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ABSTRACT: For the purpose of designing ionic liquid (IL) solvents for the extractive separation of benzene/cyclohexane at 298.15
K, a computer-aided ionic liquid design (CAILD) method is developed. The UNIFAC-IL model is used to calculate the
thermodynamic properties, while the group contribution (GC)-based methods are employed to estimate the physical properties and
toxicity. A mixed-integer nonlinear programming (MINLP) problem is formulated, and the top five IL solvents are obtained by the
BONMIN algorithm. One of the designed ILs [COC2MIM][Tf2N] (1-(2-methoxyethyl)-3-methylimidazolium bis-
(trifluoromethylsulfonyl)imide) is selected to perform the liquid−liquid extraction (LLE) experiment, and the distribution ratio
and selectivity at 0.1 molar concentration of benzene in the raffinate phase are 1.20 and 17.10, respectively. The comparison with
other solvents shows that the designed IL not only has an excellent separation performance but also favorable physical and
environmental properties. After regressing the parameters for the NRTL model, the process simulation using the designed IL is
developed by Aspen Plus, and the results are compared with that of the benchmark organic solvent sulfolane. The IL-based process
needs 32475.1 kg/h of solvent and 1283 kW of heat duty, while the sulfolane-based process uses 43998.5 kg/h of solvent and 6296
kW of heat duty. These results demonstrating [COC2MIM][Tf2N] is a promising alternative to conventional solvents for the
extractive separation of benzene/cyclohexane.

■ INTRODUCTION

Cyclohexane is an essential industrial feedstock that can be
produced by the hydrogenation of benzene. In order to obtain
cyclohexane with high purity, the unreacted benzene needs to
be removed from the product stream with an economically
viable process.1 Due to the proximity of boiling points (ΔTb =
0.6 K at 1 atm), similar molecular volumes, and the formation
of binary azeotrope, traditional distillation is impractical to
separate the mixture of benzene and cyclohexane. In order to
purify cyclohexane, extractive distillation as a conventional
technique is always applied. However, this technique is
relatively complex and energy-intensive.2 In addition, extractive
distillation is only applicable for a medium concentration of
benzene.3 Liquid−liquid extraction (LLE), because of the low
energy usage, moderate operating conditions, and simplicity, is
most commonly used especially for the separation of such
mixtures with low benzene content. The main solvents
reported in industries for the LLE of aliphatic−aromatic are

organic solvents such as sulfolane. In present processes, the
organic solvents are usually recovered from the top of the
regenerator as a vapor stream, and the vaporization of the
solvents demands significant regeneration costs.4 Moreover,
the organic solvents pose environmental threats because they
are generally toxic, volatile, and flammable. Hence, it is
important to seek economic and environmentally friendly
alternative solvents for the purpose of sustainable development
and clean processes of chemical engineering.
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Ionic liquids (ILs) are often considered as innovative
“green” solvents in different separation processes5−10 because
of their highly attractive physical properties, such as negligible
vapor pressure, good thermal and chemical stability, and wide
liquid range. In addition, ILs are always referred to as “designer
solvents” because their thermophysical properties can be tuned
by the careful selection of cations, anions, and functional
groups. Nevertheless, the huge number of combinations of
cations and anions makes it very challenging to select a suitable
IL for a specific separation task.11 Obviously, experimental trial
and error approaches are not practical to screen IL solvents as
they are time-consuming and labor-intensive; moreover, they
are strongly dependent on personal experience. Furthermore,
the screened ILs are always not optimal because it is not
realistic to test all possible combinations of the cation and the
anion. Therefore, it is necessary to use an efficient and reliable
tool to guide the selection of ILs for specific usage.
Computer-aided molecular design (CAMD) is a method

