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in natural waters’
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Abstract—- A systematic analytical method for the species of trace sulfur in water has been deve~
loped by using electrochemically coulometric titration in combination with several separaticn and
concentration techniques. Based on the reaction of iodine with sodium azide, the studies were car-
ried out on the catalytically coulometric determination of ppb levels of ionic or molecular sulfides,
thicsulfates and hydrogen sulfide in water; constant current ceulometric determination of sulfites;
and indirect coulometric determination of sulfate salts and esters. Coupled with the determination of
the content of total sulfur, the scope of distribution of the species of inorgani¢ sulfur( including
trace sulfur compounds in lzbile state) and organic sulfur in weter was given. The method thus de-
veloped was found to be featured by being easy and reliable to operate with a higher sensitivity and
reproducibility and to be applicable to the analysis of sulfur species in water.
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1 Introduction

The total amount of an element in a water body is a sum of all chemical species of the
element present in the water body. The ability of transportation of an element and its biolog-
ical effects in an agueous environment are usually not dependent on its total amount, but
rather closely related to its chemical species and the respective levels of these species. Sulfur
is a widely distributed element in nature and has a number of species present in water bodies.
These different species are extremely easy to be converted into each other, and even some of
them are very labile and at an extremely low concentration so that they are difficult to be de-
tected.

Because of the importance in the formation of acidic precipitation, the accurate informa-
tion about sulfur species in water is necessary to understand the sulfur cycle. In comparison

to oceans, lakes tend to have lower dissolved solid and higher particulate loads, with higher
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biological activity, greater ratio of sediment to water surface areas, and very transient trans-
port and mixing features, and may be influenced more by inputs from rivers and industrial
sources. This report presents the first systematic investigation of the distribution and specia-
tion of sulfur in the Fuhai Lake in Beijing.

In view of the obvious differences in the chemical behavior of sulfur in different oxida-
tion states, numerous methods have been tried in a continuing effort to quantify the sulfur
species in natural water. At present, the spectrophotometry (Lander, 1983), complex titra-
tion(Berner, 1964) and polarography (Luther, 1985) are still used as major methads for the
analysis of some sulfur species,

The interest in the development of a new analytical system for sulfur speciation stimu-
lated us to investigate the coulometric behavior of sulfur compounds. With the catalytically
coulometric titration to determine trace sulfides, thiosulfates and dissolved hydrogen sulfide
the indirect coulometric titration for sulfate salts and esters and total sulfur, and the con-
stant current coulometric titration for sulfite, seven sulfur species in lake water and their
speciation distribution had been well detected by the coulometric analytical system. And

some separation and preconcentration techniques were studied.

2 Experiment

2.1 Instruments
A coulometric titration apparatus (Fig. 1), and a SJP-1A oscilopolarography ( DME,
Pt, Ag/AgCl) were used in this study.
2.2 Reagents
Pt indicator Pt wire suxiliary All chemicals used were of analytical reagent

eiectrodes electrode L.
grade, and redistilled water, a standard sulfate solu-

g i tion (0. 010mg/ml), and an element sulfur solution
[ [} .
5 Pgum ' (5.000mg/ml), a 50% aqueous alcohol solution
........ 4 M
;-:3' o I.' Indication systen WeT€ used. Heparin-5 was taken as a representative
g5 of sulfate ester; stock sulfide solution (5mg/ml),
o ow
Electrodes cell 1:‘} Soneritor  stack thiosulfate solution(1mg/ml) and stock sulfite

solution (1mg/ml) were all standardized in iodomet-

Fig. 1 Schematic diagram of coulometric titration | . .
rically before use. Working solutions were prepared

Reagents
by dilution of stock solutions before use. An acidic
barium chromate solution (2. 5mg/ml), a sodium
azide solution(3. 1mol/L), a zinc acetate (0. 4émol/L)-sodium acetate (0. 15mol/L) solution
a polassium iodide solution (1mol/L), and a zinc nitrate solution (0. 1lmol/L.) were also
used.
2.3 Analytical procedures
The fresh natural water samples to be tested were collected from the Fuhai Lake in the
Yuan Ming Yuan (the Burnt Palace), Beijing, in April 1993 and taken from a depth below

the water-air interface in the lake. After collected, each of the water samples was immedi-
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ately divided into two portions as follows;

A a turbid fresh water sample;

B: a fresh water sample filtered through a 0. 45 pm microporus membrane, with the re-
sulting filtrate used to be tested for dissolved sulfur species.

