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Separation of a homogeneous solution into its constituent liquids through sensible heating obviates the
need for vaporization/distillation and the associated latent heat of phase change. Therefore, it could
enable alternative more energy efficient cycles in many applications that involve the separation of mis-
cible liquids. This can be achieved by utilizing Lower and Upper Critical Solution Temperature (LCST/
UCST) driven phase separation. This study identifies the thermodynamic descriptors for predicting
LCST/UCST exhibiting ionic liquid (IL) - water/alcohol (solvent) solutions, and therefore provides a funda-
mental insight into the underlying energetics responsible for temperature and concentration dependent
miscibility of multicomponent solutions. Excess Gibbs energy analysis of 50 solutions revealed that the
solvent (water/alcohol) played a pivotal role in phase separation and exhibited contrasting excess
Gibbs energy contributions in the LCST and UCST regimes. Furthermore, analysis of scaled Gibbs energy
was carried out to elucidate the energetics of phase separation and differentiate between LCST and UCST
thermodynamically. Consequently, we introduce the solvent Reduced Activity Coefficient (RAC) which
was used to successfully predict the phase separation behavior without evaluating the Gibbs energy func-
tion, thus saving significant computation time.

� 2022 Elsevier B.V. All rights reserved.
1. Introduction

Thermally driven separation processes such as distillation,
evaporation, and drying require significant latent and sensible heat
inputs. Hence, these processes account for a substantial share of
the total separation energy consumed in different industrial appli-
cations, of which, the primary component is that of the latent heat
energy required for vaporization [1,2]. Other applications that con-
sume significant latent heat include building dehumidification,
absorption cooling, thermal desalination, etc. [3,4]. Therefore,
development of alternative separation processes driven by sensible
heat could result in significant energy savings [1] and production
of food and materials with less pollution, waste, and adverse cli-
mate impact.

Phase separation through LCST/UCST is a known phenomenon
that constitutes the basis of the principle described above. In the
case of LCST, a homogenous liquid solution undergoes phase sepa-
ration by increasing the solution temperature. For UCST, on the
other hand, a decrease in solution temperature leads to phase sep-
aration. Notably, this type of phase separation results in immisci-
ble liquid phases without vaporization or latent energy
consumption. An example of such a thermoresponsive biphasic
system (IL + water) is depicted in Fig. 1, in which phase separation
is achieved without vaporizing the solvent (water). However, a
fundamental prerequisite needs be fulfilled to implement and
extend this phenomenon to applications of scientific and industrial
significance. That being, the predictive estimation of phase separa-
tion behavior from solute-solvent molecule structures and an elu-
cidation of the associated thermodynamics of the solution.
Determining these factors would foster the molecular engineering
of task specific solute–solvent pairs required for LCST/UCST driven
separation processes.

Reports of LCST/UCST behavior in hydrocarbon mixtures date
back to 1911, and subsequent studies have revealed similar phase
separation behavior for alcohols, polymers, and ionic liquids [5–8].
Recent studies by Fukumoto and Ohno have shown that a select
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Fig. 1. LCST driven liquid–liquid phase separation exhibited by aqueous [P4444]
[TOS] (Tetrabutylphosphonium p-Toluenesulphonate) solution (50% w/w).(a)
homogenous solution at room temeprature (b) cloud phase (c) onset of separation
(d) separation complete at 37 ⁰C.
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few ILs, exhibited LCST behavior with water [9–12]. Heuristics
have been developed to rationalize LCST behavior in aqueous IL
solutions based on an empirical ‘‘hydrophilicity index” (HI), which
represents the number of water molecules per ion pair in the IL-
rich phase upon phase separation [13]. With notable exceptions
to this heuristic [14,15], a quantitative method of assessing HI a
priori remains elusive, and the HI of a given IL-water pair is deter-
mined only after synthesis, formulation, and experimental testing.
Ultimately, this approach limits the efficiency with which ILs are
developed to meet the stringent performance attributes required
to develop industrially useful liquid–liquid separation processes.
Moreover, these heuristics are not applicable to UCST exhibiting
solutions and to solvents other than water, such as alcohols. Simi-
lar studies also rule out the possibility of predicting LCST/UCST
behavior, at large [16].

