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ABSTRACT: Many separation processes in petrochemical and refining industries are applied to close boiling point compounds
and/or azeotropic mixtures which make difficult the application of simple distillation, requiring alternative separation processes.
Ionic liquids, with their unique and tunable properties, may constitute an advantageous alternative as extractive solvents in separation
processes that involve hydrocarbon systems. In this work, a review on the experimental data available for ternary systems composed
of ionic liquids and hydrocarbons is reported. The gathered information was shown to be essential in the understanding of the
molecular interactions and of the effect of the various structural features of both the ionic liquids and the hydrocarbons on their
phase behavior, allowing the development of guidelines for the choice of the most suitable ionic liquid for hydrocarbon separation.
To be able to carry out the design and selection of new and improved ionic liquids, the development of predictive models and their
validation is required, since the experimental screening of the huge number of potential ionic liquids is not feasible. In this context,
the ability of COSMO-RS (COnductor-like Screening MOdel for Real Solvents) as a predictive tool to describe the liquid−liquid
equilibria of ternary systems composed of ionic liquids and hydrocarbons, is evaluated. The results obtained with COSMO-RS testify
its ability for the qualitative, and in some cases the quantitative, description of the phase behavior of the systems studied.

1. INTRODUCTION
Ionic liquids (ILs) are molten salts composed of bulky and
asymmetric organic cations and organic or inorganic anions.
These bulky ions have dispersed charges and low lattice energies,
lowering, thereby, the ionic liquid melting temperature and
allowing them to be in the liquid state at or near room tempera-
ture. Most ionic liquids exhibit desirable attributes, such as a
negligible vapor pressure, high thermal and chemical stabilities,
and good solvating capacity for both organic and inorganic
compounds, among others.1 Ionic liquids when used as solvents
offer several advantages, namely the possibility of their regenera-
tion and reutilization, the reduction of energy consumption, and
therefore lower costs associated with several processes. Various
separation processes relevant for the petrochemical industry
making use of ionic liquids have been studied, addressing the
desulfurization of fuels,1−6 the separation of aromatic/aliphatic
hydrocarbons,7−11 and extractive distillation.12,13

Concerning the aliphatic/aromatic separation of hydrocarbons
by ionic liquids, the number of experimentally studied systems
increased considerably in the past few years,7,9,10,14−63 as shown in
Tables S1 and S2 of the Supporting Information. These tables
report the experimental data available on the liquid−liquid equi-
librium of ternary systems of the type ionic liquid + aromatic
hydrocarbon + aliphatic hydrocarbon (n-alkanes in Table S1
and cycloalkanes in Table S2). The huge number of potential
ionic liquids that can be synthesized makes impossible the
selection of the optimal ionic liquid for a specific task, or any
extraction/separation process, only through experimental

measurements. For an adequate selection of an ionic liquid,
the development of heuristics is necessary, or predictive models
and correlations that, based on some few selected experimental
measurements, will be able to predict the phase behavior of these
systems.
A number of models have been applied to the description of

the phase behavior of systems constituted by one ionic liquid
and two hydrocarbons as described in Tables S1 and S2. Two
classical local composition models, the Non-Random Two
Liquid (NRTL)9,14,15,19−21,27−33,35,38,42−46,48−50,55,59,63,64 and
the UNIQUAC20,43,64,65 models, have been often applied,
both showing a good correlation ability yet with no predictive
capacity. The only predictive model that has been studied so far
for the description of these systems is the ASOG model,66,67

but it has only been applied to a limited number of systems.
An alternative approach, the COnductor-like Screening

MOdel for Real Solvents (COSMO-RS), proposed by Klamt
and co-workers,68−70 is a predictive model that can be used for
an initial screening of ionic liquids for various applications.70−83

The COSMO-RS does not require adjustable parameters
from experimental data, and only uses the information on
the molecular structure of the compounds. Hence, it can be
applied to a large number of ionic liquids and hydrocarbon
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combinations. Following our previous work,83 where COSMO-
RS has been studied for the description of the liquid−liquid
equilibrium of IL + hydrocarbon binary systems, in this
work, the COSMO-RS is evaluated in the prediction of the
phase behavior of IL + hydrocarbon ternary systems. It
should be pointed out that this model has already been
applied previously to the description of a limited number of
systems.72,73,75−77,79,80

This study aims at evaluating the effect of the structural
characteristics of the hydrocarbon molecules and ionic liquids
on their phase behavior from the analysis of the compiled

experimental data published hitherto, aspiring at a better
understanding of the main molecular interactions that control
the liquid−liquid equilibrium. In addition, the experimental
data were used to evaluate the COSMO-RS ability in describing
the phase behavior of these systems.

2. IONIC LIQUID + HYDROCARBONS LIQUID−LIQUID
EQUILIBRIA

Tables S1 and S2 of the Supporting Information summarize the
experimental data of the liquid−liquid equilibrium of ternary
systems composed of ionic liquids, aromatic hydrocarbons, and

Table 1. Abbreviations and Chemical Structures of the Cations Studied
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aliphatic hydrocarbons (n-alkanes in Table S1 and cycloalkanes
in Table S2) available in the literature and published
hitherto.7,9,10,14−63 Circa 188 systems were collected and
comprise several ionic liquids and hydrocarbons. These systems

were experimentally addressed in the past decade regarding
the applicability of ionic liquids through petrochemical
and refinery processes. In particular, these systems deal
with the separation or aromatics from aliphatics hydrocarbons.

Table 1. continued
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The n-alkanes studied were n-hexane, n-heptane, n-octane,
n-nonane, n-decane, n-undecane, n-dodecane, and n-hexade-
cane; the aromatic hydrocarbons were benzene, toluene,
ethylbenzene, propylbenzene, butylbenzene, o-xylene, m-xylene,
and p-xylene; and the cycloalkanes were cyclohexane,
methylcyclohexane, and cyclooctane. In what concerns ionic
liquids, 22 different cations belonging to the imidazolium,
pyridinium, ammonium, and phosphonium families, combined
with 20 anions, such as bis(trifluoromethylsulfonyl)imide,

alkylsulfates, hexafluorophosphate, tetrafluoroborate, thiocya-
nate, dicyanamide, tetracyanoborate, chloride, triiodide, and
dialkylphosphates, were studied. The data used were measured
at atmospheric pressure and at several temperatures and are
reported in Tables S1 and S2. The abbreviations and ionic
structures of the ions composing the ionic liquids are depicted in
Tables 1 and 2.
The large number of systems available allows a compre-

hensive study of the effect of the structural characteristics of the

Table 2. Abbreviations and Chemical Structures of the Anions Studied
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hydrocarbon molecules and ionic liquids through their phase
behavior, selectivities, and distribution ratio among the coexisting
phases.