that has been successfully applied to develop new chemical
products, such as pharmaceutical drugs, solvents, and
perfumes. In the past few years, CAMD has been extended
to IL solvents,12−16 namely, computer-aided IL design
(CAILD). The successful development and application of
CAILD methods rely on the availability of the models for the
calculation of the properties of interest. For the extraction
process, the prediction of the activity coefficient of different
solutes in ILs is crucial, and a variety of models have been
developed. The classical models, such as NRTL and
UNIQUAC, and models from statistical associating fluid
theory, such as PC-SAFT,17 have been used for predicting
the phase behaviors of IL-containing systems. To be able to
make accurate predictions toward the thermodynamic proper-
ties, these models need several molecule-specific and mixing
parameters. In contrast, the COSMO-based (conductor-like
screening based) models such as COSMO-RS18 and COSMO-
SAC19 are theoretical hybrid approaches that combine
quantum chemistry and molecular thermodynamics. The
COSMO-based methods have been demonstrated to be
reliable for calculating the activity coefficients of various
solutes in ILs as well as the phase equilibrium of IL-involved
systems. Due to the lack of experimental data for ILs, many
researchers20−26 apply COSMO-based methods for a priori
selection of IL solvents in different separation tasks as they
only need the molecular information, i.e., surface screening
charge density and cavity volumes. However, the models
mentioned above require molecular information rather than
group parameters and thus are not suited for CAILD. These

models can be used to screen IL rather than directly design IL
solvents unless the group contribution method is applied for
the calculation of the molecular parameters.
Compared to other models, the UNIFAC (universal

quasichemical functional-group activity coefficients) model is
based on the information of groups and frequently used in
separation science because of its simple formulation and can be
easily integrated into process simulation software (e.g., Aspen
Plus and PROII) for the establishment of equilibrium stage
(EQ) and nonequilibrium stage (NEQ) models.27 Moreover,
the group parameters used in the UNIFAC model are all
obtained from the regression of experimental data, which
makes the prediction more accurate. Considering all these
advantages, the UNIFAC model has been used in many
CAILD problems such as CO2 absorption,

28 extraction,29 and
extractive distillation.30 It is worth mentioning that in most
CAILD works, only purely simulated data are presented; if the
corresponding experiments are available, it will provide direct
evidence to the design results.13

In this work, a CAILD method (Figure 1) is presented to
design suitable IL solvents for the extraction of benzene from
cyclohexane. At first, with the group contribution (GC)
methods for the IL physical property and toxicity constraints,
structural feasibility rules for the structural constraints, and the
UNIFAC-IL model for the thermodynamic properties, a
mixed-integer nonlinear programming (MINLP) problem can
be formulated. Then, the MINLP problem is solved by the
BONMIN algorithm, and the top five ILs are acquired. After
that, one of the designed IL is selected to perform the LLE
experiment in order to validate the proposed CAILD method.
Eventually, using the NRTL model regressed from the
experimental LLE results, the process simulation is developed
in Aspen Plus, and the results are compared with that of the
process using the benchmark organic solvents.

■ CAILD

UNIFAC-IL Model. For the selection of appropriate ionic
liquid solvents, the infinite dilution solute distribution ratio
and selectivity provide a useful index,31 which are defined as:

β
γ

=∞
∞
1

1
1 (1)

γ
γ

=∞
∞

∞S12
2

1 (2)

Figure 1. Proposed CAILD method.
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where γ1
∞ and γ2

∞ represent the activity coefficients of benzene
and cyclohexane in the IL solvent, respectively, β1

∞ stands for
the solute distribution ratio of benzene, and S12

∞ denotes the
selectivity of IL solvent.
In order to predict the infinite dilution activity coefficient of

the IL-contained system, the UNIFAC-IL model proposed by
Lei et al.27,32,33 is used. The UNIFAC-IL model is the
extension of the original UNIFAC model, which was
developed by Fredenslund et al. in 1975.34 The activity
coefficient is defined as functions of composition and
temperature and can be calculated by adding the combinatorial
and residual contribution (eq 3).

γ γ γ= +ln ln lni i
C

i
R

(3)

In eq3, the combinatorial contribution, i.e., lnγi
C, is decided

by differences in size and shape of the molecules, and the
residual contribution lnγi

Ris related to energetic interactions.
The detailed calculation procedure of lnγi

Cand lnγi
Ris presented

in Appendix A.
To be able to use the UNIFAC model, the IL needs to be

divided into separate functional groups. In the UNIFAC-IL
model, as shown in Figure 2, the IL is decomposed into two

parts: the core of the cation and the anion are regarded as one
part (main group) because of their strong electrostatic
interaction, and the substituents in the cation core are treated
as the other part. With this method, ILs are decomposed into
electrically neutral groups so that the additional terms due to
long electrostatic contributions can be avoided. The UNIFAC-
IL model is qualified for quantitative prediction of the
thermodynamic property of the IL-benzene-cyclohexane
system. The ARDs (average related deviations) between the
experimental and calculated distribution ratio and selectivity
are 10.34 and 28.68, respectively.32

Design Problem Formulation. The CAILD consists of
two parts, i.e., objective function (eq 4) and constraints (eqs 5
and 6). The objective function stands for the goal of CAILD,
while the constraints guarantee that the designed ILs meet the
desired requirements.

