
Journal of Chromatography A, 1099 (2005) 185–190

Sulfur speciation by capillary zone electrophoresis
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Abstract

In this paper, a capillary zone electrophoretic (CZE) method was developed for the separation of the sulfur species dithionite (S2O4
2−), sulfite

(SO3
2−), sulfate (SO4

2−) and thiosulfate (S2O3
2−). A carrier electrolyte (pH 7.0) containing 1.5 mmol L−1 pyromellitic (PM) acid, 10 mmol L−1

T
S .1% (v/v)
f the
d . Dithi
w ted, sulfite,
s 4.30–14.80,
5 photometric
d
©

K

1

i
b
i
c
h
s
w
s

I
t
i

an-
tion
in
rod-
n of
sta-
ulfate
ntra-
eing
ess.
to be
cen-
,
ing
ption
ntal

wet
e

0
d

ris(hydroxymethyl)-aminomethane (Tris), 0.5 mmol L−1 diethylenetriamine (DETA) and 0.1% (v/v) formaldehyde (as stabilizer for S2O4
2− and

O3
2−) allowed the determination of the sulfur anions after 9 min CZE separation with indirect UV detection at 214 nm. The addition of 0

ormaldehyde to the sample solution stabilizes dithionite and sulfite as HOCH2SO2
− and HOCH2SO3

− anions. The procedure was applied for
etermination of dithionite and its decomposition products sulfite, sulfate and thiosulfate in commercial formulations of bleaching agentsonite
as found to be the major component of the commercial formulations in concentrations between 30.80 and 33.30% (w/w). As anticipa
ulfate and thiosulfate were found to be present as decomposition or by-products in the commercial formulations at concentrations of 1
.20–5.70 and 0.30–0.40% (w/w), respectively. The results were found to be in good agreement with those of polarographic and spectro
eterminations.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Sulfur-containing substances play an important role not only
n the metabolism of organism and in environmental cycles,
ut also in many industrial processes. They are related by var-

ous oxidation and reduction reactions, disproportioning pro-
esses, and they also affect the behavior of other ions (e.g.
eavy metals) especially in the environment[1,2]. The analy-
is of sulfur species is of interest to control industrial products,
aste water and waste products, environmental and biological
amples.

Sodium dithionite is widely used as a reductant in industry.
t finds use as a bleaching agent in textile and paper indus-
ries, in the dyeing of cellulose fibers[3], in the manufactur-
ng of various chemicals, and as a biochemical reductant[4].

∗ Corresponding author. Tel.: +55 55 32208870; fax: +55 55 32208870.
E-mail address: leandrocarvalho@smail.ufsm.br (L.M. de Carvalho).

Dyeing of cotton fabric with anthraquinone vat dyes like ind
threnes or indigo occurs in an alkaline sodium dithionite solu
through a reduction reaction[5]. The concentration of dye
reduced form determines the quality of the dyed textile p
uct and it is highly dependent on the pH and concentratio
sodium dithionite. Since sodium dithionite is a relative un
ble compound that decomposes to sulfate, sulfite and thios
in aqueous media containing dissolved oxygen, the conce
tion of reducing agent as well as the concentration of dy
stuff in the dye bath can change rapidly during the proc
Therefore, a relative high excess of these compounds has
used in textile dyeing processes to avoid having their con
trations drop below the critical concentration[6]. Furthermore
the monitoring of dithionite in solutions used in textile dye
processes is very important in order to reduce the consum
of reducing agent and to obtain a more friendly environme
process[6].

The addition of dithionite is also routinely made to the
end process waters in paper and pulp production[7]. Thus, thes
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waters may contain large concentrations of sulfur species such
as sulfate, sulfite and thiosulfate, which have been found to be
corrosive towards the steel used in storage tanks. The formation
of thiosulfate in closed water circulation can also reach critical
corrosion concentration levels and lead to corrosion problems in
paper machines. Therefore, the monitoring of sulfur compounds
in paper machine process waters can also be helpful in reducing
corrosion and in optimizing consumption of dithionite during
the process[8].

