the concentrations of furazolidone and 
berberine sulphate respectively, in g/l00 ml, 01, and K* are 
A I.2 values for furazolidone at 365 and 342 nm respectively, 
/i, and /I2 are the A I’! values for berberine sulphate at 
365 and 342 nm respectively, m = AZ/A,, a = KJK, and 
b =82/r%. 

The absorbance-ratio method. The theory of this method 
is that a two-component mixture can be analysed by mea- 
suring its total absorbance at a wavelength at which both 
components absorb, and then again after a reaction which 
reduces the absorbance of one component to zero, but 
yielding an absorbance for the other component that is 
linked by a constant factor to the absorbance of that 
component at the first wavelength. 

Mix volumes of the 1.0 mg/ml stock solutions of fura- 
zolidone and be&tine (in the range 0.5-l .4 mg/lOO ml) in 
lOO-ml standard flasks and dilute the mixtures to volume 
with water. Measure the absorbance of each mixture at 260 
nm (A,). In a separate set of lOO-ml standard flasks, place 
the combinations of the standard solutions as above, add 
300 mg of zinc powder, 10 ml of water and 2 ml of 
concentrated hydrochloric acid and let stand for 10 min. 
Dilute to the mark with water, mix, filter through a dry 
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Table 1. Data for determination of furazolidone and berberine by Glenn’s method 

Iz = 365 nm rl = 342 nm 
Concentration 

range, Correlation Correlation 
Compound Irglml A;Yg coefficient Slope Intercept Atk coefficient Slope Intercept 

Furazolidone 4-15 720 0.999 0.0702 0.001 524 0.9997 0.0524 0.001 
(0.4%) (0.5%) 

Rerberine sulphate 8-15 131 0.9998 0.131 0.001 538 0.9997 0.054 0.003 
(1.2%) (0.6%) 

The figures in parentheses are the coefficients of variation. 
*Average of 15 separate determinations. 

paper, reject the first 10 ml of filtrate and measure the (at 260 nm) of the furazolidone in the mixture; read the 
absorbance of the next 10-20 ml at 265 nm (A,). concentration from a previously plotted calibration graph. 

Calculate the concentration of berberine sulphate from a 
calibration graph prepared by treating suitable standards 
with zinc and hydrochloric acid as just described. 

To calculate the concentration of furazolidone, multiply 
A, by the ratio of the absorbance of pure berberine sulphate 
solution at 260 nm to that of the same solution at 265 nm, 
and subtract the product from A, to obtain the absorbance 

Analysis of tablers. Weigh and pulverize 20 tablets. Ex- 
tract an accurately weighed amount of the powder equiv- 
alent to _ 50 mg of each drug, with three 15-ml portions of 
DMF followed by three 15-ml portions of water. Filter, and 
wash the filter with water. Make up the filtrate and washings 
to volume in a lOO-ml standard flask. Transfer an accurately 
measured volume of this solution into a lOO-ml standard 
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Fig. 1. Absorption spectra of berberine sulphate (-), its reduction product (-.-) and furazolidone 
(. .), 10 pg/ml concentration. 

Table 2. Data for determination of furazolidone and berberine by the absorbance ratio method 

Concentration 1 max, Correlation 
Compound A I’/: range, pgglml nm coefficients Slope Intercept 

Elerberine sulphate 712 5-15 260 0.9999 0.0713 0.003 
(0.2%) 

Reduced berberine (035%) 5-15 265 0.9999 0.0364 -0.002 

Furazolidone 501 5-15 260 0.9999 0.0500 -0.001 
(0.3%) 

The figures in parentheses are the coefficients of variation. 
*Average of 15 separate determinations. 
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Fig. 2. Effect of reduction time on absorbance of 10 pg/ml 
furazolidone (0) and berberine sulphate (0) at 265 nm. 

flask, so that the concentrations of the analytes are in the 
calibration range, then apply procedure A or 8. 

RESULTS AND DISCUSSION 

Table 1 shows the data needed for analysis of 
mixtures of furazolidone and berberine sulphate by 
Glenn’s method.” Figure I shows that 365 and 342 
nm are suitable wavelengths for the measurements. 

The absorbance ratio method is based on the fact 
that on reduction with zinc in hydrochloric acid 
medium, the absorption spectrum of furazolidone 
completely disappears. The nitro group is reduced to 
the amine group, and the conjugated double bonds 
may become saturated, resulting in loss of absorp- 
tion. Bet&tine, on the other hand, suffers only a 
hyp~hromic effect, its absorbance decreasing. This 
may be due to saturation of the ring containing a 
quaternary nitrogen atom, with consequent decrease 
in absorption. The ratio of absorbance of berberine 
at 260 nm before reduction to that at 265 nm after 
reduction is constant, and multiplying the absorbance 
of the reduced berberine by the appropriate factor 
gives the absorbance for the original unreduced ber- 
berine. The absorbance of furazolidone is obtained 

by subtracting the absorbance of berberine from the 
total absorbance of the mixture at 260 nm. The 
necessary data are given in Table 2. 

Study of the reduction conditions 

Concentrated hydrochloric acid will react with the 
zinc powder imm~iateIy and too rapidly to effect the 
reduction. Therefore water is added first, followed by 
the hydrochloric acid. It was found that addition of 
10 ml of water and 2 ml of concentrated hydrochloric 
acid is adequate. Variation of the reduction time 
showed that 10 min is sufficient for complete disap- 
pearance of the absorbance of furazolidone and for 
that of berberine (at 265 nm) to reach a constant 
value (Fig. 2). 

Varying the quantity of zinc powder showed that 
30 mg will suffice (Fig. 3). 

Both methods wet-o applied to the dete~nation 
of furazo1idone and berberine sulphate in the 
medicinally recommended ratio (1: 1). The results in 
Tables 3 and 4 show that the methods are accurate 
and precise. The TLC-spectrophotometric method’* 
was also tried, but gave lower recovery of fura- 
zolidone and berberine (96.1 &- 0.2 and 97.1 + 0.8% 

0.6 

A 0.4 

0.2 

Qwntity tng) 

Fig. 3. Effect of amount of zinc powder on absorbance of 
reduced furazolidone (0) and berberine sulphate (0) at 265 

nm, (10 pug/ml initial concentration). 

Table 3. Application of Glenn’s method 

Added, mg,WO ml 

Berberine 

Recovery, % 

Berberine 
No. 

Authentic samples 1 
2 
3 
4 
5 
6 

8.:. 

Tablets 
(50 mg furazolidone 
+ 50 mg berberine 
sulphate per tablet) 

1.0 
2.0 
0.8 
0.5 
0.5 
0.6 

1.0 1.0 99.7 (0.3) 99.1 (0.5) 
0.8 0.8 99.7 (0.6) 99.9 (0.5) 
0.6 0.6 98.7 (0.3) 100.5 fO.4) 

sulphate 

1.0 
0.8 
1.0 
1 .o 
1.2 
0.8 

Furazolidone sulphate 

99.5 100.1 
101.1 98.6 
101.9 97.2 
98.8 101.6 

101.0 98.6 
100.8 100.1 
100.5 99.4 

1.1 1.5 

_ _ 
0.5 0.5 99.6 iodj 99. I (0.2j 

Each result is the average of 4 separate determinations. 
The figures in parentheses are the range of error, p = 0.05. 
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Table 4. Application of the absorbance ratio method 

Added, mg/lOi7 ml Recovery, % 

Berberine Berbexine 
No. Furazolidone sulphate Furazolidone sulphate 

Authentic samples : 0.5 
1.0 

3 0.5 
4 0.8 
5 0.8 
6 0.5 

S.D. 

0.5 
0.5 
0.8 
0.5 
0.8 
1.0 

99.0 100.0 
100.6 100.0 
99.0 99.6 
99.4 101.7 

101.5 99.0 
98.2 loo.3 
99.6 100.1 

1.2 0.9 

Tablets 
(50 mg furazolidone 
+50 ma berberine 

0.8 0.8 101.3 (0.7) 98.9 (0.7) 
0.7 0.7 100. I (0.6) 98.1 (0.5) 

sulphate per tablet) 0.6 0.6 
0.5 0.5 

Each result is the average of 4 separate determinations. 
The figures in parentheses are the range of error, p = 0.05. 

99.5 (0.5) 98.5 (0.4) 
100.6 (0.4) 97.8 (0.4) 

respectively), and was slow, analysis of one sample 
taking more than an hour. Analysis by either of the 
proposed methods takes less than 25 min, needs no 
special skill, and is reliable for control work. 
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Summary-The formation (protonation) constants log K, of the acid H/L are determined by regression 
analysis of potentiometric titration data when common parameters (log K;, i = 1,. . . , j) and group 
parameters (@“, &, Hr) are refined. The influence of three kinds of error on the protonation constants 
has been investigated: error from the strategy of minimization, random error, and error from uncertain 
estimates of group parameters. An analysis of variance of the log K, matrix was made for 7 identical 
titrations and 8 computational strategies, or of 7 identical titrations and 8 different options of group 
parameters to be refined. The influence of the standard potential E” of the glass-electrode cell on the 
systematic error in log K is greater than that of the acid concentration (f,,) or the concentration of titrant 
used (Hr). The ill-conditioned group parameters should be refined together with the common parameters 
(K,), otherwise the estimates of log K, are not accurate enough. Two ways of calibrating the glass electrode 
cell were compared. Internal calibration (performed during titration) was more accurate than external 
calibration done separately. Of the programs tested ESAB and ACBA are the most powerful because they 
permit refinement of group parameters and internal calibration. Citric acid was chosen as model 
substance 

The protonation constants of acid(s) can be estimated 

by analysis of acid-base titrations, and the methods 

have been reviewed.le3 In simple cases normalized 
graphs might give a fair estimate, but if the influence 
of various systematic errors has to be taken into 
account computer methods are necessary. 

The first attempt to use least-squares methods for 
refining both formation constants (common par- 
ameters) and analytical concentrations (group par- 
ameters) was made by Sillin et ~1.~ More recently 
non-linear regression programs for analysing 
potentiometric data for both common and group 
parameters have been constructed such as ACBA,’ 
ESAB6 and SUPERQUAD.’ In this paper the no- 
tation introduced by SillCn et a1.4 is used. Common 
parameters are those that are the same for all the 
experiments, such as formation constants. Group 
parameters are those that vary from one experiment 
to another, such as E”, analytical concentrations, 
calibration of the electrode used. To limit the number 
of group parameters the experiments must be done as 
titrations, each with its own set of group parameters. 
Batch experiments create too many group parameters 
to be handled by present-day methods. In selecting 
the group parameters to be refined, Sillen kept 
constant those having little or no influence on the 
common parameters (formation constants) searched 
for, since if these are varied, rather large compen- 
sating errors may arise in them and in other par- 

ameters, and sometimes quite unrealistic values are 
obtained. For that reason group parameters are 
sometimes termed dangerous parameters.’ Only when 
the correct chemical model has been identified can 
these hitherto constant parameters be refined. For 
acid-base titrations the chemical model is often 
known and the group parameters can be refined 
directly. On the other hand for systems where the 
model is unknown and only guessed, this difficulty 
should be kept in mind and group parameters refined 
after the correct model has been obtained by graph- 
ical or numerical methods. 

The reliability of formation constants obtained by 
regression analysis of potentiometric data is de- 
pendent upon (i) calibration of the glass electrode 
cell, (ii) the algorithm used, (iii) the parameters 
selected for refinement. 

In order to have a well-known but not too trivial 
system, citric acid was chosen as the test substance. 
From the literature*,9 the following values for the 
protonation constants were chosen: 

log K, = 5.65 

log K, = 4.34 

log K3 = 2.87 (I = 0.1, 298 K) 

In the treatment below these constants are formally 
taken as “true” values. 

981 
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THEORY 

The emf of a cell containing a reference electrode 
(half-cell) and a glass electrode (in the measuring 
half-cell) can be written 

+ j,h -j,K,Jh - E,, = E”’ + S log h (1) 

where E” is the standard potential of the glass 
electrode plus other constant terms such as the 
asymmetry potential, etc., h = [H+], Ej is the liquid- 
junction potential Ci,h -j,K,/h), and S is the slope 
of the electrode response, RT/F In 10, for Nernstian 
response. 

An explicit equation for the titration volume, 
expressing the relation between the volume of titrant 
added, t+, monitored emf, E%,,, i, and the common 0) 
and group parameters (p), is given by 

ri =,‘“(E,tr.i; 8,~) @a) 

in which the vector of common parameters 

B=(/%,..., 8,) contains the formation constants of 
the acid H,L or a sum of acids. There is also a vector 
of group parameters 

P=(E~‘,S,K~K,,E,,L,,~,HO,H,) (2b) 

containing, besides the constants of the Nernst equa- 
tion, the total ligand concentration, 4, and the 
hydrogen-ion concentration in the titrand, Ho, as well 
as the corresponding quantities for the titrant, I!& and 
HT. Note that for the titrant, the concentration of 
hydroxide ions is expressed as a negative hydrogen- 
ion concentration. K, is the operational ion product 
of water. In most cases group parameters cannot be 
determined independently with sufficient accuracy. 
However, in work with high ionic concentration 
media of constant ionic strength, K,,j, and.j, may be 
determined by separate experiments. 

Group parameters can be refined individually or 
with certain constraints introduced in the com- 
putation. 

AIgorith~ 

In most regression programs for treating emf data 
the task is to find the model and set of formation 
constants that give the “best” fit to the experimental 
data. In ESAB6 (or ACBA’) the parameters fl and p 
are refined by minimizing the residual-square sum 

(U”) 

U, = i wi(v,, i - ocak, i)2 = minimum (3) 
i=l 

where wi is the statistical weight, in which ACBA is 
set equal to unity, whereas in ESAB the following 
expression is used 

In MINIQUADLBJo only the parameters /I are 
refined, by minimizing the residual-square sum U,, 
given by 

u, = i Y(C,,., - Cd, i)2 = minimum (5) 
i=l 

where Ci is the total concentration of ligand (L) or 
proton (H) at the ith point of the titration curve. 

In PSEQUADZb only the parameters fi are refined, 
by minimizing with respect to volume (U,) or emf 
(U,) or both. 

Accuracy of the protonation constants 

The value of a certain protonation constant (K) 
from a certain (ith) titration can be written 

log K(i) = log K(t) + cwll + cmc + cak + ~~ (6) 

where log K(t) is the “true” value of K in a statistical 
analysis of variance, often denoted by H and Ed,, is a 
syst~atic error due to an imprecise estimate of the 
group parameters, p, S, j, , jb and K, . These param- 
eters may be improved by calibration of the glass 
electrode. econc is a systematic error due to estimates 
of the group parameters &,, &, Ho and HT, which 
might be evaluated by independent chemical analysis. 
talg is a systematic error due to poor quality of the 
minimization procedure in the algorithm used, and ci 
is the random error in the ith titration. 

The accuracy of K(i) can be expressed by the 
systematic deviation e(log K) given by 

e(log K) = (log Kit - log &,) (7) 

where log K,, is the “best” value available in the 
literature, for the experimental conditions used. In 
the case of simulated data log K,i, is the preselected 
value from which the data have been generated. 

Precision of the protonation constants 

The protonation constant K (one of the pro- 
tonation constants of the acid H,L) is affected by an 
error which is randomly distributed between the 
titrations performed rather than between individual 
titration points. Braibanti et al.” proved that 
CJ~ !Z aH in the relation 

a;=.:+.;,+a:,b (8) 

where uk is the standard deviation of log K as 
determined experimentally, ci is the intratitration 
(point-to-point) standard deviation, ati, is the inter- 
titration (titration-to-titration) standard deviation, 

and %b is the intralaboratory standard deviation. 
Analysis of variance applied to n points of the kth 

titration in one laboratory may prove whether (i) all 
the points in each titration belong to the same data 
population; (ii) all the titrations in each laboratory 
belong to the same data population; (iii) the algo- 
rithm used has no influence on the parameters esti- 
mated; (iv) a certain number of group parameters (to 
be refined) has no influence on the common par- 
ameters. Equation (8) can be extended to include also 
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the influence of the algorithm used, u$, and the 
computation strategy for the parameters to be 
refined, u&,, i.e., 

ui = c$ + ai, + ~7:~ + a:, + 6:,, (9) 

The precision of the constant log K can be ex- 
pressed by the standard deviation s(log K) found by 
the regression algorithm used. 

Reagents 

EXPERIMENTAL 

Citric acid, O.O3OM, and sodium citrate, O.O3OM, were 
made from analytical-grade chemicals that were not further 
purified. Sodium hydroxide, lM, was prepared from metal- 
lic sodium and carbon dioxide-free water under cooling and 
vigorous stirring with argon. This solution was standardized 
by titration against a solution of potassium hydrogen 
phthalate by using the Gran method in the MAGEC 
programI or by the non-linear regression program ACBA.’ 

Perchloric acid, lM, was prepared by dilution of the 70% 
acid p.a. quality, with distilled water, and standardized 
against HgO and KI, with a reproducibility of +0.2%. 
Demineralized or doubly distilled water was used in the 
preparation of the solutions. 

Apparatus 

All emf measurements were made at 298.0 + 0.1 K, 
by means of an OP-208/l digital voltmeter (Radelkis, 
Budapest) with a G202B glass electrode (Radiometer, 
Copenhagen) and an OP-083OP SCE reference electrode 
(Radelkis, Budapest). A waterjacketed IOO-ml glass vessel, 
closed with a Teflon bung carrying the electrodes argon 
inlet, thermometer, stirrer and the microburette capillary 
tip, was used for the titrations. 

EXTERNAL 

During the titrations a stream of argon was bubbled 
through the solution both for stirring and for maintaining 
an inert atmosphere. The argon was passed through the pure 
ionic medium before entering the equilibrium solution. 

The burettes used were home-made syringe microburettes 
of 2500 ~1 or 1250 /II capacity, with a 25.00 mm micrometer 
screw. The polyethylene capillary tip of the microburette 
was immersed in the solution during addition of titrant and 
then pulled out to avoid leakage of t&rant during the pH 
reading. 

The microburettes were calibrated by weighing water 
delivered from them, with a precision of *O.OlS% over the 
volume range. 

Calibration of glass electrode cell 

The potentiometric titrations of citric acid with sodium 
hydroxide were performed with use of two pH s&es. 

(i) The proton activity @H) was obtained by calibrating 
(by Irving’s method’)) with standard buffers (SISOO, 1510, 
1316, Radiometer, Copenhagen), assigned the pH values 
6.865, 7.410 and 4.010 at 298 K. The operating temperature 
and Nemstian slope, S, were compensated for by adjust- 
ment of the pH-meter. 

(ii) The hydrogen concentration [H+] = h was known 
from the preparation of the solution and the measured emf, 
E,,,. From equation (l), E,,, = E”’ + S log h, and with a set 
of experimental data (E,,, , h) obtained by titrating a known 
concentration of perchloric acid with standard sodium 
hydroxide, the group parameters Eo’ and Scan be estimated 
in the range where Ej is practically constant and can be 
included in EO’. 

Two calibration methods were used: infernal and external 
calibration, cf Fig. 1. Both the precision and accuracy of the 
protonation constants of citric acid can be investigated. The 
actual values of the group parameters Ho, HT, E”, S and 
pK, are estimated by the MAGEC program from a separate 

INTERNAL 

i 4 11 Known : 1 

MINIQUAD 

PSEQUAD 

/ 

log Ki;i-1,2,3 

I ESAB 
I 

ACBA 

log K,; i- 1,2,3 

E”,L,, H, 

Fig. 1. Scheme of external and internal calibration of glass electrode and an estimation of the common 
parameters log K, , log K2, log K, of citric acid simultaneously with the three group parameters b, HT 

and E”‘. 
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acid-base titration, the external calibration, and the pro- 
gram .ESAB estimates Hr, L, and E”’ from the actual 
titration of a mixture of citric and perchloric acids with 
sodium hydroxide, the internal calibration. 

Some group parameters am given in the input data for 
ESAB, such as the Nernstian slope and pK,, both of which 
are available from the literature, etc. Group parameters can 
be estimated by regression analysis of both branches of a 
titration curve or from the acid branch only, because the 
basic might be affected by any carbonate and silicate in the 
alkali. 

The program MAGEC offers a choice of group par- 
ameters to be estimated. The most accurate results were 
obtained by estimation of only E”’ and S, cf: part B of 
Table 1. With ESAB the three group parameters EO’, Ho and 
H7 were refined, and gave the best fit as expressed by the 
Hamilton R-factor, CJ part C in Table 1. Since I?” might 
slightly change from one titration to another because of E,, 
the internal calibration is more accurate and to be preferred. 

Titration procedure 

A mixture of 20.0 ml of 0.015&f citric acid and O.lOOM 
perchloric acid was titrated with l.OOM sodium hydroxide 
and the pH or E,,, was read, depending on which pH-scale 
that was used. As mentioned earlier the temperature was 
kept constant at 298 f 0.1 K. 

The intluence of the regression algorithm on the precision 
and accuracy of the three protonation constants was in- 
vestigated. A set of seven titration curves was analysed by 
the eight regression programs: ESAB@,), ACBA(u,), 
MINIQUAD(L, H), MAGEC(o,, Ed,), MIQUV(E,,), 
PSEQUAD(o,), PSEQUAD&), PKASCpH). The vari- 
able(s) within brackets are those minimized in the residual- 
squares sum. Here uu is the volume of acid or base added. 

All computations were performed on the EC IO33 com- 
puter at the Computing Centre of the College of Chemical 
Technology, CS-532 IO Pardubice, Czechoslovakia. 

Seven titrations (k = 7, cf. Table 3) of a mixture of 
perchloric and citric acids with sodium hydroxide 
were performed. The data were treated with seven 
different programs but eight computational strategies 
(m = 8, cf: Table 3). Besides the three common 
parameters (the protonation constants) the three 
group parameters (the concentration of citric acid in 
the titrand, L,, of sodium hydroxide in the titrant, 
HT, and the constant E") were also refined. 

Table 2 gives the results of one particular titration 
analysed by several programs, by use of both external 
and internal calibration. In part (A), besides the 
original data (uu, E,,) and -log h, the statistical 
weight [w, cf: equation (4)], the Bjerrum formation 
function (Z), the calculated ionic strength (Z) at each 
point, and the relative concentrations of the species 
HL2-, I-I,L- and H,L are given. The fourth species 
L3- is obtained by subtracting the values in Table 2 
from 100. 

Part (B) compares the influence of the programs on 
the accuracy and precision of the estimated pro- 
tonation constants. The accuracy is expressed by the 
systematic deviation in log K related to the “best” 
literature value for the experimental conditions used. 
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1.8 2.0 2.2 2.4 

v,(ml) 

Fig. 2. Response of an option of group parameters to be refined on the degree-of-fit and accuracy of three 
protonation constants of citric acid. The standard deviation s (log Ki) is written in brackets and refers to 

the last decimal place of log K( 

Circle log K, log & log& &, 10-2M -Hr E”‘, mY IFl,Jd R,% 

: 
5.607(3) 4.305(3) 2.844(3) 1.517 1.091 378.5 1.47 0.068 
5.579(9) 4.324(7) 2.927(B) 1.453(S) 1.080(I) 378.5 1.23 0.022 

0 5.631(7) 4.332(4) 2.895(4} 1.512(S) 1.092(l) 381.3(2) 0.20 0.009 

Table 2. Estimation of the protonation constants of citric acid by various regression programs 
Part (A): Shortened output of the results from the ESAB program. 

108 K, = 5.667 Ifr 0.010, log K, = 4.361 + 0.005, log K, = 2.932 f 0.005 (common parameters) 
Lo = (1.499 f 0.007) x lo-‘M, E”’ = 381.5 f: 0.3 mV, - HT = 1.089 4: 0.0013M (group parameters) 

Residual 
i v,,Jd PI E,mV -1ogh w Z I HL, % H,L, % H,L, % 

1 
2 
3 
4 
5 
6 
7 
a 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 

1800 
1820 
1840 
1860 
1880 
1900 
1920 
1940 
1960 
1980 
2000 
2020 
2040 
2060 
2080 
2100 
2120 
2140 
2160 
2180 
2200 
2220 
2240 
2260 
2280 
2300 
2320 
2340 
2360 
2380 
2400 
2420 
2440 

zz 
2500 
2520 

0.0 
0.1 

-0.3 
0.7 

-0.1 
-0.6 
-0.3 
-0.1 

0.4 
0.2 
0.l 
0.1 
0.0 
0.4 

-0.3 
-0.4 

0.0 
-0.1 

0.2 
0.0 

-0.5 
-0.1 

0.1 
-0.1 
-0.2 

0.2 
0.2 
0.3 
0.4 

-0.2 
0.3 
0.4 

-0.2 
-0.2 
-0.3 
-0.2 

0.1 

237.4 
233.2 
228.9 
224.1 
219.6 
214.9 
209.9 
204.8 
199.5 
194.2 
188.7 
183.0 
177.1 
170.9 
164.9 
158.7 
152.4 
146.4 
140.4 
134.7 
129.2 
123.5 
117.9 
112.4 
106.8 
101.0 
95.2 
89.3 
83.3 
77.5 
71.4 
65.4 
59.6 
53.6 
47.5 
41.1 
34.2 

2.436 
2.507 
2.579 
2.661 
2.737 
2.816 
2.901 
2.981 
3.076 
3.166 
3.259 
3.355 
3.455 
3.560 
3.661 
3.766 
3.872 
3.974 
4.075 
4.172 
4.265 
4.361 
4.456 
4.549 
4.643 
4.741 
4.839 
4.939 
5.041 
5.139 
5.242 
5.343 
5.441 
5.543 
5.646 
5.754 
5.870 

0.77 2.75 0.095 
0.81 2.72 0.095 
0.84 2.68 0.096 
0.87 2.64 0.096 
0.89 2.60 0.097 
0.90 2.55 0.097 
0.92 2.49 0.098 
0.94 2.44 0.099 
0.96 2.38 0.100 
0.98 2.32 0.101 
1.00 2.25 0.102 
1.03 2.19 0.103 
1.05 2.12 0.104 
1.06 2.05 0.105 
1.07 1.99 0.106 
1 .OI 1.92 0.107 
1.06 1.85 0.109 
1.05 1.78 0.111 
1.03 1.71 0.112 
1.01 I.63 0.114 
1.00 1.56 0.116 
1.00 1.49 0.118 
1.00 1.42 0.119 
1.00 1.35 0.121 
1.01 1.28 0.123 
1.02 1.20 0.125 
1.03 1.13 0.128 
1.04 1.06 0.130 
1.04 0.98 0.132 
1.05 0.91 0.134 
1.04 0.84 0.137 
1.04 0.77 0.139 
1.05 0.70 0.142 
1.05 0.62 0.145 
1.07 0.55 0.147 
1.10 0.48 0.150 
1.15 0.40 0.153 

0.29 24.38 
0.38 27.49 
0.51 30.90 
0.69 34.95 
0.92 38.92 
1.22 43.19 
1.64 47.76 
2.19 52.33 
2.93 56.87 
3.87 61.03 
5.08 64.81 
6.66 68.01 
8.68 70.45 

11.28 Il.93 
14.32 72.26 
18.02 71.45 
22.38 69.43 
27.06 66.47 
32.18 62.60 
37.36 58.21 
42.50 53.46 
47.82 48.18 
52.85 42.82 
57.41 37.55 
61.51 32.35 
65.00 27.28 
67.58 22.63 
69.16 18.41 
69.63 14.67 
68.99 11.60 
67.17 8.91 
64.33 6.75 
60.72 5.09 
56.26 3.73 
51.18 2.68 
45.51 1.86 

75.33 
72.13 
68.59 
64.36 
60.16 
55.59 
50.60 
45.47 
49.20 
35.10 
30.09 
25.29 
20.82 
16.70 
13.29 
10.32 
I.85 
5.95 
4.44 
3.30 
2.45 
1 .I7 
1.26 
0.89 
0.62 
0.42 
0.28 
0.18 
0.11 
0.07 

809: 
0:02 
0.01 
0.01 
0.00 

39.31 1.23 0.00 

Degree-of-fit test: 17: 1 = 0.23 ~1, s(r) = 0.28 ~1, R = 0.013%. 

Table 2 continued overleaf 
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The precision is expressed by the standard deviation combination with the internal calibration of the glass 
(given in parentheses after each value, and referred to electrode [part (C) in Table 21. 
the Iast digit of the value). The fit obtained is Refinement of the group parameters EO’, & and Hr 
expressed by the mean residual, IF], the standard leads to the lowest systematic error in the protonation 
deviation [s(r)], and the Hamilton R-factor (in %). constants, as shown in Fig. 2. The most important 

The lowest values of the systematic error were group parameter seems to be the constant EO’, as its 
obtained when the program ESAB was used in refinement leads to R = O.OlS%, cjI Table 2(C). 