=OF f vmax or min ( ) (4)

s.t.

≤h v( ) 0 (5)

≤g v( ) 0 (6)

where [v1, v2, ..., vk] is a vector that represents the frequency of
each group, f(v) is the objective function, and h(v) and g(v) are
the structural constraints and physiochemical property
constraints, respectively.
In the LLE process, the solute distribution ratio indicates the

solvent usage, whereas selectivity mainly evaluates the product
purity. Ideally, the designed IL solvent should display a high
distribution ratio (eq 1) and selectivity (eq 2) at the same
time, however, the distribution ratio is mostly inversely related
to the selectivity.3 Therefore, in order to describe the overall

performance of IL solvents, the objective function is set to PI∞

(performance index, eq 7), which is defined as the product of
the solvent selectivity and the solute distribution ratio at
infinite dilution.35

β= ×∞ ∞ ∞PI S1 12 (7)

The structural constraints are applied to ensure only
structurally correct ILs are designed from the available design
space, and some rules are used for this purpose including octet
rule, connectivity rule, and complexity rules. Equation 8 is used
to guarantee the designed ILs only include one anion and one
cation. Equation 9 is the octet rule, which can prevent free
bonds in ILs. The number of every substituent group is
confined by eq 10 with the LB and UB set to 1 and 7,
respectively. The complexity of the IL structure is determined
by eq 11 where the total number of functional groups on the
cation core is set to no more than 1. This constraint can be
relaxed if more functional groups are needed in the CAILD.

∑ =
∈

v 1
i main

i
(8)

∑ − − =
∈{ }

e v(2 ) 2 0
i main sub

i i
, (9)

≤ ≤LB v UB (10)

∑ ≤
∈ *

v 1
i sub

i
(11)

where main is the IL main groups (e.g., [MIM][BF4] and
[IM][BF4]), which are provided in Table S1 (Supporting
Information), ei is the valence of group i, LB and UB define the
lower and upper bounds, respectively, sub means the
substituent groups {“CH3”, “CH2”, “CH”, “C”, “CH2CH”,
“OH”, “CH3O”, “CH2O”, “CHO”}, and sub* denotes the
functional groups {“CH2CH”, “OH”, “CH3O”, “CH2O”,
“CHO”}.
In order to design IL solvents with proper physical

properties, the constraint related to the melting point (Tm <
298.15 K) and viscosity (η < 50 cp) are included in the CAILD
method. The predictions of these physical properties are based
on two GC-based models reported by Lazzuś et al.36,37 and the
corresponding parameters are available in Table S1 (Support-
ing Information).
The melting point is calculated by

∑= + Δ
=

T v t288.7m
i

n

i i
1

g

(12)

where Δti are the contributions of the group i to the melting
point.
The viscosity of ILs is predicted using the below formula:

∑η = + +
∑

=

=va
vb

T
ln 6.982

i

n

i i
i
n

i i

1

1
g g

(13)

where ai and bi are the contributions of group i to the viscosity
of ILs.
Moreover, because of the high solubility of many ILs in

water, they can be released into the environment through
wastewater, several studies showed that ILs have hazardous
potential to the ecosystem.38,39 Therefore, the toxicity of ILs
should also be treated as a constraint when designing ILs. In
this work, the half-maximal effective concentration (EC50) of

Figure 2. Group segmentation exemplified for [COC2IM][CH3SO3]
(1-(2-methoxyethyl)imidazolium methanesulfonate).
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the biological endpoints of Leukemia Rat Cell Line (IPC-81)
in ILs is used to assess their toxicity, which is also estimated by
a GC-based method.40 As reported by the UFT research center
(center for environmental research and sustainable technol-
ogy), when logEC50 > 2, the designed IL will not possess high
toxicity.
With the objective function and constraints mentioned

above, the CAILD problem for the extractive separation of
benzene and cyclohexane at 298.15 K can be described as an
MINLP problem:

