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Abstract

Capillary electrophoresis (CE) was developed for the rapid and simple determination of thiosulfate and its oxidation
products such as common polythionates, sulfite and sulfate. Direct and indirect UV detection techniques were investigated.
The optimized separations of UV absorbing S,02, S,027, S,0>" and S,0>  anions were carried out in 5 mmol 17+
(NH,),S0,, 5 mmol | ~* KH,PO, eectrolyte at pH 5.0, with direct UV detection at 214 nm. All analytes were well resolved
in less than 4 min. Analysis of S,027, S,02~, SO~ and SO~ ions can be performed in 5 mmol | ~* H,CrO,, 1 mmol | ~*
hexamethonium hydroxide electrolyte neutralized with triethanolamine to pH 8.0, using indirect UV detection at 254 nm.
However, the detection sensitivity for tetrathionate was poor. Other polythionates can not be detected at all because of their
high absorbance even at 254 nm. The developed CE method was applied for the monitoring of sulfur species in spent fixing
solutions during the electrolytic oxidation. [0 2000 Elsevier Science BV. All rights reserved.
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1. Introduction 25,037 - S,0F +2

Large amounts of thiosulfate and Ag(S,0.)s S,0% + 10H,0 - 4S0;™ +20H" + 14e~
anions are present in spent fixing baths. Silver from

such solutions is usually recovered electrolytically
[1]. In order to minimize unwanted environmental
contamination the conversion of thiosulfate to sulfate
iS necessary. In recent years various anodic oxidation
techniques were investigated for this purpose [1-3].
Anodic oxidation of thiosulfate was shown to yield
at first tetrathionate and then sulfate, according to the
following reactions:

However, sulfur chemistry is complex [4], and
intermediates formed in the redox reaction can react
with either the starting materials or themselves to
yield a number of related products. For example, the
tetrathionate formed above can undergo further
reaction with the unreacted thiosulfate to yield higher
polythionates according to the following equations

(S]:

- S,0% +5,02 . S,0; +S05
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The main problem in the optimization of oxidation
procedure is the rapid and simple monitoring of
sulfur species, especially polythionates, formed dur-
ing the oxidation process. The many published
papers on analytical methods for polythionate solu-
tions are deficient to various degrees in ability to
separate each anion, sensitivity, and simplicity and
rapidity of the procedures. Published methods were
based mainly on cyanolysis or sulfitolysis of poly-
thionates to form thiocyanate and/or thiosulfate ions
which are measured spectrophotometrically [6—8]. In
order to determine each species, the authors pro-
posed rather complicated procedures involving, for
example, temperature or pH controls, catalytic re-
action, and reaction time control. Because the time
involved in these procedures is long, the stability of
the analytes from the beginning to the end of
analysisisin doubt. An alternative basis, the electro-
chemical behavior of polythionates, was described
by severa authors [9-11]. However, the polaro-
graphic analysis of polythionates is difficult because
of their overlapping haf-wave potentials. In 1970
Karchmer wrote [12] “There appears to be no
satisfactory methods for the determination individual
polythionates in the presence of each other.”

In the last two decades different high-performance
liquid chromatography (HPLC) techniques were
investigated for the separation of common polythion-
ates [13—-16]. However, these methods have a lack of
selectivity, especially when concentrations of the
analytes differ significantly and/or when samples
with complicated matrix are analyzed.

In recent years the use of capillary electrophoresis
(CE) for the analysis of ionic analytes has grown
significantly. The most attractive features of this
technique are high resolution, short analysis times,
flexibility, ease of implementation, automation capa-
bility and low running costs [17]. Severa applica-
tions of CE were reported for the determination of
inorganic sulfur species such as thiosulfate, sulfide,
sulfite, sulfate and thiocyanate [18—22] in various
agueous samples but the separation of polythionates
was not studied.

In this work CE was investigated for the rapid
determination of thiosulfate and its possible oxida-
tion products including common polythionates. The
method was applied for the monitoring of sulfur
species in spent fixing solutions during the oxidation
process.

2. Experimental
2.1. Instrumentation

Separations were performed on a P/ACE 2100
apparatus (Beckman Instruments, Fullerton, CA,
USA) equipped with a UV detector with wavelength
filters (200, 214, 230 and 254 nm). Fused-silica
capillaries (Polymicro Technology, Phoenix, AZ,
USA) of 57 cm (50 cm to the detector) X 75 pm I.D.
were used. The solutes were injected in the hydro-
dynamic mode by overpressure (3.43-10° Pa, 6 9).
System Gold software was used for data acquisition.
All experiments were conducted at 25°C.

