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ABSTRACT: Ionic liquids (ILs), with their unique and tunable properties, are attracting the interest of both academia and refining
companies as potential solvents for the extraction of specific compounds from hydrocarbons’ streams. For such a purpose, the
knowledge of the mutual solubilities between ionic liquids and hydrocarbons is required. Experimental measurements for all these
systems are impracticable due to the large number of possible combinations of ionic liquids and hydrocarbons. Thus, a deeper
understanding of the interactions taking place, and ruling the phase behavior, and the development of predictive models are essential
issues to forecast a general picture of the liquid�liquid equilibria (LLE) between ionic liquids and hydrocarbons. In this work an
overview of the mutual solubilities between ionic liquids and hydrocarbons is presented. A review of the experimental data available
is reported, and the effect of various structural features of both the ionic liquids and the hydrocarbons through their mutual
solubilities behavior is discussed. The capability of the Conductor-like Screening Model for Real Solvents (COSMO-RS) to predict
the LLE of (ILþ hydrocarbon) binary systems is further evaluated.More than 150 binary systems were investigated. It is shown that
COSMO-RS allows a semiquantitative description of the LLE experimental data for the systems studied. Moreover, COSMO-RS
majorly provides a correct qualitative trend of the phase behavior dependence of the ionic liquids and molecular compounds.
Therefore, COSMO-RS can be a useful predictive tool with great potential in the screening of ionic liquids for specific extraction
applications.

1. INTRODUCTION

Ionic liquids (ILs) are a new class of solvents that have been
object of a growing interest from both academia and industry in
the past few years. They are molten salts composed by bulky
organic cations, and organic or inorganic anions, which form
crystalline structures with low lattice energies, allowing these
salts to be in the liquid state at or near room temperature. Ionic
liquids exhibit, in general, negligible vapor pressures, often possess
high thermal and chemical stabilities, and have good solvating
capacity for both organic and inorganic compounds, among others
unique properties. Given the huge number of possible ionic liquids,
their properties can be fine-tuned by an adequate combination of
specific ions and/or functional groups, making of them “designer
solvents” that could be tailored to fit the requirements of a specific
process.

The interesting properties of ionic liquids are commending
their application in numerous chemical and industrial processes,
aiming at replacing conventional organic solvents, including
chemical, catalytic and biological reactions,1,2 organic/inorganic
synthesis,3�5 liquid�liquid separation processes,6�8 separation and
purification of gases9,10 and contaminants removal from aqueous
streams.11 There are some industrial processes that already use ionic
liquids due to their economical advantages and reaction yields,12,13

such as the BASIL (Biphasic Acid Scavenging utilizing Ionic

Liquids) process,14�16 proposed by BASF technologies, and the
Difasol process,17,18 developed by Institute Franc-ais du P�etrole
(IFP) that is an improvement of the traditional Dimersol route.

Refining companies belong to an industrial sector that has
shown a considerable interest in ionic liquids. Various separation
processes relevant for refineries have been studied, namely the
desulfurization of fuels,19�24 the selective separation of aro-
matic/aliphatic hydrocarbon mixtures,6,7,25�27 and extractive
distillation.12,28 Besides the ionic liquids enhanced performance
on these separations, their low volatility can reduce the energy
consumption to separate the solvents from the product streams
and to regenerate them.6,29 To evaluate the applicability of ionic
liquids in these processes the large body of experimental data of
various ionic liquids with a broad range of hydrocarbons that has
been reported30�50 is detailed and reviewed below.

To identify the improved ionic liquids to be used in particular
applications it is necessary to know their thermophysical proper-
ties and to understand the phase behavior of systems containing
such ionic fluids. This cannot be accomplished using only the
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available experimental data due to the very large number of
possible combinations of ionic liquids and hydrocarbons that
undergo liquid�liquid phase equilibria. It is thus necessary to
develop a comprehensive understanding of the impact of the
hydrocarbon molecules features (such as aromaticity, chain
length, and cyclization of aliphatic hydrocarbons), as well as of
the ionic liquids structural changes impact (cation and anion
nature, alkyl side chain length, and additional functional groups)
on their phase behavior. The development and testing of predictive
models able to describe the phase behavior of systems containing
ionic liquids can produce an important tool for this purpose.

A number of models based on the excess Gibbs free energy
have been applied on the modeling of the phase behavior of
systems involving ionic liquids and hydrocarbons. Some classical
local composition models, such as the non-random two liquid
(NRTL)31,32,35,36,38�43,45,50�53 and UNIQUAC,35,40,51 were ap-
plied with success to the description of these systems while their
performances were shown to be similar.35,40,51 The modified
Flory�Huggins equation and a lattice model based on polymer-
solution models have also been applied,30,54 yielding good quanti-
tative descriptions of the phase diagrams. Although the models
employed in these studies provide improved correlations, they
present a limited predictive capability since they require parameters
fitted to previous experimental data and to the ionic liquid complex
groups. A fully predictive alternative lays in the use of the
Conductor-like Screening Model for Real Solvents (COSMO-RS)
proposed by Klamt and co-workers.55�57 COSMO-RS does not
require adjustable parameters, and therefore, it is applicable to
virtually all possible ionic liquids and hydrocarbons mixtures.
COSMO-RS has already been applied by Doma�nska et al.33

in the description of the equilibrium of (ILs þ hydrocarbon)
systems. Albeit reasonable results were obtained,33 the limited
number of systems studied was insufficient for a detailed evalua-
tion of the COSMO-RS performance and applicability.

In the current work, a review of the experimental data publ-
ished hitherto, concerning the mutual solubilities of hydrocar-
bons and ionic liquids, is carried out to garner a broader picture of
the structural changes of both hydrocarbons and ionic liquids
toward their phase behavior. Aiming at appraising a predictive
model for the screening and design of ionic liquids for task
specific applications involving hydrocarbons, the performance of
COSMO-RS in the description of the (ILs þ hydrocarbons)
liquid�liquid equilibria (LLE) is further evaluated.

2. IONIC LIQUID þ HYDROCARBON LIQUID�LIQUID
EQUILIBRIA

An extensive search was performed on the liquid�liquid
equilibrium experimental data of ionic liquids and hydrocarbons
binary systems available in literature. The ionic liquid and hydro-
carbon used, measurement technique, temperature, and compo-
sition ranges, as well as the respective literature reference, are
summarized in Tables S1�S3 in Supporting Information. Table
S1 reports systems regarding aliphatic hydrocarbons, Table S2
concerns aromatics hydrocarbons, and Table S3 summarizes the
available data involving cyclic hydrocarbons.