= ∞OF PImax (14)

s.t.
Equations 8−11

<T 298.15 Km (15)

η < 50 cp (16)

>log EC50 2 (17)

It is worth mentioning that some groups in the UNIFAC-IL
model do not have the parameters for the estimation of
physical properties and toxicity, and thus these groups are
discarded during the CAILD.
Solving the MINLP Problem. Although the presented

CAILD problem can be solved by the “generate-and-test”
method,41,42 this method is very time-consuming, and
problems having a large design space cannot be solved
efficiently.43 Considering the large amount of ILs, it is
necessary to solve this problem through a more efficient
algorithm. In this work, the presented MINLP problem is
solved by Matlab (R2018b) using the BONMIN algorithm44 in
an OPTI Toolbox.45

Because of the absence of experimental data, the UNIFAC-
IL group interaction parameters are not available for every
group pairs, which makes solving this problem by the
BONMIN algorithm very challenging. To avoid this problem
and simplify the solving procedure the design space is divided
into several subsets following the steps:

(i) First, the UNIFAC-IL parameters matrix is generated,
which only includes IL main groups having the
interaction parameters with the groups in cyclohexane
and benzene, i.e., “CH2” and “ACH”.

(ii) Then, the main groups without the parameters for the
calculation of physical properties and toxicity are
discarded.

(iii) Finally, the design space for every main group is assigned
according to the availability of the UNIFAC-IL
parameters (Figure 3). For example, the design space
(marked as red) for the main group [MIM][BF4] is {1−
3, 5}, for [MIM][AC] is {1−3, 13}, and for
[OCH2MIM][Tf2N] is {1−3, 5, 13}.

After generating the design space for every main group, the
design problem is solved by the BONMIN algorithm. To find
better local solutions that are close to the global optimal
solution, several conventional and functionalized ILs are set as
the initial value. Moreover, after the optimal structure of IL is
generated, this solution will be continuously removed from the
design space using the integer cut46 technique before starting
the next optimization. Eventually, the top five ILs with the
desired thermophysical properties can be output. It should be
noted that a more advanced algorithm or software (e.g.,
GAMS) should be used if the design problem has a larger
design space or more complex constraints.

■ EXPERIMENTAL SECTION
Materials. The ionic liquid [COC2MIM][Tf2N] (1-(2-

m e t h o x y e t h y l ) - 3 - m e t h y l i m i d a z o l i u m b i s -
(trifluoromethylsulfonyl)imide) with purities >98% is pur-
chased from IoLiTec, and the structure is shown in Figure 4.
Benzene and cyclohexane are purchased from TCI Europe
N.V. with purities >99.5%. No further purification of the
substances is carried.

Liquid−Liquid Extraction. The mixture of 5 wt %
benzene, 45 wt % cyclohexane, and 50 wt % IL is prepared
in a 10 mL round-bottom flask with its cap covered by parafilm
to prevent evaporation. The measurements are carried out in

Figure 3. Design space for the proposed CAILD.
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grams and the overall composition is set to 4 g using an
analytical balance (Mettler AE200) with an accuracy of
±0.0001 g. The same approach is repeated for other
concentrations of benzene (i.e., 10, 15, 20, 25, and 30 wt %)
with the concentration of IL is fixed to 50 wt %. As shown in
Figure S1 (Supporting Information), the LLE experiments are
performed in isothermal conditions at 298.15 K (±0.1 K)
controlled by the water bath equipped with the IKA ETS-D5
contact thermometer. The flask is put into the water bath
stirred for 6 h at 500 rpm and left to settle 12 h to reach
complete thermodynamic equilibrium.
Determination of the Ternary Molar Composition.