Dithionite is also a component of household bleaching
agents in formulations which contain typically >30% (w/w)
sodium dithionite, and some additives such as soda, sodium
carbonate and tensides. Dithionite is extremely air sensitive
[9], and the commercial product is always contaminated with
other sulfur species, which are present unavoidably as by-
products or decomposition products. In the domestic bleach-
ing process of textiles, the commercial product containing
dithionite is mixed with water and heated for minutes or even
for hours depending on the temperature. During the bleach-
ing process, the dyers present in textiles are decomposed by
reduction[10].

In the methods reported in the literature, dithionite has
been determined by iodimetric[11,12], potentiometric[13],
amperometric[6] and spectrophotometric[13] titrations, Raman
spectroscopy[14], spectrophotometry[4], ion-chromatography
[15,16], polarography and voltammetry[17–19]. It is well
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The aim of this work was to study the capillary elec-
trophoretic separation of dithionite (S2O4

2−) and its decom-
position products thiosulfate (S2O3

2−), sulfate (SO42−), and
sulfite (SO3

2−) using pyromellitic acid for the indirect UV detec-
tion and formaldehyde as additive in the carrier electrolyte. The
use of formaldehyde as stabilizing medium for dithionite has
been already studied before[3,12,15,33], and it was applied
here for CZE separations. Considerations on the use of stabi-
lizing mediums for the accurate determination of dithionite and
sulfite by CZE were presented. The methodology was applied
for the sulfur speciation in commercial formulations of bleach-
ing agents used in the household. The results obtained were
compared with those of polarographic and spectrophotometric
determinations.

2. Experimental

2.1. Instrumentation and apparatus

A BioFocus 3000 capillary electrophoresis system (Bio-
Rad) equipped with a program controlled UV–vis detector
(190–800 nm) was used. Separations were performed using an
uncoated fused-silica capillary tube of 50 cm× 75�m I.D. (CS-
Chromatographie Service GmbH), with 25 kV of applied volt-
age. Indirect detection was performed at the anodic side by the
measurement of absorbance at 214 nm. A BioFocus integrator
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nown that the stabilization of sulfur species like dithio
nd sulfite is a fundamental requirement for an accurate
iation study. However, almost all the methods cited do
ffer a satisfactory stabilization of dithionite and sulfite in
ample, although their reactions with formaldehyde to f
OCH2SO2

− and HOCH2SO3
− stable anions have alrea

een established and reported in the literature[3,11,12,15].
Capillary zone electrophoresis (CZE) is increasingly b

sed in routine analysis of inorganic and organic ions in e
onmental and pharmaceutical samples[20]. The use of CZE fo
he analysis of sulfur speciation offers several advantages
s shorter analysis time (usually less than 10 min) in com

son with ion-chromatography[21–24], and a good selectivi
ecause the separation does not imply any interactions w
olid-phase. Small anions with high electrophoretic mob

ike inorganic sulfur anions, migrate strongly to the anodic ca
ary end and can be detected there (reversed polarity, becau
etector is normally on the cathodic end). The electroosm
ow, leading to the cathode, can retard or prevent the m
ion to the anode and need to be suppressed or reversed
s usually performed by the addition of modifiers (quatern
mmonium salts[25,26], or amines such as diethylenetriam

27]) to the separation buffer or by rinsing with these modifi
efore separation.

Indirect UV detection in CZE is a universal technique
etect non-absorbing anions that requires the presence of a
ophoric compound in the separation buffer providing a b
round signal[28]. Several buffer substances have been

or indirect UV detection of sulfur-containing anions, includ
hromate[7,25,29,30], phthalate[31], naphthalenesulfonat
32], pyromellitic acid[27,32]andp-aminobenzoate[26].
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rogram with reversed polarity was used to obtain positive p
nd to record all data.