Owing to the high expectation through the application of
ionic liquids in petroleum refineries and fuel production a
large number of experimental systems could be found, with
ionic liquids ranging from the most common types to task
specific compounds. The experimental data available are based
on imidazolium, pyridinium, pyrrolidinium, ammonium, and

phosphonium cations, and bis(trifluoromethylsulfonyl)imide,
alkylsulfate, hexafluorophosphate, tetrafluoroborate, thiocyanate,
tosylate, nitrate, dicyanamide, and trifluoromethanesulfonate anions.
Their ionic structures are described in Table 1 and Table 2. LLE
measurements were carried out for the n-alkanes pentane, hexane,
heptane, octane, nonane, decane, and hexadecane; for the aromatics
benzene, toluene, ethylbenzene, propylbenzene, butylbenzene, o-
xylene, m-xylene, and p-xylene; and for the cycloalkanes cyclopen-
tane, cyclohexane and cycloheptane.

The large bank of experimental data gathered allows the
drawing of the solvents structural features ruling the solva-
tion phenomenon and the evaluation of the performance of
COSMO-RS in anticipating their solution behavior.

3. COSMO-RS

COSMO-RS55,57�59 is a model for the prediction of thermo-
physical properties and phase behavior of pure fluids and/or
mixtures, that combines quantum chemistry, based on the di-
electric continuum model known as COSMO (COnductor-like
Screening MOdel for Real Solvents), with statistical thermo-
dynamics cycles to reduce the thermodynamics of the mixture
to the interaction of a mixture of individual surface segments
(chemical potential determination).

COSMO calculations are performed in a perfect/ideal
conductor,55,57�59 that is, molecules are assumed as surrounded
by a virtual conductor environment, and the interactions are
completely made on the conductor interface, taking into account
the electrostatic screening and the back-polarization of the solute
molecule. As result, it provides a discrete surface around the solute
molecule which is characterized by its geometry and screening
charge density (σ) that iteratively corresponds to a minimum
energetic state at the conductor. COSMO-RS treats the surface
around the solute molecule as segments, and it also similarly treats
the screening charge density of the respective segment, σ0. These
data are stored in the so-called COSMO files.

In the molecular interaction approach, the electrostatic misfit
energy, Emisfit, and the hydrogen bounding energy, EHB, are the
most relevant strengths and are described as a function of the
polarization charges of the two interacting segments, (σ, σ0) or
(σacceptor,σdonor). The van der Waals energy is also taken into
account but in an approximate way that only depends on the
element type of the atoms involved. These energies are described
by eqs 1, 2, and 3, respectively:

Emisf itðσ, σ0Þ ¼ aef f
R0

2
ðσþ σ0Þ2 ð1Þ

EHB ¼ aef f cHBminð0;minð0; σdonor þ σHBÞ
� maxð0; σacceptor � σHBÞÞ ð2Þ

EvdW ¼ aef f ðτvdW þ τ
0
vdWÞ ð3Þ

There are five adjustable parameters fitted to the individual
atoms properties: aeff is the effective contact area between two
surface segments; R0 is an interaction parameter; CHB is the
hydrogen bond strength; σHB is the threshold for hydrogen
bonding; and τvdW and τ0vdW are element specific van der Waals
interaction parameters.

COSMO-RS does not explicitly depend on the discrete sur-
face geometry; thus, the 3D density distribution on the surface of
each solute molecule Xi is converted into a distribution function
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Table 1. Abbreviations and Chemical Structure of the Cations Studied
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called σ-profile, pX(σ). This distribution function describes the
relative amount of surface segment with polarity σ. The

combination of the molecular σ-profiles with the pure or mixture
solvents (S) σ-profiles results in the mole fraction weighted sum

Table 2. Abbreviations and Chemical Structure of the Anions Studied
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of σ-profiles of its compounds, pS(σ), that normalized by the
total surface area, AS, gives the normalized σ-profile of the overall
system, pS0 (σ):

p
0
SðσÞ ¼ pSðσÞ

AS
¼
∑
i
xipXiðσÞ

∑
i
xiAXi

ð4Þ

where xi is the mole fraction of component i, pXi(σ) is the
corresponding σ-profile, and AXi is surface area of the solute
molecule Xi.

Since pS0 (σ) describes the molecular interactions, the chemical
potential can be estimated by solving iteratively eq 5 while
coupling pS0 (σ) with the energies associated to the molecular
interactions:59

μSðσÞ ¼ � RT
aef f

ln
Z

pSðσ0Þ exp 1
RT

ðaef fμSðσ0Þ
��

� Emisf itðσ, σ0Þ � EHBðσ, σ0ÞÞ
�
dσ0

�
ð5Þ

where μS(σ), known as σ-potential, is the chemical potential
of a surface segment with screening charge density σ, and it is a
measure of the affinity of a solvent S to the surface segment with
polarity σ.

Integrating eq 6 described below, over the surface of a
compound, makes it possible to calculate the pseudochemical
potential of the component Xi in a solvent S:57

μXi
S ¼ μXi

C, S þ
Z

pXiðσÞ μSðσÞ dσ ð6Þ

where μC,S
Xi is a combinatorial contribution of different sizes and

shapes of molecules in the mixture.
This set of COSMO-RS equations gives the chemical potential

of all components of a mixture and allows the estimation of
several thermodynamic properties, namely activity coefficients,
partition coefficients, VLE, and LLE, among others.57�61

The LLE of hydrocarbons þ ILs binary systems were studied
as a function of temperature using the quantum chemical
COSMO calculation performed in the Turbomole program
package62,63 with the BP (Becke-Perdew) density functional
theory and the Ahlrichs-TZVP (triple-ζ valence polarized
large basis set),64 employing the parameter file BP_TZVP_
C2.1_0110. Moreover, the pseudobinary approach, inputting
the ionic liquid cation and anion as isolated species with the same
mole fraction, was used along all the COSMOtherm calculations.
The chemical potentials were determined for each factual
ternary system (IL cation þ IL anion þ hydrocarbon) while
the chemical potential of the ionic liquid is the sum of the isolated
ions chemical potentials.

Since ionic liquids are complex molecules, they present diff-
erent conformational geometries corresponding to various en-
ergy states. In a previous work, Freire et al.61 studied the conformers
influence in the LLE description of ionic liquids and alcohols
systems and concluded that improved results are obtained using
the conformers with lower energies (energetically more stable). In
this work, the COSMO-RS calculations were performed with the
lower energy state conformers of each IL anion, IL cation, and
hydrocarbon.

