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 ABSTRACT 
 
Increasing concern about air pollution has led many countries to adopt more stringent 
regulations, which impose an ultra-low concentration of sulphur in gasoline. These 
regulations place many challenges for the refining industry. Lower sulphur levels are being 
recommended for gasoline and diesel for environmental reasons.  
 
New methods and innovations are required to further reduce the sulphur level in liquid fuels. 
Separation process design to accomplish the removal of sulphur compounds requires 
knowledge of the vapour-liquid equilibrium (VLE) of sulphur compounds with hydrocarbons, 
particularly their activity coefficients at infinite dilution. However, the investigations 
concerning the systems containing sulphur compounds are very limited. 
 
This thesis deals with the VLE measurements of selected sulphur compounds (1-propanethiol, 
diethyl sulphide, and thiophene) with various hydrocarbons (C6 to C8) and 2-ethoxy-2-
methylpropane (ETBE) under isobaric and isothermal conditions, using a circulation still and 
the infinite dilutions activity coefficients measurements of 1-propanethiol, ethyl methyl 
sulphide, and thiophene in toluene, n-heptane, and 2,2,4-trimethylpentane at 90 kPa using 
comparative ebulliometer techniques. 
 
The gamma-phi approach was used in the calculation of VLE. The activity coefficients of the 
liquid phase (γ) were correlated with the Wilson model. The Wilson model gave a good 
correlation for all systems. The activity coefficients at infinite dilution (γ∞) were extrapolated 
from the VLE measurements with the Wilson model.  
 
The γ∞ values of sulphur compounds for the systems thiophene + toluene and thiophene + 
2,2,4-trimethylpentane obtained from the recirculation still measurements are compared with 
the γ∞ values of sulphur compounds obtained from the comparative ebulliometer 
measurements. The agreement between the measurements is good.  
 
All the measured γ∞ of sulphur compounds in hydrocarbons are less than two. 1-Propanethiol, 
thiophene, and diethyl sulphide in toluene show nearly ideal behaviour, and thus the γ∞ of 
sulphur compounds for these systems are one. The activity coefficients of sulphur compounds 
in hydrocarbons show the typical behaviour of positive deviations from Raoult’s law, which 
become smaller with increasing temperature and with an increase in the number of C-atoms of 
the alkanes.  
 
The systems 1-propanethiol, thiophene, and diethyl sulphide in toluene show nearly ideal 
behaviour. No azeotrope formation was observed for the systems thiophene + 1-hexene and 
diethyl sulphide + 1-hexene. The reaction between 1-propanethiol and 1-hexene was observed. 
The systems thiophene + n-hexane and thiophene + 2,2,4-trimethylpentane, as well as the 
systems diethyl sulphide + n-heptane and diethyl sulphide +  2,2,4-trimethylpentane, show  
positive deviations from Raoult’s law. These systems exhibit maximum pressure azeotropy.  
The systems thiophene + 1-hexene and thiophene + 2-ethoxy-2-methylpropane, as well as the 
systems diethyl sulphide with n-hexane, 1-hexene, cyclohexane, and 2-ethoxy-2-
methylpropane, show positive deviation and strong nonideality. No azeotropes formed in 
these systems.  
 



                                                                          ii

The original UNIFAC predictive model is adequate to describe the behaviour of sulphur in 
hydrocarbons, even though its application is limited to the availability of the functional group 
interaction parameters. COSMO-RS gives poor prediction for all the systems studied, and 
thus it is not currently a suitable model for predicting the behaviour of systems containing 
sulphur compounds. 
 
These new consistent measurements can be used to improve and develop thermodynamic 
models in dilute systems, and thus the behaviour of organic sulphur compounds in the 
distillation of hydrocarbons can be simulated. 
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  NOTATION 
 
a, b  attraction and co-volume parameters of SRK EOS 
A, B  derived parameter of Soave-Redlich-Kwong (SRK) EOS 
A1, A2  areas of GC peak 

jjiiij BBB  ,,   second virial coefficient 
D  criterion of area test  
f  evaporation factor 

L
if    fugacities of component i in the liquid phase, MPa 
S

if    standard state fugacity, MPa 
V

if    fugacities of component i in the vapour phase, MPa 
F2  gas chromatography response factor of component 2 
GE  excess Gibbs energy, J·mol−1 
HE  molar excess enthalpy, J·mol−1 
I1, I2       criterion of infinite dilution test  

ijk    binary interaction parameters of SRK EOS 
Ki  equilibrium constant of component i 
m1, m2   masses of calibration sample in the gravimetrically prepared, g 
M1, M2  molar masses, g·mol−1 
R    universal gas constant (8.31441 J·K−1·mol−1) 
T   temperature, K 
Tb  boiling point, K 
Tc  critical temperature, K 
Tr   reduced temperature 
P   total pressure of the system, kPa 
Pc   critical pressure, kPa 

S
iP   vapour pressure of pure component i at the system temperature, 

kPa 
Pr   reduced pressure 

averPΔ   absolute average pressure residuals between the measured and 
calculated pressure, point test criterion 

Vi
L  molar volume of pure component i in liquid phase at the system 

temperature, cm3·mol−1 
ix    mol fraction of component i in the liquid phase 

iy   mol fraction of component i in the vapour phase  

averyΔ   absolute average deviations between the measured and calculated 
mole fractions of the vapour phase, point test criterion 

Zi  composition of component i charged into ebulliometer, g 
 
Greek letters 
α   parameter of SRK EOS 

iγ   activity coefficient of component i in the liquid phase 
∞
iγ   infinite dilution activity coefficient of component i in the liquid 

phase 



 x

iφ   Pfi= , fugacity coefficient of component i in the vapour phase 

i

∧

φ   Pyf ii= , partial fugacity coefficient of species i in a mixture 
φi

S   pure component saturated liquid fugacity coefficient at the system 
temperature 

jiij ΛΛ ,   Wilson parameters 

jiij λλ ,   exponential parameters in Wilson equation, J/mol 
ω  acentric factor 
 
Superscripts 
E  excess property 
S  saturated 
L  liquid 
V  vapour 
 
Subscripts 
aver  average 
c  critical property 
calc  calculated 
exp  experimental 
i,j  components of a mixture 
r  reduced property 
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1 INTRODUCTION 

1.1 Sulphur Compounds in Fuels 
Crude oil is the main source of liquid fuels. Crude oil is a complex mixture of hydrocarbons, 
mainly paraffinic, naphthenic, and aromatic compounds, the proportions of which vary 
according to their origin. Crude oil also contains smaller amounts of sulphur, nitrogen and 
oxygen compounds, and traces of heavy metals such as vanadium and nickel. The sulphur 
content of crude oil depends on the crude oil’s origin: North African (0.2 wt %); mid-
continental US (0.2-2.5 wt %); Venezuelan (2-4 wt %) [1]; North Sea (0.4 wt %), and Russian 
(1.2 wt %) [2]. Sulphur in crude oil is present as organic sulphur compounds, H2S, and small 
amounts of elemental sulphur. 
 
Oil refineries apply physical and chemical processes to treat and refine crude oil into 
petroleum products, such as liquefied petroleum gas, gasoline, diesel fuel, kerosene, and gas 
oil. After the salts and other impurities have been removed from the crude oil, the first 
refinery process is the separation of crude oil into fractions by distillation. These fractions 
contain sulphur compounds that are later removed in desulphurisation processes in order to 
meet the product specifications.  
 
The petroleum fractions are defined by either their boiling point range or carbon chain length, 
as appropriate. The petroleum fractions from distillation, the type and amount of sulphur 
compounds found in each fraction, and their typical uses are presented in Table 1. The 
sulphur content increases with an increase in the molecular weight of the fraction. The main 
sulphur compounds are organic sulphides or disulphides, mercaptans, and thiophenes in the 
low-boiling fractions. Sulphur is found mainly as thiophene derivatives such as benzo- and 
dibenzothiophenes in the higher-boiling fractions. The middle fractions may actually contain 
more sulphur than the higher-boiling fractions as a result of the decomposition of the 
compounds with a higher molecular weight during distillation.  
 
The thermodynamic properties of the sulphur compounds and the appropriate determination 
of the vapour liquid equilibrium (VLE) of sulphur compounds are very important in 
determining the feasibility of the separation of the sulphur compounds from hydrocarbons and 
the design of separation processes. VLE information on sulphur compounds with 
hydrocarbons is very limited in the literature. As a consequence, the currently available 
thermodynamic models are inadequate for predicting both the phase equilibrium and physical 
properties of mixtures containing the sulphur compounds in the dilute range. 
 
In this work, VLE measurements of several sulphur compounds in selected hydrocarbons 
were performed to get more information about the VLE of sulphur compounds, which is 
needed for the calculation and prediction of the phase behaviour and other thermodynamic 
properties of such systems. The new information is very important for thermodynamic model 
development and the calculation of the interaction parameters needed to predict the quantities 
and species present in each product stream. 
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Table 1. Sulphur compounds in fractional petroleum products [1] 

fraction hydrocarbon 
and boiling 
point range 

(ºC) 

typical use typical sulphur 
compound in 

fraction 

amount of 
sulphur 

compounds as 
elemental 
sulphur 

gas up to C4 
~40 

burned as fuel, 
LPG 

 

H2S, COS > 1% weight 

straight-run 
gasoline 

C4-C5 
~100 

blended into 
gasoline, 

isomerised, or 
used as chemical 

feedstock 
 

low molecular 
weight thiols,  

simple sulphides 

a few ppm 

virgin naphtha 
(light distillate) 

C5 
~150 

used as a feed to 
catalytic 

reformer or 
blended into 

gasoline 
 

heavy molecular 
weight thiols, 

cyclic sulphides, 
thiophene 

a few to hundreds 
of ppm 

heavy naphtha 
(kerosene) 

up to ~C15 
120-200 

jet fuel, 
kerosene 

 

hundreds to 2% 
weight 

light gas oil up to ~C20 
200-310 

fuel oil or 
blending stock 

for jet fuel 
and/or diesel 

fuel 
 

0.05-3% weight 

gas oil 
(heavy 
distillate) 

up to ~ C25 
up to ~350 

used as a feed 
for a catalytic 
cracker or sold 

as heavy fuel oil 

sulphides, in 
acyclic as well as 

cyclic alkanes, 
disulphides, 

alkylthiophenes, 
benzothiophenes, 

dibenzothiophenes 3-5% weight 

 

1.2 Environmental Issues 
The sulphur compounds in petroleum products often produce harmful effects. Their presence 
creates processing challenges and affects product quality. Many sulphur compounds are toxic, 
reactive, and corrosive to processing equipment and they damage the catalysts used in further 
processing. Sulphur compounds impart undesirable odours to gasoline and contribute to gum 
formation and the deposition of solids in diesel fuel. From the environmental point of view, 
all sulphur compounds in fuel contribute to acid rain. It is also known that sulphur compounds 
poison the catalytic converters of modern automobiles. 
 
In order to minimise the health and environmental effects of automotive exhaust emissions 
and improve vehicles’ fuel efficiency, stricter regulations on sulphur levels in liquid fuels 
have been applied in most countries. The sulphur levels in the gasoline, diesel and jet fuels are 
being lowered. The new allowable levels for gasoline vary: 30 ppm in Canada since 2004; 50 
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ppm in Europe since 2005, and 30 ppm in United States since 2006 [3]. Ultra low-sulphur 
gasoline (< 5 ppm) will be required in the coming 5-10 years. For diesel, EU has set a sulphur 
content limit of 50 ppm since 2005 [4], and the United States has determined a limit of 15 
ppm by 2007 [5]. The US sulphur regulation for jet fuel is a maximum of 3000 ppm in 2006 
and less than 3000 ppm by 2010 [5]. Such ultra-low-sulphur fuel requirements force refineries 
to increase the efficiency of their desulphurisation processes and to improve their sulphur 
removal technologies. 

1.3 Removal of Sulphur Compounds 
Hydrodesulphurisation (HDS) is the conventional hydrotreating method for the removal of 
sulphur compounds from hydrocarbon streams [6]. Additional pre- or post-treatment of the 
feed to compensate for octane loss can be coupled with the HDS process. In typical 
hydrodesulphurisation processes, a portion of the sulphur components is converted by 
reaction with hydrogen gas in the presence of a suitable catalyst to form hydrogen sulphide. 
 