The solutes were injected in the hydrodynamic mode
he cathodic compartment by pressure (5 psi s = 3.44× 104 Pa s)
ll experiments were conducted at 25◦C.
The spectrophotometric measurements were performed
Perkin-Elmer Lambda 40 UV–vis spectrophotometer

cm matched silica cells.
The polarographic measurements were performed us

etrohm 693 VA Processor in combination with a 694 VA St
all from Metrohm, Herisau). The three-electrode configura
as consisted of the static mercury drop electrode (SM

rom multi mode electrode (Metrohm) as working electro
n Ag/AgCl reference electrode with a 3 M KCl filling soluti
nd a platinum wire as auxiliary electrode.

.2. Reagents and solutions

All chemicals used were of analytical-reagent grade. W
as purified by a NANOpure II system (Barnstead). Sod
ulfite, sodium sulfate, sodium thiosulfate, sodium hyd

de, potassium chromate, diethylenetriamine (DETA) and
ydrochloric acid were obtained from Merck. Sodium dithi

te (85%), Tris(hydroxymethyl)-aminomethane (Tris), pyrom
itic acid (PM) and formaldehyde solution (36.5%) w
btained from Fluka. Sodium formaldehyde sulfoxylate (R
alite), and sodium formaldehyde bisulfite were obtained
ldrich.
100 mg L−1 standard solutions of the sulfur anions S2O3

2−,
O4

2−, SO3
2−, HOCH2SO2

−, and HOCH2SO3
− were prepare

ust before their use by dissolving the appropriate amou
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sodium salts in water. 100 mg L−1 S2O4
2− standard solution was

prepared by dissolving the appropriate amount of the sodium salt
in a 0.1% (v/v) formaldehyde aqueous solution.

A solution containing 1.5 mmol L−1 PM, 10 mmol L−1 Tris,
0.5 mmol L−1 DETA and 0.1% (v/v) formaldehyde (pH 7.0,
adjusted with 0.1 mol L−1 NaOH) was employed as carrier elec-
trolyte. A solution containing 9.5 mmol L−1 K2CrO4 (Merck),
1.0 mmol L−1 DETA and 0.1% (v/v) formaldehyde (pH 7.0,
adjusted with hydrochloric acid 30%) was tested as carrier elec-
trolyte in the optimization step of the work. The electrolyte
solutions were filtered through a 0.45�m membrane filter and
degassed for 30 min under vacuum prior to use.

2.3. Analytical procedure

The capillary was rinsed with water for 10 min and with a
0.1 mol L−1 NaOH solution for 15 min, and then equilibrated
with the carrier electrolyte for 40 min at the beginning of each
day. After each electrophoretic separation, the capillary was
rinsed for 2 min with water, 3 min with a 0.1 mol L−1 NaOH
solution and 4 min with carrier electrolyte (same composition
as the running electrolyte).

For the determinations using commercial formulations,
dithionite-based bleaching agents employed for textiles were
used as samples. The commercial samples had the following
composition according to the manufacturers: sodium dithion-
i ture
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The determination of dithionite is very difficult due to its
extreme sensitivity to oxygen in aqueous solution, and to the
spontaneous decomposition of such solutions even with the
exclusion of oxygen[35]. This decomposition depends strongly
on the pH, and at pH values close to 7 the main decomposition
reaction can be represented by the equation[36,33]

2S2O4
2− + H2O → S2O3

2− + 2HSO3
− (1)

However, the stabilization of dithionite in aqueous solution
can be achieved by adding formaldehyde both to the carrier elec-
trolyte and sample solution. It is well known that formaldehyde
converts S2O4

2− rapidly and quantitatively into the hydrox-
ymethanesulfinate and hydroxymethanesulfonate anions, which
are stable species in aqueous solution[3,11,12]

S2O4
2− + 2CH2O + H2O → HOCH2SO2

− + HOCH2SO3
−

(2)

The addition of formaldehyde to sulfite aqueous solutions can
also lead to its stabilization as hydroxymethanesulfonate anion
[3,34]

HSO3
− + CH2O → HOCH2SO3

− (3)