4. RESULTS AND DISCUSSION

The systems reported in Tables S1, S2, and S3 in the Supporting
Information were used to study the effect of the various structural
characteristics of the hydrocarbons molecules (such as aromaticity,
chain length, cyclization, and positional isomerism) and of the
ionic liquids (cation core and anion nature, side alkyl chain length,
and additional functionalized groups) on their phase behavior. A
detailed discussion through the structural features impact in the
phase behavior of these systems is reported below. It should be
remarked that the solubility data fromdifferent researchers/sources
show some discrepancies for similar systems.30,33,35 This fact could
derive from the different experimental techniques used, purities of
the compounds employed, among others sources of error.30,33,35 In
this work a critical evaluation of the experimental data was carried
out by comparing similar systems and, whenever outsider results
were observed, theywere not considered in the following discussion.

The COSMO-RS model was applied to the description of
selected systems to evaluate its capacity to predict the phase equili-
brium data experimentally available. The impact of structural factors
of the solvents on the miscibility gap of the LLE diagrams are
analyzed and discussed.
4.1. Hydrocarbonsþ ILs Binary Systems. Fixing a common

ionic liquid in several systems allows the investigation of the
differences between themutual solubilities regarding various hydro-
carbon families. Data for [C4mim][SCN] with hexane, cyclohex-
ane, and benzene are reported in Figure 1 (for other ionic liquids see
Figures S1�S16 in Supporting Information). The asymmetric
behavior of the ionic-liquid-containing systems is one of the most
striking features of these diagrams. As previously observed with
alcohols61 and water65 the solubility of ILs in hydrocarbons is
usually orders ofmagnitude lower (in amole fraction basis) than the
solubility of hydrocarbons in ionic liquids. Particularly, while at the
IL-rich phase the solubility of hydrocarbons is quite substantial, at
the hydrocarbon-rich phase the solubility of [C4mim][SCN] is very
small. Moreover, the solubility of benzene in aromatic ionic liquids,
such as the imidazolium-based ionic liquid presented in Figure 1, is
significantly higher than that observed for the aliphatic hydrocar-
bons. Nevertheless, slight differences also exist in the solubilities of
both aliphatic hydrocarbons studied and the ionic liquid. Generally,
the mutual solubilities between hydrocarbons (with a constant
carbon number) and ionic liquids follow the increasing order (cf.
also Supporting Information): aromatics > cyclic aliphatic hydro-
carbons > n-alkanes. The large solubility of aromatic hydrocarbons
in ILs is certainly related to the formation of π�π interactions
between the aromatic rings of both ionic liquid ions and aromatic
hydrocarbons. On the other hand, the cyclic conformation of
aliphatic hydrocarbons can reduce steric hindrance and allows a
more effective package of the hydrocarbon at the IL-rich phase.
COSMO-RS predictions for the phase behavior of the studied

systems are also depicted in Figure 1. COSMO-RS displays an
enhanced performance in describing all systems containing the
ionic liquid [C4mim][SCN]. Besides the qualitative trend descrip-
tion, improved quantitative results are also obtained. Nevertheless,
COSMO-RS is not able to achieve consistently predictions of this
quality for all ionic liquids evaluated (cf. Supporting Informa-
tion). However, in general, a semiquantitative description of the
phase diagrams is achieved, with the model being able to describe
the differences between the various types of hydrocarbons. Particu-
larly, the large differences in the mutual solubilities with ionic
liquids displayed between the aromatics and aliphatic hydrocar-
bons are usually well described. As previously observed,60,61,65
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the COSMO-RSmodel performs better for less miscible systems.
Since COSMO-RS calculations consider that the interactions are
made on the conductor interface surrounding the molecules
(thus isolated species), stronger interactions responsible for
larger mutual solubilities are not adequately taken into account
by COSMO-RS.
4.2. n-Alkanes þ ILs Binary Systems. As described in

Supporting Information, in Table S1, a large number ofmeasured
systems of n-alkanesþ ILs is available. The LLE data taken from
the literature are, in general, based on n-alkanes from C5H12 to
C10H22 and, in most examples, only data for the solubility of
the n-alkanes at the ionic-liquid-rich regime are available. The
experimental measurements of the solubility of ionic liquids in
n-alkanes are a challenging task since the equilibrium saturation

values of ILs in n-alkanes are very small—in the range of 1� 10�5 to
3� 10�5 inmole fraction for the reported systems.36,38,51Moreover,
the solubility of n-alkanes in ionic liquids is extremely low, compared,
for instance, with aromatic hydrocarbons, due to the striking strength
differences of the type of interactions that take place between the
hydrocarbons (dispersion forces) and the ionic liquid ions (mainly
hydrogen bonding and electrostatic interactions).
4.2.1. Effect of the n-Alkane Chain Length upon the Phase

Behavior. Fixing the ionic liquid, the n-alkane influence in the
liquid�liquid phase diagram of systems of the type ILþ n-alkane
was studied and selected LLE diagrams are shown in Figure 2,
and in Supporting Information (Figures S17�S36).
The increase of the n-alkane chain length increases the immisci-

bility of the binary system, as shown inFigure 2 for [C4mim][SCN].

Figure 1. Liquid�liquid phase diagram for [C4mim][SCN] with n-hexane32 (light blue diamonds, solid line), benzene32 (red triangles, double solid
line), and cyclohexane32 (dark blue diamonds, double dashed line). The symbols and the lines represent, respectively, the experimental data and the
COSMO-RS prediction calculations.

Figure 2. Liquid�liquid phase diagram for [C4mim][SCN] with n-hexane32 (light blue diamonds, solid line), n-heptane,32 (green triangles, long
dashed line), n-octane,32 (orange circles, dot-dash line), n-nonane32 (red squares, dash-dot-dot line) and n-decane32 (red crosses, short dashed line). The
symbols and the lines represent, respectively, the experimental data and the COSMO-RS prediction calculations.
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The increasing miscibility gap increases accordingly to the rank:
n-decane < n-nonane < n-octane < n-heptane < n-hexane. This trend
is found to be independent of both the ionic liquid cation and anion
nature. Although an increase in the dispersive forces is expected
between the alkyl chains of the ionic liquids and longer chain
hydrocarbons, the decrease in solubility at the IL-rich phase is
related with the difficulty that n-alkanes with higher chains meet
to fit into the free volume between the ionic liquid ions, reducing
therefore their packing efficiency.34 As can be extrapolated from
Figure 2, as well as from Supporting Information Figures S17�S36,
the alkane chain length increase leads to an increase in the upper
critical solution temperature (UCST) of all the binary systems

evaluated. Indeed, dealing with aliphatic hydrocarbons, all diagrams
converge to an UCST behavior.
The liquid�liquid equilibria of [SCN]-based ionic liquids pre-

sented in Figure 2 and Figure S24 is quantitatively described by
COSMO-RS regarding the alkane chain length effect. For systems
with different ionic liquids, with higher miscibility among the binary
compounds, a fair qualitative description of the solubilities was
obtained as displayed in Supporting Information, Figures S17�S34.
For the hydrocarbon-rich phase, no experimental data are available,
and thus, COSMO-RS predictions were not attempted.
4.2.2. Effect of the Ionic Liquid Cation Core upon the Phase

