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� Liquid–liquid equilibrium phase diagrams for ionic liquid + thiol + n-alkane.
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a b s t r a c t

Aiming at the replacement of the present inefficient and expensive desulfurization processes, ionic liq-
uids have been considered as potential solvents to be used in extraction procedures. In this context, this
work provides an experimental evaluation on the feasibility of ionic liquids for the selective extraction of
a less studied class of aliphatic sulfur compounds – thiols. A mixture composed of n-dodecane and 1-
hexanethiol was used, as a feed model of kerosene in ‘‘jet-fuel’’, and the tie-lines of the corresponding
ternary systems were experimentally determined at 298.2 K and 313.2 K for imidazolium- and pyridini-
um-based ionic liquids. Using the experimental data, the selectivity and distribution ratios of 1-hexa-
nethiol were also determined. Despite the small distribution ratios, these systems display a high
selectivity meaning that the co-extraction of other fuel compounds can be controlled by the ionic liquids
nature and/or chemical structural characteristics. The COnductor-like Screening MOdel for Real Solvents
(COSMO-RS) was used to predict the liquid–liquid equilibrium of the investigated systems. A good agree-
ment between the experimental data and the COSMO-RS results was observed. Therefore, the extraction
behavior with other ionic liquids not experimentally addressed was also predicted by COSMO-RS for the
identification of the best potential candidates. The ionic liquids identified are constituted by a short alkyl
side chain imidazolium, pyridinium and pyrrolidium cations, combined with the anions tosylate, dieth-
ylphosphate, ethylsulfate and triflate.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Sulfur emissions from fossil fuels, coal and chemical burning, as
well as by refinery industries have a great impact in human health
and in the overall environment. The release of sulfur compounds is
responsible for the production of SOx, which additionally lead to
acid rain, ozone depletion, and respiratory insufficiency in humans.

Regarding the fuel use, SOx is also responsible for the deactivation
of automotive catalytic converters which further inhibit the perfor-
mance of the pollution control equipment and lead to the release of
additional toxic and volatile organic compounds. To minimize
these major environmental and health concerns, the authorities
implemented more strict policies where fuel sulfur limits have
been drastically reduced to near-zero levels (<10 ppm S) [1,2].

Desulfurization is thus, today, one of the most important pro-
cesses on a refinery. Commonly, the reduction of the sulfur content
is attained through the conventional hydrodesulfurization process
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(HDS). This treatment consists in the hydrogenation of the sulfur
compound (aliphatics and aromatics) into hydrogen sulfides and
hydrocarbons at elevated temperatures and high hydrogen pres-
sure [1,2]. Despite the hydrocarbon recovery, there is also an oc-
tane number decrease by the saturation of olefins. However, this
type of treatment represents high economic investments and oper-
ation costs. In addition, for the distilled branches with higher
molecular weight sulfur-compounds, which present lower reactiv-
ity, more severe conditions are even required since these com-
pounds are more difficult to hydrogenate, increasing therefore
the operation costs [1,2]. The sulfur removal by the HDS process
needs a quality upgrading of the existing technologies and a con-
tinuous development of new alternative desulfurization ap-
proaches. Various options were already considered, such as
selective and/or oxidative extractions, reactive adsorption, bio-
desulfurization, membrane separation, among others [1–7].

Ionic liquids (ILs) belong to the molten salts group and are gen-
erally composed of bulky and asymmetric organic cations and or-
ganic or inorganic anions. Most ionic liquids exhibit desirable
attributes, namely a negligible vapor pressure, a wide temperature
range where they are liquid, high thermal and chemical stabilities,
and a good solvating capacity for both organic and inorganic com-
pounds, among others [8]. Therefore, ionic liquids appear as more
attractive and competitive solvents compared to the conventional
volatile organic solvents, especially due to their negligible vapor
pressure and high thermal stability. Additionally, the huge number
of possible ionic liquids that can be synthesized by a proper selec-
tion of the cation/anion combinations allows the tuning of their
solvation ability for a variety of solutes. This tailoring feature
makes possible to choose an ionic liquid that presents reduced
solubility in the feed liquid phase and a high affinity for the target
solute to be removed.

During the past few years, several research works have been
addressing the use of ionic liquids for the removal of sulfur-based
compounds from distilled streams, such as gasoline, kerosene and
diesel [3,9–16]. These studies comprised different forms of desul-
furization processes, and amongst them, it can be found the li-
quid–liquid extraction [16–25] and simultaneous oxidation
[9,15,26–33], the oxidative extraction [32,34,35], and the use of
supported ionic liquids in membranes or solid particles [14,36–
38]. Most of the studies have focused on aromatic sulfur com-
pounds (thiophene, benzothiophene, benzothiophene and their
derivates) since they are present in higher contents in the refinery
streams when compared with the aliphatic analogs. Wasserscheid
et al. [14,39] studied the removal of n-butyl mercaptan from n-
heptane and n-decane using imidazolium-phosphate-, chloride-
and bis[(trifluoromethyl)sulfonyl]imide-based ionic liquids, either
in simple liquid extractions or in absorptive processes using the io-
nic liquid immobilized in a ceramic support. The ethanethiol
extraction from gasoline was proposed by Martínez-Palou et al.
[40] and its interactions with both anhydrous Fe(III) chloride an-
ions and 1-butyl-3-methylimidazolium-based ionic liquids were
investigated.

Taking into account the scarcity of reported results concerning
the removal of thiols [14,39,40], this work aims at studying the io-
nic liquids as potential extracting solvents for organosulfur com-
pounds with the sulfhydryl group and a sided alkyl chain (R-SH),
considering kerosene as the fuel fraction to be treated for the pro-
duction of ‘‘jet-fuel’’. Though this hydrocarbon mixture is very
complex, the ‘‘jet-fuel’’ model assumed here is a n-alkane, n-dode-
cane, and the thiol 1-hexanethiol. The liquid–liquid equilibrium for
the ternary mixture composed of 1-hexanethiol, n-dodecane and
several ionic liquids, based either on imidazolium or pyridinium
cations, combined with the anions methylsulfate, methanesulfo-
nate, triflate, bis(trifluoromethylsulfonyl)imide and tetrafluorobo-
rate, was determined at 298.2 K and 313.2 K, and at atmospheric

pressure. The large number of ionic liquids studied further allowed
the understanding of the ionic liquid features that enhance the
extraction of high molecular weight thiols.

Keeping in mind that the screening of the huge number of pos-
sible ionic liquids and hydrocarbons mixtures is experimentally
unfeasible, the use of predictive models and/or computational
methods is a viable option for the design of the best solvent. Thus,
the COnductor-like Screening MOdel for Real Solvents (COSMO-RS)
[41–43] was also employed to describe the liquid–liquid equilibria
experimentally addressed aiming at evaluating its prediction per-
formance. Albeit COSMO-RS was already applied in the description
of equilibrium behavior of sulfur compounds, mainly aromatic sul-
fur compounds, with ionic liquid and hydrocarbon [44–55], the
ability of COSMO-RS to describe the ternary systems comprising
aliphatic sulfur compounds, is here assessed. Due to its fundamen-
tal nature, COSMO-RS only requires the information on the molec-
ular structure of the compounds and has gained a spot place in the
a priori prediction of phase behavior, activity coefficients and other
thermophysical data [47,48,50,52,56–61].