The design of the separation process to accomplish the removal of sulphur compounds in 
dilute systems requires knowledge of the vapour-liquid equilibrium (VLE) of sulphur 
compounds with hydrocarbons and, particularly, the activity coefficient at infinite dilution 
(γ∞); hence knowledge of the VLE of sulphur compounds in various hydrocarbons is essential 
for the design and operation of sulphur compound distribution in a distillation column. 
 
Many of the organosulphur compounds contained in low-boiling crude oil fractions have 
lower thermal stability than hydrocarbons; in particular, mercaptans, sulphides, and 
disulphides are very reactive, and thus they can easily be removed effectively from the 
streams after being converted into hydrogen sulphide. The off-gas containing hydrogen 
sulphide can be removed from the product gas stream by the use of a wash solvent (such as 
amine), followed by conversion of the hydrogen sulphide to elemental sulphur in a Claus 
plant.  
 
In higher-boiling oil fractions such as naptha and diesel, organosulphur compounds contain 
predominantly thiophenic rings. These compounds include thiophenes and benzothiophenes 
and their alkylated derivatives. These thiophene-containing compounds are very difficult to 
convert via a hydrodesulphurisation process. The remaining sulphur compounds left in the 
hydrocarbon stream and higher-boiling sulphur compounds are removed from the 
hydrocarbons by distillation. 

1.4 Systems of Interest 
The VLE of sulphur compounds and hydrocarbons published in the open literature have been 
extensively reviewed and collected in a matrix format as presented in Appendix 1. The 
information gathered includes: vapour-liquid equilibrium (VLE) from DECHEMA data series 
[7-10], the Gas Processor Association [11, 12], and Giles et al. [13, 14]; infinite dilution 
activity coefficients [15], excess molar enthalpies [16-20], and azeotropic data on organic 
sulphur compounds and hydrocarbons measured [21-24]. In addition, the vapour pressures 
and physical properties of sulphur compounds were also collected.  
 
The available VLE measurements for hydrogen sulphide, carbon disulphide, and light 
mercaptans (methanethiol, ethanehiol, and propanethiol) with hydrocarbons (C1-C6, C10, and 
C20) are quite numerous, whereas very few are available for dimethyl sulphide, for which only 
measurements with light hydrocarbons (C1-C5) are available, and for thiophene, for which 
only measurements with certain hydrocarbons (C6-C7) are available. 
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The available infinite dilution activity coefficients are very scarce, existing only for carbon 
disulphide with benzene, toluene, n-heptane, n-octane, 2,2,4-trimethylpentane, n-octadecane, 
and benzyl biphenyl; for thiophene with diphenyl methane, n-hexadecane, n-octadecane and 
octacosane, and for ethanethiol, 1-propanethiol, 1-butanethiol, 2-butanethiol, dimethyl 
sulphide, diethyl sulphide, methyl ethyl sulphide, and diethyl disulphide with n-hexadecane. 
 
The available excess enthalphies are mostly found for several sulphides and disulphides with 
n-hexane, cyclohexane, n-heptane, n-octane, n-docecane, and n-hexadecane. 
 
Because of the lack of experimental data, the process simulation programs failed to 
adequately predict the measured distribution of the volatile organic sulphur compounds 
typically found in natural gas liquid fractionators [25], causing large errors compared to the 
data compiled at the pilot plant [26]. Several models in the simulator program gave different 
results for one system, indicating that more evaluation and experimental data are needed to 
revise those parameters for which poor results are obtained. 
 
The original UNIFAC model developed by Fredenslund et al. [27], modified by Gmehling et 
al. [28], and revised and extended by Wittig et al. [29, 30] have been widely applied in the 
estimation of the VLE properties of organic mixtures, as it includes almost all of the 
functional groups involved in the organic substances. However, the applications of the 
predictive models are limited since some important interaction parameters for the sulphur and 
hydrocarbon functional group are unavailable. The important UNIFAC sulphur and 
hydrocarbon group interactions are shown in Table 2. The missing interaction parameters of 
the functional group are CH3SH with C=C, CH2S with C=C, ACH, ACCH2, CH2O, and 
C4H4S with C=C, CH2O. The missing important parameters in the UNIFAC model can be 
determined from experiments, and thus the VLE of the systems containing these missing 
groups should be measured.  
 
Table 2. Important UNIFAC sulphur and hydrocarbon group interactions 

                          sulphur 
hydrocarbon 

CS2 CH3SH CH2S C4H4S 

CH2 √ √ √ √ 
C=C √ – – – 
ACH √ √ – √ 
ACCH2 √ √ – √ 
CH2O √ √ – – 
 
(√) available 
(−) not available 
 
Many important VLE sets of various sulphur compounds and hydrocarbons (C4-C10, 
cycloalkanes, alkenes, aromatics) should be measured, especially light and heavy mercaptans 
(C3-C10-thiol), sulphides (dimethyl sulphide, diethyl sulphide, C2-C10-S), disulphides (C2-C10-
S2), and thiophenes (alkyl thiophenes). The behaviour of sulphur compounds with alkanes, 
alkenes, and ether should also be studied in order to perform accurate phase equilibria 
modelling. 
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As part of our sulphur project measurements, the work in this thesis consists of 2 parts. The 
first part is VLE measurements of 1-propanethiol, diethyl sulphide, and thiophene with 
hydrocarbons (C6 to C8) and 2-ethoxy-methylpropane carried out under isobaric and 
isothermal conditions with a circulation still of the Yerazunis type [31]. The behaviour of 
sulphur compounds with alkanes and alkenes was also studied. The VLE systems measured 
with a recirculation still are shown in Table 3. 
 
Table 3. VLE measurements with recirculation still 

                   component 1 
component 2 

1-propanethiol thiophene diethyl sulphide 

n-hexane − isothermal 
323.15 K, 333.15 K 

isothermal 
323.15 K, 333.15 K 

 
1-hexene isobaric, 101.3 kPa 

isothermal, 328.15 K 
isothermal 

323.15 K, 333.15 K 
isothermal 

323.15 K, 333.15 K 
 

cyclohexane − − isothermal 
343.15, 353.15 K 

 
n-heptane − − isothermal 

353.15 K, 363.15 K 
 

toluene isobaric 
90.03 kPa 

isobaric 
90.03 kPa 

isobaric 
90.03 kPa 

 
2,2,4-trimethylpentane  − isothermal 

343.15 K, 353.15 K 
isothermal 

353.15 K, 363.15 K 
 

2-ethoxy-methylpropane  − isothermal 
333.15 K, 343.15 K 

isothermal 
333.15 K, 343.15 K 

 
 
(−) no measurements 
 
The VLEFIT program [32] was used for calculating the activity coefficients and infinite 
dilution activity coefficients. The gamma-phi approach was used in the calculation of vapour-
liquid equilibria. The activity coefficients of the liquid phase (gamma) were correlated with 
the Wilson model. The fugacity of the vapour phase (phi) was calculated with the Soave-
Redlich-Kwong (SRK) model [33]. The measured VLE was also compared with the predicted 
VLE from the original UNIFAC, UNIFAC-Dortmund, and COSMO-RS [34] predictive 
models. All the data found in the literature were used together with the new consistent 
measurements to improve and develop the thermodynamic models in dilute systems.  
 
The second part is γ∞ measurements of several organic sulphur compounds in selected 
hydrocarbons with comparative Swietoslawsky-type ebulliometry [35] under various isobaric 
conditions. This technique is a simple, fast, and accurate method for measuring activity 
coefficients at infinite dilution for systems with a relative volatility not too far from unity [36]. 
Dilute binary system of 1-propanethiol, ethyl methyl sulphide, and thiophene in toluene, n-
heptane, and 2,2,4-trimethylpentane were measured at 90 kPa. The infinite dilution activity 
coefficients determined were compared with the data from the literature, the predictive 
original UNIFAC group contribution model, and also with infinite dilution activity 
coefficients obtained from VLE measurements using the recirculation still apparatus. 
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2 THERMODYNAMIC PRINCIPLES 
The theory of vapour-liquid equilibrium can be found in depth in the thermodynamic 
textbooks [37-39]. A brief summary of the fundamental equations needed in this study is 
given. 

2.1 Vapour-Liquid Equilibrium Concept 
The condition of thermodynamic equilibrium in a two-phase (vapour and liquid) 
multicomponent system is  

LV
ii ff =   (1) 

 
where V

if and L
if  are the fugacities of component i in the vapour or liquid phase, respectively. 

The gamma-phi approach was used in the calculation of vapour-liquid equilibria. The gas 
phase behaviour of the mixture can be described by several of the equations of state, whereas 
the liquid phase nonideality can be described by any of the activity coefficient models (also 
called excess Gibbs free energy models). 

2.1.1 Vapour fugacity 
The concentration dependence of the vapour phase fugacity V

if  is given by 
Pyf iii φ=V    (2) 

where iy is the mole fraction and iφ is the fugacity coefficient of component i in the vapour 
phase. 
The fugacity coefficient for pure component i is calculated by the equation:  

P
fi

i =φ    (3) 

For the calculation of the fugacity coefficient of component i in mixtures, an equation of state 
(EOS) such as those of van der Waals, Soave-Redlich-Kwong [33], or Peng Robinson [40] 
can be used. In this thesis, the SRK EOS was used in the calculation of the vapour phase 
fugacity coefficient. The Soave-Redlich-Kwong EOS was the first modification of the simple 
Redlich-Kwong EOS where the parameter a was made temperature-dependent. The 
parameters of pure compound: Tc, Pc and ω needed in the SRK-EOS were taken from the 
literature [41]. The SRK formula for calculating the fugacity coefficient of species i in the 
mixture:  

( ) ( ) ( ) ⎟
⎠
⎞

⎜
⎝
⎛ +⎥

⎦

⎤
⎢
⎣

⎡
−+−−−= ∑

∧

z
Bay

aB
B

B
ABzz

B
B

j
ijj

ii
i 1ln2ln1ln α

α
φ   (4) 

The SRK EOS standard form is given by: 

)( bVV
a

bV
RTP

+
−

−
=

α   (5) 

Pure-component parameters: 

c

c

P
TRa

22

42747.0=                    
c

c

P
RT

b 08664.0=     (6 a&b)  

( )( )[ ]22 115613.055171.148508.01 rT−−++= ωωα    (7) 
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In its polynomial form Equation (5) becomes:  

( ) 0223 =−−−+− ABzBBAzz       (9) 

The mixing rules were applied to calculate the mixture parameters A and B. 
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      (11 a&b) 

where  

( ) ( ) ( ) ( ) jiijij aaka ααα −= 1        (12) 

The binary interaction parameters, ijk , in the quadratic mixing rules were set to zero, because 
at low pressure the systems are almost ideal. In those cases the effect of binary interaction is 
also very small. 

2.1.2 Liquid fugacity  
The liquid phase fugacity fi

L of component i is given by 
SL

i iii fxf γ=    (13) 
where S

if  is the standard state fugacity, ix  is the mole fraction, and iγ  the activity coefficient 
of component i in the liquid phase. iγ  is calculated using GE models. 
The fugacity S

if of the pure liquid is related to its vapour pressure, S
iP : 

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
= ∫

P

P
iiii

i

dPV
RT

Pf
S

LSSL 1expφ    (14) 

The expression
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
∫
P

P
i

i

dPV
RT S

L1exp is called Poynting correction (POY), which allows for the 

influence of the change of the pressure on fugacity from P to S
iP . 

 
By combining Equations (1), (3), (13), and (14), we obtain the general equations for 
equilibrium of component i between the vapour and liquid phases:   
 

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
= ∫

P

P

i
iiiiii

i

dP
RT
VPxPy

S

L
SS expφγφ   (15) 
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where yi is the mole fraction of component i in the vapour phase, P is the total pressure of the 
system, φ i  is the fugacity coefficient of component i in the vapour phase, xi is the mole 
fraction of component i in the liquid phase, Pi

S is the vapour pressure of pure component i at 
the system temperature, φi

S is the pure component-saturated liquid fugacity coefficient at the 
system temperature T, Vi

L is the molar volume of pure component i in the liquid phase at the 
system temperature, T is the temperature in Kelvin, and R is the universal gas constant. 
 