Behavior. The effect of the ionic liquid cation core on the
solubility of hydrocarbons in ionic liquids is depicted in Figure 3
and Figure 4 where the solubilities of n-hexane in [CF3SO3]- and
[TOS]-based ionic liquids are presented. The solubilities seem to
be highly anion dependent. Nevertheless, a remarkable effect of
the cation family is also observed when comparing, for instance,
significantly structural different ionic liquids, such as all, nitro-
gen-based ILs with the phosphonium-based ionic liquid. The
results displayed in Figures 3 and 4 show that the increasing
miscibility of n-alkanes in ionic liquids follows the cations trend:
[1,3-C4mpy]

þ < [C4mpyr]
þ < [C4mim]

þ , [Pi(444)1]
þ. Among

the nitrogen-based ionic liquids the five-sided ring cations
(imidazolium- and pyrrolidinium-based) present lower miscibil-
ities with n-alkanes compared to the six-sided ring cation studied
(pyridinium-based ionic liquid). Since both pyridinium- and
imidazolium-based ionic liquids present an aromatic character
while the pyrrolidinium-based cation is aliphatic, it can be
anticipated that the IL cation size is more relevant than the
presence of π molecular orbitals in defining the mutual solubi-
lities. The most significant differences in solubilities, among
different ionic liquid cations, were observed with the phospho-
nium-based ionic liquid, as shown in Figure 4, presenting a
significantly smaller miscibility envelope. The phosphonium-
based structure, based on four alkyl chains, leads to favorable
dispersive interactions with n-alkanes than those observed with
other families of ionic liquids with a more polar character, thus
increasing the mutual solubilities.

Figure 4. Liquid�liquid phase diagram for [C4mim][TOS]36 (purple square, dot-dash line), [1,4C4mpy][TOS]49 (pink diamonds, solid line) and
[Pi(444)1][TOS]

47 (orange triangles, long dashed line) with n-hexane. The symbols and the lines represent, respectively, the experimental data and the
COSMO-RS prediction calculations.

Figure 3. Liquid�liquid phase diagram for [C4mim][CF3SO3]
50

(purple squares, dot-dash line), [C4mpyr][CF3SO3]
50 (green triangles,

dashed line), and [1,3-C4mpy][CF3SO3]
50 (pink diamonds, solid line)

with n-hexane. The symbols and the lines represent, respectively, the
experimental data and the COSMO-RS prediction calculations.
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COSMO-RS can satisfactorily predict the solubility depen-
dency with the cation family as can be seen in Figures 3 and 4 (as
well as for other systems presented in Supporting Information,
Figures S36�S39).
4.2.3. Effect of the Ionic Liquid Cation Alkyl Chain Length

upon the Phase Behavior. The cation alkyl chain length affects
the mutual solubilities between ionic liquids and n-alkanes.
Indeed, the chain length has a significant impact on the phase
diagrams as shown in Figure 5. Figure 5 show that the increase of
the ionic liquid cation alkyl chain from [C4mim]þ to [C6mim]þ

in the [Cnmim][SCN] series leads to an increase in the mixture
solubility. This enhanced miscibility is the result of a free volume
increase in the IL-rich solution and of the prevalence of nonpolar
regions in the ionic liquid that enhance the probability of favorable
dispersive interactions with the n-alkane chain. Curiously this trend
is not observedwhen changing the ionic liquid anion for the systems
containing [C1mim][MeSO4] and [C4mim][MeSO4] (see Figures
S40 and S41 in Supporting Information). Nevertheless, it is difficult
at present to establish if this is a peculiar behavior related with
the [C1mim]

þ cation, the [MeSO4]
� anion, or just a problem

associated with the limited experimental data available. More data
on these systems are required to establish the reasons behind this
particular trend.
Moreover, for the alkoxymethyl-based ionic liquids (CnH2nþ1-

OCH2) a similar pattern was observed. As shown in Supporting
Information, in Figure S44, n-alkanes are more soluble in
[(C6H13OCH2)2im][NTf2] than in [C6H13OCH2mim][NTf2]
at similar temperatures. The substitution of a methyl group
by a longer alkoxymethyl chain improves the miscibility
with aliphatic hydrocarbons. Most of the imidazolium-based
ionic liquids phase diagrams shown presented n-alkanes solubi-
lities lower than 0.30 in mole fraction units. For the cations
with the hexyloxy-groups, the n-alkane solubility increases up
to 0.5 in mole fraction. Nevertheless, with the data published
hitherto it is not possible to conclude if this is a direct effect
of the increased polarity of the chain dominated by the alkoxy
group or a simple contribution of the second and longer
hexyl chain.

The trend observed with the cation alkyl chain length is similar
to that observed for alcohol þ IL binary systems.61 Also, as the
alkyl chain length of the cation increases the UCST of the system
decreases. Moreover, the opposite effect verified with the n-
alkanes chain length increase, leading to higher UCST, is similar
to that presented by alcohols and ionic liquids systems.61

COSMO-RS provides a correct qualitative description of
the experimental data of the systems studied in Figure 5 (and
Supporting Information Figures S43 and S44). The effect of the
increase in the cation chain length leading to higher mutual
miscibilities is well predicted. It should be remarked that this
trend is also supported by COSMO-RS for the systems compris-
ing the methylsulfate-based ionic liquids, although experimen-
tally a different pattern was observed.
4.2.4. Effect of the Ionic Liquid Anion upon the Phase

Behavior. The experimental data available (Supporting Informa-
tion, Table S1) allow a comparison of the effect of several ionic
liquid anions on the n-alkanes solubility in the ionicmedia. Although
more data are available, as described in Table S1, the systems here
analyzed are mainly based on the [C4mim][anion]þ n-hexane and
the [C6H13OCH2mim][anion] þ n-hexane systems, because they
allow the direct comparison of the effect of a large number of anions
on the mutual solubilities. Results are displayed in Figure 6 and
Supporting Information (Figure S46).
The ionic liquid anion nature has a slight influence in the

mutual solubilities and similar to that presented before with the
ionic liquid cation core. The main deviation was observed with
the IL containing the [PF6]

� anion. Experimentally, the solubi-
lity of n-alkanes in [C4mim]-based ionic liquids increases
with the following order: [MeSO4]

� < [SCN]� < [TOS]� <
[CF3SO3]

� < [MDEGSO4]
� , [PF6]

�, while for [C6H13O-
CH2mim]-based ionic liquids the increasing solubility follows
the rank: [BF4]

� < [NTf2]
�. These patterns closely follow the

hydrogen bond basicity (hydrogen-bond accepting strength) of

Figure 5. Liquid�liquid phase diagram for [C4mim][SCN]32 (purple
squares, dot-dash line) and [C6mim][SCN]38 (green diamonds, solid
line) with n-hexane. The symbols and the lines represent, respectively,
the experimental data and the COSMO-RS prediction calculations.

