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a b s t r a c t

Knowledge of solid–liquid equilibria (SLE) and vapor–liquid equilibria (VLE) for mixtures containing deep
eutectic solvents (DESs) is of paramount importance. We have conducted experiments to obtain addi-
tional data for SLE systems and then used the e-NRTL model to predict the VLE behavior in mixtures
of DESs comprised of choline chloride (ChCl), sorbitol (S), and water (W). The systems under investigation
include three 2-component systems (S/W, ChCl/W, ChCl/S), and one 3-component system (DES/W) where
the DES is obtained by mixing ChCl and S at a molar ratio of 1. Using the e-NRTL activity coefficient
model, the adjusted binary interaction parameters of the proposed model are determined solely from
the experimental SLE data obtained from this work and also those in the literature. There is an excellent
agreement between the SLE solubility data and the e-NRTL results. The tuned model is then used to pre-
dict the bubble pressure in three aqueous systems (S/W, ChCl/W, and DES/W) with an overall AARD value
of 2.21%. The excellent agreement between the experimental and predicted VLE data demonstrates the
viability of the proposed thermodynamic modelling framework to represent the equilibrium systems
containing DESs. The outcome from our study can be used to relate the SLE and VLE data without the need
to perform experiments for both cases for the given system of interest. Compared to the VLE experiments,
the SLE tests are much simpler and safer because there is little compressibility and the effect of pressure
on solubility is minimal which makes it possible to conduct SLE tests at room conditions (at least for liq-
uids with negligible non-ideality). Therefore, conducting the high-pressure VLE calculations without the
need to perform VLE experiments and through SLE experimental data alone will be of practical
significance.

� 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Solvents play an indispensable role in green chemistry. To be
considered green, they must satisfy several criteria including,
non-toxicity, biodegradability, recyclability, non-flammability,
availability, and economic viability. To reduce the global consump-
tion of conventional organic solvents that have proven negative
environmental impacts, researchers have proposed different
classes of novel solvents. Among those, ionic liquids (ILs) are being
introduced as a class of green solvents that address some of the
issues experienced with organic solvents [1]. Although compared
to the organic solvents, ILs have fewer detrimental environmental
impacts; their effectiveness is limited by insherent challenges such

as being toxic, poorly biodegradable, and corrosive. Also, they are
viscous and costly [2]. To address these shortcomings, Abbott
et al. [3] introduced deep eutectic solvents (DESs) as another class
of novel green solvents from eutectic mixtures of urea and a
diverse set of quaternary ammonium salts that are liquid at the
ambient temperature. Because DESs feature interesting thermo-
physical properties, they are extensively used in scientific research.
DESs are fluids composed of two to three low-cost and environ-
mentally friendly components. These mixture components can
self-associate (commonly through hydrogen bonding) to form a
mixture whose melting temperature is below the melting temper-
ature of its pure individual components [4]. DESs are typically liq-
uids at a temperature below 373.15 (K). Although DESs share
similar physico-chemical characteristics with ILs, they are signifi-
cantly less expensive and have a much lower dynamic viscosity
[5]. A comprehensive comparison between ILs and DESs and
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critical discussions on their perceived green attributes has been
recently reviewed by Chen and Mu [6]. Similar to the ILs, DESs
are solvents that can be tailored for different applications. The
DES properties can be fine-tuned by designing their components
to include a suitable quaternary ammonium salt (such as choline
chloride) and a suitable hydrogen bond donor (HBD). This material
design flexibility together with the low synthesis cost have made
DESs suitable for diverse scientific and industrial applications. It
is possible to handle large-scale DES production using affordable
and commercialized technology; also, the nontoxicity of the ingre-
dients, and the biodegradability of DESs have made them as an
alternative green medium for chemical reactions [7]. Two compre-
hensive reviews of the diverse applications of DESs are recently
given by Ramón and Guillena [8], and Marcus [9].

