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In this work, the separation of benzene from cycloalkanes (cyclohexane, methylcyclohexane, and cyclooctane)
was investigated by liquid extraction using the ionic liquid 1-ethyl-3-methylimidazolium ethylsulfate,
[EMim][ESO4]. The liquid-liquid equilibrium (LLE) data were measured for the ternary systems formed
by cycloalkane, benzene, and [EMim][ESO4] at 298.15 K and atmospheric pressure. The cloud point method
was used to determine the solubility curve data, and the tie-line compositions were obtained by density
measurements. The selectivity, the percent removal of aromatic, and the solute distribution ratio were
calculated from the experimental LLE data. Selectivity and solute distribution ratio values were compared
to those previously reported with other ionic liquids and sulfolane. Moreover, the influence of the size of
the cycloalkane on the aromatic extraction was analyzed. The reliability of the experimental LLE data was
tested using the Othmer-Tobias equation, and the NRTL and UNIQUAC models were used to correlate
the experimental LLE data.

Introduction

Nowadays, aromatics are obtained almost exclusively from
naphtha, which are combined with other nonaromatic hydro-
carbons, mainly aliphatic and naphthenic compounds. The
separation of aromatic hydrocarbons from aliphatic and naph-
thenic compounds is complicated because these compounds have
very close boiling points, and several combinations form
azeotropes.1 Since conventional distillation is not suitable, the
recommended process for these separations is liquid extraction
using organic compounds as solvent. Industrially, the most used
solvents are sulfolane (Shell Process), polyethylene glycols
(UDEX Process), tetraethylene glycol (Union Carbide Process),
dimethylsulfoxide (DMSO Process), N-methylpyrrolidone (Aro-
solvan Process), N-formylmorpholidone (Formex Process), etc.2

Although these processes are highly optimized and offer high
yields, they have a disadvantage because they are toxic and
harmful to the environment. For this reason, and according with
the principles of Green Chemistry,3 it is necessary to develop
new solvents that allow an effective separation and cause less
damage to the environment.

Over the last 10 years, ionic liquids (ILs) have received great
attention as green solvents, and they were suggested as an
alternative to traditional organic solvents for liquid extraction.
The ILs are organic salts with high thermal stability and a wide
temperature range for the liquid phase. Moreover, since ILs have
negligible vapor pressure at moderate temperature and pressure,
their recovery is easier.

To understand the role of ILs in separation processes,
liquid-liquid equilibrium (LLE) data are necessary. In the last
years, several groups have published LLE data for the ternary
systems aliphatic compound + aromatic compound + ionic

liquid.4-14 Nevertheless, only a few publications report LLE
data for systems containing cycloalkanes.11-14

This work is a continuation of our research on the extraction
of aromatic compounds from aliphatic/aromatic mixtures using
ILs as a solvent. In previous papers,15-17 the extraction of
aromatic hydrocarbons from cycloakanes using a pyridinium-
based ionic liquid as solvent was tested. As the results were
good, the research was expanded to the separation of these
compounds using an imidazolium-based ionic liquid.

In this work, the solubility curves and tie-line data for the
ternary systems (cycloalkane (1) + benzene (2) + 1-ethyl-3-
methylimidazolium ethylsulfate (3)) were determined at 298.15
K and atmospheric pressure. The cycloalkanes used in this work
are cyclohexane, methylcyclohexane, and cyclooctane. From the
experimental data, the selectivity (S), the percent removal of
aromatic, and the solute distribution ratio (�) were calculated.
The values of selectivity and solute distribution ratio for the
system containing cyclohexane were compared with literature
data for other ILs and sulfolane. Moreover, comparing the three
studied systems, the influence of the size of the cycloalkane on
the aromatic separation was analyzed.

The reliability of the experimentally measured LLE data was
tested by the Othmer-Tobias18 equation. Finally, the LLE data
were correlated by NRTL19 and UNIQUAC20 models.