Supported on the good agreement obtained between the exper-
imental data and COSMO-RS results, the model was further used in
the identification of other potential ionic liquids for the thiol
extraction.

2. Materials and methods

2.1. Liquid–liquid equilibrium

The selection of the ionic liquids to be tested was carried out
taking into account the mutual solubility between aliphatic/aro-
matic hydrocarbons and ionic liquids. Low mutual solubilities are
required in order to minimize the solvent loss or the contamina-
tion of the hydrocarbon-rich sample. Besides these conditions it
is also necessary to choose ionic liquids with a high selectivity
and distribution ratio values for thiols. As demonstrated in our pre-
vious work [62], the cation side alkyl chain length of ionic liquids is
the feature with the major impact within these system’s miscibil-
ity. Longer alkyl side chains or the predominance of non-polar re-
gions increases the dispersive interactions between the ionic liquid
and the hydrocarbons which can lead to a significant loss of the
feed. Therefore, the longest alkyl side chains of the ionic liquid cat-
ions studied here are ethyl and butyl to reduce the mutual solubil-
ity between the ionic liquid and the hydrocarbons. Both
imidazolium- and pyridinium-based ionic liquids were evaluated.
Others cations, such as alkylphosphoniums or alkylammoniums,
were not tested due to their high miscibility with n-alkanes and
aromatics hydrocarbons [62].

2.1.1. Materials
The n-dodecane and 1-hexanethiol were acquired from

Sigma–Aldrich, 99% and 95% pure, respectively, and were used as
received. The imidazolium-based ionic liquids investigated were:
1-ethyl-3-methylimidazolium methylsulfate ([C2mim][MeSO4]),
1-ethyl-3-methylimidazolium methanesulfonate ([C2mim][CH3

SO3]), 1-ethyl-3-methylimidazolium triflate ([C2mim][CF3SO3]), 1-
ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([C2mim][NTf2]), 1-ethyl-3-methylimidazolium tetrafluoroborate
([C2mim][BF4]), 1-butyl-3-methylimidazolium methylsulfate ([C4

mim][MeSO4]), 1-butyl-3-methylimidazolium triflate ([C4mim]
[CF3SO3]), and 1-butyl-3-methylimidazolium bis(trifluoromethyl-
sulfonyl)imide ([C4mim][NTf2]). The pyridinium-based ionic liquids
studied were: 1-ethyl-3-methylpyridinium methanesulfonate ([C2

mpy][CH3SO3]), 1-ethyl-3-methylpyridinium triflate ([C2mpy][CF3

SO3]), and 1-ethyl-3-methylpyridinium bis(trifluoromethylsulfonyl)
imide ([C2mpy][NTf2]). The chemical structures of the studied ionic
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liquids, divided by cations and anions, are depicted in Tables 1 and 2.
All the ionic liquids were acquired from IoLiTec, Ionic Liquid Technol-
ogy, Germany, with a purity level >99 wt%. Before use, the ionic

liquids were dried and purified by heating (313.2 K) under moderate
vacuum, and with constant stirring for a minimum of 24 h. The ionic
liquid water content was determined by Karl-Fischer titration, using

Table 1
Abbreviations and chemical structures of the ionic liquids cations studied.

Abbreviation Description Chemical structure

[C2mim]+ 1-Ethyl-3-methylimidazolium

[C4mim]+ 1-Butyl-3-methylimidazolium

[C6mim]+ 1-Hexyl-3-methylimidazolium

[C8mim]+ 1-Methyl-3-octylimidazolium

[C2C2im]+ 1,3-Diethylimidazolium

[C4C4im]+ 1,3-Dibutylimidazolium

[C2mpy]+ 1-Ethyl-3-methylpyridinium

[C2mpyr]+ 1-Ethyl-3-methylpyrrolidinium

[C4iQuin]+ N-butyl-isoquinolinium

[C4TZO]+ 3-Butyl-4-methylthiazolium

[Ch]+ Ethyl(2-hydroxyethyl)dimethylammonium (cholinium)

[Gu]+ Guanidinium

[(C1)6Gu]+ Hexamethylguanidinium

[P666(14)]+ Trihexyl(tetradecyl)phosphonium

316 A.R. Ferreira et al. / Fuel 128 (2014) 314–329
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Table 1 (continued)

Abbreviation Description Chemical structure

[OC2(C1)4iU]+ O-ethyl-N,N,N,N-tetramethylisothiouronium

[SC2(C1)4iU]+ S-ethyl-N,N,N,N-tetramethylisothiouronium

Table 2
Abbreviations and chemical structures of the ionic liquids anions studied.

Abbreviation Description Chemical structure

[MeSO4]� Methylsulfate

[EtSO4]� Ethylsulfate

[BuSO4]� Butylsulfate

[OcSO4]� Octylsulfate

[CH3SO3]� Methylsulfonate

[CF3SO3]� Trifluoromethanesulfonate

[(PFBu)SO3]� Perfluorobutanesulfonate

[CH3CO2]� Acetate

[NTf2]� Bis[(trifluoromethyl)sulfonyl]imide

[PF6]� Hexafluorophosphate

[BF4]� Tetrafluoroborate

(continued on next page)
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a Metrohm 831 Karl Fischer coulometer. The water content values are
presented in Supporting information, Table S1.

2.1.2. Experimental procedure
The ionic liquids were selected present a very low solubility in

the hydrocarbon under study (n-dodecane). All the ternary systems
investigated present two distinct liquid phases, an upper phase
rich in n-dodecane and a lower IL-rich phase. The 1-hexanethiol
is partitioned between the two phases. As the real sulfur content
in crude oils is very low, the measured equilibrium tie-lines corre-
spond to the lowest region of the ternary phase diagram with the
mole fraction of 1-hexanethiol ranging between 0.015 and 0.025
in the overall mixture composition.

The ternary mixtures were prepared in glass vials (10 mL) with
screw caps to prevent the evaporation of volatile compounds as
well as to avoid the adsorption of moisture from atmosphere.
Known quantities of each component were weighed within
10�4 g (Precisa, model XT220A, Sweden), and added directly to
the glass vials.

The ternary mixtures were stirred and left at rest for at least
24 h at the desired temperature (±0.5 K). When the equilibrium

was attained two clear liquid phases were observed. After the
equilibration, individual samples were carefully taken from the
upper and bottom phases using syringes for further quantification.

The thiol, in each phase, was quantified by potentiometric
titration, using a TitraLab� 865 titration workstation, with an
alcoholic solution of AgNO3 at 0.01 M, according to the ASTM
D3227 standard [63]. The ionic liquid content in the hydrocar-
bon-rich phase was determined by UV spectroscopy, using a He-
lios a UV–Vis spectrophotometer from Thermo Scientific.
However, it should be highlighted that no peaks corresponding
to each ionic liquid were found in all the tested samples meaning
that their concentration is below the lower detection limit of the
equipment. Therefore, in all situations, the content of ionic liquid
in the hydrocarbon-rich phase was considered as insignificant or
null. The n-dodecane in the ionic-liquid-rich phase was deter-
mined gravimetrically (±10�4 g) after a drying process under vac-
uum in which the n-alkane and the thiol are removed. At this
step, samples of circa 0.5 g were used. However, and as happened
with the ionic liquids in the hydrocarbon-rich phase, the amount
of n-dodecane in the ionic-liquid-rich phase was found to be neg-
ligible in all situations. In summary, the quantification of each

Table 2 (continued)

Abbreviation Description Chemical structure

[N(CN)2]� Dicyanamide

[C(CN)3]� Tricyanomethane

[B(CN)4]� Tetracyanoborate

[TOS]� Tosylate

[DEP]� Diethylphosphate

[DBP]� Dibutylphosphate

[NO3]� Nitrate

[FeCl4]� Tetrachloroferrate

318 A.R. Ferreira et al. / Fuel 128 (2014) 314–329



Author's personal copy

component in each layer allowed the determination of the corre-
sponding tie-lines.