The stabilization of S2O4
2− in solution and its electrophoretic

separation under stable conditions could not be achieved by
using other stabilizing mediums, like those employed for sulfite
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te >30%, soda, anionic tenside and perfume (manufac
); sodium dithionite >30%, sodium carbonate, stabiliz
nd perfume (manufacturer B). For the analyses, 5 mg o
roduct was dissolved in 50 mL of a 0.1% (v/v) formal
yde aqueous solution for stabilization. All samples used

he analyses were filtered through a 0.45�m membrane fil
er before the measurements. The concentrations of S2O3

2−
nd SO4

2− in the samples were determined by the stan
ddition method (n = 5). The determination of S2O4

2− and
O3

2− concentrations was made by standard additions (n = 5)
f HOCH2SO2

− and HOCH2SO3
− solutions, respectively. Th

oncentration of SO32− was calculated by taking the differen
f the total HOCH2SO3

− (S2O4
2− + SO3

2−) concentration from
he HOCH2SO2

− (S2O4
2−) concentration. The final concent

ion of SO3
2− and S2O4

2− in the sample was then recalcula
rom the HOCH2SO2

− and the HOCH2SO3
− concentrations.

. Results and discussion

.1. Stabilization of dithionite and sulfite for capillary zone
lectrophoretic speciation studies

The stabilization of sulfur species that undergo decom
ition in solution prior to the analysis seems to be the m
mportant step in speciation studies. In a previous work[34],
e described a systematic study of different conditions for
te stabilization in aqueous solution as well as the capi
lectrophoretic separation of sulfite, sulfate, thiosulfate and
xodisulfate. A good stabilization for sulfite has been achi
y adding 5% (v/v) propanol as stabilizer to both the ca
lectrolyte and the sample solution[34].
r

t
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tabilization in aqueous solution[34]. A systematic study wit
hese stabilizing mediums and others described elsewhe
olarographic determinations[33] showed that dithionite wa
ot stabilized during the electrophoretic separation, so tha
lectropherograms were always composed of sulfite, sulfat

hiosulfate peaks. This behavior was also observed in othe
edures without the adding of stabilizers prior to the separ
f dithionite[8,27,37].

Therefore, the accurate determination of the unstable
ur species dithionite and sulfite by CZE should always inc
ppropriated stabilizers in both the carrier electrolyte and
ample solution.Table 1summarizes the experimental con
ions for determination of dithionite and sulfite in the prese
f decomposition products by CZE, considering the system
tudy performed with different stabilizers described previo
34] and in this work.

.2. Capillary zone electrophoretic separation of dithionite,
hiosulfate, sulfate and sulfite using formaldehyde as
tabilizer

The separation of S2O4
2− from other sulfur oxyanions b

on chromatography has already been reported in the liter
2,15,38]. To the best of our knowledge, the simultaneous s
ation of dithionite and its main decomposition products su
hiosulfate and sulfate has not been performed by CZE yet.
e have studied the possibility to separate these sulfur a
y CZE using two different carrier electrolytes for the indir
V detection. The carrier electrolytes were composed of
uffer, DETA as electroosmotic flow modifier, formaldehyde
tabilizer, and pyromellitic acid or chromate as UV-absor
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Table 1
Summary of experimental conditions for determination of dithionite and sulfite in stabilized forms by CZE

Sulfur species Sub-products Stabilizer Migration time Working electrolyte

SO3
2− SO4

2− Propanol[34] or 3.5 min (as SO3− ion) K2Cr2O4 9.5 mmol L−1

Formaldehyde[34] 6.5 min (as HOCH2SO3
− ion) DETA 1 mmol L−1

Propanol 5% (or formaldehyde 1%)
pH 10.3

SO3
2− SO4

2− Formaldehyde {6.2 min (as HOCH2SO3
−ion) PM 1.5 mmol L−1

S2O4
2− SO3

2−, SO4
2−, S2O3

2− Formaldehyde 6.2 min (as HOCH2SO3
− ion) DETA 0.5 mmol L−1

7.8 min (as HOCH2SO2
− ion) Tris 10 mmol L−1

Formaldehyde 0.1%
pH 7.0

probe (see Section2). Since HOCH2SO3
− ions can partly dis-

sociate in alkaline medium to give SO3
2− and CH2O[15,38], the

carrier electrolytes were buffered at pH 7.0 to assure a success-
ful stabilization of all the sulfur species in the electrophoretic
system.

