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Abstract

lon chromatography of sulfide, sulfite, sulfate and thiosulfate in a mixture is often difficult because of instability of sulfide and sulfite,
poor separation of sulfide from common anions such as bromide or nitrate and similar elution-times for sulfite and sulfate. An ion-pair
chromatographic method for the determination of these sulfur anions has been established by stoichiometric conversion of sulfide and sulfite
into stable thiocyanate and sulfate, respectively, prior to the chromatographic run. Sulfate, thiosulfate and thiocyanate were resolved on an
octadecylsilica column with an acetonitrile—water mobile phase containing tetrapropylammonium salt (TPA) as an ion-paring reagent, and
thiosulfate and thiocyanate in the effluent could be measured with a photometric detector (220 nm) and sulfate with a suppressed conductivity
detector. When an acetonitrile—water (6:94, v/v) mobile phase (pH 5.0) containing 15 mM TPA and small amounts of acetic acid was used at
a flow-rate of 0.6 mImin?, the three anions could be eluted within 32 min. Calibration plots of peak height versus concentration for sulfide
(detected as thiocyanate) and thiosulfate gave straight lines up to 35 amd, 88spectively. The calibration plot for sulfide coincided with
that obtained by using thiocyanate. A calibration plot for sulfite, measured as sulfate, was also linear ydMicah86wvas in accord with that
of sulfate. Each calibration plot gave a correlation coefficient greater than 0.999. For six replicates obtained for a mixtupevb&80ide,
50.0pM sulfite, 50.0uM sulfate and 20.Q.M thiosulfate, the proposed method gave a mean value of 3. Wwith a standard deviation
(SD) of 0.77uM and a relative standard deviation (RSD) of 2.6% for sulfide, dRIL(SD =3.5uM, RSD = 3.5%) for the total of sulfite
and sulfate and 204M (SD = 0.44u.M, RSD =2.2%) for thiosulfate. Recoveries for sulfide, sulfite plus sulfate, and thiosulfate in hot-spring
water samples using the proposed method were found to be quantitative.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction taining sulfide and/or sulfite. lon chromatographic (IC) anal-
ysis is difficult due to poor separation of sulfide from both
In agueous solution, sulfur exists in different chemical the void volume[4,5] and common inorganic anions such
forms such as sulfide, sulfite, sulfate and thiosulfate, and fre-as chloride, nitrite and nitraf®,6]. Similar retention times
quently these are present in natural waters (river, lake andfor sulfite and sulfat§4,5,7,8]are also observed commonly.
hot-spring waters) and industrial effluents (food, pharmaceu- Recently, IC determination of sulfide, sulfite, sulfate and thio-
tical, leather and photographic wastewaters). Sulfide and sul-sulfate in the presence of large amounts of chloride has been
fite in an aqueous solution are very reactive and therefore areaccomplished, but detection by inductively coupled plasma
unstable, readily yielding sulfate and thiosulfate via air oxi- mass spectrometry was necesqds]. IC determination of
dation[1-3]. Various investigations have been made regard- sulfide, sulfite, sulfate, thiosulfate and thiocyanate in tannery
ing the spectrophotometri@,9] and ion chromatographic  wastewater has also been repoite4] and in this case, sul-
[4-8,10—-12]determination of sulfur anions in mixtures con- fide was estimated indirectly by oxidation of the five sul-
fur anions to sulfate and subtracting the calculated amount
* Corresponding author. Tel.: +81 463581211; fax: +81 463502004,  Of Sulfate equivalent to the total sulfur anions excluding
E-mail addressyamiura@keyaki.cc.u-tokai.ac.jp (Y. Miura). sulfide.
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The instability of sulfite has been addressed by re-

action of sulfite with formaldehyde to form a stable
sulfite—formaldehyde adduf&,3,12,15,16]but this reaction
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of 0.49 M TPA and small amounts of acetic acid, then dilut-
ing it to 500 ml with water. The acetic acid was employed
to adjust the mobile phase to pH 5.0. The mobile phase so