Samples are first collected with syringes from the cyclohexane-
rich layer (raffinate phase) and IL-rich layer (extract phase)
and then measured by gas chromatography (GC) and nuclear
magnetic resonance (NMR), respectively. The samples from
the raffinate phase are verified to be completely free of ILs
using 1H NMR analysis (Varian Mercury Plus-400). The
detailed configurations of GC are the Thermo Finnigan Trace
GC Ultra with a flame ionization detector (FID) and a Restek
Stabilwax-DA column (30 m × 0.32 mm × 1 μm). The
samples from the extract phase are unable to be measured by
GC due to the negligible vapor pressure of ILs; therefore, a
droplet of the sample is dissolved in an NMR tube with
deuterated methanol (±0.7 mL) placed inside and measured
by the NMR 400 MHz spectrometer. The average uncertainty
for the mole fraction of the GC and 1H NMR analysis is
estimated to be less than 0.003. A more comprehensive
description of the analysis steps can be found in the
literature.3,47

Evaluation of Solvent Extraction Performance. The
molar-based distribution ratio (β) of benzene and the solvent
selectivity (S) of IL are adopted to evaluate the performance of
the IL solvents for the LLE process:

β =
x
x

E

R1
1

1 (18)

=
i

k
jjjjj

y

{
zzzzz

i

k
jjjjj

y

{
zzzzzS

x
x

x
x

/
E

R

E

R12
1

1

2

2 (19)

where x1 and x2 represent the molar concentrations of benzene
and cyclohexane, respectively; superscripts E and R denote the
extract and raffinate phases, respectively.
Consistency Tests. In order to test the consistency of the

experimental results, the Hand48 and Othmer−Tobias49
correlations are conducted using the following equations:

= +
i
k
jjjjj

y
{
zzzzz
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jjjjj
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a b
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R
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1R

R

E

E
2

2

3

3 (21)

where x3 and w3 stand the molar and mass concentrations of
IL, respectively; w2 represents the mass concentrations of
cyclohexane.
a, b, c, and d are regressed using the experimental data. The

linearity of the results (i.e., the value of R2 close to 1)
demonstrates the reliability of the experimental LLE tie-lines.

■ RESULTS AND DISCUSSION
CAILD Results. The top five IL solvents designed by the

presented CAILD method are listed in Table 1 together with

their predicted separation performance, physical properties,
and toxicity. The average calculation time for each subproblem
is 136 s with the computing platform is Intel CoreTM i7-6700
CPU (3.40 GHz) and 8.00 GB of RAM.
According to Ferreira et al.,50 the decrease of alkyl chain

length on the cation increases the aromatic selectivity and
decreases the distribution ratio. On the other hand, because
benzene is a nonpolar compound, ILs with a nonpolar anion
(e.g., [Tf2N]

−, [PF6]
−) have a much higher distribution ratio

of benzene than the ILs contains anions with strong polarity
and polarizability (e.g., [ESO4]

− and [BF4]
−).32 These two

dominant factors (alkyl chain length and anion type) can
explain the design results in Table 1 where ILs with a short
alkyl chain length and [Tf2N]

− anion have the highest PI∞.
This is also consistent with the results from the COSMO-RS
screening method where [EMIM][Tf2N] tends to have a very
high PI∞.3

Although UNIFAC-IL can give quantitative predictions, an
experimental validation based on the design results is
necessary. In this work, [COC2MIM][Tf2N] is chosen to
perform the LLE experiment since it is the only one
commercially available among the five designed ILs with
predicted optimal performance.

Liquid−Liquid Extraction Data. The experimental LLE
diagram for (1) [COC2MIM][Tf2N] + (2) benzene + (3)
cyclohexane is displayed in Figure 5. The molar compositions
of the tie-lines are listed in Table S3 (Supporting Information).
No ILs are found in the raffinate phase, which means that the
solvent cross-contamination could be avoided, and it can
significantly simplify the LLE process. Moreover, the
concentration of cyclohexane in the extract phase is quite
low, which implies that the IL solvent can be easily
regenerated. The value of parameters for the consistency
tests are tabulated in Table S4 (Supporting Information), the
R2 for both correlations is close to 1, which suggests a high
consistency of the experimental data.

NRTL Model Correlation and Validation. It can be seen
from Figure 5, as a predictive model, the UNIFAC-IL model

Figure 4. Structure of the designed IL [COC2MIM][Tf2N].