Chromate ion, which has a high electrophoretic mobility
(0.72 cm2 kV−1 s−1), is ideally suited for detecting rapidly
migrating anions. Pyromellitic acid (PM), a polycarboxylic acid
with a lower mobility (0.55 cm2 kV−1 s−1), has also been suc-
cessfully employed[1]. In this work, we have found that a carrier
electrolyte at pH 7.0 containing 1.5 mmol L−1 PM, 10 mmol L−1

Tris, 0.5 mmol L−1 DETA and 0.1% (v/v) formaldehyde allows
the separation of S2O4

2− (as HOCH2SO2
− and HOCH2SO3

−
anions) and its main decomposition products SO3

2− (as
HOCH2SO3

− anion), S2O3
2− and SO4

2−, as shown inFig. 1.
However, the separation of the species HOCH2SO2

− and
HOCH2SO3

− could not be achieved by using the same elec-
trolyte system (pH 7.0) with chromate as UV absorbing probe,
and the electropherograms presented only one peak at 6.2 min.

F
S e
s
1
a c-
t ica
(

A possible explanation for the absence of a HOCH2SO2
− peak

in this carrier electrolyte is that chromate may act as an oxidizing
medium, converting HOCH2SO2

− partially or totally to SO42−
ions during the electrophoretic separation. The increased peak
observed for SO42− using this carrier electrolyte can support
this fact. However, this fact was not systematically investi-
gated in this work, since the separation of HOCH2SO2

− and
HOCH2SO3

− was successfully achieved in the carrier elec-
trolyte containing pyromellitic acid (PM).

As neither sulfate nor thiosulfate react with formaldehyde
in water, dithionite and sulfite can be stabilized and selec-
tively separated from these sulfur species as HOCH2SO2

− and
HOCH2SO3

− anions. Therefore, as both S2O4
2− and SO3

2−
ions react with formaldehyde in aqueous solution to form the
HOCH2SO3

− anion according to(2)and(3), the peak at 6.2 min
observed in the electropherogram (Fig. 1) represents not only the
S2O4

2− concentration, but also the SO3
2− concentration in solu-

tion. Nonetheless, the peak at 7.8 min obtained for HOCH2SO2
−

anion is selective for S2O4
2− (2) and can be used for their accu-

rate determination. It means that the SO3
2− concentration in

solution can be determined indirectly by taking the difference of
the total HOCH2SO3

− concentration (equivalent to SO3
2− and

S2O4
2− anions) from the HOCH2SO2

− concentration (equiv-
alent to S2O4

2− anion). An unknown peak at 4.3 min can also
be identified in the electropherogram, but without interference
o peak
i 0.1%
( be
a ity in
t

ons
b sing
t func-
t o
b
(

4

eter-
m fite,
s hing
a ula-
ig. 1. Electropherogram of a mixture containing S2O4
2− (100 mg L−1),

2O3
2−, SO4

2− and SO3
2− (each 50 mg L−1) in 0.1% (v/v) formaldehyd

olution; carrier electrolyte: PM 1.5 mmol L−1, DETA 0.5 mmol L−1, Tris
0 mmol L−1, formaldehyde 0.1% (pH 7.0); separation voltage:−25 kV; sep-
ration temperature: 25◦C; UV-detection: 214 nm (indirect); sample inje

ion: hydrodynamic (5 psi = 3.44× 104 Pa s); capillary: uncoated fused-sil
50 cm× 75�m).
n the peaks obtained for the sulfur species. Since this
s also observed in the electropherogram obtained for a
v/v) formaldehyde solution (blank measurement), it may
ttributed to an unknown anionic species present as impur

he reagent.
The detection limits for determination of the sulfur ani

y CZE using the PM carrier electrolyte were calculated u
he threefold baseline noise and slope of the calibration
ion of each sulfur anion (2–10 mg L−1) and they were found t
e 0.80 mg L−1 (S2O4

2−), 1.0 mg L−1 (SO3
2−), 0.45 mg L−1

SO4
2−) and 0.6 mg L−1 (S2O3

2−).