is strongly dependent on pH and has an optimal pH range ofobtained was filtered through a membrane filter (pore size,
5.6-8.62]. Sulfite in photographic fixer has been determined 0.2um) before use.
by this method16], and the sample solution was diluted ap- A sulfide solution was prepared from large crystals of
propriately to decrease interferences prior to stabilization of sodium sulfide (NgS-9H,0) using oxygen-free water. The
sulfite. A potential problem is that even a simple dilution crystals were washed rapidly with water in order to remove
step can cause the air-oxidation of sulfite. Therefore, there isany trace amounts of impurities from their surfaces and then
a growing interest in the establishment of a method for the dried by adsorption of the water with filter paper. An approx-
accurate determination of sulfide and sulfite in mixtures with imately 0.05 M sulfide solution was prepared by dissolving
the other sulfur species and also in the presence of commonrapprox. 2.5g of the crystals in 200 ml of oxygen-free wa-
inorganic anions in large amounts. A possible approach is toter and then standardized by iodimetric back-titraf@a7].
utilize the fact that sulfide and sulfite are converted quantita- Sulfite solution (approx. 0.05M) was prepared by dissolv-
tively into stable thiocyanate and sulfate, respectively, which ing 0.52 g of sodium hydrogen sulfite in 100 ml of the wa-
can then be determined by ion chromatography. These con-ter, followed by standardization using an iodimetric back-
versions not only stabilize these anions but also permit the titration [2,18]. Standard sulfate solution (0.1 M= 1.000)
complete separation of their reaction products from common was prepared by dissolving 7.172 g of sodium sulfate (99.0%)
anions. No investigation has yet appeared describing this ap-in the water and diluting to 500 ml. A thiosulfate solution
proach. of approx. 0.1 M was prepared by dissolving sodium thio-
In this study, an ion-pairing IC method has been developed sulfate pentahydrate in water containing a small amount of
for determination of sulfide, sulfite, sulfate and thiosulfate, sodium carbonate (0.01%) as a stabilizer, and the solution was
after conversion of sulfide and sulfite into stable thiocyanate then standardized by iodimetric back-titration one week af-
and sulfate, respectively. Sulfide was evolved from acidified ter preparatiofi2,3]. A thiocyanate solution (approx. 0.1 M)
solution as hydrogen sulfide, which was then collected in an was prepared by dissolving potassium thiocyanate in water,
alkaline mixture containing cyanide and hydrogen peroxide. followed by standardization using Volhard’s meth®].
This produces thiocyanate according to Eq. This standard solution was used to confirm the stoichiom-
etry and completion of formation of thiocyanate from sulfide
according to Eq(1). Working solutions of sulfide, sulfite,
sulfate, thiosulfate and thiocyanate were obtained by appro-
L : ! : priate dilution of their standards with water. Standard solu-
peroxide in an alkaline solution, according to reactigj tions (at the 10°M level) of each sulfide and sulfite were
2) used within 30 min after preparation in order to prevent time-
dependent changes in their concentration via air-oxidation
Thiocyanate (for sulfide), sulfate (for the total of sulfite [2,3,17] A commercial hydrogen peroxide solution (1 + 200)
and sulfate) and thiosulfate were then determined chromato-was standardized by iodometry, and was diluted with wa-
graphically, with thiocyanate and thiosulfate being measured ter.
with a UV detector and sulfate with a suppressed conductivity
detector. Common anions up to 10 mM did not give any in- 2.2. Apparatus
terference for the determination of these sulfur species. This
method was applied to the determination of sulfide, sulfate  The IC system used comprised a pump (Model LC-10AD,
(as the sum of sulfite and sulfate) and thiosulfate in hot-spring Shimadzu, Kyoto, Japan), a sample injection valve (Model
water samples. 7725, Rheodyne, Berkeley, CA, USA) equipped with a L0
loop, a silica ODS column (Lichro CART ODS, 4.6 mm
I.D. x 150 mm, Kanto Chemical Co. Inc., Tokyo, Japan),
a photometric detector (Model SPD-10AV, Shimadzu) and
a conductivity detector (Model CDM-1, Dionex, Sunny-
vale, CA, USA) used with a suppressor (Model AMMS,
Dionex). The conductivity and photometric detectors were
The water used was distilled twice and then deionized with connected in series, chromatograms obtained with each de-
a MilliQ-Labo system (Nippon Millipore, Tokyo, Japan). tector being recorded separately by recorder (Model U-135,
All of the chemicals used were of analytical reagent grade Shimadzu). A thermostat (Model BT-15, Yamato, Tokyo,
and were used without further purification. A mobile phase Japan) was employed to maintain the separation column at
comprising acetonitrile—water (6:94, v/v) at pH 5.0 contain- 23+ 2°C.
ing 15 mM tetrapropylammonium hydroxide (TPA) was pre- The apparatus used for evolution and absorption of hydro-
pared by adding 30 ml of acetonitrile to a mixture of 15.3ml gen sulfide is shown ifig. 1. The tips of the gas dispersers