Figure 6. Liquid�liquid phase diagram for [C4mim][MeSO4]
35 (green

circles, double dot-dash line), [C4mim][PF6]
51 (orange diamonds, solid

line), [C4mim][SCN]32 (red crossed squares, dot-dash line), [C4mim]
[TOS]36 (blue X, long dashed line), [C4mim][CF3SO3]

50 (yellow
squares, double long dashed line) and [C4mim][MDEGSO4]

39 (red
triangles, short dashed line) with n-hexane. The symbols and the lines
represent, respectively, the experimental data and the COSMO-RS
prediction calculations.
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[C4mim]-based ionic liquids regarding their anions. The hydro-
gen bond basicity, the β solvatochromic parameter, accordingly
to the ionic liquid anion nature follows the sequence [MeSO4]

�

> [SCN]� > [CF3SO3]
� > [BF4]

� > [PF6]
� > [NTf2]

�.66,67

Thus, it seems that the solubility of n-alkanes in ionic liquids
decreases with an increase of the hydrogen-bond basicity of the
ionic liquid anion. It should be noted that no liquid�liquid
equilibrium data were found regarding the influence of the ionic
liquid anion at the hydrocarbon-rich phase.
As previously observed for other systems containing ionic

liquids,61,65 the solubility dependence with the anions nature is
not qualitatively well described by COSMO-RS. Because of the
similarity on the solubilities observed for most anions, although
COSMO-RS can often provide an acceptable prediction of the
phase diagrams, it cannot identify the correct experimental solubility
trends as shown in Figure 6 for the ionic liquids [C4mim][MeSO4],
[C4mim][PF6], and [C4mim][TOS]. Nevertheless, in Supporting
Information, Figure S46, concerning only the [NTf2]

� and [BF4]
�

anions, there is a close qualitative agreementwith experimental data.
4.2.5. Effect of the Ionic Liquid Anion Alkyl Chain Length

upon the Phase Behavior. As discussed before, the increase in
the cation alkyl chain length leads to a pronounced increase in
the mutual miscibility between ILs and n-alkanes. The same
trend is observed with the increase of the anion alkyl chain length
displayed in Figure 7. Ranging from [C4mim][MeSO4] to
[C4mim][OcSO4]-containing systems there is a solubility in-
crease of around 0.5 in mole fraction. Such enhanced solubility
results from the decrease in the polarity of the anion and from the
increase of the dispersion forces between longer alkyl chain
anions and n-alkanes. In Supporting Information, Figure S47, a
similar pattern is observed. [C4mim][MeSO4] is less soluble in
n-hexane than [C4mim][MDEGSO4]. Although an oxygenated
group is introduced in the former ionic liquid, this ionic
liquid possesses a longer alkyl chain that favors liquid�liquid
miscibility.
Despite the limitations of COSMO-RS to describe the ionic

liquid anion effect through the binary phase diagrams, as

discussed above, the influence of the anion alkyl chain length is
correctly described. However, the observed experimental differ-
ences in solubilities are more remarkable than those predicted by
COSMO-RS.
4.3. Aromaticsþ ILs Binary Systems.The LLE data available

in literature for binary systems containing aromatic hydrocar-
bons and ionic liquids are reported in Supporting Information, in
Table S2. These systems are based essentially in benzene, alkyl-
substituted benzenes, and xylene isomers. The experimental
miscibility gap observed for the IL þ aromatic hydrocarbons is
smaller than with n-alkanes, the aromatics being much more
soluble in ionic liquids. Nevertheless, the solubility of ionic
liquids in the aromatics is still very low, in the order of 10�3 in
mole fraction.32,36,38,41,46,51,53,68 These important solubility dif-
ferences observed between aromatics and alkanes in ionic liquids
are the basis of the use of ionic liquids for aromatic/aliphatic
selective separations.6,7,25,69,70 The greater solubility of aromatics
in ionic liquids can be a consequence of the enhanced interac-
tions between ionic liquids and aromatic hydrocarbons due to
π�π interactions (for aromatic ionic liquids) and favorable
packing effects (for nonaromatic ionic liquids). The various
structural effects of aromatic hydrocarbons and ionic liquids on
the mutual solubilities will be studied and discussed below.
4.3.1. Effect of the Aromatics Structure on the Phase Beha-

vior. The solubility of the ionic liquid in hydrocarbons increases
with their aromaticity. As the alkylation of the benzene ring
increases, the solubility of the ionic liquid at such a rich phase
decreases, as shown in Figure 8 (similar results are also shown in
the Supporting Information for other systems in Figure S50 to
Figure S91). In general, the miscibility gap increases accordingly
to benzene < toluene < ethylbenzene < propylbenzene.
The solubility of xylene isomers in ionic liquids depends on

the second methyl group position as shown in Figure 9 for
[C4mim][MeSO4] and for other systems presented in Support-
ing Information, Figures S50�S91. The small differences ob-
served among the positional isomers are due to differences in the

Figure 7. Liquid�liquid phase diagram for [C4mim][MeSO4]
35 (green

circles, dot-dash line) and [C4mim][OcSO4]
37 (blue diamonds, dash-

dot-dot line) with n-hexane. The symbols and the lines represent,
respectively, the experimental data and the COSMO-RS prediction
calculations.