Experimental Section

Chemicals. Benzene, cyclohexane, methylcyclohexane, and
cyclooctane were supplied by Sigma-Aldrich with purity higher
than 99.9 %, 99.9 %, 99.9 %, and 99.0 % by mass, respectively.
Cycloalkanes were degassed ultrasonically and dried over
molecular sieves type 4 Å, supplied by Aldrich, and kept in an
inert argon atmosphere to avoid moisture.

The ionic liquid used in this work was synthesized in our
laboratory following the procedure previously detailed.21 To
ensure its purity, an 1H NMR was made. The purity of 1-ethyl-
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3-methylimidazolium ethylsulfate, [EMim][ESO4], was found
to be higher than 99 % by mass. The structure of this ionic
liquid is presented in Figure 1.

The ionic liquid was kept in bottles with inert gas. Before
use, the ionic liquid was treated by vacuum evaporation (p/Pa
) 0.2) and moderate temperature (T/K ) 323.15) for several
days to remove possible residual volatile impurities and
moisture. The water content was determined using a 787 Karl
Fischer Titrino, and ionic liquid showed a mass fraction of water
less than 6 ·10-4.

The physical properties (density and refractive index) of the
pure components and literature data22-26 at 298.15 K are listed
in Table 1. The small differences between experimental and
literature data may be due to the presence of water or nonvolatile
impurities in our samples or their samples.

Apparatus and Procedure. In the current work, several
apparatuses have been used for the preparation of samples and
the determination of properties. For the preparation of samples,
a Mettler AX-205 Delta Range balance with an uncertainty of
( 3 ·10-4 g was used, and an Anton Paar DSA-5000 digital
vibrating tube densimeter with an uncertainty of ( 3 ·10-5

g · cm-3 and an automatic refractometer (Abbemat-HP, Dr.
Kernchen) with an uncertainty in the experimental measurements
of ( 4 ·10-5 were used for the measurement of densities and
refractive indices, respectively.

For the study of the liquid-liquid equilibria of the ternary
systems, the solubility curves and the tie-line compositions were
determined at 298.15 K. The temperature was maintained
constant in a thermostatic bath (PoliScience Digital Temperature
Controller) with a precision of ( 0.01 K and controlled with a
digital thermometer ASL model F200 with an uncertainty of (
0.01 K. The detailed procedure has been explained in a previous
work.15 Briefly, the solubility curves were performed by the
cloud point method, and a polynomial expression was obtained
by measuring the density of each solubility point of known
composition.

To estimate the error of the technique used for the determi-
nation of solubility curves, three validation points were evalu-
ated. To perform the validation points, three samples were
prepared by weighing (following the same procedure as that
for the preparation of the solubility points), and the densities
were measured. By means of the above-mentioned polynomial
expression, and using the experimental density values, calculated

compositions were obtained. Comparing the experimental and
calculated compositions, the maximum error was estimated to
be ( 0.006 in mole fraction.

For the tie-line determination, mixtures of known composi-
tions inside the immiscible region were introduced into glass
cells and closed with silicon covers. Mixtures were agitated
using a magnetic stirrer for 6 h to allow an intimate contact
between phases, and then the equilibrium phases were left
overnight to settle down. A sample from each phase was
withdrawn using a syringe, and their densities were measured.
By means of the polynomial expressions previously determined,
compositions of the tie-line ends were calculated. It is important
to mention that, since it was found that the IL is immiscible in
the pure studied components (cycloalkanes and benzene) and
in the binary mixtures cycloalkane + benzene, the presence of
ionic liquid in the cycloalkane-rich phase was assumed zero,
and the composition of this phase was determined using the
values of density versus molar fraction for the binary systems
cycloalkane (1) + benzene (2).

Results and Discussion

The compositions of the determined solubility curves for the
ternary systems cycloalkane (1) + benzene (2) + [EMim][ESO4]
(3) at 298.15 K are given in Table S1, available in the
Supporting Information. The values of the density versus mole
fraction for the binary systems cycloalkane (1) + benzene (2)
at 298.15 K were taken from a previous work.27

The experimental compositions of the tie-line ends, obtained
at 298.15 K and atmospheric pressure, are presented in Table 2

Figure 1. Structure of the ionic liquid 1-ethyl-3-methylimidazolium
ethylsulfate, [EMim][ESO4].