HpS + CN™ 4+ Hp0p — SCN™ 4 2H,0 1)

Sulfite inthe sample was oxidized to sulfate with hydrogen

S032™ + Hy0p — SO +H,0

2. Experimental

2.1. Reagents
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[(C) and (D)] were fixed just above the bottom of a 30ml 2.3.3. Step Il (for determination of total amount of

vessel (A) and a 25 ml volumetric flask (B), respectively. The sulfite and sulfate)

flow-rate of nitrogen was regulated by a flow meter (Model A 10 ml aliquot of the sample solution containing the sul-
RK 1200, Kojima, Tokyo, Japan). fur species, 0.5ml of 5mM sodium hydroxide and 1 ml of
15mM hydrogen peroxide were added to a 25 ml volumet-
ric flask, which was allowed to stand for 1 min in order to
oxidize completely sulfite to sulfate as shown in a E).
Sulfide, thiosulfate and thiocyanate did not undergo any ox-
idation under these conditions. After diluting the mixture to
the mark with water, a 100l aliquot was injected under the
same chromatographic conditions as Step | to obtain chro-
matographic peaks after suppressed conductivity detection
for sulfate (equivalent to the sum of sulfite and sulfate), thio-
sulfate and thiocyanate.

2.3. Recommended procedure

2.3.1. Step | (for determination of sulfide, sulfate,
thiosulfate and thiocyanate)

The acetonitrile—water (6:94, v/v) mobile phase (pH 5.0)
containing 15 mM TPA was pumped through the ODS sepa-
ration column (23 2°C) at a flow-rate of 0.6 ml mint, and
a 100p.l aliquot of sample containing sulfide, sulfite, sulfate,
thiosulfate and thiocyanate was injected. Photometric detec-
tion at 220 nm was used to quantify sulfide, thiosulfate and
thiocyanate and conductivity detection was used to quantify

sulfate. 3. Results and discussion

3.1. Separation of the sulfur anions

2.3.2. Step Il (for determination of sulfide as
thiocyanate) In order to accomplish separation of sulfide, sulfate, thio-

A 0.5ml of 5mM sodium hydroxide, 2.5ml of 10mM  sylfate and thiocyanate at reasonable elution-times using
sodium cyanide, 1 ml of 0.5M hydrogen peroxide and 10ml the silica ODS column, mobile phases containing various
of water were placed into a 25 ml volumetric flask [(B) in amounts of TPA ion-pairing reagent and acetonitrile were
Fig. 1. A 10 ml aliquot of sample solution containing sul-  evaluated. The effect of changing the TPA concentration in
fide, sulfite, sulfate, thiosulfate and thiocyanate was addedan acetonitrile—water (694, V/V) mobile phase (pH 50) is
to a 30 ml glass-stoppered vessel [(A)Riy. 1. The flask  shown inFig. 2, which indicates that a concentration of TPA
was then connected as shownHig. 1 Two milliliters of in the range 10-18 mM is required for all four anions to be
2mM hydrochloric acid was added to the sample solution in resolved and to give acceptable chromatographic peaks. The
the vessel, and immediately after this, nitrogen was bubbled effect of concentration of acetonitrile in the mobile phase (pH
through the solution for 5 min at a flow-rate of 150 ml m’rn 50) Containing 15mM TPA is shown ifable 1 Increased
The hydrogen sulfide evolved from the acidified sample so- acetonitrile concentration greatly accelerated elution of the
lution was completely transferred to the reaction mixture in sulfur anions and concentrations in the range 5-8% (v/v)
the flask. The collection flask was then diluted to the mark provided good resolution and peak shape. A mobile phase
with water and allowed to stand for 10 min to permit the hy- (pH 5.0) of acetonitrile—water (6:94, v/v) containing 15 mM
drogen sulfide to be converted into thiocyanate according toTpA was selected as optimaL A Chromatogram obtained for
Eq.(1). A 100l of the solution was injected under the same  the four sulfur anions is shown iig. 3 Anions of sulfide,
chromatographic conditions as Step | to obtain a chromato- sylfate, thiosulfate and thiocyanate were detected at elution

graphic peak for thiocyanate which was equivalent to sulfide times of 6.4, 16.6, 20.0 and 31.2 min, respectively. Sulfate,
in the sample.