The VLEFIT program was used for processing all measurements. The Soave-Redlich-Kwong 
equation of state with quadratic mixing rules in the attractive parameter and linear in co-
volume was used for vapour-phase fugacity coefficient calculation. The binary interaction 
parameter in the quadratic mixing rules was set to zero. The Rackett equation [42] was used 
to calculate the liquid molar volume in the Poynting factor. The Antoine parameters for all 
compounds were regressed from the vapour pressure measured in this work. The critical 
temperature, critical pressure, acentric factor, and the liquid molar volume for each 
component used in the calculations are taken from the literature [41]. 
 

2.2 Correlation of Liquid Phase Activity Coefficient 
Liquid activity models are used to model liquid phase activity coefficients and their 
parameters are fitted against VLE experiments. Among many existing models, Wilson [43], 
NRTL (Non-Random Two-Liquid) [44], and UNIQUAC (Universal Quasi-Chemical) [45] are 
widely used. Each model has its specific interaction parameters for each component pair. In 
this thesis the Wilson equation is used for calculating the activity coefficient because it 
represented the systems being studied very well.  
 
The Wilson model is applicable to multi-component mixtures. The Wilson model expression 
for the excess Gibbs energy of binary systems is defined as 

( ) ( )1212221211 lnln xxxxxx
RT
g E

Λ+−Λ+−=      (16) 

 
The activity coefficient equations calculated by Wilson models are given in equation:  

( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Λ+

Λ
−
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Λ
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12
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and 
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⎠

⎞
⎜⎜
⎝

⎛
Λ+

Λ
−

Λ+
Λ

−Λ+−=
1212

21

2121

12
112122 lnln

xxxx
xxxγ      (18) 

 
The interaction parameters 2112  and ΛΛ are expressed as 

⎟
⎠
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⎝
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−=Λ

RTV
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L
1

L
2

12 exp λ             ⎟
⎠
⎞

⎜
⎝
⎛ Δ
−=Λ

RTV
V 21

L
2

L
1

21 exp λ      (19 a&b) 

 
where Δλ12 and Δλ21 are binary parameters. 
 
The temperature dependence of the Wilson parameters (Wilson extended model) is described 
by the following expression: 



 9

2

,2,1,0 ⎟
⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛+=Δ

K
Ta

K
Taa ijijijijλ   (20) 

where 
2

12,212,112,0111212 ⎟
⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛+=−=Δ

K
Ta

K
Taaλλλ   (21) 

2

21,221,121,0222121 ⎟
⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛+=−=Δ

K
Ta

K
Taaλλλ   (22) 

gE is the molar excess Gibbs energy, R is the gas constant, T is the temperature, γi is the 
activity coefficient of component i, xi is the liquid phase mole fraction of component i, Λij and 
λij are the binary parameters of components i and j , L

iV is the molar volume of pure liquid 
component i. 
 
The use of temperature-dependent Wilson parameters allows a good simultaneous description 
of vapour-liquid equilibrium and excess enthalpy data [IV], [V], [VI]. 

2.3 Excess Enthalpy 
The molar excess enthalpy, HE, is defined as the heat absorbed when one mole of the mixture 
is made up from the pure compounds at the specified temperature and pressure. The HE 
describes the temperature dependence of the activity coefficients following the Gibbs-
Helmholtz equation:  

( )
xP

NC

i

i
i T

xRTH
,1

calc,2E
calc

ln
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂

∂
−= ∑

=

γ
  (23) 

The temperature-dependent parameters of the Wilson model (Eqs 21 & 22) can be obtained 
by simultaneously using VLE and excess enthalpy (HE) measurements. This procedure 
normally leads to models that are applicable across a wide temperature range [IV], [V], and 
[VI]. 
 
The measurements of vapour-liquid equilibria and excess enthalphy from the literature of 
binary system diethyl sulphide + n-heptane [IV], diethyl sulphide + n-hexane [V], and diethyl 
sulphide + cyclohexane [VI] were represented simultaneously by the Wilson equations with 
quadratic temperature dependent parameters. 
 
The comparison between the measured excess molar enthalpy [18] and that calculated by the 
extended Wilson model (obtained from VLE measurements and HE data [18]) for the diethyl 
sulphide + n-heptane system at 303.15 K is shown in Figure 1. Good agreement is obtained 
between the experimental and calculated results. The calculated excess enthalpy using the 
Wilson model obtained from the VLE measurements is included in Figure 1.  The agreement 
between experimental and calculated excess molar enthalpy can be considered typical for the 
VLE measured with this apparatus [46]. 
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Figure 1 Excess molar enthalpy for the diethyl sulphide (1) + n-heptane (2) system at 303.15 K: , 
measured  [18]; −, from the Wilson model (VLE this work + HE literature [18]); - - -, from the Wilson model 
(VLE this work). 

 
The comparison between the measured excess molar enthalpy [19] and that calculated using 
the parameters from the extended Wilson model (VLE this work + HE literature [19]) for 
diethyl sulphide + n-hexane system at 318.5 K is shown in Figure 2. Good agreement is 
obtained between the experimental and calculated results. 
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Figure 2 Excess molar enthalpy at 318.15 K for the diethyl sulphide (1) + n-hexane (2) system: , 
measured [19]; −, from the Wilson model-extended data  (VLE this work + HE literature [19]). Excess 
molar enthalpy at 318.15 K for the diethyl sulphide (1) + 1-hexene (2) system: – –, calculated from the 
Wilson model (VLE this work). 
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The temperature-dependent parameters of the Wilson model for diethyl sulphide + 
cyclohexane system were fitted by simultaneously using the measured VLE data at (353.15 K 
and 343.15 K and excess enthalpy (HE) measurements [20] at 298.15 K. The comparison 
between the measured excess molar enthalpy [20] and that calculated using the parameters 
from the extended Wilson model for diethyl sulphide + cyclohexane system is shown in 
Figure 3. Good agreement is obtained between the experimental and calculated results.  
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Figure 3 Excess molar enthalpy at 298.15 K for the diethyl sulphide (1) + cyclohexane (2) system: , 
measured [20]; −, from the Wilson model-extended data (VLE this work + HE literature [20]). Excess 
molar enthalpy at 298.15 K for the diethyl sulphide (1) + 2-ethoxy-2-methylpropane (2) system: - - -, 
calculated from the Wilson model (VLE this work). 

 
The excess molar enthalpies can be obtained from the vapour-liquid equilibrium 
measurements. Excess molar enthalpies for the diethyl sulphide + 1-hexene and diethyl 
sulphide + 2-ethoxy-2-methylpropane systems were calculated from the VLE measurements. 
The excess enthalpies at 318.15 K for the diethyl sulphide + 1-hexene system were calculated 
from the Wilson model obtained from VLE measurements. The results are shown in Figure 2. 
The excess enthalpies at 298.15 K for the diethyl sulphide + 2-ethoxy-2-methylpropane 
system were calculated from the VLE measurements. The results are shown in Figure 3. 
 

2.4 Parameter Fitting and Objective Function 
The VLEFIT program was used for processing the measurements and HE. After the 
parameters of VLE models have been optimised by minimising the selected objective function 
(OF), the activity coefficient models are calculated by optimised model parameters and then 
compared with the measurements. 
 
The objective function (OF) is the deviation between the measurements and the VLE model 
prediction. The selection of the objective function used depends on the VLE measurements 
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(isothermal or isobaric and availability data sets). The following objective functions were 
used:  
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2.5 Differential Ebulliometry 
Gautreaux and Coates [47] developed thermodynamic equations for the direct experimental 
measurement of the activity coefficient at infinite dilution ( ∞

iγ ) for the ratio of activity 

coefficient ( )∞VL
ii γγ . However, the equations are complex and difficult to use. The 

simplifications were made with the assumption of an ideal gas vapour phase and neglect the 
Poynting correction. 
 
For isobaric measurement, the equation for the ∞

iγ  included the correction for vapour-phase 
nonideality based on the truncated virial equation given by [48]: 
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jjiiijij BBB −−= 2δ   (30) 
where jjiiij BBB  and ,, are the second virial coefficient [49], Pi

S is the vapour pressure of pure 
component i at the system temperature, and Vi

L is the liquid molar volume of pure component 
i, T is the temperature in Kelvin, and R is the universal gas constant. 
 
These equations indicate that for isobaric measurements ∞

iγ can be obtained directly from the 
limiting slopes of temperature vs. composition plots. The experimental data are used to 
determine the limiting slope at infinite dilution (∂T/∂x1)P

∞, which was fitted to the second 
degree polynomial:  
ΔT = axi + bxi

2  (31) 
The limiting slope (∂T/∂x1)P

∞ was determined from the value of a. As a result of phase 
splitting into vapour and liquid phases, the liquid composition in the equilibrium (xi) is not the 
same as the gravimetrically prepared solution charged into the ebulliometer (Zi). 
Consequently, the evaporation factor (f) is required to obtain liquid concentration at the 
equilibrium. Once f has been determined, the concentration in the equilibrium is calculated by: 
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The evaporation factor was determined from n-hexane (1) and ethyl acetate (2) experiments at 
74.0 kPa, 340 K at different compositions. The average f value is 0.055, which agreed well 
with Raal’s analysis [50]. 
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3 PREDICTION OF LOW PRESSURE VAPOUR-LIQUID 
EQUILIBRIUM 

3.1 UNIFAC (UNIQUAC Functional Group Activity Coefficient) 
Group contribution methods can be applied to predict the phase equilibrium behaviour. The 
original UNIFAC and modified UNIFAC-Dortmund are predictive methods which treat the 
liquid mixture as a mixture of structural groups. Fredenslund et al. [27] described the theory 
of the original UNIFAC and its applications in detail. The liquid activity coefficient is 
assumed to be the sum of the contributions of the individual structural groups, where the 
activity coefficients in the mixture are related to interactions between structural groups.  
 
The method combines the solution of functional groups concept with a model for activity 
coefficients based on an extension of UNIQUAC. The sizes and areas of individual functional 
groups were evaluated from pure component and molecular structure data. The interaction 
parameters representing the energetic interactions between groups (aij) were fitted from VLE 
databases. Wittig et al. [29, 30] have published the most recent parameter tables for the 
original UNIFAC and UNIFAC-Dortmund, respectively. Compared to the original UNIFAC, 
UNIFAC-Dortmund has a better description of the temperature dependency, which was 
parameterised separately for each pair of groups.  
 
The experimental results obtained in this work were correlated with the Wilson model and 
also compared with the original UNIFAC and UNIFAC-Dortmund predictive models. 
However, as a result of the unavailability of the interaction functional group parameters 
presented in Table 2, the original UNIFAC and UNIFAC-Dortmund are unable to describe the 
behaviour of some of the systems measured, as shown in Table 4. 
 

Table 4. Original UNIFAC and UNIFAC-Dortmund prediction for system measured  

                    component 1 
component 2 

1-propanethiol thiophene diethyl sulphide 

n-hexane − available 
 

available 
 

1-hexene not available 
(CH2-SH-CH2=CH) 

not available 
(C4H4S - CH2=CH) 

 

not available 
(CH2S- CH2=CH) 

 
cyclohexane − − available 

 
n-heptane − − available 

 
toluene available 

 
available 

 
not available 
(CH2S-ACH) 

 
2,2,4-trimethylpentane  − available 

 
available 

 
2-ethoxy-methylpropane  − not available 

(C4H4S- CH2O) 
 

not available 
(CH2S- CH2O) 

 
 
(−) no measurements 
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3.2 COSMO-RS (Conductor-like Screening Model for Real Solvents)  
When the UNIFAC and UNIFAC-Dortmund group contribution methods are not applicable, 
COSMO-RS can be used as an alternative method for the prediction of vapour-liquid 
equilibrium. The name COSMO-RS is derived from “conductor-like screening model” 
(COSMO) [51], which is an efficient variant of dielectric continuum solvation methods in 
quantum chemical programs, and its extension to “real solvents” (RS) [52]. COSMO-RS is a 
statistical thermodynamics approach based on the results of quantum chemical COSMO 
calculations. Klamt has described COSMO-RS theory in detail [53]. A brief introduction to 
COSMO-RS is provided. 
 
