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ABSTRACT: The isobaric vapor−liquid equilibrium (VLE) data of the
binary mixture of methylcyclohexane (1) + toluene (2) at 101.3 kPa;
the pseudoternary mixture of methylcyclohexane (1) + toluene (2) +
gamma-valerolactone (GVL) (3) with the entrainer-to-feed ratio (E/F)
= 1 (mass basis) at 50, 80, and 100 kPa, and E/F = 2 and 3 at 100 kPa;
and the pseudoternary mixture of methylcyclohexane (1) + toluene (2)
+ 1-methylpyrrolidin-2-one (NMP) (3) with E/F = 1 at 100 kPa were
measured using a Fischer Labodest VLE602 ebulliometer. The reliability
of the experimental VLE data was tested and confirmed by Van Ness
and Fredenslund thermodynamic consistency tests. The experimental
results indicate that the presence of GVL and NMP increases the relative volatility of methylcyclohexane to toluene; therefore, both
entrainers remove a close-boiling behavior in the mixture. Non-random two-liquid (NRTL) and universal quasi chemical
(UNIQUAC) thermodynamic models were applied in the experimental data correlation to obtain the optimum binary interaction
parameters. For the mixture involving GVL, the experimental VLE data were accurately correlated by NRTL and UNIQUAC.
However, NRTL has more accurate results compared with UNIQUAC. For the mixture containing NMP, both the UNIQUAC and
NRTL models show favorable regression results.

1. INTRODUCTION
Distillation is a widely employed separation technology in the
chemical industry due to its versatility in handling various feed
flow rates and concentrations, efficient mass transfer
capabilities, applicability in many applications of complex
mixtures, and ability to produce high-purity products.1,2 Over
100,000 distillation columns are in operation globally,
corresponding to more than 50% of the overall plant cost.2,3

Distillation, on the other hand, although it is a well-established
technology, consumes a lot of energy and water and is
therefore costly. It can also generate significant quantities of
CO2 emissions, especially when utilized in difficult separations
involving azeotropes, and close-boiling or low-relative-volatility
mixtures. In petrochemicals, methylcyclohexane and toluene
are aliphatic and aromatic mixtures with close-boiling behavior.
Extractive distillation, an advanced distillation technology, is
often used, in which an entrainer with high-boiling and
decomposition temperature properties is added to overcome
the separation obstacles by enhancing the relative volatility of
the mixtures. Consequently, cost, energy and water con-
sumption, and CO2 emissions can be minimized as an easier
separation can be achieved.
1-Methylpyrrolidin-2-one (NMP) is a well-known and

widely applied solvent in industry, as well as a common
conventional organic entrainer in extractive distillation.
Unfortunately, this entrainer is categorized as a high-toxicity

compound, which is set to be restricted for specific applications
in the industry under the Regulation on the Registration,
Evaluation, Authorization, and Restriction of Chemicals
(REACH) and Environmental Protection Agency (EPA)
regulations.4,5 Thus, employing alternative entrainers with
greener properties in extractive distillation has received greater
exposure to enhance process sustainability, decrease energy
needs, and mitigate the adverse environmental impacts of
conventional organic entrainers. Examples of investigated
alternative entrainers include ionic liquids (ILs),6−11 biological
buffers,12 deep eutectic solvents (DESs),13−17 and natural deep
eutectic solvents (NADESs).18 Biobased solvents are also
gaining more interest in being used as entrainers in extractive
distillation. Brower and Schuur19 investigated the use of
Cyrene as an effective biobased entrainer in aromatic/aliphatic
and olefin/paraffin separation represented by methylcyclohex-
ane/toluene and n-heptane/1-heptene mixtures, respectively.
Brower and Schuur20 also investigated the use of DL-limonene,
water, and ethylene carbonate as biobased entrainers in
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acetone/diisopropyl separation. There are other various
biobased entrainers that can be utilized in extractive
distillation, such as gamma-valerolactone (GVL). GVL can
be readily produced from lignocellulosic biomass and possesses
crucial characteristics that make it a viable biobased substitute
for restricted conventional organic entrainers due to its
environmentally friendly properties such as biodegradability,
nontoxicity, and sustainability.21,22 Moreover, GVL offers
favorable properties, including a liquid phase at room
temperature, good polarity, and hydrogen bond acceptor
capability (K-T parameters: polarizability (π*) = 0.83,
hydrogen bond acceptor (β) = 0.6, and hydrogen bond
donor (α) = 0.20), high boiling point (480.15 K at 101.3 kPa),
high decomposition temperatures (873.15 K at pressure of 170
kPa), good chemical stability, and low vapor pressure (2.67
kPa at 370.4 K), making it a well-suited entrainer for extractive
distillation.23−28

Vapor−liquid equilibrium (VLE) is essential for thermody-
namic data for designing and optimizing extractive distillation.
However, there is no existing VLE data in the literature on the
mixture of methylcyclohexane and toluene using GVL as a
biobased entrainer and NMP as a conventional organic
entrainer. The VLE data for the methylcyclohexane-toluene
with the addition of morpholine as an entrainer was provided
by Coca and Pis.29 Brower and Schuur19 studied the VLE data
of methylcyclohexane-toluene with Cyrene as an entrainer.
The effect of some ionic liquids as entrainers on
methylcyclohexane-toluene VLE data behavior was inves-
tigated by Liebert et al.30 Gutierrez et al.31 reported the
NMP effect at molar ratios of 0.1 and 0.3 on the relative
volatility of methylcyclohexane to toluene; however, the
publication did not provide complete VLE data. Other
researchers reported the separation of methylcyclohexane and
toluene mixtures using extractive distillation in either a pilot
plant or a process simulation evaluation. Quijada-Maldonado
et al.32 studied the use of ILs and NMP as effective entrainers
to separate methylcyclohexane from toluene in the pilot plant
extractive distillation. Anwani and Shirsat33 also simulated the
use of phenol as an entrainer in the extractive distillation
process for separating methylcyclohexane and toluene. Some
other conventional organic entrainers, such as acetophenone,
methyl n-amyl ketone, cyclohexanone, o-cresol, dimethylfor-
mamide (DMF), propylene glycol, furfural, phenol, and aniline,
have been evaluated using process simulation for the
separation of methylcyclohexane-toluene by extractive distil-
lation.34

In this study, GVL was evaluated for the first time as a
biobased entrainer for the methylcyclohexane and toluene
separation by extractive distillation. The evaluation was

conducted by measuring the VLE data. The VLE data of
methylcyclohexane and toluene with NMP as an entrainer was
investigated as a benchmark. The consistency of the VLE data
was tested using Van Ness35 and Fredenslund36 to confirm the
reliability of the data. Furthermore, the experimental VLE data
were correlated with activity coefficient thermodynamic
models such as NRTL37 and UNIQUAC38 to obtain the
optimum binary parameters for the investigated system.