When using DESs in the process synthesis pathway, accurate
knowledge of thermodynamic, volumetric and transport properties
are needed. Because DESs are commonly liquids under the prevail-
ing process conditions, understanding the liquid equilibrium data
such as the activity coefficients for the mixture components is of
critical significance. Researchers have obtained thermodynamic
and transport properties of DESs through experiments and thermo-
dynamic models which are reported in numerous publications
[10]. Recently, Zafarani-Moattar et al. [11] have conducted an
isopiestic study on the water-diluted DES mixtures containing cho-
line chloride and glucose (or urea) at 298.15 (K). They investigated
the effect of dilution on existing hydrogen bonding interactions in
these DESs. It was concluded that adding water to these DESs
weakens and even eliminates the hydrogen bonding interactions
when the water content reaches 75% (g/g).

Modeling phase equilibria and thermophysical properties for
different aqueous mixtures of DESs and ILs are studied with differ-
ent approaches including gE models, equations of state (EOS), and
molecular dynamics (MD) simulations. For instance, Aghaie et al.
[12] investigated the effect of water and toluene on the gas solubil-
ity and viscosity of IL systems using PR-EOS with the Wong-
Sandler mixing rule, and PC-SAFT EoS. Recently, a comprehensive
review of the latest developments in estimation of the thermo-
physical properties for diverse sets of DES systems has been given
by González de Castilla et al. [13]. They reviewed 91 studies in the
literature, containing a wide variety of hydrogen bond donors and
acceptors in the DES [13]. Nonetheless, in the phase equilibria
analysis, the link between the VLE and SLE data is missing, and
no attempt has been made to relate these two equilibrium states
for systems containing DESs.

Here, we study solid–liquid (SLE) and vapor–liquid (VLE) equi-
libria, using thermodynamic equilibrium experiments and the e-
NRTL thermodynamic model [14] in systems containing choline
chloride (ChCl), sorbitol (S), and water (W). We study three 2-
component systems, including S/W, ChCl/W, and ChCl/S; and one
3-component system, namely DES/W (where DES is a binary mix-
ture of ChCl and S). In our thermodynamic formulation, the
adjusted parameters of the e-NRTL model are solely optimized
using the SLE experimental data, and the model is then used to pre-
dict the VLE data. Our thermodynamic modelling framework
enables researchers to estimate the VLE properties for DES mix-
tures with hydrogen-bonding and association interactions from
SLE alone, the knowledge of which rely on simpler solid–liquid
experiments.

2. Material and methods

2.1. Materials

All chemicals used in this work were of analytical grade and
used without further purification for which details are given in

Table 1. Choline chloride (ChCl) and sorbitol (S) with mass-basis
purity > 0.99 were purchased from Solarbio and Sigma-Aldrich,
respectively. Double-deionized water (W) was used in the prepara-
tion of all aqueous solutions. Because choline chloride is inherently
a hygroscopic component, its humidity was removed by drying it
in an oven at 373.15 (K) for at least 5 (h). The mass fraction of
the remaining water in the dried choline chloride was < 0.002,
according to the Karl-Fischer test method.

2.2. Experiments and data mining

In this study, the solid–liquid equilibrium (SLE) data and vapor–
liquid equilibrium (VLE) data were studied for mixtures of choline
chloride (ChCl), sorbitol (S), and water (W) in S/W, ChCl/W, ChCl/S,
and DES/W. The DES is obtained by mixing ChCl and S at a molar
ratio of 1:1. As shown in Table 2, some part of the data used in
the modeling is experimentally measured in this study, and the
remaining was gathered from available data in the literature.