Table 3. Effect of choice of group parameters to be refined, and reproducibility, on accuracy and precision of the piotonation 
constants: log K,, log K2, log K3: the refined group parameters are, for various M: (1) none, (2) &, (3) HT, (4) &,, H,., (5) E”, 
(6) HT. Eo’, (7) 4, I?‘, (8) L,,, HT, ED’: in brackets are the standard deviations, referring to the last figures: initial guess of group 
parameters: &ho) = O.O1517M, H$‘) = l.O9lM, E O’(O) = 378.5 mV, S(O) = 59.159 mV/pH, pKf) = 13.78, at I = 0.1 (NaClO,,) and 298 K 

Repeated titrations 
k=l 

Average 
2 3 4 

Weighted 
5 6 7 titration mean 

m=l 
2 
3 
4 

log K: 5 
6 
7 
8 

m=l 
2 
3 
4 

log K, 5 
6 
7 
8 

??I=1 
2 
3 
4 

log K, 5 
6 
7 
8 

m=l 
2 
3 

(2 : 
6 
7 
8 

m=l 
2 
3 

(m$ i 
6 
7 
8 

m=l 
2 
3 

(lo-&) “6 
I 
8 

m=l 
2 

R(%) : 
5 
6 
7 
8 

2.906(1 j 
2.905(O) 

2.657(13) 
2.91 l(3) 

2.67X8) 