2. METHODS
2.1. Chemicals. All chemicals were purchased from

commercial suppliers. Gas chromatography (GC) was utilized
to check the purity of the chemicals. All chemicals were used as
received without performing any additional purifications since
no detectable impurities were found. The detailed chemical
specifications, such as name, CAS registry number, molecular
weight, boiling point, density, suppliers, purity, and purity
analysis method, are presented in Table 1.
2.2. Experimental Procedures. A Fischer Labodest

VLE602 ebulliometer was used to measure the vapor−liquid
equilibrium of a binary mixture of methylcyclohexane and
toluene and pseudoternary mixtures of methylcyclohexane and
toluene with gamma-valerolactone and 1-methylpyrrolidin-2-
one, respectively. The temperature and pressure uncertainties
of the apparatus, as stated by the supplier, are ±0.01 K and
±0.01 kPa, respectively. The feed mixture as well as the
amounts of entrainers for the pseudoternary mixtures were
prepared using an analytical balance (Mettler Toledo AE200,
United States) with a precision of 0.0001 g. In each
experiment, a mixture with a total volume of 100 mL was
charged into the ebulliometer to ensure that the proper
amount of liquid and vapor circulating in the setup. The
magnetic stirrer was activated during the experiment to provide
the supplied mixture with adequate heating and mixing. The
vacuum pressure was controlled by using a vacuum pump
(Pfeiffer DUO 3, Germany) and a pressure controller (Burkert
2871, Germany) coupled to the ebulliometer. The desired
vacuum pressure was digitally set using an i-Fischer Unicontrol
VLE. Next, the vacuum pump was turned on during the VLE
measurements. Once the specific vacuum pressure was
obtained, the pressure inside the ebulliometer was maintained
with a pressure controller. The mixture was considered to have
achieved equilibrium when the temperature in the ebulliometer
remained constant (±60 min). Liquid and condensed vapor
samples in amounts of approximately 0.1 mL were collected by
opening the liquid phase sampling valve and using a syringe to
get the liquid droplet, respectively. Each sample was diluted
with analytical-grade acetone for composition analysis by gas

Table 1. Specification of Chemicals

chemicals
CAS registry

number
molecular weight

(g/mol)
Tboiling
(K)a,b

density (g/
cm3)a,c suppliers

purity (mass
fraction)a

purity analysis
method

purification
method

methylcyclohexane 108-87-2 98.19 374.15 0.770 Sigma-
Aldrich

≥0.990 GCd none

toluene 108-88-3 92.14 383.15 0.865 Sigma-
Aldrich

0.999 GCd none

gamma-valerolactone 108-29-2 100.12 479.15 1.052 Sigma-
Aldrich

≥0.999 GCd none

1-methylpyrrolidin-2-one 872-50-4 99.13 475.15 1.028 Sigma-
Aldrich

≥0.995 GCd none

acetone 67-64-1 58.08 329.15 0.791 Merck ≥0.998 GCd none
aSpecified by the suppliers. bAt a pressure of 101.3 kPa. cAt a temperature of 298.15 and a pressure of 101.3 kPa. dGC (gas chromatography).
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chromatography (GC). A similar method has been utilized in
the literature.19,20,39

2.3. Analytical Methods. The composition of diluted
liquid and vapor samples was analyzed using a gas chromato-
graph of a Thermo Scientific Trace 1300, Switzerland,
equipped with two parallel ovens and a TriPlus 100 Liquid
Samples (LS) Autosampler. The diluted samples were analyzed
using a column of Agilent DB-1MS with dimensions of length,
diameter, and film thickness of 60 m, 0.25 mm, and 0.25 μm,
respectively. The inlet type was a Split−Splitless (SSL)
injector, and the injection volume was 1 μm. A ramped
temperature mode was used in the GC with the following
profile, in which the initial temperature was 30 °C. After the
injection, it shortly started with a ramp of 10 °C/min to 45 °C,
followed by the next ramp of 5 °C/min to 60 °C. The third
ramp was 2.5 °C/min to 80 °C, followed by the fourth ramp of
5 °C/min to 95 °C. The last ramp was 50 °C/min to the final
temperature of 320 °C, and total ramps took place for 21 min.
A flame ionization detector (FID) type was used as a detector
with a temperature of 440 °C. A column flow of 2 mL/min and
a split flow of 300 mL/min with a split ratio of 150 were used.
An airflow of 350 mL/min, helium as a makeup flow of 40 mL/
min, and a hydrogen flow of 50 mL/min with a carrier pressure
of 213.2 kPa were used as gas references. Composition analysis
was conducted in triplicate to exclude possible errors in the
analytical method. The final sample composition was defined
by the mean values of those replications. The standard
uncertainty calculations for temperature, pressure, and liquid
and vapor composition were based on NIST Technical Note
129740 and Joint Committee for Guides in Metrology
(JCGM),41 which are listed in eqs S1−S6 in the Supporting
Information. The standard uncertainties are provided in the
VLE data tabulation in Section 3.1.

3. RESULTS AND DISCUSSION
3.1. Experimental Results. The VLE data for the binary

mixture of methylcyclohexane and toluene were measured at a
pressure of 101.3 kPa. The experimental values consist of the
mole fraction of methylcyclohexane in a liquid phase (x1) and
a vapor phase (y1), equilibrium temperature (T), the activity
coefficient of methylcyclohexane (γ1) and toluene (γ2), and the
relative volatility of methylcyclohexane to toluene (α12), which
are tabulated in Table 2.
Ideal gas behavior was assumed to be applicable because the

VLE data of the binary mixture were investigated at
atmospheric pressure. The activity coefficient of the
component i (γi) in the binary mixture as a representation of
the nonideal behavior of the compound in the mixture was
calculated using eq 1:

=
yP

x Pi
i

i i
sat (1)

where xi and yi are a liquid-phase and a vapor-phase mole
fraction of the component i, respectively, P is the total pressure
in the system, and Pisatis the saturated vapor pressure of the
component i. The saturated vapor pressure of component i
(Pisat) was calculated using the extended Antoine parameters
taken from the Aspen Plus physical property databank listed in
Table 3.
The relative volatility of methylcyclohexane to toluene (α12)

in the binary mixture was defined by eq 2:

=
y x

y x

/

/12
1 1

2 2 (2)

The experimental results were compared with the VLE data
from the literature.29,42 The graphical comparison of the VLE
data is depicted in Figure 1.
The results indicate that the VLE data obtained in this study

are in better agreement with the VLE data reported by Coca
and Pis29 than those by Quiggle and Fenske.42 The equilibrium
temperature provided by Quiggle and Fenske is slightly higher
than ours and that of Coca and Pis. In addition, the x−y
diagram is presented in Figure S1 in the Supporting
Information. The vapor pressure of methylcyclohexane and
toluene was measured and compared with literature values.43,44