2.2. COSMO-RS theory

COSMO-RS [41,43,64–66] is a thermodynamic model capable of
forecasting several thermophysical properties and the phase
behavior of pure fluids and/or mixtures. This means that this mod-
el does not require a priori experimental data since it is based on a
combination of the properties of individual atoms comprising each
molecule or ions. COSMO-RS combines quantum chemical ap-
proaches, based on the dielectric continuum model known as COS-
MO (COnductor-like Screening MOdel), with statistical
thermodynamics calculations.

In the COSMO calculations, the molecules are surrounded by a
virtual conductor environment, and the interactions are considered
to take place on segments of this perfect/ideal conductor interface
[41,43,64,65] taking into account the electrostatic screening and
the back-polarization of the solute molecule. Thus, the discrete
surface around the solute molecule and each segment are charac-
terized by their geometry and screening charge density (r), at a
minimum energetic state of the conductor, stored in the so-called
COSMO files. The complete description of the molecule is achieved
by a distribution function designed by r-profile pSðrÞ, that de-
scribes the molecular interactions [65].

Additionally, COSMO-RS considers three specific interaction
energies, described as a function of the polarization charges of
the two interacting segments – (r;r0) or (racceptor;rdonor):

– Electrostatic misfit energy:

EMFðr;r0Þ ¼ aeff
a0

2
ðrþ r0Þ2 ð1Þ

– Hydrogen-bonding energy:

EHB ¼ aeff cHB minð0;minð0;rdonor þrHBÞ�maxð0;racceptor �rHBÞÞ
ð2Þ

– Van der Waals energy:

EvdW ¼ aeff ðsvdW þ s0vdWÞ ð3Þ

where aeff is the effective contact area between two surface seg-
ments, a0 is an interaction parameter, cHB is the hydrogen-bond
strength, (rHB) is the threshold for hydrogen-bonding, and svdW

and s0vdW are element specific van der Waals interaction parameters.
The r-potential, lSðrÞ and the pseudo-chemical potential of the

component Xi in a solvent S, lXi
S , calculated by Eqs. (4) and (5) [65],

allow the prediction of several thermodynamic properties and
phase behavior, such as the activity coefficient, distribution ratio,
and phase equilibrium, among others [43,58,59,64,65].

lSðrÞ ¼ �
RT
aeff

ln
Z

pSðr0Þ
�

� exp
1

RT
ðaeff lSðr0Þ � Emisfitðr;r0Þ � EHBðr;r0ÞÞ

� �
dr0
�

ð4Þ

lXi
S ¼ lXi

C;S þ
Z

pXi ðrÞlSðrÞdr ð5Þ

All the COSMO-RS calculations were carried out with the lower
energy state of the conformers of each ionic liquid anion and cat-
ion. This approach was defined according to the results by Freire
et al. [58] showing that the best results are obtained using the low-
est energetic conformers. The quantum chemical COSMO calcula-
tion was performed in the Turbomole program package [67] with
the BP density functional theory, giving the surface charge density
and the Ahlrichs-TZVP (triple-f valence polarized large basis set)

[68]. The ternary liquid–liquid equilibria were estimated employ-
ing the COSMOtherm program using the parameter file
BP_TZVP_C2.1_1301 [69].

3. Results and discussion

The phase equilibrium studies carried out in this work intent to
support the selection of the most suitable ionic liquids for the
extraction of sulfur compounds from hydrocarbon’s streams by
understanding of the effect of the ionic liquids nature and/or
chemical structure on the ternary systems behavior.

Besides the determination of the corresponding tie-lines, the
feasibility of the liquid–liquid extraction of 1-hexanethiol from
the dodecane-rich layer using ionic liquids was further evaluated
by the solvent selectivity (S) and distribution ratio (D) values.
These parameters provide a quantitative description of the parti-
tioning behavior of the thiol between the coexisting phases and
can be determined according to the following equations:

S ¼
xII

RSH
xII

HC

xI
RSH

xI
HC

ð6Þ

D ¼ xII
RSH

xI
RSH

ð7Þ

where x is the mole fraction and the subscripts RSH and HC
correspond to 1-hexanethiol and to the aliphatic hydrocarbon n-
dodecane, respectively. The superscript I refers to the dodecane-
rich-phase (upper phase), while II refers to the ionic-liquid-rich
phase (bottom phase).

3.1. Ternary liquid–liquid equilibrium (tie-lines data)

The experimental liquid–liquid equilibrium (LLE) results are
presented in Table S1, in the Supporting Information, and are plot-
ted in Figs. 1–4. The tie-line data are plotted in an orthogonal ter-
nary phase diagram, in which the n-dodecane was omitted, for a
better visualization of the low experimental mole fraction values.
In all the phase diagrams, the feed overall composition and the
two equilibrium phase compositions are represented.

The ternary LLE obtained here are of type 2 [70], and which con-
sist of two pairs of partially miscible components, namely 1-hexa-
nethiol + n-dodecane and 1-hexanethiol + ionic liquid pairs. The
binodal curves appear adjacent to the diagram axes; this trend is
indicative of large immiscible regions mainly resulting from the
very low mutual solubility between the ionic liquid and n-dode-
cane. Moreover, and as experimentally observed in the studied
concentration ranges, no ionic liquid or n-dodecane were detected
in the respective dodecane- and ionic-liquid-rich phases.

3.2. Selectivity and distribution ratio

For a better understanding of the influence of the ionic liquid
structural characteristics through the selectivity and distribution
ratio values for 1-hexanethiol, the following discussion is pre-
sented in different sections. The comparison between the different
systems is expressed in distribution ratio, instead of using the LLE
data, due to its overlapping values and undistinguishable differ-
ences in the ternary phase diagrams. Accordingly, using the exper-
iments here carried out, the distribution ratio values are depicted
in Figs. 5–9, divided by the effect of the cation core (Fig. 5), cation
alkyl chain length (Fig. 6), anion nature (Fig. 7), temperature
(Fig. 8) and water content (Fig. 9), as a function of the 1-hexaneth-
iol concentration (mole fraction) in the dodecane-rich phase.