3.096(28) 
2.91 l(3) 2.963117) 
2.906(2) 2.962(4) 
2.91 l(4) 2.847(7) 
2.910(3) 2.853(5) 
2.91 l(4) 2.848(7) 
4.323(O) 4.233(7) 
4.326(3) 4. I56(22) 
4.329(3) 4.599(25) 
4.330(3) 4.330(17) 
4.324(l) 4.342(2) 
4.330(3) 4.327(6) 
4.331(4) 4.328(7) 
4.331(4) 4.327(7) 
5617(O) 5.555(9) 
5.623(5) 5.399(45) 
5.625(4) 6.018(33) 
5.627(6) 5.535(32) 
5619(l) 5.682(3) 
5.625(4) 5.663(8) 
5.630(7) 5.657( 12) 
5629(S) 5.661(13) 
- - 

~~~ 

G90(0) 

691(l) 
- 
- 
- 

378.6(I) 
3785(l) 
378.6(l) 
378.6(2) 

&9(2) 
- 
1.518(O) 
- 
1.521(2) 
1.520(S) 

::ZZ 

::zz 

8:E 
0.009 
0.009 

;55(2) 
1.058(I) 

1.093(l) 

1.092(I) 
- 

- 

385.7(l) 
385.8(l) 
385.5(2) 
385.7(3) 

;56(17) 

1.348(11) 

r.sOS(4) 
1.515(8) 
0.192 
0.166 
0.132 
0.057 
0.018 
0.017 
0.016 
0.016 

2.836(3) 
2.82q6) 
2.981(18) 
2.946(8) 
2.916(3) 
2.915(5) 
2.914(4) 
2.917(6) 
4.305(3) 
4.267(13) 
4.433(16) 
4.343(8) 
4.354(2) 
4.353(5) 
4.352(5) 
4.352(5) 
5.605(4) 
5.529(26) 
X769(20) 
5.599(14) 
5.661(2) 
5.66q6) 
5.657(9) 
5.655(11) 
- 

1.078(2) 
1.078(l) 

691(l) 

G90(1) 
- 
- 
- 

381.7(l) 
381.7(l) 
381.7(l) 
381.5(3) 
- 
1.485(10) 

L9(5) 
- 
1.515(3) 
1.512(7) 
0.080 
0.071 
0.055 
0.024 
0.013 
0.013 
0.013 
0.013 

2.844(3) 
2.826(5) 
2.950(19) 
2.927(8) 
2.912(2) 
2.897(4) 
2.903(3) 
2.899(4) 
4.305(3) 
4.265(10) 
4.399(17) 
4.324(7) 
4.347(2) 
4.333(3) 
4.332(4) 
4.331(4) 
5.607(3) 
5.525(21) 
5.729(22) 
5.579(12) 
5.656(2) 
5.636(4) 
5.627(6) 
X631(7) 
- 

1.081(2) 
I .08ql) 

1.093(O) 

G92( 1) 
- 
- 
- 

381.3(l) 
381.5(l) 
381.1(l) 
38 1.3(2) 

1.48518) 

G3(5) 

cO7(2) 
l.512(5) 
0.068 
0.057 
0.054 
0.022 
0.012 
0.010 
0.010 
0.009 

2.855(3) 2.847(4) 
2.835(6) 2.827(7) 
2.~5(20) 3.009(18) 
2.955(10) 2.961(8) 
2.939(3) 2.935(3) 
2.919(5) 2.927(5) 
2.928(4) 2.927(4) 
2.916(6) 2.932(5) 
4.321(3) 4.320(4) 
4.274(12) 4.274(13) 
4.443(18) 4.463(16) 
4.345(10) 4.354(8) 
4.373(2) 4.375(2) 
4.353(5) 4.367(5) 
4.355(5) 4.361(5) 
4.355(5) 4.361(5) 
5.629(4) 5.635(4) 
5.534(25) 5.541127) 
5.78q23) 5.819{21) 
5.599(17) 5.615(13) 
5.689(3) 5.698(2) 
5.662(6) 5.687(7) 
5.656(10) 5.673(9) 
5.669(10) 5.667(10) 
- - 

&8(2) 
l.O78( 1) 

694(l) 

1.095( 1) 
- 

686(2) 
1.077(l) 
- 
1.092(l) 

1.089( 1) 
- 

- 
- 

381.9(l) 
382.3(l) 
381.7(l) 
382.5(3) 

1.48qlO~ 

&43(6) 

rsOS(3) 
1.524(7) 
0.084 
0.071 
0.064 
0.030 
0.017 
0.013 
0.015 
0.013 

2.974(4) 2.847(3) 2.889(21) 
2.783(8) 2.825(6) 2.895(36) 
2.%5(U) 2.970(15) 2.921(27) 
2.929( 12) 2.930(7) 2.924(10) 
2.874(6) 2.914(l) 2.912(8) 
2.908(11) 2.913(3) 2.907(7) 
2.906(9) 2.913(3) 2.909(7) 
2.906( 11) 2.913(3) 2.907(8) 
4.233(3) 4.302(3) 4.319(7) 
4.209( 16) 4.249(13) 4.309(25) 
4.381(14) 4.410(13) 4.346(38) 
4.303(14) 4.32q8) 4.333(4) 
4.281(4) 4.342(l) 4.32q16) 
4.314(10) 4.342(3) 4.339(5) 
4.333(14) 4.341(4) 4.342(5) 
4.332(15) 4.341(4) 4.342(5) 
5.502(4) 5.599(3) 5.61 l(12) 
5.454(33) 5.497(26) 5.605(38) 
5.697(18) 5.737(16) 5.650(54) 
5.551(24) 5.571(14) 5.610(13) 
5.558(5) 5.647(l) 5.645(18) 
5.604(14) 5.646(4) 5.645(8) 
5.653(25) 5.6ey7) 5.614(7) 
5.651(29) 5.643(9) 5.650(3) 

1.075(l) 
1.076(l) 

686(l) 
- 
1.091(3) 
- 

- - 
- - 

382.1(l) 381.7(2) 
382.2(l) 381.1(3) 
381.9(l) 382.2(2) 
38 1.5(3) 382.2(6) 

1.480(10) fi98(13) 

LO(5) G61(9) 

1.508(3) G51(9) 
1.499(7) 1.550(18) 
0.088 0.087 
0.076 0.083 
0.060 0.049 
0.024 0.034 
0.014 0.03 1 
0.014 0.026 
0.013 0.026 
0.013 0.025 

- - 
- - 
1.08ql~ 1.08q6) 
I .080( 1) 1.077(5) 

L&H(O) 691(l) 
- 
1.091(1) 1.091(l) 
- - 
- - 
- - 

381.2(l) 381.9(12) 
381.2(l) 382.0(12) 
381.1(l) 381.3(9) 
381.1(2) 381.3(12) 

L475(lO) - 
- 
1.453(5) - 
- 
1.516(3) - 
1.515(5) 
0.067 
0.055 
0.043 
0.018 
0.007 
0.007 
0.007 
0.007 

continued overleaf 
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Table 3. (co&.) 

k=I 2 
Repeated titrations Average Weighted 

3 4 5 6 7 titration mean 

m=l 0.202 
2 0.199 
3 0.191 

s(r) 4 0.190 
(PI) 5 0.199 

6 0.191 
7 0.190 
8 0.189 

m=l 0.153 
2 0.147 

0.134 
IPI : 0.133 

CPU 6 0.152 
5 0.133 
7 0.136 
8 0.134 

m=l 0.202 
2 0.199 
3 0.191 

s(r) 4 0.190 
(PII 5 0.199 

6 0.191 
7 0.190 
8 0.189 

m=l 0.153 
2 0.147 

0.134 
[?I : 0.133 

011) 5 0.152 
6 0.133 
7 0.136 
8 0.134 

4.168 1.725 1.469 1.819 1.913 1.877 1 A48 
3.604 1.530 1.229 1.541 1.650 1.798 1.192 
2.861 1.202 1.169 1.384 1.297 1.057 0.932 
1.240 0.524 0.485 0.660 0.513 0.741 0.391 
0.394 0.285 0.262 0.369 0.319 0.664 0.150 
0.358 0.285 0.173 0.282 0.305 0.564 0.149 
0.363 0.284 0.209 0.315 0.287 0.539 0.149 
0.357 0.283 0.203 0.277 0.279 0.539 0.149 
2.600 1.092 0.962 1.203 1.182 1.244 0.891 
2.389 1.053 0.830 1.079 1.046 I.232 0.778 
2.273 1.016 0.206 1.140 1.074 0.862 0.771 
1.024 0.445 0.425 0.556 0.433 0.528 0.338 
0.331 0.218 0.204 0.310 0.253 0.518 0.123 
0.293 0.218 0.173 0.218 0.250 0.385 0.124 
0.304 0.218 0.157 0.261 0.232 0.395 0.123 
0.295 0.218 0.163 0.205 0.227 0.393 0.123 
4.168 1.725 1.469 1.819 1.913 1.877 1.448 
3.604 1.530 1.229 1.541 1.650 1.798 1.192 
2.861 1.202 1.169 1.384 1.297 1.057 0.932 
1.240 0.524 0.485 0.660 0.513 0.741 0.391 
0.394 0.285 0.262 0.369 0.319 0.664 0.150 
0.358 0.285 0.173 0.282 0.305 0.564 0.149 
0.363 0.284 0.209 0.315 0.287 0.539 0.149 
0.357 0.283 0.203 0.277 0.279 0.539 0.149 
2.600 1.092 0.962 1.203 1.182 I.244 0.891 
2.389 1.053 0.830 1.079 1.046 I.232 0.778 
2.273 1.016 0.206 1.140 1.074 0.862 0.771 
1.024 0.445 0.425 0.556 0.433 0.528 0.338 
0.331 0.218 0.204 0.310 0.253 0.518 0.123 
0.293 0.218 0.173 0.218 0.250 0.385 0.124 
0.304 0.218 0.157 0.261 0.232 0.395 0.123 
0.295 0.218 0.163 0.205 0.227 0.393 0.123 

When Lo and HT are also refined, R decreases to 
0.013%. 

When a modified version of MINIQUAD is used 
that allows E”’ to be refined, more accurate estimates 
of the protonation constants are obtained as well as 
an improved fit [I$ Table 2(C)]. 

experimental value FeXP with the critical value 
Fcrit[a, m - 1, (m - l)(k - l)] where a is the 
significance level and FcXP is the ratio of the variance 
tested (a2) to the residual variance a&, and when FeXP 
is larger than Fctit, the variance a2 is significantly 
different from that of the residuals. 

When E”‘, Lo HT and S are estimated from an Table 4 shows the results of an ANOVA test. It 
independent determination the log K values are still shows that while the variance from the re- 
loaded by some systematic error, CJ Table 2(C), producibility is not significant, but the variances from 
uppermost row for ESAB. Table 3 gives the re- the algorithm used or the choice of group parameters 
producibility of log K values for various choices of are significant, the latter being the more important of 
group parameters. the two. 

E”’ has the greatest influence on the accuracy, and 
hence should always be refined. As further group 
parameters are refined the fit is improved, as demon- 
strated in Table 3. 

The influence of different factors on the pro- 
tonation constants is obtained by analysis of the 
matrix of these constants (cJ Table 3). When this 
matrix for various computational strategies and re- 
peated titrations is analysed, the influence of a given 
choice of group parameters and of the reproducibility 
on log K may be tested. 

The Fisher-Snedecor test in analysis of variance 
(ANOVA) is applied to test the variance ot,, arising 
from different sets of refined group parameters in 
comparison with the variance, tit, from the re- 
producibility. The test is performed by comparing the 

The parameters can be divided into two groups: 
well-conditioned and ill-conditioned. Ill-conditioned 
parameters have little influence on the residual- 
squares sum function U, which makes their deter- 
mination rather uncertain. This is illustrated in Fig. 
3 where (1 - V) is plotted against each common 
parameter and various ill-conditioned group par- 
ameters. As seen in Fig. 3, none of the ill-conditioned 
parameters E”, L,, and HT leads to a pronounced 
maximum in (1 - V), so their determination is uncer- 
tain, and might sometimes lead to false estimates 
of the common parameters. This is the reason why 
such parameters are sometimes called dangerous 
parameters. On the other hand, well-conditioned 
parameters have great influence on the hyper- 
paraboloid (U-surface), as shown in Fig. 4, where a 
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Table 4. Analysis of variance in the protonation constants of citric acid for: (i) influence 
of algorithm used in comparison with reproducibility of titration for (a) external 
calibration using MAGEC, (b) internal calibration using ESAB; (ii) influence of group 
parameters compared to reproducibility in titration: both matrices have the same size 
7 x 8 (= k x m, cf. Table 3); the values for F,, are F,, (0.05,6,36) = 2.68, Ferit 

(0.056.42) = 2.25, F,, (0.05,7,42) = 2.17 

(i) Influence of algorithm used and reproducibility, on log K,, i = 1,2,3 
Algorithm used Reproducibility 

log& (a) Fexp = 5.37 Fcri, = 2.68 Fup = 0.41 F,, = 2.68 
(b) 2.50 4.45 

log & (a) 2.85 0.58 
(b) 4.05 1.50 

log 4 (a) 6.16 2.18 
(b) 1.11 6.20 

(ii) Influence of group parameters refined and reproducibility, on log K, 

Renroducibilitv 
Group parameters 

log K, Fe_, = 12.81 F,, = 2.17 Fexp = 1.88 F,,, = 2.25 
log & 10.16 1.41 
log 4 8.80 2.03 

099% 1 (l-UMINI 

0.990s _ 
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Fig. 3. Three-dimensional representation of the (1 - U) surface for the well-conditioned parameters (left 
half of figure) and ill-conditioned parameters (right half) indicates which parameters are rather uncertainly 

estimated by the regression program. 
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Fig, 5. lntluence of group parameters on the relative system- 
atic error defined by e,, = e (log K)/log K [cf: equation (7)]. 
In each part the uppermost points refer to runs 1, 2, down 
to 8. Parameters kept constant are marked (0). The circles 
(0) express the accuracy, and the linear segment the 
precision of each parameter. Run 1: no group parameters 
refined. Run 2: t,, refined. Run 3: HT refined. Run 4: L,, and 
HT refined. Run 5: E” refined. Run 6: HT and f??’ refined. 
Run 7: L, and E”’ refined. Run 8: L,,, H7 and E”’ refined. 

good maximum is obtained for the three protonation 
constants, whereas various group parameters are 
il~~ondition~ in relation to each other. 

Various sets of synthetic data were constructed by 
using random errors generated so that they should 
have a normal distribution, and different values were 
assumed for the instrumental error, s,,,,(&) = 0.04, 
0.28, 2.80 mV, etc. Refinement of these simulated 
data gave residuals which did not show any system- 
atic trends. Figure 5 shows the influence of various 
group parameters on the log K values obtained with 
Si,(Em”) = 0.04mV. Group parameters, which were 
not refined, were kept constant at values about 0.5% 
from the true ones. 

in the first runs theere was refinement of one or 
more of the group parameters, and the common 
parameters then always had a systematic error of 
l-2%. In the sixth and seventh runs two group 
parameters were refined and the systematic error 
decreased to about 0.1%. In the eighth run all three 
group parameters were refined and the systematic 
error in log Ki was practically zero. The goodness-of- 
fit, as indicated by the Hamilton R-factor, decreased 
each time and became smallest, cJ Fig. 5, for run 8. 

CONCLUSIONS 

Three kinds of errors in determination of pro- 
tonation constants have been investigated: error from 
the minimization strategy, the random error, and 
error from group parameters. Of these the group 

parameters have thi greatest influence on the system- 
atic errors in log Ki. By variation of one or two etc. 
of the parameters such as EO’, to and HT, the 
systematic errors in the log K values can be min- 
imized or practically disappear. Of the group param- 
eters studied, E”’ has the greatest influence and an 
attempt should always be made to refine this par- 

ameter together with the formation constants, in spite 
of the fact that it might be ill-conditioned and 
therefore make the computational strategy (i.e., 
choice of program) important. 

Of the programs tested, ESAB and ACBA are the 
most powerful, because they permit refinement of the 
group parameters. A very interesting program for the 
same purpose is SUPERQUAD,’ which we intended 
to include in this comparison, but could not manage 
because the program was never received. 
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Summary-The electrochemical behaviour of ~~norny~n at carbon-paste, glassy-carbon and composite 
carbon-polymer electrodes has been compared. Three electroactive sites on the molecule have been 
identified. Two sites are involved in the oxidation processes, the first corresponding to the hydroquinone 
structure in the C-6/C-11 positions, the second attributed to the C-4 phenolic function. Applying a 
negative-going scan allows reduction of the quinone moiety in the C-S/C-12 positions. Both the quinone 
and hydroquinone functions exhibit quasi-reversible electrochemical reactions in acidic medium, becoming 
irreversible in alkaline solution. Adsorption phenomena accompany both the oxidation and reduction 
processes, primarily in neutral and alkaline media. The adsorption can be decmased by using the 
composite electrode, which is less sensitive to surface phenomena. This working electrode is proposed as 
the most suitabk for the determination of carminomycin at pH 1. A linear calibration plot can be obtained 
over the range 1 x 10w6-1 x 10e4M, with a limit of detection of 6 x lO-sM. 

Carminomycin’-3 belongs to the anthracycline family 
of compounds, which are used in the chemo- 
therapeutic treatment of cancer, alone or associated 
with other cytostatic agents.4*’ This antitumour activ- 
ity is due to the presence of the quinone function in 
their structures.‘.* The quinone function also gives 
rise to el~tr~hemi~al activity, which has been the 
subject of several investigations.6‘9 

Pursuant to the voltammet~~ study of these 
anthracycline derivatives, ‘O-l3 the aim of this work 
was to compare the redox behaviour of carmino- 
mycin at the carbon-paste, glassy-carbon, and 
carbon-polymer electrodes. Each of these electrodes 
offers unique el~tr~hemical characte~stics due to 
differences in the electrode material.‘3.‘4 These charac- 
teristics have been exploited in this study for both 
mechanistic and quantitative studies. 

The structure of carminomycin is represented be- 
low: 

EXPERJMENTAL 

Apparatacr 
The electrochemical instrumentation used has already 

been described.” The working electrodes were a Metrohm 
EA 267 carbon-paste electrode, a Metrohm glassy-carbon 
electrode, and a composite electrode prepared in our labora- 
tory by mixing poly(viny1 acetate) with 30% by weight of 
activated carbon.” Potentials are referred to the saturated 
calomel electrode. 

Reagents 
Carminomycin, kindly provided by Bristol Meyers (Brus- 

sels), was used without further purification. Solutions for 
voltammetric study were prepared as previously described.12 

RESULTS AND DISCUSSION 

Uxi~tion 

The electrochemical oxidation of carminomycin 
was studied in the pH range I-12, with aqueous 
solutions containing 1 x 10m4M depolarizer. A com- 
parison of the results obtained by using the three 
electrodes allowed more ready identification of the 
types of recorded currents. 

InJltrence of pH for the carbon-paste electrode. 
Differential pulse voltammetry with linear potential 
scan gave two oxidation peaks, A and B (Fig. la). 
The variation of peak potential with pH is shown in 
Fig. 2a. The first peak, A, remains well defined over 
the entire pH range. Its potential changes by 60 
mV/pH up to pH 6 and by 75 mV/pH in alkaline 
medium. This peak, corresponding to a two-electron 

993 
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Fig. 1. Differential pulse voltammetry of carminomycin 
with different electrodes. Canninomycin 1 x 10e4M; pH 1; 
methanol 20% v/v. Working electrode: (a) carbon paste; 

(b) glassy carbon; (c) carbon-polymer. 
E(V vs. ECS) 

transfer, as shown by controlled potential coulo- 
metric measurements, is due to oxidation of the 
hydroq~none function to the corresponding quin- 
one. The values of Ep - Em/2 are between 40 and 
50 mV up to pH 9, which indicates a quasi-reversible 
process in acidic and weakly alkaline medium. 
Such behaviour has been observed for the oxidation 
of marcellomycin,l~ and confirmed by a cyclo- 
voltammetric study of carcinomycin (see below). 

The second peak, B, can be observed. up to pH 8 
when the carbon-paste electrode is used. The height 
of the peak decreases rapidly above pH 8, and the 
peak disappears between pH 9 and 10. This peak is 
very close to the solvent oxidation potential at all pH 
values, making quantitative measurements difficult. 
Its potential decreases by 44 mV/pH. Peak B results 
from the oxidation of the phenolic group in the 
C-4 position. This is in agreement with results for 
the oxidation of marcellomycin.‘3 It is, however, 
impossible in the present case to reach a sufficiently 
alkaline pH to produce the corresponding phenolate 

(a) (b) 

Fig. 3. Cyclic voltammetry in acid solution. Carminomycin 
2 x IO-“M; pH 1; methanol 20% v/v; scan-rate 20 mV/sec. 
Working electrode: (a) carbon paste; (b) glassy carbon; 

(c) carbon-polymer. 

anion.‘s~‘6 This electrochemical process remains 
totally irreversible in acidic and alkaline media, as 
shown by the absence of a reduction peak in the cyclic 
voltamperograms (Figs. 3a and 4a). However, the 
reversibility of the hydroquinone/quinone couple in 
acidic medium is evident from cyclic voltammetry (A 
and A’, Fig. 3a), as is its irreversibility in alkaline 
medium (peak A, Fig. 4a). 

Several factors indicate the presence of both 
diffusion and adsorption currents, which are re- 
solved. These factors are the abnormal increase in the 
peak height when the pH is increased, the non- 
linearity of the relation between peak height and the 
square root of the scan-rate in cyclic voltammetry, 
and the large slope of the mV/pH plot. Further 
confirmation is given by the shift of the peak poten- 

0 2 4 6 e 10 12 0 2 4 6 8 10 12 0 2 4 6 a 10 12 

PH 

Fig. 2. Dependence of the DPV peak potential on pH. Carminomycin 1 x 10v4M; methanol 20% v/v; 
working electrode: (a) carbon paste; (b) glassy carbon; (c) carbon-polymer: A, oxidation of the C-6/C-l 1 

hydroquinone function; B, oxidation of the C-4 phenolic function. 
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Fig. 4. Cyclic voltammetry in alkaline solution. Carmino- 
mycin 2 x 10m4M; pH 8, methanol 20% v/v; scan-rate 
20 mV/see. Working electrode: (a) carbon paste; (b) glassy 

carbon; (c) carbon-polymer. 

tial to less positive values when the concentration of 
the depolarizer is increased. 

I&ence of pHfor the glassy-carbon electrode. The 
electrochemical characteristics for the oxidation of 
carminomycin at the glassy-carbon electrode are very 
similar to those observed with the carbon-paste elec- 
trode (Fig. lb). The potential of peak A is shifted by 
70 mV/pH (Fig. 2b), and the hydroquinone/quinone 
couple remains partially reversible in acidic and 
neutral media, as shown by the EP - E,/2 values 
of 30-40 mV and by the cyclic voltamperograms 
(Fig. 3b). The irreversibility of the electrochemical 
reaction in alkaline medium is confirmed (Fig. 4b). 

Owing to the more rapid kinetics of solvent oxi- 
dation at the glassy-carbon electrode, peak B appears 
only as a shoulder on the solvent current. The 
shoulder is better defined in neutral medium, and 
disappears above pH 9, as with the carbon-paste 
electrode. Its potential is also shifted by 58 mV/pH 
unit (Fig. 2b). According to the criteria noted for the 
carbon-paste electrode, the glassy-carbon electrode 
also exhibits adsorption phenomena in neutral and 
weakly alkaline medium, but to a lesser extent. 

Influence of pH for the composite carbon-polymer 
electrode. This electrode is characterized by a wide 
potential range and low residual current.i4 Despite 
these favourable properties, peak B resulting from 
oxidation of the phenolic function overlaps with the 
solvent current in very acidic media, but can be 
detected above pH 3 (Fig. lc). Its potential is shifted 
by 42 mV/pH up to pH 8, and the peak disappears 
at higher pH (Fig. 2~). The hydroquinone/quinone 
couple always gives rise to peak A, which is quasi- 
reversible in acidic medium (Fig. 3~). Its potential is 
shifted by 80 mV/pH unit (Fig. 2c) until the solution 
is alkaline, and then becomes irreversible (Fig. 4c). 
Though the composite electrode offers a wider posi- 
tive potential range than the glassy-carbon electrode, 
this is not a real advantage because the phenolic 
oxidation (peak B) is more difficult with this electrode 
(by 0.1 V). However, this electrode does offer the 
advantage of lower adsorption currents. Peak A 
remains well defined over the entire pH range with 
this electrode and its height varies by only a few per 
cent, as opposed to the results obtained with the other 
two electrodes. 

Injluence of concentration. Because the degree of 
adsorption depends on both the analyte concen- 
tration and the electrode material, it is expected that 
the range of linear response will vary with each 
electrode. This is confirmed by the results shown in 
Table 1. The concentration range is more restricted 
with the carbon-paste electrode, on which the ad- 
sorption is stronger, and is extended when the com- 
posite electrode is used. Moreover, a better cor- 
relation coefficient is obtained with the latter 
electrode. This comparative study was performed at 
pH 1, where the adsorption phenomena are less 
pronounced. Calculated as the concentration corre- 
sponding to a signal equal to three times the standard 
deviation of the supporting electrolyte current,“.‘* the 
detection limits obtained average between 1 x lo-” 
and 6 x IO-*M, depending on the nature of the 
working electrode (Table I). 

Reduction 

Because quite large negative potentials can be 
reached with these three electrodes, it is possible to 
study the characteristics of the reduction of the 
quinone group of carminomycin. We have compared 
the reduction results with those obtained previously 
for the polarographic reduction of this compound.” 
The use of solid electrodes does not change the 
reduction behaviour from that observed with mer- 

Table 1. Linear range and detection limit as a function of the working electrode material, for 
differential pulse voltammetry at pH I 

Linear range, Correlation Detection limit, 
Workina electrode material M coefficient M 

Carbon paste 1 x 10-S-2 x IO-4 0.982 1 x 10-b 
Glassy carbon 2 x 1O-6-8 x lo-’ 0.987 8 x IO-’ 
Composite carbon-polymer 1 x 10-6-l x 10-a 0.995 6 x lo-* 
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cury electrodes. A well defined peak due to a two- 
electron two-proton transfer appears over the entire 
pH range 1-12 with each electrode. The potential is 
shifted by 50 mV/pH in acidic medium, and by only 
20 mV/pH in alkaline solution. As in polarography, 
adsorption phenomena affect the voltamperograms 
obtained for neutral solutions. An adsorption peak 
precedes the faradaic process, and a very sharp peak 
follows it that is apparently due to desorption of the 
reduced compound, which causes a disturbance of the 
double layer; a similar phenomenon is observed with 
cyclic voltammetry at a hanging mercury drop elec- 
trode.” The adsorption is more significant with the 
carbon-paste electrode. 

A second peak, which has been attributed to the 
cleavage of the sugar moiety from the molecule,4+6 is 
observed with a mercury electrode,” but of the three 
electrodes reported on here, only the carbon-paste 
electrode gives this peak (Fig. 3a, peak D). 

The reversibility of the hydroquinone/quinone 
couple in reduction is similar to that noted for 
oxidation. It has low reversibility in acid solution 
(Fig. 3a, b, c, peaks C and C’) and becomes irre- 
versible in alkaline medium (Fig. 4a, b, c, peak C). 
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Summary-Menadione (vitamin K,) undergoes a reversible two-electron transfer involving the quinone 
structure in acidic medium. As demonstrated by using cyclic voltammetry, the reduced form is more 
strongly adsorbed than the oxidized one. Stripping voltammetry of an adsorbed layer has been applied 
to the determination of this molecule after preconcentration of the reduced compound and scanning the 
potential towards less negative values. Adsorption, which is highly effective when stirring is used, 
approaches an equilibrium process in quiescent solution, as evidenced by a loss of part of the adsorbed 
material when stirring is stopped. A square-wave mode has been selected owing to its high sensitivity (the 
current is 20 times that for the differential pulse mode), but also to its high scan-rate, which minimizes 
the slow desorption process occurring during the scan. A concentration range from 2 x lO-‘o to 
5 x IO-‘M is easily investigated, the detection limit being 1.3 x lO-10M. The influence of several 
operational parameters has also been considered. 

Vitamins of the K group have long been recognized 
as essential constituents for blood coagulation and, 
owing to the reversible redox character of quinones, 
as electron mediators in the respiratory processes of 
the cells.’ The electrochemical activity of these com- 
pounds, mainly the polarographic reduction of their 
quinone structure, is well known.” From an anal- 
ytical point of view, the reversible two-electron trans- 
fer allows d.c. and d.p. polarographic determination 
of these vitamins in the 10-6-10-5M range.* How- 
ever, the a.c. signal cannot be used for this purpose 
as the current does not increase linearly with concen- 
tration, owing to the sensitivity of this method to the 
adsorption currents which accompany the faradaic 
process. As illustrated by numerous examples,5 these 
usually undesirable interfacial interactions may be- 
come very useful in enhancing, by an adsorptive 
preconcentration step, the performances of voltam- 
metric techniques. Such a procedure, made very 
sensitive by applying a square-wave potential scan, 
has been adapted to the determination of vitamin K, 
(menadione, 2-methyl-1,4-naphthoquinone). 

EXPERIMENTAL 

Inslrumentation 

Cyclic and square-wave voltamperograms were recorded 
with a PAR Model 384 B Polarographic Analyzer coupled 
with a PAR 303 A Static Mercury Drop Electrode (medium- 
size drop) and a Houston “HIPLOT” DMP 40 Digital 

*On leave of absence from Department of Chemistry, 
Faculty of Science, Assiut University, Assiut, Egypt. 

Plotter. The potentials were referred to the 
Ag/AgCl/saturated KC1 reference electrode and a platinum 
wire was used as counter-electrode. A PAR 305 stirrer was 
connected to the 303 SMDE. The peak heights were auto- 
matically measured by using the “tangent fit” capability of 
the instrument. 

Reagents 

Stock solutions of vitamin K, (Merck 5793, used without 
further purification) were prepared by dissolving the appro- 
priate amount in a methanol-water (2O:SO v/v) mixture, and 
stored in the dark. Supporting electrolytes were made from 
doubly distilled water and analytical grade reagents. 

Procedure 

Ten ml of the supporting electrolyte are deaerated with 
nitrogen for 12 min. The deposition potential is then applied 
to a new mercury drop, the solution being stirred at 400 
rpm. A positive-going scan is performed after the equi- 
libration period. Unless otherwise stated, the following 
parameters are used: deposition potential (and initial poten- 
tial), -0.100 V us. Ag/AgCl/saturated KCl; equilibration 
time, 10 set; scan-rate, 200 mV/sec; pulse amplitude, 20 mV, 
frequency, 100 Hz. The same procedure is repeated after 
spiking the solution with increasing concentrations of the 
analyte. 

RESULTS AND DISCUSSION 

Preliminary experiments 

A preliminary investigation of the adsorption strip- 
ping procedure for vitamin K, showed that per- 
forming the preconcentration step at a potential less 
negative than that of the reduction peak results in a 
very low reduction signal on scanning to more nega- 
tive potentials, even with 5 x IO-‘M solutions. This 
indicates a weak adsorption of the oxidized form of 
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t iPc 

Potential ( V vs.Ag/AgCl/KCl, 1 

Fig. 1. Cyclic voltammetry of vitamin K,. Vitamin K,, 
5 x IO-4M; HClO,, 0.3M; starting potential, i-O.20 V; 
scan-rate (mV/sec); (a) 500; (bf 300; (c) 200; (d) 100. A: 

capacitive shoulder; B: faradaic reduction peak. 

the vitamin. Such a behaviour was expected, from a.c. 
polarography, in which the baseline following the 
reduction process falls below the residual current of 
the supporting electrolyte, indicating adsorption of 
the reduced forrn6 This observation has been 
confirmed by cyclic voltammetry, where a shoulder 
precedes the faradaic reduction peak (Fig. 1). The 
intensity of this shoulder is proportional to the 
scan-rate, demonstrating its capacitive origin. 

These resuits led us to expect that owing to the 
high reversibility of the quinon~hydroquinone sys- 
tem, there should be. stronger adsorption of the 
compound and thereby a better sensitivity if the 
preconcentration step were performed at a potential 
more negative than the reduction one, followed by a 
positive-going potential scan. This hypothesis has 
been verified by cyclic voltammetry with a 5 x IO-‘M 
solution. 

As illustrated by Fig. 2A, a cyclic scan starting at 
f0.175 V, performed after a 60 set deposition time 
at a potential corresponding to the oxidized form 
(+O. 17.5 V), exhibits a small reduction peak (peak a, 
25 nA). The re-oxidation peak (peak a’) on the 
back-scan is of the same magnitude. When the BO-set 
deposition time is used at a potential corresponding 
to the reduced form (-0.100 V), which is also the 
starting potential for the scan, the resulting oxidation 
peak is enhanced by a factor of 10 (Fig. 2B, peak b, 
250 nA). The reduction peak, however, has a lower 
intensity (peak b’, 78 nA), indicating that the strongly 
adsorbed reduced form is partially released after its 
oxidation. On the basis of these results, this second 
procedure has been adopted for analytical applica- 
tion. 

Selection of the w~ue-fork 

A 5 x 10-8M vitamin K, solution was used in 
order to compare the electrochemical response ob- 

tained with three techniques: linear scan stripping 
(DCS), differential pulse stripping (DPS) and square- 
wave stripping (SWS) voltammetry (Fig. 3). A 60.set 
deposition time is applied at -0.100 V in each case. 
DCS exhibits a small peak (5 nA), poorly defined on 
a large background current. The baseline and sensi- 
tivity are improved by using DPS, the recorded peak 
height (25 nA) being increased by a factor of five. 
However, SWS appears to be the method of choice, 
as 20-fold and IOO-fold enhancement of the peak 
height (525 nA) is observed, relative to DPS and 
DCS, respectively. This study clearly demonstrates 
the suitability of SWS voltammetry for the deter- 
mination of low concentrations, thanks to the applied 
wave-form and the high scan-rates which can be used. 

Supporting electroEyte 

The nature, pH and concentration of the support- 
ing electrolyte all influence the voltammetric re- 
sponse. Among five buffers tested, an acetic 
acid-sodium acetate mixture resulted in the highest 
signal. However, because the peak increases with the 
proton concentration, sulphuric and perchloric acid 
media were used for studying the effect of high 
acidity. The latter acid was preferred owing to its 
lower background current. Taking into account the 
shape and definition of the peak, which is at a 
potential very close to that for oxidation of mercury, 
a 0.3M perchloric acid medium was adopted for 
further investigations. 

It should be mentioned that similar sensitivities can 
be obtained in weakly alkaline buffered solutions but 
with lower repr~u~biIity. Very alkaline media are 
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Fig. 2. Cyclic voltammetry with deposition time of 60 set 
before man. Vitamin K,, 5 x 10-‘M; HClO,, 0.3M; scan- 
rate 100 mVjsec. A: deposition and initial potential +0.1X 
V, negative-going scan; B: deposition and initial potential 

-0.100 V, positive-going scan. 
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Fig. 3. Comparison of the voltammetry responses by DCS, DPS and SWS. Vitamin K,, 5 x IO-EM; 
HCIO,, 0.3M; deposition time 60 se-c; deposition potential -0.100 V; scan-rate (mV/sec): DCS, 20; DPS, 

10; SWS, 200, DPS and SWS pulse amplitude, 20 mV; SWS frequency, 100 Hz. 

to be avoided, as vitamin K, then undergoes a 
degradation reaction.3 

Operational parameters 

The peak height is maximal and constant when the 
deposition potential lies between -0.100 and -0.300 
V. It decreases markedly when this potential is made 
more negative, indicating a lower extent of ad- 
sorption. A decrease in the current is also observed 
when the equilibration time after stopping the stirrer 
exceeds 20 set, showing that adsorption takes place 
under stirring conditions but is subject to an equi- 
libration process in quiescent solutions. The high 
scan-rate of square-wave voltammetry makes the 
effect of this desorption during the reduction step 
much smaller than it is in differential pulse polar- 
ography. 

A 20 mV pulse amplitude is applied, since the 
current increases linearly with the amplitude up to 
this value and becomes constant at amplitudes above 
30 mV. A linear relationship is also observed between 
the peak current and the frequency of the signal up 
to 100 Hz, which is the frequency chosen to improve 
the sensitivity without any distortion of the peak or 
of the baseline. 

Injhence of the deposition time 

As seen in Fig. 4, curve A, the current recorded for 
a 2 x lo-*M solution does not increase linearly with 
deposition time. This non-linearity cannot be attrib- 
uted to saturation of the drop surface, since the lack 
of linearity occurs at very low deposition times. 
Moreover, a similar relationship is obtained with a 
4 x 10e9M solution (Fig, 4, curve C). Such a behav- 
iour may be indicative of equilibrium between the 
adsorbed and dissolved species. This process depends 
only on the deposition time, not on the vitamin 
concentration, since working at a fixed accumulation 

time with increasing concentrations results in linear 
relationships, as is seen below. Similar properties 
have already been observed with vitamin K,,’ and 
9,10-phenanthrenequinone.* However, the two curves 
were obtained after a deposition step performed with 
stirring. Curve B in Fig. 4 shows that a linear 
relationship is obtained for a 2 x 10-sM quiescent 
solution. Since these currents and thus the amount of 
adsorbed compound are higher than those for curve 
C, the ~~lib~urn alone cannot be evoked to explain 
the stable (linear) current. Rather, a ~a~an~ent of 
the molecules after their adsorption at the electrode 

Deposition time (5) 

Fig. 4. Influence of the deposition time on the peak current 
of vitamin K,. HClO,, 0.3M; SWS. (A) Vitamin 4: 
2 x lo-*M; deposition with stirring. (B) Vitamin KS: 
2 x IO-*M; deposition without stirring. (C) Vitamin K,: 

4 x 10q9M; deposition with stirring. 
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Table 1. Characteristics of the vitamin K, calibration ulots (0.3.M HCIO. medium) 

Deposition Linearity 
time, range, Correlation 
set M Equation* coefficient 

30 1.0 x 10-9-4.8 x 10-7 Y = 60.7x - 3.5 0.9999 
60 5.0 x lo-‘O-2.5 x 10-7 Y = 105.2x - 13.3 0.9999 

120 3.0 x IO-‘O-1.1 x JO-’ Y = 1786x + 13.0 0.9998 
300 2.0 x 10-‘“-2.6 x IO-* Y = 234.2.X - 7.3 0.9995 

*Y in nA, x in JO-*M, slope in nA/iO-*M, intercept in nA. 

surface may occur, this final state being immediately 
established in quiescent solution, leading to a more 
stable adsorbed state. An alternative explanation 
may be that for the quiescent solution, the 
adsorption/desorption will be diffusion-controlled, 
and might be expected to be linear for the initial 
fraction of a “half-life”. With stirred solutions, how- 
ever, the “half-life” would be shorter and so the 
current~eposition time curve would be more closely 
exponential in form. 

Figure 4 (curves A and B) also indicates that a 
marked increase in sensitivity results from stirring the 
solution during the preconcentration step. Owing to 
the particular properties described above, the current 
enhancement varies with the deposition time, from a 
tenfold increase for shorter times to fivefold for 
longer times. 

Influence of concentration 

Reproducibility was evaluated by performing 10 
rn~sur~ents on a 2 x lo-‘M solution after a 60 set 
deposition, with stirring. A mean value of 189 nA was 
found, with a range of 183-195 nA and a relative 
standard deviation of 2.3%. 

Table 1 summarizes the characteristics of the cali- 
bration plots established with different deposition 
times. In spite of the adsorption equilibrium de- 
scribed above, linearity can be obtained for a con- 
stant preconcentration time, as indicated by the 
correlation coefficients. The effect of this equilibrium, 
however, appears on comparing the slopes of the 
plots, which are not directly proportional to the 
deposition time, the non-linearity increasing with 
increase in deposition times. 

The upper limit of the calibration linearity range 
indicates the complete coverage of the electrode 

surface. The current corresponding to saturation of 
the drop decreases linearly with increasing deposition 
time. This effect is also related to the adsorption 
equilibrium, as in ideal cases the saturation current is 
independent of the preconcentration time. 

As described above, the 0.3M perchloric acid sup- 
porting electrolyte gives a low and reproducible 
background current. This allows a detection limit of 
I.3 x 10-‘“M (based on a signal-to-noise ratio of 3) 
to be attained, with 300 see deposition time. This 
value means that 0.22 ng can be detected in the lo-ml 
capacity cell. Measurements made at these low con- 
centrations are made possible by the capability of the 
instrument to subtract the blank signal. 
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Summary-The formation and extraction of the ion-associates of the vanadiumw3,5-dinitrocatechol 
(DNC) anionic chelate complex with various basic dyes have been studied and a new sensitive 
extraetion-speetrophotometrie method for the deter&ration of vanadium based on the system 
V~~DNC-B~lliant Green has been develored. Beer’s law is obeyed UD to a vanadium ~n~ntration 
of013 &ml and the molar absorptivity is I:7 x 10s l.m~le-‘.cm~~ at 630 nm. The molar ratios of the 
components and the form of the vanadium(V) cation in the extracted compound have been determined, 
and the formula [VO(OH)(DNC)i-][BG+], is proposed. Titanium, molybdenum, tungsten, EDTA and 
thiocyanate interfere seriously. The method becomes specific after a preliminary separation of vanadium 
by its extraction as the BPHA complex from H,SO,-HF medium, and is 40 times more sensitive than 
the spectrophotometric BPHA method. The proposed method has been applied to determination of traces 
of vanadium (about IO-‘%) in alums. 

Many sensitive extraction-spectrophotometric meth- 
ods for the determination of metals and non-metals 
are based on extraction of the ion-associates of basic 
dyes with anionic (mostly halide) complexes. Anionic 
complexes with chelating reagents (e.g. oxine, benzoic 
acid, 3,bdinitrocatechol) are seldom applied al- 
though they allow a sensitive determination of the 
metals which do not form sufficiently stable anionic 
complexes with halides (e.g., Ti, Th, U, V, W, Zr, 
lanthanides)! 

There is a lack of very sensitive s~ctrophotome~~ 
methods for the determination of vanadium and 
therefore the present work is devoted to the develop- 
ment of such a method based on the extraction of 
the ion-associate of a basic dye with the doubly 
charged anionic complex of vanadium(V) with 
3,5~nitr~at~hol. 

Hitherto, the 3,5dinitrocatechol complex/basic 
dye system has been restricted to the extractive 
spectrophotometric determination of germanium, tin, 
titanium and lanthanidess9 

Reagents 
Vanadium(V) standard solution (I mg/ml). Dissolve 1.786 

g of V,O,, previously ignited at Soo”, in dilute sodium 
hydroxide solution. Acidify the solution with sulphuric acid 
and dilute to volume with water in a I-litre- standard flask. 
Dilute further with water as required. 

3,5-~~nitrocatechol @NC) solution, 8 x IO-‘M, in 20% 
ethanol medium. DNC was synthesized6 and its purity 
confirmed by melting point measurement, elemental analy- 
sis, thin-layer chromatography, and infrared and NMR 
spectroscopy. 

Brilliant Green (BG) (Reakhim, USSR) solution, 
8 x IO-‘M, in ethanol. The commercial preparation was 
purified according to Fogs et al.” 

N-Benzoyl-N-phenylhydroxyiamine (BPHA) solution, 
O.l%, in chloroform. 

Doubly distilled water was used throughout. All other 
chemicals used were of analytical-reagent grade. 

Apparatus 
A Speeord UV-VIS recording spectrophotometer and a 

VSUZ-P spectrophotometer with IO-mm glass cells were 
used. Polypropylene separatory funnels were used for the 
extraction from fluoride medium. 

Procedure 
Place the sample solution (PH 5-7), containing not more 

than 3 pg of vanadium(V), in a separatory funnel, and add 
1 ml of 3,S-dinitrocatechol solution, followed by 1 ml of 
0.2544 sulphuric acid. Make up with water to about 10 ml, 
add 5 ml of carbon tetrachloride, then 0.5 ml of Brilliant 
Green solution and shake for 1 min. After separation of the 
phases, transfer the organic layer to a IO-ml standard flask 
containing 1 ml of ethanol and one drop of 0.01 M sulphuric 
acid. Make up to the mark with carbon tetrachloride, mix, 
and measure the absorbance at 630 nm against a reagent 
blank prepared in the same way. 

RESULTS AND DISCUSSION 

