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Ternary Liquid—Liquid Equilibria Measurement for Benzene + Cyclohexane +
N-Methylimidazole, or N-Ethylimidazole, or N-Methylimidazolium
Dibutylphosphate at 298.2 K and Atmospheric Pressure

Ruijie Wang,”* Chunxi Li,*"* Hong Meng,* Junfeng Wang,”* and Zihao Wang*
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Liquid—liquid equilibrium (LLE) data for ternary systems of (benzene + cyclohexane + N-methylimidazole
(MIM), or N-ethylimidazole (EIM), or N-methylimidazolium dibutylphosphate [HMIM][DBP]) were measured
at 298.2 K and atmospheric pressure, and the experimental data were correlated using the nonelectrolyte
NRTL equation. It was found that the selectivity of MIM, EIM, and [HMIM][DBP] for benzene is in the
range of (413.6 to 10.7), (5.4 to 1.5), and (2.3 to 1.3), respectively. The variation of extractive performance
of these solvents for the benzene component from its cyclohexane mixture is interpreted in terms of the mole-
cular structure and corresponding variation of intermolecular interaction involved, e.g., polar-induced polar
interaction, ;t—s complexation, and dispersive interaction among different components.

Introduction

In addition to being used as solvent for paints and for the
extraction of essential oils, cyclohexane is widely used as a
feedstock for the production of cyclohexanone and hexane
diacid, a monomer of nylon.l As a base chemical, cyclohexane
is generally produced by catalytic hydrogenation of benzene,
and residue of benzene in the product stream is inevitable due
to the incompleteness of the reaction. For the separation of
benzene and cyclohexane, traditional distillation is not viable
because of their close boiling points (benzene, 80.10 °C;
cyclohexane, 80.74 °C), and other approaches have to be res-
orted to, e.g., by using membrane pervaporation,” * extraction,
or extractive distillation. For the extractive distillation process,
the key is to find an effective entrainer, which can be achieved
by a quick screening according to their infinite activity coef-
ficients in the entrainer.” For the extraction separation of
aromatics from their aliphatic mixtures, some liquid—liquid
equilibrium (LLE) data have been reported and some solvent
candidates recommended, for example, sulfolane,®’ N-methyl-
2-pyrrolidone (NMP),” glycols,®'° furfuryl alcohol,'' and
N-formyl morpholine (NFM).'? In contrast, the LLE data with
respect to the benzene + cyclohexane mixture are very limited
to our knowledge.'*~"°

In our previous paper,'® LLE measurements have been
done for the ternary systems of benzene + cyclohexane +
an ionic liquid (IL), viz., l1-methyl-3-methylimidazolium
dimethylphosphate ((MMIM][DMP]) or 1-ethyl-3-methylimi-
dazolium diethylphosphate ((EMIM][DEP]). It was found that
the ionic liquid is insoluble in the benzene + cyclohexane
mixture, and the selectivity of [MMIM][DMP] and [EMIM]-
[DEP] for benzene is in the range of (4.7 to 2.9) and (4.3 to
2.5), respectively. The extractive selectivity for benzene is
not very high, and thus more effective extracting solvents
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are expected. Inspired by the findings that the N-alkyl-
substituted imidazoles, e.g., N-methylimidazole (MIM) and
N-ethylimidazole (EIM), have excellent extractive ability for
the thiophene series of sulfur compounds from fuel oils due
to the w—ua electronic interaction between aromatic rings of
imidazole and thiophene and that the extractive desulfuriza-
tion ability of N-alkyl-substituted imidazoles is much higher
than their corresponding ionic liquids,'”'® the LLE data for
the ternary systems of benzene + cyclohexane + MIM, or
EIM, or dibutyl phosphate of MIM ([HMIM][DBP]) at 298.2
K are measured. On this basis, the selectivity (S) is calculated
to determine the possibility of separating benzene from its
cyclohexane mixtures using a solvent extraction process, and
the structure—performance relationship for different extrac-
tants is discussed. The LLE data for the ternary systems
studied are correlated using the NRTL equation with satis-
faction.