Table 1. CAILD Results for the Extractive Separation of
Benzene/Cyclohexane

designed ILs PI∞ S∞ β∞ Tm (K) η (cP) logEC50

[COCMIM]
[Tf2N]

66.45 30.44 2.18 279.06 35.54 3.34

[COCIM]
[Tf2N]

62.74 29.48 2.13 262.47 25.61 3.39

[COC2MIM]
[Tf2N]

51.94 23.39 2.22 275.31 41.47 3.34

[COC2IM]
[Tf2N]

48.26 22.23 2.17 258.71 29.89 3.38

[COC3MIM]
[Tf2N]

42.48 18.67 2.28 271.55 48.40 3.23
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cannot perfectly locate the LLE tie-lines with the RMSD (root-
mean-square deviation) between experimental and calculated
results is 0.053. To ensure a more precise LLE prediction,
which can be used in the process simulation, the NRTL
model51 is applied to correlate the experimental tie-lines, and
the activity coefficient of the component i is calculated by the
following equations:

∑γ
τ

τ
τ
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Δ
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g
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(23)

α τ= −G exp( )ij ij ij (24)

where Δgij expresses the energy parameter that reflects the
interactions between components i and j; xi is the mole
fraction of component i; αij denotes the nonrandom factor,
which is set to 0.2; R is the gas constant and T stands for the
experimental temperature.
The parameters Δgij are acquired by minimizing the

objective function, which is the summation of the total
deviations between the experimental and calculated composi-
tion of the components in the two liquid phases. The regressed
parameters are tabulated in Table 2, and the small RMSD value
of 0.0046 between the experimental and NRTL calculation
indicates a high regression quality.
In order to check the reliability of the obtained Δgij, a

Matlab toolbox for the topological analysis52 is used. The
results are provided in Figure S2 (Supporting Information).
According to the miscibility boundary analysis, there is one
homogeneous region for binary subsystem benzene (2)-
cyclohexane (3) and a single liquid−liquid region for the
binary subsystems IL (1)-benzene (2) and IL (1)-cyclohexane
(3). The same conclusion can be drawn from the GM/RT
function of the three binary subsystems calculated by the
correlated NRTL model. The experimental observation is in
line with the topological analysis: the binary subsystem (2)−

(3) is completely miscible, while the other subsystems (1)−(2)
and (1)−(3) are partially miscible.

Comparison with Other Solvents. To compare the
designed IL with other IL or organic solvents, their
performance index as well as the distribution and selectivity
at x2

R= 0.1 are listed in Table 3. These values are acquired by
using the interpolation method toward the distribution ratio or
selectivity curve collected from the literature (see Figures S3
and S4, Supporting Information).3,20,47,53−55 The melting
point and viscosity (at 300.75 K for sulfolane and 298.15 K
for other solvents) are acquired from the literature56−65 or
online database (ChemSpider), and their toxicity is calculated
by the GC-based method.40 It is worth mentioning that the
experimental viscosity of [COC2MIM][Tf2N] is 41.8 cP,66

which is accorded well with the calculated value (41.47 cP) in
this work.
It can be seen that the designed IL [COC2MIM][Tf2N]

ranks in the fourth place in the table, and it has a much better
performance compared to the organic solvents sulfolane and
N,N-dimethylformamide (DMF). Although [BMIM][PF6] has
the highest PI0.1, it is known as a viscous IL67 with a viscosity
of 271 cP. [BMIM][BF4] also owns a very high PI0.1; however,
it shows a low distribution ratio (0.67) and relatively high
viscosity (108 cP). [COC2MIM][Tf2N] and [EMIM][Tf2N]
have close performance and physical properties because of the
similar structure. Nevertheless, [EMIM][Tf2N] owns the
lowest logEC50 value (3.04), which means that it is the
most toxic IL among the ILs in Table 3. The presence of an
ether group in [COC2MIM][Tf2N] can decrease its lip-
ophilicity, which largely weakens the interactions with the lipid
component in the cell membrane and significantly reduces its
toxicity.68,69 Therefore, the designed IL [COC2MIM][Tf2N] is
a very favorable solvent for the separation of benzene/
cyclohexane with good extraction ability, proper physical
properties, and relatively low toxicity.
It should be noted that the ILs with [TCM]− anion (e.g.,

[Mo1,3CN][TCM] and [Mo1,3OH][TCM]) are also re-
ported to be promising solvents for the extractive separation of
benzene/cyclohexane.70 However, the group interaction
parameters between the [TCM]-containing groups and
“ACH” group are missing in the used UNIFAC-IL model,
and thus these ILs are not included in the current design space.