To address these challenges, three predictive metrics based on
excess Gibbs energy, Gibbs stability criterion and solvent activity
coefficient have been discussed which characterize solution con-
centration and temperature dependent miscibility. The thermody-
namic stability criterion established by the J.Willard Gibbs in his
seminal work has been modified to incorporate temperature
dependence and analytically evaluated in LCST and UCST regimes
[17]. Finally, we have described a simplified solution stability crite-
rion that can predict LCST/UCST behavior based on a single solution
parameter i.e. the reduced activity coefficient (RAC).

The default concentration unit used in this study is the water
mole fraction ðxWÞ. However, all the images/figures also have cor-
responding graphs with water mass fraction ðmWÞ as the concen-
tration unit and error analysis in the Supplementary Information
(Refer SI pp.10). For the tabulated list of 50 IL-water/alcohol pairs
with their respective molecular structures please refer SI pp. 13–
21. Thermodynamic analyses for these IL-water/alcohol pairs have
also been provided in the SI (pp. 25 onwards). For detailed IL syn-
thesis procedure and NMR characterization please refer SI (pp. 84
onwards).
Fig. 2. Structure of the IL [N4444][SCN] (Tetrabutylammonium Thiocyanate) used in
this study.
2. Excess Gibbs energy analysis

The formulation of predictive metrics for phase separation/ho-
mogenization inevitably follows from the Gibbs energy function
of a real solution:

Gsol ¼
X
i

xigi þ RT
X
i

xilnðxiÞ þ RT
X
i

xiln Yið Þ ðiÞ

where xi is the mole fraction of the ith component, gi is the pure
component Gibbs energy,!i is the activity coefficient of the ith com-
2

ponent in the solution. Eq. (i) can be rewritten as Eq. (ii) to give the
Gibbs energy of mixing of the solution:

Gmix ¼ Gsol �
X
i

xigi ¼ RT
X
i

xilnðxiÞ þ RT
X
i

xiln Yið Þ ðiiÞ

Furthermore, (ii) can be rewritten in the non-dimensional form
as [18]:

Gmix=RT ¼ ðGsol �
P
i
xigiÞ=RT ¼ P

i
xilnðxiYiÞ ðiiiÞ

For a homogeneous solution to become unstable, following
condition must be satisfied [18]:

Gmix=RT > 0 ðivÞ
Unmixing or phase separation will be spontaneous for Temper-

ature – Composition (T-x) values which satisfy this condition. From
Eq. (ii) and (iii), it can be noted that the non-dimensional mixing
Gibbs energy function for a real solution is composed of two parts,

the ideal mixing component ðPixilnðxiÞ¼ Gid
mix=RTÞ and the excess

component (
P

ixiln Yið Þ ¼ Gex=RT). As mole fraction ðxiÞ is always

less than unity, Gid
mix=RT is always negative. Thus, mixing is favored

at all compositions and temperatures in an ideal solution. Conse-
quently, the ideal component always contributes toward stabiliz-
ing the homogeneous phase in a real solution. For an ideal binary
solution, A-B composed of pure components A and B, all three
interactions A-A, B-B, and A-B are equally favored at all composi-
tions [19].

The deviation from ideal solution behavior, is accounted for by
the excess component and it is a function of the activity coeffi-
cients of the respective components in the solution. A positive
deviation implies that the pure component interactions (A-A and
B-B) are favored over the dissimilar component interaction (A-B).
This results in destabilization of the homogeneous solution leading
to phase separation [20]. With this understanding, we analyzed
aqueous solution of the IL [N4444][SCN] (Fig. 2), which exhibits both
LCST and UCST behavior [8].

T-x regimes wherein the homogenous solution is unstable can
be clearly observed in Fig. 3(a) and (b). This region represents a
closed loop phase diagram, a typical characteristic of binary solu-
tions exhibiting sequential LCST and UCST, as the solution temper-
ature is increased. Furthermore, the simulation results depicted in
Fig. 3(a) and (b) are in good agreement with the experimental
results [8].

Given the fact that an ideal solution cannot exhibit phase sepa-
ration (Refer SI pp. 2), the positive contribution to total solution
Gibbs energy of mixing (Gmix=RT) and hence the phase separation
behavior emanates entirely from the excess component. Therefore,
to delineate the respective contributions in destabilizing the
homogeneous solution, excess Gibbs energy of water (GexðwÞ=RTÞ
and that of the IL ðGexðILÞ=RTÞ have been plotted in Fig. 3(c) and
(d).