The oxidation experiments were performed on
P-5848 potentiostat (Russia) with flat carbon fiber
anode (3.14 cm®). The counterelectrode was a Ti
plate (ca. 1 dm?) located in a compartment connected
to the working chamber (52 ml) by a cation-
exchange membrane.

2.2. Reagents and solutions

All solutions, electrolytes and standards were
prepared with ultra-pure water from a Milli-Q system
(Millipore, Eschborn, Germany). The sulfur anion
standard solutions were prepared from sodium
thiosulfate, sodium hydrogen sulfite and sodium
sulfate. Thiosulfate and sulfite stock solutions (0.01
mol | %) were prepared and standardized following
the procedures described in Ref. [23]. Working
standard solutions were prepared every day in de-
gassed water.

Potassium tetrathionate was purchased from
Merck (Darmstadt, Germany). The method described
in Ref. [24] was used for the preparation of potas-
sium penta- and hexathionates. Purity of these re-
agents was checked by chemica anaysis [4].
K,S;04-1.5H,0 and K,S,0, sats were 96.5% and
83.0% pure, respectively. Working standard solutions
of polythionates were prepared daily in degassed
water.

Triethanolamine (TrEA) was purchased from
Sigma (St. Louis, MO, USA). Chromium acid solu-
tion (0.1 mol |™*) was prepared by dissolving of
CrO; (Merck) in water. Tetradecyltrimethyl-
ammonium hydroxide (TTAOH) (Merck) and 1,6-
bis(trimethylammonium)hexane ~ (Aldrich,  Mil-
waukee, WI, USA) hydroxide were prepared from



A. Padarauskas et al. / J. Chromatogr. A 879 (2000) 235-243 237

bromide salts by conversion using an OH~ form
anion-exchange material ARA-12P (Reachim, Rus-
sia).

2.3 Procedures

Each day before starting the analysis, the capillary
was rinsed with 0.1 mol |~ NaOH and water for 5
min, followed by the used carrier electrolyte for 10
[without electroosmotic flow (EOF) reduction] or 40
min. Between all electrophoretic separations the
capillary was rinsed for 2 min with carrier elec-
trolyte. All electrolyte solutions were filtered through
a 0.45-um nylon 66 membrane filter (Supelco,
Bellefonte, PA, USA) and degassed by ultrasonica-
tion.

Oxidation of thiosulfate was carried out at a
constant potential of 1.0 V vs. the standard hydrogen
electrode.

3. Results and discussion
3.1. CE with direct UV detection

As mentioned above, the electrolytic oxidation of
thiosulfate yields tetrathionate, sulfate and probably
higher polythionates SXOE_ (x=5, 6). Thiosulfate
and polythionates have relatively strong UV absor-
bance and this enables the use of more selective
direct detection at 214 nm. The choice of carrier
electrolyte is extremely important to the success of
any CE analysis. An electrolyte optimal for common
inorganic anions must have an anion with electro-
phoretic mobility closely matched to that of the
anions of interest if a high-resolution separation is to
occur. The electrophoretic mobilities of thiosulfate
and higher polythionates differ significantly. For this
reason we have chosen a mixed sulfate—phosphate
electrolyte with a medium mobility and relatively
high buffering capacity over the wide pH range.
Thiosulfate is known to decompose in acidic media
to elemental sulfur, hydrogen sulfide, and polythionic
acids (H,S,0;4) [12], with subsequent volatilization
of H,S and SO,. Therefore, al CE separations were
performed in the pH range above 5. In order to
reduce the analysis time, the EOF needs to be
reduced or reversed to allow the detection all fast
and slow anions. Alkyl ammonium salts have been

documented for most CE applications requiring
reduction or reversal of EOF [25].

Preliminary investigations were performed using
0.2 mmol |™* TTAOH as EOF-modifier in 5 mmol
| KH,PO, and 5 mmol | * (NH,),S0O, electrolyte
at pH 6.5. However, this electrolyte resulted in very
broadened and a poorly shaped peaks of polythion-
ates. Consequently, the accurate quantification of
these analytes is impossible under these conditions.
The variation of electrolyte pH in the range 5-10
does not improves the peak shapes. Likely, such
peak broadening is caused by the formation of
neutral ion-pairs between polythionate anions and
TTA" used as EOF-modifier. For this reason we
substituted TTAOH with dlightly hydrophobic 1,6-
bis(trimethylammonium)hexane  (hexamethonium)
hydroxide, a C, akyl diquaternary ammonium salt
that has higher solubility and lower tendency to form
ion-pairs [26]. The peak efficiency of the polythion-
ates in this case significantly increases but the peak
of hexathionate anion remains relatively broad. Con-
sequently, al further separations of thiosulfate and
polythionates were performed in the electrolyte at pH
5 without EOF-modifier. Due to the slow EOF at this
pH its reduction is not necessary.