Experimental

Materials. Di-n-butyl phosphoric acid (DBPA) of analytical
grade was used as received from Jonnson Matthey Company
with a quoted purity above 0.97 mass fraction. Benzene, cyclo-
hexane, and imidazole with a nominal minimum mass fraction
of 0.990 and toluene with a nominal minimum mass fraction
of 0.997 were used as received from Beijing Chemical Reagent
Factory. MIM, EIM, and BIM (N-butyl imidazole) of CP grade
were also purchased from Beijing Chemical Reagent Factory,
which were rectified before use with their purity above 0.992
according to acid—base titration analysis.

[HMIM][DBP] is an ionic liquid, which was prepared by a
simple acid—base neutralization reaction of MIM and DBPA
aqueous solutions according to the method described elsewhere.
Its purity is 0.98 mass fraction in terms of NMR and elementary
analysis. The IL was purified by means of vacuum evaporation
at 1.0 kPa to remove the residual volatile impurities and traces
of moistures. The water mass fraction was less than 310~ * as
measured by the Karl—Fischer method (CBS-1A).
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Table 1. Liquid—Liquid Equilibrium Data in Mole Fraction for the
Ternary Systems Benzene (1) + Cyclohexane (2) + MIM (3) at
298.2 K and the Selectivity (S) of Benzene versus Cyclohexane

MIM-rich phase

cyclohexane-rich phase

X'y X'y x," X" N
0.0701 0.894 0.0537 0.0017 414
0.100 0.866 0.0794 0.00340 204
0.132 0.847 0.102 0.00420 155
0.152 0.795 0.123 0.00550 117
0.173 0.757 0.139 0.00660 92.8
0.219 0.687 0.167 0.00880 60.0
0.232 0.679 0.187 0.00990 55.6
0.250 0.649 0.213 0.0127 43.3
0.290 0.617 0.214 0.0146 31.1
0.304 0.566 0.237 0.0144 30.7
0.317 0.499 0.272 0.0183 233
0.3317 0.501 0.280 0.0287 15.4
0.331 0.470 0.304 0.0401 10.7

Table 2. Liquid—Liquid Equilibrium Data in Mole Fraction for
Ternary Systems Benzene (1) + Cyclohexane (2) + EIM (3) at 298.2
K and the Selectivity (S) of Benzene versus Cyclohexane

EIM-rich phase

cyclohexane-rich phase

X X'y x," X" S
0.0536 0.889 0.0547 0.167 5.40
0.0776 0.839 0.0812 0.181 4.80
0.109 0.829 0.106 0.191 4.20
0.138 0.794 0.135 0.208 3.70
0.163 0.746 0.157 0.224 3.20
0.206 0.631 0.195 0.266 2.30
0.228 0.519 0.228 0.354 1.50
0.234 0.557 0.234 0.360 1.50

Table 3. Liquid—Liquid Equilibrium Data in Mole Fraction for
Ternary Systems Benzene (1) + Cyclohexane (2) + [HMIM][DBP]
(3) at 298.2 K and the Selectivity (S) of Benzene versus Cyclohexane

cyclohexane-rich IL-rich
X'y X'y x," X" N
0.0839 0.912 0.0820 0.444 2.30
0.100 0.889 0.100 0.440 2.00
0.128 0.860 0.125 0.439 1.90
0.141 0.847 0.126 0.434 1.70
0.171 0.815 0.160 0.437 1.70
0.235 0.751 0.232 0.431 1.70
0.292 0.687 0.268 0.436 1.40
0.337 0.633 0.314 0.441 1.30
0.341 0.627 0.317 0.463 1.30

Apparatus and Procedures. The liquid—liquid equilibrium
measurements for the ternary mixture {benzene + cyclohex-
ane + MIM, or EIM, or [HMIM][DBP]} were conducted in
a jacketed glass cell of about 150 mL. The glass cell sealed
by a silicon rubber cap and the heterogeneous liquid ad-
mixture inside mixed vigorously with a magnetic stirrer. The
equilibrium liquid temperature was maintained by circulating
water coming from a superthermostat (CNSHP) with tem-
perature fluctuation within £ 0.3 °C.