3. COSMO-RS

COSMO-RS68,70,78,84 is a model for the prediction of the ther-
mophysical properties and phase behavior of pure fluids and/or
mixtures. COSMO-RS combines quantum chemistry, based on
the dielectric continuum model known as COSMO (COnductor-
like Screening MOdel), with iterative cycles of statistical thermo-
dynamics 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;68,70,78,84 that is, molecules are assumed to be sur-
rounded 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 a result, it provides a
discrete surface around the solute molecule which is character-
ized by its geometry and screening charge density (σ) that itera-
tively corresponds to a minimum energetic state at the conductor.
As COSMO-RS treats the surface around the solute molecule as
segments, it is also necessary to obtain the screening charge
density of the respective segment, σ′. 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 and are described as a function of the polarization
charges of the two interacting segments(σ, σ′) or (σacceptor,
σdonor). The van der Waals energy is also taken into account, yet
it only depends on the atoms involved. These energies are

Table 2. continued
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described by eqs 1, 2, and 3, respectively:

σ σ′ = α′ σ + σ′E a( , )
2

( )misfit eff
2

(1)

= σ + σ

× σ − σ
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There are five adjustable parameters fitted to the individual
atoms properties: aeff is the effective contact area between two
surface segments; α′ is an interaction parameter; cHBis the
hydrogen bond strength; σHB is the threshold for hydrogen
bonding; and τvdW and τ′vdW are element specific van der Waals
interaction parameters.
COSMO-RS does not explicitly depend on the discrete

surface geometry; thus, the 3D density distribution on the
surface of each solute molecule Xi is converted into a distribu-
tion function called the 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 of σ-profiles of its compounds, pS(σ),
that normalized by the total surface area, AS, gives the normal-
ized σ-profile of the overall system, p′S(σ):
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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 p′S(σ) describes molecular interactions, the chemical

potential can be estimated by solving iteratively eq 5:84
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where μS(σ), known as the 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, it is possible to calculate the pseudochemical
potential of the component Xi in a solvent S:70

∫μ = μ + σ μ σ σp ( ) ( ) dS
X

C S
X X

S,
i i i

(6)

where μC,S
Xi is a combinatorial contribution of the different size

and shape of the molecules in the mixture.
This set of COSMO-RS equations gives the chemical

potential of all components in a mixture and allows the esti-
mation of several thermodynamic properties, namely activity
coefficients, distribution ratios, and phase equilibria, among
others.70,75,76,78,84

More complex molecules, such as ionic liquids, present
different conformational geometries corresponding to various
energy states. Freire et al.76 showed that improved results
were obtained using the conformers with lower energies

(energetically more stable), and then, as in our previous
work,83 the COSMO-RS calculations were carried out at the
lower energy state of the conformers of each IL anion, IL
cation, and hydrocarbon.
The ternary phase diagrams of IL + aromatic hydrocarbon +

aliphatic hydrocarbon were calculated using the quantum
chemical COSMO calculation performed in the Turbomole
program package85,86 with the BP density functional theory
and the Ahlrichs-TZVP (triple-ζ valence polarized large
basis set),87 employing the parameter file BP_TZVP_
C2.1_0110.

4. RESULTS AND DISCUSSION

The experimental data reported in Tables S1 and S2, in the
Supporting Information, were the basis for the study of the
effect of the structural characteristics of the hydrocarbons and
ionic liquids on their phase behavior. The structural factors,
such as aromaticity, chain length, cyclization and positional
isomerism of the hydrocarbons, cation core and anion nature,
and length of the side alkyl chain of the ionic liquids, are analyzed
and discussed below regarding the impact that they have on the
liquid−liquid phase behavior.
Phase diagrams describing the liquid−liquid equilibria (LLE)

for selected ternary systems composed of ionic liquid + aro-
matic hydrocarbon + aliphatic hydrocarbons are displayed in
Figures 1−13. Further results are presented in Figures S1−
S35 of the Supporting Information. These diagrams allow a
global overview of the phase behavior of the ternary systems
under study. Most ternary phase diagrams reported in the
literature are of type 2,88 presenting a partial miscibility in
two pairs of compounds: the ionic liquid + aliphatic hydro-
carbon and the ionic liquid + aromatic hydrocarbon. The
binodal curves at the aliphatic hydrocarbon-rich phase lie
close to the edge of the phase diagram due to the low
solubilities displayed by the ionic liquid on the aliphatic
hydrocarbon. Moreover, the addition of aromatic hydro-
carbons to the ionic liquid + aliphatic hydrocarbon mixtures
does not lead to a significant increase of the aliphatic
miscibility in the ionic liquid-rich phase. Although the aro-
matic hydrocarbons present a significant miscibility with
both compounds, they do not extensively act as cosolvents.
The ternary diagrams presented are also characterized
by tie lines with negative slopes and often solutropy, which
corresponds to a change in the slope of the tie lines
as the aromatic content increases. The absolute slope of the
tie lines increases with the amount of aromatic hydrocarbon,
since the mutual solubilities between the two coexisting
phases also increase. Thus, at this stage, an increase of at least
one of phase-forming components is needed for phase
separation. The features observed on the ternary phase
diagrams, such as large immiscibility regions, and favorable
distribution ratios and selectivities, are encouraging issues
toward the use of these systems in aromatic−aliphatic
separations by liquid−liquid extraction. Moreover, the very
low solubility of the ionic liquid in aliphatic hydrocarbons
minimizes the loss of the ionic liquid and the contamination
of the refined stream.
Besides the binodal curves and the tie lines assessment to

discuss and interpret the phase diagrams, we further evaluated
the solvent selectivity (S) and distribution ratio (K). These param-
eters, defined by eqs 7 and 8, respectively, provide a quantitative
description of the partitioning of the aromatic hydrocarbons
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between the coexisting phases:
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where x is the mole fraction, the subscripts “aliph” and “aro” are
related with the aliphatic and aromatic hydrocarbons, res-
pectively, and the superscript I refers to the aliphatic hydro-
carbon-rich-phase, while II refers to the ionic liquid-rich phase.

In order to evaluate the performance of COSMO-RS to
predict the LLE of the ternary systems experimentally available,
the root-mean-square deviation (rmsd) between the exper-
imental and predicted data was additionally determined and is
defined according to the following equation:
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Figure 1. (a) Experimental and COSMO-RS predicted tie lines; (b) selectivity and (c) distribution ratio for the LLE of the ternary systems n-hexane +
benzene + [C2mim][EtSO4]

43 (full diamonds and solid line for experimental data; and empty diamonds and dotted line for COSMO-RS predicted
values) and cyclohexane + benzene + [C2mim][EtSO4]

20 (full triangles and solid line for experimental data; and empty triangles and short dashed
line for COSMO-RS predicted values) at 298.15 K.
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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 number of experiments. The root-mean-square
deviations for the studied systems are shown in Table S3 of the
Supporting Information.
The selectivity and the distribution ratio for the aromatic

hydrocarbons among the several systems evaluated were also
predicted. Both COSMO-RS predicted LLE phase diagrams,
and selectivity and distribution ratios, are compared with the
experimental data in Figures 1−13, and they are discussed
below.