A.R. Ferreira et al. / Fuel 128 (2014) 314–329 319
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In face of the negligible mutual solubilities between the studied
ionic liquids and n-dodecane (Figs. 1–4), the selectivity of the ionic
liquids for the thiol is almost complete while minimizing the loss
of the ionic liquid and the contamination of the hydrocarbon
stream. This trend represents a clear evidence of the ionic liquids

potential for the extraction of thiols from hydrocarbon streams.
On the other hand, the low distribution ratio values are related
with the low affinity of the thiol for the ionic liquid and reflected
by the negative tie-line slopes in the ternary phase diagrams.
Regarding the selectivity and distribution ratio criteria, all the
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Fig. 1. Experimental and COSMO-RS predicted tie-lines for the LLE of ternary systems composed of [C2mim]-based ionic liquids + 1-hexanethiol + n-dodecane (full symbols
and solid lines for experimental data, and empty symbols and dashed lines for COSMO-RS predicted values), at 298.2 K and atmospheric pressure.
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Fig. 2. Experimental and COSMO-RS predicted tie-lines for the LLE of ternary systems composed of [C2mpy]-based ionic liquids + 1-hexanethiol + n-dodecane (full symbols
and solid lines for experimental data, and empty symbols and dashed lines for COSMO-RS predicted values), at 298.2 K and atmospheric pressure.
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studied ternary systems display a similar behavior: high selectivity
(S� 1) and distribution ratio lower than unit (K� 1). The weak
interaction between 1-hexanethiol and imidazolium- or pyridini-
um-based ionic liquids can be explained by the different types of

intermolecular forces that occur in the mixture. While thiols’
interactions essentially comprise dispersion forces and less prom-
inent dipole–dipole interactions between the individual –SH
groups, the ionic liquids mainly present electrostatic and
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Fig. 3. Experimental and COSMO-RS predicted tie-lines for the LLE of ternary systems composed of ionic liquids + 1-hexanethiol + n-dodecane (full symbols and solid lines for
experimental data, and empty symbols and dashed lines for COSMO-RS predicted values), at 313.2 K and atmospheric pressure.
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hydrogen-bonding type interactions. Thus, the intermolecular
interactions which could exist between both types of compounds
are mainly van der Waals and dipole–dipole interactions. Since the
tested ionic liquids have a short alkyl chain length the dispersive
forces between the two compounds are small. The dipole–dipole
attractions are also weak since the electronegativity difference
between sulfur and hydrogen is low, making the S–H bond less polar
than –OH, –NH or –FH bonds, where the hydrogen is bounded to
highly electronegative atoms. Therefore, it is expectable that ion–
thiol interactions are weaker than ion–ion or thiol–thiol interactions.

3.2.1. Effect of the ionic liquid cation core
Fixing the ionic liquid anion, it is possible to study the influence

of the ionic liquid cation core on the distribution ratio of 1-hexa-
nethiol towards the ionic-liquid-rich layer. Fig. 5a and b cover
the common anions [CH3SO3]� and [NTf2]�, respectively, and allow

the study of the effect of the imidazolium and the pyridinium cat-
ions. In both examples, the distribution ratio for the pyridinium-
based systems is higher than for the imidazolium-based and which
corresponds to a higher affinity of thiol for the first type of systems.
For the fixed anion [CH3SO3]�, the imidazolium-based system
shows a distribution ratio of circa 0.05 whereas for the pyridinium
cation it is 0.07. For the [NTf2]� anion, the distribution ratio ranges
from 0.06, for the imidazolium-based compound, to 0.21 for the
pyridinium-based ionic liquid. Both cations are aromatic meaning
that the higher affinity of 1-hexanethiol for the pyridinium-based
ionic liquids should be related with its larger ring size. The pyrid-
inium cation is a six-sided ring (Table 1), which being larger than
the imidazolium five-sided ring, suffers a higher ring deformation
by the charge density delocalization [71]. This delocalization of
charge contributes to an increase in the van der Waals interactions
between the thiol and the ionic liquid cation.
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A significant aspect also observed when comparing the distribu-
tion ratio data is that they are more pronounced in the [NTf2]-
based ionic liquids than for the [CH3SO3]� analogs. This reveals
the importance of the anion, that has a highly impact on the sys-
tems behavior, not only due to its nature, but that is reflected in
the cation–anion interaction strength [71,72]. Coulombic attrac-
tions and hydrogen-bonding can be so strong that they attenuate
the cation–thiol interactions. These type of interactions are depen-
dent on the radius and polarity of the anion and on the electroneg-
ativity of the atom with which the hydrogen bond is formed. In this
way, a decrease in the anion charge density reflects a weaker inter-
action between the ionic liquid ions. [NTf2]� is a non-polar anion
whereas [CH3SO3]� is polar. Therefore, the cation–anion interac-
tions are stronger for [CH3SO3]� [71,72]. In this case the ionic liquid
cation is less available to interact with the thiol compound, leading
to smaller variations in the distribution ratio when the cation is
replaced.

It is also noteworthy to highlight that the influence of the cation
family can be significantly distinct of the one presented in this
work and that other structural cations should be considered for a
more complete analysis.

3.2.2. Effect of cation alkyl side chain length
The length of the aliphatic moiety in the ionic liquid cation is a

very important characteristic regarding the mutual solubilities be-
tween ionic liquids and hydrocarbons [62]. The impact of the alkyl
side chain length in imidazolium-based ionic liquids is illustrated
in Fig. 6a–c for the [MeSO4]�, [CF3SO3]� and [NTf2]� anions. It is
shown that an increase in the alkyl chain length from [C2mim]+

to [C4mim]+ results in an increase of the distribution ratio due to
more favorable interactions between 1-hexanethiol and the ionic
liquids. Longer aliphatic moieties increment the non-polar region
of the cation, resulting in a more diffusive charge density, which
slightly improves the dispersive interactions that take place
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between the thiol and the ionic liquids. For longer alkyl chains, an
additional effect can also be expected by the increase of the free
volume that allows a more efficient packing of the thiol on the cat-
ion–anion network. In addition, and as observed before with the
cation core analysis, the effect of the alkyl side chain length is also
influenced by the diverse ionic liquid anions. The most significant
variation on the distribution ratios occurs for the weaker cation–
anion interactions in [NTf2]-based ionic liquids [71,72].

3.2.3. Effect of the ionic liquid anion nature
To further evaluate the effect associated with the anion nature,

the distribution ratio of is presented in Fig. 7a–c. Fig. 7a, for the
[C2mim]-based ionic liquids, reveals an increase on the distribution
ratio following the order: [BF4]� < [MeSO4]� < [CH3SO3]� <
[CF3SO3]� � [NTf2]�, and ranging from 0 to 0.11. For the
[C4mim]+ cation (Fig. 7b), the trend follows the rank: [MeSO4]� <
[CF3SO3]� < [NTf2]�. In the previous example, the distribution ratio
varies from 0.04 to 0.25 since the alkyl chain is slightly longer and
additional interactions can occur. The results for the [C2mpy]-
based ionic liquids combined with the [CH3SO3]� and [NTf2]�

anions are compared in Fig. 7c. The variation in the distribution ra-
tio values obtained is also large ranging from 0.05 to 0.23. The
higher distribution ratio values occur in the [NTf2]-based ionic liq-
uids. Thiol–anion interactions are mainly due to weak dispersive
forces and the dependency behavior with the anions nature
strongly ensues from their polarity. In this way, with the exception
of the [BF4]� anion, the experimental trend on the distribution
ratio values closely follows the dipolarity/polarisability
solvatochromic parameter (p⁄) in [C4mim]-based ionic liquids:
[MeSO4]� > [CH3SO3]� > [BF4]� > [CF3SO3]� > [NTf2]� [73].

