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SUMMARY 

Using headspace gas chromatography, the distribution coefficients, Ki, of se- 
lected organosulphur compounds in air-water system as well as their temperature, 
ionic-strength and concentration dependences have been determined. Based on the 
Ki values, the detection limits for direct headspace gas chromatographic analysis with 
flame-ionization detection, aqueous solubilities and the Raoult-law activity coeffi- 
cients have also been estimated. The detection limits were found to decrease with 
molecular weight within the homologous series studied. It is shown that an increase 
in the concentration of analytes in the gaseous phase can be most easily accomplished 
by elevating the temperature; the effect of ionic strength on the Ki values at 70°C was 
small. The dependence of the equilibrium gaseous-phase concentration on the liq- 
uid-phase concentration was found to be linear (with some exceptions) over the in- 
vestigated concentration range (0.1-10 ppm). The detection limits were estimated to 
be in the 1-IO-ppb range, thus indicating broad applicability of the direct headspace 
gas chromatographic analysis for organosulphur compounds. The values for the 
aqueous solubility and activity coefficients can be employed for physicochemical and 
environmental purposes. 

INTRODUCTION 

Headspace gas chromatographic (HS-GC) analysis is a powerful tool for solv- 
ing difficult problems of trace determinations of volatile compounds, particularly in 
aqueous solutions. It has therefore found extensive use, especially in environmental 
analysis, food and agricultural sciences, forensic chemistry and biological and medi- 
cal sciences. The technique is preferred if standard GC procedures cause problems 
with the sample matrix with respect to solubility or thermal stability. HS-GC has 
also found extensive application in physical ch/emistry, being a valuable tool for 
acquiring data on gas-solid and gas-liquid systems. Both the general aspects and the 
practical use of HS-GC have been discussed in several books*-3 and in a review ar- 
ticle4. One of the fundamental quantities determined by means of HS-GC is the 
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distribution coefficient Ki of the solute, defined as the ratio of the equilibrium con- 
centrations of the solute in the condensed and gaseous phases. AS the value of the 
distribution coefficient depends to a large extent on a number of variables, such as 
temperature, concentration of the solute and composition of the sample matrix (the 
ionic strength generally), it cannot be applied directly in quantitative analysis by 
HS-GC. However, the Kj values can be employed to estimate the detection limits of 
various compounds in direct static headspace analysi?. These values may also be 
utilized for the determination of the Raoult-law activity coefficients of solutes and 
their solubilities4,5 as well as for calculations concerning the optimization of precon- 
centration of organic compounds by means of stripping6. In addition, the partition 
coefficients can be used for the characterization of solvent properties’. 

The analytical chemistry of organosulphur compounds is of special signifi- 
cance, mainly on account of the environmental effects of these compounds. 
Numerous papers have dealt with their determination using HS-GCB-17. The purpose 
of the present work was to determine the distribution coefficients of selected orga- 
nosulphur compounds in an air-water system along with their temperature, concen- 
tration and ionic-strength dependences in order to estimate the detection limits when 
using direct HS-GC analysis with a flame-ionization detector, and to select optimal 
analytical conditions for this analysis. The & values have also been determined for 
artificial sea water’ 8 on account of our interest in the analysis of sulphur compounds 
in marine environments. In addition, the Raoult-law activity coefficients and solu- 
bilities in water of organosulphur compounds have been calculated from the d&&i- 
bution coefficients and vapour-pressure data. 

EXPERIMENTAL 

Apparatus 
A headspace vessel in which the distribution coefficients in the air-water system 

were determined is shown in Fig. 1. Special attention was paid to such a design of 
the vessel that sulphur compounds, which are highly reactive, were in contact only 
with glass or polytetrafluoroethylene (PTFE). Constant pressure in the system was 
maintained by means of a compensating syringe connected to the bottle. The mea- 
surements were carried out in four bottles which were thermostatted to ~O.l”C. 
Bottle capacities were ca 600 cm3 and were determined individually. The equilibrium 
concentration in the gas phase was determined chromatographically by injecting 0.5 
cm3 of the gas after equilibration for 90 min. 

A Hewlett-Packard Model 5830A gas chromatograph equipped with a 
flame-ionization detector was used for GC analysis. The chromatographic conditions 
were as follows: column, 2.4 m x 2 mm I.D. stainless steel; packing, 10% Dexsil 300 
GC or 10% DEGS on Chromosorb W AW DMCS, 80-100 mesh; carrier gas, argon 
at 20 cm3/min; temperatures, injector and detector at 13O”C, column depending on 
compound investigated. 