Preliminary investigations 

In an acidic (pH l-3) medium vanadium~) reacts 
with 3,5dinitrocatechol (DNC) to form an anionic 
yellow complex (I,, = 428 nm). In the presence of a 
suitable basic dye an ion-associate is formed. 

The following basic dyes were examined: Brilliant 
Green, Malachite Green, Methyl Violet, Crystal Vio- 
let (t~pheny~methane dyes), Methylene Blue, Nile 
Blue A (azine dyes), Rhodamine B and Rhodamine 
6G (xanthene dyes). The possibility of the extraction 
of the vanadium-DNC-basic dye ion-associate from 
a sulphuric acid medium (pH O-4) into various 
organic solvents [benzene, toluene, carbon tetra- 
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chloride, chloroform, n-pentyl acetate, cyclohexane, 
methyl isobutyl ketone (MIBK), di-isopropyl ether 
and petroleum ether] was studied. 

Ion-associates are formed with all the basic dyes 
examined (apart from Methylene Blue) and are either 
extracted into the organic phase (benzene, toluene, 
chloroform, MIBK, n-pentyl acetate) or floated 
(cyclohexane, di-isopropyl ether and petroleum 
ether). Carbon tetrachloride extracts the Brilliant 
Green ion-associate but floats the ion-associates of all 
the other dyes tested. 

From the analytical point of view the extraction 
solvent should completely extract the vanadium 
ion-associate but not the dye itself or its ion-pair 
with DNC. These conditions were fulfilled only 
by the Malachite Green-toluene and Brilliant 
Green-carbon tetrachloride systems. As the latter 
gave the higher sensitivity, it seemed the more 
promising and was further investigated in detail. 

F5r~atio~ and extraction of the V(V)-DNC-BG 
ion -associate 

From Fig. 1 it is evident that maximum absorbance 
is obtained when the sulphuric acid concentration is 
about 0.025M (pH 1.3 + 0.1). From more acidic 
media, the vanadium(V) ion-associate is not extracted 
quantitatively, and with progressively less acidic ones 
the blank absorbance increases considerably owing 
to the greater dissociation of DNC, the resulting 
increasing concentration of the DNC anion, and 
consequently greater probability of DNC-BG ion- 
pair formation. Because the pH of the aqueous phase 
is practically constant during the extraction, no buffer 
solution is needed. The required acidity is established 
by adding a suitable amount of sulphuric acid to a 
sample solution of pH 5-7. This way of establishing 
the acidity gives more reproducible results and is 
faster than adjustment with pH-meter control. 

Figure 2 shows the dependence of the absorbance 
of the extract and of the blank on the DNC concen- 
tration. A DNC concentration of at least 8 x IO-‘M 
(16-fold molar excess with respect to 2.5 pg of 
vanadium) gives maximal and reproducible absorb- 
ance values. 
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Fig. 1. Effect of the sulphuric acid concentration on for- Fig. 3. Dependence of the absorbance of the extract on 
mation and extraction of the vanadium ion-associate: curve the Brilliant Green concentration: curve I, absorbance 
I, absorbance of the extract measured against the blank; 2, of the vanadium ion-associate measured against the blank; 
blank absorbance measured against CCl,-ethanol (9 + I) 2, blank absorbance measured against CC&-ethanol (9 + I) 

mixture. mixture. 
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Fig. 2. Dependence of the absorbance of the extract on the 
DNC concentration: curve 1, absorbance of the vanadium 
ion-associate measured against the blank; 2, blank absorb- 

ance measured against CCl,-ethanol (9 + 1) mixture. 

Figure 3 shows that maximal absorbance readings 
are obtained with a Brilliant Green concentration of 
at least 4 x 10-5M (about g-fold molar excess with 
respect to 2.5 pg of vanadium). Because of the 
dimerization of Brilliant Green in more concentrated 
(about I x 10F3A4) aqueous solutions, and then dis- 
sociation into monomer after dilution,” an ethanolic 
solution of the dye was used. It was observed that 
maximal and well reproducible absorbances were 
obtained when the Brilliant Green solution was 
introduced after addition of the extracting solvent. 
The extraction should then be done as soon as 
possible because of the protonation of Brilliant Green 
in acidic (pH < 2) aqueous solutions.Lo 

The vanadium is completely extracted by shaking 
the aqueous phase and one S-ml portion of carbon 
tetrachloride for 1 min. 

The colour of the extract fades after separation of 
the layers and therefore the extract itself is useless for 
analytical purposes, but it has been found that the 
presence of a small amount of acid prevents the 
fading of the colour. The addition of even one drop 
of O.OlM sulphuric acid makes the extract turbid, but 
subsequent addition of ethanol or methanol clears the 
turbidity. This addition also causes a significant 
increase in the absorbance of the extract and a change 
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in colour from green to blue. A final concentration of 
10% ethanol or methanol is optimal. 

Although the molar absorptivity is higher 
( 1.94 x 105 1. mole- ’ . cm-‘) for the methanol than the 
ethanol (1.70 x 105) system, the latter is preferred 
because the blank value is lower (0.08 instead of 0.12 
with methanol). 

Composition of the V( V)-DNC-BG ion-associate 

The molar ratios of vanadium to DNC and to 
Brilliant Green were determined by the Bent and 
French logarithmic methodi and both found to be 
1: 2. These results were confirmed by the Job method 
and are the same for both the methanol and ethanol 
systems. 

An extract containing a known amount of vana- 
dium was evaporated and the residue was dissolved 
in a I : 4 v/v mixture of water and methanol. The 
absorbance of the solution was almost equal to the 
absorbance of a solution (in the same solvent) of an 
amount of Brilliant Green that was in 2: 1 molar ratio 
to the amount of vanadium in the extract. 

Attempts were made to determine the form in 
which vanadium(V) is present in the ion-associate. 
The molar ratios DNC: V and BG: V found for the 
ion-associate permit postulation of the following 
equation for its formation and extraction (DNC is 
denoted by H,R): 

VO(OH);-‘+ 2H,R+ 2(BG)+ 

+~O(OH):-i(H~_.R)2][(BG):]+2nH+ 

The equilibrium constant is 

1y  _ [vO(OH)j-'(H,-,R),(BG):l W+l'" 
pO(OH);-‘1 [H, R]‘[(BG)+]’ 

Hence 

-1ogB = -pK + 2npH 

where 

B = IYWW - ‘1 W, R12KBG>+12 
~ofoHt2-‘(H,-.R),tB~):l 

The relationship -log B = f (pH) was investigated 
for all possible vanadium cation forms (i = 0, 1,2, 3). 
All the constants necessary for the calculations 
are known.s,‘3 The values of -log B plotted vs. pH 
give a straight line with a slope that is an even 
number (n should be an integer) only for i = 2, which 
corresponds to the cation VO(OH)2+. 

We conclude from this that the ion-associate has 
the formula 

Table 1. Statistical evaluation of the results for deter- 
mination of vanadium by the proposed method 

Vanadium, 1118 Standard Confidence limits 
deviation,* ~robabiiity 

Added Found !Jg level 0.95), pg 

1.00 1.01 0.032 1 .Ol f 0.03 
2.00 1.99 0.030 1.98 + 0.03 
3.00 2.98 0.036 2.98 + 0.04 

*For seven determinations. 

It must he emphasized that, in contrast to the 
extraction-spectrophotometric methods based on the 
ion-associates formed by singly charged anionic 
metal-halide complexes with basic dyes, in the 
present method a doubly charged anion is extracted 
in association with two singly charged dyestufT 
cations, which increases the sensitivity. 

Determination of vanadium 

The calibration graph obeys Beer’s law over the 
range 0.005-0.3 pg/ml V. The molar absorptivity 
is 1.70 x 10’ l.mole-l.cm-i at 630 nm (specific 
abso~ti~ty a = c/at.wt x 1000 = 3.3). Thus, the 
proposed method is 3040 times more sensitive than 
the well-known BPHA and 8-hydroxyquinoline 
methods and about 5 times more sensitive than the 
PAR method.3 

The statistical evaluation of determination of trace 
amounts of vanadium at three concentration levels 
shows the good precision and accuracy of the pro- 
posed method (Table 1). 

The effects of many cations and anions on the 
determination were examined. Titanium, molyb- 
denum and tungsten interfere at any level. Gallium 
and indium can be tolerated when present in 1: 1 w/w 
ratio to vanadium, and iron(III) in l~fold ratio. 
Aluminium and bismuth give 10% positive error at 
lOOO-fold w/w ratio to vanadium. Cr(III), Mn, Co, 
Ni, Cu, Zn, Cd, Sb(V), and alkali and alkaline-earth 
metal ions do not interfere at all. 

Anions can interfere either by forming extractable 
ion-pairs with the dye cation, thus influencing the 
blank, or by complexing the vanadium cation. Chlo- 
ride, bromide, nitrate and acetate do not interfere at 
IOOO-fold molar ratio to vanadium; IO-fold molar 
ratio of fluoride, iodide, perchlorate, oxalate, tartrate 
and citrate can be tolerated. Thiocyanate and EDTA 
interfere at any level. 

Thus the proposed method, like most of the sensi- 
tive methods based on ion-associates with basic dyes, 
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Table 2. Results for determination of vanadium in the presence of other 
metals (enumerated in the text; 100 pg of each metal) 

Vanadium 
Standard Confidence limits 

Added, Found, Recovery, deviation,* (probability 
pg w % pg level 0.95), frg 

1.00 0.94 94.0 0.061 0.95 + 0.06 
2.00 1.89 94.3 0.066 1.89 f 0.07 
3.00 2.85 94.8 0.074 2.85 f 0.07 

*For seven determinations. 

Table 3. Results for determination of vanadium in alums 

Sample Vanadium, pg Standard Vanadium Confidence limits 
weight, deviation,* content, (probability 

Salt g Added Found fig % level 0.95), fig 

Iron(II1) - 1.18 0.066 2.4 x lo-$ 1.18 Ito. 
ammonia 5.0 

alum 1.50 2.60 0.075 

Aluminium - 0.84 0.057 1.7 x 10-s 0.84 + 0.06 
ammonium 5.0 

alum 1.50 2.28 0.071 

*For seven determinations. 

is poorly selective and a preliminary separation of 
vanadium is necessary. The method becomes specific 
after the extraction of vanadium as its complex with 
BPHA from a mixture of sulphuric and hydrofluoric 
acids.i4 Because stripping of the vanadium proved 
difficult, the organic solvent was evaporated, the 
BPHA complex thermally decomposed, and the 
vanadium(V) oxide obtained was dissolved in a 
small amount of sodium hydroxide solution. If a 
sulphuri-hydrofluoric acid medium is used, Nb, Ta, 
MO, W, and Ti at lOOO-fold w/w ratio to V, as well 
as all other metals which do not form complexes 
with BPHA in a strongly acidic m~ium, do not 
interfere. 

The precision aud accuracy of the method employ- 
ing separation of vanadium with BPHA were verified 
for synthetic samples containing a known amount of 
vanadium (1, 2 or 3 pg) as well as Nb, Ta, MO, W, 
Ti, Zr, Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd, Al, Ga, In, 
Sn, Pb, Sb, Bi (100 pg of each element). The results 
are shown in Table 2. 

The method was applied to the determination of 
trace amounts of vanadium (cu. 10w5%) in ferric and 
aluminium alums, by the following procedure. 

Dissolve the sample in 2M sulphuric acid plus 0.2 
g of ammonium persulphate, and place the solution 
in a polypropylene separatory funnel. Add 5 ml of 
concentrated hydrofluoric acid, dilute with water to 
50 ml and mix. Shake the solution with three succes- 
sive portions (10, 10 and 5 ml) of BPHA solution, 
each time for 2 min. Transfer the combined extracts 
into a plating crucible. Evaporate the solvent on a 
water-bath and heat the crucible to ash the residue. 
After cooling the crucible, add 1 ml of 0.1M sodium 
hydroxide, dilute with water and heat to boiling. 
After cooling, adjust the pH to 5-7 and continue as 
already described. Run a blank in parallel, 

Note. As some commercially available ammonium Per- 
sulphate and sulphuric acid can contain traces of vanadium, 
these reagents should be checked for vanadium content 
before use, and purified if necessary by shaking the mixture 
(to be used for dissolving the alum sample) with a suitable 
amount of BPHA solution. 

The results for the dete~ination of v~adium in 
the alums are shown in Table 3. The recovery of 
known added amounts of vanadium was about 95%. 
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Summary-N-Nitrosamines react readily with pyridinium salts containing an activated methylene group 
to give hydrazones. This reaction may serve as the basis for the routine determination of N-nitrosamines. 

N-Nitrosamines are a formidable group of carcino- 
gens, more than 300 of which are known to be 
carcinogenic in one or more of some 40 animal 
species.’ As N-nitrosamines are ubiquitous,2 it is 
desirable to detect their presence in food, biological 
and environmental samples by a routine screening 
procedure. 

The best methods for the determination of N- 
nitrosamines require specialized and expensive equip- 
ment which is not widely available. The limitations of 
the more accessible gas chromatographic methods, 
based on the measurement of derivatives of N-nitros- 
amines, have been discussed in a recent communi- 
cation in which two new derivatives suitable for 
routine determination of N-nitrosamines were 
reported.3 

Further studies have shown that N-nitrosamines 
react with pyridinium salts which have an activated 
methylene group attached to the pyridinium nitrogen 
atom, to give hydrazones. These products may 
be suitable derivatives for the determination of 
N-nitrosamines by gas chromatography or liquid 
chromatography, with ultraviolet or fluorescence de- 
tection. Details of these reactions are presented here. 

EXPERIMENTAL 

N-Nitrosodimethylamine (NDMA), N-nitrosodibutyl- 
amine (NDiBA) and N-nitrosodiphenylamine (NDPhA) 
were chosen for the present study. 

9-Methylacridine was synthesized according to the 
method of Porai-Koshits et al.,” 2-methylbenzoxazole was 
prepared as described by TheilackerS and 2&dinitrotoluene 
was prrpared by nitration of 4-nitrotoluene. 

Preparation of pyridinium salts 
Dissolve 5 g of 9-methylacridine (or 2&dinitrotoluene or 

2-methylbenzoxazole) in 10 ml of dry pyridine and add 
20 ml of pyridine containing a corresponding number of 
moles of iodine. Heat the mixture on a boiling water-bath 
for 3 hr to precipitate the N-(9-acridylmethyl)pyridinium, 
N-(2,4-dinitrotolyl)pyridinium or N-(2-benzoxazolyl- 

*Present address: Department of Pharmacology and 
Therapeutics, The University of Liverpool, Liverpool, 
England. 

methyl)pyridinium iodide. The yield of N-(Z+dinitrotolyl) 
pyridinium iodide is improved if benzene is added to the 
cooled reaction mixture with vigorous stirring. Filter off the 
pyridinium salt by suction, wash it with 25 ml of pyridine 
and recrystallize it from 50% aqueous ethanol. 

Reaction of N-nitrosamines with pyridinium salts 
To 200 mg of pyridinium iodide, dissolved in ethanol, add 

a solution of the equivalent amount of N-nitrosamine in 
ethanol and 5 drops of 10% potassium hydroxide solution. 
Allow to stand at room temperature for 30 min, then heat 
the mixture on a boiling water-bath for 20 min. Cool, then 
extract the mixture with three 6-ml portions of chloroform, 
and dry the combined extracts over anhydrous potassium 
carbonate. Filter and evaporate the filtrate to dryness. 

All work with N-nitrosamines should be performed in a 
well-ventilated fume cupboard, with suitable protection for 
the hands and with use of a disposable surgical mask. 

RESULTS AND DISCUSSION 

Product identtjication 

Thin-layer chromatography (TLC). Suitable 
amounts of the products were chromatographed on 
silica gel with hexane:chloroform (5 : 2) or chloro- 
form:ethanol (9: l), with detection by examination 
under ultraviolet light and also by exposure to iodine 
vapour. The results are summarized in Table 1. 

Test for N-nitrosamines. Ethanol solutions of the 
products were examined for N-nitrosamines by use 
of the Griess reagent and sulphamic acid tests.6 No 
residual nitrosamine was detected in any of the tests. 

Acid hydrolysis and test for aldehyde. Each of the 
nine products was hydrolysed by heating about 
100 mg of the substance with 2 ml of 2M hydro- 
chloric acid in a boiling water-bath for 30 min. On 
cooling, the acid solution was extracted with three 
5-ml portions of chloroform, and the extracts were 
combined and dried over anhydrous potassium car- 
bonate. After filtration, the chloroform was evapo- 
rated and the residue dissolved in 2 ml of ethanol. 
The ethanol solution was treated with an equal 
volume of a solution of 2,4-dinitrophenylhydrazine to 
test for the presence of aldehyde. Positive tests were 
obtained in all cases. 

Spectral analysis. The proton magnetic resonance 
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Table 1. Nature and yield (%) of products formed from the reaction of 
N-nitrosamines with pyridinium salts (fluorescence colours in parentheses) 

N-Nitrosamine 

Pyridinium iodide NDPhA NDiBA NDMA 

Acridylmethyl- 

Benzoxazolylmethyl- 

Dinitrotolyl- 

Solid (47.7) Solid (72.2) Solid (5 1 .O) 
(Violet) (Yellow-green) (Blue-green) 

Solid (65.4) Liquid (45.1) Liquid (40.1) 
(Violet) (Violet) (Blue) 

Solid (40.7) Solid (60.0) Liquid (55.0) 

spectra of the compounds were measured. The mass 
spectra of five of the solid products were obtained by 
both electron impact and chemical ionization. The 
compounds were analysed for C, H and N. 

The condensation of aromatic C-nitroso com- 
pounds with activated methyl or methylene groups is 
a well-known reaction.’ When a methylene group 
activated by a quatemary pyridinium group is con- 
densed with an aromatic C-nitroso compound under 
basic conditions to give a nitrone and/or anil, the 
reaction is referred to as the Kriihnke reaction.‘-” 
Aromatic C-nitroso compounds have also been con- 
densed with compounds possessing activated methyl 
groups under acidic conditions to give nitrones,12 and 
a similar reaction with N-nitrosamines has been 
reported to result in fission of the N-nitroso bond and 
formation of an oxime from the activated methylene 
compound. l3 This latter reaction is not useful in 
analysis as all N-nitrosamines would give the 
same oxime on reaction with a particular activated 
methylene compound. Furthermore, aliphatic N- 
nitrosamines take part in this reaction only with 
difficulty. 

The condensation of N-nitrosamines under basic 
conditions with compounds having activated methyl 
or methylene groups was studied as a possible 
method for the formation of suitable analytical deriv- 
atives of N-nitrosamines. 

No reaction was observed between N-nitrosamines 
and a compound with an activated methyl group such 
as nitromethane. However, pyridinium salts con- 
taining a methylene group activated by the ring 
nitrogen atom, and also by an additional group 
as in the pyridinium salts described here, react with 
N-nitrosamines to give hydrazones, as shown in 
Scheme 1: 

R-CH=N--N 

R,=methyl,or n-butyl or phenyl 

TLC analysis of the nine products showed they 
were different from the starting pyridinium salts and 
from the N-nitrosamines. The type and yields of 
the products obtained are shown in Table 1. The 
hydrazones formed from reaction of N-(9- 
acridylmethyl)pyridinium iodide with the N- 
nitrosamines gave fluorescent spots on the TLC 
plate when examined under ultraviolet light, listed 
in Table 1. This pyridinium salt may be useful as a 
spray reagent for TLC detection of N-nitrosamines. 
Similarly, the N-(2-benzoxazolylmethyl)pyridinium 
salt also reacts with the N-nitrosamines to give 
hydrazones which fluoresce under ultraviolet light, 
and the hydrazone formed from nitrosodiphenyl- 
amine gives bright yellow-green fluorescence in day- 
light when dissolved in carbon tetrachloride. 

The results of elemental analysis and the proton 
magnetic.spectra were consistent. The chemical ioniz- 
ation mass spectra of the products gave fragmen- 
tation patterns that confirmed their identity, but the 
electron impact mass spectra of the compounds were 
found to be less diagnostic, because the prominent 
ions in the spectra result from an initial fission of the 
N-N bond of the molecular ion, whereas the ions in 
which the N-N bond is preserved are of very low 
intensities. 

Acknowledgement-The author is grateful to Dr J. L. 
Maggs for the mass spectral data. 
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Summary-A method has been developed for determining microamounts of molybdenum(V1) in aqueous 
solution by means of the Moo-nitrophenyllluoronetyltrimethylammonium bromide system, in which 
micellar solubilization is applied. A red complex is formed in 0.2-0.6M hydrochloric acid medium. The 
sensitivity of the method is high, and the apparent molar absorptivity is 1.55 x IO5 l.mole-‘cm-‘. The 
absorption peak of the complex appears at 530 nm. The colour of the complex develops quickly and is 
stable for more than 24 hr. The composition of the complex is MO: o-NPF = 1: 1, and the system obeys 
Beer’s law in the range 0-1Opg of MO per 25 ml. The method has been used for the rapid determination 
of molybdenum in alloy steels with satisfactory results. 

The method usually used for determination of trace 
amounts of molybdenum in steels is extraction of the 
thiocyanate complex and spectrophotometric mea- 
surement after reduction.‘4 It suffers from inter- 
ference by tungsten and requires fairly rigid control 
of conditions. The methods based on other reagents 
also have several drawbacks. 

Dranitskaya et aL5 have determined molybdenum 
in food and soil with o-nitrophenylfluorone (o-NPF) 
as chromogenic reagent, but prior extraction was 
required and no results for steels were reported. 

In the present paper, a spectrophotometric method 
for determining trace amounts of molybdenum in 
steels with o-NPF is proposed. In the presence of 
cetyltrimethylammonium bromide (CTAB), o-NPF 
reacts instantaneously with molybdate to form a red 
1: 1 (MO: o-NPF) complex in 0.3M hydrochloric acid. 
The CTAB is used as a miccllar solubilizing and 
sensitizing agent. The proposed method has been 
applied to the spectrophotometric determination of 
trace amounts of molybdenum in steels and offers the 
advantages of high sensitivity, simplicity, good re- 
peatability and high stability of the coloured solution, 
and needs no heating or prior extraction. 

Reagents 
EXPERIMENTAL 

Molyb&num(VI) solution. A stock solution of molyb- 
denum(V1) was prepared from analytical grade sodium 
molybdate dihydrate and standardized gravimetrically with 
8-hydroxylquinoline.6 The working solution (10 pg/ml) was 
prepared by appropriate dilution just before use. 

o-Nitrophenylfluorone solution, 1 x IO-‘M. Freshly pre- 
pared by dissolving 36.7 ma of o-NPF in 1.7 ml of concen- 
trated hydrochloricacid and diluting to 100 ml with ethanol. 
The solution can be kept for several weeks when stored in 
a refrigerator. 

Cetyltrimethylammonium bromide solution, 2 x IO-‘M. 
Analytical grade reagents and demineralized water were 
used throughout. 

Standard procedure 

Take an aliquot of standard solution, containing up to 10 
pg of molybdenum, in a 25-ml standard flask and, with 
swirling, add 2.0 ml of 4M hydrochloric acid, 3 ml of 
2 x IO-‘M CTAB, 2 ml of 1 x 10e3M o-NPF, make up to 
volume with water and mix well. Measure the absorbance 
at 530 nm in a l-cm glass cell, with a reagent blank as 
reference. 

Procedure for steel analysis 

Take a 0.1-g sample in a lOO-ml fused-silica beaker, and 
dissolve it in 10 ml of hydrochloric acid (1 + 1) by heating 
gently, uncover the beaker, and evaporate the solution to 
dryness. Heat the residue with a few drops of concentrated 
nitric acid, evaporate almost to dryness, cool, take up the 
residue in l-2 ml of 4M hydrochloric acid, transfer the 
solution into a 250-ml standard flask and dilute to the mark 
with water. Take an aliquot (containing not more than 10 
pg of molybdenum) in a 25-ml standard Bask and deter- 
mine molybdenum as described in the standard procedure 
above, after addition of 5 ml of 10% ascorbic acid solution 
and 2 ml of 5% sodium fluoride solution. 

If hydrochloric acid is not satisfactory as the solvent, 
which is especially the case for steels containing high levels 
of Cr, W, Ti and Ni. dissolve the samnle with 5-7 ml of 70% 
perchloric acid and 5 ml of concentrated hydrochloric acid, 
heat till the fumes of chromyl chloride have been evolved, 
cool, reduce Cr(VI) to Cr(II1) with ascorbic acid, add 24 
ml of sulphuric acid (1 + l), and heat the solution to expel 
excess of perchloric acid. Cool, add 2 ml of hydrochloric 
acid (1 + I) and 1 ml of 2M tartaric acid to obtain a clear 
solution, and dilute it to volume in a 250-ml standard Bask 
with water. Take two aliquots (containing not more than 10 
pg of molybdenum) in 25-ml standard flasks, add to each 
1 ml of 10% hydroxylamine chloride-5% EDTA solution 
and two drops of p-nitrophenol indicator and sufficient 
hydrochloric acid to discharge the colour of the indicator. 
Heat one flask in a boiling water-bath for about 10 min and 
cool it; use this as the reference solution in the standard 
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procedure described above. Add 2 ml of 20% Rochelle 
salt/4% sodium fluoride solution to the other, and follow 
the standard procedure above. 

REXJLT?3 AND DISCUSSfON 

Spectral characteristics 

The absorption spectra of the solubilized complex, 
binary complex and the reagent blank are shown in 
Fig. 1. When CTAB is present the absorption peak 
has its maximum at 530 nm, a red-shift of 70 nm. 
o-NPF has negligible absorption at this wavelength. 

Experimental variables 

The order of addition of the reagents was found to 
have no effect on the absorbance. Despite this, it is 
advisable to add the hydr~hloric acid and CTAB 
before the o-NPF reagent, to avoid precipitation. 
However, any precipitate formed on addition of 
the o-NPF reagent will redissolve on addition of the 
CTAB solution, and there is no adverse effect on 
the results. Maximum and constant absorbance of 
the ~lubilized complex was obtained over the hydro- 
chloric acid range 0.2-0.6M and 0.3M hydrochloric 
acid was chosen as optimal. o-NPF and its binary 
complex with molybdenum are only sparingly soluble 
in water, and have low absorbance, but their solu- 
bility can be increased and the sensitivity enhanced by 
addition of 2-7 ml of 2 x IO-‘h4 CTAB. It was found 
that 3 ml of 2 x 10m3M CTAB and 2 ml of 
1 x 10F3M o-NPF are sufficient to complex 10 pg of 
molybdenum. The normal variation in laboratory 
temperature has negligible effect on the deter- 
mination of molybdenum. The complex forms instan- 
taneously and the absorbance remains stable for at 
least 24 hr. 

Calibration graph, sensitiuity and repeatability 

The calibration graph obtained by the standard 
procedure was linear over the range of O-10 pg of 

1.0 r 

400 440 480 520 

Wovelength i nm 1 
560 

Fig. 1. Absorption spectra. 1: Reagent blank. 2: o- 
NPF-CTAB. 3: Mo-o-NPF; reference reagent blank. 4: 
Ma-o-NPF-CTAB; reference reagent blank; MO 4.17 x 
10-6iCi,CTAB 1.6 x IO-‘M,o-NPF2 x 10-sM,HCl 0.3M. 

Table 1. Interference of foreign ions in the deter- 
mination of 6 ~,a of molybdenum 

Ion, mg 

MO 
Ion/MO, recovery, 

w/w % 

Zn(I1) 
M&II) 
Ca(I1) 
Cu(I1) 
Ni(I1) 
Co(B) 
Ba(I1) 
R(I) 
Na(I) 
NH,(I) 
Cd(I1) 
Fe(III)* 
Pb(I1) 
H&II) 
Be(II) 
Al(II1) 
Cr(II1) 
La(II1) 
Y(II1) 
Nb0’) 
Ta(V) 
Nd(II1) 
Ti(IV) 

Zr(IV) 
W(VI) 
Sb(II1) 
V(V) 
Mn(VII)t 
Sn(IV) 
Sn(I1) 
Th(IV) 
LKIV) 
Nitrate 
Chloride 
Sulphate 
Phosphate 
Carbonate 
Oxalate 
Tartrate 
Citrate 
EDTA 
Ascorbic acid 
Fluoride 
Dichromate 
Thiocyanate 

15 
15 
15 
15 
15 
15 
I5 
15 
15 
15 
15 
6 
6 
6 
1.5 
3.0 
0.18 
4.8 
4.2 
0.06 
0.06 
0.45 
0.015 
0.06 
0.3 
0.03 
0.15 
0.12 
1.5 
0.03 
0.6 
0.15 
0.3 

15 
15 
15 
15 
10 
6 
6 
5 
6 

15 
0.6 
6 
0.3 

Hydroxylamine 0.15 

2500 102 
2500 100 
2500 100 
2500 101 
2500 102 
2500 101 
2500 101 
2500 103 
2500 102 
2500 100 
2500 102 
1000 97 
1000 100 
1000 101 
250 98 
SO0 100 
30 98 

800 97 
700 98 

10 102 
10 103 
75 99 
2.5 100 

10 102 
so 99 

5 100 
2s 101 
20 100 

250 97 
S 99 

100 102 
2s 102 
so 103 

2500 100 
2500 100 
2500 98 
2500 99 
1670 101 
1000 97 
1000 98 
830 100 

1000 97 
2500 97 

100 98 
100 103 
so 97 
2s 100 

*Masked with ascorbic acid and hydroxylamine. 
TReduced by ascorbic acid. 

moiy~enum in 25 ml of solution, at 530 nm. The 
optimum concentration range evaluated from a Ring- 
born plot’ was 0.3-10 pg per 2.5 ml. The apparent 
molar absorptivity at 530 nm calculated from the 
slope of the graph was I.55 x IO5 l.mole-‘.cm-‘. 
Thus, o-NPF is one of the most sensitive chromo- 
genic reagents for molybdenum. Ten parallel deter- 
minations of 6 pg of moIy~enum gave a mean 
absorbance of 0.387 and a standard deviation of 
0.03 pg. 

Composition of the complex 

The ratio of molybdenum to o-NPF and CTAB in 
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Table 2. Determination of molybdenum in steel alloys 

1009 

Sample 

BH050 1 
BH0502 
BH0504 
BHOSOS 
BHlll-1 

MO 
Certified composition,* certified, MO found, 

% % % 

Mn 0.625; Cr 0.22; Ni 0.195; Cu 0.31; W 0.20 0.41 0.46, 0.47, 0.47, 0.48, 0.48 
Mn 0.74; Cr 0.26; Ni 0.31; Cu 0.38; W 0.335 0.77 0.77, 0.78, 0.76, 0.76, 0.76 
Mn 0.225; Cr 0.033; Ni 0.034; Cu 0.096; W 0.044 0.034 0.04, 0.04, 0.03, 0.04, 0.04 
Mn 0.18; Cr 0.105; Ni 0.11; Cu 0.13; W 0.135 0.205 0.21, 0.22, 0.20, 0.22, 0.21 
Mn 0.0277; Cr 1.90; V 0.398; Cu 0.232; W 0.517; Ti 0.040 0.536 0.54, 0.55, 0.54, 0.55. 0.53 

*These compositions were given by the suppliers of the samples, Wuhan Steel Union Company, China. 

Table 3. Comparison of the sensitivities of methods for spectrophotometric determination of 
molybdenum 

Reagent 
Molar absorptivity, a,,, 
IO4 I.mole-‘.cm-’ nm Reference 

SCN- + hexamethylphosphotriamide 
SCN- + ethylisobutrazide hydrochloride 
SCN- + Sn*+ + Fe2+ + adogen* 
Malachite Green +p-chloromandelic acid 
3,CDithiol+ tributyl phosphate 
2-Aminobenzenethiol 
Pyrocatechol + NTCt 

1.76 
3.86 
2.13 
10.6 
1.84 
1.28 
1.43 
0.98 

Dithioxamide 0.022 
o-NPF§ + N-phenylbenzohydroxamic acid 7.0 
o-NPF + gelatine not stated 
o-NPF + CTAB 15.5 

460 
460 
467 
630 
705 
500 
420 
650 
600 
520 
584 
530 

3 
4 

10 
11 
12 
13 
14 

15 
16 
5 

Present 
method 

*Adogen: methyltrioctylammonium chloride. 
tNTC: neotetrazolium chloride. 
go-NPF: o-nitrophenylfluorone. 

the complex was determined by Job’s method of not simple and additional steps such as extraction or 
continuous variations.’ The most probable com- reduction are needed. The sensitivities of the most 
position of the complex was found to be 1: 1: 0 for sensitive spectrophotometric reagents for molyb- 
MO : o-NPF : CTAB. The molar ratio method’ denum reported during the last decade are compared 
confirmed these results, so CTAB serves only to in Table 3. Our method compares favourably with 
enhance the solubility and sensitivity, presumably by the reagents listed in Table 3 in sensitivity and has 
the usual micellar effects. better selectivity. 
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~a~-A simple, accurate and reliable titrimetric method is described for the dete~nation of 
thiophanate-methyl, an important commercial fungicide. The method is based on its direct titration at 
room temperature with ammonium hexanitratocerate(IV) in sulphuric acid medium in the presence of 
potassium iodate as catalyst. The method permits detection of the end-point visually, potentiometrically 
or spectrophotometrically. The proposed method is recommended for routine determination of the 
fungicide in its commercial formulations. 

Thiophanate-methyl, 1,2-bis(3-methoxycarbonyl-2- 
thioureido)benzene, is a systemic fungicide based on 
a bis-thiourea derivative. 

It exhibits a rather broad antifungal spectrum and is 
extensively used against various fruit and vegetable 
diseases. Its wide use necessitates convenient, reliable 
and rapid methods for its determination. 

In the course of our investigations on the ox- 
idimetric determination of thiourea and its deriva- 
tives,’ we have found cerium(IV) an excellent reagent 
for the purpose. 2*3 The ease with which thioureas are 
smoothly and quantitatively oxidized with this ox- 
idant in sulphuric acid medium in the presence of 
potassium iodate (as catalyst) to the corresponding 
substituted formamidine disulphides, prompted us to 
extend the advantages of this c&metric method to 
thiophanate-methyl. 

purposes the visual end-point is adequate, the poten- 
tiometric method is of use when coloured solutions 
are encountered. For more dilute solutions, the visual 
end-point is difficult to detect, and the spectro- 
photometric titration is useful. 

EXPERIMENTAL 

Apparatus 
Potentiometric titrations were performed with a Tosh- 

niwal (India) potentiometer equipped with a platinum and 
saturated calomel electrode assembly. Spectrophotometric 
measurements were made with Beckman DU-6 and Bausch 
and Lomb spectrophotometers. 

Reagents 
Ammonium hexunitrarocerure(IV) solution (0.04M) in 

0.5M suiphur~c acid. Prepared by dissolving a little more 
than the calculated amount of dried analytical grade reagent 
in O.&W sulphuric acid and standardi~ by titration with 
ferrous ~monium sulphate in sulphuric acid medium, with 
ferroin as indicator. 

Ferroin solution in water, O.Of M. Prepared by dissolving 
0.594 g of I,lO-phenanthroline and 0.278 g of analytical 
grade ferrous sulphate heptahydrate in 100 ml of water. 

RHN 
\ 

RHN 
\ / 

NHR 

2 
,,//“-SH - 

HN//C-S-S-C\NH + 2H++ 2e- 

The fungicide may be directly titrated with the re- 
agent at room temperature, with visuai, poten- 
tiometric or s~ctrophotomet~c end-point detection. 
Ferroin is a suitable indicator for the visual titration. 
The spectrophotometric titrations are monitored at 
340 nm, the wavelength of maximum absorbance of 
the oxidant, the absorbance being virtually zero until 
the equivalence point is reached, and then increasing 
linearly with excess of reagent. Though for most 

*Author for correspondence. 

Thiop~~ate-methyl. Standard materiaf was suppiied by 
courtesy of the Environmental Protection Agency, NC, 
U.S.A. 

Procedures 
Visual and potentiometric ritrarion. Aliquots of ace- 

tonitrile solutions of the pure compound were placed in 
titration vessels and diluted to 20 ml with acetonitrile. Each 
solution was mixed with 20 ml of 1M sulphuric acid, 1 or 
2 drops of 0.002SM potassium iodate, and 1 or 2 drops of 
ferroin indicator (for visual titrations) and titrated at room 
temperature (-23”) with 0.04M ammonium hexa- 
nitratocerate(IV) visually and potentiometrically. In the 
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Table 1. Determination of thiophanate-methyl with ammo- 
nium hexanitratocerate(IV) (visual and potentiometric 

titrations) 

Thiophanate-methyl found,* mg 
Thiophanate- 

methyl Potentiometric 
taken, mg Visual method method 

2.00 2.02 f 0.02 2.01 f 0.02 
4.00 3.91 f 0.03 4.02 f 0.03 
6.00 6.04 f 0.04 5.95 f 0.04 
8.00 8.08 f 0.04 8.03 f 0.04 

10.00 10.08 f 0.05 9.94 f 0.05 

*Mean and standard deviation of ten determinations. 

Table 2. Determination of thiophanate-methyl 
with ammonium hexanitratocerate(IV) (spec- 

trophotometric titration) 

Thiophanate-methyl Thiophanate-methyl 
taken, pg found,* pg 

20.0 19.9 + 0.1 
40.0 39.1+ 0.2 
60.0 59.6 & 0.4 
80.0 80.8 f 0.5 

100.0 99.0 f 0.6 

*Mean and standard deviation of five deter- 
minations. 

visual titrations, the end-point was marked by a sharp 
colour change from red to very light blue. In the poten- 
tiometric titrations, a sharp break in potential was observed 
at the equivalence point. The results are given in Table 1. 

Spectrophotometric titration. Aliquots of acetonitrile solu- 
tions of the pure compound were diluted to 3 ml with 
acetonitrile, mixed with 3 ml of 1M sulphuric acid and 
titrated at room temperature (-23”) at 340 nm, with 
standard oxidant. The absorbance at 340 nm was mon- 
itored. A dilution correction was applied and the titration 
curve plotted in the usual way. The results are given in 
Table 2. 

Formulation analysis. A wettable powder formulation 
containing 70% active ingredient was used. A single large 
sample of the formulation was weighed, shaken with ace- 
tonitrile and filtered. The residue (if any) was washed 2 or 
3 times with acetonitrile. The filtrate and washings were 
diluted to known volume with the same solvent. Aliquots 
were then taken for titrations. The visual, potentiometric 
and spectrophotometric titrations were performed as de- 
scribed above. The results are given in Tables 3 and 4. 

RESULTS AND DISCUSSION 

potential, and the availability of a good number of 
visual indicators. It also has good stability and high 
equivalent weight. The results in Table 1 show that 
the thiophanate-methyl in the range 2-10 mg can be 
determined by visual and potentiometric titrations 
with the reagent with a maximum relative standard 
deviation (rsd) of 0.8%. With photometric titrations, 
the compound could be determined in the range 
20-100 pg with a maximum rsd of 0.6% (Table 2). 
For the commercial formulation the visual and po- 
tentiometric titration procedures gave values corre- 
sponding to 98.1-99.3% of the nominal content, with 
rsd values in the range 0.3-0.5% (Table 3). The 
spectrophotometric titration gave 98.2-99.3% of the 
nominal content, with rsd values in the range 
0.3-0.4% (Table 4). Analysis of the formulation by 
an independent method4 gave comparable results 
(Tables 3 and 4). Ureas, thiosemicarbazides, xan- 
thates, mercaptans and dithiocarbamates have been 
found to interfere in the proposed method. 

Ammonium hexanitratocerate(IV) is a versatile The results indicate that each molecule of 
oxidimetric reagent. This is due to its high redox thiophanate-methyl consumes 4 equivalents of the 

Table 3. Determination of thiophanate-methyl from commercial formulation nominally containing 70% active 
innredient 

Nominal 
amount 
taken,* 

mg 

3.00 
5.00 
7.00 

10.00 

Visual Recovery, 
method % 

2.97 99.0 f 0.4 
4.93 98.6 + 0.4 
6.89 98.4 f 0.5 
9.81 98.1 + 0.3 

Found,? mg 

Potentiometric Recovery, 
method % 

2.98 99.3 f 0.3 
4.94 98.8 & 0.4 
6.90 98.6 f 0.4 
9.83 98.3 f 0.3 

Comparison Recovery, 
method? % 

2.96 98.7 + 0.9 
4.93 98.6 k 0.6 
6.90 98.6 + 0.9 
9.80 98.0 + 0.7 

*Based on 70.0% content in formulation. 
tMean and standard deviation of ten determinations. 

Table 4. Determination of thiophanate-methyl in commercial formulation nominally containing 
70% active ingredient 

Amount found,7 pg 
Nominal 

amount taken,* Spectrophotometric Recovery, Comparison Recovery, 
/Q? titration % method? % 

25.0 24.8 99.3 f 0.4 24.8 99.0 f 0.6 
50.0 49.4 98.8 + 0.3 49.3 98.6 f 0.7 
75.0 13.7 98.3 f 0.4 73.6 98.1 f 0.5 

100.0 98.2 98.2 + 0.3 98.1 98.1 f 0.4 

*Based on 70.0% contention formulation. 
tMean and standard deviation of five determinations. 



1012 SHORT COM~NICATXONS 

reagent. In other words, the compound is oxidized Hence the oxidation of thiophanate-methyl in- 
with a four-electron change by the reagent. The most volves an overall four-electron change (the 
plausible reaction mechanism is: bis-thiourea and o-phenyfenediamine moieties each 

SH 

NH-C-NHCOOCH 3 - NH -CE NCOOCH 3 

NH-C-NHCOOCHS NH-C 

II I 

=NCOOCH, 

s SH 

SH 

I 

2 
NH-C =NCOOCH, 

N-C=NCOOCH, H3COON=C-N 

NH-C =NCOOCHI - + 8H+ +se 

I 
N-C= 

I 

NCOOCH, H,COON=C-N 

SH I 
s S 

This is supported by the following observations and contributing a two-electron change). It may be men- 
experiments. tioned here that the following bis-thiourea 

(1) Thiourea (I), in the presence of an acid, exists 
as a cation (II) derived from the zwitterion structure 
(III). 

&N H,N \ 
W-J \ 

HzN 
,,,~F” ,,~//“-“- 

(I) (II) (III) 

NHCSNH* 

NHCSNH* 

(a related compound which we prepared and purified 
This is in conformity with its property of being a in the laboratory) could be similarly titrated with 
neutral substance but reacting with acids as a mono- cerium(IV), being oxidized with a four-electron 
acidic base, forming stable salts. change. 

(2) Thioureas are oxidized in acid medium to the 
corresponding substituted formamidine disulphides 
with a single-electron change per thiourea group’ 
(thiophanate-methyl is a bis-thiourea and con- 

Acknowledgements-The authors thank the Indian Council 
of Agricultural Research (EAR), New Delhi, for financial 

sequently involves a two-electron change). assistance. 

RHN 
\ 

RHN 
\ I 

NHR 

2 

HN //C-sH - 
HN//-S-S-C\NH + 2H+ + 2e- 

That thioureas are indeed oxidized to substituted 
formamidine disulphides is supported by the fact 
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THEIR p-F= VALUES AND CHROMATIC 

PARAMETERS 
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Summary-A series of acid-base indicators in acetonitrile has been studied. Their chromaticity co- 
ordinates, pK, values, transition pH ranges, pH of maximum colour change, optimum concentration for 
titration, and quality of colour change in acetonitrile have been determined, together with the effect of 
ionic strength on their pronerties. Various bases and their mixtures have heen titrated to test the practical * _ 
usefulness of the indicators. 

For many years, acetic acid has been a popular 
medium for the titration of weak bases, but the pH 
change at the end-point is much greater in many 
aprotic protophobic solvents, such as acetonitrile. 

Acetonitrile owes its many applications in diverse 
fields to its physical characteristics;’ it is a consid- 
erably weaker base and a much weaker acid than 
water and has a relatively high dielectric constant 
(6 = 36.0). The cumulative effect of these factors is 
that acetonitrile is a good differentiating solvent for 
acids and bases, as is reflected by its small auto- 
protolysis constant (pKns > 33).* 

Nevertheless it is not a very suitable medium for 
the successive titration of acids in mixtures, because 
of homo- and heteroconjugation.3 On the other hand, 