4.1. Effect of the Structural Characteristics of the Ali-
phatic Hydrocarbons upon the Phase Behavior. 4.1.1. Effect
of Cyclization. A common ionic liquid and an aromatic
hydrocarbon were fixed to study the influence of the structural
features of cyclization on the phase behavior. This allows the
observation of the effects of the cyclic or linear nature of the
alkane upon the phase diagrams. The ternary systems investi-
gated were those constituted by n-hexane/cyclohexane + benzene +
[C2mim][EtSO4] (the corresponding diagrams are shown in
Figure 1) and n-octane/cyclooctane + benzene + [1,3C2mpy]-
[EtSO4] (Figure S1 of the Supporting Information). A slight

Figure 2. (a) Experimental and COSMO-RS predicted tie lines; (b) selectivity and (c) distribution ratio for the LLE of the ternary systems n-hexane +
benzene + [C2mim][EtSO4]

43 (full diamonds and solid line for experimental data; and empty diamonds and dotted line for COSMO-RS predicted
values), n-heptane + benzene + [C2mim][EtSO4]

43 (full triangles and solid line for experimental data; and empty crossed triangles and dashed line
for COSMO-RS predicted values), n-octane + benzene + [C2mim][EtSO4]

43 (full circles and solid line for experimental data; and empty crossed
circles and dot dashed line for COSMO-RS predicted values), and n-nonane + benzene + [C2mim][EtSO4]

43 (full squares and solid line for
experimental data; and empty crossed squares and dot-dot dashed line for COSMO-RS predicted values) at 298.15 K.

Industrial & Engineering Chemistry Research Article

dx.doi.org/10.1021/ie2025322 | Ind. Eng.Chem. Res. XXXX, XXX, XXX−XXXH



difference is observed between the two systems containing the
cycloalkanes where a higher mutual solubility is observed when
compared with the n-alkane systems. This trend is related to
the reduction of the steric hindrance between the cyclic
hydrocarbons and the ionic liquid, allowing a slightly increase in
the effectiveness on the packing of the fluids. The selectivity
and the distribution ratio are plotted in Figure 1 in panels b and
c, respectively, as a function of the mole fraction of the
aromatics in the aliphatic phase. The selectivity values of the
studied systems are superior to unity, thus confirming the
potential of the ionic liquids as solvents for extraction processes
when applied to aromatic/aliphatic hydrocarbon matrixes. The
distribution ratio is low and inferior to 1, due to the negative

slope of the tie lines, meaning that large volumes of ionic liquid
are required for liquid−liquid extraction processes. This
behavior results from the predominant interactions in the
ionic liquid-rich phase and is dependent on the global
composition. When the global composition has a low content
in hydrocarbons, the interaction forces in the ionic liquid-rich
phase are dominated by interactions between the ionic fluid
and the hydrocarbons leading to high selectivity and
distribution ratio values. At higher hydrocarbon contents, the
influence of the interactions between the ionic liquid and the
hydrocarbons decreases, being replaced by interactions between
the aromatic and the aliphatic hydrocarbon that do not favor
the separation.

Figure 3. (a) Experimental and COSMO-RS predicted tie lines; (b) selectivity and (c) distribution ratio for the LLE of the ternary systems n-hexane +
benzene + [1,3C2mpy][EtSO4]

21 (full triangles and solid line for experimental data; and empty dotted triangles and dashed line for COSMO-RS
predicted values), n-hexane + toluene + [1,3C2mpy][EtSO4]

31 (full squares and solid line for experimental data; and empty dotted squares and
dotted line for COSMO-RS predicted values), and n-hexane + ethylbenzene + [1,3C2mpy][EtSO4]

31 (full diamonds and solid line for experimental
data; and empty dotted diamonds and dot dashed line for COSMO-RS predicted values), at 298.15 K.
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The results of COSMO-RS for the studied systems are de-
picted in Figure 1 and in the Supporting Information (Figure S1).
COSMO-RS provides a good prediction of the shape and size
of the miscibility gap and of the binodal curves and tie lines for
the systems composed of aliphatic hydrocarbons + benzene +
[C2mim][EtSO4]. The differences between the predicted
values and the experimental data are more significant for the
systems with cycloalkanes (rmsd = 1.9%), as the immisci-
bility region decreases when compared with the systems con-
taining n-alkanes (rmsd = 1.4%). The model provides a very
good description of the very low solubilities of ionic liquids on
the hydrocarbon-rich phase.

4.1.2. Effect of the Alkane Chain Length. It was possible
to study the n-alkane and the cycloalkane size on the phase
behavior for systems with a common ionic liquid and an
aromatic hydrocarbon compound. The ternary phase diagrams
of the systems studied with linear alkanes are depicted in
Figure 2 and in Figures S2−S9 of the Supporting Information,
and those of cyclic alkanes are depicted in Figures S10 and S12
of the Supporting Information. The increase in the alkyl chain
length is responsible for an increase in the immiscibility gap on
the phase diagrams. This effect is more pronounced for the
n-alkanes than for the cycloalkanes, since the shape of n-alkanes
leads to more variable and complex molecular conformations.
An increase of the alkyl chain length increases the entropy of

Figure 4. (a) Experimental and COSMO-RS predicted tie lines; (b) selectivity and (c) distribution ratio for the LLE of the ternary systems n-hexane +
o-xylene + [1,3C2mpy][EtSO4]

15 (full squares and solid line for experimental data; and empty dotted squares and dot−dot dashed line for COSMO-
RS predicted values), n-hexane + m-xylene + [1,3C2mpy][EtSO4]

15 (full diamonds and solid line for experimental data; and empty dotted diamonds
and dotted line for COSMO-RS predicted values), and n-hexane + p-xylene + [1,3C2mpy][EtSO4]

15 (full triangles and solid line for experimental
data; and empty dotted triangles and dotted line for COSMO-RS predicted values) at 298.15 K.
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the system, which makes difficult the packing between the
hydrocarbon molecules and the ionic liquid ions. The selectivity
and the distribution ratio, as a function of the mole fraction of
the aromatic hydrocarbons at the hydrocarbon-rich phase, are
shown in Figure 2, panels b and c, respectively, and in the
Supporting Information (Figures S2 − S12). The increase in
the hydrocarbon molecular weight leads to an increase in the
selectivity, as expected from the observed increase in the
miscibility gap. The selectivity is influenced by the aromatic
concentration in the hydrocarbon-rich phase whereas a dec-
rease of selectivity with the increase of aromatic concentration
is observed. A decrease in the distribution ratio is also observed
with the increase of the alkane chain length, yet this is less
significant than that observed with the selectivity. The distribution
ratio also decreases with the concentration of the aromatic
hydrocarbon at the hydrocarbon-rich phase, and its variation is

more pronounced for aliphatics with longer chain lengths. A
similar behavior is observed for the systems containing the
cycloalkanes, as shown in Figures S11 and S12.
The COSMO-RS model is able to describe the effect of the

alkane size on the mutual solubilities of the ternary systems,
as depicted in Figure 2 and in the Supporting Information
(Figures S2 − S12). The binodal curves are predicted with
good accuracy. The rmsd values are displayed in Table S3 of
the Supporting Information. Their description is nevertheless
better at the hydrocarbon-rich phase, where the ionic liquid
concentration is very low and is not influenced by the alkane
size. At the ionic-liquid-rich phase, the binodal curve shows lower
deviations for the systems with longer alkane chain lengths, which
present, therefore, higher immiscibility.
The change in the selectivity and distribution ratio with the

alkane size was also estimated with COSMO-RS. For both, the

Figure 5. (a) Experimental and COSMO-RS predicted tie lines; (b) selectivity and (c) distribution ratio for the LLE of the ternary systems n-hexane +
benzene + [C2mim][EtSO4]