The results show that the vapor pressure from this work aligns
well with the literature data, as provided in parts S2 and S3 of
the Supporting Information. These results confirmed the
reliability of the experimental apparatus and method. More-
over, the VLE data of the binary mixture from this work are
consistent according to the Van Ness and Fredenslund
thermodynamic consistency tests. A more detailed description
of the thermodynamic consistency test is provided in Section
3.2. The VLE data of the binary mixture at 53.3 kPa were taken
from the literature,45 as shown in Figure 2. Figures 2 and S1
also show that a reduced pressure of 53.3 kPa did not
significantly change the close-boiling behavior of the mixture.
This data, along with the VLE data of the binary mixture at
101.3 kPa obtained from this work, were used for the
regression analysis.
The apparatus was further utilized to measure the vapor−

liquid equilibrium for the pseudoternary mixture of methyl-
cyclohexane (1) + toluene (2) + GVL (3) with the entrainer-
to-feed ratio (E/F) = 1 at pressures of 50, 80, and 100 kPa,
respectively. The E/F describes the mass-based ratio of the
entrainer added to the binary mixture, which is expressed as
the mass of the entrainer divided by the mass of the binary
mixture. The experimental VLE data for the pseudoternary
mixture are provided in Table 4, where x1′ and y1′ represent
the mole fractions of methylcyclohexane in the liquid and

Table 2. VLE Data for Methylcyclohexane (1) + Toluene
(2) at 101.3 kPaa,b

T/K x1 y1 γ1 γ2 α12

383.87 0.000 0.000 1.000
382.50 0.046 0.078 1.344 1.004 1.76
381.50 0.095 0.146 1.243 1.009 1.62
379.87 0.188 0.273 1.230 1.003 1.62
378.43 0.297 0.386 1.145 1.021 1.49
377.45 0.396 0.476 1.088 1.044 1.39
376.42 0.498 0.571 1.066 1.063 1.34
375.60 0.595 0.655 1.049 1.083 1.29
375.03 0.705 0.743 1.021 1.125 1.21
374.62 0.800 0.823 1.007 1.160 1.16
374.16 0.906 0.915 1.002 1.199 1.12
373.92 1.000 1.000 1.000

aT is the equilibrium temperature; x1 is a liquid-phase mole fraction
of methylcyclohexane; y1 is a vapor-phase mole fraction of
methylcyclohexane; γ1 is the activity coefficient of methylcyclohexane;
γ2 is the activity coefficient of toluene; and α12 is the relative volatility
of methylcyclohexane to toluene. bExpanded combined uncertainties
U with k = 2 are U(T) = 0.2 K, U(P) = 0.20 kPa, and U(x1) = U(y1) =
0.006.
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vapor phases on an entrainer-free basis, respectively. x1, x2, and
x3 denote the mole fractions of methylcyclohexane, toluene,
and GVL in the liquid phase, respectively. y1, y2, and y3 indicate
the mole fractions of methylcyclohexane, toluene, and GVL in
the vapor phase, respectively. Moreover, the VLE data of the
pseudoternary mixture containing GVL with E/F = 2 and E/F
= 3 at a pressure of 100 kPa were investigated, with the results
listed in Table 5.

We also investigated the VLE for the pseudoternary mixture
of methylcyclohexane (1) + toluene (2) containing NMP (3)
with E/F = 1 at a pressure of 100 kPa as a benchmark
entrainer. The VLE data are provided as a pseudoternary
mixture in Table 6. The VLE measurements for pseudoternary
systems were performed at 100 kPa rather than 101.3 kPa due
to the ambient pressure in our laboratory varying between 100
and 101.3 kPa. Therefore, the pressure of 100 kPa was
selected, as it allows more accurate control of the pressure
within the setup. In both pseudoternary mixtures, one liquid
phase is observed throughout the entire composition range of
methylcyclohexane at all investigated E/Fs and temperature
ranges.
The nonideality of the substance in the liquid phase for the

pseudoternary mixture, as indicated by the activity coefficient
of the component i (γi), was determined using eq 1 with
consideration of the ideal gas applied in the system since the
VLE data were measured at the atmospheric and vacuum
pressures. For the pseudoternary mixture, the relative volatility
of methylcyclohexane to toluene (α12) was determined by eq 3.

=
y x

y x

/

/12
1 1

2 2 (3)

where x1′ and x2′ denote the liquid-phase mole fractions of
methylcyclohexane and toluene on an entrainer-free basis,
respectively. y1′ and y2′ represent the vapor-phase mole
fractions of methylcyclohexane and toluene on an entrainer-
free basis, respectively.
As observed in Figure 3, reducing the pressure in the VLE

significantly reduces the equilibrium temperature since the
reduced pressure will decrease the boiling point of each
compound.
Figure 4 indicates that increasing the amount of GVL with

the E/F ratio at 2 and 3, while maintaining the pressure
constant at 100 kPa, leads to an increase in the equilibrium
temperature. The addition of a higher amount of GVL to the
mixture results in a higher equilibrium temperature. GVL
exhibits a higher affinity for toluene, resulting in reduced
vaporization of toluene. As a result, a higher temperature is
required to achieve vaporization for equilibrium, thereby
raising the overall equilibrium temperature.
Figures 5 and 6 are used to visually demonstrate the

influence of GVL on the separation of the mixture by
presenting x′−y′ diagrams. The presence of GVL induces a
significant rise in the relative volatility of methylcyclohexane to
toluene compared to that of the mixture without GVL. Thus,
the close-boiling behavior in the methylcyclohexane−toluene
mixture was successfully eliminated.
The introduction of GVL into the mixture resulted in a

change in the nonideality behavior of the mixture. It is
confirmed by the increase in the activity coefficients of
methylcyclohexane (γ1) and toluene (γ2), as listed in Tables 4
and 5, compared to the activity coefficients in the binary
mixture depicted in Table 2. The increase in relative volatility

Table 3. Parameters of the Extended Antoine Equationa,b

compound A1 A2 A3 A4 A5 106A6 A7 A8 A9

methylcyclohexane 85.776 −7080.8 0 0 −10.695 8.14 2.0 146.58 572.1
toluene 70.037 −6729.8 0 0 −8.179 5.30 2.0 178.18 591.8

aTaken from the Aspen Plus physical property databank; A1, A2, A3, A4, A5, A6, A7, A8, and A9 are Extended Antoine constants. bExtended Antoine
equation: ln (Ps) = A1 + A2/(T + A3) + A4T + A5 ln T + A6TA7 for A8 < T < A9, where Ps is in kPa and T in K.