Table 1. Density (G) and Refractive Index (nD) of Pure Components
at T ) 298.15 K

F/(g · cm-3) nD

component exp. lit. exp. lit.

[EMim][ESO4] 1.23723 1.23817a 1.47910 1.47903a

1.23693b

benzene 0.87357 0.87360c 1.49774 1.49792c

cyclohexane 0.77380 0.77389c 1.42360 1.42354c

methylcyclohexane 0.76502 0.76506c 1.42062 1.42058c

cyclooctane 0.83147 0.83151d 1.45598 1.4560e

a From ref 22. b From ref 23. c From ref 24. d From ref 25. e From ref
26.

Table 2. Experimental Liquid-Liquid Equilibrium Data in Mole
Fraction for Ternary Systems Cycloalkane (1) + Benzene (2) +
[EMim][ESO4] (3) at T ) 298.15 K, % Removal of Aromatic (Mass
Basis), Solute Distribution Ratio, �, and Selectivity, S, Values

cycloalkane-
rich phase

ionic liquid-
rich phase

x1
I x2

I x1
II x2

II
% removal
of aromatic � S

Cyclohexane (1) + Benzene (2) + [EMim][ESO4] (3)
0.946 0.054 0.030 0.034 13.6 0.63 19.85
0.890 0.110 0.031 0.061 13.5 0.55 15.92
0.834 0.166 0.031 0.084 12.5 0.51 13.61
0.777 0.223 0.030 0.112 13.4 0.50 13.01
0.651 0.349 0.026 0.171 14.5 0.49 12.27
0.530 0.470 0.021 0.222 15.2 0.47 11.92
0.409 0.591 0.017 0.273 15.5 0.46 11.11
0.274 0.726 0.011 0.330 16.1 0.45 11.32
0.138 0.862 0.006 0.389 17.7 0.45 10.38

Methylcyclohexane (1) + Benzene (2) + [EMim][ESO4] (3)
0.943 0.057 0.015 0.036 17.2 0.63 39.71
0.886 0.114 0.014 0.067 16.5 0.59 37.19
0.834 0.166 0.013 0.095 15.5 0.57 36.71
0.775 0.225 0.013 0.122 15.5 0.54 32.32
0.774 0.226 0.012 0.122 15.5 0.54 34.82
0.656 0.344 0.011 0.175 15.4 0.51 30.34
0.530 0.470 0.010 0.224 15.6 0.48 25.26
0.410 0.590 0.008 0.271 15.5 0.46 23.54
0.273 0.727 0.007 0.323 16.2 0.44 17.33
0.147 0.853 0.005 0.374 16.8 0.44 12.89

Cyclooctane (1) + Benzene (2) + [EMim][ESO4] (3)
0.899 0.101 0.011 0.055 9.6 0.54 44.50
0.842 0.158 0.012 0.085 11.1 0.54 37.75
0.840 0.160 0.011 0.086 12.0 0.54 41.05
0.786 0.214 0.011 0.112 12.1 0.52 37.40
0.663 0.337 0.011 0.174 15.2 0.52 31.12
0.535 0.465 0.010 0.219 15.2 0.47 25.20
0.412 0.588 0.010 0.270 15.3 0.46 18.92
0.284 0.716 0.009 0.321 16.1 0.45 14.15
0.154 0.846 0.006 0.378 17.0 0.45 11.47
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for the three ternary systems. As mentioned above, the cycloal-
kane-rich phases were assumed to be totally free of IL, and it
was confirmed after 1H NMR analysis of some hydrocarbon-
rich phases. This assumption is also concluded by other authors
studying LLE of systems with different ionic liquids.9,28,29 The
immiscibility of IL in cycloalkane + benzene mixtures has
the advantage that the recovery of IL is easier. Figure 2 shows
the ternary diagrams of the experimental tie-lines of the studied
ternary systems. Note that two tie-lines with similar initial
compositions were carried out for the LLE of each of the ternary
systems methylcyclohexane (1) or cyclooctane (1) + benzene
(2) + [EMim][ESO4] (3), showing the repeatability of the
experiments. Inspection of Figure 2 and Table 2 indicates that
the immiscible region increases as the number of carbon atoms
in the cycloalkane increases, in the order cyclooctane >
methylcyclohexane > cyclohexane. It can also be observed that
the tie-lines for all the studied systems present a negative slope,
and this slope is more negative as the composition in benzene
increases.