3.2.4. Effect of the temperature
Aiming at the improvement of the distribution ratio of the sys-

tems composed of ionic liquid + 1-hexanethiol + n-dodecane, the
effect of temperature in the LLE was also evaluated for the ionic liq-
uids [C2mim][CH3SO3] and [C2mim][CF3SO3]. The distribution ratio
values for both ionic liquids at 298.2 K and 313.2 K are plotted in
Fig. 8a and b. The increase of temperature from 298.2 K to
313.2 K does not lead to enhanced distribution ratios. This behav-
ior denotes that ionic liquids, for the extraction of thiols, can be
used at temperatures close to room temperature without losing
their performance. A separation process using ionic liquids at mild
operational conditions and with lower energy costs is thus con-
ceivable when compared to the traditional hydrodesulfurization
process.

3.2.5. Effect of the ionic liquid water content
Since ionic liquids are highly hygroscopic, the water content has

an important role in their thermophysical properties and phase
behavior [74–76]. Therefore, the ionic liquids [C2mim][MeSO4]
and [C2mim][CF3SO3] with different water contents were also
tested and the distribution ratio values were compared. The results
obtained are shown in Fig. 9. An increase in the water content from
130.1 ppm and 305.4 ppm to 6840.2 ppm and 6583.1 ppm, for the
[C2mim][MeSO4] and [C2mim][CF3SO3] ionic liquids, respectively,
was studied. From the results depicted in Fig. 9, the increase in
the water content leads to an increase in the distribution ratio of
1-hexanethiol. Thus, the ionic liquid moisture adsorption can be
seen as advantageous in the process separation at industrial scale.

3.3. Evaluation of the COSMO-RS prediction capability

The ionic liquids and conditions experimentally investigated al-
lowed the understanding of the influence of the ionic liquid ions
nature and temperature upon the phase behavior. Therefore, these
data can be used to evaluate the predictive ability of COSMO-RS.

Along with the LLE experimental data (Figs. 1–4) and the distri-
bution ratio results (Figs. 5–8), the COSMO-RS predicted values are
also represented.

The COSMO-RS aptitude to describe the LLE results was also
evaluated by the root mean square deviation (RMSD) to the exper-
imental data. The RMSD is defined by the following equation:

RMSD ¼
X

i

X
n

xpred:I

i;n � xexp :I

i;n

� �2
þ xpred:II

i;n � xexp :II

i;n

� �2
,
ð2� N � RÞ

" #1=2

� 100

ð8Þ

where x is the mole fraction of compound i, R is the total number of
compounds (R = 3), n is the tie-line number, and N is the total num-
ber of experiments. The RMSD values are listed in Table 3.

The results obtained with COSMO-RS for the tie-lines descrip-
tion (Figs. 1–4) are in good agreement with the experimental data.
The low relative deviations presented in Table 3 between the pre-
dicted and experimental values also support this statement. The
relative deviations vary from 0.04% to 0.8%, for the systems con-
taining 1-hexanethiol in the mole fraction between 0.015 and
0.025, and in the overall mixture composition with n-dodecane.
It is also visible that the RMSD values depend on the anion, and
the ability of COSMO-RS to describe the liquid–liquid phase behav-
ior of systems decreases with the anion polarity. Nonetheless, the
low RMSD values achieved confirm the good performance of the
COSMO-RS model on describing, quantitatively and qualitatively,
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Fig. 9. Experimental distribution ratio of 1-hexanethiol in the ternary systems
[C2mim][MeSO4] + 1-hexanethiol + n-dodecane with ionic liquid water content of
130 ppm, and 6840 ppm H2O; and [C2mim][CF3SO3] + 1-hexanethiol + n-dodecane
with ionic liquid water content of 305 ppm, and 6583 ppm H2O, at 298.2 K and
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Table 3
Root mean square deviation (RMSD) between the compositions predicted by the
COSMO-RS model and the experimental data for the ternary phase diagrams studied.

Ternary system: ionic liquid + 1-hexanethiol + n-dodecane RMSD %

[C2mim][MeSO4] at 298.2 K 0.2
[C2mim][CH3SO3] at 298.2 K 0.2
[C2mim][CF3SO3] at 298.2 K 0.07
[C2mim][NTf2] at 298.2 K 0.1
[C2mim][BF4] at 298.2 K 0.04

[C4mim][MeSO4] at 298.2 K 0.1
[C4mim][CF3SO3] at 298.2 K 0.1
[C4mim][NTf2] at 298.2 K 0.2

[C2mim][CH3SO3] at 313.2 K 0.8
[C2mim][CF3SO3] at 313.2 K 0.08

[C2mpy][CH3SO3] at 298.2 K 0.5
[C2mpy][NTf2] at 298.2 K 0.2

[C2mpy][CF3SO3] at 313.2 K 0.07
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systems containing ionic liquids and hydrocarbon mixtures. These
results allow the use of COSMO-RS for a quick and easy screening
of the vast number of ionic liquid and hydrocarbon combinations.

The COSMO-RS predictive ability was also analyzed individually
regarding the several aspects that can influence the behavior of
systems constituted by ionic liquid + 1-hexanethiol + n-dodecane.
The differences in the phase behavior by the change of the imi-
dazolium cation for the pyridinium cation (Fig. 5), and also by
the increase of the alkyl side chain length in the imidazolium cat-
ion (Fig. 6), in systems with the [MeSO4]�, [CH3SO3]�, [CF3SO3]�,
and [NTf2]� anions, is well described by COSMO-RS. However,
and as previously observed for the binary phase behavior of ionic
liquid + water systems [57], better predictions are obtained for
the systems with the ionic liquids containing the less polar anions.

Taking into account the lower ability of COSMO-RS to predict
the phase behavior of systems composed of ionic liquids with more
polar anions, it is thus expectable a poorer performance of COSMO-
RS to predict the influence of the anion nature on the liquid–liquid
equilibrium (Fig. 7). Even though, the COSMO-RS results correctly
correlate with the anion influence in the distribution ratio values,
as depicted in Fig. 7b), better results are achieved for the
[C4mim]-based ionic liquids due to a decrease on the cation–anion
interactions by the increase of the cation alkyl side chain from
ethyl to butyl.

The minor increase on the distribution ratio with the increase
on temperature from 298.2 K to 313.2 K is well predicted for the
system containing [C2mim][CF3SO3]. However, some disagreement
is observed in the ternary system with [C2mim][CH3SO3] (Fig. 8a
and b). Once again, a better description is obtained by COSMO-RS
when dealing with more hydrophobic anions such as triflate.

4. Ionic liquid screening

COSMO-RS has been widely used in the modeling and predic-
tion of many properties of systems comprising ionic liquids and
petroleum constituents, such as aromatic and aliphatic hydrocar-
bons [60–62], as well as nitrogen and sulfur-based compounds
[47,77]. Taking into account the evaluation carried out in this work
on the COSMO-RS capability to predict the phase behavior of sys-
tems containing ionic liquids, thiols and alkanes, this model was
used in the screening of a vaster number of ionic liquids with the
goal of identifying the best candidates for the extraction of thiols.