43 (full square and solid line for experimental data; and empty dotted square and dot dashed line for COSMO-RS
predicted values) and n-hexane + benzene + [1,3C2mpy][EtSO4]

21 (full diamonds and solid line for experimental data; and empty dotted diamonds
and long dashed line for COSMO-RS predicted values) at 298.15 K.
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quality of the COSMO-RS predictions seems to decrease with
increasing alkane size. This may be related with the large
sensitivity of the selectivity and distribution ratio to the very
low concentrations of the alkane in the ionic-liquid-rich phase.
In what concerns the distribution ratios, COSMO-RS provides
a good representation of the small dependency of the alkane
size through the phase diagrams, although an opposite trend to
what is observed from the experimental values is predicted.
4.2. Effect of the Aromatic Structural Characteristics

upon the Phase Behavior. The influence of the aromatic
structure and the aromatic isomers upon the phase behavior of
the studied ternary systems was also investigated. The resulting
ternary diagrams are depicted in Figures 3 and 4 and in the
Supporting Information, Figures S13 − S20. As previously
mentioned, the presence of aromatic compounds does not

significantly affect the miscibility of the ternary systems of the
type aliphatic + aromatic + ionic liquid. Nevertheless, the
solubility of the mixture is increased for simpler aromatic com-
pounds. The increase of the alkyl side chain length on the aro-
matic structure leads to a decrease on the mixture miscibility, as
depicted in Figure 3. The systems solubility follows the order
benzene > toluene > ethylbenzene. The tie lines slopes seem to
be more influenced by the alkylation of the aromatics than the
binodal curve itself. Moreover, there is an increase of the
absolute slope of the tie lines as the aromatic content and the
alkyl side chain length increase.
Concerning the xylene isomers, the solubility of the systems

constituted by ionic liquid + xylene + aliphatic hydrocarbon is
only slightly affected by the position of the second methyl group,
as shown in Figure 4. The tie lines slopes for these systems are

Figure 6. (a) Experimental and COSMO-RS predicted tie lines; (b) selectivity and (c) distribution ratio for the LLE of the ternary systems n-hexane +
benzene + [C2mim][NTf2]

7 (full square and solid line for experimental data; and empty dotted square and dot dashed line for COSMO-RS
predicted values), n-hexane + benzene + [N2(2OH)11][NTf2]

38 (full circles and solid line for experimental data; and empty dotted circles and dotted
line for COSMO-RS predicted values), and n-hexane + benzene + [P666 14][NTf2]

7 (full triangle and solid line for experimental data) at 298.15 K.

Industrial & Engineering Chemistry Research Article

dx.doi.org/10.1021/ie2025322 | Ind. Eng.Chem. Res. XXXX, XXX, XXX−XXXL



also similar at the extremes of the ternary diagram and show
some variation in the transient slope zone. For the o-xylene
system, the slope variation is less pronounced, with the change
being more abrupt in the region with a higher aromatic content.
For the systems with m-xylene and p-xylene, the progression
of the tie line slope does not display a significant variation.
The selectivity for the various aromatic systems studied

presents large values and decreases with the increase in the
aromatic alkyl side chain, fluctuating nevertheless in a range of
identical magnitude. An interesting feature is observed for the
systems based on the [1,3C2mpy][EtSO4] ionic liquid (Figure 3
and Figure S19 in the Supporting Information). For these
systems, the selectivity shows a divergent behavior if the

aromatic has or not a substituent alkyl chain. The system with
benzene shows a decreasing selectivity with the increase of
benzene content at the aliphatic rich-phase, whereas the pre-
sence of an alkyl chain on the aromatics leads to its increase.
A different trend is observed for other systems, where the
selectivity decreases with the increase of the aromatic mole
fraction at the aliphatic-rich phase, as can be seen for the
systems composed of ionic liquid + toluene/ethylbenzene +
aliphatic hydrocarbon and as displayed in Figures S20, S22,
S23, S24, S26, S27, and S28 in the Supporting Information.
This suggests that these systems present an anomalous be-
havior that must be confirmed by further experimental data.
The distribution ratio is also much dependent on the alkyl

Figure 7. (a) Experimental and COSMO-RS predicted tie lines; (b) selectivity and (c) distribution ratio for the LLE of the ternary systems
n-heptane + toluene + [1,2C4mpy][BF4]

44 (full squares and solid line for experimental data; and empty dotted squares and dot-dot dashed line for
COSMO-RS predicted values), n-heptane + toluene + [1,3C4mpy][BF4]

44 (full diamonds and solid line for experimental data; and empty dotted
diamonds and dashed line for COSMO-RS predicted values), and n-heptane + toluene + [1,4C4mpy][BF4]

44 (full triangles and solid line for
experimental data; and empty dotted triangles and dotted line for COSMO-RS predicted values) at 313.2 K.
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chain while being reduced by the increase of the alkyl chain
length, and where the benzene system presents the higher
distribution ratio. It is also shown that the alkylation of the
aromatics leads to a small variation of the distribution ratio
as a function of the aromatic content in the aliphatic-rich
phase.
The impact of the aromatic structure on the systems be-

havior is well captured by the COSMO-RS model. Only a small
discrepancy is observed between the experimental data and
the predicted binodal curves. The description of the tie lines

slope is in good agreement with the experimental data for the
benzene systems (rmsd = 1.8%) and shows a slight difference
with the increase of the aromatic alkyl side chain (rmsd >
2.8%, as shown in Table S3 of the Supporting Information)
that decreases with the increase of the aromatic content. As
for the selectivity and the distribution ratio, COSMO-RS is able
to adequately predict the trends observed experimentally. Given
the very low concentrations of ionic liquid in the alkane
phase, the experimental uncertainties in the selectivities and
distribution ratios may be responsible for part of the observed

Figure 8. (a) Experimental and COSMO-RS predicted tie lines; (b) selectivity and (c) distribution ratio for the LLE of the ternary systems n-hexane +
benzene + [C2mim][NTf2]