Figure 1. T−xy diagram for methylcyclohexane (1) + toluene (2) at
101.3 kPa: (black filled square), liquid-phase and (black unfilled
square), vapor-phase from this work; (pink sphere), liquid-phase and
(pink circle), vapor-phase from literature;42 (purple filled triangle),
liquid-phase; (purple unfilled triangle), vapor-phase from the
literature,29 and (__), correlated by NRTL.

Figure 2. T−xy diagram for methylcyclohexane (1) + toluene (2) at
53.3 and 101.3 kPa: (green sphere), liquid-phase and (green circle),
vapor-phase at 53.3 kPa from literature,45 (black filled square), liquid-
phase and (black unfilled square), vapor-phase at 101.3 kPa from this
work; (__), correlated by NRTL; and (---), UNIQUAC.
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can be attributed to the stronger molecular interaction
between GVL and toluene, as opposed to the GVL and
methylcyclohexane interaction. This is mainly because GVL is
a polar entrainer, while toluene is comparatively less nonpolar
than methylcyclohexane. Consequently, GVL is expected to
have more affinity toward toluene compared to methylcyclo-
hexane. Accordingly, the interaction between methylcyclohex-
ane and toluene can be minimized.
The results in Tables 4 and 5 show that the presence of GVL

in the mixture provides lower activity coefficients for toluene
(γ2) compared to those of methylcyclohexane (γ1). This
implies that GVL has a stronger interaction with toluene than
with methylcyclohexane. As a result, methylcyclohexane has a
higher vaporization efficiency, making it easier to separate from
the mixture. An investigation was conducted to examine the
impact of pressure on relative volatility. Figure 5 illustrates that
reducing the pressure from 100 to 80 and 50 kPa leads to an

increase in relative volatility. The reduction in pressure will
amplify the nonideality of the mixture, thus leading to an
increase in relative volatility. Nevertheless, the rise in relative
volatility is merely modest. It can be observed that interactions
between GVL and toluene do not significantly increase when
the pressure is dropped to 80 and 50 kPa. This study also
investigated the effect of the amount of GVL on the relative
volatility, as depicted in Figure 6. Similarly to the pressure
effect, increasing the E/F ratio to 2 and 3 has a slight effect on
enhancing the relative volatility. This indicates that increasing
the amount of GVL in E/F ratios 2 and 3 did not result in a
significant increase in the interaction between GVL and
toluene compared to that observed in E/F = 1.
Introducing NMP to the methylcyclohexane-toluene mixture

with E/F = 1 at a pressure of 100 kPa induces an increase in
the equilibrium temperature compared to that of the binary
mixture, as shown in Figure 7.

Table 4. VLE Data for Methylcyclohexane (1) + Toluene (2) + Gamma-valerolactone (3) with E/F = 1 (Mass Basis) and
Pressures at 50, 80, and 100 kPaa,b

T/K x1′ x1 x2 x3 y1′ y1 y2 y3 γ1 γ2 α12

50 kPa
372.75 0.000 0.000 0.523 0.477 0.000 0.000 0.994 0.006 1.299
368.43 0.080 0.041 0.477 0.482 0.233 0.232 0.763 0.005 3.262 1.250 3.50
365.26 0.184 0.098 0.434 0.468 0.404 0.402 0.595 0.003 2.598 1.182 3.00
362.38 0.283 0.147 0.374 0.479 0.534 0.530 0.463 0.007 2.491 1.172 2.91
359.90 0.377 0.194 0.320 0.486 0.647 0.643 0.350 0.007 2.467 1.126 3.03
358.07 0.474 0.241 0.267 0.492 0.746 0.742 0.252 0.006 2.425 1.034 3.26
356.84 0.586 0.306 0.216 0.478 0.804 0.799 0.194 0.007 2.138 1.027 2.90
355.79 0.687 0.348 0.158 0.494 0.862 0.856 0.137 0.007 2.082 1.023 2.83
354.83 0.801 0.416 0.104 0.480 0.915 0.909 0.084 0.007 1.907 0.988 2.68
354.14 0.897 0.443 0.050 0.507 0.964 0.962 0.036 0.002 1.936 0.895 3.06
353.84 1.000 0.508 0.000 0.492 1.000 0.998 0.000 0.002 1.771

80 kPa
388.60 0.000 0.000 0.519 0.481 0.000 0.000 0.989 0.011 1.318
384.56 0.082 0.043 0.475 0.482 0.215 0.213 0.777 0.010 2.922 1.266 3.05
381.29 0.181 0.095 0.433 0.472 0.384 0.383 0.607 0.010 2.596 1.192 2.82
378.71 0.281 0.146 0.373 0.481 0.512 0.506 0.482 0.012 2.392 1.185 2.68
376.52 0.367 0.183 0.316 0.501 0.619 0.612 0.376 0.012 2.451 1.163 2.80
374.08 0.475 0.240 0.265 0.495 0.713 0.706 0.283 0.011 2.308 1.126 2.75
372.07 0.576 0.292 0.214 0.494 0.784 0.777 0.214 0.009 2.212 1.114 2.67
370.73 0.673 0.339 0.164 0.497 0.848 0.838 0.151 0.011 2.135 1.069 2.70
369.29 0.783 0.397 0.110 0.493 0.909 0.900 0.091 0.009 2.041 1.002 2.76
368.53 0.897 0.444 0.051 0.505 0.960 0.948 0.040 0.012 1.965 0.966 2.74
367.71 1.000 0.501 0.000 0.499 1.000 0.988 0.000 0.012 1.856

100 kPa
396.48 0.000 0.000 0.521 0.479 0.000 0.000 0.983 0.017 1.318
392.70 0.082 0.042 0.470 0.488 0.205 0.202 0.783 0.015 2.878 1.287 2.88
389.67 0.180 0.095 0.431 0.474 0.374 0.369 0.617 0.014 2.496 1.202 2.72
387.03 0.275 0.142 0.374 0.484 0.497 0.491 0.496 0.013 2.390 1.198 2.60
384.45 0.383 0.199 0.321 0.480 0.610 0.603 0.386 0.011 2.242 1.166 2.52
382.24 0.468 0.230 0.262 0.508 0.701 0.691 0.295 0.014 2.357 1.164 2.66
380.75 0.581 0.295 0.213 0.492 0.772 0.761 0.225 0.014 2.107 1.137 2.44
379.72 0.666 0.334 0.167 0.499 0.842 0.830 0.156 0.014 2.086 1.038 2.67
378.43 0.790 0.388 0.103 0.509 0.902 0.889 0.096 0.015 1.993 1.082 2.45
377.63 0.893 0.452 0.054 0.494 0.956 0.943 0.044 0.013 1.854 0.963 2.57
377.27 1.000 0.503 0.000 0.497 1.000 0.985 0.000 0.015 1.758

aT is the equilibrium temperature; x1′ is a liquid-phase mole fraction of methylcyclohexane on a GVL-free basis; x1, x2, and x3 are liquid-phase mole
fractions of methylcyclohexane, toluene, and GVL, respectively; y1′ is a vapor-phase mole fraction of methylcyclohexane on a GVL-free basis; y1, y2,
and y3 are vapor-phase mole fractions of methylcyclohexane, toluene, and GVL, respectively; γ1 is the activity coefficient of methylcyclohexane; γ2 is
the activity coefficient of toluene; and α12 is the relative volatility of methylcyclohexane to toluene. bExpanded combined uncertainties U with k = 2
are U(T) = 0.4 K, U(P) = 0.23 kPa, and U(x1) = U(y1) = 0.006.
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The interaction between NMP and toluene decreases the
toluene vaporization. Consequently, an increased temperature
must be attained to reach equilibrium, thus elevating the entire

equilibrium temperature. Figure 8 demonstrates that NMP
effectively enhanced the relative volatility of methylcyclohex-