Within the unstable region of the LCST regime, it can be noted
that GexðwÞ=RT and GexðILÞ=RT , both increase with the increase
in temperature. This entails IL-IL and W-W interactions are favored
over IL-W interactions as the temperature is increased, consistent
with LCST driven phase separation. GexðwÞ=RT and GexðILÞ=RT
attain their respective maxima approximately at the same temper-



Fig. 3. Phase diagram and Gibbs energy analysis of aqueous [N4444][SCN] solution. Total solution Gibbs energy of mixing plotted with respect to (a) water mole fraction and
(b) water mass fraction. Excess Gibbs free energy of (c) [N4444][SCN] ionic liquid and (d) water. ‘‘+” and ‘‘-” signs delineate regions exhibiting positive and negative excess/
mixing Gibbs energy.
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ature � 50 �C. Beyond this temperature, as the solution enters
UCST regime, the interaction behavior is reversed, and the respec-
tive excess contributions begin to decrease with the increase in
temperature. As a result, IL-W interactions are favored over IL-IL
and W-W interactions, leading to UCST driven phase homogeniza-
tion. Consequently, overlapping of the respective maxima of the
excess Gibbs energies and the associated positive regions results
in the overall solution instability (Gmix=RT > 0), as discussed
previously.

Furthermore, it can also be noted that the magnitude of
GexðwÞ=RT is greater than GexðILÞ=RT in both the regimes. In fact,
at their respective peak values (both at � 50 �C) within the unsta-
ble region, the magnitude of GexðwÞ=RT is more than twice the
maximum value of GexðILÞ=RT . Consequently, the rate of change
of GexðwÞ=RT with respect to temperature is greater than that of
GexðILÞ=RT , Therefore, water exhibits greater sensitivity to temper-
ature changes than the IL and plays a pivotal role in governing the
thermo-responsiveness of the entire solution.

Finally, it can also be noted that in the LCST regime, water exhi-
bits a positive GexðwÞ=RT only in limited (partial) composition
range, encompassing the unstable region. This is contrary to the
exhibition of a positive GexðwÞ=RT across the entire (complete)
composition range in the UCST regime. This behavior was found
to be consistent across a broad spectrum of ILs that were experi-
mentally verified to exhibit LCST and UCST with water and other
solvents such as alcohols (Refer SI pp. 25–83). Thus, the composi-
tion range in which positive Gex=RT of the solvent (water/alcohol)
is exhibited can also act a predictive and differentiating metric for
LCST/UCST behavior. The preceding analysis has been summarized
in Table 1. For each phase transition regime and respective excess
Gibbs energies, the terms ‘‘partial/complete” have been used to
3

delineate type of composition span (range of xW ) over which the
positive or negative values are exhibited.

A typical example of water destabilizing the thermodynamic
equilibrium of separated phases can be well observed in LCST
exhibiting solutions, wherein the positive contribution of
GexðwÞ=RT decreases as the temperature is lowered. This entails
that W-IL interactions would take precedence over W-W and IL-IL
interactions, leading to phase homogenization. Kinetically, this
can be observed from Fig. 4(b-f) wherein the concentration fluctu-
ations originate in the separated water layer (post LCST) at the top
as small-scale perturbations, and continue to grow in amplitude as
the solution is cooled, until the fluctuations spread through the
entire fluid bulk and mark the onset of cloud phase. Upon further
cooling, the cloud phase disappears as phase homogenization
concludes.

3. Derivative analysis

The condition for a system of n-components to exhibit critical
behavior is given by the following Jacobians [18]:

J1 ¼ @ l1 ;l2 ������������ln�1ð Þ
@ x1 ;x2; :���������::xn�1;ð Þ ¼ 0;

J2 ¼ @ðJ1 ;l2 ������������ln�1Þ
@ðx1 ;x2; :���������::xn�1;Þ ¼ 0

For a two component solution, with the substitution of
li ¼ @Gi

@xi
j
T;P;nj–i

, solving the above Jacobians yields the criterion for

the existence of a critical point [18]:

@2ðGmixÞ
@x2i

j
T;P;nj–i

¼ @3ðGmixÞ
@x3i

j
T;P;nj–i

¼ 0 ; which canbe restated as



Table 1
Summary of ideal and excess Gibbs energy contributions of water and IL ([N4444][SCN]).