7 (full circles and solid line for experimental data; and empty dotted circles and long dashed line for COSMO-RS
predicted values), n-hexane + benzene + [C4mim][NTf2]

40 (full squares and solid line for experimental data; and empty dotted squares and dot
dashed line for COSMO-RS predicted values), n-hexane + benzene + [C8mim][NTf2]

40 (full diamonds and solid line for experimental data; and
empty dotted diamonds and short dashed line for COSMO-RS predicted values), n-hexane + benzene + [C10mim][NTf2]

40 (full triangles and
solid line for experimental data; and empty dotted triangles and dotted line for COSMO-RS predicted values), and n-hexane + benzene +
[C12mim][NTf2]

40 (full crosses and solid line for experimental data; and empty crosses and dot−dot dashed line for COSMO-RS predicted values)
at 298.15 K.
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differences. In view of the differences observed between the
predicted and measured selectivities for the system with
[1,3C2mpy][EtSO4], and the remaining systems, the COSMO-RS
model can be used as an indicative of an irregular behavior
that can be present.
4.3. Effect of the Ionic Liquid Cation Family upon the

Phase Behavior. The effect of the ionic liquid cation family
upon the phase behavior is described in Figures 5 and 6 and
Figure S21 (cf. Supporting Information). The systems with the
ionic liquid containing the common [EtSO4]

− anion, n-hexane,
and benzene allow study of the effect upon the phase diagrams
of different ionic liquid cations, such as imidazolium and
pyridinium (Figure 5), and the systems based on the [NTf2]

−

anion with n-hexane and benzene allow the study of the

influence of the cation cores imidazolium, ammonium, and
phosphonium (Figure 6). The phosphonium-based ILs show a
large miscibility domain when compared with the nitrogen-
based cations, being therefore not suitable for selective extrac-
tions from hydrocarbons’ matrixes. The large miscibility pre-
sented by the ionic liquid with the phosphonium cation is due
to its low polarity that results from the large alkyl chains. These
large aliphatic chains lead to an increase of the dispersion
forces, with the alkanes enhancing thus the miscibility between
the ionic liquid and the hydrocarbon.
For different nitrogen-based cations, it is shown that the

imidazolium- and the pyridinium-based cations display similar
binodal curves and therefore similar solubilities. These ternary dia-
grams show higher solubilities between the aromatic hydrocarbons

Figure 9. (a) Experimental and COSMO-RS predicted tie lines; (b) selectivity and (c) distribution ratio for the LLE of the ternary systems n-hexane +
benzene + [C2mim][EtSO4]

24 (full diamonds and solid line for experimental data; and empty dotted diamonds and dot dashed line for COSMO-RS
predicted values) and n-hexane + benzene + [C2mim][NTf2]

7 (full circles and solid line for experimental data; and empty dotted circles and long
dashed line for COSMO-RS predicted values), at 298.15 K.
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and the ionic liquid due to π−π interactions that can occur. The
ammonium-based cation (Figure 6) leads to lower solubilities
than the other nitrogen-based cations.
The tie lines of the nitrogen-based cations, imidazolium and

pyridinium, show similar slopes (except in the aromatic-rich
region), and those for ammonium are steeper. The selectivity
for these systems is high and presents comparable decreasing
behavior with the increase of the aromatic content in the alkane-
rich phase. On the other hand, the diagram with the ammonium
cation shows an increase from low to middle aromatic
concentrations. The distribution ratios and selectivities of the
studied systems show a decrease with the increase of the aromatic
content. The imidazolium and pyridinium containing systems

show similar distribution ratios while those for the ammonium
system are lower. These ratios are expectable, since the cation
structure is distinct from the aromatic structures of the
imidazolium and pyridinium cations, presenting therefore different
interactions with the hydrocarbons.
Regarding the ionic liquid cation isomers, presented in

Figure 7 and in Figure S22 of the Supporting Information, it is
shown that this feature has a low impact on the solubility of the
aromatic in the ionic liquid. It is possible to see a minor reduc-
tion of the immiscibility region for the meta and para positions
of the methyl group, with this being more significant for the
isomer in the ortho position. The same trend is observed for the
selectivity. It is higher for the ortho substitution, and similar and

Figure 10. (a) Experimental and COSMO-RS predicted tie lines; (b) selectivity and (c) distribution ratio for the LLE of the ternary systems
n-heptane + toluene + [C4mim][SCN]

28 (full squares and solid line for experimental data; and empty dotted squares and dotted line for COSMO-RS
predicted values), n-heptane + toluene + [C4mim][DCA]

28 (full triangles and solid line for experimental data; and empty dotted triangles and long
dashed line for COSMO-RS predicted values) at 303.15 K and n-heptane + toluene + [C4mim][MeSO4]

51 (full circles and solid line for
experimental data; and empty dotted circles and dot−dot dashed line) at 313.15 K.
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smaller for the meta and para substitutions. For the tie lines, a
similar behavior is also observed for the meta and para isomers
that translates into similar distribution ratios with values that
are somewhat higher than those for the ortho isomer. These
trends result from an improved distribution of charge at the IL
cation and in a more efficient packing provided by the lower
sterical hindrance for the meta and para substitutions.89

The study of the COSMO-RS performance on the descrip-
tion of the different cation families is shown in Figures 5−7.
Regarding the cation families, COSMO-RS is capable of des-
cribing the binodal curves for the studied systems, with less
accuracy at the region with higher aromatic content, as ob-
served previously for other systems, presenting rmsd values
around 5−6%. An exception is verified with the phosphonium

cation and for which the COSMO-RS model predicts a
complete miscibility. The model can describe correctly the
behavior of the pyridinium isomers with rmsd = 2.4% for the
ortho substitution, which present a slightly higher immiscibility
than the meta and para isomers, which present 4.6% and 6.4%
rmsd, respectively. The predicted selectivities and distribution
ratios for the various cations are described satisfactorily if the
uncertainty on the hydrocarbon-rich phase concentrations is
taken into account.

4.4. Effect of the Ionic Liquid Cation Alkyl Chain
Length upon the Phase Behavior. The binodal curves and
the tie lines of the systems n-hexane + benzene + [Cnmim]-
[NTf2], with the number of carbons at the cation side
alkyl chain (n) ranging from 2 to 12, are plotted in Figure 8.