Initially, the solubility of S and ChCl in W were determined to
obtain the SLE data for S/W and ChCl/W systems. For these exper-
iments, 20 (mL) of pure W was mixed with an excess amount of
ChCl or S in a falcon tube. The sample was then placed on a shaking
incubator for 24 (h) at desired temperature levels (303.15 (K), to
343.15 (K)) and was then placed over a shaker at 120 (rpm). The
incubator temperature was controlled within ± 0.5 (K). The shaking
was then stopped to allow for the precipitation of undissolved ChCl
(in ChCl/W system) or undissolved S (in S/W system), while tem-
perature was kept at the target setpoint. The incubator shaker
was also used to heat up the entire injection system including a
syringe, a syringe filter, and a watch glass. To measure the solubil-
ity of S or ChCl, we slowly withdrew a clear saturated solution
using a syringe, and consistently from a specific location. The sam-
ple was then passed through the syringe filter with a 0.22 (lm)
pore size and was poured into a watch glass and placed in a con-
vection oven at 373.15 (K) for 8 (h). By weighing the watch glass
sample before and after drying, the mass fraction of the solute in
each binary system was estimated at every temperature level.

To construct the VLE diagram in this study, the bubble pressure
for aqueous solutions of S, ChCl, and DES were measured at differ-
ent levels of concentration and temperature. First, the DES was
prepared by mixing a 1:1 (mol:mol) ratio of dried ChCl and S.
We used an analytical balance with an accuracy of 0.0001 (g).
The mixture was then heated to 373.15 (K) in an oven to obtain
a clear DES liquid. Using a similar methodology, different aqueous
solutions of S, ChCl, and DES were prepared with specific composi-
tions using the analytical scale.

To measure the bubble pressure, 5 (mL) from each aqueous
solution was withdrawn using a 10 (mL) glass syringe. The dis-
solved gas was eliminated from the solution, where we applied
vacuum by pulling the syringe plunger while blocking the tip.
The piston was then pushed to remove the released gases. This pro-
cedure was repeated several times until no more gas was evolved
from the solution. A vacuum pressure transducer (VC-9200,
Lutron) with a precision of 100 (Pa) was then attached to the syr-
inge. While the syringe was completely immersed in an isothermal
water bath, suction was applied to it to identify the bubble point
condition. The suction was continued until pressure remained con-
stant corresponding to the equilibrium state at the system
temperature.

3. Thermodynamic modeling

Accurate thermodynamic models are crucial tools in the design,
development, optimization, and control of chemical processes,
through which costly and time-consuming experiments can be
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reduced or avoidedin the lab. In this study, we present a thermody-
namic framework that partly uses electrolyte non-random two-
liquid (e-NRTL) model whose binary interaction parameters were
fitted to the experimental SLE data. Then, the e-NRTL model was
applied to the VLE framework to predict the experimental bubble
pressure data. Because the thermodynamic model is not tuned
with the VLE experimental data, our proposed methodology
extends the applicability of the e-NRTL model where the model
interaction parameters are only tuned with the SLE data to predict
the VLE data. So, when the SLE experimental data are available, the
proposed modeling framework will reduce the need for VLE exper-
iments to tune the model binary interaction parameters.

3.1. Solid-liquid equilibria (SLE) model

The principles that govern equilibrium between a solid and a
liquid phase are well established. The governing equation describ-
ing the solubility of a solid solute in a solvent is obtainedfrom
equality of the solute fugacity in both phases, as shown in Eq. (1)
[22].

xi ¼ 1

ciexp
Dhfus;i
RTt;i

Tm;i
T � 1

� �� � ð1Þ

where Dhfus;i is the enthalpy of fusion of the solute (J/mol); Tm,i

is the melting point of component i (K); T is the system tempera-
ture in Kelvin (K); R is the universal gas constant (J/mol.K); ci is
the activity coefficient of component i which is calculated using
the e-NRTL activity coefficient model; and xi is the mole fraction
of component i in the liquid. In our SLE system, the component i
= {S, ChCl, W}. The melting point and fusion enthalpy of S were
obtained from the literature to be 369.95 (K) and 39531.54
(J/mol), respectively [23]. The melting temperature of ChCl is
577.2 (K) [24]. The enthalpy of fusion for ChCl was estimated
because of lack of pertinent information in the literature. We also
estimated the binary interaction parameters based on experimen-
tal solubility data.