32
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o
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®) g 160 )
W — g
0) g osp : :
©
S 0
EJ 0 5 10 15 20 25
5

[TPA]/ 10 M

Fig. 1. Apparatus forevolution and absorption of hydrogen sulfide. (A) 30 ml  Fig. 2. Effect of concentration of TPA in mobile phase of 6% (v/v) acetoni-
glass stoppered vessel, (B) 25 ml volumetric flask, (C and D) gas dispersers,trile on elution of the sulfur anions. (1) Sulfide, (2) sulfate, (3) thiosulfate,
(E) silicone tubing. (4) thiocyanate.
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Table 1 tions for the quantitative evolution of sulfide from mixture of
Effect of concentration of acetonitrile in mobile phageH 5.0) containing the sulfur anions were investigated. This could be achieved
15mM TPA on elution of the sulfur anions using 2ml of each 1, 1.5, 2 and 2.5mM hydrochloric acid

Conce?tr_f“?; Of/ Elution time (min) to acidify the sample solution, with nitrogen then being bub-
acetonitrle (%, i) SO S,052 ScN- bled through the solution for each 3, 5 and 10 min at a flow-
5 6.5 188 208 345 rate of 150 mImint. Therefore, 2ml of 2mM hydrochlori_c
6 6.4 166 20.0 31.2 acid was used and the nitrogen was bubbled for 5min at
7 6.3 146 16.8 25.7 150 mImir 1, as described in Step II.
8 6.2 133 152 216 The effects of amounts of sodium hydroxide, cyanide and
10 6.2 110 12.4 157

hydrogen peroxide on the conversion of the sulfide separated
from the sample matrix as hydrogen sulfide into thiocyanate
were measured. The results are showraible 2 When 0.5 ml

of 5.0-10 mM sodium hydroxide, 2.5 ml of 8—2 mM cyanide
and 1 ml of 0.25-1.0 M hydrogen peroxide were used in the
reaction mixture and the mixture was allowed to stand for
10 min to convert the sulfide into thiocyanate (as described
in Step 1), height of the chromatographic peak obtained
for the sulfide was the same as that obtained for an equiv-
alent amount of thiocyanate. The fact indicates that under
3 . the above conditions, the evolved sulfide can be completely
converted to thiocyanate. A reaction mixture comprising
0.5 ml of 5mM sodium hydroxide, 2.5 ml of 10 mM sodium
cyanide and 1 ml of 0.5 M hydrogen peroxide was therefore
selected for conversion of sulfide into thiocyanate. The reac-
tion time on formation of thiocyanate from the evolved sul-
fide was changed. At a reaction time in the range 5-10 min,
the sulfide was found to produce quantitatively thiocyanate
Fig. 3. Separation of the four sulfur anions obtained according to Step I. &ccording to Eq.(1). A reaction time of 10min was

Photometric detection was used. Peaks: (1) sulfide (0.1 mM), (2) sulfate used.
(1.0mM), (3) thiosulfate (0.01 mM), (4) thiocyanate (0.01 mM).

12 6.2 95 10.1 13.7

a Mobile phase was pumped at a flow-rate of 0.6 miTdin

Absorbance —
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3.3. Measurement of sulfite as sulfate
which shows low absorptivity at 220 nm, appeared as a small

negative peak because of its decreased absorbance relative to Sulfite in an aqueous solution undergoes air oxidation,
that of the background. Measurement of sulfate was thereforewhich is accelerated when species such as copper(ll) and

performed using a suppressed conductivity detection. iron(ll) are present5,11,12] In this work, sulfite was there-
fore determined, after oxidation to sulfate, with the original
3.2. Measurement of sulfide as thiocyanate concentration of sulfate in the samplable 3shows the ef-

fect of amount of hydrogen peroxide used on the oxidation
In order to stabilize sulfide and to measure it without inter- of sulfite. One milliliter of hydrogen peroxide in the range
ference from common inorganic anions, sulfide was evolved 5-20 mM was found to oxidize completely sulfite to sulfate
as hydrogen sulfide and converted into thiocyanate. Condi-according to E¢(2). When 1 ml of 15 mM hydrogen peroxide