All the samples were stored at 4°C and isolated from air to prevent any oxidation reac-
tion until their use for an analysis. The dercrminations were carried out within 24 h after
sampling,.

2.3.1 Determination of sulfide and th-io'sulfated {electroactive) with the catalytic coulo-
metric method developed in our lab

To 200 ml of each fresh sample (A or B) 10ml of 0.1 mol/L zinc acetate and 2.5 mlof 1
mol /L. NaOH were added. The mixture was stirred completely, then the resulting precipitate
was filtered off through a 0. 45pm filter, and transferred into an electrolytic cell (20°C) con-
taining 10ml of 0. 02 mol/L sodium azide and 0.1 mol/L KI(pH 6. 03, then the amount of
sulfide was measured with the catalytic coulometric method (Li, 1993). 5 ml of the resulting
solution (pH 7. 0) was pipetted into an electrolytic cell (22°C) containing 5 ml of 0. 06 mol/L
sodium azide and 0.1 mol/L KI and was determined (pH 6. 0) for the amount of thiosulfate
hy using the catalytic coulometric method.

2.3.2 Determination of sulfate, sulfate ester (non-electroactive) and total sulfur with the
indirect coulometric method developed in our lab. (the water samples had to be preireated for
determining sulfate ester and total sulfur)

2. 0 ml of fresh sample (A or B) was pipetted into a 25 ml volumetric flask, to which
9.0 of barium chromate solution, 4 ml of 6 mol/L ammonia water and 8 ml of anhydrous al-
cohol were added and the content was made up to the mark. The solution was filtered
through a 0. 45pm filter. 7 m! of 4 mol/L HCI and 4 ml of 1 mol/L KI added to the filtrate
and the mixture was allowed to stand for 20 min in the dark. After adding the standard thio-
sulfate solution, the excess of thiosultafe was titrated coulometrically with a blank being de-
termined simultaneously.

3.3.3 Determination of sulfite (electroactive) with the constant current coulometric
method developed in eur lab

50 ml of each fresh sample (A or B) were adjusted with 0. 2 mol/L NaOH to pH 13,
then acidified with 0. 5 mol/L sulfuric acid to liberate sulfur dioxide (Sulliven, 1990). The
solution was bubbled with a stream of nitrogen for 40 min and the sulfur dioxide evolved was
absorbed in 5 ml of 0. 1 mol/L sodium tetrachloromercurate-0. 5 mol/L KBr(pH 6. 0). Sul-
fite was determined by using the method of Yan et al. (Yan, 1982).

3 Results and discussion

3.1 Determination of total sulfur by preoxidation

To oxidize all forms of sulfur compounds into sulfate, Nriagu et al. (Nriagu, 1985)
used hydrogen peroxide and boiled the agalyze for 1h, and Shan et al. (Shan, 1992) used
NaOH to trap hydrogen sulfide which was then oxidized with hydrogen peroxide. However,
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our results in this study show that 2 ml of turbid water sample (A) was oxidized by adding 2
drops of 30% hydrogen peroxide and then adding 1 m] 1 mol/L HC! and then boiled and
evaporated on a water-bath to remove the excess hydrogen peroxide completely. Then the
concentration of total sulfur was determined with the indirect coulometric method developed
in our lab. The recovery in the method was 92. 6—97. 6%4.

The relative standard deviation for the determination of 50ug sulfate in water under the
optimized conditions was 1. 9% (#=35). The recovery was from 95. 3% to 162. 8%.
3.2 Effect of saponification time on sulfate ester (represented by Heparin-S)

The amount of sulfate in sulfate ester was determined with method (2) indirectly.
Through a saponification the sulfate was liberated from the sulfate ester at pH 13. The
saponification was found to have an optimied time of 4 h and a recovery of 96. 0% (Table 1).