Phase transition regime Gid
mixðILÞ=RT Gid

mixðwÞ=RT GexðILÞ=RT composition range ðxW Þ in which
GexðILÞ=RT is exhibited

GexðwÞ=RT composition
range

ðxW Þ in which
GexðwÞ=RT is
exhibited

LCST < 0 < 0 < 0 partial < 0 partial
> 0 partial > 0 partial

UCST < 0 < 0 < 0 partial > 0 complete
> 0 partial

Effect on the stability of the
homogenous solution:

Always increases for all
compositions

Decreases in the vicinity of the unstable region for both
UCST and LCST regimes

Decreases in the vicinity of
the unstable region in the

LCST regime
Always decreases for all
compositions in the UCST

regime

Fig. 4. Concentration fluctuations in phase separated aqueous [P4444][CF3CO2] (Tetrabutylphosphonium Trifluoroacetate) as GexðwÞ=RT becomes less positive and eventually
negative with the decrease in temperature. (a) phase separated state (b) perturbations originating in water rich phase (c) perturbations pass into the ionic liquid rich phase
(d-f) perturbations grow in amplitude forming concentration fluctuations which spread through the entire fluid bulk (g-i) fluctuations subside, marking the onset of cloud
phase. Full video clip is available with the SI.
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@2ðGmix=RTÞ
@x2i

�����
T;P;nj–i

¼ @3ðGmix=RTÞ
@x3i

�����
T;P;nj–i

¼ 0; at the critical point ðvÞ
Furthermore, following conditions must be satisfied for phase

separation [18]:
@ðGmix=RTÞ
@xi

j
T;P;nj–i

¼ 0 ðviÞ
@2ðGmix=RTÞ
@x2i

j
T;P;nj–i

< 0: ðviiÞ

Eqs. (v) - (vii) express the Gibbs energy derivatives with con-
centration as the only independent variable, keeping other thermo-
dynamic variables constant, and they are valid for both UCST and
LCST conditions. However, in order to differentiate between UCST
and LCST on the basis of scaled Gibbs energy of mixing, its deriva-
tive must include temperature dependence together with the con-
centration dependence. Notably, T does not appear as an
independent variable in Eqs. (v) - (vii). Therefore, scaling Gibbs
energy of mixing by the product RT and computing its derivative
with respect to xi does not change the overall derivative behavior.
However, to evaluate the temperature dependence of the scaled
Gibbs energy derivative, the effect of RT as a scaling factor must
be considered. Thus, it warrants scaling the standard correlation:
Gmix ¼ Hmix � TSmix with RT , followed by successive differentiation
with respect to xi and T . Consequently, we obtain the mixed deriva-

tive @3ðGmix=RTÞ
@T@x2

i
j
P;nj–i

, which represents the slope/gradient of the sec-
4

ond derivative (@
2ðGmix=RTÞ

@x2
i

j
T;P;nj–i

), evaluated along the temperature

axis. This derivation and the subsequent analysis results have been
provided in the SI (Refer SI pp. 2–9).

For the aqueous [N4444][SCN] solution, the first derivative
@ðGmix=RTÞ

@xi
j
T;P;nj–i

is plotted in Fig. 5(a), depicting the points which sat-

isfy Eq.(vi). Furthermore, Fig. 5(b) represents the second derivative
plot delineating the homogenous (‘‘+”) and phase separated states
(‘‘-”) of the solution. A 3D view of the second derivative plot is
depicted in Fig. 5(c) which elucidates the slope behavior about
the immiscible region. Starting at –120�C, the slope magnitude
decreases and plateaus as the temperature reaches 20�C. This point
is also known as the double critical point (DCP) [21], which marks
the transition between LCST and UCST regimes. The DCP is
obtained as the extremum of the surface enclosed by the closed
loop phase diagram and parallel (� 0 slope) to the Temperature
axis. This temperature is designated as DCPT. More details regard-
ing the DCP and associated critical phenomena can be found in the
review article by Narayanan and Kumar [22].