Table 5. VLE Data for Methylcyclohexane (1) + Toluene (2) + Gamma-valerolactone (3) with E/F = 2 and 3 (Mass Basis) and
Pressure at 100 kPaa,b

T/K x1′ x1 x2 x3 y1′ y1 y2 y3 γ1 γ2 α12

E/F = 2
405.28 0.000 0.000 0.346 0.654 0.000 0.000 0.970 0.030 1.560
399.63 0.078 0.027 0.323 0.650 0.204 0.198 0.774 0.028 3.701 1.540 3.01
396.20 0.152 0.053 0.296 0.651 0.329 0.319 0.649 0.032 3.301 1.543 2.75
392.31 0.268 0.094 0.258 0.648 0.518 0.508 0.472 0.020 3.268 1.426 2.95
389.01 0.370 0.129 0.219 0.652 0.657 0.643 0.336 0.021 3.277 1.311 3.26
386.78 0.455 0.155 0.185 0.660 0.718 0.702 0.276 0.022 3.152 1.356 3.04
384.48 0.567 0.190 0.145 0.665 0.799 0.785 0.197 0.018 3.054 1.318 3.03
382.62 0.677 0.228 0.109 0.663 0.867 0.852 0.131 0.017 2.902 1.229 3.11
381.33 0.769 0.257 0.077 0.666 0.918 0.901 0.081 0.018 2.819 1.112 3.34
379.77 0.890 0.296 0.036 0.668 0.967 0.953 0.032 0.015 2.700 0.992 3.62
378.84 1.000 0.340 0.000 0.660 1.000 0.986 0.000 0.014 2.493

E/F = 3
417.51 0.000 0.000 0.270 0.730 0.000 0.000 0.949 0.051 1.453
414.94 0.063 0.017 0.250 0.733 0.149 0.142 0.808 0.050 2.935 1.422 2.61
412.08 0.108 0.030 0.248 0.722 0.301 0.288 0.670 0.042 3.634 1.272 3.54
408.02 0.237 0.064 0.207 0.729 0.446 0.428 0.531 0.041 2.771 1.334 2.60
403.72 0.330 0.086 0.176 0.738 0.565 0.548 0.421 0.031 2.919 1.386 2.65
400.48 0.436 0.114 0.147 0.739 0.670 0.653 0.322 0.025 2.832 1.378 2.62
395.46 0.567 0.146 0.111 0.743 0.814 0.794 0.181 0.025 3.041 1.168 3.35
391.68 0.671 0.171 0.084 0.745 0.872 0.860 0.125 0.015 3.087 1.182 3.35
388.62 0.779 0.200 0.057 0.743 0.924 0.906 0.074 0.020 3.006 1.120 3.45
385.51 0.893 0.222 0.027 0.751 0.973 0.955 0.026 0.019 3.094 0.922 4.38
384.58 1.000 0.254 0.000 0.746 1.000 0.981 0.000 0.019 2.849

aT is the equilibrium temperature; x1′ is a liquid-phase mole fraction of methylcyclohexane on a GVL-free basis; x1, x2, and x3 are liquid-phase mole
fractions of methylcyclohexane, toluene, and GVL, respectively; y1′ is a vapor-phase mole fraction of methylcyclohexane on a GVL-free basis; y1, y2,
and y3 are vapor-phase mole fractions of methylcyclohexane, toluene, and GVL, respectively; γ1 is the activity coefficient of methylcyclohexane; γ2 is
the activity coefficient of toluene; α12 is the relative volatility of methylcyclohexane to toluene. bExpanded combined uncertainties U with k = 2 are
U(T) = 0.4 K, U(P) = 0.23 kPa, and U(x1) = U(y1) = 0.006.

Table 6. VLE Data for Methylcyclohexane (1) + Toluene (2) + 1-Methylpyrrolidin-2-one (3) with E/F = 1 (Mass Basis) and
Pressure at 100 kPaa,b

T/K x1′ x1 x2 x3 y1′ y1 y2 y3 γ1 γ2 α12

399.15 0.000 0.000 0.513 0.487 0.000 0.000 0.986 0.014 1.251
395.29 0.091 0.050 0.487 0.463 0.216 0.213 0.773 0.014 2.418 1.142 2.74
393.85 0.133 0.070 0.452 0.478 0.297 0.294 0.695 0.011 2.438 1.152 2.75
392.62 0.179 0.096 0.438 0.466 0.377 0.373 0.616 0.011 2.323 1.089 2.78
391.02 0.232 0.124 0.407 0.469 0.447 0.439 0.543 0.018 2.205 1.079 2.67
389.79 0.280 0.148 0.376 0.476 0.510 0.507 0.486 0.007 2.205 1.083 2.68
388.43 0.329 0.175 0.353 0.472 0.561 0.555 0.435 0.010 2.111 1.070 2.60
387.30 0.372 0.193 0.322 0.485 0.617 0.611 0.380 0.009 2.169 1.058 2.71
386.36 0.421 0.219 0.296 0.485 0.656 0.648 0.340 0.012 2.084 1.056 2.62
385.43 0.482 0.251 0.265 0.484 0.707 0.700 0.290 0.010 2.012 1.032 2.60
384.52 0.527 0.272 0.240 0.488 0.742 0.735 0.255 0.010 1.994 1.030 2.59
383.83 0.588 0.311 0.214 0.475 0.781 0.776 0.217 0.007 1.873 1.005 2.50
383.23 0.629 0.323 0.185 0.492 0.812 0.798 0.189 0.013 1.889 1.024 2.55
382.34 0.692 0.360 0.156 0.484 0.851 0.836 0.146 0.018 1.817 0.967 2.56
381.33 0.793 0.414 0.103 0.483 0.904 0.892 0.094 0.014 1.732 0.964 2.47
380.48 0.893 0.465 0.051 0.484 0.954 0.940 0.045 0.015 1.664 0.956 2.51
379.52 1.000 0.506 0.000 0.494 1.000 0.986 0.000 0.014 1.646