Figure 8. Liquid�liquid phase diagram for [C4mim][TOS] with
benzene36 (red triangles, double solid line), toluene36 (yellow squares,
dotted line), ethylbenzene36 (green diamonds, dot-dash line), and
propylbenzene36 (blue circles, long dashed line). The symbols and the
lines represent, respectively, the experimental data and the COSMO-RS
prediction calculations.
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xylene molecular structure that have an impact in the aromatic
induced dipole moment. As a result, and in general, the ortho
compound presents higher solubility at the IL-rich phase.
Moreover, from all the data gathered in Figures 8 and 9, the

favorable solvation of ethylbenzene at the IL-rich solution over
the xylene similar structures can be seen. A single alkyl chain at
the ring allows an enhanced solubility in the ionic liquid as a
consequence of its larger dipole moment.
For the hydrocarbon aromatic systems, COSMO-RS is able to

qualitatively describe the effect of the alkylation of the benzene
ring on themiscibility gap between ionic liquids and aromatics, as
shown in Figure 8. Similar results are reported for other systems
at the Supporting Information (Figures S50�S91).
The behavior of the xylene isomers systems predicted by

COSMO-RS, although only semiquantitative, is qualitatively cor-
rect, as shown in Figure 9. The COSMO-RS can predict the similar
experimental solubilities observed for the isomers meta and para,
while providing higher miscibilities at the IL-rich phase for the
o-xylene isomer.
4.3.2. Effect of the Ionic Liquid Cation Core upon the Phase

Behavior. As discussed for the ILþ n-alkane systems, the cation
family plays a minor role on the mutual miscibilities when the
cation is based on nitrogen-containing heterocyclic rings. Imi-
dazolium-, pyridinium-, and pyrrolidinium-based ionic liquids
exhibit similar solubilities as shown in Figure 10. However, pyri-
dinium-based ionic liquids are slightly more soluble in aromatic
hydrocarbons and, as observed before, with n-alkanes. Other types
of cation may however present a different behavior, as suggested
by the data for the [Pi(444)1][TOS] displayed in Figure 11, which
presents a large solubility with aromatic hydrocarbons.
In all systems evaluated, COSMO-RS can satisfactorily predict

the trend of the influence of the cation family on the mutual
solubilities, as shown in Figures 10 and 11. Nevertheless, significant
quantitative differences were observed between the experimental
and predicted data. Contrary to what was observed for n-alkanes,
COSMO-RS predicts more significant differences in solubilities
between the imidazolium, the pyridinium, and the pyrrolidium

cations, than those experimentally observed. Again, and as observed
before with n-alkanes, COSMO-RS predicts an inversion in the
solubility trends between the pyridinium- and pyrrolidinium-based
ionic liquids at the hydrocarbon-rich phase. Moreover, the experi-
mental data suggest that a number of IL þ aromatic systems may
have a phase diagram of the lower critical solution temperature
(LCST) type (for instance, [C4mim][CF3SO3],

50 [1,3C4mpy]
[CF3SO3],

50 and [C4mpyr][CF3SO3]
50 presented in Figure 10,

as well as other systems, such as [C2mim][NTf2],
46 [C4mim]

[SCN],32 and [C6mim][SCN]
38 presented in Supporting Informa-

tion, Figures S60, S5, and S78). In all systemsCOSMO-RS seems to
be unable to describe correctly this particular behavior, predicting

Figure 9. Liquid�liquid phase diagram for [C4mim][MeSO4] with o-
xylene35 (red squares, dot-dot-dash line), m-xylene35 (blue diamonds,
dashed line) and p-xylene35 (green triangles, dotted line). The symbols
and the lines represent, respectively, the experimental data and the
COSMO-RS prediction calculations.

Figure 10. Liquid�liquid phase diagram for [C4mim][CF3SO3]
50

(purple squares, dot-dash line), [C4mpyr][CF3SO3]
50 (green triangles,

long dashed line) and [1,3-C4mpy][CF3SO3]
50 (pink diamonds, solid

line) with benzene. The symbols and the lines represent, respectively,
the experimental data and the COSMO-RS prediction calculations.

Figure 11. Liquid�liquid phase diagram for [C4mim][TOS]36 (purple
squares, dot-dash line), [1,4C4mpy][TOS]49 (pink diamonds, solid
line), and [Pi(444)1][TOS]

47 (red triangles, long dashed line) with
toluene. The symbols and the lines, represent, respectively, the experi-
mental data and the COSMO-RS prediction calculations.
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UCST diagrams instead. LCST is caused by the conjugation of
attractive interactions and free volume effects which result in
negative enthalpies of mixing, and these are not well described by
COSMO-RS predictions.
The COSMO-RS predictions usually deteriorate with the

increasing miscibility between the compounds.61,65 For the
systems here studied, the COSMO-RS model does not seem
to describe correctly the π�π interactions between aromatic
rings. The COSMO-RS calculations consider that the interac-
tions are made at the interface of the virtual conductor environ-
ment surrounding themolecules, and stronger interactions responsible
for largermutual solubilities are thusnot adequately taken into account.
This makes the model less able to describe the aromatic containing
systems as compared to the n-alkanes systems presented previously.
Nevertheless, themodel always provides a qualitativedescriptionof the
ionic liquid cation influence on the mutual solubilities and can be an a
priori screening tool for particular systems.
4.3.3. Effect of the Ionic Liquid Cation Alkyl Chain Length

upon the Phase Behavior. The cation alkyl chain length has an
important impact on the solubility of aromatic hydrocarbons in
ionic liquids as shown in Figures 12 and 13. The increase of the
alkyl chain length decreases the polarity of the ionic liquid cation
enhancing favorable interactions with the hydrocarbon. More-
over, the alkyl chain length also increases the entropic effects
that contribute to an enhanced solubility, such as the asymmetry
and the free volume of the ionic liquid. Figure S104 in
Supporting Information shows the effect of the addition of a
hexyloxy-group to the imidazolium cation and its impact in the
liquid�liquid equilibrium with benzene. The presence of a more
polar and electronegative element, such as oxygen, increases the
miscibility between the aromatic and the ionic liquid.
Although the COSMO-RS predictions presented in Figures 12

and 13 are quite different from experimental data they can, even
so, correctly predict the miscibility trends with the cation alkyl
chain length. The only limitation observed in this section was
the inability of COSMO-RS to predict the alkoxymethyl group
effect on the systems solubility shown in Supporting Informa-
tion, Figure S104.