its iow ability to solvate anions means that conju- 
gation in it is negligible for bases4 so it is a very 
suitable solvent for titration of bases, especially very 
weak bases and their mixtures.’ 

Many indicators have been recommended for 
acid-base titrations’ because visual end-point de- 
tection is very precise and accurate for bases. Because 
the neutralization curves for bases can be calculated, 
if the indicator dissociation constants are known, it 
is possible to predict which indicators will give a 
sharp colour change at the end-point. 

The pK8 values of a large number of indicators 
have been reported&’ but the information about their 
properties is not enough to allow the selection of the 
one most suitable for a particular acid-base titration, 
because an objective method of describing the quality 
of the indicator colour changes has not been applied. 

In this work, a series of commercially available 
indicators with pronounced colour change was stud- 
ied over the most useful acidity range and the dis- 
sociation constants of several indicators, not pre- 
viously reported, were determined. The colour 
changes were characterized by the chromatic par- 
ameters in both the CIE and complementary chro- 
maticity systems,g’o. The optimum ~ncentrations 
for the indicators were determined by the Vytias” 

and Kotrly and Vytiasi2 methods. In accordance with 
CIE recommendations, the CIELAB (L*, a*, b*) 
and CIELUV (A*, u*, Y*) co-ordinates were used to 
calculate the index of colour change perceptibility. 
The sensitivity, sharpness of colour change, pH corre- 
sponding to maximum colour change, and the transi- 
tion ranges of each indicator were determined.‘3~‘4 

In this paper we report the pH value at which an 
indicator would show a specific colour, at zero ionic 
strength, taking into account the activity coefficients, 
as reported earlier. I5 Finally the behaviour of the 
indicators was tested by titration of different bases 
and mixtures of bases. 

Apparatm 

A Beckman Acta M-VII spectrophotometer with IO-mm 
cells, a Hewlett-Packard 9816 computer, a CRISON Digilab 
517 pH-meter, with a Radiometer G202C glass electrode 
and a reference electrode similar to the one described by 
Pleskov,‘6 with 0.1 M tetraethylammonium perchlorate in 
acetonitrile serving as a double salt-bridge similar to that 
used by Coetxee et al.” and Kolthoff er al.,‘* were used. 

This system gives stable and reproducible potentials 
within S-10 min. 

Reagenrs 

Pkric acid (Doesder R. A. grade) vacuum~ried, O.lM 
tetrabutylammoni~ hydroxide in 2-propanol (Carlo Erba, 
RPE grade), acetonitrile for chromatog~phy (Merck), 
tetraethylammonium perchlorate (Carlo Erba, R.S. 
grade) perchloric acid (Carlo Erba, RPE-ACS grade), 
p-toluenesulphonic acid (Merck, A. R. grade), mono- 
chloroacetic acid (Scharlau, A. R. grade) and dichloroacetic 
acid (Carlo Erba, RPE grade) wem used. The indicators 
were p-naphtholbenrein (pNB) and Neutral Red (NR) 
(Merck, analytical grade), Tropaeolin 00 (TROP). Ouin- 

I. . 

aldine Red (GR), Brilliant Green (BG) and Malachite Green 
(MG) (Carlo Erba, RPE grade), and Bromocresol Green 
(BCG) (Scharlau, analytical grade). 

Determination of the standard potential and autoprotolysis 
constanl 

The glass electrode was calibrated by titration of O.OOSM 
picric acid in acetonitrile, (XI”,,, = IO-” in a~tonit~le)‘*.‘9 
with O.IM tetrabutylammonium hydroxide. This method is 
suitable for calibration of the glass electrode, because 

1013 
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Table 1. Standard potentials in acid and basic 
medium and autoprotolysis constant values 

Titration E,“, mV EE, mV PKHS 

1 998.2 - 986.6 33.6 
2 994.7 -988.2 33.5 
3 998.5 -996.0 33.7 
4 995.8 -998.3 33.1 
5 994.0 - 1008.4 33.8 
6 993.8 -986.2 33.5 
7 994.0 -978.4 33.3 

Average 995.6 -991.7 33.6 

conjugation in acetonitrile is very low for ions with a 
delocalized charge such as picrate and can be neglected. 
Moreover, the presence of water or alcohols, which are 
usually present in the titrants in up to OSM concentration, 
has little or no effect on the pH picrate buffer solutions in 
acetonitrile because the picrate ion is not a strong hydrogen- 
bond acceptor.” 

On the other hand, the dielectric constant of acetonitrile 
is sufficiently high to allow complete dissociation of ionic 
solutes such as tetrabutylammonium picrate at concen- 
trations up to 10-zM.2’ 

A computer program written in Basic, ACETERIS0,Z2 
was used to calculate the standard potentials in acidic and 
basic medium. From these values, the autoprotolysis con- 
stant of the medium can be calculated. A reliable value for 
the autoprotolysis constant of pure acetonitrile has not yet 
been reported, because even very small quantities of im- 
purities greatly decrease the pKns value. The determination 
from the measured standard potentials gives the true value 
of the autoprotolysis constant, which is needed for com- 
putation of acid-base equilibria. 

Table 1 shows the standard potentials and autoprotolysis 
constant values obtained in seven titrations. The average 
value of pKns = 33.6 f 0.2 is in agreement with the value 
pKns z 33 reported by Kolthoff et u/.~ 

Deferminarion of the chromatic parameters and pK, values 

Indicator solutions (approximately 10eSM) were titrated 
with 0.W tetrabutylammonium hydroxide solution, in the 
presence of an appropriate acid to keep the solutions 
buffered over the pH range of the colour change (mono- 
chloroacetic acid for BCG, perchloric and dichloro- 
acetic acid mixture for NR and QR, p-toluenesulphonic acid 
for TROP, and perchloric and p-toluenesulphonic acid 
mixture for BG, MG and PNB). 

The titrations were monitored by continuous mea- 
surement of the absorbance values at IO-rim intervals 
between 380 and 770 nm, and simultaneously by poten- 
tiometric measurement. 

The test solution was stirred with a stream of nitrogen and 
continuously circulated between the titration vessel and the 
spectrophotometer cell by means of a peristaltic pump. The 
temperature was 25 f. 0.2”. 

Computation 

To calculate the chromaticity parameters, the weighted 
ordinate method, A1 = 10 nm, with the coefficients for the 
standard illuminant C and “10” standard observer”’ was 
used, with the SUPERCOLOR program.23 This program, 
written in Basic, allows the computation of the optimum 
concentration of the indicator in titrations, the calculation 
of the chromaticity co-ordinates in a variety of colour 
spaces, and determination of the pK, value of the 
indicator. 

RESULTS AND DISCUSSION 

The criteria for selection of the indicators were 
commercial availability, widespread use, solubility in 

acetonitrile, sharpness of colour change and avail- 
ability of p& va1ues.6 

The indicators studied represent four kinds of 
dissociation equilibria, 

(1) BG, MG, QR, NR 

H12+ +I+ + H+ 

PK = PH + log (YHII+ lrr+) - log(]I+ 1/M2+ I) 

(2) PNB, NR 

HI++1 + H+ 

PK = PH + log YHI+ - hdII/[HI+ 1) 
(3) BCG 

HI-+12- + H+ 

PK = PH + l”gh- h-) - hd12- I/P-U) 

(4) TROP 

HI+I- + H+ 

pK = pH - log y,m - log([I-]/[HI]) 

where HI represents the acid form and I the basic 
form of the indicator. 

The indicator colour is related to the concen- 
trations of the acid and basic forms of the indicator, 
and hence to the pH and the ionic strength of the 
indicator system. The influence of ionic strength is 
different for each dissociation mode1 and could be 
important at high ionic strengths for indicators of 
models (1) and (3) (Table 2). 

Because of the high dielectric constant of ace- 
tonitrile, the activity coefficients have less influence 
than in other solvents, such as 2-propanol and 
2-methyl-2-propanol. 

If the indicator were at infinite dilution, the colour 
would not depend on activity coefficients. Thus, we 
use the pH value at zero ionic strength (pH,) to 
specify a reference indicator co10ur:‘5 

(1) PH, = PH + log (YH12+/YI+) 

(2) PH, = PH + 1% YHI+ 

(3) PH, = PH + log(y,,- /Y,z-) 

(4) PH, = PH - log YIP 

These relationships allow chromaticity parameters to 
be referred to pH, values, and the comparison of 

Table 2. Influence of ionic strength (I) on activity 
coefficients in acetonitrile 

1% YHlf 
I log h+l~,+) or log yl- log (h-h-) 

1o-6 0 0 0 
10-5 -0.02 0 0.02 
1o-4 -0.05 -0.02 0.05 

5 X 10-d -0.11 -0.04 0.11 
10-r -0.16 -0.05 0.16 

5 x IO-3 -0.35 -0.12 0.35 
10-z -0.49 -0.16 0.49 
10-l - 1.56 -0.52 1.56 
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Fig. 1. CIE chromaticity co-ordinates (x, y) of indicator 
solutions at, optimum concentration. x , pNB, + , TROP, 
*, QR; 0, BG; A, MG, 0, BCG; A, NR - 1; n , NR - 2. 
The symbols for NR - 1 and NR - 2 correspond to com- 
plete transitions of the indicator at optimum concentration 

for equlibria 1 and 2 respectively. 

colour transitions at different ionic strengths for the 
various types of indicator. 

To calculate the pH, values, the relationships 
above are applied to the experimental pH values and 
the activity coefficients calculated by means of the 
Debye-Hiickei equations.” In a practical titration, 
the true pH range of a coiour transition can be 
calculated from the pH, range and the ionic strength 
of the solution. 

The sequence of colour changes of the indicators 
can be described by the traditional 1931 CIE system 
(x, y, Y) or by the latest colour spaces CIELAB (L*, 
a*, b*) and CIELUV (L*, ti*, v*) r~ommended by 
the CIE.” 

The indicator colour changes at optimum concen- 
tration are shown in Figs. 1 and 2. In these plots, the 
Y and L* co-ordinates, which measure colour lumi- 
nosity, not chroma,8 have been omitted. 

The CIELAB and CIELUV systems can be used to 
calculate the colour differences by using the relations: 

AE = [(At*)2 + (Aa*)* + (Ab*121”’ 

AE = [(AL *)’ + (Au *)* + (A\u *)‘I”* 

The complementary chromaticity co-ordinates (Q,, 
f&), which are colour physical constants, were used 
to describe the colour sequence of the indicators, Fig. 
3. For all the indicators tested, straight lines denoting 
mixtures of two pure coloured forms were obtained. 
The fact that NR gives two linear segments shows the 
presence of two equilibria, each involving a particular 
colour change, the first from blue to red and the 
second to yellow. 

Although pNB, BG and MG show a second colour 
change at very high pH values, this is of no analytical 
interest; likewise, the protonated red form (H,I+) of 
TROP cannot be distinguished by eye from the 

50 - 

v* - 
-50 - 

Fig. 2. CIELAB (a*, P) and CIELUV (a*, a*) chro- 
maticity co-ordinates of indicator solutions at optimum 

concentration. Symbols as for Fig. 1. 

neutral form (HI) and the colour transition of BCG 
at low pH is poor,$ and of no practical interest. We 
have therefore studied only the useful transition in 
each case. 

The indicator dissociation constants were deter- 
mined from the complementary chromaticity co- 
ordinates according to Reilley et a1.2s*26 and also 

0.6 

0 0.2 0.4 0.6 0.8 

Fig. 3. Colour transitions in the complementary chro- 
maticity diagram. Symbols as for Fig. 1. 
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Table 3. ply values of the indicators 

Indicator Chromatic method* Standard method Average 

PNB 7.2OkO.13 7.15 kO.10 7.18 kO.12 
TROP 00 8.96 f 0.10 8.96 f 0.12 8.96kO.11 
QR - 9.41 * 0.04 9.41 + 0.04 
MG 5.98 k 0.05 5.99 f 0.04 5.98 & 0.05 
BG 6.65 & 0.05 6.64 kO.11 6.64 f 0.09 
BCG 18.80 f 0.02 18.80 + 0.04 18.80 &- 0.03 
NR-1 4.68 f 0.07 4.66 k 0.04 4.67 f 0.08 
NR-2 16.33 f 0.08 16.36 + 0.08 16.34 * 0.08 

*Average pKa & s values obtained from Q,, Qy and Q2 co-ordinates. For QR, the 
pK, values from Q, co-ordinates were not considered because of the small 
variation of Q, in the pH range, Fig. 4. 

s~ctrophotomet~cally by a procedure described by 
Albert and Serjeant.” The results of the two methods 
agree (Table 3). In the case of TROP the second 
protonation equilibrium, perceptible as a short line in 
the complementary chromaticity diagram, was taken 
into account in the pK, computation. The colour 
point of the pure form of TROP (HI) can be found 
from the intersection of the two linear segments in 
Fig. 3.2s.28 The colour point of the pure form of pNB 
(I), was found in a similar way. 

The quality of the colour change of an indicator 
depends on the distance between the colour points of 
its acidic and basic forms in the complementary 
chromaticity diagram. However, the colour distribu- 
tion on this diagram is not uniform and does not 
allow direct evaluation of the quality of colour 
changes, because distances in different regions of the 
diagram have non-equivalent physical meaningsi 

However, we can deduce that the colour change 
of BCG is of better quality than that of MG, BG and 
pNB, all of which give complementary chromatic 
transitions with similar orientation. In the same way, 
TROP shows a better quality of colour change than 
QR and the second transition of NR. As the orien- 
tation of the segments in the complementary chro- 
maticity diagram is very different, the two groups of 
indicators cannot be compared and neither can the 
first colour change of NR. Furthermore, the com- 
plementary chromaticity data give no information 
about the ideal indicator concentration, and to find 
this the method of Kotrly and Vytias12 was used. In 
this, the minimum of the plot of ApH/A,E (index of 
colour change perceptibility) us. log (c/c,~) gives the 

optimum indicator concentration; cd is the reference 
experimental value of the indicator concentration, c 
is the indicator concentration and E is the total 
difference between two colours, calculated by using 
the CIELAB and CIELUV systems. The data ob- 
tained for both systems agree and the results, referred 
to l-cm path-length, are given in Table 4. 

To describe objectively the quality of colour 
change of the indicators, a modificationI of the 
method of Bhuchar and Agrawal,13 based on a plot 
of AE/ApH [or the specific colour di~~mination 
(SCD) values] us. pH (Fig. 4), was used. 

In this plot, the band-width of each peak is the 
transition pH range, and the pH value at the maxi- 
mum is the pH for the maximum change of colour 
(pH_). The half band-width (APH,,~~~) is also 
related to the sharpness of the chromatic transition, 
and the maximum of each peak (in SCD units) is 
taken as the sensitivity of the colour change. Table 4 
gives the average obtained by both CIELAB and 
CIELUV, except for the SCD values, which are not 
comparable for different chromatic systems. 

From the SCD values (Fig. 4) it can be deduced 
that MG, BG, TROP and BCG show very pro- 
nounced colour changes in acetonitrile and the other 
indicators give smaller colour changes but still have 
adequate sensitivity. These conclusions all agree with 
visual observations. 

Table 4 shows the difference between the pK, and 

PH,,, values that do not agree, as a result of the 
different sensitivity of human eye to different colours. 

The PH,, values are displaced, relative to the pK, 
values, towards pH values at which the concentration 

Indicator 

Table 4. Colour changes of indicators 

Optimum concn. 
for I-cm path-length, Transition 

M PH, pH range APH l,ZscD PK - ~&cc 

PNB 
TROP 

QR 
MG 
BG 
BCG 
NR-I 
NR-2 

9.57 x lo-* 
2.30 x 1O-s 
3.96 x 1O-s 
1.11 x 10-S 
1.11 x 10-S 
1.66 x 10-S 
2.17 x 1O-5 
2.17 x 1O-s 

6 x 1O-4 8.2 6.8-10.5 2.0 -1.0 
5 x 10-5 9.5 7.5-10.5 1.5 -0.5 
9 x IO-5 9.0 7.6-10.0 1.1 0.6 
6 x lo-’ 5.4 3.8-7.2 1.8 0.6 
7 x 10-S 6.1 4.2-7.9 2.2 0.5 
1 x 1o-4 18.2 17.1-19.2 1.1 0.6 
4 x IO-5 4.1 3.4-6.4 1.3 0 
7 x IO-’ 16.9 15.1-18.4 1.9 -0.6 
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Fig. 4. Changes of SCD values, in CIELAB and CIELUV 
systems, with pH at zero ionic strength (pH,). A, NR; B, 

MG; C, BG; D, pNB; E, QR, F, TROP; G, BCG. 

of the less intensely coloured form is the higher. Thus, 

the PH, value of pNB is higher than its pK, value, 
because the green acidic form is more intensely 
coloured than the yellow basic form, and in the same 

way the pH, value of the first transition of Neutral 
Red agrees with the pK, value, since the chromatic 
transition occurs between two almost equally 
strongly coloured forms. pH, values are very im- 
portant because they allow selection of the most 
suitable indicator for a specific titration. 

Figure 5 gives the colour-change pH ranges of the 
indicators studied, the colours before and after the 
pH of maximum colour change, and the pH, value. 

The most important use of acetonitrile in acid-base 
titrations is as a medium for titrations of weak bases 
and their mixtures. The series of indicators studied 
covers the necessary pH range completely, as can be 
inferred from Fig. 5. 

To test the usefulness of the indicators examined, 
some bases in acetonitrile medium were visually 
titrated with O.lM perchloric acid. The results are 
given in Table 5. Solutions of perchloric acid in 
acetonitrile are unsuitable as titrants because their 
hydrogen-ion activity decreases rapidly on aging,’ so 
perchloric acid in anhydrous acetic acid was used as 
the titrant. However, this solution cannot be used 
for visual titration of bases when indicators with 
pK, values > 14 are used, and is also not suitable 
for titrations of mixtures of bases in acetonitrile 
because the acetic acid decreases the potential break, 
especially on the basic side, and levels the difference 
in basic strength by reaction with the free bases.5 

We have found that a solution of perchloric acid 
monohydrate in nitromethane, which is more viscous 
than sulpholane, is very suitable for titrations in 
acetonitrile. This solution, recommended by Kolthoff 
et al.,’ permits titration of bases with use of indicators 
having a transition interval in the basic region, such 
as BCG and NR, with very low errors (Table 5) and 
can be used for resolving mixtures of bases. 

A binary mixture of tetramethylguanidine (TMG) 
and pyridine, has been titrated, with NR or a mixture 
of BCG and TROP as indicators, with errors less 
than 1%. Both these indicators are especially suitable 

BCG - 

NR - 

TROP - RED -1 YELLOW 

PR - COLOURLESS VT1 RED 

PNB - GREEN -1 YELLOW 

BG -YELLOW -1 BLUE GREEN 

MG .YELwr] BLUE GREEN 

NR .BLUEpI RED 

YELLOW r1 BLUE 

RED VT1 YELLOW 

I I I I I I I I I I 

2 4 6 B 10 12 14 16 18 20 

~“0 

Fig. 5. Indicator transition ranges, at zero ionic strength, for the indicators in acetonitrile. Diagonal 
hatching, before the pH of maximum colour change; no hatching, after the pH of maximum colour 

change. 
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Table 5. Error (%) in titration of different substances in acetonitrile with 0. IM HClO, in acetic acid 
or nitromethane (means of 5 determinations of l&50 mg of substance, RSD < 0.5%) 

Indicators 
Base BCG NR-2 RQ TROP PNB BG MG NR-1 

Tetramethylguanidine 0.4 0.3 0.4 0.9 0.9 1.1 
0.3 0.6 0.4 0.4 0.8 0.9 

pK = 23.3 - 1.7* - 1.171 -0.7* 0.6* 
~-Butylamine 0.2 0.2 -0.0, 0.6 0.4 0.5 

0.6 0.6 0.6 0.9 0.9 0.8 
pK = 18.26 -1.8* 0.2* 0.4* 
1,3-DFG 1.6 1.3 1.5 1.5 1.5 1.6 

1.5 0.6 1.1 1.1 1.3 1.5 
pK = 17.90 
Morpholine 0.4 -0.0, 0.1 0.3 0.1 0.6 

0.7 0.7 0.9 0.8 0.8 0.8 
pK = 16.61 0.1* 1.2* 
Pyridine 0.9 0.7 0.9 1.1 1.3 1.5 

0.8 0.6 0.7 1.2 1.4 1.0 
PK = 12.33 
Aniline 0.1 -0.2 0.7 0.4 0.5 0.7 

0.3 -0.3 0.8 0.7 0.9 1.1 
px: = 10.56 -0.8* 
Urea 1.7* 

0.3* 
ply = 7.7 

*Titration with perchloric acid solution in nitromethane. 

for titrating mixtures of bases, because there is no 12. S. Kotrly and K. Vytias, in Essays on Analytical 
colour interference between their pure forms. Chemistry, (E. Wanninen (ed.), pp. 259-280. Pergamon 

The indicators studied give very sharp end-points Press, Oxford, 1977. 

in titrations of bases with dissociation constants 
13. V. M. Bhuchar and A. K. Agrawal, Analyst, 1982, 107, 

1439. 
of the order of lO-‘O or lower. Urea is more difficult 14. J. Barbosa, E. Bosch and R. Carrera, Taianta, 1985,32, 
to titrate and requires the most acidic indicator, 1077. 

NR, and perchioric acid in ~tromethane as titrant, 15. J. Barbosa, E. Bosch and M. Roses, AnaIysf, 1987,112, 

Table 5. 
179. 

16. V. A. Pleskov. Zh. Fiz. Khim.. 1948. 22. 351. 

1. 

2. 

3. 
4. 

5. 

6. 
7. 
8. 

9. 

10. 
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PUBLICATIONS RECEIVED 

Chromatograpbic Theory and Basic Principles: J. A. J~NSSON (Editor), Marcel Dekker, New York, 1987. Pages xi + 396. 
$79.75 (U.S. and Canada); S95.50 (elsewhere). 

This is another book in the Chromatographic Science Series (Volume 38). It begins with a brief, but concise, review 
of the basic terminology common to all forms of chromatography. This is followed by an excellent chapter which 
deals with, in the main, the origins and theoretical aspects of dispersion and peak shapes in chromatography. Empirical 
peak shape equations are given which will facilitate the simulation and computerized handling of chromatographic 
data. In subsequent chapters the basic principles and the theoretical aspects of retention in GLC, GS, LC, IC and 
SEC are all covered. The general approach used throughout is one of the development of mathematically based model 
systems which can be used to predict or explain real chromatographic behaviour. The text is well referenced and 
the excellent bibliography is extensive and appropriate. The book is a must for those chromatographers who wish 
to optimize their chromatographic systems on the basis of a sound understanding of the underlying theoretical principles 
involved. 

R. R. MOODY 
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Practical High-Performance Liquid Chromatography: V. R. MEYER, Wiley, Chichester, 1988. Pages xiii + 310. E29.50. 

The aim of this book is to show the possibilities and problems associated with modern HPLC. The text appears to be suitable 
for a wide readership, including beginners, laboratory technicians with a working knowledge of the subject and even experts 
in the field. 

There are 25 small sections in the book, which include theory, equipment, chromatographtc separatton modes and 
analytical and preparative HPLC. The theoretical background is restricted to the principles of HPLC, and several problems 
are presented and worked through to enhance the clarity of the presentation. An extensive bibliography on HPLC is also 
included. 

Practical aspects of the book are very much in evidence; indeed, the initial manuscript of the textbook was written for 
a training course in HPLC for laboratory technicians. Potential problems are mentioned and practical hints are given. The 
applied nature of the book is demonstrated by sections on preparation of equipment, column packing and regeneration, 
HPLC column tests, choice of method and solving the elution problem. In each of the nine sections on a particular 
separation mode, such as reversed-phase chromatography or size-exclusion chromatography, applications of the technique 
are mentioned. 

There are small sections on the separation of enantiomers and on some relatively new HPLC techniques concerning 
columns, speed and mobile phase. A number of review papers on the separation of individual classes of compounds is given 
and extensive lists of commercially available stationary phases and manufacturers concludes the text. 

As the book attempts to cover nearly all aspects of HPLC, some topics are mentioned only briefly. For example a little 
more detail on photodiode array detectors and on coupling techniques for improved specificity of detection would have 
been beneficial. However, this is an extremely useful book packed full of information that will be a valuable addition to 
any laboratory using HPLC. Highly recommended. 

P. J. Cox 

High Res&rtlon Solid State NMR of Silicates and Zeolites: G. ENGELHARDT and D. MICHEL. Wiley, Chichester, 1987. Pages 
xiv + 485. E55.00 (cloth bound). 

This book describes the principles, techniques and applications of high-resolution solid state NMR methods, especially as 
applied to silicates and aluminosilicates. It provides a very good and authoritative account of the subject and will be of 
value both to researchers in the field and to all interested in silicates, their structures and applications. The chapter on 
principles and techniques assumes the reader has a general familiarity with NMR and concentrates on the theory behind 
NMR line-widths, and techniques, such as magic angle spinning, which are used to reduce line-widths and obtain 
high-resolution spectra of solid samples. The remaining five chapters deal more with applications and fall into two groups. 
One group treats nSi and 27A1 NMR. A short chapter on silicate solutions reviews silicate anions, the Q notation for silicate 
polymers and the kind of information on structures, chemical reactions and equilibria in solution obtained by using “Si 
NMR. This is a useful preliminary to the main purpose of the book. Two major chapters on silicates and aluminosilicates 
deal with the factors that influence chemical shifts, intensities and line-widths and how NMR may be used as a local 
structure probe of, e.g., Al, Si ordering in zeolites. Hundreds of examples are given, all post-1980, illustrating the power 
and utility of the method for obtaining structural information that is frequently unobtainable by conventional diffracton 
techniques. 

The other group deals with various other nuclei such as “0 “C (for looking at the structure of the “organic template” 
m zeolite syntheses), ’ H (for probing Si-OH groups), ” B (for borosilicates), and various nuclei present in molecules which 
can be adsorbed on zeolites, silicas, erc. and which are involved in catalytic processes. 

A. R. h$.ST 
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TALANTA MEDAL 

PROFESSOR H. A. LAITINEN 

The Publisher and Editorial Board of Talanta take great pleasure in announcing that, with the approval of 
the Advisory Board, the Twelfth Award of the Talanta Medal has been made to Professor Herbert A. 
Laitinen, of the Department of Chemistry, University of Florida. 

Professor Laitinen’s name is universally known in the world of analytical chemistry, not only for his 
researches in electrochemistry and other branches of chemistry, but also for the profound influence he has 
had on research and teaching, first through his classic text Chemical Analysis, and then through his 
distinguished editorship of Analytical Chemistry, and the penetrating observations made in his editorials. In 
a research career that has spanned more than 50 years he has published over 200 papers and is still active 
in the field. He is a truly outstanding analytical chemist. 
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CORRIGENDUM 

In the paper by J. Namiebnik, Tufunta, 1988, 35, 567, the acknowledgement of copyright in certain figures 
should read as follows. 

Figure 4 Reprinted with permission by American Industrial Hygiene Association Journal: 
Vol. 34:78, Fig. 1 (1973). Permission granted by Paul D. Halley. 

Figure 7 Reprinted with permission by American Industrial Hygiene Association Journal: 
Vol. 37: 514, Fig. 9 (1976). Permission granted by Paul D. Halley. 

Figure 8 Reprinted with permission by American Industrial Hygiene Association Journal: 
Vol. 37: 514, Fig. 10 (1976). Permission granted by Paul D. Halley. 

Figure 9 Reprinted with permission by American Industrial Hygiene Association Journal: 
Vol. 37: 514, Fig. 12 (1976). Permission granted by Paul D. Halley. 

Figure 13 Reprinted with permission by American Industrial Hygiene Association Journal: 
Vol. 39:349, Fig. 5 (1978). Permission granted by Paul D. Halley. 

Figure 15 Reprinted with permission by American Industrial Hygiene Association Journal: 
Vol. 44:615, Fig. 3 (1983). Permission granted by Paul D. Halley. 

Note also that in Fig. 4, the reference number should have been 68, not 71. 
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~&ytfea~ chemistry III the Exploration, Mining and Proces&~g of Materialsz L. R. P. BUTLER (Editor), Blackwell Scientific 
Publications, Oxford, 1986. Pages 254. E24.00. 

This very informative book contains most of the invited lectures presented at the Second International Symposium on 
Analytical Chemistry in the Exploration, Mining and Processing of Materials, which was held in Pretoria, South Africa, 
in 1985 under the auspices of the IUPAC Analytical Chemistry Division and the Council for Scientific and Industrial 
Research. These lectures, many by well-known researchers in their fields, deal with the theory and practice and advantages 
and disadvantages of various instrumental techniques, uiz. inductively-coupled plasmas (including ICP-AES, ICP-OES and 
ICP-MS), X-ray fluorescence and diffraction, atomic-absorption spectrometry, neutron activation and ion-beam analysis, 
pulse vohammetry and laser-excited atomic-fluorescence spectrometry, used for the analysis of materials associated with 
the mining industry. However, the greatest emphasis is on ICP, XRF and AAS techniques. Some specific applications of 
these techniques are to the analysis of ferrous and non-ferrous materials, coal, high-temperature reactor core materials, 
ceramic materials and gold, silver and platinum-group geological materials. Other important themes are the application 
of surface analysis techniques in material development, automation and on-line analysis for process control in extractive 
metallurgy, flow-injection analysis, environmental analysis, chemometrics, reference materials, wet chemistry and separation 
techniques and the use of gas anomalies in geochemical exploration. 

The book contains a wealth of information on present-day instrumental practice in the analytical sciences connected with 
the exploration, mining and processing of materials and should be of interest to all those engaged in these fields. 

ELSIE M. DONALDSON 

Assay and Analytical Practice in the !hutb African Mining Indwtry: W. C. LENAHAN and R. DE L. MURRAY-SMITH, South 
African Institute of Mining and Metallurgy, Johannesburg, 1986. Pages xix + 640, $80.00. 

This book is a revised, updated and considerably improved version of the 1955 second edition, Assay Practice in the 
Witwarersrand, by V. S. Dillon. It has essentially the same format, with the same emphasis on gold and the gold mining 
industry, and deals with all aspects of the South African mining industry, including laboratory design and safety, fire-assay 
practice, preparation of samples and sampling, particle size. analysis, treatment and analysis of water and effluents, analysis 
and testing of coal and coke and analysis of mine air, uranium-prospecting, mining and plant samples, gold bullion, cyanide 
solutions, geological prospecting samples and ores and related materials. Older “classical” methods of analysis for gold 
and other elements have been retained in this third edition but many new alternative instrumental methods involving 
atomic-absorption, emission and X-ray spectrometric and UV and visible spectrophotometric finishes have been added, 
notably for the determination of impurities in water and effluents and in gold bullion and high-purity silver, for base metals 
in ores and related materials and for gold in cyanide solutions and geological prospecting samples. A chapter on statistical 
control in analytical practice has also been included. 

The book is a comprehensive and informative guide to present-day methods of assaying. The presentation is clear and 
concise and it is relatively free of typographical errors. The methods are described in adequate detail and include notes 
on potential problems and sources of error. Small criticisms are the use of the rather antiquated units, cm3 and dm3, rather 
than the more universally-accepted millilitre (ml) and litre (l), which were used in the second edition, and the unnecessary 
inclusion in Chapter 17 of sections describing the basic theory and practice of atomic-absorption spectrometry and various 
other instrumental techniques. These can be found in many other reference books. It is also not clear what the treatment 
and/or analysis of swimming pool water, sewage effluents and sorghum beer have to do with the mining industry. However, 
these are only minor points and do not detract from the overall quality and usefulness of the book. It should be of value 
to all technical staff in mining laboratories. 

ELSIE M. DONALDSON 

High Performance Liquid Chromatography: SANDY LIND~Y, Wiley, Chichester, 1987. Pages xx + 244. E28.00 (cloth-bound); 
E9.95 (paper-back). 

This book in the Analytical Chemistry Open Learning series was written to explain the principles of HPLC to people who 
have had no practical experience of the technique in chemistry. The first two chapters deal with the instrumentation 
commonly found in HPLC, and the factors determining its performance. Later chapters give a general outline of 
experimental applications commonly used in the laboratory. Although the book deals with very simple applications of the 
techniques, the basic methods described can be adapted to allow more complicated separations to be achieved. Throughout 
the book problems and examples are given with their solutions to allow self assessment. The book’s emphasis is m&e on 
the theoretical side of HPLC. Although the book is adequate as a textbook on HPLC. it would be more useful as a reference 
work if more practical examples were given instead of concentrating so much on the hardware, and if it had an index. 

HILARY SMITH 
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TALANTA ADVISORY BOARD 

The Publisher and Editorial Board of Tulantu take great pleasure in announcing the appointment of 
Dr. B. Ya. Spivakov as an additional member of the Advisory Board of the journal. 

Doctor B. Ya. Spivakov was born in 1941 in Moscow. He holds the degrees of Candidate of Science and 
Doctor of Science obtained from the Vernadsky Institute of Geochemistry and Analytical Chemistry, USSR 
Academy of Sciences, Moscow. He joined the staff of the Vernadsky Institute in 1964, and is currently the 
head of a research group of the Analytical Department. His research interests are in separation and enrichment 
methods and their combinations with instrumental techniques of analysis for determination of small and trace 
amounts of elements in various materials. He has published over 100 research papers in these fields. He is 
head of the Commission on Separation and Preconcentration, of the Scientific Council on Analytical 
Chemistry of the USSR Academy of Sciences, and currently a member of the Commission on Microchemical 
Techniques and Trace Analysis, in the Analytical Division of IUPAC. 
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TALANTA ADVISORY BOARD 

The Publisher and the Editorial Board of Talantu welcome Professor Ari Ivaska as a member of the Advisory 
Board of the journal. 

Professor Ari U. Ivaska was born on 8 May 1946 at Kuopio, Finland, and gained his MSc. in Chemical 
Engineering, at Abe Akademi, Turku (Abe), Finland in 1971, followed by a Ph.D. in Analytical Chemistry 
in 1975 and a Docent degree in 1980. He has been successively Assistant (1971-1975) and Lecturer (1975-1979) 
in General Chemistry, then Lecturer (1979-1987) in Analytical Chemistry and is now Professor of Analytical 
Chemistry at Abe Akademi. He has been a British Council Scholar at Chelsea College, London (19781979), 
UNESCO expert in electroanalytical chemistry at Universidade Estadual de Campinas, Campinas, Brazil 
(1980-1981) NSF Postdoctoral Fellow at Northwestern University, Evanston, Illinois (1982-1983) and 
Special Research Fellow at the Research Centre of Neste Ltd, Kulloo, Finland (1985-1986). His awards 
include the Finnish Chemical Society Komppa Prize for the best doctoral thesis in chemistry in Finland (1975) 
and the Abe Akademi German Prize for meritorious research (1985). He is the author or co-author of over 
50 scientific papers, and his main research interests are continuous and automatic analytical methods, process 
analytical chemistry, electrochemical methods in analysis, and use of fast Fourier Transform methods in 
analysis of electrochemical data, especially in ac polarography. Recently he has become interested in 
simultaneous spectroscopic and electrochemical studies on conductive polymers. His hobbies are sailing and 
carpentry. 
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OBITUARY 

PROFESSOR HANS EWALD BLASIUS 
(1921-1987) 

Professor Hans Ewald Blasius, of the University of the Saarland, died on 15 August 1987 after a short illness. 
Born in Berlin in 1921, he graduated in the Institute of J. D’Ans in the Technical University of Berlin, with 
investigations on the rare earths. In 1958, under G. Jander at the same university, he received his habilitation 
with a thesis on chromatographic methods in analytical and preparative chemistry, with special regard to 
ion-exchange. In 1964 he was made Director of the Institute of Analytical Chemistry and Radiochemistry 
of the University of the Saarland, at Saarbrticken. He became well known to German-speaking chemists 
through two course-books and two textbooks on analytical chemistry. His investigations in the field of 
ion-exchange, electrophoresis and special problems of radiochemistry broadened over the ensuing 24 years 
to cover a wide field, such as application of cross-linked macrocyclic polyethers in analytical and preparative 
chemistry, sulphur chemistry, archeometry, and separations of fission products from radioactive waste of the 
nuclear fuel cycle. His scientific activity is documented in 170 publications, monographs and books. Professor 
Blasius was a member of numerous national and international organizations, and invited to lecture extensively 
all over the world. He will be missed not only by his family and friends, but also by the students to whom 
he was a popular teacher of analytical chemistry. 

K.-P. JANZEN 
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PUBLICATIONS RECEIVED 

Occurrence, Properties and Utilization of Natural ZeoHtes: edited by D. KALLO and H. S. SHERRY, Akad6miai Kiad6, 
Budapest, 1988. Pages XII + 857. £45.00 

This volume consists of the papers (invited and submitted) presented at the 2nd International Conference on the title 
topic, held in Budapest in Augst 1985. It is divided into subject sections: Geology and Mineralogy, Synthesis and Stability; 
Crystal Chemistry and Physical Properties; Applications in General; Ion-Exchange; Water Purification; Adsorption; 
Catalysis; Agricultural Applications; Miscellaneous. The 66 papers therefore provide something for almost everyone 
interested in zeolites. The text is presented as camera-ready typescript, but the typing is uniform. The price is very 
reasonable. 

R. A. CHALMERS 

Handbook of Industrial Drying: edited by ARUN S. MAJUMDAR, Dekker, New York, 1987. Pages xii + 948. US$150.00 
(U.S.A. and Canada); $180.00 (elsewhere). 

Covering all aspects of large-scale drying processes and techniques, this volume is a mine of information for those 
concerned with moisture control in industrial products and raw materials, but like most mines it requires a fair amount 
of work to be done to extract material from it. In other words, the index is not as useful as it should be. The contents 
list is not all that helpful either, since it does not give the subsection headings, and the running heads indicate only the 
chapter title and authors, and not the chapter number or section number. The analyst needing to use the book frequently 
will probably make up his own specialist index. 

R. A. CHALMERS 

Manual of Fertilizer Processing: edited by FRANCIS T. NIELSSON, Dekker, New York, 1987. Pages xv + 525. US$125.00 
(U.S.A. and Canada); $150.00 (elsewhere). 

The book covers the major developments in the fertilizer industry over the past 30 years or so, dealing with the production 
of single and mixed fertilizers. The emphasis throughout is on the production aspects, and the only section likely to be 
of interest to the analyst is the chapter on environmental regulations. 

R. A. CHALMERS 

IMneipies of Colloid and Surface Chemistry: 2rid Edition, PAUL C. HmMENZ, 2nd Ed., Dekker, New York, 1986. Pages 
xv + 815. US$39.75 (U.S.A and Canada); $47.70 (elsewhere). 

The first edition of this book has served well a generation of colloid and surface science students. With the field of these 
topics continually expanding, in depth and in breadth, it was inevitable that a new edition was necessary to encompass 
recent advances. Hiemenz has managed to produce a reasonably-sized book including more topics, without sacrificing the 
elementary introduction to each topic. The result overall is a reasonably good first text-book, but it has strong and weak 
points. 

If  students wish to know the state-of-the-art, then sufficient background material is provided in the book to enable them 
to tackle current journals and monographs. Students and teachers will appreciate the large number of solved problems 
throughout the book, and the care that Hiemenz has taken in selecting, for inclusion at the end of each chapter, problems 
originating from recent research publications is welcome. It would have been more helpful if answers to the numerical 
problems had been included. There are a number of problems of the type . . .  "criticize or defend the following 
propositions:. . ."  which are effective in a tutorial mode but which may overwhelm a distance learner. 

The topics are arranged in a semi-arbitrary order with chapters on surfaces (6, 7, 9, 10) lying between those on colloids 
(1-5, 8, I 1-13). It is unfortunate that Chapter 1, "Colloid and Surface Chemistry: Their Scope and Variables" is the least 
satisfactory. It includes an unusual array of subjects, with some explanations more perplexing than informative. Readers 
should not be deterred by this, as later chapters are of a higher standard. 