aT is the equilibrium temperature; x1′ is a liquid-phase mole fraction of methylcyclohexane on an NMP-free basis; x1, x2, and x3 are liquid-phase
mole fractions of methylcyclohexane, toluene, and NMP, respectively; y1′ is a vapor-phase mole fraction of methylcyclohexane on a NMP-free basis;
y1, y2, and y3 are vapor-phase mole fractions of methylcyclohexane, toluene, and NMP, respectively; γ1 is the activity coefficient of
methylcyclohexane; γ2 is the activity coefficient of toluene; and α12 is the relative volatility of methylcyclohexane to toluene. bExpanded combined
uncertainties U with k = 2 are U(T) = 0.4 K, U(P) = 0.23 kPa, and U(x1) = U(y1) = 0.006.
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ane to toluene, resulting in the elimination of close-boiling
behavior.
This can be described as NMP acting as a polar entrainer

that exhibits more interaction with toluene than with
methylcyclohexane. According to Table 6, the presence of
NMP in the mixture induces this nonideal behavior, which is
confirmed by the increased activity coefficients for both
methylcyclohexane (γ1) and toluene (γ2) compared to the
activity coefficients in their binary mixture, which are

presented in Table 2. The addition of NMP to the mixture
produces lower activity coefficients of toluene (γ2) than
methylcyclohexane (γ1), indicating that NMP has more
interaction with toluene than with methylcyclohexane. As a
result, the interaction between toluene and methylcyclohexane
decreases, leading to a more facile vaporization of methyl-
cyclohexane. This implies that easier separation of methyl-
cyclohexane from toluene will be attained. The binary end
points of our works were compared with the data from the
literature, as presented in Figures S4−S7 of the Supporting
Information. Overall, the experimental data from our study
align well with the literature values.46−50 For the toluene (1) +
gamma-valerolactone (2), Figure S4 indicates that the
experimental data from this work are in good agreement

Figure 3. T−x′y′ diagram for methylcyclohexane (1) + toluene (2) +
gamma-valerolactone (3) with E/F = 1: (black filled square), x1′ and
(□), y1′ experimental at 100 kPa; (red filled diamond), x1 and (red
unfilled diamod), y1 experimental at 101.3 kPa (no entrainer); (blue
filled triangle), x1′ and (blue unfilled triangle), y1′ experimental at 80
kPa; (green sphere), x1′ and (green circle), y1′ experimental at 50 kPa;
(__), correlated by NRTL; and (---), UNIQUAC: black, blue, and
green line for the pressure of 100, 80, and 50 kPa, respectively; and
correlated by (-··), NRTL; and (··), UNIQUAC for no entrainer.

Figure 4. T−x′y′ diagram for methylcyclohexane (1) + toluene (2) +
gamma-valerolactone (3) at 100 kPa with E/F = 1: (black filled
square), x1′ and (unfilled square), y1′ experimental; E/F = 2: (purple
filled star), x1′ and (purple unfilled star), y1′ experimental; E/F = 3:
(orangle sphere), x1′ and (orangle circles), y1′ experimental; (__),
correlated by NRTL; and (- - -), UNIQUAC: black, purple, and
orange line for E/F = 1, 2, and 3, respectively.

Figure 5. x′−y′ diagram for methylcyclohexane (1) + toluene (2) +
gamma-valerolactone (3) with E/F = 1: (square), experimental at 100
kPa; (triangle), 80 kPa; (circle), 50 kPa; (diamond), no entrainer at
101.3 kPa; (__), correlated by NRTL at 100 kPa; (---), 80 kPa; and
(··), 50 kPa; and (-·-), correlated by NRTL for no entrainer.

Figure 6. x′−y′ diagram for methylcyclohexane (1) + toluene (2) +
gamma-valerolactone (3) at 100 kPa: E/F = 1: (square); E/F = 2:
(star); E/F = 3: (circle); (diamond), no entrainer at 101.3 kPa;
correlated by NRTL for E/F = 1: (__); E/F = 2: (- - -); E/F = 3: (··);
and (-·-), correlated by NRTL for no entrainer.
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with the literature values.46 At a pressure of 100 kPa, the vapor
phase composition of toluene is slightly higher than the values
reported in the literature.46 In the case of the toluene (1) + 1-
methylpyrrolidin-2-one (2) mixture, the VLE data from this
work align closely with the VLE data from Zaretskii et al.48 and
show a slightly higher vapor phase composition of toluene
compared to the data from Gupta and Rawat,47 as illustrated in
Figure S5. For the 1-methylpyrrolidin-2-one (1) + toluene (2)
and 1-methylpyrrolidin-2-one (1) + methylcyclohexane (2)
mixtures, the phase boundary pressures observed in this study
are consistent with the trend outlined in the literature.49,50

This is further supported by the phase boundary pressure
profile, as illustrated in Figures S6 and S7, predicted by the
UNIQUAC-Hayden O’Connell (HOC) model from Aspen
Plus since the experimental data for the investigated temper-
ature are unavailable in the existing literature.

In addition, the relative volatility performance of GVL was
compared to those of NMP and sulfolane, which acted as
benchmark entrainers. The comparison was performed at a
mole fraction of methylcyclohexane of 0.5, an E/F of 1, and a
pressure of 100 kPa. The relative volatility of the mixture with
no entrainer and with the addition of GVL and NMP
entrainers, respectively, was obtained from this work. While the
relative volatility with the addition of sulfolane entrainer was
taken from the literature.19 As illustrated in Figure 9, the GVL

outperforms both benchmark entrainers in terms of relative
volatility performance. Thus, GVL shows great potential and
serves as an effective biobased entrainer to substitute NMP or
sulfolane in the separation of methylcyclohexane from toluene.
3.2. Thermodynamic Consistency Tests. The reliability

of the VLE data for both binary and pseudoternary mixtures
was tested using the Van Ness,35 which is based on the Gibbs−
Duhem equation. The Van Ness test is expressed in eqs 4 and
5.
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where np is the number of experimental data points, P stands
for pressure, y denotes a vapor-phase mole fraction, and the
superscripts cal and exp represent the calculated values from
the model and the experimental value, respectively. The
calculated value for this test was obtained from the NRTL
correlation. The experimental data point is considered to meet
the Van Ness test criteria and is therefore considered
consistent if the values are ΔP < 1 and Δy < 1. According
to Table 7, the VLE data for the investigated binary and
pseudoternary mixtures have the values of ΔP and Δy less than

Figure 7. T−x′y′ diagram for methylcyclohexane (1) + toluene (2) +
1-methylpyrrolidin-2-one (3) at 100 kPa and E/F = 1: (square), x1′;
(□), y1′ experimental; (diamond), x1 and (◊), y1 experimental at
101.3 kPa (no entrainer); (__), correlated by NRTL; and (---),
UNIQUAC.