The liquid admixture was stirred with a magnetic stirrer for
1.5 h at specified temperature and then left to stand for 2 h to
achieve a clear phase separation. The time used here for
equilibrium and phase splitting was fixed according to results
from our preliminary tests. Two samples (approximately 0.5
mL for each) of known mass were taken out from both phases
and immediately added into two 10 mL flasks. Each flask was
filled with about 5 mL of water and 3 mL of toluene with their
mass weighted in advance for the sake of mass balance. The
flasks were sealed with PTFE/silicone sheet, shaken about 10
min by hand, and then put aside for 10 h for settling. In this
process, the benzene and cyclohexane components are trans-
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Figure 1. Binodal curves and tie-lines for the ternary mixture {benzene
(1) + cyclohexane (2) + MIM (3)} at 298.2 K. —, Predicted solubility
curves by the NRTL equation; O, experimental data.
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Figure 2. Binodal curves and tie-lines for the ternary mixture {benzene
(1) + cyclohexane (2) + EIM (3)} at 298.2 K. —, Predicted solubility curves
by the NRTL equation; O, experimental data.

ferred into the toluene phase, while the hydrophilic solvent into
the water phase completely. As a result, the relative composition
of benzene and cyclohexane in both phases can be analyzed
using gas chromatography (SHIMADZU GC2010 equipped with
a FID detector and FFAP capillary column, 30 m x 0.25 mm
id. x 5 um; carrier gas N,). The sample concentration was
given by the GC Solution workstation according to the area of
each chromatograph peak and the calibration curve made prior
for the ternary mixture of toluene + benzene + cyclohexane.
Once the amount of benzene and cyclohexane components had
been determined, the mass fraction of solvent in both phases
was calculated via mass balance for the raffinate and extract
phase samples, respectively. At least duplicate samples were
made for each phase, and triplicate injections were made for
each sample in the GC analysis. The reproducibility of the
compositions was within £ 2 % in mass fraction.

Results and Data Correlation

LLE data for the ternary system benzene (1) + cyclohexane
(2) + solvent (3), at 298.2 K, were obtained experimentally in
the mass fraction range of (0 to 0.5) for benzene. The results
are listed in Tables 1, 2, and 3, and the corresponding triangular
phase diagrams are shown in Figures 1 to 3.

The selectivity (S) of a solvent with respect to benzene versus
cyclohexane is calculated by eq 1"
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where x| and x, refer to the mole fraction of benzene and
cyclohexane in the extract phase and x| and x, refer to the
mole fraction of benzene and cyclohexane in the raffinate
phase, respectively. The selectivity values computed from
the tie line data for MIM, EIM, and [HMIM][DBP] are
presented in Tables 1 to 3, respectively. It is seen that the
selectivity decreases regularly with the increase of benzene
concentration in the raffinate phase as was observed in many
published data,'®'"72! and selectivity is always greater than
unity, suggesting that extraction is possible.*?

The NRTL equation®® was used to correlate the experimental
data for the ternary mixtures reported here. The algorithm
employed by Walas®* was used in the calculation of the tie line
compositions. In the correlation process, the following objective
function, F, was used, i.e., by minimizing the difference of
activity in each of the phases

ey

F= z 'y =y X =y ] (2)
=

where 7 is the number of experimental data points; y);, v, are
the calculated activity coefficients in the extract phase; ¥,, V;
are the calculated activity coefficients in the raffinate phase;
X,;» Xo; are the experimental mole fractions of the extract phase;
and x,,, x,; are the experimental mole fractions of the raffinate
phase. The resulting NRTL parameters, viz., g; = &;» &~ &
and a;, for the ternary system benzene (1) + cyclohexane (2)
+ solvent (3) are given in Table 4, along with the root mean
square deviation (rmsd) as defined in eq 3

rmsd ={ z z i im — V"imx"im)z/ZK} ” 3)
where the subscripts of i and m provide a designation for the
component and the tie line, respectively. The value of K is the
number of interaction components. The values of rmsd in Table
4 provide a measure of the fit of the correlation. As can be in-
ferred from these values, a good correlation of the experimental
values with the NRTL model was obtained.