There are a number of mathematical and typographical errors, and debatable points of view, so teachers using this book 
as a basis for their courses will need to scrutinize each part carefully. Some parts of this edition could have been omitted 
without serious loss: other parts could have included recent advances with added benefit. In spite of these criticisms, this 
edition is a good, readable, comprehensive "first text-book" for the next generation of students of colloid and surface 
chemistry. 

JAMES B. CRAIG 

Sarfactsnt Solutions: New Methods of Investigation: edited by RAOUL ZANA, Dekker, New York, 1987, Pages xii + 479. 
US$99.75 (U.S.A. and Canada); $119.50 (elsewhere). 

This volume is a review, written by fourteen authors and edited by Raoul Zana, of the theory and application of some 
modern techniques to the study of surfactant-containing systems. 
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Chapter 1, Thermodynamic Systems, deals with the application of the thermodynamics of solutions to binary, tertiary, 
and multicomponent systems. Trends of thermodynamic functions in the pre- and post-micellar concentration ranges are 
treated mathematically to extract relevant parameters. Mathematical models, pseudo-phase and mass-action, are described 
with their general equations, and their application to ionic and non-ionic surfactant solutions critically assessed. This 
chapter is of particular interest to those working with complex, multi-solute systems. Classical thermodynamics cannot 
provide structural information, whereas the subjects of Chapter 2, Small-Angle Scattering Methods, and Chapter 3, 
Light-Scattering, do. Both chapters are complementary and reading them requires a knowledge of vectors: the former 
requires a knowledge of statistical mechanics and Fourier components. 

In Chapter 4, Rheology of Surfactant Solutions, the viscosity--concentration relationships for globular and rod-like 
micelles are examined and their flow behaviour explained. The variations in viscoelasticity with temperature, concentration, 
and chemical structure are used to describe the size, shape, and motion of micellar aggregates in solution. Luminescence 
Probing Methods, Chapter 5, describes how the aggregation number may be determined under actual experimental 
conditions by steady-state and decay methods. Information on the distribution of reactants among particles, micropolarity, 
microviscosity, dynamics, and partition coefficients, obtained by luminescence probing methods, is also provided. 

NMR Studies of Surfactant Systems, Chapter 6, shows how the technique of nuclear magnetic resonance may be applied 
to surfactant chemistry to determine molecular transport, phase diagrams and structure, self-association, micelle size and 
shape, chain-packing and dynamics, counter-ion binding, hydration, and solubilization. Chapter 7, Spin Labels, describes 
how electron spin resonance may be used to give precise information on local state conformation in lamellar amphiphilic 
films, on special effects with curved films, and on localization effects in micelles. The use, synthesis, and need for critical 
selection of appropriate spin labels are clearly described. The theoretical aspects of ESR are treated in a simplified, though 
not over-simplified, way. The basic ideas of computer simulation of spectra are applied to the effects of geometrical 
distribution and slow molecular motions. 

Chapter 8, Chemical Relaxation Methods, is a comprehensive treatment of the theoretical aspects of this technique when 
applied to the kinetics of micellization. A brief review is given of the temperature and pressure jump, shock tube, ultrasonic, 
and stopped-flow methods. Results on the dynamics of pure micellar solutions, mixed micelles, microemulsions, and micelles 
with added polymers, are assessed. Chapter 9, Miscellaneous Methods, deals with a collection of other techniques, 
birefringence, Rayleigh scattering, polarography, and ion-specific electrodes, which may be used in conjunction with 
established methods of examining surfactant properties. 

Every chapter is well-written, comprehensive, up-to-date, and relatively error-free. Current research is critically assessed 
by each of the authors, who, with the editor, are to be congratulated for distilling a wealth of information into this 
moderately-sized, moderately-priced book. Those working in the field of surfactant science will find this volume a valuable 
addition to their own or establishment library. 

J. B. CRAIG 
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Visiti 4 ~traviokt Specmscopy: RONALD C. DENNEY and ROY SINCLAIR, Wiley, Chichester, 1987. Pages xvii + 197. 
E28.50 (cloth), E9.95 (softback). 

This is a small book in the Analytical Chemistry by Open Learning (ACOL) series. It serves as a basic introduction to 
calorimetry and to spectroscopy in the UV and visible regions of the spectrum. Nearly all aspects of the subjects are covered 
at an elementary level in an informal literary style. Several self-assessment questions and answers are included and the book 
is directed at the self-study market. As with other ACOL units it is a combination of a text book and a work book. In 
this respect there is more to be. gained by purchasing the book than borrowing it from a library. 

It is divided into four sections: Introduction, Quantitative Methodology, Spectrometric Determinations, and Qualitative 
Analysis and Structural Relationships. There is an overlap of subject material, such as the Beer-Lambert law and 
spectra-structure relationships, between these sections and the omission of an index is regrettable. 

As expected, the emphasis throughout the book is placed on analytical applications. There is mention of the variables 
encountered with both instrumentation and solutions and the effects of these on analysis. Plenty of examples are given, 
including the determination of iron in water and in reagent chemicals, and the determination of sucrose and glucose in 
foodstuffs. Analysis by visual calorimetry and the analysis of binary systems are both well covered in the text. 

As in any small book covering a wide topic, some aspects are given only a cursory treatment. This is particularly true 
with respect to the effect of temperature, elimination of interferences, nature of a complex (e.g., Job’s method is not 
mentioned) and the importance of accuracy and precision. I would like to have seen the latter pair of topics treated more 
fully and specifically listed on the “Contents” page. It is also of limited value to simplify chemical equations, such as those 
for some of the colour tests, to the extent that they are not balanced. 

Some Woodward rules for diene absorption are given along with calculation examples. The quoted value of 222 nm for 
the parent a,/I-unsaturated carbonyl is confusing, as this value varies with the type of carbonyl (e.g., aldehyde, ketone, ester, 
etc.). The reader is asked here to calculate absorption values for some aromatic molecules, which are not covered in the 
text, and for a molecule without a chromophore (presumably a misprint). 

The book is good value for money but I imagine most potential customers would be willing to pay a little extra for an 
improved, extended version. 

P. J. Cox 

. 
BASIC w for ChemIstsr An Introduction: PETER C. JURS, THOMAS L. ISENHOUR and CHARLES L. WILKINS. 
Wiley-Interscience, New York, 1987. Pages ix + 313. f30.50. 

This book offers a comprehensive collection of some 40 chemical topics suitable for treatment by short computer programs, 
with example programs provided for each. It will serve as a valuable source book for instructors designing courses in 
computing for chemistry students, and it will also be useful for more advanced students, who should be able to make 
progress by working through the programs and problems. Examples of the topics included are: molar masses, gas laws, 
empirical formulae from analysis data, titration simulation and end-point location, phase diagrams, X-ray diffraction, 
Monte Carlo calculations, least squares, function fitting, and matrix operations. 

However, I was most surprised to find a book published in 1987 to be so old-fashioned and main-frame orientated. For 
example the introductory discussion of high-level languages mentions only “compiler languages”, and lists BASIC, 
FORTRAN, ALGOL, COBOL and PLl as typical examples. The BASIC described is a mainframe BASIC, so the 
“Introduction to BASIC” would not be very suitable for use with microcomputers. There is no attempt to introduce 
computer graphics (except line-printer graphics), and there is no mention of real-time applications and dam acquisition. 
It almost seems that the authors have not noticed the microcomputer revolution, which is a great pity. 

MARY MASS~N 

Introduction to Computer-Assisted ExperbnentatIon: KENNETH L. RATZLAFF, Wiley, New York, 1987. Pages xv + 438. f41.25. 

This book offers a comprehensive introduction to the many topics that concern the scientist wanting to be involved in 
computer-assisted experimentation. The author points out that manufacturers no longer expect the people who use small 
computers to be computer professionals, and this book is written for scientists, not computer specialists, nor yet electronic 
engineers. It begins with a general discussion of computers and their modes of operation, then moves on to look at the 
computer representation of numbers (binary, octal, hex, BCD, integers, floating point, double precision etc.) and 
alphanumeric codes (ASCII, EBCDIC, etc.). (But does Table 2.1 really demonstrate 2’s complement numbers?) 

Next comes a description of the hardware components, including the CPU, memory (ROM, RAM, PROM, EPROM, 
EEPROM), input-output ports, mass storage (floppy and hard discs, magnetic tape, optical methods), the system bus, 
user-interface peripherals. Anyone confused by computer jargon (such as the many acronyms included in this review) will 
find in Ratxlalf’s book clear explanations of what the terms mean, and what the components actually do. 

A section on operating systems and computer languages gives clear and helpfully critical descriptions and comparisons 
of many high-level languages, along with some discussion of the usefulness of “business software” such as databases and 
spreadsheets. 

A detailed section on interfaces follows, in which the topics include input-output registers, parallel interfaces, analogue 
interfaces (i.e., analogue-to-digital converters), timing of data acquisition, and remote interface controllers. 

The author then passes on to two chapters giving introductions to analogue and digital electronics (requiring only a 
general physics course as background), then to the important topic of transducers: first for temperature, light, 

i 
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electrochemistry, and electrical power control; then for strain, pressure, and translation (including a section on laboratory 
robotics). A minor irritation here is the author’s inability to spell “Celsius’‘-it appears incorrectly on several figures. 

Later chapters cover data communications (RS232-C, X.25, IEE-488, Centronics parallel), graphics, computational 
techniques for data and signal processing, and there is a final chapter on ‘The Overall Task’, that considers how to choose 
a computer, develop the system, and maintain it. 

This is a most useful reference book and handbook: it should be in every scientific library, and also at the bench in any 
laboratory involved, or intending to be involved, in computer-assisted experimentation. 

MARY MKWN 

Reactions of Adds sod Bases in Analytieai Chemistry: A. HULANICKI, Ellis Honvood, Chichester, 1987. Pages 308. f47.50 

This book is derived from a Polish text first published in 1971 and has thus been thoroughly debugged; I found no errors 
apart from a dozen typographical ones and the writing is clear and easy to understand. The title is somewhat unspecific, 
however: the subject is more truly pH calculations in analytical chemistry, with the emphasis on calculations. Methodology 
is not touched on at all. The book is intended as a student text, with usefully illustrative worked examples in each section 
and a set of problems at the end of each chapter, but it could be used with profit by anyone concerned with titration curves 
and pH calculations. The basic concepts are covered in the first 80 pages and the book ends with 30 pages covering structural 
aspects and the various theories of acid-base reactions. In the middle we learn how to handle pH calculations of varying 
degrees of complexity including polyprotic acids, mixtures, the effect of metal ions, buffers and logarithmic diagrams (95 
pages) and how to predict and interpret titration curves (55 pages). The arguments are developed gradually and in a well 
integrated way that aids comprehension. My only criticism is that the treatment of titration end-points and errors, although 
correct in as far as it goes, is restricted to rather old-fashioned procedures. In the modem laboratory the auto-titrator is 
the norm and analysts should know what is involved in the various methods of instrumental end-point detection, with their 
respective errors and advantages, which is not something they will ever find in an instruction manual. There is, however, 
much that is useful in the book and it is recommended to a wide readership. 

DEREK MIDGLEY 
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Visiti 4 ~traviokt Specmscopy: RONALD C. DENNEY and ROY SINCLAIR, Wiley, Chichester, 1987. Pages xvii + 197. 
E28.50 (cloth), E9.95 (softback). 

This is a small book in the Analytical Chemistry by Open Learning (ACOL) series. It serves as a basic introduction to 
calorimetry and to spectroscopy in the UV and visible regions of the spectrum. Nearly all aspects of the subjects are covered 
at an elementary level in an informal literary style. Several self-assessment questions and answers are included and the book 
is directed at the self-study market. As with other ACOL units it is a combination of a text book and a work book. In 
this respect there is more to be. gained by purchasing the book than borrowing it from a library. 

It is divided into four sections: Introduction, Quantitative Methodology, Spectrometric Determinations, and Qualitative 
Analysis and Structural Relationships. There is an overlap of subject material, such as the Beer-Lambert law and 
spectra-structure relationships, between these sections and the omission of an index is regrettable. 

As expected, the emphasis throughout the book is placed on analytical applications. There is mention of the variables 
encountered with both instrumentation and solutions and the effects of these on analysis. Plenty of examples are given, 
including the determination of iron in water and in reagent chemicals, and the determination of sucrose and glucose in 
foodstuffs. Analysis by visual calorimetry and the analysis of binary systems are both well covered in the text. 

As in any small book covering a wide topic, some aspects are given only a cursory treatment. This is particularly true 
with respect to the effect of temperature, elimination of interferences, nature of a complex (e.g., Job’s method is not 
mentioned) and the importance of accuracy and precision. I would like to have seen the latter pair of topics treated more 
fully and specifically listed on the “Contents” page. It is also of limited value to simplify chemical equations, such as those 
for some of the colour tests, to the extent that they are not balanced. 

Some Woodward rules for diene absorption are given along with calculation examples. The quoted value of 222 nm for 
the parent a,/I-unsaturated carbonyl is confusing, as this value varies with the type of carbonyl (e.g., aldehyde, ketone, ester, 
etc.). The reader is asked here to calculate absorption values for some aromatic molecules, which are not covered in the 
text, and for a molecule without a chromophore (presumably a misprint). 

The book is good value for money but I imagine most potential customers would be willing to pay a little extra for an 
improved, extended version. 

P. J. Cox 
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This book offers a comprehensive collection of some 40 chemical topics suitable for treatment by short computer programs, 
with example programs provided for each. It will serve as a valuable source book for instructors designing courses in 
computing for chemistry students, and it will also be useful for more advanced students, who should be able to make 
progress by working through the programs and problems. Examples of the topics included are: molar masses, gas laws, 
empirical formulae from analysis data, titration simulation and end-point location, phase diagrams, X-ray diffraction, 
Monte Carlo calculations, least squares, function fitting, and matrix operations. 

However, I was most surprised to find a book published in 1987 to be so old-fashioned and main-frame orientated. For 
example the introductory discussion of high-level languages mentions only “compiler languages”, and lists BASIC, 
FORTRAN, ALGOL, COBOL and PLl as typical examples. The BASIC described is a mainframe BASIC, so the 
“Introduction to BASIC” would not be very suitable for use with microcomputers. There is no attempt to introduce 
computer graphics (except line-printer graphics), and there is no mention of real-time applications and dam acquisition. 
It almost seems that the authors have not noticed the microcomputer revolution, which is a great pity. 
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Introduction to Computer-Assisted ExperbnentatIon: KENNETH L. RATZLAFF, Wiley, New York, 1987. Pages xv + 438. f41.25. 

This book offers a comprehensive introduction to the many topics that concern the scientist wanting to be involved in 
computer-assisted experimentation. The author points out that manufacturers no longer expect the people who use small 
computers to be computer professionals, and this book is written for scientists, not computer specialists, nor yet electronic 
engineers. It begins with a general discussion of computers and their modes of operation, then moves on to look at the 
computer representation of numbers (binary, octal, hex, BCD, integers, floating point, double precision etc.) and 
alphanumeric codes (ASCII, EBCDIC, etc.). (But does Table 2.1 really demonstrate 2’s complement numbers?) 

Next comes a description of the hardware components, including the CPU, memory (ROM, RAM, PROM, EPROM, 
EEPROM), input-output ports, mass storage (floppy and hard discs, magnetic tape, optical methods), the system bus, 
user-interface peripherals. Anyone confused by computer jargon (such as the many acronyms included in this review) will 
find in Ratxlalf’s book clear explanations of what the terms mean, and what the components actually do. 

A section on operating systems and computer languages gives clear and helpfully critical descriptions and comparisons 
of many high-level languages, along with some discussion of the usefulness of “business software” such as databases and 
spreadsheets. 

A detailed section on interfaces follows, in which the topics include input-output registers, parallel interfaces, analogue 
interfaces (i.e., analogue-to-digital converters), timing of data acquisition, and remote interface controllers. 

The author then passes on to two chapters giving introductions to analogue and digital electronics (requiring only a 
general physics course as background), then to the important topic of transducers: first for temperature, light, 
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electrochemistry, and electrical power control; then for strain, pressure, and translation (including a section on laboratory 
robotics). A minor irritation here is the author’s inability to spell “Celsius’‘-it appears incorrectly on several figures. 

Later chapters cover data communications (RS232-C, X.25, IEE-488, Centronics parallel), graphics, computational 
techniques for data and signal processing, and there is a final chapter on ‘The Overall Task’, that considers how to choose 
a computer, develop the system, and maintain it. 

This is a most useful reference book and handbook: it should be in every scientific library, and also at the bench in any 
laboratory involved, or intending to be involved, in computer-assisted experimentation. 

MARY MKWN 

Reactions of Adds sod Bases in Analytieai Chemistry: A. HULANICKI, Ellis Honvood, Chichester, 1987. Pages 308. f47.50 

This book is derived from a Polish text first published in 1971 and has thus been thoroughly debugged; I found no errors 
apart from a dozen typographical ones and the writing is clear and easy to understand. The title is somewhat unspecific, 
however: the subject is more truly pH calculations in analytical chemistry, with the emphasis on calculations. Methodology 
is not touched on at all. The book is intended as a student text, with usefully illustrative worked examples in each section 
and a set of problems at the end of each chapter, but it could be used with profit by anyone concerned with titration curves 
and pH calculations. The basic concepts are covered in the first 80 pages and the book ends with 30 pages covering structural 
aspects and the various theories of acid-base reactions. In the middle we learn how to handle pH calculations of varying 
degrees of complexity including polyprotic acids, mixtures, the effect of metal ions, buffers and logarithmic diagrams (95 
pages) and how to predict and interpret titration curves (55 pages). The arguments are developed gradually and in a well 
integrated way that aids comprehension. My only criticism is that the treatment of titration end-points and errors, although 
correct in as far as it goes, is restricted to rather old-fashioned procedures. In the modem laboratory the auto-titrator is 
the norm and analysts should know what is involved in the various methods of instrumental end-point detection, with their 
respective errors and advantages, which is not something they will ever find in an instruction manual. There is, however, 
much that is useful in the book and it is recommended to a wide readership. 

DEREK MIDGLEY 
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NOTICES 

1989 EUROPEAN WINTER CONFERENCE ON PLASMA 
SPECTROCHEMISTRY 

8-14 January 1989 
Reutte, Tyrol/Austria 

The Austrian Society for Analytical Chemistry and Microchemistry (Working Group for Atomic Spectroscopy) in 
co-operation with the German Working Group on Applied Spectroscopy (DASp) are planning to organize the next 
European Plasma Winter Conference. 

The original scientific and social format created by this conference series will be taken up again. A series of plenary 
lectures and extensive presentations of original research, mainly in poster form, are expected. 

The location in the western part of Austria was chosen for its good accessibility from north and south. The city of Reutte 
is surrounded by magnificent mountains with great opportunities for practising all kinds of winter sports. At the same time 
Reutte’s character is influenced very much by one of the best known hard metal and refractory metal producers worldwide, 
Metallwerke Plansee, which has its major production centre and company headquarters in this city. The newly built 
Chamber of Commerce will provide superb conference facilities, the hotels for good food and lodging. The tist circular 
will be issued later in Spring 1988. 

An instrument exhibition for plasma-related apparatus and spectrometers is being organized. 

For information please contact: 

Dr. Wolfhard Wegscheider, Graz Institute of Technology, TechnikerstraBe 4, A-8010 Gnu/Austria: Telex 
311221; Telefax +43 (316) 77 6 85 

Please send to: 
Dr. Wolfhard Wegscheider 
Inst. f. Analytische Chemie 
Technische Universitiit Graz 
Te&nikerstra.Be 4 
A-8010 Graz 

Name.. .............................................................. 

Address ............................................................... 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

0 I plan to attend the Plasma Winter Conference 

01 want to give a paper; tentative title . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

0 I want to participate in the Instrument Exhibition 
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J. HEYROVSKii CENTENNIAL CONGRESS ON 
and 

41st MEETING OF THE INTERNATIONAL 
ELECTROCHEMISTRY 

20-25 August 1990 
Prague, Czechoslovakia 

POLAROGRAPHY 

SOCIETY OF 

The congress is organized to commemorate the 100th anniversary of the birth of Professor J. Heyrovsky (born 20.12.1890) 
jointly by the Czechoslovak Academy of Sciences and the ISE. 

New developments in polarography and other electrochemical methods and their applications to various fields of human 
activities will be discussed. 

The major topics of the Congress will be: 

1. Polarography and other electroanalytical methods in industrial, biomedical and environmental applications 
2. Theory of charge transfer 
3. Molecular electrochemistry 
4. Non-metallic electrodes 
5. Conversion and energy storage 

Five plenary lectures and about 15 section lectures are foreseen. All scientific contributions will be presented in poster form. 
Those interested in attending the Congress or getting further information are requested to write to: 

Secretariat of the J. HEYROVSKY CENTENNIAL CONGRESS ON PGLAROGRAPHY 

J. Heyrovsky Institute of Physical Chemistry and Electrochemistry, Czechoslovak Academy of Sciences, 
VlaSskl9, 118 40 Prague 1, Czechoslovakia 

3rd INTERNATIONAL SYMPOSIUM ON DRUG ANALYSIS 

16-19 May 1989 
Antwerp, Belgium 

BELGISCH GENOOTSCHAP VOOR 
FARMACEUTISCHE WETENSCHAPPEN 

SOCIETE BELGE DES SCIENCES 
PHARMACEUTIQUES 

The International Symposium will be held in the University of Antwerp (UIA), Universiteitsplein 1, 2610 Wilrijk, from 
Tuesday 16 till Friday 19 May 1989. 

&Opt? 

The purpose of the Symposium is to bring together people from Industry, Universities, Control Laboratories and 
Hospitals to discuss the current status of analytical techniques, including instrumental applications and theoretical 

Topics 
1. Fundamental aspects of drug analysis 
2. Quality control of natural and synthetic raw materials 
3. Analysis of pharmaceutical preparations 
4. Determination of drugs in biological media 
5. Automation in drug analysis 

Plenary and keynote lectures will be given by invited speakers. Oral presentations will be limited. Preference will be given 
to poster presentations. panel discussions could be organized. 

For further info~tion, please contact the Secretary of the Organizing Committee: 
Dr. Apr. G. Laekeman 
3rd International Symposium on Drug Analysis-Antwerp, Universitaire Instelling Antwerpen, Departement 
Farmaceutische Wetenschappen, Universiteitsplein 1, B-2610 WILRIJK, Belgium 



Foreword 
THE importance of chemical analysis in all branches of pure and applied 
chemistry has always been fully recognized, and has resulted in constant efforts 
to meet their increasing demands, However new analytical methods are not 
found by chance or empirically: they are the fruits of experimental research 
based on the principles of analytical chemistry: they are oriented to them. 
These principles are related to all branches of chemistry. It was, and sometimes 
still is, a widespread belief that analytical chemistry owes its advancement 
exclusively to the progress made in other fields of chemistry. The pertinent 
literature shows us how far this is from the truth. Analytical papers frequently 
include statements and observations whose importance may exceed their 
analytical interest, and these have often become the starting point for further 
investigations in specific branches of chemistry. 

The present high standard of chemical and physical analysis could never 
have been achieved without research which, in respect of originality, intensity 
and utility, ranks as high as any research work carried out in other fields of 
chemistry. Evidence of this is shown by the enormous number of analytical 
papers dealing with new discoveries, with critical examinations of, and 
improvements in, previously described methods and, last but not least, with 
applications of appropriate methods of testing materials in biological and other 
sciences. This unending flow of new contributions will certainly continue and 
increase in the future. Existing journals are not sufficient to ensure the rapid 
publication which is demanded both by authors and readers. It is therefore 
highly opportune that TALANTA, this new international journal of analytical 
chemistry in its broadest sense, is being introduced. The high standards and the 
tradition of analytical chemistry in education and research in the United 
Kingdom fully justify this enterprise. 

The roll of eminent colleagues from many countries who have agreed to act 
on the editorial and advisory boards shows clearly the enthusiastic echo which 
is to be found all over the world when international scientific collaboration is 
the goal. 

Frontispiece. The Foreword in the first issue of Talanra. 
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SeeumIary Ion Mass Speetrometry: A. BENNINGHOVEN, F. G. R~~DENAUER and H. W. WERNER, Wiley, New York, 1987. Pages 
XXXV + 1227. El43.00. 

This book contains over 2100 references and a wealth of information of value both to the beginner who requires a survey 
of the basic concepts and to the expert who will find in-depth treatments of all aspects of the subject. The coverage is 
~mprehensive and includes the basic concepts, instrumental aspects, applications and trends. 

Following a detailed discussion of the ion-solid interactions that occur, aspects of quantitative elemental analysis are 
covered, with description and assessment of the thermodynamic models used. The chapter on instrumentation not only 
covers the ion-optics and components of the mass spectrometer in considerable detail but also describes the commercially- 
available instruments, major laboratory-built instruments and other selected instruments which include novel or unusual 
design features. Although this last lOO-page section cannot by its nature be up-todate, it is of considerable value to those 
who wish to compare instruments or to see what features are available. 

After a description of the operational modes (surface analysis, depth-profile analysis, lateral analysis and sputtered- 
neutral mass spectrometry) the experimental and technical conside~tions for application of SIMS are covered with some 
examples of application to biology and medicine, electronic materials, geology, metallurgy and other studies. The relatively 
modem technique of fast atom bombardment is given only two brief mentions and perhaps more should have been included 
of this important development, especially its applications. 

The text is completed by consideration of SIMS combined with other techniques and by a preview of future developments. 
The appendices contain tables of data which make this a useful handbook as well as a general reference book. 

J. R. BACON 

Personal Computers for Scie&ists. A Byte at a Time: GLWN I. OUCHI, American Chemical Society, Washington, DC, 1987. 
pp. x + 278. USA and Canada $34.95 (cloth), S22.95 (paper); export S41.95 (cloth), S27.95 (paper). 

This is a book written to help the new generation of computer users to make good use of the personal computers that 
are taking over all our lives. With especial reference to the IBM PC and its many clones, the author shows how scientists 
can make use of commercial applications packages for solving problems, organizing information, and piotting data. In 
non-t~hni~l language, he gives much useful info~~on about PC hardware, explains all the jargon terms that a user 
is likely to encounter, and offers help to would-be purchasers (e.g., tind an application program to do what you want, then 
buy some hardware that will run it.) Operating systems and computer languages are discussed critically, as are utility 
packages. In more detail, the author discusses the uses of word-processing packages, spreadsheets, graphics packages, 
database management systems, statistical analysis programs, data communication interfaces, and scientific interfacing 
packages. Most of the examples used to illustrate the uses of commercial packages consist of analytical data, especially 
chromatographic data. It seems that spreadsheets and databases have a lot to offer to the chromatographer. The text is 
well provided with the most useful kind of references, namely the details, including prices, of all the packages mentioned 
in the text, along with the names and addresses of the suppliers. 

I found this book to be a most refreshing look at how computers can be used in laboratories, full of hints and tips of 
the kind that are never found in the manufacturers’ handbooks, and with much to offer both to complete novices and to 
experienced hackers. I enjoyed it greatly. 

MARY M~sso~ 

NueIear Environmental Chnical Analysk J. T~LGYESY and E. H. KLEHR, Ellis Horwood, Chichester, 1987. Pages iv + 176. 
f35.00. 

The obscure title is defined by the authors to cover indicator methods, activation methods, and interaction methods (e.g., 
scattering and fluorescence) as applied to environmental analysis, as well as measurement of radionuclides (both natural 
and man-made) in the environment. The book consists of the following chapters: the philosophy of N.E.C.A. (20 p., 27 
refs.); environmental sampling (27 p., 25 refs.); preparation of standards and sample pretreatment (9 p.. 14 refs.); analysis 
of radioactive environmental samples--(here is meant the measurement of radioactivity in environmental samples )-- 
(17 p., 74 refs.); isotope dilution analysis (18 p., 42 refs.); radio-reagent methods (22 p., 81 refs.); activation analysis 
(31 p., 247 refs.); non-activation interaction analysis (21 p., 118 refs.); sources of info~ation (7 p.), and an index (5 p.). 

With such a wide subject matter, coverage in this slimmish volume is necessarily concise. It is thus crucial to strike a 
reasonable balance between the fields considered, and unfortunately this is not always achieved. As evident from the page 
and reference listings above, isotope dilution analysis and radio-reagent methods receive more space than they merit on 
the basis of their usefulness in environmental analysis. 

The weakest chapter is that on environmental radioactivity. While four diagrams are lavished on emanometric apparatus 
(though track etch methods are not mentioned), the section “Determination of Natural Radioactive Elements” consists, 
apart from some well known tables, of only 18 lines of text and one reference, while the section “Analysis of Transuranium 
Nuclides” receives 9 lines and 3 references. Tritium is not considered. Additionally the word “radioeeology” is not in 
evidence, and the reader will search in vain for & values, uptake and transfer factors, models and modelling of pathways, 
etc. 

It is not clear why sampling and sample treatment are split between two chapters. Some sampling techniques receive (over) 
detailed attention, but the use of clean benches or clean rooms is not described for biological materials, and several 
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important references are missing (e.g. Heydorn’s book on Clinical Activation Analysis, Wolf’s book of Biological Reference 
Materials, IAEA Technical Report 197 on biological materials). In Table 3.3, three sets of trace element values for Bowen’s 
Kale from 1967, 1974 and 1975 are given, but not the 1979 IUPAC recommended values, or Bowen’s 1985 values given 
in Wolf. 

The chapter on activation analysis is comprehensive, contains many data in tabular form and is we11 referenced. 
Surprisingly, however, neuron-indu~ prompt gamma techniques (PGAA) are not mentioned. The listing of sources is 
very welcome, but the index is poor. 

The style of the book is academic and in contrast to the more “hands-on” approach of “Environmental Radioanalysis” 
by Das, Faanhof and Van der Sloot, which is, however, more limited in scope. It is rather free of misprints and has only 
a few infelicitous expressions. 

In summary, in spite of its drawbacks, this book could be useful to those seeking a concise guide to current nuclear 
analytical techniques in the environmental field. 

A. R. BYRNE 

Computer S&ware AppIkatIons III Chemistry? PET!ZR C. Juns, Wiley, New York, 1986. pp. xiv + 253. E33.70. 

This book provides an excellent introduction to a wide range of applications of computer software in chemistry. The major 
divisions of the book are (1) Numerical Methods, which includes chapters on curve fitting, regression, numerical integration, 
solution of differential equations, matrix methods, Monte Carlo methods, and Simplex optimization; (2) Nonnumerical 
Methods, which includes chemical structure information handling, graph theory, substructure searching, molecular 
mechanics, pattern recognition, artificial intelligence and expert systems, and spectroscopic library searching; and (3) 
Graphics, which includes graphical display of data, and graphical dispfay of molecules. Despite the wide range of areas 
covered, topics are treated in some depth, and are well referenced. Also, FORTRAN examples are often provided. I can 
strongly recommend this book to anyone who wants to get actively involved in chemical computing. 

MARY MANN 

Chemisw by Computer. An Gverview of tbe Applkatrons of Computers in chemistry: STEPHEN WILSON, Plenum Press, New 
York, 1986. pp. xi + 233. f37.50. 

From the subtitle of this book, I expected it to be rather similar to the book by Jurs, but in reality, the subtitle is most 
misleading. The main title is quite correct, since this book is about computational chemistry, that is, chemistry done entirely 
by computation, and not about the uses of computers as an aid to “real” chemistry. The topics covered include quantum 
chemistry, molecular mechanics, prediction of chemical reactions, simulation of liquids and solids, interstellar chemistry, 
computational pharmacology, molecular biology, and molecular electronics. I found it fascinating to read in this clear and 
ili~nating account about how much of chemistry can now be predicted by computation, but this is a theoretical sort 
of book, and not really quite right for practical folk like analytical chemists. 

MARY MASSON 
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AppBed Geochendeal Anatysis: C. 0. INGAMEI.~S and F. F. Prrm, Wiley-Intense, New York, I986. Pages ix + 733. 
Price 06.00. 

This book contains valuable information on the sampling and analysis of rocks, ores and minerals. Sampling, as the authors 
state in their preface, is “already part of the analytical process. . . and is too often overlooked . . . ” 

Chapter 1 discusses sampling and sample preparation in detail, and describes and relates various sampling theories. 
Sampling is also discussed in subsequent chapters, for example, in connection with noble metals (Chapter 4) and in Chapter 
6 entitled “Basic Calculations and Recommendations”. 

Also in their preface the authors state: “Some topics in this book reflect an audacity that could disturb old habits in 
some circles. Innovations are many and have been carefully selected. The difficulty in preparing the text has not been what 
to include, but what to leave out. Much of the material cannot be found elsewhere-it has been drawn from our lifetime 
experience.” 

Chapters 2-4 deal with the classical analysis of rocks and minerals, stressing the importance of such analyses of reference 
materials used as calibration and/or control samples in rapid instrumental procedures. As the authors state in Chapter 3, 
the term “classical analysis” signifies “the hard core of well-tried methods of maximum accuracy”; and “whenever a primary 
method is developed and is proven more accurate than the old, it is incorporated in the “classicaf scheme”. 

Su~~sin~y, in the first section of Chapter 2, entitled “Tools of the Art”, no mention is made of p&tic laboratory ware 
and the usefulness of modem (electronic) balances in enabling solutions to be measured by mass rather than volume. This 
would necessitate qualification of the statement “Volumetric flasks are indispensable” (p. 105). 

Chapter 5 recommends an excellent approach to devising rapid analytical methods for particular sample types. This 
ap#oach results in adequate documentation of the method in a form similar to that of, for exampie, international standard 
analytical methods. 

Details are given of various dissolution procedures. More than 40 complete mineral analyses are given along with 
procedural details. Unusual elements or minerals, for which literature information is often lacking, are emphasized. 

Chapter 7 discusses the preparation and use of geochetnical reference materials, and stresses their importance. Each 
chapter ends with a list of useful references. 

Analytical chemists in laboratories worldwide should benefit from the wisdom contained in this wide-ranging book, 

T. D. F&CE 

Aquatic Surface ~~~~~~1 l’mmses at the Particle-Water Interface: W~%R S~MM {ed.), Wiley, New York, 
1987. Pages 520. E64.15. 

This multi-authored book springs from a workshop held in Switzerland in 1986, but is not the usual conference proceedings 
publication. The 18 chapters, by well-known authors from several countries, are rather more reflective than that. The first 
third of the book is devoted to the physical chemistry of surface processes, including adsorption, double-layer theory and 
spectroscopic investigation of molecular structures on surfaces. The middle third deals with the formation of solid phases 
by hydrolysis of iron and the dissolution of oxides and silicates. Finally, the role of particles in regulating the composition 
of lakes and sea-water is discussed, including the behaviour of colloids and heterogeneous complexants and heterogeneous 