4.3.4. Effect of the Ionic Liquid Anion upon the Phase
Behavior. The anion effect on the mutual solubilities between
aromatic hydrocarbons and ionic liquids is a well studied field with a
large body of data available as described in Supporting Information,
Table S2. As shown in Figure 14 the ionic liquid anion has a more
important influence on the mutual solubilities with aromatic
hydrocarbons than that observed before with n-alkanes.
The solubility of benzene in the [C4mim]- and [C2mim]-based

ionic liquids, shown in Figure 14, and Supporting Information,
Figures S105 and S109, range from 0.4 to 0.8 in mole fraction.
The solubility increases with the ionic liquids anions sequences:
[MeSO4]

� < [SCN]� < [MDEGSO4]
� < [PF6]

� < [TOS]� <
[CF3SO3]

� < [NTf2]
� for the [C4mim]-based ionic liquids and

[EtSO4]
� < [PF6]

� < [NTf2]
� for the [C2mim]-based ionic

liquids. In Supporting Information, Figure S109, the solubility with
an IL containing a 2-(2-methoxyethoxy)ethyl group at the cation
increases as follows: [BF4]

� < [NTf2]
�. These patterns follow, with

few exceptions, the general trend for the dipolarity/polarizability
measurements of ionic liquids (π*): [MeSO4]

� ≈ [SCN]� >
[BF4]

� > [PF6]
� > [CF3SO3]

� > [NTf2]
�.67 Thus, the mutual

solubilities of aromatic hydrocarbons and ionic liquids increase with
the decrease of the polarity of the ionic liquid anion.
The COSMO-RS predictions are quantitatively acceptable

for a number of ionic liquids but, as observed before for the
n-alkanes, the correct qualitative trend predictions present some
limitations with the ionic liquid anion nature.
4.4. Cycloalkanes þ ILs Binary Systems. The LLE of binary

mixtures of IL þ cycloalkanes available in literature are based in
C5, C6, and C7 cycloalkanes and are summarized in Suppo-
rting Information, Table S3. In general, the solubilities of these
compounds in ionic liquids are slightly larger than those observed
for n-alkanes due to their lower molecular volume and cyclic
structure responsible by a more effective packing effect. As
discussed before, for the solubility of the ionic liquids in other
hydrocarbons, the solubility in cycloalkanes is also very small,

Figure 12. Liquid�liquid phase diagram for [C1mim][MeSO4]
33 (blue

triangles, solid line) and [C4mim][MeSO4]
35 (purple squares, dot-dash

line) with benzene. The symbols and the lines represent, respectively,
the experimental data and the COSMO-RS prediction calculations.

Figure 13. Liquid�liquid phase diagram for [C2mim][NTf2]
46 (red

circles, double solid line), [C4mim][NTf2]
46 (purple squares, dot-

dash line), [C6mim][NTf2]
46 (green diamonds, solid line), [C8mim]-

[NTf2]
46 (orange triangles, dotted line) and [C10mim][NTf2]

46 (blue
diamonds, dot-dot-dash line) with benzene. The symbols and the lines
represent, respectively, the experimental data and the COSMO-RS
prediction calculations.
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being of the order of 3 � 10�5 (in mole fraction)36,38,51 for
systems for which data are available.
The predictions provided by COSMO-RS for the description

of the LLE experimental data for IL þ cycloalkanes systems are
discussed below.
4.4.1. Effect of the Cycloalkanes Structure upon the Phase

Behavior. The cycloalkanes size has an important effect on the
solubilities of these compounds in ionic liquids. The immiscibility
region increases with the cycloalkanes size (or carbon number
increase) as shown in Figure 15. A number of other systems with
distinct ionic liquids, yet a similar behavior, are reported in the
Supporting Information (Figures S11�S114).

The COSMO-RS predictions can describe correctly the
decreased miscibility with the increase of the cycloalkane size.
In the most part of the studied examples a fine quantitative
description of the data was also achieved.
4.4.2. Effect of the Ionic Liquid Cation Core upon the Phase

Behavior. As previously observed for different hydrocarbons,
the cycloalkane containing systems do not vary appreciably
with the cations based on nitrogen-containing heterocycles,
such as the imidazolium-, pyrrolidinium-, and pyridinium-based
ionic liquids (Figure 16). Again slightly higher solubilities
were observed with the pyridinium-based ionic liquid. Therefore,

Figure 14. Liquid�liquid phase diagram for [C4mim][MeSO4]
35 (green circles, double dot-dash line), [C4mim][PF6]

51 (orange diamonds, solid line),
[C4mim][NTf2]

46 (gray diamonds, dotted line), [C4mim][SCN]32 (red crossed squares, dash-dot line), [C4mim][TOS]36 (blue X, dashed line),
[C4mim][CF3SO3]

50 (yellow squares, double long dashed line) and [C4mim][MDEGSO4]
39 (pink triangles, dashed line) with benzene. The symbols

and the lines represent, respectively, the experimental data and the COSMO-RS prediction calculations.

Figure 15. Liquid�liquid phase diagram for [C6mim][SCN] with
cyclohexane38 (dark blue circles, double dashed line) and cyclohep-
tane38 (yellow triangles, dot-dashed lines). The symbols and the lines
represent, respectively, the experimental data and the COSMO-RS
prediction calculations.

Figure 16. Liquid�liquid phase diagram for [C4mim][CF3SO3]
50

(purple squares, dot-dash line), [C4mpyr][CF3SO3]
50 (green

triangles, long dashed line), and [1,3C4mpy][CF3SO3]
50 (pink

diamonds, solid line) with cyclohexane. The symbols and the lines
represent, respectively, the experimental data and the COSMO-RS
prediction calculations.
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the increasing solubility of hydrocarbons in ionic liquids follows
the general rank that is independent of the hydrocarbon
nature: pyridinium-based > pyrrolidinium-based ≈ imidazo-
lium-based ionic liquids. Other types of cations (such as phos-
phonium- QJ;and ammonium-based ionic liquids) may however
present quite different behaviors. Yet, the experimental data
available are too scarce to draw any conclusions concerning this
matter.
COSMO-RS can correctly predict the solubility trends experi-

mentally observed in Figure 16 and, as observed for the aromatic
hydrocarbons, it predicts a larger difference in solubility between
the imidazolium, the pyridinium, and pyrrolidium cations than
that observed experimentally.

4.4.3. Effect of the Ionic Liquid Cation Alkyl Chain Length
upon the Phase Behavior. From Figure 17, it can be seen that the
increase of the cation alkyl chain length allows dispersive-type
interactions between the hydrocarbon and the ionic liquid,
which, along with a higher free volume and the favorable packing
effect, contribute to an increase in the miscibility between
both solvents. Moreover, the replacement of a methyl group
by a longer alkoxymethyl group at the ionic liquid cation also
leads to a higher solubility of the cyclohexane in the ionic liquid
(Supporting Information, Figure S118). In fact, this general
trend was observed for the three types of hydrocarbons studied.
Although the experimental data is scarce for a full evaluation of

the model, COSMO-RS can provide an excellent quantitative
and qualitative description of the systems behavior presented in
Figure 17 and Supporting Information, Figure S118.
4.4.4. Effect of the Ionic Liquid Anion upon the Phase