Discussion

To compare the extraction performance of the solvents
studied here with others reported in the literature, the sel-
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Figure 3. Binodal curves and tie-lines for the ternary mixture {benzene
(1) + cyclohexane (2) + [HMIM] [DMP] (3)} at 298.2 K. —, Predicted
solubility curves by the NRTL equation; O, experimental data.

Table 4. Values of the NRTL Binary parameters Regressed from
LLE Data of Ternary Mixtures Benzene (1) + Cyclohexane (2) +
Solvent (3), and the Fitting Deviation in rmsd*

component NRTL parameters
i—j (g; — gjj)/(J'morl) (g — gi)/(J+mol ™) o
Benzene (1) + Cyclohexane (2) + MIM(3)
3—1 7043.28 262.350 0.52
3-2 14850.9 3393.47 0.18
1-2 178.050 5877.66 0.45
rmsd = 0.044
Benzene (1) + Cyclohexane (2) + EIM (3)
3—1 5962.22 10921.5 0.51
3-2 5399.20 13078.0 0.35
1-2 178.050 5877.66 0.45
rmsd = 0.0064
Benzene (1) + Cyclohexane (2) + [HMIM][DMP] (3)
3—1 5294.42 5405.89 0.68
3-2 —379.510 8617.54 0.24
1-2 178.050 5877.66 0.45
rmsd = 0.0033

“Note: rmsd is root mean square deviation of activity as defined in
eq 3.

Table 5. Selectivity Values of Benzene versus Cyclohexane for
Different Molecule Solvents®

solvent T/°C S remarks ref
MIM 25 10.7 to 414  LLE data this work
EIM 25 25t054 LLE data this work
BIM 25 0.0 mutual soluble  this work
NMP 40 4.0 N 26
DMM 40 14.7 S 26
DMF 40 12.9 N 26
ISOP 40 3.0 S” 26
NEM 25 1.3t052 LLE data 12
ethylene carbonate 30 391093 LLE data 28
ethylene carbonate 40 4.0 to 8.5 LLE data 28
[MMIM][DMP] 25 291t0 3.6 LLE data 16
[EMIM][DEP] 25 251043 LLE data 16

“ 8% selectivity at infinite dilution estimated using the infinite activity
coefficients of benzene (1) and cyclohexane (2) in a specified solvent by
S° = 9\lys

ectivity value of benzene versus cyclohexane for different
solvents is collected and showed in Table 5. As can be seen
from the selectivity values listed in Table 5, MIM and EIM
are two promising solvents for the extraction of benzene from
its cyclohexane mixtures. The preferential extraction of these
two solvents for benzene might be related to their higher
polarity and aromaticity, which result in polar-induced polar
and —o electron interaction or 7—s complexation, between
two planar rings of benzene and imidazole molecules. In
contrast, both attributes will not result in additional inter-
molecular attraction between the cyclohexane and imidazole
ring, and only dispersive interaction is involved due to the
negligible induced dipole moment and nonaromaticity of
cyclohexane. In effect, many solvents with strong polarity
and low miscibility with cyclohexane showed some extraction
selectivity for benzene, for example, NMP, DMM, ISOP,
NFM, and ethylene carbonate, as listed in Table 5, for which
the polarity is originated from the carbonyl polar group. Also
noted is that the selectivity of MIM is higher than any of the
nonaromatic polar solvents reported in the literature, which
contrast the importance of m—m complexation interaction
between aromatic rings.