reactions of organic species. In a book intended primarily for geochemists, this last section, together with Marinsky’s chapter 
on polyelectrolytes, is of the most immediate interest to analytical chemists. Consideration of the processes discussed in 
Part 2, however, must give pause for thought when speciation is at issue and Parsons’ chapter in Part 1 hints at transfers 
from fundamental electrochemical studies to the more complicated real world. The many who use the other books edited 
by Stumm will doubtless wish to read the latest in the series. 

Ekctroanaiyti~al Measureme nts in Flowing Liquids: Kmx. &utfK and VERA P~ciiicovri, Ellis Horwood, Chichester, 1987. 
Pages 290. E45.00. 

It would be best to regard this book as a text on electrochemical detectors in HPLC and, to a lesser extent, flow-injection 
analysis. Other types of sample streams are mentioned, but industrial on-line monitoring is specifically excluded as a major 
theme. A 50-page chapter summarizes the equations describing the hydrodynamic principles relevant to the detectors 
discussed in the next 80 pages. The relationship between these two chapters is not developed particularly closely, however, 
nor is the final chapter on HPLC applications (‘75 pages) specially illuminated by what has gone before. Instrumentation 
is dealt with very briefly and electronics not at all. A brief chapter on analytical methods concentrates on rather uncommon 
arrangements, e.g. for direct potentiometry and potentiometric titration. This is no bad thing in itself, but the treatment 
is insufficiently critical. This attitude permeates the whole book: success looks too assured. In a hand-book of analytical 
methods such an approach would matter less, but I see this book as a source for those developing de&tots for HPLC 
and FIA in particular and perhaps as an aid to those who are engaged in routine analysis by these techniques and wish 
to have a deeper undersmnding of the various detectors. There is no doubt that the book is of value for such purposes. 
The test is clearly written and well illustrated. 
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X-Ray Methods: CLIM: WHIS’IY)N, Wiley, Chichester, 1987. Pages xxi + 426. E36.00 (Cloth), E13.75 (Softback). 

This is a book in the Analytical Chemistry by Open Learning (ACOL) series and as such has been written with a view 
to self-study. It is, for example, used as one of 12 such books that are associated with a course leading to an LRSC 
qu~i~~t~on. One aspect of these books is that numerous Self Assessment Questions (SAQs) and associated answers are 
included, often occupying one third of the book. I assume the omission of an index is common to all ACOL books, that 
study objectives of a particular section appear after, rather than before, the appropriate text and that tables are referred 
to as figures. 

The literary style of X-Ray Met/z& is informal without being patronizing and this is appreciated by students using the 
book. The first chapter covers production and properties of X-rays, including details of health hazards and safety 
precautions. The treatment of theoretical aspects is limited to the “need to know” essentials and is presented very clearly. 

There are two chapters on X-ray powder diffraction techniques that cover both camera and diffractometer methods and 
many varied examples involving qualitative and qu~ti~tive analysis are given. X-Ray fluorescence analysis receives a 
similar treatment with a discussion of both wavelength-dispersive and energy-dispersive techniques. I particularly liked the 
explanations given for use of the powder diffraction file and the X-ray spectrometry tables. Other related techniques such 
as b-probe X-ray analysis, radioisotope X-ray fluorescence, electron-probe microanalysis and scanning electron microscopy 
are covered briefly. (There is a separate ACOL book entitled “Scanning Electron Microscopy and X-Ray Microanalysis” 
by Graham Lawes.) Structure elucidation by single crystal diffraction is not included and there is no treatment of symmetry 
or space groups. 

There are very few errors (an unbalanced equation on page 221 is an example) but nothing to distract from the valuable 
practical information that exudes from this book. The examples given are very relevant and reader participation in SAQs 
proves to be very rewarding. 

B. J. Cox 

Atomic Absorption and Emission Spectroscopy: ED METCALF, Wiley, Chichester, 1987. Pages xxi + 289. E32.00 (Cloth), 
f 11.50 (SoBback). 

This is another of the ACOL series of books (or “units”) that are designed for self-study and assessment. The SAQs in 
this book are fewer than usual and the literary style is formal. 

It is assumed that the reader has very little or no knowledge of spectroscopy and hence the introductory chapter is very 
basic. This is followed by elementary theory of atomic spectroscopy and a clear and informative discussion of instrumental 
optics, although I would like to have seen a little more on multi-element hollow-cathode lamps. 

Flame and non-flame AAS techniques are covered, including details of instrumentation, sample preparation, interferences 
and calibration methods. Other less common AAS methods are included and comparisons between all AAS procedures 
are made. Details of background corrections are given in a separate chapter. 

Atomic emission spectroscopy is well covered and includes both flame and plasma methods. 
As the author admits, a very wide, possibly bewildering, variety of atomic spectroscopic methods are given. These are 

all compared at the end of the book on the basis of cost, detection limits and precision, speed of analysis, susceptibility 
to interference and background, and ease of sample preparation. Possible future developments are also considered. Very 
clear definitions of precision, accuracy and detection limit are presented in an Appendix. 

There are few errors in the book, for example ‘Hz for zirconium and the odd incorrect word making nonsense of a 
sentence. All in all I consider this a very useful book on the basis that it should be dipped into for info~ation rather than 
studied conscientiously from cover to cover. 

B. J. Cox 

Thermal Methods: JAMES W. DODD and KENNETH H. TONGE, Wiley, Chichester, 1987. Pages xxi + 337. E36.00 (Cloth), 
f 13.75 (Softback). 

This is another book in the ACOL series which is keenly priced and aimed at the self-study market. The authors here realty 
do give the impression that they are acting as substitute tutors as there are plenty of encouraging remarks and interesting 
illustrative applications. For example, thermal data are given to distinguish between butter, and two brands of margarine. 
Also, the importance of thermal data in determining the merits of Navy underwear is explained! 

The introduction, which contains some minor typographical errors, is an overview of the subject that whets the appetite 
for further study. The techniques of TG, DTG, DTA, DSC, EGD and EGA are mentioned in this opening chapter. 

Two chapters on thermogravimetry are then followed by two chapters on DTA/DSC techniques and many practical 
aspects are included. The authors adopt the convention that DSC exotherms are represented by an up peak and endotherms 
by a down peak. Multiple techniques are sensibly emphasized and a full paper from Talan~u, dealing with a ternary oxalate 
mixture, is reproduced. This paper, which is explained further in the text, deals with an analysis of Ca, Sr and Ba ions 
by DTA/DTG/TG techniques. 

The final chapter is devoted to the practical, thermal analysis of high-alumina cement. Several DTA curves related to 
this problem are supplied in a separate envelope. A thorough explanation of their use is given and extra curves are included 
as part of a final SAQ. A very useful book for those new to the subject. 

B. J. Cox 
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Computerized Quality Control: Programs for tbe Analytical Laboratory: T. F. HARTLEY, Ellis Horwood, Chichester, 1987, 
pp. 165. E 

Quality control analysis is normally seen as a necessary but tedious and time-consuming exercise. Dr. Hartley demonstrates 
that with the aid of a personal computer it is possible to reduce the tedium and to obtain a fuller analysis. 

In the first chapter (Calibration graphs) the author identifies 6 possible shapes of calibration graphs (linear, concave or 
convex to either axis, sigmoid) and gives three programs (LINCALIB, SPLINE, CURVEFIT) one of which should give 
a reasonable fit to any set of results. The second chapter (batch quality control) deals with within-batch quality control, 
and in it the special problems that arise because small batch size and small number of quality controls are highlighted. 
Two programs are given, the first (OCCURVE) is a program that calculates and plots the operating characteristic of the 
user’s proposed batch quality control scheme. The second (GMREG) performs y on x, x on y and geometric-mean 
regressions. Estimates of fixed and relative bias errors can be obtained. In Chapter 3 the problem of trend detection is 
considered. Computerized versions of Cusum V-Mask Scanning, Trigg Tracking Signal and Standard Normal Deviate Plot 
are given. 

This book contains 11 Basic programs, all of which could be useful to an analyst. There is a full listing of every program 
and in the accompanying text an adequate description of the purpose of each line or group of lines. The programs have 
been written in a user-friendly style and could be quite easily modified to suit a particular situation. They are available 
in various floppy disk formats, including IBM PC, Apple II and BBC. A word of warning to those who will type in the 
listings. The author has tried as far as possible to use no uncommon features of the Basic Language, but he has used LOG, 
which in some dialects is log, and in others is log,,,. 

W. A. J. BRYCE 

Binding Constants: Tbe Measurement of Molecular Complex Stability: KENNETH A. CONNORS, Wiley-Interscience., New 
York, 1987, pp. 411. f64.15. 

The outstanding feature of this book is the way it unifies different techniques by relating the experimental observations 
and the stability constants and ligand concentrations through functions (isotherms) of the same mathematical form 
whenever possible. These preferred isotherms are represented by the equation of a rectangular hyperbola and are applied 
to all types of binding: acid-base, ion-pairing, metal-ligand complexing and molecular (including macromolecular) 
association. Emphasis on molecular complexing, with its often weak interactions, gives the book a useful distinction. The 
first 140 pages are devoted to general matters such as reference states, the binding isotherm concept and the statistical 
treatment of data. This section could be read profitably by anyone intending to measure stability constants. The rest of 
the book, under the heading “The Methods”, elaborates the author’s approach in regard to specific methods of studying 
complexing, with a decided bias towards “molecular” rather than “ionic” examples. This section is concerned with using 
the results, not with obtaining them; experimentalists will not discover how to use their apparatus, but they will learn about 
experimental design. The calculation of results emphasizes the graphical approach, computers being dismissed in a few 
references; while this is obviously done for positive reasons, a little more guidance would have been useful. The presentation 
is generally very clear, apart from a very few typographical errors: p. 67, y = 2 - &; p. 96 SM not SL; equations (2.88) 
and (2.89), right-hand terms should be added. In summary, this is a useful and distinctive text that can be recommended 
particularly for beginners who need an overview of the subject. 

DEREK MIDGLEY 

Analytical Chemistry by Open le aming-Electroanalytical Chemistry, Imtrumentalion, and Gas Chromatography: ACOL 
sedes 

There is no doubt-this is a series with a difference, both as regards approach and coverage. The project is a bold one, 
and all concerned are to be congratulated on producing such an extensive high-quality series in so short a time. It remains 
to be Seen where the market lies-who, at work by day, is going to buy these volumes and find the time at home at night 
to follow this mammoth course of self-instruction. Some of the individual volumes will prove valuable for courses taught 
in polytechnics-and in universities-but which students, even post-graduate, can afford the number of volumes relevant 
to an advanced taught course? 

I am a little unhappy that there are plans to back up these books with computer-assisted learning material and simulation 
programs. There is no substitute for real hands-on experience in becoming a practising analytical chemistry, because only 
in this way does the student meet the day to day problems associated with instrumentation as well as seeing what the 
equipment can achieve. However, I would be happier leaving students alone with their instruments if I knew they had copies 
of the relevant ACOL volumes beside them. 

I have a few comments on the style of the series. The quality of the type-setting and the art work is very high, and all 
three of these volumes are readable, presenting the material soundly, and concisely. The texts are frequently interspersed 
with rhetorical questions, the answers to which, both right and wrong, form the basis of the ensuing discussions. There 
is careful cross-referencing to other sections and to other volumes of the series. There are also self-assessment questions 



ii PUBLICATIONS RECEIVED 

at the end of each section, with answers and discussions taking up typically 20% of each volume. All in all, I find these 
volumes to be very carefully put together. 

I find two general omissions. First, references to more detailed or advanced reference material, monographs and original 
papers are very few, and some of those given are far out of date. Surely, having taken the reader so far, the authors should 
give him the necessary directions for him to find the way further into the field if he so wishes. Secondly, and this is serious, 
none of the volumes I have seen has an index. How do we find those answers tantalising hidden away in the text inside 
these little encyclopoedias? I hope this will be rectified in any reprinting. And now for the three volumes on hand for review. 

Principles of Electro~alytical Methods: T. RILEY and C. TOMLINSON. ACOL Series, Wiley, Chichester, 1987, pp. 252. E28 
in cloth, f9.95 in soft-back. 

In spite of what I have just said, I find this volume a disappointment. It is an introduction to two further volumes, and 
I feel that there have been problems in deciding just how far this volume should go. So it follows the traditional physical 
chemist’s approach, but without getting deeply involved in the theory, and also without pointing out the practical 
consequences for analytical chemistry. Some examples may illustrate the point. 

(i) Activity coefficients decrease then increase again as the ionic strength increases. True. But what matters is that they 
are least variable in the salt concentration range O.l-lM, which is most commonly used in practical work, so 
conditional constants for this range are very useful. 

(ii) The temperature coefficient of the O.lM calomel electrode is small. True. So why is the saturated calomel electrode 
used so widely? 

(iii) Redox electrodes are said to be inert. False, or they would not respond to ionic equilibria in solution. 
(iv) The fluoride ion-selective electrode is used with TISAB. True. But why is it needed and what does it do? 
(a) AC polarography and DPP give peaks, not waves. True. But why? 

So often we are left dangling when one or two more sentences would bridge the gap between theory and practice. This 
book does not bridge that gap, and therefore partly fails in its purpose. 

btrumentatioa: GRAHAM CURRELL. ACOL Series, Wiley, Chichester, 1987, pp. 401. f36 in cloth, f 13.75 in soft-back. 

I am much more taken by this volume, which hlls a vacant spot in the literature, and does so excellently. The author presents 
the concepts of instrumentation, signals and noise, detectors and amplifiers, modulation and signal handling with ease and 
authority, obliging the reader to clarify how own thoughts: some of the rhetorical questions made me sit up and think more 
about concepts I though I understood. The emphasis is on explaining the background to the problems we all meet in the 
laboratory when working with electronic or optical equipment, or when considering purchase of a new item and faced with 
specifications of rival instruments. Subtle effects such as those of “aliasing” are discussed because they are relevant not 
just to computer sampling of signals, but also to simple measurement with a digital voltmeter. The author’s experience 
pervades all chapters of this book, tempting the reader to continue always just a little further. . and further. This is 
excellent and will be an essential for my own post-graduate students. 

Gas Chromatography: J. E. WILLETT. ACOL Series, Wiley, Chichester, 1987, pp. 253. 128.00 in cloth. f9.95 in soft-back. 

I like this one too-a splendid blend of principles and practice answering so many questions from the beginner and from 
the experienced gas chromatographer as well. The discussions on sample injection, column packings, detectors, and “so, 
what else can go wrong?’ are very good, and will be appreciated by novices and experts alike. The chapter on the hyphenated 
techniques GS-MS and CG-FTIR is thorough and informative-much more detailed than those in most texts on 
instrumental analysis. I would complain about the lack of modern references (one article in 1967 for detectors is not 
adequate for 1987) and also that van Deemter’s equation gets no more than a cross-reference to another volume. On the 
plus side, the author’s sense of humour frequently lightens the discussion in a natural and entertaining way and at the same 
time helps to reinforce the important points. Warmly recommended, and to be chained to the bench beside each gas 
chromatograph! 

IAIN L. MARR 
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!%rar&g Electron Micmcopy and X-Ray Microanalysis GRAHAME Lawns, Wiley, New York, 1987. Pages xviii + 103. 
E28.00 (cloth), f9.95 (softback) 

This book is one of the series “Analytical Chemistry by Open Learning”, intended for use by students working towards 
BTEC levels IV and V, RSC Certificates of Applied Chemistry and similar qualifications. It gives an introduction to the 
principles of scanning electron microscopy and X-ray microanalysis in an informal style which makes the information 
presented easy to assimilate. Self-assessment questions are provided at intervals throughout the text; they are well thought 
out and an important feature of the book. Although little theory is given, there is a useful bibliography of more rigorous 
textbooks. The text is divided into three main sections, SEM Instrumentation, Specimen Preparation and X-Ray 
Microanalysis-Instrumentation. 

The description of the mechanical construction of the SEM is clear and comprehensive, but, because theory is kept to 
an absolute minimum, the mechanisms of image formation, particularly by secondary electrons, are largely neglected. A 
simple diagram might have been a useful addition. Similarly the factors affecting resolution have been treated in a manner 
which I feel has been over-simplified. Specimen preparation methods and the reasons for using them are well described, 
with the emphasis placed on the problems associated with biological material. 

Both wavelength-dispersive and energy-dispersive X-ray detection methods are treated, and their relative merits are 
clearly discussed. In spite of the claim in section 3.6 that the effects of mass thickness and specimen topography on X-ray 
production are described in section 3.5, this is not the case. It is a fairly serious omission in an otherwise excellent chapter. 
The difficulties encountered in making quantitative analyses are particularly well dealt with, within the necessarily limited 
theoretical framework provided. 

There are a number of typographical errors (including misspelling the author’s name). In addition, the syntax is 
occasionally poor. 

Overall, in spite of the limitations described above, the book succeeds as a primer. It will be extremely useful to students 
approaching SEM for the first time. 

ERIC E. LACHOWSKI 

Potentiometry and Ion Selective Electrodes: ALUN EVANS, Wiley, Chichester, 1987. Pages xvi + 304. f 11.50 (paper), f 32.00 
(cloth). 

This book is in the Analytical Chemistry by Open Learning (ACOL) series and takes the student in easy stages from an 
outline of the basic principles of galvanic cells and electrolytes, through the construction, properties and basic mechanism 
of ISEs to devising methods for typical applications. Each section is followed by one or two ‘Self-Assessment Questions” 
(answers at the back) to reinforce what has been learnt. As an instructional book on this subject, this is unrivalled in the 
clarity of its approach, the principle of which is admirable. While emphasizing that most things are right, I have the 
following criticisms to offer. I suspect that the space left for the answers will remain blank and the cost of these pages would 
have been better devoted to an index. The bibliography could list more than 2 books on ISEs. There are a number of 
typographical errors, most of which would not confuse the reader, but on p. 154 the K,,, value for CuS should be 10-35. 
The mechanism given for the cyanide ISE (pp. 167/282) needs revision. I dislike the suggestion that multiple standard 
additions can overcome the problems of interferences. The fragility of glass electrodes is over-emphasixed and sounds a 
little old-fashioned, as does the preference for ion-exchange over neutral carrier Ca-ISEs (p. 216). A table bringing together, 
in one place, all the types of electrodes worthy of commercial production, and their principal characteristics, would be 
useful. It is to be hoped that the ACOL project is successful as a whole, but his book deserves a good life in its own right 
as a student text. 

DEREK MI~GLEY 

Aquatic Surface Cbemistry-chemid processes 
1987. Pages xix + 520. f64.15. 

at the Particle-Water interface: WERNER STUMM (editor), Wiley, New York, 

This multi-authored book springs from a workshop held in Switzerland in 1986, but is not the usual conference proceedings 
publication. The 18 chapters, by well-known authors from several countries, are rather more reflective than that. The first 
third of the book is devoted to the physical chemistry of surface processes, including adsorption, double-layer theory and 
spectroscopic investigation of molecular structures on surfaces. The middle third deals with the formation of solid phases 
by hydrolysis of iron and the dissolution of oxides and silicates. Finally, the role of particles in regulating the composition 
of lakes and sea-water is discussed, including the behaviour of colloids and heterogeneous complexants and heterogeneous 
reactions of organic species. In a book intended primarily for geochemists, this last section, together with Marinsky’s chapter 
on polyelectrolytes, is of the most immediate interest to analytical chemists. Consideration of the processes discussed in 
Part 2, however, must give pause for thought when speciation is at issue and Parsons’ chapter in Part 1 hints at transfers 
from fundamental electrochemical studies to the more complicated real world. The many who use the other books edited 
by Stumm will doubtless wish to read the latest in the series. 
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Mans Speetrometry in the Analysis of Large Molecules: C. J. MCNEAL (editor), Wiley, Chichester, 1986. Pages x + 221. 
E24.00. 

The material in this book is an account of the lectures given at a Symposium on the Mass Spectrometry of Large Molecules, 
held in Texas in April 1986. The thirteen contributions deal with the desorption and ionization of molecules of high 
molecular weight by energetic particles, either fast atoms or ions produced in accelerators, of *%f plasmas. The molecules 
studied are most commonly polypeptides or other biopolymers and the mass range has been extended to above 20000. Some 
attention is given to the mass analysis process and to the interpretation of the mass spectra so produced. Results from such 
studies are compared critically with those which might be obtained by more conventionai methods for the analysis of large 
molecules. The book is provided with an epilogue which summarizes the successes and failures of the participants in creating 
and resolving, as well as identifying, large molecule-ions. It was suggested that the mass range of most interest, the lower 
limit of which is double that currently achieved, will be reached in the not too distant future, so opening up the possibilty 
of the analysis of many small proteins. 

J. R. MAJER 

Gaaeotcd Ioa clIemlstry and Mass spectrometry: J. H. FUTRELL (editor), Wiley, New York, 1986. Pages xii + 335. 07.50. 

This book is a modified record of a Workshop held at the University of Utah in 1983, and devoted to the subject of Gas 
Phase Ion Chemistry. The theory of ion dissociation and of ion molecule reactions is discussed and the techniques of mass 
and ion energy analysis are reviewed. There are accounts of the instrumentation used in studying ion dissociation and of 
its application to biomedical problems. This is a book with a limited appeal to mass spectrometric experts and the intimate 
details of ion dissociation will hold little interest for the practising analytical chemist. 

J. R. MAJER 

Fhroreseence and Phosphoreaeenee Spectroscopy: DAVY RBNDELL, Wiley, Chichester, 1987. Pages xix + 419. f36.50 (cloth), 
E13.95 (softback). 

This is another book in the ACOL series and as such has been written with a view to self-study. Numerous Self-Assessment 
Questions (SAQs) are included throughout the text, which insures that one section is understood before another is started. 
For ease of reference all the SAQs with the associated answers are included at the end of the book. 

The introduction gives a simple, clear, well illustrated account of the origin of fluorescence and phosphorescence spectra. 
Some basic knowledge of absorption spectrophotometry is required. Particular attention has been paid to processes that 
are likely to compete with fluorescence, to the importance of molecular structure, and the choice of solvent. Temperature 
effects have not been included. 

The chapter on instrumentation is to be particulary recommended. In it, filter fluorimeters, spectrofluorimers and 
phosphorimeters are all covered in sufficient detail to allow the reader to obtain a good basic understanding of how a 
particular instrument works, its limitations, and how to optimize its performance in terms of the possible practical results 
obtained. 

The last three chapters deal with quantitative aspects. A general approach pertinent to any fluorescence assay is adopted 
in the Srst chapter. I particularly liked the clear derivation of the quantitative fluorescence equation and the manner in 
which its limitations are highlighted. In the subsequent chapters the breadth of the applications of photoluminescence 
methods is demonstrated. Included are direct, derivative and chromatographic methods, fluoroimmunoassay and 
room-temperature phosphorescence. By using a few selected literature examples and considering them in great detail, the 
author has succeeded in focusing attention on the importance of a good practical technique coupled with a sound 
understanding of the theoretical aspects of each step, and the possible sources of error in a particular analysis. However, 
I feel a simpler example than the complex four-component analysis of opium might have been more appropriate. 

The book could be improved by the inclusion of the quantitative equation for phosphorescence and a section on 
fluorescence polarization and its applications. 

There are very few errors: Was. 2.2a. 2.Sb. 2.5~ have unlabelled ordinates: in Fir?. 5.5b narcotine is incorrectly spelt; 
p. 194 has specirophotometer i&tead of spectrofluorimeter. 

_ - _ 

Overall this is a most worthwhile basic text book. It would be a valuable asset to those who wish to gain a rapid, working 
knowledge of the theory, instrumentation and practice of fluorescence and phosphorescence. 

R. R. MOODY 

Analytical Applkations of Lasers: E. H. P~PMEIER (editor), Wiley, New York, 1986. Pages xiii + 703. E85.95 

The fhst experimental demonstration of lasers was conducted in 1960. It was another 10 years, however, before analytical 
applications were described in the literature, derived from their intrinsic properties of high directionality, radiance, 
monochromaticity and coherence. Since then, as optical sources in spectroscopy, the use of lasers in analytical science has 
grown and developed at a rapid rate, embracing a wide range of techniques. This book, volume 87 in this successful series 
of monographs on the methodology and application of analytical chemistry, provides a thorough overview of contemporary 
laser technology and laser-assisted analytical methods. For the general reader and non-specialist in laser theory, the editor 
has thoughtfully provided a useful introductory chapter covering the basic principles of lasers and non-linear optical effects 
fundamental to the applications discussed and described in the subsequent 18 chapters. The number and variety of these 
applications has prompted the editor to further subdivide the book into several parts, based on prominent characteristics 
of the methods. Sections are devoted to selected methods using various detection schemes, methods utilizing the improved 
spectral resolution offered by lasers, multiphoton and multiwavelength methods and methods based on special laser 
characteristics. Laser-excited fluorescence spectrometry provides the basis for some of the most selective and sensitive 
analytical techniques available. Detailed accounts of such methods are well represented in this book, with individual 
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chapters devoted to atomic and ionic fluorescence in flames and plasma cells, cryogenic molecular fluorescence (including 
Shpol’skii spectrometry) and two-photon excited fluorescence spectroscopy for the study of molecular symmetry. 
Complementing luminescence methods, the techniques of laser-assisted optoacoustic spectroscopy, infrared transmission 
and Raman spectroscopies are reviewed. A number of analytical techniques have been developed which etfectively exploit 
the unique characteristics of laser radiation and a section devoted to some is presented. Topics covered include laser remote 
sensing, intracavity-enhanced spectroscopy, the thermal lens effect, picosecond spectroscopy, electrophoretic light scattering 
and laser flow cytometry. The final section in the book is concerned with the use of laser sources combined with other, 
more established, analytical techniques. Three examples are discussed, laser systems in chromatographic detectors, laser 
ionization techniques for mass spectrometry and laser ablation for atomic spectrometry. 

The extensive range and detail of the topics described and reviewed ensure, that for the expert and non-specialist alike, 
this book provides a valuable reference and guide to advances in the application of laser systems to analytical science. It 
will undoubtedly stimulate further studies in this rapidly expanding and exciting field of research and application. 

M. J. ADAMS 

Thin Layer Chromatography, (Analytical Chemistry By Open Learning): RICHARD HAMILTON and SIUELA HAMILTON, Wiley, 
Chichester, 1987. Pages xix + 129. Price 828.00 (cloth), E9.95 (softback). 

This small volume contains more than sufficient information to allow the student to attempt to tackle his/her own problems 
with confidence. The book covers the basic principles of selection of stationary and mobile phases. The eluotropic series 
for solvents is explained by using the solvent strength parameter co and a table is given showing how two different solvents 
can be used to produce a mixed solvent of suitable eluotropic strength. Chapters on practical techniques and general 
applications of TLC are included, as are discussions on recent developments such as reverse-phase and high-performance 
TLC. Self-assessment questions spaced throughout the book are very helpful in improving understanding of the main points 
taught. Although this book is aimed at the trainee technician, sixth year, A-level students and undergraduates will find 
it both instructive and informative. 

R. E. MASSON 

l&our Sciellee ad TedmoIogy: proceedings of the 5th Weunnan FIavour Research SymposIuu~, OsIo, Norway, 23-U Md 
1987: M. MARTENS, G. A. DALEN and H. Russwua~, JR, (editors) Wiley, Chichester, 1987. Pages xvi + 566. &to.08 

This book deals with a wide range of subjects, both traditional and topical, in the flavour forum. It is conveniently 
subdivided into four sections, namely chemistry, biotechnology, sensory science and data analysis in flavour research. Each 
section is preceded by a keyword index to the papers, which helps identify specific subject areas. This is followed by an 
introductory lecture setting the scene on each topic. 

This publication, in the growing tradition of the Weurman Symposium, provides an up to date account of work in the 
flavour/food area. It is impossible to comment on individual papers, though the introductory lectures are well written and 
provide a good summary of current thinking in the appropriate areas. The papers exhibit an individuality in format which 
is refreshing; one common feature which is lacking, however, is an abstracted version of each paper below the title and 
authors name(s), and there is a paucity of listing in the subject index. Chemistry in 8avour research still dominates this 
symposium, in terms of the number of papers submitted, many of the contributions still relating to the characterization 
of flavour compounds. We are lacking in our knowledge of flavour/ingredient interaction and should encourage 
developments in this direction through this forum. The articles by Overbosch and Dumont are of interest in this area. 

This compilation will be of prime interest to flavour and food specialists in academic and industrial environments and 
to students with an interest in flavour science. 

P. J. DUNPHY 
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Talanra, Vol. 35, No. 12, p. 111, 1988 
Pergamon Press plc. Printed in Great Britain 

EDITORIAL 

As already announced in the Editorial in the July issue, there is to be a change in the organization of 
T&n?a. Starting on the 1st of January 1989, I shall cease to be Editor-in-Chief, although I shall continue 
my association with the journal for some time. In my place, Professor G. D. Christian, University of 
Washington, Seattle, and Professor D. Littlejohn, University of Strathclyde, Glasgow, wit1 be joint 
Editors-in-Chief. The present Regional Editors will continue their duties, but will become known as 
Regional Advisers. The technical editing of papers accepted for publication will continue to be done by 
the present team of Assistant Editors and the Computing Editor, with assistance from me, until a 
permanent full-time Technical Editor is appointed to replace me. In this way it is hoped that there will 
be the minimum of inconvenience to contributors to the journal, and that they can rest assured that our 
present standards will be maintained. 

To divide the work reasonably evenly between the two Editors-in-Chief, authors in the North and South 
Americas, Japan, China, Australia, India and other countries in that half of the world should send their 
papers to 

Professor G. D. Christian 
Department of Chemistry 
University of Washington 
Seattle, WA 98195 
U.S.A. 

and those in Europe, the Middle East and Africa should send theirs to 

Professor D. Littlejohn 
Department of Pure and Applied Chemistry 
259 Cathedral Street 
Glasgow Gl 1XL 
Scotland 

Papers already in my hands (and any arriving before this notification has its intended effect) will be dealt 
with by me. 

A further change is that the Editorial Board, after consultation with the Advisory Board, has decided 
that in the future only papers written in English will be considered for publication. There are various 
reasons for this decision, the most cogent being that English is the lingua franca ‘of the scientific world, 
and that there is less likelihood of papers written in it being misunderstood because of problems in 
translation. (There is a story of an English-Swahili dictionary being checked for accuracy by translation 
back into English: the phrase “out of sight, out of mind” came back as “invisible idiot”.) It may be 
argued that the policy is unfair to those whose native tongue is French or German, but it is no more 
unfair to them than to others (including native English-shakers, some of whom speak more grammati~lly 
than they write). Any polishing necessary will be done editorially as it is now. 

During the 23 years I have been Editor-in-Chief, I have learned a great deal of chemistry from the 
papers submitted to the journal. In return I have tried to give good advice when necessary and to ensure 
that the journal has been as error-free as human frailty will allow. I believe that with the wisp and 
penetrating advice given by the referees, and the skilled assistance of the editorial staff and the production 
team, Taluntu has set a standard that may be rivalled but not surpassed by the other journals of analytical 
chemistry. I heartily thank all the contributors and my assistants for the part they have played in the 
success of the journal, and wish them and it a long and happy fuiure. 

R. A. CHALK 
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Tolanro, Vol. 35, No. II, p. iii, 1988 
Pergamon Press pk. Printed m Great Britain 

ERRATUM 

In the paper by E. M. Donaldson, Talanta, 1988, 35, No. 8, 633, on p. 634 the first sentence in the third 

paragraph of the procedure should read as follows. 

Add 200~1 of concentrated nitric acid and sufficient 
IO-mgjml nickel solution to the resulting blank and sample 
solutions for 50 ~1 (i.e., 500 pg of nickel) to be. present for 
each 5 ml of final solution (Note 4), then gently evaporate 
the solutions to dryness on a hot-plate maintained at 
d 200”. 



Talanta, Vol. 35, No. 8, p. IV, 1988 
Pergamon Press plc. Printed in Great Britain 

THE RONALD BELCHER MEMORIAL AWARD 

As with the first Ronald Belcher Memorial Award it proved difficult to choose between the candidates, and 
again it was decided to obtain maximum benefit from the award by dividing it between two of the candidates, 
Dr. Peter D. Wentzell and Dr. Spas D. Kolev. 

Dr. Wentzell, of Vancouver, Canada, is particularly interested in chemometrics, kinetic methods of analysis, 
and analytical instrumentation. 

Dr. Kolev, of Sofia, Bulgaria, is especially interested in mathematical modelling of analytical systems, 
particularly in flow-injection analysis, chemical and biological reactors, and spectrophotometry. 

The two winners of  the first award made good use of it, Dr. Macdonald travelling to the United States 
and visiting various academic and industrial laboratories and attending conferences, and Dr. Cruces Blanco 
visited universities in England and Scotland. 

IV 



Talonru, Vol. 35, No. 7, p. III, 1988 
Rrgamon Press plc. P&ted in Great Britain 

EDITORIAL 

At the end of this month, Talanta will be just 30 years old, the first issue having appeared in August 1958. 
Various changes in the format, style and policy of the journal have taken place in that time, and will continue 
to be made in the future. The most recent changes are the appointment of Professor M. Valdrcel, of the 
University of Cbrdoba, as Regional Editor for Spain, and of two additional Assistant Editors for the journal, 
Dr. W. A. J. Bryce, Department of Chemistry, University of Aberdeen, and Dr. P. J. Cox, Department of 
Pharmacy, Robert Gordon’s Institute of Technology, Aberdeen, whose fields of interest will complement those 
of the rest of the editorial team. Amongst changes planned for the future the most important will be the 
establishment of an international consortium of Editors who will be responsible for the general policy and 
conduct of the journal, and give it even wider scope in its coverage of analytical chemistry. Professor G. D. 
Christian, University of Washington, has already agreed to join the group, and the names of his fellow Editors 
will be announced as soon as possible. One of the reasons for the change is that the present Editor-in-Chief 
is not immortal and feels he should not try to prove the opposite; it is therefore deemed important to ensure 
continuity in the day-to-day affairs of the journal, and a smooth transition to the new regime. Until the 
transfer is complete, editorial business will be conducted as usual, by the present editorial staff. All changes 
will be announced in the journal. 

R. A. CHALMERS 
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EDITORIAL 

At the end of this month, Talanta will be just 30 years old, the first issue having appeared in August 1958. 
Various changes in the format, style and policy of the journal have taken place in that time, and will continue 
to be made in the future. The most recent changes are the appointment of Professor M. Valdrcel, of the 
University of Cbrdoba, as Regional Editor for Spain, and of two additional Assistant Editors for the journal, 
Dr. W. A. J. Bryce, Department of Chemistry, University of Aberdeen, and Dr. P. J. Cox, Department of 
Pharmacy, Robert Gordon’s Institute of Technology, Aberdeen, whose fields of interest will complement those 