COSMO-RS calculation is a two-step procedure. In the first step, quantum chemical 
calculations have to be performed for all compounds of interest. In these calculations, the 
continuum solvation model COSMO is applied in order to simulate a virtual conductor 
environment for the molecule. In this environment, the solute molecule induces a polarisation 
charge density σ on the interface of the molecule to the conductor, i.e. on the molecular 
surface, and these charges act back to the solute, generating a more polarised electron density 
than in a vacuum. During the quantum chemical self-consistency algorithm, the solute 
molecule is converged to its energetically optimal state in a conductor with respect to electron 
density and geometry. The standard quantum chemical method for COSMO-RS is density 
functional theory (DFT) with a triple zeta valence polarised basis set (TZVP). All 
DFT/COSMO calculations were performed using the quantum chemical program 
TURBOMOLE version 5.7 [54]. Geometry optimisation for the molecules under investigation 
was also performed with Turbomole software. Subsequent COSMO-RS calculations were 
performed with COSMOtherm-C12-0105 [55]. In the second step of COSMO-RS, the 
statistical thermodynamics of the molecular interactions, the polarisation charge density is 
used for the quantification of the interaction energy of surface segments interacting pair-wise 
with regard to the most important molecular interaction modes, i.e. electrostatics and 
hydrogen bonding. The less specific van der Waals (vdW) interactions or dispersive 
interactions are taken into account in a more approximate way by element-specific dispersion 
coefficients. 
 
In the COSMO calculation, the experimentally determined pure component vapour pressures 
were used because COSMO-RS provided very unsatisfactory prediction of pure component 
vapour pressures. Pure component vapour pressures predicted with COSMO-RS were higher 
than the experimental ones. As an example the estimated vapour pressure of 1-propanethiol is 
presented in Figure 4. The absolute average deviation of the pressure of 1-propanethiol 
between COSMO-RS prediction and the experimental result was 27 kPa. Similar results were 
obtained for the other compounds.  
 
As can be seen from Figure 14 to Figure 29, in general, the COSMO-RS predictions for 
sulphur-containing systems are poorer than the original UNIFAC and UNIFAC-Dortmund 
methods. The modification of the COSMO-RS model by excluding of the van der Waals 
interaction from the binary surface interaction energy improves the quality of the prediction. 
The modified COSMO-RS model was applied to the following systems: 1-propanethiol + 
toluene, thiophene + toluene, and diethyl sulphide + toluene. The results of the prediction of 
our VLE systems with the modified COSMO-RS are shown in Figure 5, Figure 6, and Figure 
7. 
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Figure 4 Vapour pressures of 1-propanethiol: , measured; ◊, literature [56]; ▬, calculated from 
literature correlation [41]; - - -, COSMO-RS 
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Figure 5 Temperature-composition diagram for the 1-propanethiol (1) + toluene (2) system at 90.03 kPa: 
□,  x1 measured; ,  y1 measured; —, COSMO-RS, modified; – –, COSMO-RS; - - -,  original UNIFAC. 
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Figure 6 Temperature-composition diagram for the thiophene (1) + toluene (2) system at 90.03 kPa: □, x1 
measured; , y1 measured; —, UNIFAC-Dortmund; – –, original UNIFAC; - - -, COSMO-RS. 
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Figure 7 Temperature-composition diagram for the diethyl sulphide (1) + toluene (2) system at 90.03 kPa: 
□, x1 measured; , y1 measured; —, COSMO-RS, modified; - - -, COSMO-RS. 
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4 EXPERIMENTAL SETUP AND PROCEDURES 

4.1 Circulation Still VLE Measurements 

4.1.1 Experimental setup 
The VLE runs were conducted with a Yerazunis-type circulation still [31] built in the glass 
workshop of Helsinki University of Technology with minor modifications to the original 
design [57]. The experimental schematic setup is presented in Figure 8. Approximately 80 ml 
of reagents were needed to run each experiment. The circulation still is placed in a well-
ventilated hood to minimise the emission of the sulphur compound to the surroundings.  
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Figure 8 The experimental setup for circulation still apparatus: (1) heating source; (2) immersion heater; 
(3) DC electric motor; (4) magnetic stirrer bar; (5) liquid phase chamber; (6) mixing chamber; (7) vapour 
phase chamber; (8) equilibrium cell; (9) thermometer; (10) condenser; (11) temperature indicator; (12) 
pressure transducer; (13) pressure indicator; (14) N2 trap; (15) 50 dm3 ballast; (16) vacuum pump. 

 

Temperatures were measured with a Pt-100 resistance temperature probe, which was located 
at the bottom of the packed section of the equilibrium chamber and connected to a 
thermometer (F200, Tempcontrol), which has a manufacturer's stated accuracy of ± 0.02 K. 
The calibration uncertainty was ± 0.01 K. The uncertainty of the whole temperature 
measurement system was estimated to be ± 0.05 K.  
 
Pressure was measured with a Druck pressure transducer PMP 4070 (0 to 100 kPa) connected 
to a Red Lion panel meter. The inaccuracy of the instrument was reported to be ± 0.07 kPa by 
the manufacturer. The pressure measurement system was calibrated against a BEAMEX PC 
105-1166 pressure calibrator. The inaccuracy of the whole pressure measurement system, 
including the calibration uncertainty, is expected to be less than ± 0.17 kPa.  
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In order to improve mixing in the sampling chambers and mixing chamber, the DC electric 
motors (Graupner speed 400) were equipped with magnetic stirrer bars, which deliver stirring 
action in the chambers. 
 

4.1.2 Experimental procedures 

4.1.2.1 Purity determination 
The purity, water content, and refractive indexes of the substances were checked prior to the 
experiments. The substances were dried over molecular sieves (Merck 3A) for 24 h. The 
sulphur compounds were used as purchased, without further purification. The purity was 
checked using gas chromatography (GC) equipped with a flame ionisation detector. The 
refractive index, nD, of the pure liquids was measured at 298.15 K with an ABBEMAT-HP 
automatic refractometer (Dr. Kernchen, Germany) with an accuracy of ± 0.00002 and the 
water content was determined with a DL38 KF Titrator (Mettler Toledo).  

4.1.2.2 VLE measurements 
Pure component 1 was introduced into the circulation still and its vapour pressure was 
measured at several temperatures. Then component 2 was introduced into the circulation still. 
It took approximately 15 to 30 minutes to achieve a constant temperature. The temperature 
was held constant for approximately 30-45 minutes before sampling.  
 
After equilibration, the temperature in the equilibrium cell was measured and then vapour and 
liquid samples were withdrawn with a 1-ml Hamilton Sample Lock syringe and after that 
injected into a cooled 2 ml auto sampler vial containing approximately 1 ml of solvent. The 
compositions of both samples were immediately measured by gas chromatography (GC) and a 
refractometer. To prevent the unpleasant odour of the sulphur compounds spreading, the GC 
and refractometer were placed in a closed and ventilated cupboard. 

4.1.2.3 Analysis of VLE 
The liquid and vapour phase composition were determined with gas chromatography [I]-[VII]. 
In addition to the GC analysis, the samples were analysed with refractometry [II] and [III]. 
The agreement between the results from the chromatographic and refractometric analysis was 
good; an absolute average deviation of 0.001 in mole fraction was observed. The maximum 
error of liquid and vapour composition measurements analysed with GC and refractometry 
was estimated to be 0.001 mole fraction. 

4.1.2.3.1 Gas chromatography 
The pure components were used to determine the retention times, after which the GC was 
calibrated with 15 mixtures of known composition that were prepared gravimetrically. To 
reduce the volume of the sample, 1 ml of solvent was added.  
The response factor of component 2 (F2) was calculated from Eq 33:  

2

1

1

2
2 A

A
m
m

F =   (33) 

Therefore, the vapour or liquid composition of component 1 can be calculated from:  
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where A1 and A2 are the areas of GC peak, M1 and M2 are the molar masses, and m1 and m2 are 
masses in the gravimetrically prepared sample of components 1 and 2, respectively. The 
maximum error of liquid and vapour composition measurements was estimated to be 0.001-
mole fraction. 
 
After the GC calibration was performed, the liquid and vapour samples were analysed with a 
HP 6850A gas chromatograph equipped with an auto sampler and a flame ionisation detector 
(FID). The GC column and the programs used depend on the systems to be analysed. 

4.1.2.3.2 Refractometry 
Seventeen mixtures of known compositions were prepared gravimetrically for each binary 
system. The compositions covered the whole concentration range and were measured at 
293.15 K with an ABBEMAT-HP automatic refractometer. The measured refractive indexes 
of the calibration curves were fitted with a third-order polynomial. The compositions of the 
VLE liquid and vapour samples were determined from the calibration curves. The accuracy of 
the compositions using this procedure is estimated to be 0.001-mole fraction. 

4.1.2.4 Consistency tests 
The consistency test is used to analyse whether the measurements obey the thermodynamics 
relations. If the measurements do not fulfil the requirements then the measurements can be 
considered inconsistent. The infinite dilution and point tests are shown graphically in Figure 
10 and Figure 11, respectively. The results of the thermodynamic consistency tests applied to 
all the sulphur-containing systems are summarised in Table 6. 
 

4.1.2.4.1 Area test 
The thermodynamic consistency test is based on the Gibbs-Duhem equation: 

∑+
Δ

−
Δ

i
ii dxdP

RT
VdT

RT
H γln2   (35) 

The area consistency test [58] for isothermal condition is performed according to the equation: 

∫ =
1

0 2

1 0ln dx
γ
γ   (36) 

The values of 
2

1ln
γ
γ  calculated from the experimental data points are plotted versus the mole 

fraction x1. The data are considered consistent if the deviation between the integration areas 
above and below the x-axis (D) is less than 10%. 

4.1.2.4.2 Infinite dilution test 
The infinite dilution test [59] is carried out by the following equations 

30100 *
11 <= II  and 30100 *

22 <= II    (37 a&b) 
where 
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4.1.2.4.3 Point test 
In the point test [58], the measurement set is considered to be consistent if the average 
deviations between the measured and calculated mole fractions of the vapour phase ( averyΔ ) 
are smaller than 0.01. 

4.2 Comparative Ebulliometry ∞
iγ Measurements 

4.2.1 Experimental setup 
The comparative ebulliometer apparatus was built in the Helsinki University of Technology 
glass workshop. It is used for measuring the infinite dilution activity coefficient of sulphur 
compounds in hydrocarbons under isobaric conditions. The ebulliometers are placed in a 
close cupboard equipped with a ventilation system.  
 
The equipment used for the determination of ∞

iγ  is shown schematically in Figure 9. The 
measurements were conducted with 4 Swietoslawski-type ebulliometers [35] in parallel, 
which allow the activity coefficients for several solutes to be determined simultaneously. The 
temperature differences between the ebulliometer containing pure solvent and those 
containing the mixtures were measured. The apparatus is made of glass and equipped with a 
Cottrell pump. The apparatus can be operated from 15 kPa to atmospheric pressure. The 
differences in the boiling temperatures at equilibrium were measured using a Thermometer 
F200 (Tempcontrol) with an accuracy of ± 0.02 K. A mixture of 2-propanol and water was 
used as a cooling medium for the condenser at 277.15 K. 
 
The ebulliometers were connected through liquid nitrogen traps to a pressure controller and 
ballast tank to a vacuum pump. A 50-dm3 ballast tank is used to reduce pressure fluctuations 
and thus improve the pressure stability. The pressure was measured with a PMP 4070 
pressure transducer (0-100 kPa) (Druck) equipped with a panel meter (Red Lion) with an 
accuracy of ± 0.15 kPa. 
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Figure 9 Overall design of system used to measure activity coefficients by comparative ebulliometers: (1) 
heating units, (2) equilibrium cell, (3) condenser, (4) injection port, (5) thermometer, (6) N2 trap, (7) 50 
dm3 ballast, (8) manual valve, (9) vacuum pump, (10) pressure indicator, (11) temperature indicator. 