Figure 11. (a) Experimental and COSMO-RS predicted tie lines; (b) selectivity and (c) distribution ratio for the LLE of the ternary systems
n-heptane + toluene + [C6mim][PF6]

48 (full diamonds and solid line for experimental data; and empty dotted diamonds and dot dashed line for
COSMO-RS predicted values) and n-heptane + toluene + [C6mim][BF4]

48 (full squares and solid line for experimental data; and empty dotted
squares and dot−dot dashed line for COSMO-RS predicted values) at 298.15 K.
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In the Supporting Information, similar systems are shown in
Figures S23−S25. These systems allow the study of the
influence of the substituted alkyl chain length at the ionic liquid
cation through the phase diagrams behavior. It is shown that
the size of the alkyl chain length is the factor that has the higher
influence on the mutual solubilities of the systems under
analysis. This is patent in the significant decrease of the
immiscibility region with the increase in the cation side alkyl
chain length. The increase of the alkyl chain length leads to
enhanced dispersive interactions with n-alkanes. In these
nonpolar regions, the aromatic hydrocarbons can also be
solvated, being therefore also responsible for the increased
mutual solubility with the ionic liquid. Moreover, not only is
the effect of the cation side alkyl chain length evident in the

binodal curve deviation, but also the phase diagrams change
from type 2 to a type 1 ternary diagram for [C12mim][NTf2].
For the evaluated IL with the longest alkyl chain, complete
miscibility with benzene is observed. The tie lines also show
some dependence on the alkyl chain length. Comparing the
experimental tie line slopes, at a region with the same aromatic
concentration, it is visible that they become more steep, from
n = 2 to n = 12. In Figure 8b and c, the selectivity and the
distribution ratio are plotted. The visible trends are consistent
with the binodal curve and tie lines analysis, where the alkyl
chain length has a great impact. The selectivity increases as the
cation alkyl chain length decreases. It is also dependent on the
aromatic content, and this dependence decreases with the alkyl
chain length increase. Moreover, in the range 0.5−1.0 of

Figure 12. (a) Experimental and COSMO-RS predicted tie lines; (b) selectivity and (c) distribution ratio for the LLE of the ternary systems
n-hexane + benzene + [C2mim][EtSO4]

43 (full circles and solid line for experimental data; and empty crossed circles and long dashed line for
COSMO-RS predicted values) and n-hexane + benzene + [C2mim][OcSO4]

26 (full diamonds and solid line for experimental data; and empty
crossed diamonds and short dashed line for COSMO-RS predicted values), at 298.15 K.
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aromatic mole fraction content in the alkane-rich phase, the
selectivity for n = 8, 10, and 12 becomes similar. Contrarily to
what is observed for selectivity, the distribution ratio increases
with the alkyl chain length until n = 8. Above that value, the
distribution ratio is similar for n = 8 and n = 10 and lower for
n = 12. As discussed before, this results from the significant
aliphatic and aromatic hydrocarbon solubility in the ionic liquid
[C12mim][NTf2].
For the systems studied, COSMO-RS can describe the trends

observed for the mutual solubility, binodal curves, and tie line
slopes, and selectivity and distribution ratio. As expected, an
increase in the mutual solubilities among these systems is
observed with the alkyl chain length increase. Nevertheless,
the quality of the binodal curves prediction decreases for systems
with longer alkyl chains, reflected by the increase of the rmsd
values from 4% for n = 2 to >27% for n > 8 (Table S3 in the

Supporting Information). In addition, a ternary diagram of
type 1 for the system with the longer alkyl chain length is
predicted, for which a diagram of type 2 is experimentally
observed. The predicted selectivities and distribution ratios
are satisfactory.

4.5. Effect of the Ionic Liquid Anion upon the Phase
Behavior. The influence of the anion nature on the systems
composed of ionic liquid + aromatic + aliphatic hydrocarbon
is displayed in Figures 9−11. The experimental data collected,
and described in Tables S1 and S2, allowed the study of the
anions [EtSO4]

− and [NTf2]
− with the fixed [C2mim]+ cation,

n-hexane, and benzene systems (Figure 9). It was also possi-
ble to study [SCN]−, [DCA]−, and [MeSO4]

− with [C4mim]
+,

n-heptane, and toluene (Figure 10), and given the low dependence
of the solubility with the temperature, [MeSO4]

− was also
used in the comparison. Finally, the systems with [C6mim]+,

Figure 13. (a) Experimental and COSMO-RS predicted tie lines; (b) selectivity and (c) distribution ratio for the LLE of the ternary systems
n-hexane + benzene + [1,3C2mpy][EtSO4] at the temperatures 283.15 K21 (full triangles and solid line for experimental data; and empty triangles
and long dashed line for COSMO-RS predicted values), 293.15 K21 (full circles and solid line for experimental data; and empty circles and short
dashed line for COSMO-RS predicted values), 298.15 K21 (full squares and solid line for experimental data; and empty squares and dot dashed line
for COSMO-RS predicted values), and 303.15 K21 (full diamonds and solid line for experimental data; and empty diamonds and dotted line for
COSMO-RS predicted values).
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n-heptane, and toluene allowed the study of the influence of
the anions [BF4]

− and [PF6]
−(Figure 11). Other systems

are reported in the Supporting Information (Figure S28).
As shown in Figures 9−11, the ionic liquid anion does not
have, in general, a significant impact on the mutual solu-
bilities among the ternary systems. The only exception to
this behavior seems to be the [NTf2]-based ionic liquids.
They show a narrower immiscibility region when compared
to the cases of the other anions, as seen in Figure 9 and
in Figure S28 in the Supporting Information. This feature
occurs due to the lower polarity, large volume, and dispersive
charge of the anion [NTf2]

−, which improve the aliphatic
hydrocarbons solubility in the ionic-liquid-rich phase. In addi-
tion, for the ternary systems with this fluorinated anion, the
aromatics solubility in the ionic liquid is favored not only by the
anion large volume, the π−π stacking between the aromatic
hydrocarbon, and the imidazolium cation but also by inclusion-
type interactions. These interactions occur for ionic liquids with
weak interactions between the cation and the anion, as happens
for the [NTf2]

− anion. Weaker cation−anion interactions favor
CH···π bonds between the C2−H at the imidazolium ring and
the aromatic hydrocarbon. Thus, the aromatic hydrocarbons
have more facility in disrupting the supramolecular clusters
formed by the cations and the anions of the ionic liquid,
promoting thus their easy incorporation in the ionic-liquid-
rich phase. Furthermore, there are also further interactions
between the hydrogen atoms of the aromatic compound and
the oxygen atoms of the sulfonyl group that enhance the mutual
solubilities.90−92

Regarding the anions impact at the systems selectivity and
distribution ratio, it is noticed that, for the [C2mim]-based ionic
liquids, the selectivity of the anion [EtSO4]

− is higher than that
for the [NTf2]

− anion, and an inverse trend is verified for the
distribution ratio. With respect to the [C4mim]-based ionic
liquid, the selectivity and the distribution ratio follow the same
trend: [DCA]− > [SCN]− > [MeSO4]

−. The same happens for
the [C6mim]-based ionic liquid, where the order is [PF6]

− >
[BF4]

−. The trends observed for the selectivity and for the
distribution ratio for the different anions apparently follow the
β solvatochromic parameter, which reflects the hydrogen-bond
basicity (hydrogen-bonding accepting ability). The β solvato-
chromic parameter, regarding the anion nature, follows the
trend [EtSO4]

− > [MeSO4]
− > [SCN]− > [DCA]− > [BF4]

− >
[PF6]