The electropherograms obtained under optimum
conditions for a standard thiosulfate solution at 1 h
(@, 3 h (b) and 6 h (c) anodic oxidation process run
time are shown in Fig. 1. As can be seen, the major
oxidation product is tetrathionate, but some S 0%~
and S,02" are also formed during the electrolysis.
All analytes are well resolved in less than 4 min. In
comparison, these analytes can be separated by
HPLC in ~20 min with very low efficiency [16].

3.2, CE with indirect UV detection

Using the anodic oxidation procedure thiosulfate
must be completely converted to sulfate. Conse-
quently, the change in the sulfate concentration also
should be monitored during the decomposition pro-
cedure. Moreover, according to the reactions given in
introduction section sulfite can be formed in such
solutions. However both sulfate and sulfite have no
UV absorbance. For this reason, indirect UV de-
tection technique was aso investigated for the
determination of thiosulfate and its oxidation prod-
ucts.

Indirect UV detection in CE is a universal tech-
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Fig. 1. Electropherograms obtained under optimum conditions for a 0.025 mol | ~* standard thiosul fate solution (dilution 1:50) at 1 h (), 3 h
(b) and 6 h () anodic oxidation process run time. Electrolyte, 5 mmol |~* KH,PO,, 5 mmol |~* (NH,),SO,, pH 5.0; capillary, 57 cm
(effective length 50 cm) X 75 um; voltage, —30 kV; direct UV detection at 214 nm. Peaks: 1=S,0%"; 2=S,0%"; 3=S,02"; 4=S,0>".
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nigque to detect non-absorbing ions which requires
the presence of a chromophoric co-ion in the carrier
electrolyte providing a background signal. Two
different UV chromophores were studied: chromate
with a high electrophoretic mobility [27] and 1,2-
dihydroxybenzene-3,5-disulfonate (Tiron) as a repre-
sentative of UV chromophores with lower mobility

[28]. Both chromophores at 5 mmol |~* concen-

tration (1 mmol | ~* hexamethonium hydroxide, pH
8.0, detection at 254 nm) were compared regarding
to the peak shapes obtained for the analytes. How-
ever, only S,057, SO; , SO? and S,0% anions
were detected with both electrolytes. Moreover, the
detection sensitivity for SAOE_ was poor. Other
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Fig. 2. Electropherograms of a standard (1-10* mal 17*) anion mixture (g) and 0.025 mol | ~* standard thiosulfate solution (dilution 1:50)
a 3 h anodic oxidation process run time (b). Electrolyte, 5 mmol 17* H,CrO,, 1 mmol |~ hexamethonium hydroxide, pH 8.0 with
triethanolamine; indirect UV detection at 254 nm; other conditions as in Fig. 1. Pesks: 1=S,0% ; 2=S0%"; 3=S0%"; 4=S,0%".
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Fig. 3. Electropherogram of 1:200 diluted spent fixing solution sample at 10 h anodic oxidation process run time. Electrolyte, 5 mmol | ~*
TBAAc, 5 mmol |™* (NH,),SO,, pH 5.0; other conditions as in Fig. 1. Pesks: 1=S,0%"; 2=Br"; 3=NO;; 4=S,0."; 5=S,07";
6=S,0".
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polythionates can not be detected at all because of
their high UV absorbance even at 254 nm. Conse-
quently, indirect detection technique can be success-
fully used only for the determination of 8202_,
SOZ™ and SO anions. Using sodium chromate
electrolyte better peak shapes were obtained for all
detected anions. Therefore chromate was used for
further investigations.

The main disadvantage of sodium chromate elec-

trolyte commonly used in most publications is low
(or any) buffering capacity causing pH fluctuations
resulting from electrolysis by the separation voltage
[29]. That causes changes in the selectivity, problems
with reproducibility of migration times and peak
areas, and poor baseline stability. Therefore TrEA
was added to the carrier electrolyte as the counterca-
tion (instead of sodium) by neutralization a solution
of chromic acid with TrEA to pH 8.0. This amine
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Fig. 4. Electropherogram of 1:200 diluted spent fixing solution sample at 10 h anodic oxidation process run time. Electrolyte, 5 mmol | ~*
H,CrO,, 1 mmol I~ hexamethonium hydroxide, pH 8.0 with triethanolamine; capillary, 87 cm (effective length 80 cm) X 75 wm; other
conditions as in Fig. 2. Pesks: 1=S,0%"; 2=Br; 3=Cl; 4=S0; ; 5=NO;; 6=S03"; 7=S,0% .
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(pK,=7.9) has a good buffering capacity in the pH
range 7-9 and significantly improves reproducibility
of the system.