Materials 
The solvent used for the preparation of stock solutions: dimethyl sulphoxide 

(DMSO)(R h eat im, U.S.S.R.) was purified by vacuum distillation. All organosulphur 
compounds (E. Merck, F.R.G.) were of analytical-reagent grade except for dimethyl 
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Fig. I. Headspace vessel in which gas-liquid equilibria were studied: 1 = glass bottle; 2 = PTFE stopper; 
3 = silicone rubber septum with lower surface covered with PTFE foil; 4 = washer; 5 = septum fixing 
screw; 6 = PTFE foil; 7 = rubber stopper; 8 = silicone rubber tubing connecting headspace vessel with 
20-cm3 compensating syringe; 9 = glass tubing. 

sulphide which was synthesized from methyl iodide and sodium sulphide and purified 
by fractional distillation. The stock solutions of sulphur compounds (ca. 3000 ppm, 
w/w) were prepared in dimethyl sulphoxide (DMSO) and their concentration was 
checked periodically, 

Procedure 
Model solutions of sulphur compounds in distilled and artificial sea water were 

prepared from the stock solutions. Their concentrations were approximately equal 
to 10, 1 and 0.1 ppm. In order to prepare solutions of varying ionic strength (I = 1, 
2, 3 and 4), a suitable volume of saturated solution of sodium sulphate was added 
to the bottles. After preparing an appropriate solution, the bottle was stoppered and 
the gas phase was obtained by introducing an injection needle through a septum and 
withdrawing 15 cm3 of the solution with the compensating syringe. Subsequently, 
the bottles were placed in a thermostat for 90 min and the equilibrium composition 
of the gas phase was determined gas chromatographically by injecting four times 0.5 
cm3 of the gas with a l-cm3 gas-tight syringe. The temperature dependence of the 
distribution coefficients was studied by determining their values at 25, 35, 45 and 
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70°C. Quantitative GC analysis was performed by a calibration method based upon 
injection of 1 ~1 of the appropriate stock solution onto the GC column. 

RESULTS AND DISCUSSION 

The equation for calculating the distribution coefficient from the GC data, 
known concentration of a standard solution and the volumes of liquid and gaseous 
phases was derived in the following manner. The distribution constant is defined as 

where ciL and cIG are the equilibrium concentrations of the analyte i in the liquid and 
gaseous phases, respectively, VL and V, are the volumes of these phases and CiLo is 
the initial concentration in the liquid phase, calculated from 

ciS KS 
CiLO = 

VL 
(2) 

where cjs and Vis are the concentration and volume of the standard solution intro- 
duced to the HS vessel. A large VL/VG ratio (~39) permits the approximation CiLo 
= ciL (the amount of the analyte transferred from the liquid to the gaseous phase 
even for Ki values smaller than 1 does not exceed 3%). Hence, 

The concentration tic is determined chromatographically: 

1 
CiG = cot@AiG’- 

VG 

where AiG is the average peak area in the analysis of the gaseous phase over the 
investigated model solution, VG is the volume of the headspace gas taken for analysis 
and cot CL is a calibration factor equal to 

cot &! = cisvs 
Ais 

where Ais and vs are the average peak area and the injected volume of the stock 
solution used in the calibration. Combination of eqns. 3, 4 and 5 yields the final 
formula: 

K, _ 6diSvG 
I 

VLAiGVs (6) 
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It follows from thermodynamic considerations that the temperature depend- 
ence of the distribution coefficient should be approximately linear if plotted in the 
coordinate system log Ki = f(l/T). Therefore, the values of Kj determined at 25, 35, 
45 and 70°C were used to fit the experimental data to the linear regression curve 

I 
log Ki = b . + a 

T 

by means of a least-squares method. An exemplary plot of this relationship for thio- 
phene solutions is shown in Fig. 2. Two families of straight lines can be distinguished, 
corresponding to the systems air-distilled water (lines 1, 3 and 5) and air-artificial 
sea water (lines 2, 4 and 6). Within the families, the Ki values are similar, the largest 
difference occurring for the highest concentration studied. The results of analogous 
investigations for twelve organosulphur compounds are summarized in Table I. Us- 
ing the regression parameters b and a, the distribution constants can be calculated 
for any temperature within the 25570°C range. The values of the coefficient of deter- 
mination, r*, approach unity, indicating a good correlation of the experimental data 

lg K, I 
IgK, = b$i a 

5 

/ 
3.OcOC 31000 70 32000 33000 34000 L 3 

45 35 25 
[K"] 