− > [NTf2]
−.93,94 Thus, it seems that the selectivity

and the distribution ratio decrease with the hydrogen-bond
basicity increase. However, an exception appears for the
[C2mim]-based ionic liquids, where the [EtSO4]

− is higher
than the [NTf2]

−. Nevertheless, further experimental
confirmation is required. For the anions with alkyl side
chains, it was possible to study the influence of the alkyl
chain length on the miscibility gap of the respective systems.
As shown in Figure 12, the increase of the sulfate alkyl side
chain leads to a contraction of the immiscibility domain
whereas the tie line slopes became less negative. As expected,
the selectivity decreases and the distribution ratio increases
with the increase in the anion alkyl chain length. The same
results were already noticed for the increase in the cation
alky chain, although with a stronger impact than what is
observed with the anions.
According to the results obtained with COSMO-RS, the

change of the ionic liquid anion and its alkyl chain length, and
their impact on the binodal curve and tie line slopes, and at the
selectivity and distribution ratio criteria, are qualitatively and

satisfactorily captured for most of the anions studied. However,
the model shows a worst performance on describing the systems
containing the anions [MeSO4]

−, [EtSO4]
−, [PF6]

−, and [BF4]
−.

The predicted binodal curves for these systems present slightly
larger deviations, which seems to indicate that COSMO-RS is
less reliable in the description of the effect of the anions on the
phase behavior of mixtures, in particular of anions that present
strong interactions with the cations.

4.6. Effect of the Temperature upon the Phase
Behavior. The influence of temperature upon the equilibrium
behavior, selectivity, and distribution ratio for the systems of
the type aliphatic + aromatic + ionic liquid was also evaluated.
The results of this study are reported in Figure 13 for the
n-hexane + benzene + [1,3C2mpy][EtSO4] system for temper-
atures ranging between 283.15 and 303.15 K, and in Supporting
Information Figures S29−S35 for temperatures in the range
283.15−328.15 K. For the rank of temperatures evaluated, a
small variation of the experimental LLE binodal curve is noticed
with temperature. A temperature increase leads to an increased
miscibility with a contraction of the immiscibility region, which
is mostly visible in the ionic liquid-rich phase. The tie line
slopes become more negative as the temperature rises. The
selectivity and the distribution ratio are mildly influenced by the
temperature while they decrease with increasing temperature.
This trend indicates that the aromatic extraction process is
more efficient at low temperatures.
The COSMO-RS predictions for these systems are presented

in Figure 13 and in Supporting Information, Figures S29−S35,
and the respective rmsd to the experimental values is presented
in Table S3 of the Supporting Information. The results show
that COSMO-RS can reproduce the temperature effect on the
ternary LLE phase diagrams, with small differences between the
experimental and the predicted binodal curves at the ionic
liquid-rich phase. The temperature effect on the tie line slopes
is also well described, showing good quantitative agreement,
especially at the lower temperatures, with the rmsd rang-
ing between 1.3% and 1.8% for the n-hexane + benzene +
[1,3C2mpy][EtSO4] system for the temperatures 283.15 and
303.15 K, respectively. Concerning the selectivity and the
distribution ratios, the model presents some discrepancies com-
pared to the experimental values, with the trend being, how-
ever, satisfactorily described. For instance, for the distribution
ratio, its small variation with temperature is well captured by
the COSMO-RS model. Nevertheless, the results suggest that the
COSMO-RS performance degrades with an increase in temper-
ature; yet, more experimental data are necessary to confirm this
behavior.

4.7. Summary. The systems studied allowed the drawing
of a global picture of the influence of the structural features
of ionic liquids and hydrocarbons on their mutual solubilities.
A summary of the results here compiled is reported in Table 3.
From the gathered information, it is possible to conclude
that ILs containing cations with shorter alkyl chains favor
the aromatic extraction process. However, it is necessary
to achieve some equilibrium between the selectivity and
the distribution ratio values, since the latter increases
with the increase in the alkyl chain length. Concerning
the ions families, the aromatic nitrogen-based cations and
anions with low hydrogen-bond basicity, such as [EtSO4]

−,
[MeSO4]

−, [SCN]−, and [DCA]−, are preferred. Regarding
the operation temperatures, the phase diagrams behavior
suggests that lower temperatures favor the aromatic−aliphatic
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separation, which is encouraging, since the energy consumption
is reduced.

The COSMO-RS model presents good performance on the
description of these systems, presenting root-mean-square

Table 3. Summary of the Different Factors That Influence the Solubility, Selectivity and Distribution Ratio, and the
Performance of COSMO-RS in Describing These Factors

factor influence on the solubility selectivity distribution ratio COSMO-RS performance

hydrocarbon type cycloalkanes > n-alkanes n-alkanes > cycloalkanes n-alkanes ≈ cycloalkanes good
n-alkane chain length ↑ Cn→ ↓ solubility ↑ Cn→ ↑ S variable good
aromatic alkyl chain
substituted length

↑ Cn→ ↓ solubility ↑ Cn→ ↓ S ↑ Cn→ ↓ K good

temperature ≈ for 298.15−303.15 K ↑ T → ↓ S ↑ T → ↓ K good
≈ for 283.15−328.15 K

ionic liquid cation core ammonium ammonium pyridinium good
<imidazolium >imidazolium >imidazolium
<pyridinium >pyridinium >ammonium
<phosphonium >phosphonium >phosphonium

ionic liquid cation alkyl
chain length

↑ Cn→ ↑↑ solubility ↑ Cn→ ↓ S ↑ Cn→ ↑ K good

ionic liquid anion [DCA]− ≈ [SCN]−≈ [MeSO4]
− [DCA]− > [SCN]− > [MeSO4]

− [DCA]− > [SCN]− > [MeSO4]
− trends do not always follow

the experimental
[PF6]

− ≈ [BF4]
− [PF6]

− > [BF4]
− [PF6]

− > [BF4]
−

[NTf2]
− > [BF4]

− [BF4]
− > [NTf2]

− [NTf2]
− > [BF4]

−

[NTf2]
− > [EtSO4]

− [EtSO4]
− > [NTf2]

− [EtSO4]
− > [NTf2]

−

ionic liquid anion alkyl
chain length

↑ Cn→ ↑ solubility ↑ Cn→ ↓ S ↑ Cn→ ↑ K good

Table 4. COSMO-RS Predicted Selectivities and Distribution Ratios for Several n-Hexane + Benzene + Ionic Liquid Systems at
298.15 K

ionic liquid cation selectivity distribution ratio selectivity distribution ratio

[MeSO4]
− [EtSO4]