 

4.2.2 Experimental procedures 
Prior to the measurements, the ebulliometers were flushed with pure solvent and evacuated 
for 2 hours. As the measurements started, each ebulliometer was filled up with approximately 
100 cm3 of gravimetrically prepared pure solvent. The heating power was turned on and the 
cooling agent was circulated through the condenser. The system needed about 30-60 min to 
achieve a steady state. Once equilibrium was achieved, the vapour pressure of the solvent was 
measured and then compared to the literature values as a test of purity. Small amounts 
(typically about 0.05 ml) of different pure solutes were weighed in a gas-tight syringe 
(Hamilton Sample Lock) and injected into 3 ebulliometers. When equilibrium was achieved, 
the temperature differences between each ebulliometer and a reference ebulliometer were 
measured. The same amount of solute addition was repeated until 4 injections had been made 
in each loading ebulliometer. The total solute concentration in each ebulliometer was between 
0.0025 and 0.0065 in mole fraction. 
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5 RESULTS AND DISCUSSIONS  

5.1 Recirculation Still 
The VLE measurements carried out with the recirculation still are presented in Table 3. The 
measurements of the systems 1-propanethiol, thiophene, and diethyl sulphide with toluene 
were carried out at 90.03 kPa [II]. The thiophene + n-hexane systems were measured at 
323.15 K and 338.15 K and thiophene + 1-hexene systems were measured at 323.15 K and 
333.15 K [III]. The diethyl sulphide + n-heptane and diethyl sulphide + 2,2,4-
trimethylpentane systems were measured at 353.15 K and 363.15 K [IV]. The measurements 
of the diethyl sulphide + n-hexane systems were carried out at 323.15 K and 338.15 K and 
those of the diethyl sulphide + 1-hexene systems were carried out at 323.15 K and 333.15 K 
[V]. The diethyl sulphide + cyclohexane systems were measured at 343.15 K and 353.15 K 
and the diethyl sulphide + 2-ethoxy-2-methylpropane systems were measured at 333.15 K and 
343.15 K [VI]. The measurements of the thiophene + 2,2,4-trimethylpentane systems were 
carried out at 343.15 K and 353.15 K and those of the thiophene + 2-ethoxy-2-methylpropane 
systems were carried out at 333.15 K and 343.15 K [VII]. 
 
The isobaric VLE measurements (liquid composition, vapour composition, temperature) and 
isothermal measurements (liquid composition, vapour composition, pressure), and calculated 
activity coefficients were tabulated and presented in graphs (for isothermal (P, x1, and y1), for 
isobaric (T, x1, and y1), and for activity coefficients (γ1, γ2, and x1). The results were published 
in [II]-[VII].  
 

5.1.1 Wilson interaction parameters 
 

The experimental results were correlated with the Wilson model. The diethyl sulphide + n-
heptane [IV], diethyl sulphide + n-hexane [V], and diethyl sulphide + cyclohexane [VI] 
systems were correlated with a Wilson temperature-dependent model obtained by 
simultaneously fitting the VLE and literature excess enthalpy (HE) measurements by applying 
the appropriate objective function. The Wilson model gave satisfactory correlations for all 
systems. The Wilson interaction parameters (λ12 - λ11) and (λ21 - λ22) are summarised in Table 
5.  
 
The Wilson temperature-dependent parameters (6 parameters) of the diethyl sulphide + 2,2,4-
trimethylpentane [IV], diethyl sulphide + 1-hexene [V], and diethyl sulphide + 2-ethoxy-2-
methylpropane [VI] systems were corrected and recorrelated to Wilson temperature-
independent parameters (2 parameters) as presented in Table 5, because these systems were 
measured at only two temperatures, and thus the quadratic temperature dependence will 
overfit the data with  parameters that should not be extrapolated. 
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Table 5. Results of Wilson interaction parameters (λ12 - λ11) and (λ21 - λ22): 
2

12,212,112,0111212 ⎟
⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛+=−=Δ

K
Ta

K
Taaλλλ  and 

2

21,221,121,0222121 ⎟
⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛+=−=Δ

K
Ta

K
Taaλλλ  

 a0,12 a1,12 a2,12 a0,21 a1,21 a2,21 
System J·mol-1 J·mol-1·K-1 J·mol-1·K-2 J·mol-1 J·mol-1·K-1 J·mol-1·K-2 

1-propanethiol (1) + toluene (2) 
isobaric, P = 90.03 kPa 
 

0 0 0 0 0 0 
thiophene (1) + toluene (2) 
isobaric, P = 90.03 kPa 
 

0 0 0 0 0 0 

diethyl sulphide (1) + toluene (2) 
isobaric, P = 90.03 kPa 
 

0 0 0 0 0 0 

thiophene (1) + n-hexane (2)  
isothermal, T = 323.15 K 
 

1516.417 0 0 1173.183 0 0 

thiophene (1) + n-hexane (2)  
isothermal, T = 338.15 K 
 

1407.728 0 0 1160.497 0 0 
thiophene (1) + 1-hexene (2) 
isothermal, T = 323.15 K 
 

1192.359 0 0 669.637 0 0 

thiophene (1) + 1-hexene (2) 
isothermal, T = 333.15 K 
 

1162.172 0 0 602.481 0 0 

diethyl sulphide (1) + n-heptane (2) a 
isothermal, T = 353.15 K, 363.15 K 
 

5746.383 -30.783 0.048 987.415 -0.325 -0.006 

diethyl sulphide (1) + 2,2,4-
trimethylpentane (2) 
isothermal, T = 353.15 K, 363.15 K 
 

1126.793 0 0 6.625 0 0 

diethyl sulphide (1) + n-hexane (2) b 
isothermal, T = 323.15 K, 338.15 K 
 

5688.186 -31.061 0.051 969.830 1.139 -0.011 

diethyl sulphide (1) + 1-hexene (2) 
isothermal, T = 323.15 K, 333.15 K 
 

778.912 0 0 -133.132 0 0 

diethyl sulphide (1) +cyclohexane (2) c 

isothermal, T = 343.15 K, 353.15 K 
 

5874.918 -23.559 0.026 899.827 -7.862 0.016 

diethyl sulphide (1) + 2-ethoxy-2-
methylpropane (2) 
isothermal, T = 333.15 K, 343.15 K  
 

214.632 0 0 260.000 0 0 

thiophene (1) + 2,2,4-
trimethylpentane  (2) 
isothermal, T = 343.15 K, 353.15 K 
 

1751.129 0 0 1021.328 0 0 

thiophene (1) + 2-ethoxy-2-
methylpropane (2) 
isothermal, T = 333.15 K, 343.15 K 

628.521 0 0 455.905 0 0 

  
aVLE this work + HE data from Ref [18]. 
bVLE this work + HE data from Ref [19]. 
cVLE this work + HE data from Ref [20]. 
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5.1.2 Thermodynamic consistency tests 
 

All the VLE measurements [I]-[VII] passed the integral, infinite dilution, and point tests. The 
results of thermodynamic consistency tests applied to all sulphur-containing systems [II]-[VII] 
are summarised in Table 6. For example, the infinite dilution and point tests for the 2-
propanone (1) + 1,1-diethoxyethane (2) system at 323.15 K are shown in Figure 10 and 
Figure 11, respectively [I].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10 Infinite dilution test for the 2-propanone (1) + 1,1-diethoxyethane (2) system at 323.15 K: , 
GE/(TRx1x2); , ln γ1; , ln γ2; —, Wilson model. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 11 Point test for the 2-propanone (1) + 1,1-diethoxyethane (2) system at 323.15 K: ; Δy, □; ΔP 
(Wilson model). 
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Table 6. Results of integral test, infinite dilution test; averages of absolute vapour fraction residuals 
(Δyaver), averages of absolute temperature residuals (ΔTaver), and averages of absolute pressure residuals 
(ΔPaver) for the Wilson model, residual for UNIFAC, and residual for UNIFAC-Dortmund for the systems 
measured 

integral 

test 

infinite 

dilution  

test (%) 

point test 

(Wilson) 

residuals 

(original 

UNIFAC) 

residuals 

(UNIFAC-

Dortmund) system 

D %d I1
e 

x1=0 

I2
e 

x1=1 

f
averyΔ
  

averPΔ
 (kPa) 

averyΔ
 

averPΔ
(kPa) 

averyΔ
 

averPΔ  

(kPa) 

1-propanethiol (1) + toluene (2) 
isobaric, P = 90.03 kPa 
 

− − − 0.004 
0.07 

averTΔ
 

0.019 
1.63 

averTΔ
 

− − 

thiophene (1) + toluene (2) 
isobaric, P = 90.03 kPa 
 

− − − 0.001 
0.12 

averTΔ
 

0.011 
0.80 

averTΔ
 

0.004 
0.23 

averTΔ
 

diethyl sulphide (1) + toluene (2) 
isobaric, P = 90.03 kPa 
 

− − − 0.001 
0.08 

averTΔ
 

− − − − 

thiophene (1) + n-hexane (2)  
isothermal, T = 323.15 K 
 

0.85 5.0 -4.9 0.001 0.07 0.007 0.77 0.013 1.28 

thiophene (1) + n-hexane (2)  
isothermal, T = 338.15 K 
 

0.02 -6.2 -5.7 0.002 0.15 0.004 0.44 0.022 4.09 

thiophene (1) + 1-hexene (2)  
isothermal, T = 323.15 K 
 

0.80 5.5 -13.4 0.001 0.07 − − − − 

thiophene (1) + 1-hexene (2)  
isothermal, T = 333.15 K 
 

1.76 4.6 -7.9 0.002 0.13 − − − − 

diethyl sulphide (1) + n-heptane (2) a 
isothermal, T = 353.15 K 
 

3.8 4.8 -7.1 0.001 0.07 0.006 0.95 − − 

diethyl sulphide (1) + n-heptane (2) a 
isothermal, T = 363.15 K 
 

3.9 -3.4 -0.6 0.001 0.18 0.005 1.00 − − 

diethyl sulphide (1) + 2,2,4-
trimethylpentane (2) 
isothermal, T = 353.15 K 
 

1.2 3.0 1.0 0.001 0.07 0.009 1.37 − − 

diethyl sulphide (1) + 2,2,4-
trimethylpentane (2) 
isothermal, T = 363.15 K 
 

2.4 -10.5 -1.0 0.001 0.14 0.008 1.59 − − 

diethyl sulphide (1) + n-hexane (2) b 
isothermal, T = 323.15 K 
 

0.1 -4.1 -21.7 0.001 0.06 0.011 0.70 − − 

diethyl sulphide (1) + n-hexane (2) b 
isothermal, T = 338.15 K 
 

0.9 1.7 -27.0 0.001 0.15 0.010 1.24 − − 

diethyl sulphide (1) + 1-hexene (2) 
isothermal, T = 323.15 K 
 

8.3 -12.0 0.2 0.002 0.12 − − − − 

diethyl sulphide (1) + 1-hexene (2) 
isothermal, T = 333.15 K 
 

3.3 -3.4 -27.1 0.001 0.11 − − − − 

diethyl sulphide (1) + cyclohexane (2) c 

isothermal, T = 343.15 K 
 

4.6 -2.7 -6.6 0.001 0.09 0.002 0.32 − − 

diethyl sulphide (1) + cyclohexane (2) c 

isothermal, T = 353.15 K 
 

3.3 -5.1 -15.6 0.001 0.18 0.002 0.09 − − 

diethyl sulphide (1) + 2-ethoxy-2-
methylpropane (2) 
isothermal, T = 333.15 K  
 

0.7 -12.5 -26.7 0.001 0.06 − − − − 

diethyl sulphide (1) + 2-ethoxy-2-
methylpropane (2) 
isothermal, T = 343.15 K  
 

2.0 -27.9 -23.9 0.001 0.11 − − − − 

thiophene (1) + 2,2,4-trimethylpentane  (2) 
isothermal, T = 343.15 K 

2.1 15.8 4.5 0.006 0.23 0.007 0.98 0.007 0.61 
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Table 6. (continued) 
 

         

thiophene (1) + 2,2,4-trimethylpentane  (2) 
isothermal, T = 353.15 K 
 

1.2 3.8 5.8 0.002 0.09 0.005 0.91 0.011 2.06 

thiophene (1) + 2-ethoxy-2-methylpropane 
(2) 
isothermal, T = 333.15 K 
 

1.0 -6.0 -7.4 0.001 0.07 − − − − 

thiophene (1) + 2-ethoxy-2-methylpropane 
(2) 
isothermal, T = 343.15 K 

2.4 -7.7 -13.8 0.001 0.08 − − − − 

 
(−) not available 
aVLE this work + HE data from Ref [18]. 
bVLE this work + HE data from Ref [19]. 
cVLE this work + HE data from Ref [20]. 
 