Table 1  Effect of saponification time on sulfate ester

Reaction timesh 1 2 3 4
17.5 21.7 23.8 24.2

SO ,ug 17.0 22.0 23.5 24.1
17.2 22.2 23,7 23.9

Heparin-S sample containing 25. 0 pg sulfate

Table 2 Application of several pretreatment technlques to determining sulfur compounds

No. Methods {theory) Separation Determination Tons
techniques methods
1 Physical-mechanical Fiftration Coulometric 50,
scparation analysis
2 Catalytic effect Coprecipitation Catalytic H:S, 8¢
and distillation coulometry 0.2
3 Auxiliary balance Solvent Polarography 50
extraction

3.3 Preconcentiration of sulfide using distillation

The effect of pretreatment techniques on sulfur species was studied and shown in Table
2.

To preconcentrate and separate trace amount of sulfide from natural water, the water
was pretreated by using distillation and coprecipitation. The conditions for recovering differ-
ent amounts of sulfide from samples were optimized by distilling 100 ml of water sample with
30 ml of ¢ mol/L HCI for 15 min at 50—~60°C and bubbling with nitrogen. Evolved hydrogen
sulfide was adsorbed in 5ml of zinc acetate-sodium acetate, then determined with catalytic
coulometric titration. The results are listed in Table 3. The recovery was ranged from 72 %
to 88%. Therefore, the distillation method is not satisfactory.
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Table 3 Results of distilling different concentration of sulfide

Taken %, Distilling soln. » Absorbing soln. Found 827, Recovery.
ng ml mi ng P
a0 100 5 42 80
50 100 5 a6 7é
100 100 5 88 88
100 100 5 85 25
250 100 3 215 86
250 j00 5 203 82

3.4 Separation of sulfide and thiesulfide by coprecipitation

Sakuragawa et al. {Sakuragawa, 1980) used zinc nitrate-sodium carbonate coprecipitant
in UV-VIS to determine sulfide. However, it was found to be unsuitable for an electro-
analysis. Because carbonate was at a higher level in the water sample, the hydrogen sulfide
produced from acidified precipitate was easy to evolve while producing carbon dioxide, and
the carbon dioxide gas would absorbed onto the surface of platinum electrodes surface and af-
fected the assay results. Instead, satisfactory results can be obtained by using 10 ml of 0.1
mol/L zinc nitrate and 2. 5 ml of 1 mol/I. NaOH as coprecipitator in the determination of 200

ml sample., The effect of the amount of NaOH on the recovery is shown in Table 4.

Table 4 Effect of sodium hydroxide concentration on the recovery

Added 57, Volume of soln, Coprecipitant, ml Recovery” .
ng ml Za(NO;);—NaOH b
% Imoi/L Imol/L
200 200 10 2.5 98
200 200 10 2.0 95
200 200 10 1.5 73
200 200 10 1.0 73

% Average value of three replicate determinations

The recavery was below 88% by using centrifugation (30min) to separate the precipi-
tate, but it was increased to over 95% by filtering through a 0. 45pm filter.

After preseparating sulfide and thiosulfate by coprecipitation, the RSD of § replicate
samples were 2. 6% for 250ng of sulfide added and 1. 1% for 100ng of thiosulfate added with
a recovery of 97.5% —106. 1% and 95. 0% —100. 5% respectively.

Studies on the conditions required to optimize the determination of dissolved suifite,
such as sodium tetrachloromercurate, KBr and NaOH concentrations, have been well investi-
gated (Yan, 1982; Sulliven, 1940). These results have been confirmed through our experi-

ments in cur experimental system.
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3.5 Extraction of dissolved hydrogen sulfide

To trap the dissolved hydrogen sulfide, 1000 mi of fresh sample was lilled in a sealed
flask and bubbled with a stream of nitrogen for 2 h and the evolved hydrogen sulfide gas was
absorbed in 5 m! 0. 4mol/L. zinc acetate-0. 15mol/l. sodium acetate, then determined by
method (1). The preseparation method was applied to determing dissolved sulfide a level of
0.1 ng/L.
3.6 Application to lake water

Sulfur occurs in a wide rang of species in water, which can be divided into five groups.
They are closely related to pH in natural water. The dominant forms and species which are

possible to exist are listed in Table 5.