of the rest of the editorial team. Amongst changes planned for the future the most important will be the 
establishment of an international consortium of Editors who will be responsible for the general policy and 
conduct of the journal, and give it even wider scope in its coverage of analytical chemistry. Professor G. D. 
Christian, University of Washington, has already agreed to join the group, and the names of his fellow Editors 
will be announced as soon as possible. One of the reasons for the change is that the present Editor-in-Chief 
is not immortal and feels he should not try to prove the opposite; it is therefore deemed important to ensure 
continuity in the day-to-day affairs of the journal, and a smooth transition to the new regime. Until the 
transfer is complete, editorial business will be conducted as usual, by the present editorial staff. All changes 
will be announced in the journal. 

R. A. CHALMERS 
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NOTICE 

1988 PITTSBURGH CONFERENCE MEMORIAL NATIONAL 
COLLEGE GRANTS AWARD PROGRAM 

(15th Year of Funding) 

The Pittsburgh Conference on Analytical Chemistry and Applied Spectroscopy, Inc., and its cosponsoring 
technical societies, the Spectroscopy Society of Pittsburgh (SSP) and The Society for Analytical Chemists of 
Pittsburgh (SACP), are happy to announce the 15th year of funding for The Pittsburgh Conference Memorial 
National College Grants Award Program. At least eight (8) colleges will be selected to receive awards ($2,500 
maximum), based on their submitted proposals, for the purchase of scientific equipment, audio-visual and 
other teaching aids, and/or library materials for use in the teaching of science at the undergraduate level. 

To be eligible for an award, the school must meet these criteria: 

(1) 
(2) 

(3) 
(4) 

(5) 

A school must have an enrollment of not more than 2,500 students, and 
Receive no more than 25% of its operating budget from national or state governments. 
Two-year community colleges sponsored by political subdivisions of a state are not bound 
by these requirements. 
Requests for materials to be used only for research purposes shall not be funded. 
Previous awardee schools are not eligible for an award for a three-year period following 
their award. (For example, the 1985, 1986 and 1987 awardee schools are not eligible for 
the 1988 program). 
This award may be used as part of a “Matching Grant” program for undergraduate 
studies as described above. In fact, generating “MATCHING FUNDS’ is recommended. 

Any interested faculty member is urged to participate by completing an APPLICATION FORM and 
submitting it with a PROPOSAL (original and 3 copies of each), by 1 April 1988, to 

Richard S. Danchik, 
The Pittsburgh Conference, Inc. 
12 Federal Drive, 
Suite 322, 
Pittsburgh, 
PA 15235, 
U.S.A. 

Award-winning schools will be announced by 1 May 1988, joining the list of 80 previous award-winning 
schools. 

PLEASE WRITE NOW FOR APPLICATION/PROPOSAL INFORMATION AT THE ADDRESS 
ABOVE. 

. 
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TALANTA EDITORIAL AND ADVISORY BOARDS 

The Publisher and Editorial Board of Tulanta deeply regret the death of Professor Hans Ewald Blasius, 
who had served as a Regional Editor of the journal since 1965. They are also sorry to lose the services 
of Dr. M. Williams, as Consultant Editor. Dr. Williams has been associated with the journal since 1960, 
first as Assistant Editor, then as Associate Editor (1961-1964) and Editor-in-Chief (1965), after which he 
was Journals Manager at Pergamon Press until his present position in charge of the IUPAC Secretariat 
in Oxford. A further loss has been suffered through the retirement of Dr. M. Pesez, who joined the 
Advisory Board in 1960 and has been a Regional Editor since 1965. Professor Blasius will be replaced 
as Regional Editor by Dr. K.-H. Koch, to whom manuscripts from German-speaking countries may be 
sent. The Publisher and Editorial Board welcome Professor A. Corsini to membership of the Advisory 
Board, and wish to extend their thanks to Professor E. Wlnninen, who has now retired from university 
work and from the Advisory Board (after membership of it since 1963). 

PROFESSOR A. CORSINI (a member of the Advisory Board from 1972 to 1981) gained his Ph.D. at McMaster 
University in 1961, after which he was a Research Associate at the University of Arizona, with Professor 
Freiser, until 1963, when he joined the Department of Chemistry at McMaster University, becoming full 
professor in 1973. He served as Associate Dean of Science Studies from 1977 to 1981. He was a member 
of the Executive of the Analytical Chemistry Division of the Chemical Institute of Canada from 1965 
to 1980, and was its Chairman in 1968. He was named Fellow of the Institute in 1972, and received 
its Fisher Scientific Lecture Award for Analytical Chemistry in 1985. In 1973 he was awarded the Tulantu 
Louis Gordon Memorial Award. His research interests are many and varied. Over the years, an abiding 
interest in structural and reactivity factors that govern the selectivity of organic analytical reagents; the 
design and synthesis of such reagents, measurement of solution thermodynamic parameters and application 
to trace metal analysis. Present interests involve the development of new solvent-extraction systems and 
chelating resins, particularly for the concentration of environmentally significant metal ions; metal-ion 
speciation in natural waters; and fundamental studies on the atomization behaviour of certain metal ions 
in electrothermal AA spectrometry. 
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Like many of the important developments in ana- 
lytical chemistry, Tulunfu partly owes its existence to 
serendipity. It happened (as far as can be traced) that 
at a time when Ronald Belcher was becoming in- 
creasingly dissatisfied with the policies and standards 
of some of the analytical journals then current, and 
wondering what could be done about that and the 
rapidly increasing number of papers arising from the 
upsurge in analytical research, he chanced to meet in 
a London pub an employee of Pergamon Press who 
mentioned that Robert Maxwell was considering 
expanding his list of scientific journals to include one 
on analytical chemistry. Belcher not only expressed 
immediate interest but also said he knew someone 
who would make an excellent editor for such a 
journal. There thus came about a meeting between 
Belcher and Maxwell, which resulted in the appear- 
ance of a new journal on the analytical scene- 
Talanta, with Cecil Wilson as Editor-in-Chief. 

The first issue appeared in August 1958, with a 
Foreword by Fritz Feigl (see Frontispiece), a highly 
distinguished international band of analytical chem- 
ists as the Advisory Board, and Louis Gordon, 
Rudolf Piibil and Takeo Takahashi as Regional 
Editors. The new journal was so successful in attrac- 
ting work for publication that in spite of a double-size 
first issue there was an editorial apology for failure to 
include all the papers submitted for it and accepted 
for publication. The initial policy was to publish full 
papers, short communications, preliminary commu- 
nications (with publication given priority), critical 
reviews, book reviews, notices of meetings, letters to 
the editor, and summaries in English, French and 
German for each paper. The papers themselves could 
be written in any of these three languages. Later, 
Russian summaries were added, and the English and 
Russian versions were repeated at the end of each 
issue so that they could be cut out and used for the 
compilation of card indexes.. A notable early feature 
was the publication of specially commissioned 
“Talanta Reviews” (later supplemented by updating 
in “Mini-Reviews”), some 60 of which appeared. 

As time went on, further features were added to the 
journal, in keeping with the ideals behind its founda- 
tion. The “Analytical Data” section was added to 
deal with the numerous papers on determination of 
stability constants, protonation constants etc., which 
convey data vital to the understanding and inter- 

pretation of analytical chemistry, but do not neces- 
sarily require detailed descriptions, since the methods 
used are more or less standard. The “Annotations” 
feature was created to allow publication of those 
papers which offer a critical commentary on existing 
ideas, or attempt to resolve controversy and polemic, 
and all too frequently have been refused publication 
elsewhere on the grounds that they do not constitute 
“research”, even though in fact they may be far more 
valuable than many of the papers that are readily 
accepted as “research” despite the fact that their 
authors may well be the only people ever to use the 
methods described in them. This question of what to 
accept and what to reject is often a difficult one. 
Many workers struggle to do research under highly 
adverse circumstances, often having to cope with lack 
of finance and equipment, and shortage of library 
funds, and are dependent on publication for pro- 
motion or even continuation of tenure. The inevitable 
consequence is that all too often, through no fault of 
their own, their work may not meet the standards set 
by the journal to which they submit it, though it may 
well have been soundly conceived and executed. It 
was to try to help research workers in general that an 
earlier feature was introduced in Tulantu, in the form 
of papers on the development and publication of new 
methods using a particular technique. These were 
intended to lay down a set of requirements for the 
thorough investigation of the proposed method and 
to provide guidelines for writing up the results for 
publication. Starting with the classic paper by 
Kirkbright in 1966, several of these papers appeared 
(Table 1), until the idea was taken over by IUPAC for 
publication in Pure and Applied Chemistry. 

A further extension of the range of services offered 
by Tulanta has been the establishment of “paper 
symposia” in the form of special issues devoted to a 
particular research topic, the contributors being se- 
lected from the leaders in their field and specially 
invited to write for the issue. The issues to date are 
listed in Table 2. The most recent development has 
arisen from the widespread use of computer facilities 
in analysis, and has taken the form of the “Software 
Survey” which offers rapid publication of basic infor- 
mation about software designed for use in analytical 
chemistry. 

Besides this unusually broad range of publication 
features, Talunta has at its command two prestigious 
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Table 1. Research guideline papers 

Topic Talanta reference 

Spectrophotometry G. F. Kirkbright, 1966, 13, 1 
Gravimetry L. Erdey, L. P&OS, R. A. Chalmers, 1970, 17, 1143 
Ion-selective electrodes G. J. Moody, J. D. R. Thomas, 1972, 19,623 
Titrimetry A. Berka, J. Sevcik, R. A. Chalmers, 1972, 19, 747 
Kinetic methods H. B. Mark, Jr., 1973, 20, 257 
Atomic-absorption spectrometry J. Ramirez-Mufioz, 1973, 20, 705 
Stability constants H. S. Rossotti, 1974, 21, 809 
Solvent extraction Y. Marcus, 1976,23, 203 
Polarography L. Meites, B. H. Campbell, P. Zuman, 1977, 24, 709 

awards. One is the “Honour Issue” which can be 
dedicated to an individual or a country in recognition 
of eminence in the analytical world, and the other- 
thanks to the generosity of Robert Maxwell-is the 
“Talanta Medal”, awarded in recognition of an 
outstanding contribution to analytical chemistry. 
Neither is awarded at regular time intervals, but only 
when a suitably worthy occasion arises. The Honour 
Issues are, of course, the equivalent of the German 
“Festschrift” issues. This article, like similar ones in 
other Pergamon journals, will in fact form part of a 
Festschrift planned for presentation to Robert 
Maxwell in June this year in celebration of his 65th 
birthday and the 40th anniversary of the establish- 
ment of Pergamon Press (and incidentally the 30th 
anniversary of the founding of Talanta). A list of the 
Honour Issues is given in Table 3, and a list of 
recipients of the Talanta Medal in Table 4. A picture 
of the medal itself is shown in Plate I. 

These are not the only awards associated with 
Talanta, however. When Louis Gordon, who had 
served as Regional Editor for the United States since 
Talanta was started, died in 1966, it was decided to 
institute the Louis Gordon Memorial Award in his 
honour. This is awarded for the paper judged to be 
the best written of those pubished in the journal in the 
year of award, and takes the form of a specially 
bound copy of the volume in which the award- 
winning paper appeared. A list of the winners shows 
that the ability to write well knows few geographical 
boundaries. It should be pointed out the Award can 
be made only once to the same person, otherwise at 
least one of the winners would possess several bound 
copies of Talanta! 

An award of similar nature is the Pharmacia Prize, 
funded by Pharmacia AB, Uppsala, Sweden, for the 

Table 2. Paper SymPOSk* 

Topic Talanta issue 

Errors in trace analysis 1982, November 
Analytical methods in 

clinical chemistry 
1984, October 

Fiber optic chemical sensors 1988, February 

*A precursor was a special issue on microprocessors, 
July 1981. 

best research paper published in Talanta by an indus- 
trial research laboratory. It is a biennial award and 
consists of a specially commissioned piece of Swedish 
ceramic, accompanied by a scroll citing the award. It 
is perhaps not surprising that so far the Prize has 
always gone to a laboratory in the United States. 

Finally, to commemorate Ronald Belcher, the 
original inspiration behind the journal, who served 
as Chairman of the Advisory and Editorial Boards 
from the beginning of the journal to his death in 
1985, Pergamon Press has established the Ronald 
Belcher Memorial Award, designed to assist young 
research workers to undertake travel they might 
otherwise not be able to afford. 

There has often been speculation about the mean- 
ing of the title of the journal. This was explained in 
the correspondence reprinted below, from TaJanta, 
1962, 9, 1063. 

Table 3. Honour Issues 

1961 H. H. Willard 
1963 Hungary 
1964 I. M. Kolthoff 
1966 G. F. Smith 
1968 A. A. Smales 
1969 R. Belcher 
1972 Japan 
1975 Scandinavia 
1979 Germany 
1980 H. Diehl 
1985 H. Freiser 
1987 Soviet Union 

Table 4. Talanta Medal 
winners 

1961 F. Feigl 
1963 G. Schwarzenbach 
1965 I. P. Alimarin 
1967 E. Stahl 
1969 A. Walsh 
1971 R. Piibil 
1974 B. V. L’vov 
1977 R. Belcher 
1981 J. RtX?iEka 
1983 T. Fujinaga 
1986 E. Punaor 
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NOTICES 

THE 40th PITTSBURGH CONFERENCE & EXPOSITION 
ON ANALYTICAL CHEMISTRY A N D  APPLIED SPECTROSCOPY 

6-10 March 1989 
Exposition---6-9 March 1989 

Georgia World Congress Center 
Atlanta, Georgia, U.S.A. 

Original papers may be contributed in all areas of Analytical Chemistry, Spectroscopy and associated fields. 

Details from: 

Pittsburgh Conference 
Dept. CFP 
12 Federal Drive, Suite 322 
Pittsburgh, PA 15235, U.S.A. 

INTERNATIONAL UNION OF BIOLOGICAL SCIENCES 

Workshop on Methods of Assessment 
and Evaluation of Element Concentration 

Cadasters in Ecosystems (ECCE) 

13-15 March 1989 
Osnabriick, F.R.G. 

The major goals for this IUBS/ECCE project are: 

--Assessment of the global distribution pattern of all chemical elements in ecosystems 
--Study of element fluxes through the ecosystem from rain and dust or soil and waters to plants and animals 
--Study of functional impacts of all elements, especially of those not yet commonly investigated. 

The workshop will deal with basic problems for the assessment and evaluation of element concentration 
cadasters. 

Four topics require foremost attention: 

1. Representative sampling in ecosystems 
2. Sample preparation, preconcentration, separation 
3. Instrumental multi-element analysis 
4. Data handling, evaluation and interpretation 

The discussions will be based on the books "Kurze Einfiihrung in die Erstellung und Anwendung 
6kosystemarer Element-Konzentrations-Kataster", by Lieth and Markert, soon to be published by Springer 
Vedag, and "Instrumentelle Multielementanalyse", by Sansoni (ed.), VCH-Verlagsgesellschaft, D-6940 
Weinheim, 1985. 

iii 
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The registration fee of DM200,--will cover all services provided including the publication of workshop 
proceedings. 

Further information from: 

International IUBS-ECCE-Workshop 
Dr. B. Markert 
Arbeitsgruppe Systemforschung 
University of Osnabr/ick 
P.O. Box 4469 
4500 Osnabrfick, F.R.G. 

IIIrd INTERNATIONAL SYMPOSIUM ON QUANTITATIVE 
LUMINESCENCE SPECTROMETRY IN BIOMEDICAL SCIENCES 

23-26 May 1989 
State University of  Ghent,  Belgium 

Details from: 
Dr. Willy R. G. Baeyens 
Symposium Chairman 
Laboratory of Pharmaceutical Chemistry and Drug Quality Control 
Institute of Pharmacy 
State University of Ghent 
Harelbekestraat 72 
B-9000 Ghent 
Belgium 

THE XXVI COLLOQUIUM SPECTROSCOPICUM 
INTERNATIONALE (CSI) 

2-9 July 1989 
Sofia, Bulgaria 

The scientific program of the Colloquium will be distributed between plenary lectures, oral presentation in 
parallel sessions and predominantly poster sessions. 

PROGRAM TOPICS 

Basic theory, methods and applications of: 

1. Atomic-emission spectroscopy 
2. Atomic-absorption spectrometry 
3. Atomic-fluorescence spectrometry 
4. X-Ray emission and fluorescence spectrometry 
5. Vibrational spectroscopy 
6. Molecular electron spectroscopy 
7. Mass spectroscopy 
8. Non-linear spectroscopy 
9. Magnetic resonance spectroscopy 

10. 7-Ray and M6ssbauer spectroscopy 
11. Surface spectroscopy 
12. Astrophysical spectroscopy 
13. Molecular interactions 
14. Molecular structure 
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15. Sample preparation, introduction and standard reference materials 
16. Radiation sources and detectors 
17. Spectra acquisition and processing 

Special emphasis will be placed on the following analytical applications 

1. Analysis of metals 
2. Analysis of geological materials 
3. Analysis of industrial products 
4. Biological, clinical and pharmaceutical analysis 
5. Food and agricultural analysis 
6. Analysis of high purity materials 
7. Environmental analysis 

The working languages of CSI are English, French and German. There will be no simultaneous translation. 

Address for correspondence 

XXVI CSI'89 
Sofia University, Faculty of Physics 
Dept. of Optics and Spectroscopy 
5, A. Ivanov Blvd., 1126-30 Sofia, BULGARIA 
Tel. (3592) 62-74-75, Telex SUKO 23296 R BG 

THE 5th INTERNATIONAL CONFERENCE ON PARTICLE 
INDUCED X-RAY EMISSION AND ITS ANALYTICAL 

APPLICATIONS 

21-25 August 1989 
Amsterdam, The Netherlands 

Scope of the Conference 

Although, of course, the main emphasis will be on PIXE (both its methodology and its applications in various 
fields), attention will be paid to other accelerator-based analytical techniques such as those using nuclear 
reactions or using synchrotron radiation as the primary source. A special session on microprobe techniques 
will be included. Sessions will consist of both invited and contributed papers and posters. Workshops on 
special items such as data acquisition, reduction and analysis are also planned. Given sufficient interest, ion 
source development and quadrupole systems will also be covered in workshops. 

Contact address: 

Department of Physics and Astronomy 
Free University 
De Boelelaan 1081 
1081 HV Amsterdam 
The Netherlands 
Telephone : 020-5486224. 

ROYAL SOCIETY OF CHEMISTRY, LONDON, ENGLAND 

Anniversary Fellowship for Analytical Chemistry 

Council of the Analytical Division of The Royal Society of Chemistry has approved proposals for a 
ROBERT BOYLE FELLOWSHIP IN ANALYTICAL CHEMISTRY to mark the 150th Anniversary in 
1991 of the founding of The Chemical Society. The Fellowship will be awarded by the Trustees of the 
Analytical Chemistry Trust Fund. 
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It is intended that the Fellowship be awarded to an applicant making the most prestigious proposal within 
the realm of and of direct benefit to the advancement of Analytical Chemistry in the modern world. 

Although the initiative for the Fellowship arises from the desire to mark the 150th Anniversary of The 
Chemical Society, founded in 1841, it is noted that 1991 marks the tercentenary of the death of ROBERT 
BOYLE (1627-91) in whose work were to be seen the beginnings of modern chemical analysis. Therefore, 
the Fellowship is also dedicated to him. 

It is expected that the Fellow appointed will be at work at the time of the 150th Anniversary Celebrations 
of The Royal Society of Chemistry (within which are amalgamated The Chemical Society, The Royal Institute 
of Chemistry, The Society for Analytical Chemistry and The Faraday Society) to be held at Imperial College, 
University of London between April 9th and 12th, 1991. 

The Fellowship will be tenable at a British university, polytechnic, or research establishment having facilities 
to meet the approval of the Trustees. Prospective applicants should register their interest with the Secretary 
of the Analytical Division at the address given below. 
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THE LOUIS GORDON MEMORIAL AWARD 

The Editorial Board and Publisher of Talanta take great pleasure in announcing that the Louis Gordon 
Memorial Award for 1987 (for the paper judged to be the best written of those appearing in Talanta during 
the year) will be made to Professor Yu. A. Zolotov, of the Vernadsky Institute of Geochemistry and Analytical 
Chemistry, Moscow, for his paper "Analytical chemistry in the Soviet Union" (Talanta, 1987, 34, 1). 

The Louis Gordon Memorial Award for 1986 was presented to Dr. A. C. Mehta by Mrs. E. Maxwell 
at Headington Hall. Left to right: Dr. R. A. Chalmers, Mrs. E. Maxwell, Dr. A. C. Mehta, Professor 

J. D. Winefordner. 
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TALANTA ADVISORY BOARD 

The Publisher and the Editorial Board of Tufunta welcome Professor A. Asuero and Professor I. Roelandts 
as members of the Advisory Board. They also wish to record their sincere thanks for the help given by 
Professor S. B. Savvin, who retires from the Board. These changes will be effective from January 1989. 

AGUSTIN G. ASUERO was born in Huelva in 1951, and received his Thesis and Ph.D. Thesis degrees in 
Chemistry from the University of Seville in 1974 and 1976, respectively, under the direction of F. Pino. From 
1974 to 1976 he was Professor Ayudanre in the Faculty of Chemistry. In January 1977 he was appointed 
Professor Adjunto of Chemical Analysis and Bromatology of the Faculty of Pharmacy and since 1983 has 
been Professor in Charge of the Chair of Chemical Analysis of the same Faculty. He is a member of the 
Investigation Commission of the University of Seville, the scientific activity of which has been mainly in the 
field of trace analysis, including work on the spectrophotometric determination of metal ions, and reviews 
on trace elements and trace anions in foods, as well as in the theory and application of computation methods 
to overlapping equilibria. He is also interested in the analytical study of mixed aqueous-non-aqueous solvents 
and in the methodological aspects of analytical science. He is a member of The Royal Society of Chemistry, 
The British Society for the History of Science, The Royal Spanish Societies of Chemistry, Analytical 
Chemistry, Bromatology and Toxicology, respectively, and of the Andalusian Association of Food Scientists 
and Technologists. He has published over 80 research publications or review articles. To date 6 graduate 
students in Chemistry or Pharmacy have received Ph.D. degrees under his direction. 
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IWAN ROELANDTS tias born on 12 November 1941 in Verviers, Belgium. He studied chemistry at the University 
of Liege, where he graduated in 1964. He immediately joined the Department of Geology, Petrology and 
Geochemistry in that university and was in charge of the analytical laboratory. His main responsibilities were 
the development and application of precise and accurate analytical methods for dete~ination of major, minor 
and trace elements in rocks and minerals. In 1972, 1973 and 1976 he was a guest worker at the Mineralogisk 
Geologisk Museum at the University of Oslo. He obtained his Ph.D. from the University of Liege in 1975 
for work on determination of rare-earth and other trace elements in rocks by neutron activation analysis, and 
in 1976 became “Chef de Travaux” and lecturer in analytical geochemistry at the university. His main research 
interests include classical and physical methods of analysis (XRF, AAS, NAA, PIXE, PIGE, ICP), analytical 
separation techniques (co-precipitation, ion-exchange, solvent extraction) and rock analysis in general. He also 
paid great attention to reference materials and participated actively in the certification of many of them. 
Another of his interests is the analysis of biological, medical and environmental specimens by the PIXE 
technique. He has contributed nearly a hundred scientific papers in these fields, and presented many 
communications at international conferences and symposia. He has been a Regional Editor of Geosrandurdr 
New&tier since its launch in 1977, and is currently a member of the Editorial Advisory Boards of the Journal 
of Rad~o~n~lyii~~i and Nuclear Chemisrry, and Spe~~ro&~i~~~~ Acta, B. 



Two anniversaries V 

LETTERS TO THE EDITOR 

Talanta 

SIR, 

Anybody with even a modicum of interest in analytical 
chemistry must, I think. peruse Talantu quite often. I 
wonder how many readers have been puzzled-as the writer 
is-by the meaning of this title. It certainly is more lively 
and appealing than the variety of Archives-Memoirs- 
Acta-Journal-Zeitschrift to which one has become accus- 
tomed since time immemorial-but what does it mean? Its 
editors and authors may be talented-the Journal may be 
worth a talent of gold-but why the plural Talavra? And 
why was this title chosen? The writer dug out his old Greek 
dictionary, consulted the British Encyclopedia and the 
Oxford Dictionary, but no explanation was forthcoming. It 
might therefore perhaps not be out of place if the editor 
would give an explanation, either as a subtitle, or some- 
where on the cover or in the table of contents, either of each 
issue or at least from time to time, and so end this tantalising 
frustration. At the birth of the Journal, an explanation was 
probably given to midwives and bystanders but many 
readers may have missed this stage and so perhaps repetitio 
est mater studiorum. 

In spite, however, of this etymological uncertainty, vivat, 
crescat, floreat Talavra! 

I am, Sir, Yours, etc. 
WILLIAM STROSS 

I, Haydon Hill House 
Bicester Road 
Aylesbury, Bucks. England 
16 June 1962 

Dear Dr. Stress, 
Your enquiry, coupled with various other friendly en- 

quiries in the past, leads me to believe that an explanation 
of the name of our Journal might be of interest to a wider 
public. 

When we first projected the journal it was thought of as 
a sister journal to the already established Tetrahedron. It 
was, therefore, felt that it would be very appropriate if we 
had a Greek name to go with Tetrahedron, and one which 
was as closely associated with analytical chemistry as Tetru- 
hedron is with organic chemistry. Apart from this, we felt 
that it would be a very considerable advantage to have a 
name which did not actually contain the terms “analysis” or 
“analytical”; for the purpose of indicating references, it was 
desirable to choose a title which could not be confused with 
any of the existing journals in analytical chemistry. 

We consulted our Greek experts (we ourselves lay little 
claim to classical scholarship) and pointed out that the 
determination of the parts of a whole is fundamental to 
analytical chemistry. Their first suggestion was Stoicheion. 
We were tempted to accept this because it means quite 
precisely “element”; but we found that none of us could 
consistently spell the word correctly! The experts next said 
that the Greek word for a balance was Talanta (related to 
the Greek “talent” which, of course, was originally a weight 
of gold or silver). The rather obvious confusion with the 
word “talent”, as used in its more conventional sense, 
appealed to our sense of humour, or whatever one might call 
it! We tried the name out on various people and they were 
rather intrigued by it; it seemed to fit in very well with 
Tetrahedron; and, therefore, we adopted it. I think it is true 
that most people do not understand the implication of it. 
But the cover design was, in its first rough draft, designed 
by us to include the Greek form of the name in order to give 
some sort of clue about the origin of the word. 

Incidentally, the little vignette of balance which appears 
inside the cover is the result of a considerable amount of 

searching on the part of our Greek experts for an actual 
picture of a Greek balance. It is surprising how hard it was 
to track down one-we could get Egyptian balances and 
Roman balances, but this must be one of the very few 
authentic instances of an illustration of a Greek balance. 

Tailpiece: It is curious to find how many people cannot 
spell the present name of the Journal correctly. We are quite 
startled to find how often people refer to it as “Tuntula” and 
often speculate about what would have happened had we 
settled for Stoicheion! 

Yours sincerely, 

CECIL L. WILSON 

(Editor-in-Chief) 

Other variants of the name have appeared since then, 
of which “Talantala” is perhaps the most amusing- 
it might be transliterated into Japanese phonetics as 
“Tarantara” and will remind light opera fans of 
Gilbert and Sullivan’s Zolanthe. The logo of the Greek 
balance, from one of the Hope vases, also led to 
confusion on one occasion. A manuscript was re- 
ceived with a request to “consider it for publication 
at your usual rates”. It turned out to be by a lawyer, 
on the topic of “The Law of Contract Between 
Servant and Master”, but the temptation to send a 
bill for deciding to reject it was easily resisted. 

In its 30 years of existence, the journal has had only 
three Editors-in-Chief: Cecil Wilson from 1958 until 
his retirement in 1965, when he was succeeded by 
Maurice Williams (appointed Assistant Editor in 
1960, then Associate Editor in 1961), who resigned at 
the end of 1965 on becoming Journals Manager at 
Pergamon Press. The present writer was appointed as 
Editor-in-Chief from January 1966, the irony being 
that until then he had steadfastly claimed that he 
could see no need for Talanta, and his only associ- 
ation with it had been to recommend for publication 
one of the papers that had been treated by another 
journal in the manner that had first caused Ronald 
Belcher so much concern (the paper was not one of 
Belcher’s!) and thus contributed to the inception of 
Talanta. In a sense, the wheel had come full circle. 

No article on the story of Talanta would be 
complete without a heartfelt tribute to the patience, 
loyalty and friendliness of its authors and the referees 
(without whose care, help and dedication the main- 
tenance of the standards of the journal would have 
been impossible), the editorial assistants and the 
printing and production staff (without whom there 
would be no journal at all), the forbearance of the 
families of the editorial staff, and last but far from 
least, Robert Maxwell and Pergamon Press for un- 
stinting help and support in continuation of the 
journal they had the foresight and faith to establish. 
It has always been the aim of the journal to serve 
both authors and readers to the utmost of its ability 
by presenting work that was as correct as possible 
both scientifically and linguistically. Its current posi- 
tion in the spectrum of analytical journals is the best 
evidence of the extent to which that aim has been 
fulfilled. Semper JIoreat Talanta! 
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CORRIGENDA 

In the paper by Drora Kaplan, Dan Raphaeli and Sam Ben-Yaakov, Talanta, 1987, 34, 709, Dr. Kaplan’s 
address was incorrect. It should be The Jacob Blaustein Institute for Desert Research, Ben-Gurion University 
of the Negev, Sede Boqer Campus, 84990, Israel. 
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FOREWORD 

This special issue of Talanta is dedicated to the 
subject of fiber optic chemical sensors (FOCSs). 
Manu~~pts were solicited from world-renown~ 
researchers in the area of FOCS development. These 
researchers were invited to submit an original manu- 
script that details their most recent efforts in the area. 
The collection of papers in this issue is the result of 
these invitations. 

FOCS systems can be classified into the following 
three major groups: (1) remote, passive sensors; (2) 
flow-through sensing arrangements; (3) active sensing 
probes. The first category includes systems in which 
a natural optical property of the system (such as 
fluorescence) is continuously monitored through an 
optical fiber arrangement. The system is termed 
passive because no chemical reaction is required to 
generate the measured species. An example is the 
remote in situ sensing system described in the paper 
by Boisde and co-workers. These researchers have 
worked for many years on the development of tech- 
niques for passive remote sensing. Progress in the 
development of a system for remote monito~ng of 
uranium{III), (IV) and (VI) and plutonium~1) is 
presented. 

The second category includes flow-through 
arrangements in which a fiber optic-based detector 
cell is employed. Typically, an analytical reaction is 
used to generate an optically detectable species. The 
reagents required can be immobili~d either upstream 
of the detector or as part of the detector. Afterna- 
tively, reagent solutions can be added to the sample 
stream as part of the flow arrangement. Flow- 
through fiber optic systems are described in the 
papers by Narayanaswamy, Wolfbeis and Smard- 
zewski. Narayanaswamy and co-workers describe a 
novel tlow-through system for the measurement of 
fluoride ions in solution. The chemistry is based on 
an immobilized cerium(III)/Alizarin Complexone 
complex which goes from wine-red to blue upon 
complexation with fluoride. The report by Wolf&s 
describes a system for the detection of ~tentially 
harmful vapors. Polar solvents in gaseous samples are 
detected. Interaction of the solvent with a reagent 
that is immobilized in a fiber optic detector cell causes 
a change in the monitored light intensity. The Wolf- 
beis system is also constructed in a probe-type 
arrangement. A third fiber optic flow-through 
arrangement is detailed in the paper by Smardzewski 
et al. where preliminary results for a multicomponent 
analysis system are presented. Eight optical wave- 
guides are coated with selective analytical reagents. 
The sample (gaseous or solution) flows past the 
device and the analytes of interest react differently 

with each reagent. Signals from this fiber optic sensor 
array are processed to give the concentrations of all 
analytes in the sample. 

Active sensing probe-type FoCSs include devices 
in which the analytical reagent is immobilized at the 
tip of a fiber optic device (single fiber or fiber bundle). 
The immobilized reagent provides a detectable 
change in the optical signal in the presence of the 
analyte. The system can be used by dipping the probe 
tip into the sample and reading the resulting sensor 
signal. An example of this type of FOCS is the pH 
probe presented in the paper by Boisdi and co- 
workers. Recently, the validity of fiber optic pH 
probes has been challenged by Professor Janata 
(Anal. Chem., 1987, 59, 1351) based on thermo- 
d~arni~ considerations. Professor Janata questions 
the ability of these Sensors to accurately measure the 
hydrogen-ion activity in solutions with a varying 
matrix. In relation to this question, Edmonds et al. 
report here the results of their examination of the 
reliability of fiber optic pH sensors under typical 
experimental conditions. Their results indicate that 
current sensor designs provide poor overall re- 
liability. 

Novel FOCS probes are presented in the papers by 
Walt, Hieftje, and Seitz. Walt and co-workers report 
on development of a gas-sensing fiber optic probe for 
carbon dioxide measurements. In their sensor design, 
a pH-responsive layer and a gas-permeable layer are 
sequentially placed at the tip of a single optical fiber. 
The result is a small sensor with fast response times. 
Hieftje and co-workers report a novel sensing strat- 
egy for FOCSs. The rate of fluorescence quenching is 
measured and related to the concentration of the 
chemical species that causes the quenching. Alterna- 
tively, the rate of quencher removal by exchange with 
a non-quenching species can be used to quantify the 
non-quencher species. The paper by Christian and 
Seitz reports progress toward the development of an 
ionic strength sensor. The response of this last sensor 
is based on an energy transfer mechanism. 

Considerable work in the development of fiber 
optic biosensing probes is indicated by the large 
number of papers on this topic. First, Optiz and 
Lubbers present a brief overview of their pioneering 
work with FOCS based on electrochromic dyes, 
enzymes, and binding proteins. The concept of energy 
transfer is used by Meadows and Schultz in a novel 
type of glucose sensor. The binding protein Con- 
canavalin A (ConA), which is labeled with Rho- 
damine, and fluoroscein isothiocyanate labeled dex- 
tran are employed. Competition between the sample 
glucose and labeled dextrose for the limited ConA 

V 



VI Foreword 

sites is the basis behind this sensor. Km11 and CO- 

workers detail their most recent progress in the 
development of fiber optic sensors based on 
fluorogenic reagents immobilized in lipid membranes. 
Changes in the lipid membrane structure can be 
monitored as a change in the fluorescence signal. 
Sepaniak and co-workers discuss their progress in the 
development of fiber optic immuno-based probes. 
These probes employ a layer of immobilized antibody 
at the tip of a signal optical fiber. In this report, 
rare-earth metal chelates are evaluated as possible 
labels for these probes. Finally, a new strategy for 
biosensors is introduced by Arnold and co-workers. 
This novel approach is termed an “internal enzyme” 
configuration because the enzyme is located inside the 
sensor body. The analyte of interest must diffuse 
across a gas-permeable membrane where the anal- 
ytical reaction is catalyzed by the internal enzyme. 
The relative merits of this approach are discussed. 

details concerning innovative developments in the 
instrumentation used for FOCSs. A paper by 
Narayanaswamy and co-workers is dedicated to a 
description of their recently developed solid-state 
instrumentation for use with FOCSs. Their novel 
design is demonstrated with several pH-sensing 
probes. 

Overall, the area of FOCSs is growing rapidly. 
New sensors are continually being introduced. Many 
of the recently reported sensors are currently being 
characterized and evaluated in comparison with con- 
ventional technology. Although it is too early to 
generalize the relative merits of FOCSs over other 
more established systems, it is reasonable to expect 
that for certain analytes, FOCSs will be the system of 
choice in the future. I hope the publication of this 
special issue stimulates progress in this exciting area 
of Analytical Chemistry. 

Many of the papers presented in this issue provide MARK A. ARNOLD 
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JOURNAL NAME 

Title of software program: 

Software Survey Section 

TAI,ANTA 

P E R E A M O N  P R E S S  
SOFTHARE DESCRIPTION FORM 

Type of program: [ ] Application [ ] Ut i l i ty  [ ] Other 

Category: (ie.) stabil i ty constants, 
calibration, pattern recognition, optimization) 

Developed for (name of computer/s): 
in (language/s): 
to run under (operating system): 
available on: [ ] Floppy disk/diskette. Specify: 

Size Density [ ] Single-sided 
[ ] Magnetic tape. Specify: 

Size Density Character set 

[ ] Dual-sided 

Hardware required: 

Memory required: User training required: [ ] Yes [ ] No 

Documentation: [ ] None [ ] Minimal [ ] Self-documenting 
[ ]Extensive external documentation 

Source code available: [ ] Yes [ ] No 

Stage of development: [ ] Design complete [ ] Coding complete 
[ ] Fully operational [ ] Collaboration welcomed 

Is program in use? [ ] Yes How long? 
[ ]No  

Is the cont r ibutor  avai lable for  user inqui r ies:  

Dist r ibuted by: 

How many sites? 

[ ] Yes [ ] No 

Cost of program: 

Demonstration disk available? [ ] Yes Cost: 
[ ]No 

RETURN COMPLETED FORM TO: 

Dr. Mary R. Masson 
Department of Chemistry 
University of Aberdeen 

Meston Walk 
Old Aberdeen AB9 2UE, Scotland 

[This Software Description Form may be photocopied without permission] 
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viii SOFTWARE SURVEY SECTION 

Description of what software does [maximum: 200 words]: 

Potential users: 

Field/s of interest: 

Name of contributor: 

Inst i tut ion: 

# # # # # # #  

Address: 

Tel ephone number: 

# # # # # # #  

Reference No. [Assigned by Journal Editor] 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

[The information below is not for publication.] 

Would you l ike to have your program: 
Reviewed? [ ] Yes [ ] No [ ] Not at this time 

Marketed and distributed? [ ] Yes [ ] No [ ] Not at this time 

[This Software Description Form may be photocopied without permission] 
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