−

1-ethyl-3-methylimidazolium 23 0.68 20 0.73
1-ethyl-3-methylpyridinium 19 0.93 17 0.98
1-ethyl-3-methylpyrrolidinium 14 1.13 14 1.11
methyl(2-hydroxyethyl)dimethylammonium 24 0.38 24 0.37
guanidinium 641 0.003 202 0.01
hexamethylguanidinium 9 2.26 9 2.42
N-butylisoquinolinium 15 1.13 13 1.23
O-ethyl-N,N,N,N-tetramethylisouronium 12 1.97 11 1.98
O-methyl-N,N,N,N-tetramethylisouronium 13 1.85 13 1.76
S-ethyl-N,N,N,N-tetramethylisothiouronium 12 2.06 11 2.09

[NTf2]
− [DCA]−

1-ethyl-3-methylimidazolium 18 0.91 37 0.43
1-ethyl-3-methylpyridinium 14 1.20 26 0.66
1-ethyl-3-methylpyrrolidinium 14 1.02 21 0.89
methyl(2-hydroxyethyl)dimethylammonium 27 0.45 51 0.20
guanidinium 41 0.13 1475 0.01
hexamethylguanidinium 0.16 1.79 0.09 2.36
N-butylisoquinolinium 8 1.68 17 1.01
O-ethyl-N,N,N,N-tetramethylisouronium 9 1.60 15 1.60
O-methyl-N,N,N,N-tetramethylisouronium 11 1.38 18 1.47
S-ethyl-N,N,N,N-tetramethylisothiouronium 8 1.66 15 1.74

[B(CN)4]
− [C(CN)3]

−

1-ethyl-3-methylimidazolium 58 0.65 55 0.47
1-ethyl-3-methylpyridinium 39 0.93 36 0.73
1-ethyl-3-methylpyrrolidinium 35 1.09 32 0.86
methyl(2-hydroxyethyl)dimethylammonium 94 0.35 94 0.21
guanidinium 315 0.24 420 0.07
hexamethylguanidinium 13 2.14 12 2.05
N-butylisoquinolinium 19 1.56 19 1.29
O-ethyl-N,N,N,N-tetramethylisouronium 19 1.71 19 1.61
O-methyl-N,N,N,N-tetramethylisouronium 27 1.37 24 1.25
S-ethyl-N,N,N,N-tetramethylisothiouronium 18 1.93 18 1.80
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deviations below 6% for most of the systems studied, where
higher rmsd values (>10%) were only obtained for the ionic
liquids with longer alkyl side chains. The COSMO-RS pre-
diction ability, resulting from the various features that were
evaluated, is summarized in Table 3. The predictions obtained
by the COSMO-RS show that this predictive model, based only
on the individual atoms properties, is able to qualitatively
describe the phase equilibria of the ternary systems composed
of ionic liquid + aromatic hydrocarbon + aliphatic hydrocarbon,
and they provide reliable quantitative predictions for the most
immiscible systems. This results from the fact that COSMO-RS
calculations consider that the interactions are completely
performed at the interface of the virtual conductor environment
surrounding the molecules (isolated species) and thus perform
better for poorly miscible systems.
Making use of the COSMO-RS prediction potential, the

selectivity and the distribution ratio for ternary mixtures of
n-hexane + benzene + ionic liquid at 298.15 K, with an aromatic
content around 0.1 in mole fraction, were predicted and com-
piled in Table 4. The most studied cations, such as 1-ethyl-3-
methylimidazolium, 1-ethyl-3-methylpyridinium, 1-ethyl-3-
methylpyrrolidinium, 1-butyl-3-methylpyrrolidinium, and
methyl(2-hydroxyethyl)dimethylammonium (choline), and
others not so frequently used, such as guanidinium, hexame-
thylguanidinium, N-butylisoquinolinium, O-ethyl-N,N,N,N-tetra-
methylisouronium, O-methyl-N,N,N,N-tetramethylisouronium,
S-ethyl-N,N,N,N-tetramethylisothiouronium, and the anions
methylsulfate, ethylsulfate, bis(trifluoromethylsulfonyl)-
imide, dicyanamide, tricyanomethane, and tetracyanoborate,
were covered and compared. The results displayed in Table 4
were compared with the selectivity and distribution ratio of
one the most conventional solvents used at aromatic extrac-
tion unitssulfolane (S = 25 and K = 0.74 for the same
operation conditions and similar molar composition).95 As
can be seen, the imidazolium, pyridinium, and pyrrolidium
cation families, combined with the methylsulfate and
ethylsulfate anions, show similar performance with sulfolane.
Regarding the ammonium cation, for the several ionic liquids
based on this cation, higher selectivities and lower distribu-
tion ratios than those for sulfolane are shown. The guanidi-
nium cation with all the anions shows a very high selectivity
and a very low distribution ratio, whereas the hexamethyl-
guanidinium cation shows a high distribution ratio when
combined with the methylsulfate, ethylsulfate, tricyano-
methane, and tetracyanoborate anions, becoming good
candidates for the aromatic/aliphatic separation. The not
so known N-butylisoquinolinium, O-ethyl-N,N,N,N-tetrame-
thylisouronium, O-methyl-N,N,N,N-tetramethylisouronium, and
S-ethyl-N,N,N,N-tetramethylisothiouronium cations present
distribution ratios superior to one and the best selectivity
predicted with the dicyanamide, tricyanomethane, and
tetracyanoborate anions.
In brief, some of the ionic liquids evaluated present similar

or higher values to those of the conventional molecular
solvent sulfolane, being therefore strong candidates for its
substitution. In addition, besides the so exhausted imidazo-
lium-based and sulfate-based ionic liquids studied, other ions,
such as the isoquinolinium and isouronium cations or the
cyano-based anion can offer an improved performance for the
specific task of the selective extraction of aromatics from
aliphatic streams.

5. CONCLUSION
The selective separation of compounds from hydrocarbons
streams is of great importance to the refining and petrochemical
industries. Taking into account the large selectivities presented
by the systems composed of alkanes + aromatic hydrocarbons +
ionic liquids, there seems to be a huge potential for the use of
ionic liquids as solvents in separation processes involving hydro-
carbons matrixes. The experimental data, taken from the litera-
ture (and reported in Tables S1 and S2 of the Supporting
Information), allowed the understanding of the impact of the
diverse structural features of the hydrocarbons and of the ILs
on the ternary phase diagrams behavior.
As the number of ionic liquids is incredibly vast and the

scanning of IL systems by simple trial and error is almost
impossible, it was here accomplished an extensive evaluation on
the use of COSMO-RS in the description of ternary systems
composed of alkanes + aromatic hydrocarbons + ionic liquids.
The results presented show that the quality of the predictions is
enhanced with a decrease in the miscibility among all the
components. The results here reported show that the COSMO-
RS model can be successfully applied to the a priori screening
of ILs to be used in separations of aliphatic−aromatic hydro-
carbons mixtures.

■ ASSOCIATED CONTENT

*S Supporting Information
Supplementary data, figures, and tables as described in the text.
This material is available free of charge via the Internet at
http://pubs.acs.org.

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: jcoutinho@ua.pt.

■ ACKNOWLEDGMENTS
A.R.F. acknowledges the financial support from Fundaca̧õpara a
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