Behavior. The experimental data available, reported in Support-
ing Information Table S3, allow the comparison of the effect of
several anions toward the liquid�liquid equilibria with cycloalk-
anes. Twomain examples are displayed in Figure 18 and Supporting
Information, Figure S120, for ([C4mim]- and [C6H13OCH2mim]-
based ionic liquids þ cyclohexane) binary systems.
The influence of the anion is more relevant in the cycloalkanes

solubility in ionic liquids than the cation family effect discussed
above. In the [C4mim]-based ionic liquids the miscibility with
cyclohexane increases in the order [SCN]� < [CF3SO3]

� <
[MDEGSO4]

� < [PF6]
�. For the [C6H13OCH2mim]-based

ionic liquids the solubility with cyclohexane increases from
[BF4]

� to [NTf2]
� composing anions. As observed before with

n-alkanes, these sequences closely follow the solvatochromic β
parameter trend (hydrogen bond basicity of the ionic
liquid):66,67 [SCN]� > [CF3SO3]

� > [MDEGSO4]
� > [PF6]

�.
The COSMO-RS predictions are not completely reliable in

describing the ionic liquids anions influence in their mutual
solubilities with cycloalkanes, and as previously observed for
n-alkanes and for aromatic hydrocarbons. The results reported
in Figure 18 show that some anions are correctly described, for
example, [SCN]�, [CF3SO3]

�, and [MDEGSO4]
�, while for

Figure 17. Liquid�liquid phase diagram for [C4mim][SCN]32 (purple
squares, dot-dash line) and [C6mim][SCN]38 (green diamonds, solid
line) with cyclohexane. The symbols and the lines represent, respec-
tively, the experimental data and the COSMO-RS prediction
calculations.

Figure 18. Liquid�liquid phase diagram for [C4mim][PF6]
51 (orange diamonds, solid line), [C4mim][SCN]32 (red crossed squares, dot-dash line),

[C4mim][CF3SO3]
50 (yellow squares, long dashed line) and [C4mim][MDEGSO4]

39 (pink triangles, short dashed line) with cyclohexane. The
symbols and the lines represent, respectively, the experimental data and the COSMO-RS prediction calculations.
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others, such as [PF6]
�, the model fails in describing their correct

trend. COSMO-RS seems to fail with high charge density anions.
These anions have stronger Coulombic interactions with the
combined cation that are underestimated by the COSMO-RS
calculations. Despite these anions, for which the COSMO-RS
qualitative description fails, the solubility predictions are correct
at least from a semiquantitative point of view, and for some
anions, even a close quantitative description is achieved.
4.5. Summary of the Various Effects Studied upon the

Phase Behavior.The influence of various factors studied on this
work through the mutual solubilities of hydrocarbons and ionic
liquids is summarized in Table 3, along with the performance of the
COSMO-RS model toward the description of the experimentally
observed trends.With the exception of the ionic liquid anion nature
influence in the solubility behavior, which was not fully captured by
the COSMO-RS iterative calculations, the model seems to be able
to produce a semiquantitative description of the experimental data.
Often, for the most immiscible systems, even an acceptable quan-
titative prediction of the phase diagrams, although far from the
critical point, is achieved. It seems thus that COSMO-RS could be a
useful tool for the screening of ionic liquids to be used in processes
dealing with hydrocarbons.
Although binary systems can be of use to identify the ionic

liquids for which the solubilities of hydrocarbons are quite
different, and therefore are potentially interesting for extraction
purposes, they provide limited information. To study the appli-
cation of ionic liquids to perform extractions in more complex
real systems, additional studies on ternary systems are required.
For that purpose a companion article to this work, dealing
with ternary systems of ionic liquids and hydrocarbon mixtures,
is under preparation.

5. CONCLUSIONS

The use of ionic liquids in refineries and petrochemical
industries requires the knowledge and the complete understand-
ing of the several structural factors that influence the liquid
phase behavior of systems containing such fluids. Therefore, an
overview of the mutual solubilities of hydrocarbons and ionic
liquids was carried out in this work to evaluate both the
structural features of the hydrocarbons (chain length and mo-
lecular size, aromaticity, positional isomerism, and cyclization)
and of the ionic liquids (cation family, cation alkyl chain,
and anion nature) upon the phase behavior. The ability of
COSMO-RS, a predictive model based on the quantum chemical
model combined with statistical thermodynamics, was also
evaluated in describing the phase behavior of these binary
systems.

Concerning the COSMO-RS predictions it was shown to be
possible to achieve a good qualitative and a semiquantitative
description of the structural effects of different hydrocarbons
and ionic liquids in the mutual solubilities of the studied
systems. The only exception appears in the ionic liquid anion
influence for which COSMO-RS is not able to fully capture the
different ionic liquids inducing behavior. Another limitation of
COSMO-RS is the solubility prediction of systems presenting
large mutual miscibilities (far from the infinite dilution regime).
For less miscible systems (near complete immiscibility), the
predicted values are in good quantitative agreement with
experimental data. Despite these limitations, the capability of
COSMO-RS to predict the LLE of IL þ hydrocarbon binary
systems suggests that it can be used as an a priori tool for the
screening of ionic liquids suitable for applications involving
hydrocarbons.

Table 3. Summary of the Factors That Influence the Solubility and the Performance of COSMO-RSa

factor influence on the solubility COSMO-RS performance

hydrocarbon type aromatics . cycloalkanes > n-alkanes Y

n-Alkanes þ ILs Systems

n-alkane chain length v Cn f V solubility Y

IL cation core ≈ Y

IL cation alkyl chain length v Cn f v Solubility Y

IL anion family [MeSO4]
� > [SCN]� > [TOS]� > [CF3SO3]

� >

[MDEGSO4]
� > [PF6]

� [BF4]
� > [NTf2]

�
N

IL anion alkyl chain length v Cn f v Solubility Y

Aromatics þ ILs Systems

aromatic alkyl chain substituted length v Cn f V Solubility Y

IL cation core ≈ Y

IL cation alkyl chain length v Cn f v Solubility Y

IL anion family [BF4]
� > [MeSO4]

� > [SCN]� > [EtSO4]
� > [MDEGSO4]

� >

[TOS]� > [PF6]
� > [CF3SO3]

� > [NTf2]
�

N

IL anion alkyl chain length v Cn f v Solubility Y

Cycloalkanes þ ILs Systems

Cycloalkane size v Cn f V Solubility Y

IL cation core ≈ Y

IL cation alkyl chain length v Cn f v Solubility Y

IL anion family [SCN]� > [CF3SO3]
� > [MDEGSO4]

� > [PF6]
� N

IL anion alkyl chain length v Cn f v Solubility Y
a Legend: (≈) negligible influence; (Y) COSMO-RS describes the experimental trend correctly; (N) COSMO-RS does not correctly describes the
experimental trend.
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