Table 2

Effects of concentrations of NaOH, NaCN ang®} on conversion of sulfide (1.26 10~* M) into thiocyanate

[NaOHP? (M) Peak-height (mm) [NaCNF (M) Peak-height (mm) [H20,]¢ (M) Peak-height (mm)

0.001 122 0 122 0 12%

0.001 110 0.001 65 0.050 59

0.005 122 0.002 91 0.125 108

0.01 123 0.005 109 0.25 119

0.01 122 0.008 122 0.35 122
0.01 123 0.5 121
0.02 122 1.0 123
0.02 12¢ 1.0 122

2 0.5 ml of NaOH was used with 2.5 ml of 10 mM NaCN and 1 ml of 0.5 W04,
b peak height was obtained from three replicated at 0.2 AUFS and 220 nm.
¢ 2.5ml of NaCN was used with 0.5 ml of NaOH and 1 ml of 0.5 M®4.

d 1 ml of HyO, was used with 0.5 ml of NaOH and 2.5 ml of 10 mM NaCN.

€ 10 ml of 1.25x 10~ M thiocyanate solution was used in place of sulfide.
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Table 3
Effect of concentration of KO, on oxidation of sulfite to sulfate
Concentration of H0,2 (M) Height of peak for SG7~ formed (mm)

4x 1074 M SOz%~ 4x1074M SZ- 4x 1074 M S,03%~ 4x1074M SCN~
0.001 129 ¢ ¢ -
0.001 75 £ < <
0.002 124 £ £ £
0.005 130 ND ND ND
0.010 131 ND ND ND
0.015 129 ND ND ND
0.02 130 ND ND ND
0.1 129 19.0 55 ND
01 13P - - -

ND, chromatographic peak of sulfate could not detected.
2 1 ml of HyO, solution was used.
b 10 ml of 4x 10~* M sulfate solution was used.
¢ Measurement was not carried out.

was employed, sulfite was quantitatively converted to sulfate  Height of the chromatographic peak being plotted ver-
at an oxidation time in the range 0.5-10 min. In Step lll, 1 ml sus concentration, calibration plots were linear in the range
of 15 mM hydrogen peroxide and the oxidation of sulfite for from the origin up to 6QuM for each sulfide and thiocyanate,
1 min therefore were selected. Under the same conditions,135uM for each sulfite and sulfate and @8 for thiosulfate,
sulfide, thiosulfate and thiocyanate were not converted to sul- respectively. The calibration plot for sulfide (as thiocyanate)
fate, as shown iflable 3 However, use of hydrogen peroxide coincided exactly with that obtained by using standard thio-
at concentrations greater than 100 mM did cause productioncyanate, and also the plot for sulfite was in agreement with
of sulfate from sulfide and thiosulfate and should therefore that for sulfate. Each calibration plot gave a correlation co-
be avoided. efficient greater than 0.999. For six replicates obtained for
The sum of sulfite and sulfate in a range of samples was a mixture of 30.QwM sulfide, 50.0uM sulfite, 50.0uM sul-
determined to validate the proposed procedure, the resultsfate, 20.QuM thiosulfate and 30.Q.M thiocyanate, the pro-
being given inTable 4 This table shows that conversion of posed method gave a mean value of 3(M with a rela-
sulfite to sulfate was quantitative and the method gave a truetive standard deviation (RSD) of 2.6% for sulfide, 3
value for the total sulfite and sulfate in the samples. (RSD =3.5%) for sulfate, 20[AM (RSD =2.2%) for thio-

3.4. Analytical performance characteristics

2
Standard mixture containing sulfide, sulfite, sulfate, thio-

sulfate and thiocyanate has been treated under the conditions '
described in Sectiok.3and the chromatograms obtained are
shown inFig. 4. Fig. 4A shows the chromatogram from Step
| on the UV detector (quantification of thiosulfate and thio- 3
cyanate) Fig. 4B shows the chromatogram from Step 1l on
the UV detector (quantification of sulfide as thiocyanate), and ‘J k
C
B
(A)

Response ——

Fig. 4C shows the chromatogram from Step Il on the con-
ductivity detector (quantification of total sulfite and sulfate).