4.1. Tested ionic liquids

The ternary systems evaluated are composed of an ionic liquid,
a thiol (1-hexanethiol) and a n-alkane (n-dodecane). Around 280
ionic liquids were tested by the combination of 16 cations and
19 anions available on the COSMO-RS database. The cations
investigated belong to very distinctive families and are: 1-ethyl-
3-methylimidazolium, 1-butyl-3-methylimidazolium, 1-hexyl-3-
methylimidazolium, 1-methyl-3-octylimidazolium, 1,3-diethyllimi-
dazolium, 1,3-dibutyllimidazolium, 1-ethyl-3-methylpyridinium,
1-ethyl-3-methylpyrrolidinium, N-butyl-isoquinolinium, 3-butyl-
4-methylthiazolium, cholinium (ethyl(2-hydroxyethyl)dimethyl-
ammonium), guanidinium, hexamethylguanidinium, trihexyl
(tetradecyl)phosphonium, O-ethyl-N,N,N,N-tetramethylisothio-
uronium and S-ethyl-N,N,N,N-tetramethylisothiouronium.
Furthermore, the anions tested are methylsulfate, ethylsulfate,
butylsulfate, octylsulfate, methylsulfonate, trifluoromethanesulfo-
nate (triflate), perfluorobutanesulfonate, acetate, bis[(trifluoro-
methyl)sulfonyl]imide, hexafluorophosphate, tetrafluoroborate,
dicyanamide, tricyanomethanide, tetracyanoborate, tosylate, dieth-
ylphosphate, dibutylphosphate, nitrate and tetrachloroferrate. The

anions/cations chemical structures and respective abbreviations
are presented in Tables 1 and 2.

4.2. Selectivity, distribution ratio and r-profiles

The ionic liquids screening was performed based on the pre-
dicted selectivity and distribution ratio with circa 2 mol/mol% of
thiol present at the alkane-rich phase. Additionally, the estimated
COSMO-RS energies and r-profiles for each aliphatic compound
and ionic liquid ion were also used to achieve a better understand-
ing of the ternary systems behavior. The selectivity and the distri-
bution ratio values were calculated by Eqs. (6) and (7). These
values, for the different cation and anion combinations, are pre-
sented in Tables S2 and S3 and depicted in Figs. S1a–p, S2a–k,
S3a–d and S4a–d in the Supporting Information. While Fig. S1
shows the impact of the cation family and Fig. S2 the anion nature
effect, Fig. S3 shows the cation alkyl chain length and the cation
symmetry influence and Fig. S4 the anion alkyl chain length im-
pact, estimated by COSMO-RS on the mentioned parameters. Their
simultaneous analysis with the r-profiles of each compound and
the COSMO-RS mixture energies, allows a better understanding
of the interactions taking place and the most appropriate ionic li-
quid characteristics required for the thiols extraction process.

The COSMO-RS r-profiles are represented in Figs. S5–S16 in the
Supporting Information. The r-profiles represent the charge den-
sity distribution, p(r), based on the virtual r-surface, and provide
information on the molecular surface polarity. The r axis repre-
sents the surface polarity charge and has negative values for mol-
ecule positive charges and vice versa; when r < �0.0082 e/A2 or >
0.0082 e/A2 there is evidence on the hydrogen-bonding ability,
representing, respectively, donor and acceptor molecule regions
[65].

The COSMO-RS r-profiles for the kerosene model compounds,
1-hexanethiol and n-dodecane, are depicted in Fig. S5 in the
Supporting Information. Both compounds show a thin and high
peak, centered in the overall plot (�0.008 < r (e/A2) < 0.006 and
�0.006 < r (e/A2) < 0.006, respectively), as a result of the non-polar
and homogeneity of the charge density along the molecules chains.
At this region, the dominant interactions are van der Waals forces.
Being the 1-hexanethiol a more polar compound, it is also possible
to observed two small peaks, at r = 0.007 e/A2 and r = 0.012 e/A2,
due to the two electron concentration regions caused by the elec-
tronegative sulfur atom, and a third peak, at r = �0.009 e/A2, by
the electron delocalization of the sulfur atom leaving the hydrogen
atom partially and positively charged. Although small, these peaks
indicate a slight ability to hydrogen-bond.

Based on these considerations, it is thus expectable to be able to
tailor the flexible affinity of ionic liquids for thiols by changing
their chemical structures. In fact, the cation and anion r-profiles
show more distinct type of interactions than the fuel model com-
pounds. The r-profiles of the ionic liquids cations and anions are
presented in Figs. S5–S16 in the Supporting Information. In the
r-profiles plot, the positive peaks correspond, in general, to the io-
nic liquid anions, and the negative to the ionic liquid cation. It is
also noteworthy to mention that these strength peaks can also pro-
vide information on the cation–anion cohesion forces.

Considering the r-profile diagram of 1-hexanethiol, the most
suitable ionic liquid should present a cation with a peak close to
r = �0.012 e/A2 and an anion with a peak around r = 0.009 e/A2

aiming at promoting a strong interaction with the thiol. However,
these thiol peaks are small and the expected hydrogen-bonding is
weak. On the other hand, the van der Waals interactions between
the non-polar regions of the compounds, due to the centered high
peak, and misfit electrostatic interactions caused by the ionic
liquid charges, will be dominant. Nevertheless, these interactions
also improve the affinity of the ionic liquids to the alkane, and
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consequently a decrease on the systems selectivity is further ob-
served. Therefore, the most suitable ionic liquids should not pres-
ent high peaks in the region �0.006 < r (e/A2) < 0.006.

Eqs. (1)–(3), COSMO-RS split the interaction energy into three
specific energies, the misfit electrostatic energy, the hydrogen-
bonding energy and the van der Waals energy, being the first
two energies dependent on the r-profiles of each compound. The
third energy is only dependent on the individual atoms properties.
The estimated energies can be assessed in Tables S4 and S5 in the
Supporting Information, for the model feed 1-hexanethiol + n-
dodecane and for the ternary systems ionic liquid + 1-hexanethi-
ol + n-dodecane, respectively. Higher van der Waals energies are
found in the model feed confirming that the interactions between
these compounds are mainly due to dispersive forces, as expected.
Comparing the COSMO-RS energies of 1-hexanethiol in the model
mixture (Table S4) with its energies when ionic liquids are added
(Table S5), it is possible to notice that strong van der Waals ener-
gies are also determined for the ionic liquid ions, which promote
the main interactions between both compounds. A significant in-
crease in the 1-hexanethiol misfit and hydrogen-bonding energies
is also observed with all the ionic liquids studied, which
demonstrates that these type of interactions also take place in
the 1-hexanethiol and ionic liquid mixtures.

4.2.1. Predicted effect of the ionic liquid cation core
The selectivity and distribution ratio for the thiol are dependent

on the ionic liquid cation structural differences as shown in
Fig. S1a–p, as well as in the r-profiles plots in Figs. S5–S15, in
the Supporting Information.

COSMO-RS predicts the complete miscibility with the fuel mod-
el compounds, high distribution ratios and small selectivities for
quaternary phosphonium-based ionic liquids ([P666(14)]+). Their
long alkyl chains largely increase the van der Waals energies of
the cation (Table S5k)) and promote dispersive interactions with
non-polar compounds. This is consistent with the [P666(14)] cation
r-profile (Fig. S5), which shows a very high pronounced peak in
the region �0.008 < r (e/A2) < 0.006, covering and overlapping
both 1-hexanethiol and n-dodecane peaks.