Figure 8. x′−y′ diagram for methylcyclohexane (1) + toluene (2) + 1-
methylpyrrolidin-2-one (3) at 100 kPa: (square), E/F = 1;
(diamond), no entrainer at 101.3 kPa; (__), correlated by NRTL.

Figure 9. Relative volatility of methylcyclohexane (1) + toluene (2)
(α12) with no entrainer, and with entrainers of sulfolane and 1-
methylpyrrolidin-2-one as benchmark entrainers, and gamma-
valerolactone as a biobased entrainer at x1′ = 0.5, E/F = 1, and a
pressure of 100 kPa. The experiment was conducted in duplo, and the
deviation of the relative volatility was 0.02. The relative volatility data
for sulfolane was taken from the literature.19

Journal of Chemical & Engineering Data pubs.acs.org/jced Article

https://doi.org/10.1021/acs.jced.4c00509
J. Chem. Eng. Data 2025, 70, 1339−1351

1346

https://pubs.acs.org/doi/suppl/10.1021/acs.jced.4c00509/suppl_file/je4c00509_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jced.4c00509/suppl_file/je4c00509_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jced.4c00509?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.4c00509?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.4c00509?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.4c00509?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.4c00509?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.4c00509?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.4c00509?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.4c00509?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.4c00509?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.4c00509?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.4c00509?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.4c00509?fig=fig9&ref=pdf
pubs.acs.org/jced?ref=pdf
https://doi.org/10.1021/acs.jced.4c00509?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


1. Moreover, the residual distribution of ln(γ1/γ2) should
behave randomly to satisfy the Van Ness test. The residual
distribution of ln(γ1/γ2) for each mixture, as shown in Figures
S8−S10 in the Supporting Information, confirms their random
distribution. The results indicate that the VLE data from our
work are thermodynamically consistent.
The VLE data was also tested according to the criterion

from Fredenslund36 which compared the experimental and
calculated values of vapor-phase mole fraction, as provided in
eq 6.
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Based on Fredenslund’s criterion, the VLE data are
considered consistent if the average absolute value of the
vapor-phase mole fraction between the experimental and
calculated values is less than 0.01. For the binary mixture of
methylcyclohexane (1) + toluene (2) at 101.3 kPa, the
Legendre polynomial equation in Fredenslund’s test was used
to calculate the excess Gibbs energy, as shown in eqs 7 and 8.
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The method uses the objective function (OF) as depicted in
eq 9.
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where the number of the data is signified by N; the calculated
and experimental values for the pressure are represented as Pcal
and Pexp, respectively. The obtained excess Gibbs energy allows
for the calculation of the activity coefficient and the vapor-
phase mole fraction. For the pseudoternary mixtures, the
calculated value of the vapor-phase mole fraction was obtained
from the NRTL correlation. The NRTL model incorporates
temperature-dependent binary interaction parameters that
provide a more accurate description for the VLE data
containing an entrainer, wherein the liquid mixture exhibits
nonideal behavior. Conversely, the Legendre polynomial
equation and its parameters are mathematical approximations
that do not explicitly consider the interaction among the
components in a complex mixture. This prevents the equation
from accurately describing the pseudoternary mixture that
exhibits nonideal behavior. Thus, in the pseudoternary

mixtures, the NRTL model is selected as it can more precisely
represent the excess Gibbs energy to predict the vapor-phase
mole fraction compared to the Legendre polynomial equation.
As suggested by Wisniak,51 the criterion from Fredenslund
should be complemented by a residual distribution analysis
between the experimental and calculated values of vapor-phase
mole fraction or other variables, such as pressure, which should
be random and close to the value of zero.51−53 The use of
Fredenslund’s criterion utilizing the calculated values of vapor-
phase mole fraction obtained from the activity coefficient
model, such as NRTL, complemented by residual distribution
analysis as a thermodynamic consistency test, has been
implemented in the existing literature.52−54 In this work, the
criterion from Fredenslund along with additional criteria
proposed by Wisniak,51 was employed to evaluate the
reliability of the VLE data for the pseudoternary mixtures.
These criteria provide an adequate framework for examining
thermodynamic consistency. Table 7 shows that the exper-
imental VLE data of the investigated mixtures passed the
thermodynamic consistency test since the average absolute
deviation of the vapor-phase mole fraction is less than 0.01.
Figures S11−S13 in the Supporting Information, respectively,
present the residual plots of vapor-phase mole fractions for the
binary mixture and the pseudoternary mixtures. It indicates
that the values are less than 0.01 in all composition ranges.
Moreover, the residual distribution and the average absolute

deviation of the calculated and measured pressure are random
and close to zero, respectively. The graphical representation of
the pressure residual distribution can be seen in Figures S14−
S16 in the Supporting Information. These results indicate that
the experimental value of the VLE data for the investigated
mixtures is reliable.
3.3. Correlation for the VLE Data. Two thermodynamic

models, namely, NRTL and UNIQUAC, were chosen to
correlate the VLE data. These thermodynamic models often
provide a good agreement with the experimental data, making
them favored choices among researchers for correlating the
VLE data containing entrainers.55−61 The NRTL formula is
provided in eq 10 as follows:
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where γi and nc is the activity coefficient of component i and
the number of components, respectively. The parameters in
the NRTL model are formulated in eq 11 as follows:

Table 7. Results of Thermodynamic Consistency Testsa,b

Van Ness Fredenslund

mixture Δy ΔP AAD y AAD P (kPa) results

methylcyclohexane (1) + toluene (2) 0.3 0.6 0.003 0.56 consistent
methylcyclohexane (1) + toluene (2) + GVL (3) 0.6 0.9 0.006 0.92 consistent
methylcyclohexane (1) + toluene (2) + NMP (3) 0.3 0.2 0.003 0.23 consistent
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where Cij represents the nonrandomness constant in the binary
component interaction of ij.
For the UNIQUAC model, the formula is expressed in eq