3.2. Vapor-liquid equilibria (VLE) model

Robust and reliable VLE calculations are required in various
applications in process design and optimization. By equating the
fugacity of water in the liquid and vapor phases, the bubble pres-
sure of the system could be obtained, as shown in Eq. (2) [22]:

yWPuW ¼ xWPsat
W cW ð2Þ

where P, x and y denote the pressure, and the mole fraction of
water in the liquid and vapor phases, respectively; the subscript
W stands for water; Psat

W is the vapor pressure of water; and uW

is the water vapor fugacity coefficient. Because S and ChCl have
very low vapor pressure values, we assume that they are not pre-
sent in the vapor phase; therefore, yW = 1. We used Peng-Robinson
equation of state (PR-EoS) [25] to calculate the fugacity coefficient
of pure water vapor.

3.3. Electrolyte non-random two liquid (e-NRTL) model

The e-NRTL model was first introduced by Chen et al. [26] in
1982 as an unsymmetric activity coefficient model that is suitable
for aqueous electrolyte solutions. In 2009, Song and Chen [14] pro-
posed a symmetric e-NRTL model where the reference states were
pure liquid for the solvent and pure fused salt for the electrolyte. In
this study, the symmetric e-NRTL model is applied to the aqueous
solutions, containing choline chloride as a quaternary ammonium
salt (ChCl/W); this model simplifies to the conventional NRTL
model for the aqueous solution of sorbitol (S/W). The adjustable
binary interaction parameters of the e-NRTL model include the
non-randomness factor (a) and the binary interaction energy
parameters (s). In this study, we considered a = 0.3, and the binary
interaction energy parameters were correlated to temperature as
shown in Eq. (3):

sij ¼
Dgij

RT
¼ Aij þ Bij

RT
ð3Þ

where the adjustable parameters of Aij and Bij are calculated by
using the SLE data in this work.

3.4. Calculation algorithm

The thermodynamic modeling framework proposed in this
study is shown in the flowchart depicted in Fig. 1. Initially, the
SLE data were used to calculate the activity coefficients using Eq.
(1). These activity coefficients are then used to estimate
temperature-dependent binary interaction parameters of the e-
NRTL model as reproduced in Eq. (3), through genetic algorithm
optimization. As the objective function, we use deviation from
experimental values of activity coefficients. After the convergence
criterion is met, these coefficients whose values are solely obtained
from the experimental SLE data are used to predict the bubble
pressure of the DES system using Eq. (2) together with the PR-
EOS to represent the vapor phase. Notice that no iterative calcula-

Table 1
The chemicals used in this study and their respective purity.

Chemical name CAS number Source Initial mass fraction purity Purification method Final mass fraction purity Analysis method

D-sorbitol 99–50-70 Sigma-Aldrich >0.99 None – –
choline chloride 67–48-1 Solarbio >0.99 Drying in oven >0.998 Karl-Fischer

Table 2
SLE and VLE data investigated in this study.

System SLE data VLE data

S/W This work + Literature [15] This work + Literature [16–19]
ChCl/W This work + Literature [19] Literature [20]
ChCl/S Literature [21] �
DES/W

where, DES = ChCl/S (at 1:1 mol:mol)
� This work
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tions are needed at this stage which makes the algorithm’s imple-
mentation straightforward.

4. Results and discussions

Using the mathematical framework discussed in Section 3, and
the SLE experimental data from our work and literature as
discussed in Section 2, we estimate the VLE data for binary- and
ternary-systems, containing water (W), sorbitol (S), and choline
chloride (ChCl). As seen in Table 2, some part of the experimental
data used in the modeling framework have been measured in this

work. Our new experimental results are reported in Table 3 to
Table 5. The solubility data of S in pure water (xS), and the solubil-
ity of ChCl in pure water (xChCl) in the temperature range between
303.15 (K) and 343.15 (K) and at the atmospheric pressure are
reported in Table 3. The results show an increase in the solubility
of S and ChCl in water with an increase in temperature, as
expected. Also, the rate of increase in solubility with temperature
is similar for S and ChCl.