For the acyclic guanidinium and isouronium cations, namely
[(C1)6Gu]+, [OC2(C1)4iU]+ and [SC2(C1)4iU]+, a high distribution ra-
tio is observed. This is a result of these cations higher affinity for
thiol. Indeed, COSMO-RS forecasts the stronger van der Waals
and mild misfit energies (Tables S5i, k and l) in these species. This
can also be confirmed by their r-profiles (Fig. S6), which show a
peak very close to the higher 1-hexanethiol peak related with its
non-polar region, and also a part of the area of 1-hexanethiol is
covered by those cations. The more negative peaks (cationic
charges), at r = �0.006 e/A2 for the [(C1)6Gu]+ cation, and
r = �0.007 e/A2 for the [OC2(C1)4iU]+ and [SC2(C1)4iU]+ cations,
lead to a charge delocalization allowing therefore the increase of
the 1-hexanethiol partial negative charge interaction with the po-
sitive charge of the cations. The lower selectivity of these cations
compared to others is also dependent on these factors that, on
the other hand, improve the interaction of the ionic liquids with
the linear alkane n-dodecane.

Comparing the guanidinium cation ([Gu]+), with no alkyl
groups, with the alkylated one, [(C1)6Gu]+, the selectivity vs. distri-
bution ratio values occur at the opposite plot region. The van der
Waals energies in [Gu]+ (Table S5i) are smaller when compared
to [(C1)6Gu]+ (Table S5j). In addition, the cation [Gu]+ displays a
much higher hydrogen bonding capacity (higher hydrogen-bond-
ing energies and rHB��0.0082 e/A2, Fig. S7), which fortify the
cohesion between the cation and the anion and reduces the inter-
action with thiol compounds while making these mixtures less
miscible.

For the cholinium cation ([Ch]+), although with non-insignifi-
cant van der Waals and electrostatic interactions energies, the
hydrogen-bonding is a very significant interaction (Table S5h).
The small peak at rHB = �0.017 e/A2 and the more pronounced
peak at rHB = �0.009 e/A2, (Fig. S7) reinforce the cation–anion
forces and hinder the thiol interactions.

For other ringed nitrogen-based cations, the predicted values of
selectivity decrease and the distribution ratio increase according to
the following order: imidazolium, pyridinium, thiazolium, pyrrolid-
inium and quinolinium. Analyzing the COSMO-RS energies (Tables
S5a–f), it is observed that for these cation-based mixtures, the dom-
inant energies are van der Waals, followed by mild misfit and
hydrogen-bonding. All of these cations show similar r-profiles
(Fig. S8) even for the non-aromatic pyrrolidinium cation and for
the quinolinium cation with two aromatic groups. Comparing the
r-profiles for the various cations, it is possible to notice an increase
of the peak area from the imidazolium to the pyridinium, leading to
a slight increase of the van der Waals interactions and to a respec-
tive increase on the distribution ratio. Indeed, this increment in the
van der Waals forces in the pyridinium-based ionic liquids fully
agree with the experimental data presented before regarding the
ionic liquid cation influence. The increase of the distribution ratio
observed on the thiazolium cation is related with the increase of
the intensity of the peak corresponding to the van der Waals inter-
actions, resulting thus in an improved interaction with the thiol.
The higher pyrrolidinium distribution ratio, when compared with
these two cations, is related with the negligible hydrogen-bonding
since the van der Waals and the misfit energies show lower values.
This pattern also reflects lower cation–anion interactions, liberating
the cation for interacting with the thiol. Regarding the quinolinium
cation, it shows a large peak area that covers practically the area
peak of 1-hexanethiol and thus results in its higher affinity and dis-
tribution ratios. Concluding, for these cations, both tendencies,
namely the increase on the distribution ratio and the decrease on
selectivity, are a result of the improvement of the interactions
between both the thiol and n-dodecane with the ionic liquid cat-
ions, mainly due to the improvement of the van der Waals forces.

4.2.2. Predicted effect of the ionic liquid anion
The anions impact on the thiols partition predicted by

COSMO-RS, namely the selectivity vs. distribution ratio for the
different ionic liquid anions, is depicted in Fig. S2a–k in the
Supporting Information. The COSMO-RS energies were also deter-
mined and are presented in Tables S5a–l in the Supporting
Information.

The anions [PF6]� and [BF4]� show the highest selectivity
amongst the studied anions. In addition, for both anions, a very
small distribution ratio is predicted. Analyzing the COSMO-RS mix-
ture energy values, these fluorinated anions present relative small
van der Waals and hydrogen-bonging energies. Therefore, there is
a very low affinity of both anions for the thiol.

For the sulfur-based anions, the COSMO-RS predicted distribu-
tion ratios and selectivities follow the order: [CF3SO3]�, [MeSO4]�

and [CH3SO3]�. The van der Waals and the electrostatic energies
are similar in these sulfurous-based systems. In addition, all the an-
ions display relatively low hydrogen-bonding energies. However,
the highest hydrogen-bonding energy was observed for the anion
[CH3SO3]�, leading to a COSMO-RS prediction of a high distribution
ratio and low selectivity with this anion. The r-profiles of the sulfu-
rous-based anions are shown in Fig. S10 in the Supporting Informa-
tion. The [MeSO4]� and the [CH3SO3]� anions present small peaks in
the negative region and inside the 1-hexanethiol peak area, which
further indicate weak van der Waals interactions. The [CH3SO3]�

also presents a peak at �0.007 e/A2, that suits the 1-hexanethiol
peak at 0.007 e/A2, and may be responsible for the high affinity
between this anion and 1-hexanethiol. The [CF3SO3]� shows a first
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peak at 0.003 e/A2 that covers part of the 1-hexanethiol peak, and a
second peak very close to the one of the [CH3SO3]�, at 0.014 e/A2,
due to their structural similarity. For [(PFBu)SO3]�, the same peak
at 0.014 e/A2 is found due to the –SO3 group, and a higher peak
is also observed at 0.001 e/A2 covering a great part of the
1-hexanethiol peak and explaining their predicted higher distribu-
tion ratios and selectivity.

The [CH3CO2]� anion leads to a high distribution ratio and to a
low selectivity for the thiol. This anion displays a slightly higher
misfit energy when compared to van der Waals forces. In addition,
significant hydrogen-bonding energies are found that are corre-
lated with its positive peak at 0.020 e/A2 (Fig. S11 in the Supporting
Information).

Regarding the systems based on cyano-based anions ([N(CN)2]�,
[C(CN)3]� and [B(CN)4]�), their predicted distribution ratio and
selectivity are not satisfactory for all the ionic liquid cations tested.
Fig. S12, in Supporting Information, presents their r-profiles where
it is shown that these anions have peaks inside the 1-hexanethiol
and the n-dodecane, at 0.004 e/A2, 0.002 e/A2, and 0.001 e/A2,
respectively.