Table 5 Dominant sulfur forms and species

No. Oxidativn No. Molecules Tons Others
1 “+6 H.S80, H50,", 50,% Polysuliur
2 +4 HLSO, HSOs~, S0, Organic salfur
3 +2 HS057 7, 8,047
1 0 3¢
> —2 H:5 HS , 8~

Water sample
Riltered trough a
0.45um film

A. suspended S 4-B. Colloida' 8§  C Totsl § D Dissolved §

| |

Ron-electroactive .
Non-electroactive

|

Electroactive Blectroactive

g 3042— 5° fnorganic § ) 52— 5042"

504" Urgagic § Trace Sx 5x™ 5,02~ Diganic §
5 {ep. sulfate Organic 3 50,2~ (ep. sulfate

505 ester) N ester)

HIS

Fig. 2 Distribution scheme of major sulfur species

Jasiniski(Jasiniski, 1974) divided metal species into two groups: electraactive and non-
electroactive species. For this reason and based on the electrical properties of sulfur ions,
sulfur species was described by us as above scheme (Fig. 2) to describe the major sulfur
species found in the Fuhai Lake in the Yuan Ming Yuan Park, Beijing, With the electrical
properties of sulfur ions(or molecules) and coulometric titration methods, it was possible to

directly and quanrtatively measure all species, and to obtain the distribution of sulfur species
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in dissolved, suspended and colloidal forms and total amount in natural water, The details

are shown in Table 8.

Table 6 Assay results of sulfur speclation in the Fuhai Lake, Yean Ming Yuan, Beljing

No. Dissalved § Suspended S Colloidal 8§ Total amount
found, found, found , found,
pg/ml rg/m! pg/ml g /ml

80, 1 58.5 7.0 £5.5

2 58.2 7.7 63. §

3 58. 7 6. & 65.2
52 1 0.3X107% 2,7%1073 3.0x1073

2 0.3x1073 4.2x10°* 4.5X10"3

3 0,2X1673 L0x107* 3.2x10°3
H.S <0.2X1310°3
8,042~ 1 1.3X107¢8 1.3X1073

2 1. §x10°® 2.0x107%

3 2,0X1073 2.0x10°?
8042~ 1 0. 03 0.03

2 0.04 0. 04

3 0. 05 0. 05
Colloidal 3" * 0.7X1077? 0.7x 1073
Sx"s Sa%” - - - -
Sulfate 1 2.1 0.3 2.4
ester 2 2.0 0.5 2.5

3 2.2 0.4 2.6
Inorganic 5* 58. 4 7.1 65.5
Orgenic S$*° i 8.8 0.9 9.7
Total S 1 67.5 7.6 75.1

2 65. 2 9.2 4.1

3 68.9 7.2 76.1

* Average value of three replicate determinationss # The elemental colloidal 8 (non-electroactive) in 100ml water

sample was extracted with CHCL;s and then determined with the oscillocolar polarography developed by Zhao(Zhao, 1582

Samples were taken in April 1993 with a pH value of 7. 2 at a temperature of 7°C. The
concentrations of all species were expressed as sulfate amount. Trace S,” and S2= were not
detected. Suspended S was the difference between total sulfur and dissolved S.

Inorganic § = sulfate + sulfide + thiosulfate + sulfite + element sulfur

Organic S = total sulfur - inorganic S.

Comparative experiments were carried out and results are listed in Tahle 7.
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Table 7 Assay results of sulfur species using comparative methods

Species Assay result, Comparative method Comparative experiment
pe/ml result, pg/ml

30,2 65.5 ic 64,2

g 3.0x1073 Ocilopolar 1.6X1073

5,00,2~ 1.3x10°2 Ocilopolar. *

SO 0,03 Ocilopolar *

Total S 75,1 ICP 73.8

» Below the detection limit

4 Conclusion

The analysis results confirm the avzilability and reliability of the electroanalytical
method and the speciation scheme for the determination and distribution of diverse sulfur
species in natural water.

The application of the sensitive and accurate analytical procedures for the determination
of dominant inorganic sulfur (including the transportation of some sulfur compound species)

and organic sulfur in natural water has been demonstrated.
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