Moreover, the bubble pressure data for the aqueous solutions of
S/W at various temperature levels and S concentrations are
reported in Table 4, and those for DES/W aqueous solutions are
reported in Table 5. These results show a decrease in the bubble
point pressure of the aqueous solutions by increasing the S or
DES concentration in W and at all temperature levels.

Using a 1:1 M ratio of ChCl and S in DES, the molar mass of DES
is 160.89 (kg.kmol�1).

We compile in Fig. 2 the solubility measurements from our
experiments and those previously published in the literature
[15,19]. The solubility results for S/W system are given in Fig. 2
(a) and those for ChCl/W system are shown in Fig. 2(b); both fig-
ures show a good agreement between our results and the literature
data.

As discussed previously, the binary interaction parameters of
the e-NRTL activity coefficient model are determined solely from
the SLE equilibrium data, including S/W, ChCl/W, and ChCl/S sys-
tems. To estimate the binary interaction parameters, the average
absolute relative deviation (AARD) between the activity coeffi-
cients calculated by the e-NRTL model and the activity coefficients
obtained from Eq. (1) utilizing the corresponding experimental
data were minimized using the Genetic Algorithm (GA) optimiza-
tion method. We also estimated the enthalpy of fusion for ChCl
from e-NRTL model, using the experimental SLE data, because it
was not found in the literature. The estimated model parameters
are listed in Table 6, and their corresponding AARD values in esti-
mating the solubilities are reported in Table 7.

The AARD results in Table 7 show that the model is more accu-
rate in estimating the ChCl/W solubility as the AARD is only 1.63%.
The maximum AARD is observed for the solubility of sorbitol in
water (S/W system) at 8.41%. Overall, there is an excellent agree-
ment between the estimated solubility data and those from exper-
iments. In addition, the model results are compared with the
experimental SLE data in Fig. 3 to Fig. 5. Based on the AARD results
reported in Table 7 and the solubility results shown in Figs. 3 to 5,
the e-NRTL thermodynamic model employed in this study can
accurately capture the trends in the SLE data. Also, the proposed
modelling framework is reliable in estimating the eutectic point
in DES mixtures as shown in Fig. 3 and Fig. 5.

4.1. Predicting vapor–liquid equilibria (VLE)

After verifying the reliability of the e-NRTL model and obtaining
the optimal binary parameters based on the experimental SLE data
(see Table 6), the tuned model was employed to predict the VLE
behavior for ChCl/W, S/W, and DES/W systems. We used the e-
NRTL model and the PR-EoS to predict the bubble pressure of aque-
ous solutions of S, ChCl, and the DES at various levels of tempera-
ture and solute concentration.

The AARD values obtained from the thermodynamic model
results in predicting the bubble pressures for these three systems
are listed in Table 8. As can be seen in this table, the overall AARD
of 2.21% verifies the excellent accuracy of the proposed model in
estimating the bubble point pressure of S/W, ChCl/W, and DES/W
systems. Similar to the case of solubility estimation (see Table 7),
the minimum AARD is obtained for estimating the bubble pressure
of S/W system with an AARD value of 1.08%. The maximum AARD
value is observed for estimating the bubble pressure of DES/W at

Fig. 1. A flowchart for the proposed thermodynamic modeling framework adopted
in the current study.

Table 3
The experimental solubility data for sorbitol (S) and choline chloride (ChCl) in pure
water (W) at the atmospheric pressure.

T (K) xS (mol/mol) xChCl (mol/mol)

303.15 0.2240 0.3623
308.15 0.2410 0.3790
318.15 0.2730 0.4135
328.15 0.3040 0.4474
338.15 0.3810 0.4821
343.15 0.4160 0.5015

Uncertainties: u(T) = 0.5 (K) and ur (x) = 0.03.
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4.50%. It is highlighted that in the calculation of the model param-
eters, we did not use the DES/W data. Thus, the low value of the
AARD in the prediction of the bubble pressure of DES/W system
(4.5%) is a good criterion for the predictability of the model.