Table 2 also includes the corresponding values for the percent
removal of aromatic expressed as 100 · (amount of benzene
extracted in the IL-rich phase divided by the total amount of
benzene extracted in the two phases), the solute distribution
ratio, �, and the selectivity, S, defined below

where x1
I and x2

I are the mole fractions of cycloalkane and
benzene, respectively, in the upper phase (cycloalkane-rich
phase), and x1

II and x2
II are the mole fractions of cycloalkane and

benzene, respectively, in the lower phase (IL-rich phase).
As seen in Table 2, the experimental selectivity and solute

distribution ratio values decrease as the composition of the
benzene in the raffinate phase increases. The selectivity values
of the systems containing cyclooctane and methylcyclohexane
are higher than those obtained for the system with cyclohexane,
while the values of the solute distribution ratio and percent
removal of aromatic are almost similar for the three systems. It
can be inferred from the selectivity values that the size of the
hydrocarbon has an influence on the selectivity: the larger the
cycloalkane, the higher the selectivity (cyclooctane > cyclo-
hexane), and similar results are achieved for the systems
containing cyclooctane (a high cycloalkane) and methylcyclo-
hexane (a cycloalkane with a side chain). This behavior is also

Figure 2. LLE of the ternary systems (a) cyclohexane (1) + benzene (2) + [EMim][ESO4] (3); (b) methylcyclohexane (1) + benzene (2) + [EMim][ESO4]
(3); and (c) cyclooctane + benzene (2) + [EMim][ESO4] (3) at T ) 298.15 K. Solid lines and full points indicate experimental tie-lines, and dashed lines
and empty squares indicate calculated data from the NRTL model.

� )
x2

II

x2
I

(1)

S )
x2

IIx1
I

x2
Ix1

II
(2)
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present when the systems contain lineal alkanes instead of
cycloalkanes.30

All values of the selectivity for the studied systems are higher
than unity, which confirms that the aromatic extraction is
possible with [EMim][ESO4]. Nevertheless, considering the type
of ternary diagrams and that a small variation in the composi-
tions has great effect on selectivity, this parameter should be
interpreted as a range. The obtained � values are always less
than 1, and therefore a high amount of ionic liquid would be
necessary for the extraction, although the easiness of the
recovery of the IL must be considered.

The variations of S and � with the composition of benzene
in the raffinate phase for the ternary system cyclohexane (1) +
benzene (2) + [EMim][ESO4] (3) obtained in this work, together
with literature data for other ILs and sulfolane,12-14,17,31 are
presented in Figure 3. The values of S and � achieved with the
ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate
([BMim][PF6]) are the highest, but since they only represent
low compositions of benzene in the raffinate phase, the
comparison is difficult. The ionic liquids with the ethylsulfate
anion, 1-ethyl-3-methylpyridinium ethylsulfate ([EMpy][ESO4])
and 1-ethyl-3-methylimidazolium ethylsulfate ([EMim][ESO4]),
give the highest selectivities. The solute distribution ratio for
all the presented solvents is between 0 and 1, except for
[BMim][PF6] at low compositions of benzene in the raffinate,
with � values higher than 2. In general, the selectivity values
decrease with the increase in composition of benzene in the
raffinate phase, while the composition of benzene showed very
little influence on the solute distribution ratio values.