Fig. 2. The effect of temperature on the distribution coefficient of thiophene for distilled (DW) and artificial 
sea water (ASW) at various concentration levels: l , [DW] = 10.4 ppm; 0, [ASW] = 10.4 ppm; A, [DW] 
= 1.04 ppm; A, [ASW] = 1.04 ppm; n , [Dw] = 0.104 ppm; 0, [ASW] = 0.104 ppm. 
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TABLE I 

TEMPERATURE, CONCENTRATION AND IONIC-STRENGTH DEPENDENCE OF THE DIS- 
TRIBUTION COEFFICIENTS OF SELECTED ORGANOSULPHUR COMPOUNDS 

Compound Concentration Type of Distribution Regression parameters* 
ippm by weight) water or coeficient Ki 

ionic at 25”P b a rz 
strength* 

Dimethyl sulphide 

Diethyl sulphide 

Di-n-propyl sulphide 

10 
10 

0.1 
0.1 

IO DW 
10 ASW 

0.1 
0.1 

10 
10 

Diisopropyl sulphide 10 
10 

0.1 
0.1 

Dimethyl disulphide 10 
10 

Diethyl disulphide IO 
10 

DW 
ASW 
DW 
ASW 

2 

4 
DW 
ASW 

ASW 

2 

4 
DW 
ASW 

DW 8.66 1656.5 -4.618 0.9999 
ASW 6.13 1901.4 -5.590 0.9909 
DW 7.55 1954.8 - 5.678 0.9990 
ASW 5.34 2022. I -6.054 0.9947 

DW 7.67 2089.4 -6.123 0.9995 
ASW 5.09 1951.4 - 5.838 0.9991 
DW 7.00 2000.3 -5.864 0.9997 
ASW 4.63 1888.5 -5.668 0.9986 
DW 7.41 2059.8 -6.038 0.9997 
ASW 4.70 2024.2 -6.117 0.9999 

DW 

DW 
ASW 
1 

DW 16.06 1608.9 -4.190 0.9971 
ASW 11.98 1776.8 -4.881 0.9894 

DW 15.30 1865.0 -5.071 0.9971 

ASW 10.33 1797.3 -5.014 0.9957 

13.72 1637.3 -4.354 0.9986 
10.75 1550.3 -4.168 0.9995 
13.42 1635.6 -4.358 0.9998 
11.21 1575.4 -4.234 0.9999 
11.95 1669.1 -4.521 0.9976 
8.45 1701.4 -4.780 0.9964 
6.11 1486.8 -4.201 0.9981 
4.45 1386.5 -4.002 0.9913 

14.29 1598.2 -4.205 0.9987 
11.52 1618.4 -4.367 0.9996 

11.79 1939.7 -5.434 0.9993 
8.97 1836.0 -5.206 0.9989 

14.33 2175.4 -6.140 0.9990 
9.92 1932.5 - 5.485 0.9985 
9.93 2006.6 -5.733 0.9989 
6.75 1900.3 -5.544 0.9887 
3.88 1540.4 -4.577 0.9908 
2.89 1437.8 -4.362 0.9480 

14.54 1926.8 - 5.300 0.9987 
11.46 2055.5 -5.835 0.9998 

22.22 1657.1 -4.211 0.9997 
16.07 1609.0 -4.191 0.9809 
24.66 1854.4 -4.828 0.9971 
15.83 1674.5 -4.417 0.9743 
20.19 1650.3 -4.230 0.9923 
13.45 1805.0 -4.925 0.9989 
10.11 1873.3 -5.278 0.9855 

8.83 1640.8 -4.557 0.9982 
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TABLE 1 (continued) 

Compound Concentration Type of Distribution Regression parameter.?** 

cppm by wcighl) water or caeficient Ki 

ionic at 25Y?* 

strength* 

Thiophene 

2-Methylthiophene 

Methanethiol 

Ethanethiol 

n-Propanethiol 

n-Butanethiol 

10 
10 
1 
1 
0.1 
0.1 

10 
10 

1 
1 
0.1 
0.1 

IO 
10 

10 
10 

10 
10 

10 
10 

DW 11.09 
ASW 8.20 
DW 10.51 
ASW 8.95 
DW 10.77 
ASW 8.88 

DW 10.06 
ASW 6.91 
DW 10.04 
ASW 7.96 
DW 10.17 
ASW 7.34 

DW 9.88 
ASW 7.98 

DW 6.88 
ASW 5.61 

DW 5.99 
ASW 4.72 

DW 5.38 
ASW 3.36 

h a rz 

__- 

1563.6 
1548.3 
1580.0 
1621.8 
1661.9 
1639.7 

1651.04 
1620.3 
1741.1 
1691.5 
1886.6 
1727.2 

-4.199 0.9992 
-4.279 0.9999 
-4.277 0.9976 
-4.487 0.9987 
-4.542 0.9987 
-4.551 0.9993 