Fig. 2 shows the electropherograms for a standard
S,0%7, SO27, SO3™ and S,02” solution (8) and for
3 h oxidized standard S,05  solution (b) obtained
by indirect UV detection. Only a very small amount
of SO is detected in the oxidized thiosulfate
solution. Since in the real samples sulfite was not
stabilized with formaldehyde, such results possibly
may be explained by the higher tendency of sulfite to
further oxidation with air oxygen.

3.3 Analytical performance

For the assessment of the efficiency of the de-
veloped CE systems with direct and indirect de-
tection modes the repeatability (in terms of relative
standard deviation, RSD), limit of detection (LOD)
and linearity of calibration was determined. Re-
peatability experiments were performed by making
five consecutive runs with standard solutions con-
taining 2-10 * mol | ~* of each anion. The RSDs of
migration times and peak areas were in the range
from 0.4% for SO to 1.5% for SO5  and from
1.8% for S,03” to 6.8% for SO, respectively. The

significantly higher peak area RSD value for SOé_
probably can be explained by the higher oxidation
ability for this analyte.

The detection limits for a signal-to-noise ratio of 3
and 10 s hydrodynamic injections were in the range
from 8.0-10°7 mol |™* for S,02  (direct UV
detection) to 8.4:10°° mol |™* for SO; . The
calibration curves were linear in the concentrations
ranges 1.0-10 °-1.0-10 % mol |* for S,05 and
S027, 1.0-10 °-5.0-10 * mol |I* for S,0Z" and
S,0%, 1.0-10 °-6.0-10 * mol I * for S,02~ and
2.0-10 °~1.0-10 > mol I~* for SO%~ with correla-
tion coefficients (n=>5) ranging from 0.995 to 0.999.

34. Analysis of real samples

The optimized CE systems were applied to the
monitoring of sulfur species in spent fixing solutions
during the electrolytic oxidation. Large amounts of
UV absorbing bromide anions are also present in
such solutions. Investigation of Br— interferences
showed, that using both detection techniques thiosul-
fate partially comigrates with bromide. To avoid
such interferences, potassium phosphate in the elec-
trolyte was changed with tetrabutylammonium ace-
tate (TBAAC). In the CE analysis with indirect UV

Table 1

Determination of sulfur anions in spent fixing solution at different oxidation process run times (n=23)

Oxidation run time Analyte Found Added Found total Recovery

(h (mmol I7%) (mmol I7%) (mmol 17%) (%)

10 S,0%" 120 50.0 169 98.0
S,0% 38.8 50.0 86.6 97.2
S,0%” 114 10.0 20.8 94.0
S.02” 6.22 10.0 15.4 918
S0%” 180 100 282 102

20 S,0%" 52.4 50.0 102 99.2
S,0% 24.1 20.0 451 105
S,02” 3.16 5.00 7.90 94.8
S.02” 1.25 1.00 2.19 94.0
S0%” 260 100 363 103

30 S,0%" 9.55 10.0 19.7 1015
S,0% 132 10.0 230 98.0
S,0%” 2.10 2.00 402 96.0
S.02” NF? 5.00 476 95.2
S0%” 320 100 419 99.0

*Not found.
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detection a longer capillary (80 cm to the detector)
was used. Both these modifications significantly
improve the resolution between S,03” and Br~
without any deterioration of the separation selectivity
of other analytes studied.

Fig. 3 shows the electropherogram obtained for a
1:200 diluted spent fixing solution sample at 10 h
anodic oxidation process run time using modified
carrier electrolyte. The electropherogram for the
same sample obtained in chromate electrolyte with
indirect UV detection is shown in Fig. 4. As can be
seen, matrix components such as Br, ClI -, NO, do
not interfere in the determination of sulfur anions. A
recovery study was carried out with three samples
collected at different oxidation process run time. The
results are given in Table 1. The amount of SO%~
ions in diluted samples was too low to be de-
termined. As can be seen, the method proved to be
satisfactory for the determination of S,0% and its
oxidation products in spent fixing solutions with
simple sample preparation and with high speed
compared with existing analytical techniques.
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