Above 20�C, the slope increases as it approaches the UCST. For
temperatures above UCST, the slope decreases and asymptotically
approaches 0. This behavior, in the immiscible region and its vicin-
ity, is in good agreement with the theoretical analysis findings
(Refer SI Tables S1 and S2, pp.8–9) and has been summarized in
Eq.(viii) and (ix):

@3ðGmix=RTÞ
@T@x2i

�����
P;nj–i

¼
< 0 for LCST < T < DCPT

0 at DCPT

> 0 for DCPT < T < UCST

8><
>: ðviiiÞ

Moreover, behavior of the mixed derivative in homogenous
domain, away from the critical points, can be summarized as:



Fig. 5. Gibbs energy of mixing plots for aqueous [N4444][SCN] solution (a) variation of 1st derivative of the Gibbs energy, (b) and (c) variation of 2nd derivative of the Gibbs
energy. ‘‘+” and ‘‘-” signs delineate regions exhibiting positive and negative values of the 1st and 2nd derivatives.
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@3ðGmix=RTÞ
@T@x2i

�����
P;nj–i

¼ ! �1 for T < LCST

! 0 for T > UCST

�
ðixÞ

Therefore, LCST can be described as the lowest temperature at
the critical concentration for which Eq. (v) is satisfied in the region
where the slope, defined by the mixed derivative, is < 0. Similarly,
UCST is the highest temperature at the critical concentration for
which Eq. (v) is satisfied in the region where the slope is > 0. While
the temperature independent conditions for LCST and UCST are
mathematically the same, a contrasting behavior is seen in the gra-
dient of the second derivative as the temperature is varied, about
the immiscible region.

The third derivative @3ðGmix=RTÞ
@x3

i
j
T;P;nj–i

plot is represented in in

Fig. 6(a), depicting the points which satisfy the condition
@3ðGmix=RTÞ

@x3
i

j
T;P;nj–i

¼ 0. The second derivative plot has been superim-

posed over the third derivative plot with 50% transparency, as
depicted in Fig. 6(b). Due to the highly skewed nature of the phase
diagram, both the plots have been plotted in terms of the water
mass fraction. This superposition facilitates the visual representa-

tion of the condition @2ðGmix=RTÞ
@x2

i
j
T;P;nj–i

¼ @3ðGmix=RTÞ
@x3

i
j
T;P;nj–i

¼ 0, described

by Eq. (v) and expedited location of the critical points. In good
agreement with the experimental results, UCST of 150⁰C was
located at the critical composition of mw � 52%, whereas LCST
5

could not be precisely located at this composition. The latter result
is also consistent with the literature data since it was reported that
a unique LCST value could not be determined experimentally [8].
Furthermore, this behavior was attributed to the slow kinetics at
very low temperatures (��30 ⁰C), even though LCST type behavior
was clearly observed below 20 ⁰C.
4. Reduced activity coefficient

From the excess Gibbs free energy analysis of IL-water systems,
the water molecule plays a pivotal role in LCST and UCST driven
phase separation by exhibiting a large positive GexðwÞ=RT in both
cases. Furthermore, there is a characteristic behavior in terms of
GexðwÞ=RT , wherein it is positive in the UCST regime and assumes
both positive and negative values in the LCST regime. Since
GexðwÞ=RT depends upon the water activity coefficient as the sole
molecule specific parameter, it is possible to differentiate between
LCST and UCST based on the water activity coefficient. Further-
more, Lachwa et al. [23] had asserted that the solvent infinite dilu-
tion activity coefficient increased with the increasing temperature
for LCST exhibiting solutions. We found that this behavior was
emulated in the concentration and temperature dependent solvent
activity coefficient too and vice versa for UCST exhibiting solutions.
Hence, scaling of the temperature and concentration dependent
activity coefficient with respect to the limiting value at infinite

http://et+al


Fig. 6. (a) Variation of 3rd derivative of the Gibbs energy of mixing for aqueous [N4444][SCN] solution. ‘‘+” and ‘‘-” signs delineate regions exhibiting positive and negative
values of the 3rd derivative (b) 2nd and 3rd derivatives plotted together (2nd derivative as the top layer with 50% transparency in terms of water mass fraction (mw).
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dilution would result in a generalized metric for predicting LCST/
UCST behavior.