12.
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where θi and Φi indicate the average of area and volume
fractions of component i, respectively; ri and qi correspond to
the parameters of volume and surface area of component i,
respectively; and z denotes the number of lattice coordination.
The parameters ri and qi are retrieved from the Aspen Plus
physical property databank and provided in Table 8. The
parameters in the UNIQUAC model are expressed in eq 13.
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The binary interaction parameters (BIPs) for the methyl-
cyclohexane-toluene pair were determined from the regression
of the VLE data for the binary mixture of methylcyclohexane
and toluene at two different pressures: 101.3 kPa (this work)
and 53.3 kPa (literature45). These BIPs are subsequently
employed in the regression of pseudoternary mixtures of
methylcyclohexane and toluene with the addition of GVL and
NMP, respectively, in which the VLE data for methylcyclohex-
ane (1) + toluene (2) + GVL (3) was measured from 50 to
100 kPa. Thus, the regression was performed on the binary
mixture under both normal and low pressures in order to
encompass the temperature range within the investigated
pseudoternary mixture of methylcyclohexane (1) + toluene (2)
+ GVL (3). In the NRTL model, the nonrandomness
parameter (Cij) for the binary and pseudoternary mixtures
regression were assigned a value of 0.3. The algorithm with the
maximum likelihood concept proposed by Britt and Luecke62

was employed to minimize the objective function in order to
determine the BIPs. The objective function (OF) formula is
shown in eq 14.
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where np represents the number of data points and σ defines
the standard deviation of the data. The optimal values of the
BIPs for all pairs in the NRTL and UNIQUAC models are
reported in Table 9.
The average absolute deviation between the experimental

and regression values is provided in Table 10. Both models
give a satisfactory fit to the experimental data for the regression
of the binary mixture of methylcyclohexane (1) + toluene (2),
as illustrated in Figure 2. This is also confirmed by the small
deviation between the experimental and regression results
presented in Table 10.
For the pseudoternary mixture of methylcyclohexane (1) +

toluene (2) + GVL (3), the VLE data with E/F = 1 at the
pressures of 50, 80, and 100 kPa and E/F = 2 and 3 at the
pressure of 100 kPa were correlated together as one regression
in order to achieve more accurate BIPs to represent the
experimental VLE data. The NRTL and UNIQUAC models
provided satisfactory results. However, the NRTL model
performed better than the UNIQUAC model in representing
the experimental VLE data for the regression of the
pseudoternary mixture comprising GVL, as indicated by the
smaller average absolute deviation listed in Table 10.
Moreover, the graphical depiction in Figures 3 and 4 illustrates
that the correlation results obtained from the NRTL model
exhibit a better agreement with the experimental data
compared to the regression results obtained from the
UNIQUAC model. This suggests that the NRTL model
provides a good quantitative correlation in the pseudoternary
mixture of methylcyclohexane and toluene containing GVL.
Hence, the NRTL model can be employed for modeling the
extractive distillation process for the pseudoternary mixture of
methylcyclohexane and toluene with the GVL as an entrainer.
Figures 5 and 6 display the x′−y′ diagram, where only the
regression result from the NRTL model is provided and
compared with the experimental value with a good agreement.
In the regression of pseudoternary mixtures of methyl-

cyclohexane and toluene containing NMP, the NRTL and
UNIQUAC models both yield good regression results. The
NRTL model yields a slightly better accuracy for correlating
the experimental data compared to that of the UNIQUAC
model, as shown by the average absolute deviation listed in
Table 10 and represented in Figure 7. However, the deviation
between the NRTL and UNIQUAC models is not significant.
Therefore, both models are recommended to be applied for
process modeling in extractive distillation. The NRTL
regression results are further deployed to show an x′−y′
diagram between the experimental and regression values for a
mixture of methylcyclohexane and toluene with the addition of
NMP, as illustrated in Figure 8.

Table 8. Parameters of Pure Components for ri and qi in
UNIQUAC Modela,b

component ri qj
methylcyclohexane 4.64 3.55
toluene 3.92 2.97
gamma-valerolactone 3.71 3.04
1-methylpyrrolidin-2-one 3.98 3.20

ari is the volume parameter of component i; qi is the surface area
parameter of component i. bTaken from the Aspen Plus physical
property databank.
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4. CONCLUSIONS
In this work, isobaric VLE data were measured using a Fischer
Labodest VLE602 ebulliometer for the binary mixture of
methylcyclohexane (1) + toluene (2) and the pseudoternary
mixtures of methylcyclohexane (1) + toluene (2) containing
the entrainers of GVL and NMP. All of the experimental VLE
data were thermodynamically consistent, having successfully
passed the Van Ness and Fredenslund tests. Based on the
results, introducing GVL and NMP into the mixture is capable
of eliminating a close-boiling behavior, as revealed by a
significant increase in the relative volatility. With the addition
of GVL, reducing the pressure yields a slight increase in the
relative volatility of methylcyclohexane to toluene. Similar
behavior occurs when the amount of GVL added to the
mixture increases; the relative volatility is also enhanced but
only modestly. According to the relative volatility performance,
GVL outperforms benchmark entrainers such as NMP and
sulfolane, indicating that GVL is a promising and effective
biobased alternative to conventional organic entrainers in the
separation of methylcyclohexane from toluene through
extractive distillation.
The data correlation was implemented to acquire the

optimized binary interaction parameters. The NRTL and

UNIQUAC models were employed to establish correlations
for the VLE data of binary and pseudoternary mixtures. Both
models were able to accurately fit the VLE data of the binary
mixture. For the pseudoternary mixture containing GVL, the
NRTL model demonstrated better agreement with the
experimental values than the UNIQUAC model. In the
pseudoternary mixture involving NMP, the UNIQUAC and
NRTL models both yielded an accurate correlation of the
experimental data.
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methylcyclohexane (1) gamma-valerolactone (2) −1.991 1.183 341.007 −387.553

toluene (1) gamma-valerolactone (2) −1.219 0.318 155.438 −15.592
methylcyclohexane (1) 1-methylpyrrolidin-2-one (2) 8.904 −14.505 −3571.259 5452.163
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cUNIQUAC Model: τij = exp
(Aij + Bij/T)

dThe binary interaction parameters of methylcyclohexane (1)−toluene (2) pair were obtained from the correlation based on the
combination of the binary VLE data measured in this work and literature.45

Table 10. Average Absolute Deviation (AAD) from the
Correlated Results Using NRTL and UNIQUAC Modelsa

AADb

T/K P/kPa x1′ y1
methylcyclohexane (1) + toluene (2)
NRTL 0.02 0.56 0.003 0.003
UNIQUAC 0.03 0.45 0.004 0.004
methylcyclohexane (1) + toluene (2) + gamma-valerolactone (3)
NRTL 0.36 0.92 0.002 0.006
UNIQUAC 0.31 2.13 0.003 0.009
methylcyclohexane (1) + toluene (2) + 1-methylpyrrolidin-2-one (3)
NRTL 0.07 0.23 0.001 0.003
UNIQUAC 0.09 0.31 0.001 0.001

aT is the temperature; P is the pressure; x1′ is a liquid-phase mole
fraction of methylcyclohexane on an entrainer-free basis; y1 is a vapor-
phase mole fraction of methylcyclohexane. bAverage absolute
deviation (AAD) = | |M M M

n
1

exp cal , where n is total of data
points; M denotes for T, P, x1′, and y1, respectively.
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