Process Evaluation. In order to evaluate its performance
toward the industrial-scale benzene/cyclohexane separation
problem, a continuous extraction process using the designed IL
is built (Figure 6). The simulation is performed in Aspen Plus
V11 with the IL is defined as a pseudocomponent by specifying
its molecular weight, density, normal boiling point, and critical
properties. Those properties are predicted based on the
method proposed by Valderrama et al.71 and given in Table S5
(Supporting Information). In addition, the decomposition
temperature of [COC2MIM][Tf2N] is 652.519 K,72 which

Figure 5. Tie-lines of the ternary mixture (1) [COC2MIM][Tf2N] +
(2) benzene + (3) cyclohexane at 298.15 K.

Table 2. NRTL Parameters Regressed from the
Experimental LLE Data for the Ternary Systems (1)
[COC2MIM][Tf2N] + (2) Benzene + (3) Cyclohexane with
RMSD between Experimental and Calculated Results

NRTL parameters

components i-j (Δgij/R)/K (Δgji/R)/K αij RMSD

1-2 −288.97 5077.92 0.2 0.0046
1-3 797.76 3843.74 0.2
2-3 −0.18 −60.86 0.2
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demonstrates its good thermal stability. The thermodynamic
properties are calculated by the NRTL model using the
parameters listed in Table 2. This simulation method has been
proved to be reliable for the simulation of IL-based processes
such as gas absorption, aromatics/aliphatics extraction,73 and
extractive desulfurization.24,29

As seen from Figure 6, a feed stream containing 8310 kg/h
benzene (14 wt %) and cyclohexane (86 wt %) mixture
entered from the bottom of the extractor (298.15 K, 1 bar) at
the second stage. The extract phase is then delivered to a flash
(0.01 bar) to recover the solvent and added to the top of the
extractor along with the make-up solvent. The goal of the
extraction process is to reach cyclohexane product purity
≥99.50 wt % and benzene recovery ratio ≥98.0 wt %.
In order to meet the requirement of the separation, the

needed stage number of the extractor and the corresponding
solvent-to-feed ratio (S/F) for the studied IL is investigated
and illustrated in Figure 7. As can be seen, S/F gradually
decreases with the increase of the stage number. When the
stage number reached 14, the variation of S/F can be ignored,
thus, the stage number of the extractor is set to 14 for
[COC2MIM][Tf2N].
The main results of process simulation using [COC2MIM]-

[Tf2N] and sulfolane (as a benchmark organic solvent) are
summarized and compared in Table 4. As can be seen in this
table, the IL-based process requires more stage numbers but
less recycled and make-up solvent. In addition, the cyclohexane
recovery (93.47%) in the IL-based process is higher than that
of the sulfolane-based process (87.70%) because of its high
selectivity. More importantly, the overall heat duty of the IL-

based process is 1283 kW, while that of the sulfolane-based
process is as high as 6296 kW. These results indicate that the
designed IL [COC2MIM][Tf2N] is a promising alternative to
sulfolane for the extractive separation of benzene/cyclohexane.

■ CONCLUSIONS
A CAILD method is presented to design the suitable IL
solvents for the extractive separation of benzene and
cyclohexane. The design problem is defined as an MINLP
problem and the top five IL solvents are obtained by the
BONMIN algorithm. One of the designed ILs, i.e.,
[COC2MIM][Tf2N], is selected for the experimental vali-
dation. It turns out that [COC2MIM][Tf2N] is a promising

Table 3. Comparison of the Extraction Performance and Physical Properties among Different Solvents

solvents PI0.1 β0.1 S0.1 Tm (K) η (cP) logEC50a

[BMIM][PF6] 45.22 1.24 36.51 284.10 271.00 3.33
[BMIM][BF4] 36.06 0.67 53.72 202.15 108.00 3.37
[EMIM][Tf2N] 22.40 1.21 18.52 274.10 34.40 3.04
[COC2MIM][Tf2N] 20.51 1.20 17.10 275.31a 41.47a 3.34
[EMIM][DCA] 19.96 0.65 30.78 268.30 16.09 3.69
0.5[EMIM][Tf2N] + 0.5[EMIM][DCA] 19.79 1.00 19.75 <298.15
[EMIM][SCN] 18.96 0.46 41.11 266.00 24.50 3.66
[EMIM][ESO4] 9.58 0.57 16.88 236.30 101.55 3.93
[EMIM][AC] 7.14 0.43 16.49 228.15 143.60 3.60
sulfolane 6.25 0.47 13.28 300.75 10.07
DMF 2.33 1.02 2.29 212.15 0.80

aCalculated values.