Table 4 j{
Measurement of the total amount of sulfite and sulfate . } ) . . . . .
Amount taken (mM) S@ peak height in 0 Hﬁ 10 15 20 25 30 35

2— 2 chromatograrfi(mm) Elution time / min
SOs SOy
0 0.10 1178 Fig. 4. Chromatograms for the mixture of sulfide, sulfite, sulfate, thiosulfate
0.025 Q075 1175 and thiocyanate (A and B) were measured at 0.2 AUFS and 0.05 AUFS,
0.050 Q050 1172 respectively, by a photometric detector (220 nm) and (C) was measured at
0.075 Q025 1172 10pScnt! FS by a suppressed conductivity detector. (A) Chromatogram
0.10 0 1172 obtained according to Step I. Peaks: 1, sulfide (0.1 mM); 2, sulfite (0.5 mM)
0 0.020 231 and sulfate (0.5 mM), (3) thiosulfate (pM), (4) thiocyanate (5Q.M). (B)
0.010 Q010 229 Chromatogram for sulfide as thiocyanate treated according to Step Il. Peak
0.020 0 230 1, sulfide (3QuM). (C) Chromatogram for the mixture treated according

to Step lll. Peaks: 1, sulfite (0.2 mM) and sulfate (0.2 mM); 2, thiosulfate
a Conductivity detection was used ap$ cni 1 FS. (0.4 mM); 3, thiocyanate (0.4 mM).
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sulfate and 30.lM (RSD =2.7%) for thiocyanate. The de-
tection limits (as S/N = 3) were 08V (16 ppb) for sulfide,
0.7uM (67 ppb) for sulfate, 0.3M (34 ppb) for thiosulfate
and 0.3.M (17 ppb) for thiocyanate.

The effects of various foreign ions on the determination
of the sulfur anions were investigated using a sample con-
taining sulfide (30.@uM), sulfite (50nM), sulfate (5Q.M)
and thiosulfate (20.aM), treated according to Secti¢h3.

Cl—, NO,~, NOz~, Br—, 1=, CN—, HCO3~, Ho,PO; —, Na',

K*, NHg*, Mn(l1), Mg(ll) and Ca(ll) did not give any inter-
ference for the determination of the sulfur anions even when
present at concentrations as high as 10 mM. For the determi-
nation of sulfide, ions of sulfite, copper(ll) and iron(lll) also
did not interfere up to 5, 0.1 and 0.1 mM, respectively. Sul-
fide and thiosulfate at low concentratiorsd;5 mM) did not .
give any interference in the measurement of the total amount 0 5 10 15 20 25 30 35
of sulfite and sulfate, but these ions interfered at concentra- Elution time / min

tions above 0.5 mM due to the formation of small amounts of

sulfate durmg the oxidation of sulfite in Step I1I. Copper(ll) Chromatogram obtained for the sample diluted 10-fold and analyzed accord-

and iron(.lll) up tO'O.l and 1 mM, respectively, did not in- ing to Step |, (B) chromatogram obtained for the sample diluted 100-fold and
terfere with the thiosulfate determination, but copper(ll) of analyzed according to Step 1, (C) chromatogram obtained for the sample
higher concentration gave interference due to formation of diluted 100-fold and analyzed according to Step lIl. Peaks: 1, sulfite and

Response —

=

—(©)

K«w " (B)

Fig. 5. Chromatograms of sulfur anions in a hot-spring water sample. (A)

its complex with thiosulfate. sulfate; 2, thiosulfate; 3, thiocyanate; u: unknown species.

spring water samples. The results are giveiiable 5 and
3.5. Recoveries for the sulfur anions in the hot-spring Fig. 5 shows chromatograms obtained for hot-spring water
waters sample Il inTable 5 Recoveries for sulfide, sulfite plus sul-

fate, and thiosulfate in the hot-spring waters tested were quan-
The proposed method was applied to determination of sul- titative (99.5-101.3%), showing that there was no discernible
fide, the sum of sulfite and sulfate, and thiosulfate in hot- matrix interferences for these samples.