The reliability of the experimental tie-line compositions was
ascertained by applying the equation provided by Othmer-Tobias18

where w1
I is the mass fraction of cycloalkane in the cycloalkane-rich

phase; w3
II is the mass fraction of the ionic liquid in the ionic liquid-

rich phase; and a and b are adjustable parameters. The linearity of
this fitting indicates the degree of consistency of the experimental data.
The parameters obtained from the Othmer-Tobias equation are
presented in Table S2, available in the Supporting Information, together
with the correlation factor, R2, and the standard error of estimate, Sy/x,
for all the studied ternary systems at 298.15 K.

Thermodynamic Correlation

The nonrandom two liquid (NRTL)19 and universal quasi-
chemical (UNIQUAC)20 models were used to correlate the LLE
experimental data.

In the correlation using the NRTL model, although Rij can
be an adjustable parameter, in this case it was considered fixed.
For each system, several values for Rij were tested for each
system (from Rij ) 0 to 0.5), and the best results were achieved
for the values presented in Table 3. The objective function used
minimizes the differences between the experimental and cal-
culated mole fraction of the components in both phases. It is
important to mention that only one of the repeated tie-lines from
each system containing methylcyclohexane or cyclooctane was
included in the correlation. The NRTL binary interaction
parameters of the ternary systems correlated are listed in Table
3, as well as the standard deviations, σ.

The required van der Waals parameters, ri and qi, for the
UNIQUAC model were taken from the literature,22,32,33 and they

are presented in Table 4. The UNIQUAC binary interaction
parameters and the standard deviations are summarized in Table
5.

The standard deviations were calculated as follows

where k is the number of experimental tie-lines; N is the number
of components; and xij is the molar fraction.

Both models are capable of correlating the experimental LLE
data, as can be inferred from Tables 3 and 5. Figure 2 shows

ln(1 - w1
I

w1
I ) ) a + b ln(1 - w3

II

w3
II ) (3)

Figure 3. (a) Selectivity and (b) solute distribution ratio, for the ternary
systems cyclohexane (1) + benzene (2) + solvent (3), at T ) 298.15 K, as
a function of the mole fraction of benzene in the cyclohexane-rich phase.
Solvents: b, [EMpy][ESO4] (from ref 17); 0, [MMim][DMP] (from ref
12); 2,[EMim][DEP](from ref 12); O, [Mim][DBP] (from ref 13); ∆,
sulfolane (from ref 31); ×, [BMim][PF6] (from ref 14); 9, [EMim][ESO4]
(this work).

σ ) �∑
i)1

k

∑
j)1

N

(xij
exp - xij

calc)2

6k
(4)
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the experimental LLE data plotted together with those obtained
from the NRTL correlation model, where the goodness of the
NRTL correlation model can be visually confirmed.

Conclusions

In this work, liquid-liquid equilibria for the ternary systems
cyclohexane (1) + benzene (2) + [EMim][ESO4] (3), methylcy-
clohexane (1) + benzene (2) + [EMim][ESO4] (3), and
cyclooctane (1) + benzene (2) + [EMim][ESO4] (3) were
determined at T ) 298.15 K and atmospheric pressure.
Selectivity, percent removal of aromatic, and solute distribution
ratio were calculated from experimental data. The miscible
region of the studied ternary systems decreases in the order
cyclohexane > methylcyclohexane > cyclooctane. The selectivity
values of the systems containing cyclooctane and methylcyclo-
hexane are higher than those obtained for the system with
cyclohexane, and the values of the solute distribution ratio and
percent removal of aromatic are almost similar for the three
systems.

The values of the selectivity for the studied systems are higher
than unity, which confirms that the aromatic extraction for these
systems is possible with [EMim][ESO4]. The obtained � values

are low, which implies that a high amount of the ionic liquid
would be necessary for the extraction.

The use of the Othmer-Tobias equation ascertained the
reliability of the experimental data, obtaining good results, and
NRTL and UNIQUAC models were satisfactorily applied to
correlate the liquid-liquid equilibrium data.

Supporting Information Available:

Solubility curves and Othmer-Tobias parameters, at 298.15 K,
for the ternary systems. This material is available free of charge
via the Internet at http://pubs.acs.org.
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