Figure 6. Continuous extraction process for the separation of
benzene/cyclohexane using [COC2MIM][Tf2N] as the solvent.

Figure 7. Mass ratio of solvent-to-feed (S/F) plotted against the
number of stages of the extractor.

Table 4. Results of the Process Simulation Using
[COC2MIM][Tf2N] and Sulfolane as Solvents

solvent [COC2MIM][Tf2N] sulfolane21

extractor stage number 14 6
recycled solvent (kg/h) 32475.1 43998.5
solvent consumption (kg/h) 3.8 4.8
purity of cyclohexane 99.64% 99.62%
cyclohexane recovery 93.47% 87.70%
benzene recovery 98.00% 98.10%
heat duty (kW) 1283 6296
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alternative to conventional solvents with a high PI0.1 (20.51)
and low viscosity (41.47 cP) and toxicity (logEC50 = 3.34),
which indicates that the proposed CAILD is a reliable and
powerful tool to design ILs. Moreover, by adjusting the
objective function and constraints, the presented method can
be easily modified or extended to other separation problems.
In order to investigate the industrial-scale application of
[COC2MIM][Tf2N], a process simulation based on the NRTL
model regressed from the LLE data is developed. Compared to
the process using the benchmark organic solvent sulfolane, the
IL-based process needs notably less recycled solvent and heat
duty. However, considering the relatively high price of IL, it is
suggested that a detailed techno-economic analysis should be
investigated in the future.

■ APPENDIX

A. UNIFAC model
The combinatorial part is calculated as:
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where Fi and Vi are the surface area ratio and volume ratio,
respectively; ri and qi are the molecular van der Waals volumes
and surface areas, respectively, and they can be acquired from
the summation of the group volume and group area
parameters:
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where vk
(i) is the frequency of group k in molecule i. The group

parameters Rk and Qk are calculated by Vk (van der Waals
group volumes) and Ak (surface areas), respectively.
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The residual part is obtained by:
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Γk is the group residual activity coefficient; Γk
(i) is the

residual activity coefficient of group k in the reference solution
of pure compound i.
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Xm is the mole fraction of group m; ψnm is the group
interaction parameter given by:

ψ = − a Texp( ( / ))nm nm (A.12)

where the parameter anm reflects the interaction between main
groups n and m.
For the group−group interaction of main groups n and m,

two different group interaction parameters anm and amn are
required.
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■ NOMENCLATURE
βi
∞ infinite dilution distribution ratio of component

i
βi distribution ratio of component i
η viscosity, Pa·S
ei valence of group i
E extract phase
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EC50 half-maximal effective concentration of the
biological endpoints

LB lower bound vector
PI∞ infinite dilution performance index
R raffinate phase
Sij
∞ infinite dilution selectivity of solvent to the

component i over j
Sij selectivity of solvent towards the component i

over j
Tm melting point, K
UB upper bound vector
vi frequency of group i
xi composition of component i in liquid
γi
∞ infinite dilution activity coefficient of compo-

nent i
[EMIM] 1-ethyl-3-methylimidazolium
[BMIM] 1-butyl-3-methylimidazolium
[COCIM] 1-(2-methoxymethyl)-methylimidazolium
[COC2MIM] 1-(2-methoxyethyl)-3-methylimidazolium
[COC2IM] 1-(2-methoxyethyl)-methylimidazolium
[COC3MIM] 1-(2-methoxypropyl)-3-methylimidazolium
[Mo1,3CN] 4-(3-cya nopropyl)-4-methylmorpholinium tri-

cyanomethanide
[Mo1,3OH] 4-(3-hydroxypropyl)-4-me thylmorpholinium

tricyanomethanide
[MSO4] methylsulfate
[Tf2N] bis(trifluoromethylsulfonyl)imid
[TCM] tricyanomethanide
[BF4] tetrafluoroborate
[SCN] thiocyanate
[PF6] hexafluorophosphate
[Ac] acetate
[DCA] dicyanamide
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