Table 5
Determination of sulfur anions in hot-spring waters
Sample Dilution factor Analyte added.{) Analyte found (1M) Recovery (%)
32032— SZ— SQ;Z 8042 82032_a SZ—b 8042—C 82032_ SZ— 8042—
I 1 0 0 0 0 d 0 0 0
15 200 150 400 600 - 150 - 1000
15 100 200 300 200 - 200 - 1000
10 0 0 0 0 0 - 18
10 200 100 500 500 199 - 1198 995 - 998
I 10 0 0 0 0 203 d d 0
10 0 0 0 0 20 9.1 66.6
100 200 100 200 500 - 190 - 990
100 100 200 500 500 - 291 - - 1000 -
100 250 100 150 100 272 - 925 1008 - 1012
100 130 300 100 200 150 - 972 1000 - 1000
11l 1 0 0 0 0 - 0 — -
15 200 100 500 500 - 101 - 1010
15 150 300 400 100 - 299 - 997
10 0 0 0 0 d - d
100 0 0 0 0 4 - 641
100 150 100 200 100 224 - 945 10Q0 - 1013
100 300 200 300 100 124 - 1043 1000 - 1000

(-) Measurement was not carried out.
@ Obtained by Step I.
b Obtained by Step Il.
¢ Obtained by Step IIl.
d The content was too high to be determined.



Y. Miura et al. / J. Chromatogr. A 1085 (2005) 47-53 53

References [11] C.O. Moses, D.K. Nordstrom, A.L. Mills, Talanta 31 (1984)
331.
[1] L. Szekers, Talanta 21 (1974) 1. [12] A. Beveridge, W.F. Pickering, J. Slavek, Talanta 35 (1988) 307.
[2] T. Koh, Y. Miura, Anal. Sci. 3 (1987) 543. [13] B. Divjak, W. Goessler, J. Chromatogr. A 844 (1999) 161.
[3] Y. Miura, M. Tsubamoto, T. Koh, Anal. Sci. 10 (1994) 595. [14] S. Jeyakumar, R.K. Rastogi, N.K. Chaudhuri, R.L. Ramakunar, Anal.
[4] R.E. Powlson, H.H. Borg, J. Chromatogr. Sci. 25 (1987) 409. Lett. 35 (2002) 283. _
[5] L.D. Hansen, B.E. Richter, D.K. Rollins, J.D. Lamb, D.J. Eatough, [15] L. Campanella, M. Majone, P. Pocci, Talanta 37 (1990) 201.
Anal. Chem. 51 (1979) 633. [16] M.J. McCorimic, L.M. Dixon, J. Chromatogr. 322 (1985)
[6] F. Hisser, J. Mattush, K. Heinig, Fresenius J. Anal. Chem. 365 (1999) 478.
647. [17] Y. Miura, M. Fujisaki, P.R. Haddad, Anal Sci. 20 (2004) 363.
[7] M. Weidenauer, P. Hofftmann, K.H. Lieser, Fresenius Z. Anal. Chem. [18] L.V. Haff, in: J.H. Karchemer (Ed.), The Analytical Chemistry of
331 (1988) 372. Sulfur and Its Compounds, Wiley-Interscience, New York, 1970, pp.
[8] P. Kokkonen, H. Hyvarinen, Anal. Chim. Acta 207 (1988) 301. 225-236.
[9] T. Koh, Anal. Sci. 6 (1990) 3. [19] I.M. Kolthoff, E.B. Sandell, E.J. Meehan, S. Bruckenstein, Quantita-
[10] T. Sunden, M. Lindgren, A. Cedergren, D.D. Slemer, Anal. Chem. tive Chemical Analysis, fourth ed., The Macmillan Company, Lon-

55 (1983) 2. don, 1969, p. 798.



	Stabilization of sulfide and sulfite and ion-pair chromatography of mixtures of sulfide, sulfite, sulfate and thiosulfate
	Introduction
	Experimental
	Reagents
	Apparatus
	Recommended procedure
	Step I (for determination of sulfide, sulfate, thiosulfate and thiocyanate)
	Step II (for determination of sulfide as thiocyanate)
	Step III (for determination of total amount of sulfite and sulfate)


	Results and discussion
	Separation of the sulfur anions
	Measurement of sulfide as thiocyanate
	Measurement of sulfite as sulfate
	Analytical performance characteristics
	Recoveries for the sulfur anions in the hot-spring waters

	References