A comparison between the model results in estimating the VLE
(bubble pressure) and the corresponding experimental data is
illustrated in Fig. 6 to Fig. 8. These results show excellent agree-

Table 4
The experimental bubble pressure (kPa) for aqueous solutions of sorbitol (S/W) at different S concentration and temperature levels.

S concentration
(mol %)

Temperature (K)

303.15 313.15 323.15 333.15 343.15

2.5 4.1 7.2 12.0 19.5 30.4
5 3.9 6.9 11.5 18.8 29.4
10 3.7 6.6 10.8 17.8 27.9
15 3.5 6.0 10.2 16.6 26.1
20 3.3 5.5 9.4 14.8 24.0

Uncertainties: u(T) = 0.5 (K), ur (P) = 0.05 and ur(x) = 0.03.

Table 5
The bubble pressure (kPa) of DES aqueous solutions (DES/W) with a 1:1 M ratio of S:ChCl in the DES.

DES concentration
(mol %)

Temperature (K)

303.15 313.15 323.15 333.15 343.15

0 4.2 7.4 12.4 19.9 31.2
2.5 4.0 6.9 11.6 18.5 29.4
10 3.6 6.4 10.4 16.6 26.2
15 3.4 5.9 9.1 14.8 23.4
20 3.2 5.3 8.2 12.7 21.2

Uncertainties: u(T) = 0.5 (K), ur (P) = 0.05 and ur(x) = 0.03.

Fig. 2. The solubility of sorbitol (S) and choline chloride (ChCl) in water (W) from this study and those in the literature for: (a) S/W [15], and (b) ChCl/W [19] systems.

Table 6
Estimated binary interaction parameters of the e-NRTL model (a = 0.3) and the enthalpy of fusion for ChCl.

Component (i) Component (j) Aij (
J

mol) Bij (
J

mol:K) Aji (
J

mol) Bji (
J

mol:K) Dhfus(
J

mol)

S W �742.56 0.87 �34283.87 98.71 �
ChCl W 2890.38 �22.72 5725.73 �16.77 �
ChCl S 84.67 �12.88 293.08 �7.53 �
ChCl � � � � � 6185

Table 7
The average- and maximum-absolute relative deviations between the model results
and experimental SLE data.

System S/W ChCl/W ChCl/S

AARD (%) 8.41 1.63 5.79
Max ARD (%) 18.72 4.91 7.16
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ments with the experimental bubble pressure data and verify the
reliability of the proposed modeling framework. As seen in these
figures, the model successfully predicts the effect of temperature
and solute concentration on the bubble pressure of the aqueous
solutions of S and ChCl.

A quick glance at the quantitative deviations between the
experimental data and model results in estimating the bubble
points as listed in Table 8, and also in Figs. (6 to 8), demonstrating

the reliability of the proposed thermodynamic framework to esti-
mate the VLE data for mixtures of ChCl, S, and W, based on a model
that is solely tuned with the SLE data. Because in our VLE estima-
tions we do not use the VLE data to tune the model parameters, it is
possible to predict the bubble pressure and rely on the SLE data to
adjust the e-NRTL binary interaction coefficients. Therefore, our
proposed methodology eliminates the need for VLE data, if the
SLE data are available in the literature for the binary- and ternary
systems, containing ChCl, S, and W. Without the need to adjust
parameters for the VLE system, our model performs well over all
the isotherms and the composition ranges investigated. Because
the SLE data are nearly independent of pressure, this approach
can be applied to predict high pressure VLE data through SLE
experiments under moderate operating conditions, which signifi-
cantly simplifies the experimental procedure.

Fig. 3. Comparison between the e-NRTL model solubility results and experimental
SLE data for sorbitol solubility in water (S/W system). (-): Model results, (s):
Experimental data of this study, (h): Literature data [15].