For the systems studied, the anions that show a higher distribu-
tion ratio and a lower selectivity for 1-hexanethiol are: [NTf2]�,
[TOS]�, [DEP]�, [DBP]� and [FeCl4]�. Regarding the COSMO-RS re-
sults, these anions present higher van der Waals and misfit ener-
gies when compared to smaller hydrogen-bonding energies. All
these factors provide the required dispersive forces to interact with
both the alkane and the thiol. From their r-profiles (in Fig. S13 in
the Supporting Information), it can be seen that most of these an-
ions contain peaks inside the range �0.006 < r (e/A2) < 0.006, and
with a large area covering part of the 1-hexanethiol and n-dode-
cane peaks. Nevertheless, additional care must be taken when
combining such anions with different cations. Exceptions on their
performance appear for the anions [TOS]�, [DEP]� and [DBP]� if
combined with the more polar cations, such as [Gu]+ and [Ch]+.

4.2.3. Predicted effect of the alkyl side chain length and symmetry
The influence of the alkyl chain length on the systems selectiv-

ity and distribution ratio can be observed in Figs. S3a–d and S4a–d
in the Supporting Information for the imidazolium cation
([Cnmim]+, with n = 2, 4, 6 and 8), and for the anions of the type
[RSO4]+, with R = methyl (Me), ethyl (Et), butyl (Bu) and octyl
(Oc), respectively. In both situations an increase in the alkyl chain
length leads to an increase on the distribution ratio and to a de-
crease on the selectivity values. This pattern is a result of the
enlargement of their non-polar region, increasing, therefore, their
van der Waals interactions with the thiol.

The cation symmetry impact was evaluated for the dialkylimi-
dazolium cation, [CnCnim]+, with n = 2 and 4, and is also shown
in Fig. S3. The COSMO-RS predicts a slight increase in the distribu-
tion ratio and a decrease in the selectivity, compared to the asym-
metric [C2mim]+ and [C4mim]+, respectively. Moreover, the
symmetry effect is positively influenced by the cation alkyl chain
size. The existence of two alkyl side chains duplicates the non-
polar surface available for van der Waals interactions.

The r-profiles presented in Figs. S14–S16 in the Supporting
Information also corroborate the trends observed.

4.3. Potential ionic liquids candidates

From the screening approach used here, the ionic liquids that
could provide the best performance, based on their liquid–liquid
equilibrium, comprise ions that are able to interact either by van
der Waals interactions or with the –SH group. Nevertheless, some
of the ionic liquid features that allow improved thiol-ionic-liquid
interactions also lead to a higher affinity for the remaining feed
compounds. Therefore, a balance between the distribution ratio

and selectivity must exist. Considering the r-profiles, an important
aspect is that the ionic liquid ions should present some enveloping
of the thiol peak indicative of their favorable interaction; yet, this
should not be in excess to avoid the interactions with n-dodecane.
The cation should present a peak close to r = �0.012 e/A2 and the
anion close to r = 0.009 e/A2. Having these features in mind, the
best ionic liquid candidates are those composed of imidazolium,
pyridinium and pyrrolidium cations, with short alkyl side chains,
combined with the anions [TOS]�, [DEP]�, [EtSO4]� and [CF3SO3]�.
Some of them are already studied on this work.

4.3.1. Comparison between the selection of ionic liquids for aliphatic or
for aromatic sulfur compounds removal from fuels

In the last years, many research works have been reported
addressing the fuels desulfurization assisted by ionic liquids, aiming
at finding the best ionic liquid able to perform an efficient extraction
of the sulfur contaminants. These works mainly addressed the study
of aromatic compounds such as thiophene, benzothiophene and
dibenzothiophene [4,78]. Their interactions with the ionic liquids
are quite distinct from the van der Waals forces observed with the
aliphatic sulfur compounds, and consist of hydrogen bonds, CH–p
bonds, and p–p interactions [48,79]. These favorable interactions
promote a greater affinity and solubility on the ionic liquids than
the observed for the aliphatic sulfur compounds.

Although many ionic liquids achieve an excellent extraction
capacity and distribution ratios, either for aliphatic or aromatic
sulfur compounds, these ionic liquids are also capable of co-
extracting the fuel constituents, corresponding to lower selectivi-
ties. Therefore, as presented before and stated elsewhere
[48,62,80–83], some structural features, that provide favorable
interactions with the fuel hydrocarbons of the ionic liquid, should
be avoided, such as the long cation alkyl side chains or anions with
low polarity. By this fact, many authors, recognized the importance
of the selectivity and the need of a balance between the selectivity
and distribution ratio for this type of systems, in order to avoid the
cross contamination of the fuel [17,25,48,52,80,84–87]. They chose
to apply ionic liquids based on cations with small alkyl side chains,
in order to promote higher selectivities, mainly from the imidazo-
lium and pyridinium cation families. Regarding the anions, a great-
er diversity was tested and no defined pattern was identified.
Various anions were mentioned as more suitable: [N(CN)2]�

[25,51], [C(CN)3]� [20], [B(CN)4]� [48], [BF4]� [48], [PF6]� [47,48],
[CF3SO3]� [47,48], [NTf2]� [17,47], [CH3CO2]� [47], [SCN]� (thiocy-
anate) [47,87], [EtSO4]� [52], [DEP]- [88], among others.

Taking into account the ionic liquids’ cations and anions here se-
lected, along with the findings in this work, similarities are observed
between the chosen ionic liquid features. Moreover, the feasibility of
the ionic liquid based desulfurization processes for the integrated
aliphatic and aromatics sulfur compounds extraction is further sup-
ported by the negligible mutual solubility between the ionic liquid
and the fuel main constituents. Even so, the distribution ratios deter-
mined for both aliphatic and organic sulfur species [14,39,87,88] are,
in many cases, low and unfavorable, which implies large volumes of
ionic liquid for an efficient liquid–liquid extraction process. None-
theless, since ionic liquids have negligible volatility and are chemi-
cally stable, their regeneration can be easily performed in an
additional step through different techniques, as distillation, adsorp-
tion or back-extraction processes [4]. This allows its reuse in the
extraction process leading to a more economic and sustainable sep-
aration process for the sulfur species removal [4].

5. Conclusions

This work aimed at studying ionic liquids as potential extract-
ing solvents for the removal of thiols from kerosene streams to

A.R. Ferreira et al. / Fuel 128 (2014) 314–329 327



Author's personal copy

fulfill the urgent need on lowering the sulfur content in industrial
units. As a first approach, the experimental liquid–liquid equilib-
rium for the ternary systems composed of 1-hexanethiol + n-dode-
cane + ionic liquids was determined at 298.2 K and 313.2 K. Both
imidazolium and pyridinium-based ionic liquids were investi-
gated. Albeit the values of the distribution ratio for the tested sys-
tems are always lower than unit, these systems display a negligible
mutual solubility between the ionic liquids and n-dodecane avoid-
ing the solvent losses and the contamination of the hydrocarbon-
rich phase.

Due to the innumerable possibilities of cation/anion combina-
tions in ionic liquids, the COSMO-RS was evaluated in the predic-
tive description of the experimental data. The root mean square
deviations between the predicted and the experimental data are
lower than 1% and prove the COSMO-RS ability to describe the
phase behavior of systems involving ionic liquids, sulfur com-
pounds and hydrocarbons. Based on this good performance, a large
number of ionic liquid cations and anions was further investigated
with COSMO-RS. For the separation of 1-hexanethiol from hydro-
carbon mixtures, the recommended ionic liquids comprise short-
alkyl chain imidazolium, pyridinium and pyrrolidium cations,
combined with the [TOS]�, [DEP]�, [EtSO4]� and [CF3SO3]� anions.
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