With respect to the selectivity of EIM and MIM for
benzene, the former is much lower than MIM. This may be
attributed to the higher mutual solubility between EIM and
the alkane/aromatic mixture due to the stronger dispersive



interaction between them as the alkyl substitute of the
imidazole ring changed from methyl to ethyl. The immiscible
region in the triangle phase diagram of the benzene +
cyclohexane + EIM system is narrower than that of benzene
+ cyclohexane + MIM, as shown in Figure 2 and Figure 1,
due to the higher mutual solubility between EIM and the
benzene component. Furthermore, as the alkyl substitute
becomes larger to butyl, forming N-butylimidazole (BIM),
BIM becomes totally miscible with cyclohexane and benzene,
implying the nonapplicability of BIM as an extractant for
the present system studied. As an opposite extreme, imidazole
without any alkyl substitute on the ring is sparsely soluble
with both benzene and cyclohexane and thus not applicable
as an extractant for the present system. This observation of
a higher selectivity with shorter R-groups is in accordance
with the findings of Hanke et al.*®

As a simple ionic liquid (IL), [HMIM][DBP] is composed
of protonated MIM ([HMIM] ") and dibutylphosphate anion
[DBP]; however, the IL is believed to be presented as a
highly polarized neutral entity in the nonpolar binary mixture
of benzene and cyclohexane. By comparing Figure 1 and
Figure 3, it is seen that the immiscible region for the ternary
system of (benzene + cyclohexane + [HMIM][DBP]) is
much narrower than that of (benzene + cyclohexane + MIM),
and consequently, the selectivity of [HMIM][DBP] for
benzene is lower than that of MIM. This is mainly originated
from the two opposite variation trends; that is, when MIM
is protonated forming [HMIM][DBP], IL solubility in the
benzene + cyclohexane mixture is drastically decreased
especially in the benzene-rich region, while the solubility of
the benzene + cyclohexane mixture in the IL increased
greatly. In effect, the size of the anion has a substantial
influence on the IL solubility in the benzene + cyclohexane
mixture and accordingly on the extraction selectivity; for
example, the IL [MMIM][DMP] with a much smaller anion
is insoluble in the benzene + cyclohexane mixture, and its
extraction selectivity for benzene at 298.2 K is in the range
of (3.6 to 2.9).'° [HMIM][DBP] with a larger anion is
partially soluble in the benzene + cyclohexane mixture with
its selectivity lowered to the range of (2.3 to 1.3).

It should be pointed out that although molecular solvents
NMP (4.0), DMM (14.7), DMF (12.9), and ISOP (3.0) have
greater selectivity values than 3.0, these values should be
used with caution since the selectivity estimated from the
infinite activity coefficients of benzene and cyclohexane in
a specified solvent by S* = y{/y3 can be different from the
actual values up to a factor of 4.>” The selectivity of ethylene
carbonate is above 4.0 at room temperature.”® These com-
parisons indicated the feasibility of using molecular solvents
(MIM and EIM) for the extraction separation of the benzene
+ cyclohexane mixture.

Conclusions

The LLE data for the ternary systems of {benzene (1) +
cyclohexane (2) + MIM, or EIM, or [HMIM][DBP] (3)} at
298.2 K and atmospheric pressure were measured and correlated
using the nonelectrolyte NRTL equation. It is found that MIM
and EIM are two promising solvents for the extraction of
benzene from its cyclohexane mixtures in terms of their higher
selectivity over traditional solely polar solvents, e.g., NMP,
DMSO, etc. The preferential extraction of these two solvents
for benzene might be related to their higher polarity and
aromaticity, which imposed polar-induced polar and 7—x
electron interaction between two planar rings of benzene and
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imidazole or the imidazolium cation. Ionic liquid [HMIM][DBP]
has a much lower selectivity than MIM due to its much en-
hanced solubility for the mixture of benzene and cyclohexane
and narrower immiscible region in the triangle-phase diagram.
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