-4.535 1.0000 
-4.595 0.9997 
-4.838 1.0000 
-4.712 0.9975 
-5.320 0.9957 
-4.928 0.9995 

1347.1 -3,537 0.9975 
903.0 -2.127 0.9707 

1486.1 -4.147 0.9997 
1393.7 - 3.926 0.9995 

1552.2 -4.428 0.9994 
1491.7 -4.329 0.9986 

1655.9 -4.823 0.9994 
1623.3 -4.918 0.9970 

* DW = Distilled water (Z = 0), ASW = artificial sea water (I z 0.7), numbers (1,2, 3,4) indicate 
the ionic strength of an aqueous sodium sulphate solution. 

** The Ki values determined from the linear regression curve. 
1 

** The linear regression curve had the following form: log K; = b . r + (I, the parameters b and 

a being calculated on the basis of the Ki values determined for 25, 35, 45 and 70°C. 

with the linear regression curves. It follows from Table I that, in the majority of 
cases, the Ki value does not depend significantly on the concentration of the studied 
solutions in the lo-O.1 ppm range and the differences between them result from 
random errors only: for comparison see the confidence intervals in the determination 
of Ki values (Table II). However, in several cases the observed differences are too 
large to be explained by random errors alone, e.g. for diethyl, di-n-propyl and diiso- 
propyl sulphides. This phenomenon may be brought about by concomitant adsorp- 
tion mechanisms. Although the ionic strength of the solutions has marked influence 
on the distribution constants, as supported by the experimental data from Table I 
for dimethyl and diethyl sulphides as well as for dimethyl disulphide, this effect di- 
minishes to a large extent at higher temperatures. This is illustrated in Fig. 3 which 
shows the dependence of distribution coefficient of diethyl sulphide on ionic strength 
at 25, 35, 45 and 70°C. It follows from Fig. 3 that at 70°C the influence of ionic 
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Fig. 3. The dependence of distribution coefficient of diethyl sulphide on ionic strength at various temper- 
atures: l , 25°C; 0, 35°C; A, 45°C; n , 70°C. 

strength on Ki, and hence the detection limit, becomes considerably smaller. There- 
fore, the equilibrium can be shifted in favour of the gaseous phase by means of 
temperature alone. 

The evaluation of the precision of the determination of the distribution coef- 
ficients and the estimation of the detection limits for the direct HS-GC analysis are 
presented in Table II. The precision is expressed in terms of the relative standard 
deviation, sI, defined as 

In addition, the confidence interval, t . S, at a 95% probability level is included 
in Table II to characterize better the uncertainty in the experimental data. The upper 
and lower entry for each compound represent the best and worst cases, respectively. 
Comparison of the precision estimates (s, and t . $) with the experimental conditions 
(temperature, type of water and concentration of solutions) permits us to conclude 
that the random error, which is measured by the standard deviation, does not sig- 
nificantly depend on the three variables. Although in two cases [for @z-C~H~)~S and 
n-C4H9SH] the relative standard deviation exceeds lo%, on average, s, was cu. 5%. 
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The detection limit, egg, was estimated from the relationship 