The criterion for passing the test:  
d D < 10% [58]. 
e 30100 *

11 <= II  and 30100 *
22 <= II [59]. 

aver
f yΔ < 0.01 [58]. 

 

5.1.3 γ∞ of sulphur compounds in hydrocarbons 
 
The VLE measurements were compared with the VLE prediction from the original UNIFAC, 
UNIFAC-Dortmund, and COSMO-RS predictive models. The compositions, pressures, and 
temperatures of the azeotropes, together with the activity coefficients at infinite dilution (γ∞) 
from experimental results and from predictive models, are summarised in Table 7.  
 
Table 7. Activity coefficients at infinite dilution, γ∞, and azeotropic composition (x1az, Taz, Paz) for systems 
measured; Methods: A, measured; B, extrapolation from experimental VLE with the Wilson model; C, 
original UNIFAC; D, UNIFAC-Dortmund; E, COSMO-RS 

system ∞
1γ  ∞

2γ   x1az 
Taz  
(K) 

Paz  
(kPa) method

1-propanethiol (1) + toluene (2) 
isobaric, P = 90.03 kPa 
 

1.04 1.06  − − − B 

thiophene (1) + 1-hexene (2) 
isothermal, T = 323.15 K 
 

1.63 2.0  − − − B 

thiophene (1) + 1-hexene (2) 
isothermal, T = 333.15 K 
 

1.57 1.89  − − − B 

thiophene (1) + 2-ethoxy-2-
methylpropane (2) 
isothermal, T = 333.15 K 
 

1.21 
1.44 

1.40 
1.88  − 

− 
− 
− 

− 
− 

B 
E 

thiophene (1) + 2-ethoxy-2-
methylpropane (2) 
isothermal, T = 343.15 K 
 

1.20 
1.43 

1.38 
1.84  − 

− 
− 
− 

− 
− 

B 
E 



 28

Table 7. (continued) 
 

       

system ∞
1γ  ∞

2γ   x1az 
Taz  
(K) 

Paz  
(kPa) method

thiophene (1) + toluene (2) 
isobaric, P = 90.03 kPa 1.00 1.03  − − − B 

thiophene (1) + n-hexane (2) − −  0.117 323.15 54.75 A 
isothermal, T = 323.15 K 

 1.96 2.71  0.122 323.15 54.66 B 

 
 

2.15 3.36  0.197 323.15 55.57 D 

thiophene (1) + n-hexane (2)  − −  0.110 338.15 90.68  A 
isothermal, T = 338.15 K 1.82 2.49  0.111 338.15 90.90 B 

 1.73 2.40  0.063 338.15 90.77 C 
 2.18 3.61  0.248 338.15 94.11 D 
 

 
 

− −  0.113 341.61 101.32 Ref 
[22] 

thiophene (1) + 2,2,4- − −  0.816 343.15 67.76 A 
trimethylpentane  (2) 1.72 2.62  0.820 343.15 67.35 B 
isothermal, T = 343.15 K 1.53 2.59  0.843 343.15 66.93 C 
 1.68 3.34  0.812 343.15 68.87 D 

 
 

2.68 4.77  0.728 343.15 74.29 E 

thiophene (1) + 2,2,4- − −  0.826 353.15 93.30 A 
trimethylpentane  (2) 1.68 2.54  0.822 353.15 93.20 B 
isothermal, T = 353.15 K 1.50 2.52  0.845 353.15 92.66 C 

 1.71 3.55  0.801 353.15 96.57 D 
 
 

2.56 4.43  0.733 353.15 101.90 E 

diethyl sulphide (1) + n-hexane (2) c 
isothermal, T = 323.15 K 
 

1.51 1.55 
 

− − − B 

diethyl sulphide (1) + n-hexane (2) c 
isothermal, T = 338.15 K 
 

1.47 1.49 
 

− − − B 

diethyl sulphide (1) + 1-hexene (2) 
isothermal, T = 323.15 K 
 

1.27 1.26 
 

− − − B 

diethyl sulphide (1) + 1-hexene (2) 
isothermal, T = 333.15 K 
 

1.26 1.25 
 

− − − B 

diethyl sulphide (1) + cyclohexane 
(2) d 

isothermal, T = 343.15 K 
 

1.38 1.34  − − − B 

diethyl sulphide (1) + cyclohexane 
(2) d 

isothermal, T = 353.15 K 
 

1.36 1.32  − − − B 

diethyl sulphide (1) + 2-ethoxy-2-
methylpropane (2) 
isothermal, T = 333.15 K  

1.13 1.17  − − − B 
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Table 7. (continued) 
 

       
 

system ∞
1γ  ∞

2γ   x1az 
Taz  
(K) 

Paz  
(kPa) method

diethyl sulphide (1) + 2-ethoxy-2-
methylpropane (2) 
isothermal, T = 343.15 K  
 

1.13 1.17  − − − B 

diethyl sulphide (1) + toluene (2) 
isobaric, P = 90.03 kPa 
 

1.00 1.00  − − − B 

diethyl sulphide (1) + n-heptane (2) a − −  0.791 353.15 71.15 A 
isothermal, T = 353.15 K 1.34 1.42  0.805 353.15 71.17 B 

 1.45 1.50  0.782 353.15 71.78 E 
 
 

1.24 1.30  0.896 353.15 70.39 C 

diethyl sulphide (1) + n-heptane (2)a  − −  0.797 363.15 97.28 A 
isothermal, T = 363.15 K 1.33 1.40  0.800 363.15 97.47 B 

 1.43 1.48  0.782 363.15 98.19 E 
 1.23 1.29  0.890 363.15 96.39 C 
 
 
 

− −  0.798 < 
364.95 

101.32 Ref 
[23] 

diethyl sulphide (1) + 2,2,4- − −  0.782 353.15 71.43 A 
trimethylpentane (2) 1.36 1.47  0.791 353.15 71.52 B 
isothermal, T = 353.15 K 1.48 1.55  0.763 353.15 72.12 E 

 
 

1.19 1.28  0.930 353.15 70.26 C 

diethyl sulphide (1) + 2,2,4- − −  0.798 363.15 97.47 A 
trimethylpentane (2) 1.34 1.45  0.805 363.15 97.60 B 
isothermal, T = 363.15 K 1.46 1.52  0.777 363.15 98.35 E 

 1.18 1.27  0.941 363.15 96.15 C 
 − −  0.809 364.59 101.32 Ref 

[22] 

 
(−) none 
 
The activity coefficients at infinite dilution (γ∞) were extrapolated from the VLE 
measurements with the Wilson model for the following systems: 1-propanethiol in toluene; 
thiophene in toluene, n-hexane, 1-hexene, 2,2,4-trimethylpentane, and 2-ethoxy-2-
methylpropane; diethyl sulphide in toluene, n-heptane, 2,2,4-trimethylpentane, n-hexane, 1-
hexene, cyclohexane, and 2-ethoxy-2-methylpropane. All the measured γ∞ of sulphur 
compounds in hydrocarbons are less than two.  The 1-propanethiol, thiophene, and diethyl 
sulphide in toluene show ideal behaviour, and thus the γ∞ for these systems are one.  
 
As shown in Figure 12 and Figure 13, the γ∞ values of thiophene in n-hexane, 1-hexene, 2-
ethoxy-2-methylpropane, and 2,2,4-trimethylpentane decrease with increasing temperature, as 
do the  γ∞ values of diethyl sulphide in n-hexane, 1-hexene, cyclohexane, and 2-ethoxy-2-
methylpropane, n-heptane,  and 2,2,4-trimethylpentane. The γ∞ values of thiophene and 
diethyl sulphide in hydrocarbons also decrease with an increase in the number of C-atoms of 
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the alkanes. These positive deviations from Raoult’s law become smaller with increasing 
temperature and alkane chain length. 
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Figure 12 γ∞ of thiophene in various hydrocarbons obtained from regression of experimental VLE with 
the Wilson model: ▲, n-hexane; Δ, 1-hexene; •, 2-ethoxy-2-methylpropane; □, toluene, ■, 2,2,4-
trimethylpentane 
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Figure 13 γ∞ of diethyl sulphide in various hydrocarbons obtained from regression of experimental VLE 
with the Wilson model: ♦, n-hexane; ◊, 1-hexene; ▲, 2-ethoxy-2-methylpropane; □, cyclohexane, ■, 
toluene; Δ, n-heptane; •, 2,2,4-trimethylpentane 
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5.1.4 Azeotropy and ideality  
 
Azeotropy behaviour and ideality of sulphur compounds in hydrocarbons of the system 
measured is presented in Table 8. The systems 1-propanethiol, thiophene, and diethyl 
sulphide in toluene show nearly ideal behaviour, as shown in Figure 5, Figure 6, and Figure 7, 
respectively. No azeotropes were found in these systems. Since sulphur compounds 
(sulphides, mercaptans, and thiophenes) and toluene have no hydrogen bond-forming 
capabilities, the mixture of those compounds forms ideal mixtures. 
 
No azeotrope formation was observed for the systems thiophene + 1-hexene and diethyl 
sulphide + 1-hexene. The measurement of the 1-propanethiol + 1-hexene system was 
attempted. A reaction between thiol and alkene was observed.  
 
The systems thiophene + 1-hexene and thiophene + 2-ethoxy-2-methylpropane, as well as 
systems of diethyl sulphide with n-hexane, 1-hexene, cyclohexane, 2-ethoxy-2-methylpropane, 
show positive deviation and strong nonideality. No azeotropes formed in these systems, as a 
result of the large difference in the boiling points of the pure components.  
 
The systems thiophene (Tb=357.31 K) + n-hexane (Tb=341.88 K) and thiophene + 2,2,4-
trimethylpentane (Tb=372.39 K), as well as systems diethyl sulphide (Tb=365.25 K) + n-
heptane (Tb=371.58 K), and diethyl sulphide +  2,2,4-trimethylpentane show positive 
deviations from Raoult’s law. These systems exhibit maximum pressure azeotropy. The 
azeotrope forms when the boiling points of the pure components are very close. The closer the 
boiling points of the pure components and the less ideal the mixture, the greater the likelihood 
of an azeotrope.  
 
If there is a point in the composition space in which the vapour pressures of the two 
components are equal at a given temperature (in the region of the normal boiling points of the 
pure components), this may correspond to an azeotropic point which is called a Bancroft point. 
A Bancroft point occurred at about 230 K for the 2-propanol + 1,1-diethoxyethane system 
when each vapour pressure was extrapolated to a lower temperature by the Antoine 
parameters. The azeotropic behavior with a minimum boiling temperature was observed at T 
= 353.15 K, P = 94.2 kPa, x1= 0.916 ± 0.005. 
 