Fig. 4. Comparison between the e-NRTL model solubility results and experimental
SLE data for choline chloride solubility in water (ChCl/W system). (-): Model results,
(s): Experimental data of this study, (h): Literature data [20].

Fig. 5. Comparison between the e-NRTL model solubility results and experimental
SLE data for choline chloride solubility in sorbitol (ChCl/S) system. (-): Model
results, (h): Literature data [21].

Table 8
The average- and maximum-absolute relative deviations observed for the proposed
thermodynamic model in predicting the bubble pressure of different aqueous
systems.

Systems S/W ChCl/W DES/W Overall

AARD (%) 1.08 3.11 4.50 2.21
Max ARD% 5.29 6.79 9.09 –

Fig. 6. Comparison between the thermodynamic model results and experimental
bubble pressure for aqueous sorbitol solutions (S/W system). Lines: model,
Symbols: experiments; s: 303.15 (K) this work, h: 308.15 (K) [16], D: 313.15 (K)
this work, r: 318 (K) [17], }: 323.15 (K) this work, d: 333.15 (K) this work, �: 338
(K) [18], : 343.15 (K) this work, : 348 (K) [18].
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5. Conclusions

Deep eutectic solvents (DESs) are viable alternatives to conven-
tional organic solvents that are more environmentally friendly and
have rightfully attracted attention. Reliable knowledge of the equi-
librium thermodynamic parameters for these novel solvents is cru-
cial for their practical implementation in various processes.
Because a DES can be engineered, there are a large number of mix-
ture formulations possible; hence, developing predictive models to
estimate their equilibrium thermodynamic properties is of great
importance to reduce the number of experiments required. Such
predictive models also reduce the material and energy demands
and improvesustainability. To fulfill these objectives, we investi-
gated the SLE and VLE states for different binary and ternary aque-
ous mixtures of choline chloride (ChCl), sorbitol (S), and water (W)
at different temperature and mixture compositions. We proposed a
thermodynamic model to predict the VLE behavior where the bub-
ble pressure of aqueous solutions of S, ChCl, and DES (with a molar

ratio of 1 for ChCl:S in DES) at various concentration and temper-
ature levels. In this methodology, we did not tune the model
parameters with VLE data but rather used the SLE data for the sol-
ubility of S, ChCl, and DES in W, and the DES eutectic point. Exper-
iments were also conducted to add more experimental solubility
data for the SLE system, facilitating the identification of the eutec-
tic point. In the proposed thermodynamic framework, the e-NRTL
activity model was used to estimate the solubility and to optimize
the model parameters against the SLE experimental data. The
AARDs obtained for estimating the solubility values were in the
range of 1.6% to 8.4% which show an excellent agreement. The
min and max AARD values were observed for the solubility estima-
tions in S/W and ChCl/S systems, respectively. With the binary
interaction parameters being tuned with the SLE data, the model
estimated the bubble pressure and eutectic point in S/W, ChCl/S,
and DES/W systems with a good match (overall AARD = 2.1%).
Among the notable features of the proposed mode is that the
adjusted interaction parameters in the VLE system are entirely
optimized using the SLE data, without utilizing additional parame-
ters that are optimized by employing the VLE data. The strong
agreement between the experimental VLE data, and the model
results verifies the reliability and predictive performance of the
proposed thermodynamic framework using the e-NRTL model.
Because of the small fluid compressibility in the SLE system and
small pressure effects on solubility measurements in the SLE sys-
tem it is possible to conduct the SLE experiments at moderate pres-
sures. Therefore, when high-pressure VLE estimations are desired,
the proposed methodology allows to tune the thermodynamic
model with more easily obtained SLE experimental data.

As a recommendation for follow up studies, we suggest gener-
alizing the modeling framework based on other DES mixtures
and using different solvents other than water. Also, we suggest
assessing the feasibility of the modeling framework to the predict
other VLE responses such as the solubility of gas in the DES liquid
mixture.
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