assuming rG = 1 cm3 and the minimum peak area that can be correctly integrated, 

~~~~ = 500 integration units; cot a is the average calibration factor for sulphur 
compoun& when using flame-ionization detection and Ki is the distribution co&- 
cient at 70”~ averaged over concentration and ionic strength. The values of cg$ 
indicate that the direct HS-GC analysis of aqueous solutions of organosulphur com- 
pounds at 70°C permits their determination in the ppb range. 

The solubilities and the Raoult-law activity coefficients for aqueous solutions 
of organosulphur compounds were estimated in the following manner. The distri- 
bution constant of an analyte can be expressed in terms of the thermodynamic prop- 
erties of the system (neglecting the quantities accounting for the effects of non-ideality 
of the gaseous phase and compressibility of the condensed phase)4: 

RTdL 
jyi = ~ 

r&ML (10) 

where R is the perfect-gas constant, dL is the density of the condensed phase, yi and 
pf’ are the Raouit-1 aw activity coefficient and the saturated vapour pressure of com- 
ponent i, respectively, and ML is the molecular weight of the condensed phase, all 
the above quantities referring to a temperature of the system, T. Hence, knowing R, 
T, dL, ML and pp and determining Ki, yi can be calculated from eqn. 10 written in the 
form: 

RTdL 
Yi = ~ 

KiPPML 
(11) 

The values of p? at 25°C were calculated from the Antoine equation using the 
data reported in a handbook by Boublik et al. . I9 The solubility in water, Si, was 
estimated on the basis of the following equation5: 

Si = 
55,500Mj 

(121 
Yi 

where xi is expressed in mg/l (ppm) and Mj is the molecular weight of compound i. 
This approximate relationship is valid if the activity coefficient is a constant, which 
iS generally true for concentrations below 1% (10,000 ppm)20. The values of yi, Si 
and J$ for the investigated sulphur compounds are listed in Table III. The values of 
yi and Si at temperatures different from 25°C can be calculated employing eqns. 11 
and 12 by substituting appropriate values for Ki (calculated from the data in Table 
I), T, dL and pp. As expected, the value of the activity coefficient increases with 
molecular weight whereas the solubility in water decreases going along a homologous 
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TABLE III 

ESTIMATED VALUES OF SOLUBILITY IN WATER AND THE RA~ULT~LAW ACTIVITY 
COEFFICIENT FOR SELECTED ORGANOSULPHUR COMPOUNDS CALCULATED FROM 
THE DISTRIBUTION COEFFICIENTS AT 25°C AND OTHER RELEVANT THERMODYNAMIC 
DATA 

Compound 

Dimethyl sulphide 
Diethyl suiphide 
Di-n-propyl sulphide 
Diisopropyl sulphide 
Dimethyl disulphide 
Diethyl disulphide 
Thiophene 
2-Methylthiophene 
Methanethiol 
Ethanethiol 
n-Propanethiol 
n-Butanethiol 

b.p. 

i”Ci 

37.3 
92.1 

142.38 
120.02 
109.7 
154 
84.16 

112.56 
6.2 

35 
61.7 
98.44 

p0 at 2yC si at 25°C yi QI 25°C 
(atnz) iPPrni 

0,636 22000 160 
0.076 4100 1200 
0.008 310 21000 
0.019 680 9700 
0.038 3400 1500 
0.006 470 14000 
0.105 3900 1200 
0.035 1400 3800 
1.991 39000 69 
0.694 12000 280 
0.203 3800 1100 
* - 

* No data available 

series. Comparison of the distribution constants for compounds belonging to one 
homologous series indicates that the Ki values decrease with molecular weight (Table 
I) and hence the concentration in the gaseous phase increases with .J4i. As a result, 
the detection limits are lower for compounds with higher molecular weight (Table 
II). Although the vapour pressure decreases with increasing Mi, so does the solubility 
(Table III). The latter effect predominates, resulting in an overall increase in CiG with 
increasing molecular weight for all types of compounds investigated. 

The calculated values for the solubility in water and the distribution constants 
were compared with literature data to verify the experimental procedure employed. 
Verschueren2 l reported the following values: Si = 3130 mg/l at 20°C for diethyl 
sulphide and S’i = 15000 mg/l for ethanethiol at an unspecified temperature. The 
respective values calculated from our data are 3270 mgfl for (CZH5)$ (a difference 
of 4.5%) and 12360 at 25°C for CZH5SH (a difference of CR. 18%; however, the value 
of 15000 mg/l is given for an unknown temperature). The value of & at 60°C for 
methanetbiol reported by Field and Gilbert9 is equal to 3.14, whereas that calculated 
from the present data equals 3.21, the difference amounting to 2.2%. Hence, the data 
determined in the present study are in a good agreement with the literature data. 

On the basis of the above discussion the following conclusions can be drawn. 
(1) In a given homologous series of the sulphur compounds investigated, the 

distribution coefficients, and hence the detection limits, decrease with molecular 
weight. 

(2) The increase of the amount of compound in the gaseous phase can be 
accomplished most conveniently by elevation of temperature; the effect of ionic 
strength on the Ki values at 70°C is insignificant. 

(3) With some exceptions, the distribution constants do not essentially depend 
on the concentration of the model solutions in the investigated concentration range, 
thus indicating linearity of the partition isotherm, 
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(4) The Ki values reported in the present paper cannot be generally used for 
quantitative analysis by HS-CC which has to be carried out by calibration (standard- 
addition1*4 or sample-a~ditio~z2 calibration); however, the estimated detection limits 

are in the order of l-10 ppb, which shows the broad applicability of direct HS-GC 
analysis for solutions of organosulphur compounds. 

(5) The estimated aqueous solubilities of sulphur compounds can partially fill 
the gap existing in the literature and may be employed for calculations concerning 
environmental pollution control. 
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