 
Table 8. Azeotropy and ideality of sulphur compounds in hydrocarbon of the systems measured 

system azeotropy Raoult’s law 

1-propanethiol (1) + toluene (2) 
isobaric, P = 90.03 kPa 
 

none nearly ideal 

thiophene (1) + 1-hexene (2) 
isothermal, T = 323.15 K, 333.15 K 
 

none positive deviation 

thiophene (1) + 2-ethoxy-2-methylpropane (2) 
isothermal, T = 333.15 K, 343.15 K 
 

none positive deviation 

thiophene (1) + toluene (2) 
isobaric, P = 90.03 kPa 
 

none nearly ideal 
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Table 8. (continued) 
   

system azeotropy Raoult’s law 

thiophene (1) + n-hexane (2) 
isothermal, T = 323.15 K, 338.15 K 
 

maximum pressure positive deviation 

thiophene (1) + 2,2,4-trimethylpentane  (2) 
isothermal, T = 343.15 K, 353.15 K 
 

maximum pressure positive deviation 

diethyl sulphide (1) + n-hexane (2) 
isothermal, T = 323.15 K, 338.15 K 
 

none positive deviation 

diethyl sulphide (1) + 1-hexene (2) 
isothermal, T = 323.15 K, 333.15 K 
 

none positive deviation 

diethyl sulphide (1) + cyclohexane (2) 

isothermal, T = 343.15 K, 353.15 K 
 

none positive deviation 

diethyl sulphide (1) + 2-ethoxy-2-methylpropane (2) 
isothermal, T = 333.15 K, 343.15 K 
 

none positive deviation 

diethyl sulphide (1) + toluene (2) 
isobaric, P = 90.03 kPa 
 

none nearly ideal 

diethyl sulphide (1) + n-heptane (2) 
isothermal, T = 353.15 K, 363.15 K 
 

maximum pressure positive deviation 

diethyl sulphide (1) + 2,2,4-trimethylpentane (2) 
isothermal, T = 353.15 K, 363.15 K 
 

maximum pressure positive deviation 

 

5.1.5 Estimation methods 
 
Thiols, sulphides, and thiophenes are the major impurities present in crude oils and are also 
found in distillates and in products from cracking, coking, and alkylation processes. Therefore 
the isobaric vapour-liquid equilibria for a binary system of 1-propanethiol, thiophene, and 
diethyl sulphide with toluene at 90.03 kPa were measured [II]. The original UNIFAC 
interaction parameters for sulphides (CH2S) and toluene (AC-CH2) functional group are not 
available; hence no original UNIFAC prediction for the diethyl sulphide + toluene system is 
possible. As can be seen from Figure 7, the prediction of COSMO-RS is close to the 
experimental results. In Figure 5, the original UNIFAC and COSMO-RS predictions for the 
1-propanethiol + toluene system are comparable, even though they do not match well with the 
experiments. The thiophene + toluene system was predicted using the UNIFAC-Dortmund 
and COSMO-RS models. From Figure 6, it can be seen that the predictions with COSMO-RS 
are slightly better when compared to UNIFAC-Dortmund, while the original UNIFAC gave 
unsatisfactory results. For the sulphur-containing systems, the modification of the COSMO-
RS model by the exclusion of the van der Waals interaction from the binary surface 
interaction energy improves the quality of the prediction. The results of the prediction of our 
VLE systems with the modified COSMO-RS are shown in Figure 5, Figure 6, and Figure 7.  
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Thiophene and its derivatives contribute to the overall sulphur content of a particular fraction 
and to the amount of corrosive sulphur oxides formed during combustion. Thus, isothermal 
vapour-liquid equilibria for the binary systems thiophene + n-hexane at 323.15 K and 338.15 
K, thiophene + 1-hexene at 323.15 K and 333.15 K [III], thiophene + 2,2,4-trimethylpentane 
at 343.15 K and 353.15 K, and thiophene + 2-ethoxy-2-methylpropane at 333.15 K and 
343.15 K [VII] were measured.  
 
Thiophene + n-hexane systems at 323.15 K and 338.15 K were predicted with the original 
UNIFAC, UNIFAC-Dortmund, and COSMO-RS, which are shown in Figure 14 and Figure 
15, respectively. 
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Figure 14 Pressure−composition diagram for the thiophene (1) + n-hexane (2) system at 323.15 K: □, x1 
measured; , y1 measured; —, Wilson; - - -,  original UNIFAC; − −, UNIFAC−Dortmund;  − - - −, 
COSMO-RS. 
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Figure 15 Pressure−composition diagram for the thiophene (1) + n-hexane (2) system at 338.15 K: □, x1 
measured; , y1 measured; —, Wilson; - - -,  original UNIFAC; − −, UNIFAC−Dortmund; − - - −, 
COSMO-RS. 
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The original UNIFAC shows a better prediction for the system at 338.15 K compared to the 
prediction for the system at 323.15 K, whereas UNIFAC-Dortmund and COSMO-RS gave 
unsatisfactory predictions for both systems. The activity coefficient-composition diagram for 
the thiophene + n-hexane system at 338.15 K is presented in Figure 16. 
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Figure 16 Activity coefficient−composition diagram for the thiophene (1) + n-hexane (2) system at 338.15 
K: , γ1 from the data; ▲, γ2 from the data; —, γ1 and γ2 from Wilson model; - - -, γ1 and γ2 from original 
UNIFAC; − −, from UNIFAC−Dortmund; − - −, from COSMO-RS. 

 
The original UNIFAC and UNIFAC-Dortmund interaction parameter for thiophene (C4H4S 
functional group) and 1-hexene (CH2=CH functional group) is not available; hence no original 
UNIFAC and UNIFAC-Dortmund prediction for the thiophene + 1-hexene system is possible. 
As can be seen from Figure 17, the COSMO-RS prediction for the thiophene + 1-hexene 
system at 323.15 K is close to the experimental results. 
 



 35

30

35

40

45

50

55

60

65

70

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

P
/ k

Pa

x 1, y 1

 
Figure 17 Pressure−composition diagram for the thiophene (1) + 1-hexene (2) system at 323.15 K: □, x1 
measured; , y1 measured; —, Wilson; - - -, COSMO-RS. 

 
The thiophene + 2,2,4-trimethylpentane system at 343.15 K and 353.15 K were predicted 
with the original UNIFAC, UNIFAC-Dortmund, and COSMO-RS, which are presented in 
Figure 18 and Figure 19, respectively.  
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Figure 18 Pressure−composition diagram for the thiophene (1) + 2,2,4-trimethylpentane  (2) system at 
343.15 K: □, x1 measured; , y1 measured; —, Wilson; - - -, original UNIFAC; − −, UNIFAC-Dortmund; 
— - —,  COSMO-RS. 
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Figure 19 Pressure−composition diagram for the thiophene (1) + 2,2,4-trimethylpentane (2) system at 
353.15 K: □, x1 measured; , y1 measured; —, Wilson;  - - -, original UNIFAC; − −, UNIFAC-Dortmund; 
— - —,  COSMO-RS.  

 
The original UNIFAC gave good agreement for the thiophene + 2,2,4-trimethylpentane 
system at 353.15 K, while UNIFAC-Dortmund gave better agreement than the original 
UNIFAC for the thiophene + 2,2,4-trimethylpentane system at 343.15 K. COSMO-RS shows 
poor prediction for these systems at both temperatures. 
 
The original UNIFAC interaction parameter for the thiophene (C4H4S functional group) and 
2-ethoxy-2-methylpropane (CH2O functional group) system is not available; hence no original 
UNIFAC prediction is possible for the thiophene + 2-ethoxy-2-methylpropane system. As can 
be seen from Figure 20, the COSMO-RS gave poor prediction for the thiophene + 2-ethoxy-
2-methylpropane system at 333.15 K. 
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Figure 20 Pressure−composition diagram for the thiophene (1) + 2-ethoxy-2-methylpropane (2) system at 
333.15 K: □,  x1 measured; , y1 measured; —, Wilson; − −, COSMO-RS. 
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Diethyl sulphide is one of the common organic sulphides found in lower-boiling distillates. 
Hence, in this work isothermal vapour-liquid equilibria for the binary system of diethyl 
sulphide + n-heptane and diethyl sulphide + 2,2,4-trimethylpentane were measured at 353.15 
K and 363.15 K [IV], diethyl sulphide + n-hexane were measured at 323.15 K and 338.15 K, 
diethyl sulphide + 1-hexene were measured at 323.15 K and 333.15 K [V], diethyl sulphide + 
cyclohexane were measured at 343.15 K and 353.15 K, and diethyl sulphide + 2-ethoxy-2-
methylpropane were measured at 333.15 K and 343.15 K [VI].  
 
The measured VLE of diethyl sulphide + n-heptane systems were used simultaneously with 
the excess enthalpy from the literature for a correlation of temperature-dependent Wilson 
parameters. These parameters were used in the calculation to describe the systems. The 
measurements of the diethyl sulphide + n-heptane system were predicted with the original 
UNIFAC and COSMO-RS. The VLE results of the diethyl sulphide + n-heptane system at 
363.15 K are presented in Figure 21. The original UNIFAC and COSMO-RS give 
unsatisfactory predictions for the systems measured.  
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Figure 21 Pressure−composition diagram for the diethyl sulphide (1) + n-heptane (2) system at 363.15 K: 
□, x1 measured; , y1 measured; —, Wilson model-extended data; - - -,  original UNIFAC; − −, 
COSMO-RS. 

 
The measurements of the diethyl sulphide + 2,2,4-trimethylpentane system were predicted 
with the original UNIFAC and COSMO-RS. The results of the diethyl sulphide + 2,2,4-
trimethylpentane system at 353.15 K are presented in Figure 22. The original UNIFAC and 
COSMO-RS give unsatisfactory predictions for this system.  
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Figure 22 Pressure−composition diagram for the diethyl sulphide (1) + 2,2,4-trimethylpentane (2) system 
at 353.15 K: □, x1 measured; , y1 measured; —, Wilson model-extended data; - - -, original UNIFAC; − −, 
COSMO-RS. 

 
The measurements for the diethyl sulphide + n-hexane system were predicted with the 
original UNIFAC and COSMO-RS. The results of the diethyl sulphide + n-hexane system at 
323.15 K are presented in Figure 23. The COSMO-RS predictions are quite close to the 
experimental results and show better prediction compared to the original UNIFAC.  
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Figure 23 Pressure−composition diagram for the diethyl sulphide (1) + n-hexane (2) system at 323.15 K: □, 
x1 measured; , y1 measured; —, Wilson; - - -, original UNIFAC; − −, COSMO-RS. 
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The measurements of the diethyl sulphide + 1-hexene systems were predicted with COSMO-
RS. COSMO-RS gives poor prediction for these systems. The results for the diethyl sulphide 
+ 1-hexene system at 323.15 K are presented in Figure 24. The original UNIFAC interaction 
parameter for the diethyl sulphide (CH2S functional group) and 1-hexene (CH2=CH 
functional group) is not available; hence no original UNIFAC prediction is possible for the 
diethyl sulphide + 1-hexene system.  
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Figure 24 Pressure−composition diagram for the diethyl sulphide (1) + 1-hexene (2) system at 323.15 K: □, 
x1 measured; , y1 measured; —, Wilson; − −, COSMO-RS. 

 
The measurements for the diethyl sulphide + cyclohexane system were predicted with the 
original UNIFAC model and COSMO-RS. The results for the diethyl sulphide + cyclohexane 
system at 343.15 K are presented in Figure 25. The original UNIFAC predictions are quite 
close to the experimental results, while COSMO-RS shows less accurate prediction for these 
systems.  
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Figure 25 Pressure−composition diagram for the diethyl sulphide (1) + cyclohexane (2) system at 343.15 K: 
□,  x1 measured; , y1 measured; —, Wilson; - - -, UNIFAC; − −, COSMO-RS. 
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The original UNIFAC interaction parameter for the diethyl sulphide (CH2S functional group) 
and 2-ethoxy-2-methylpropane (CH2O functional group) is not available; hence no original 
UNIFAC prediction is possible for the diethyl sulphide + 2-ethoxy-2-methylpropane system. 
As can be seen from Figure 26, COSMO-RS also gives poor prediction for these systems.  
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Figure 26 Pressure−composition diagram for the diethyl sulphide (1) + 2-ethoxy-2-methylpropane (2) 
system at 333.15 K: □, x1 measured; , y1 measured; —, Wilson; − −, COSMO-RS. 

 
Ethanol is already being used extensively as a fuel additive and the use of ethanol fuel alone 
(biofuel) or as part of a mix with gasoline is increasing. One way to produce ethanol is 
through fermentation. Ethanol is purified by azeotropic distillation and dehydration in order to 
obtain nearly pure ethanol with a purity of 99.5 to 99.9%. However, a small amount of side 
products can be produced during the fermentation process, such as acetaldehyde, 2-propanol, 
ethyl ethanoate, and 1,1-diethoxyethane. Acetaldehyde will react with ethanol to form 1,1-
diethoxyethane. Thus, in this work isothermal vapour-liquid equilibria for binary systems of 
2-propanol + 1,1-diethoxyethane at 353.15 K, ethyl ethanoate + 1,1-diethoxyethane at 348.15 
K, and 2-propanone + 1,1-diethoxyethane at 328.15 K were measured [I].  
 