. Analytical application

The CZE method described above was applied for the d
ination of dithionite and its decomposition products sul

ulfate and thiosulfate in commercial formulations of bleac
gents used in the household. For this purpose, two form
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Fig. 2. Electropherogram of a dithionite-based commercial bleaching agent;
sample: 5 mg in 50 mL of 0.1% formaldehyde solution; carrier electrolyte: PM
1.5 mmol L−1, DETA 0.5 mmol L−1, Tris 10 mmol L−1, formaldehyde 0.1% (pH
7.0); other parameters as described inFig. 1.

tions from different manufactures were analyzed.Fig. 2shows
the electropherogram obtained for a 5 mg bleaching agent sam-
ple stabilized in a 0.1% (v/v) formaldehyde solution. As it can
be seen, sulfite, sulfate and thiosulfate are present in the sam
ple as decomposition products of dithionite. The presence o
these sulfur species in all the sample electropherograms may b
related to the decomposition of dithionite tometa-bisulfite and
thiosulfate at solid state[39,40]. The presence of sulfite and sul-
fate as decomposition products or by-products may be relate
to the subsequent decomposition ofmeta-bisulfite.

The experimental results obtained by the proposed CZE
method were compared to those obtained by polarographi
and spectrophotometric methods described in previous work
[33,41,42]. The results shown inTable 2were found to be in
good agreement concerning the dithionite and thiosulfate con
centrations determined by the comparative methods. The resul
have also shown that the analyzed samples contained dithioni
in concentrations close to that described by the manufacture
(>30% sodium dithionite), while sulfite, sulfate and thiosulfate

Table 2
Determination of dithionite, sulfite, sulfate and thiosulfate in commercial for-
mulations of bleaching agents (n = 3)

Sample Sulfur species (%)a

S2O4
2− S2O3

2− SO4
2− SO3

2−

M

M

were also present in the samples as decomposition products or
by-products.

5. Conclusions

Capillary zone electrophoresis with indirect detection at
214 nm using 1.5 mmol L−1 pyromellitic acid, 10 mmol L−1

Tris, 0.5 mmol L−1 DETA and 0.1% (v/v) formaldehyde (pH
7.0) as carrier electrolyte provides a rapid separation of dithion-
ite (as HOCH2SO2

− and HOCH2SO3
− anions), sulfite (as

HOCH2SO3
− anion), sulfate and thiosulfate. The stabilization

of dithionite and sulfite ions in the sample is very important
if accurate determinations are to be achieved. After the stabi-
lization in the sample using formaldehyde, dithionite can be
determined in the presence of its decomposition products after
9 min CZE separation. The method allowed the determination
of dithionite, sulfite, sulfate and thiosulfate in commercial for-
mulations of bleaching agents. The results obtained with the
proposed method were found to be in good agreement with those
of polarographic and spectrophotometric determinations, which
also prove the accuracy of the procedure. The CZE method
described may be useful for application in other particulate sam-
ples (e.g. from textile and paper industries) where the rapid
monitoring and control of dithionite and/or its decomposition
products is necessary, such as those already described in other
r
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anufacturer A
CZE 30.80± 1.0 0.40± 3.0 5.20± 2.0 14.30± 2.0
Polarography 31.10± 1.0 0.47± 2.0 – –
Spectrophotometry 29.40± 1.0 – – –

anufacturer B
CZE 33.30± 1.0 0.30± 2.0 5.70± 1.0 14.80± 1.0
Polarography 35.10± 0.7 0.33± 3.0 – –
Spectrophotometry 34.80± 1.3 – – –

a Values (%) expressed in w/w.
-
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ecent works[6,8].
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