Thus, we introduce the dimensionless parameter of Reduced
Activity coefficient (Yr) defined as:

Yr ¼ Y‘
i

Yi
ðxÞ
Yr ¼
< 1 in the LCST regime

1 at the DCPT

> 1 in the UCST regime

8><
>: ðxiÞ

wherein Yi is the solvent activity coefficient at the given T-x in the
solution and Y1

i is the solvent activity coefficient at infinite dilution
at the same temperature. This parameter has been used to delineate
the LCST and UCST exhibiting regimes, as depicted in Fig. 7(a) and
(b) for aqueous [N4444][SCN] solution. Within computational errors,
RAC of � 1.0 is the critical value beyond which this system would
not undergo phase separation through LCST. Alternatively, an IL-
water binary system would exhibit UCST phase separation at those
temperature and concentration coordinates at which Yr > 1.
Another noteworthy point regarding the RAC is that a value of
Yr ¼ 1:0 (at T � 20 ⁰C) coincides with the DCP where
@3ðGmix=RTÞ

@T@x2
i

j
P;nj–i

¼ 0. Therefore, the renormalized activity coefficient

value results in a generalized scaling parameter which can be used
Fig. 7. RAC plotted for aqueous [N4444][SCN

6

as a metric for deducing whether an IL-solvent pair would exhibit
UCST or LCST presided phase separation.

Conclusion We have demonstrated an approach to probe the
phase separation behavior of IL-water/alcohol solutions resulting
in a set of metrics for differentiating LCST/UCST behavior. We have
delineated the pivotal role of the solvent in initiating phase sepa-
ration/homogenization. Furthermore, we have formulated an ana-
lytical framework which describes the scaled Gibbs energy
behavior in the miscible and immiscible solution domains, inde-
pendently of the COSMO-RS simulation and corroborated the
results. Finally, we have proposed a new predictive metric in terms
of single molecule specific parameter i.e. the RAC. The findings pre-
sented in this study would be indispensable for high throughput
solute–solvent screening for processes of scientific and industrial
importance.
5. Methods

Ionic liquid synthesis and NMR characterization: Synthesis
details of experimentally tested ionic liquids and NMR characteri-
zation has been provided in the SI (pp. 84 onwards).

Phase separation experiments: Phase separation experiments
were carried out by heating ionic liquid–water solution in glass
vials placed in temperature-controlled oven. Temperature was
monitored through T-type thermocouples (with a precision
of ± 0.5⁰C) and was increased in steps of 5⁰C with a holding time
] solution (a) Top view (b) side view.
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of 30 min for each temperature step. Phase separation temperature
was set as the cloud phase point. Different concentrations of the
ionic liquid–water solution were obtained by adding calculated
amounts of water depending upon the mass of the ionic liquid to
obtain the desired solution concentration.

Molecule construction and equilibrium geometry: Quantum
chemical simulations were carried out to optimize the cation–an-
ion pair geometry through Spartan 18 parallel suite. Cation and
anion were optimized as a pair of discrete molecules in presence
of a solvent with a di-electric constant of 17 (close to that of ionic
liquids) using CPCM solvation (Conductor-like polarizable contin-
uum model) model. Density functional method B3LYP with 6–
311 + G** basis set was used for molecule geometry optimization.
For COSMO-RS activity coefficient computation and sigma profile
computation, the molecule geometry optimization was carried
out using the GGA: BP86 XC functional, Scalar Relativity with TZP
basis set and a small frozen core.

Activity coefficient computation: COSMO-RS (Conductor like
screening model for Real solvents) [24] provided by Amsterdam
Modelling Suite (AMS 2019.3 COSMO-RS, SCM, Theoretical Chem-
istry, Vrije Universiteit, Amsterdam, The Netherlands, https://
www.scm.com) was used for the estimation of activity coefficients
in ionic-liquid water solution at 1.0 ⁰C temperature intervals with
a mole fraction range of 0.0–1.0.

Numerical differentiation: Numerical differentiation was car-
ried out using the following central difference algorithm for dis-

crete data: f 0 xð Þ ¼ dy
dx ¼ 0:5 yiþ1�yi

xiþ1�xi
þ yi�yi�1

xi�xi�1

� �
.

Code and 3D plot generation: All graphs have been created
using Origin Pro 2018b by OriginLab Corporation.

Data and materials availability: Thermodynamic simulation
data with experimental/literature corroboration[25–34], have
been provided in the article and the SI. Raw data for the simulation
and experiments is also available upon request addressed to the
authors.
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