The measured isothermal equilibrium data for the 2-propanol + 1,1-diethoxyethane system at 
353.15 K is presented in Figure 27. This system exhibits positive deviations from Raoult's law. 
Azeotropic behaviour with a minimum boiling temperature was observed at T = 353.15 K, P 
= 94.2 kPa, x1 = 0.916 ± 0.005. The original UNIFAC gave good prediction for the system 
measured.  
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Figure 27 Pressure−composition diagram for the 2-propanol (1) + 1,1-diethoxyethane (2) system at 353.15 
K: ▲, x1 measured; ■, y1 measured; —, Wilson; - - -, original UNIFAC. 

 
The measured isothermal equilibrium data for the 2-propanone + 1,1-diethoxyethane system 
at 328.15 K is presented in Figure 28. This system exhibits positive deviations from Raoult's 
law. No azeotropic behaviour was observed. The original UNIFAC gave good prediction for 
the system measured. 
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Figure 28 Pressure−composition diagram for the 2-propanone (1) + 1,1-diethoxyethane (2) system at 
328.15 K: ▲, x1 measured; ■, y1 measured; —, Wilson; - - -, original UNIFAC. 
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The measured isothermal equilibrium data for the ethyl ethanoate + 1,1-diethoxyethane 
system at 348.15 K is presented in Figure 29. This system exhibits positive deviations from 
Raoult's law. No azeotropic behaviour was observed. The original UNIFAC gave good 
prediction for the system measured.  
 

30

40

50

60

70

80

90

100

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
x 1, y 1

P
/ k

Pa

 
Figure 29 Pressure−composition diagram for the ethyl ethanoate (1) + 1,1-diethoxyethane (2) system at 
348.15 K: ▲, x1 measured; ■, y1 measured; —, Wilson; - - -, original UNIFAC. 

 

5.2 Differential Ebulliometry 

5.2.1 Systems tested 
Before sulphur component measurements were carried out, the reliability of the system was 
tested. First, the apparatus was used for taking water vapour pressure measurements in the 
range 30-90 kPa. The measurement results were compared to the literature correlation [41]. 
The difference of each ebulliometer was approximately 0.2 kPa. 
 
Second, the apparatus was used to determine infinite dilution for an alcohol-water mixture. 
Measurements of infinite dilution for 2-propanol (1) + water (2) and ethanol (1) + water (2) 
mixtures were made at 4 different temperatures between 330.15 K and 370.15 K (pressure 
17.7, 30, 50, and 90 kPa). The experimental results were compared to the literature data and 
predictive UNIFAC and also fitted to the Wilson model calculated by VLEFIT. 

5.2.2 Sulphur component-hydrocarbon mixtures 
Prior to the measurements, the vapour pressure of the solvent was measured and compared to 
the literature values, and then the Antoine coefficients were regressed.  
 
An evaporation factor (f) is needed to calculate concentration in the equilibrium and is also 
used to determine the ebulliometric constant. The evaporation factor was determined from n-
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hexane (1) + ethyl acetate (2) experiments at 74.018 kPa, 340.15 K at different compositions. 
The average f value is 0.055, which agreed well with Raal’s result [50].  
 
One example of typical results of measurements, equilibrium compositions, and 
determination of the limiting slope is shown in Figure 30. 
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Figure 30 -ΔT as a function of feed composition for the system thiophene (1) in toluene (2) at 379.53 K; □,  
experimental values, ▲,  equilibrium liquid composition, ▬, polynomial fitting, ---,  limiting slope. 

 
To test the reliability and accuracy of the system, the infinite dilution activity coefficients of 
ethanol (1) + water (2) were measured in the range from 333.15 K to 373.15 K. The results 
were compared with the literature data [60]. It can be seen that the agreement with the 
literature data is good, as shown in Figure 31.  
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Figure 31 Comparison of experimental data to the literature for the infinite dilution activity coefficient of 
ethanol (1) in water (2): ■, this work; □, Kojima [60]. 



 44

The results for the infinite dilution activity coefficients of 1-propanethiol, ethyl methyl 
sulphide, and thiophene in toluene, n-heptane, and 2,2,4-trimethylpentane at 90 kPa are 
presented in Table 9. The infinite dilution activity coefficients determined are compared with 
the predictive original UNIFAC group contribution model. 
 
Table 9. Experimental values of γ∞ determined in this work together with UNIFAC estimation 

Solute (1) Solvent (2) T (K) γ1
∞  original  

UNIFAC 
thiophene toluene 379.53 1.04 1.13 
 n-heptane 367.47 1.31 1.54 
 
 

2,2,4-trimethylpentane 368.11 1.46 1.47 

1-propanethiol toluene 379.53 0.86 1.29 
 n-heptane 367.47 1.04 1.31 
 
 

2,2,4-trimethylpentane 368.11 1.23 1.25 

ethyl methyl sulphide  toluene 379.53 0.88 − 
 n-heptane 367.47 1.18 1.20 
 2,2,4-trimethylpentane 368.11 1.17 1.14 

 
 
(−) not available 

 

The experimental results show good agreement with the original UNIFAC prediction. The 
interaction parameter for the CH2S – ACH-CH2  binary pair is not available, and hence no 
UNIFAC prediction for the ethyl methyl sulphide + toluene system is possible.  

The γ∞ values of sulphur compounds for the thiophene + toluene and thiophene + 2,2,4-
trimethylpentane systems obtained from the recirculation still measurements are compared 
with the γ∞ values obtained from the comparative ebulliometer measurements. The agreement 
between measurements is good, as shown in Figure 32. 
 
However, the γ∞ values of sulphur compounds for the 1-propanethiol + toluene and ethyl 
methyl sulphide + toluene systems obtained from comparative ebulliometer measurements are 
less than one. These systems show negative deviation from Raoult’s law, and thus these 
systems do not follow the typical behaviour of sulphur compounds in hydrocarbons. The 
reason for this behaviour is the high relative volatility and the large differences in boiling 
point temperatures between the solutes and solvent. The temperature fluctuations during the 
measurements caused considerable deviation in the limiting slope calculation, and thus these 
γ∞ values are not reliable. 
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Figure 32 Comparison γ∞ obtained from extrapolated VLE measurements and direct comparative 
ebulliometry method: ■, 1-propanethiol + toluene at 379.53 K (comparative ebulliometry); □, 1-
propanethiol + toluene at 379.44 K (VLE); Δ, thiophene + toluene at 379.53 K (comparative ebulliometry); 
▲, thiophene + toluene at 379.44 K (VLE); ♦, thiophene + 2,2,4-trimethylpentane at 368.11 K 
(comparative ebulliometry); ◊, thiophene + 2,2,4-trimethylpentane at 343.15 K and 353.15 K (VLE) 
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6 CONCLUSIONS 
 
We have measured and studied the vapour-liquid equilibrium behavior of selected sulphur 
compounds (1-propanethiol, diethyl sulphide, ethyl methyl sulphide, and thiophene) with 
various hydrocarbons under isobaric and isothermal conditions using a circulation still and 
comparative ebulliometer techniques.  
 
The gamma (γ)−phi (φ) approach was used in the calculation of vapour-liquid equilibria. The 
activity coefficients of the liquid phase (γ) were correlated with the Wilson model. The 
Wilson model gave good correlation for all the systems. The activity coefficients at infinite 
dilution (γ∞) were extrapolated from VLE measurements with the Wilson model. The 
temperature-dependent parameters of the Wilson model can be obtained by simultaneously 
using VLE measurements and excess enthalpy (HE) measurements from the literature. This 
procedure normally leads to models that are applicable across a wide temperature range.  
 
The measured VLEs were compared with the predicted VLEs from the original UNIFAC, 
UNIFAC-Dortmund, and COSMO-RS predictive models. The original UNIFAC is adequate 
to describe the behaviour of sulphur in hydrocarbons, even though its application is limited to 
the availability of the functional group interaction parameters. New measurements in this 
work will be used to determine the missing UNIFAC interaction parameters. When the 
measurements are not available, the original UNIFAC and COSMO-RS predictive models can 
be used to predict the activity coefficients. However, COSMO-RS gives poor prediction for 
all the systems studied, and thus currently it is not a suitable model for predicting the 
behaviour of systems containing sulphur compounds. All the VLE measurements passed the 
integral, infinite dilution, and point tests. 
 
The γ∞ of sulphur compounds values for the thiophene + toluene and thiophene + 2,2,4-
trimethylpentane systems obtained from the recirculation still measurements are compared 
with the γ§∞ values of sulphur compounds obtained from the comparative ebulliometer 
measurements. The agreement between the measurements is reasonably good.  
 
All the measured γ∞ of sulphur compounds in hydrocarbons are less than two.  1-Propanethiol, 
thiophene, and diethyl sulphide in toluene systems show ideal behaviour, thus the γ∞ of 
sulphur compounds for these systems are one. The activity coefficients of sulphur compounds 
in hydrocarbons show the typical behaviour of positive deviations from Raoult’s law, which 
become smaller with increasing temperature and with an increase in alkane chain length. 
 
However, the γ∞ of sulphur compounds for the 1-propanethiol + toluene and ethyl methyl 
sulphide + toluene systems obtained from the comparative ebulliometer measurements are 
less than one. These systems show negative deviation from Raoult’s law, and thus these 
systems do not follow the typical behaviour of sulphur compounds in hydrocarbons. The 
reason for this behaviour is the high relative volatility and the large differences in boiling 
point temperatures between the solutes and solvent ( 040≈Δ bT C). The temperature 
fluctuations during the measurements caused a significant deviation in the limiting slope 
calculation, and thus these γ∞ are not reliable. The experimental setup is not suitable for 
measuring these systems. 
 
The systems 1-propanethiol, thiophene, and diethyl sulphide in toluene show nearly ideal 
behaviour. No azeotrope formation was observed for the systems thiophene + 1-hexene and 
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diethyl sulphide + 1-hexene. The reaction between 1-propanethiol and 1-hexene was observed. 
The circulation still cannot make measurements for reactive systems, and thus the 
measurements should be made with a special device for reacting systems. 
 
The systems thiophene + n-hexane and thiophene + 2,2,4-trimethylpentane, as well as the 
systems diethyl sulphide + n-heptane and diethyl sulphide + 2,2,4-trimethylpentane, show 
positive deviations from Raoult’s law. These systems exhibit maximum pressure azeotropy.   
 
The systems thiophene + 1-hexene and thiophene + 2-ethoxy-2-methylpropane, as well as the 
systems of diethyl sulphide with n-hexane, 1-hexene, cyclohexane, and 2-ethoxy-2-
methylpropane, show positive deviation and strong nonideality. No azeotropes formed in 
those systems.  
 
The Bancroft point could be used as an indication of the formation of an azeotrope. A 
Bancroft point occurred at about 230 K for the 2-propanol + 1,1-diethoxyethane system when 
each vapour pressure was extrapolated to a lower temperature by the Antoine parameters. 
Azeotropic behaviour with a minimum boiling temperature was observed at T = 353.15 K, P 
= 94.2 kPa, x1= 0.916 ± 0.005. 
 
New measurements in this work gave new information about the behaviour of sulphur in 
hydrocarbons. However, more new experimental measurements for various systems 
containing higher molecule of sulphide, higher molecule of thiol, and alkylated thiophene in 
different hydrocarbons, together with excess enthalpy measurements, are needed for the 
design of multicomponent separation processes such as distillation columns.  
 
The circulation still and ebulliometer are good techniques and are commonly used for vapour-
liquid equilibrium determination in the low-pressure range. Other techniques can also be 
considered, such as a high-pressure ebulliometer and static cell apparatus to measure systems 
at high temperatures. Compared to a recirculation still, gamma infinite dilution measurements 
with comparative ebulliometers are more difficult to perform. When the relative volatility 
between the two components is large, pressure and temperature fluctuations are typically 
observed, which lead to inaccurate measurements. In addition, no thermodynamic consistency 
tests are available to check the γ∞ values.  
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