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ABSTRACT: The ability to model salt-containing deep eutectic
solvents (DES) is essential for their rational design and application.
Most existing thermodynamic models treat salts as neutral species,
neglecting ionic interactions. This work investigates the explicit
inclusion of ionic effects in modeling the liquid-phase nonideality
of the binary choline chloride (ChCl)/water system. Experimental
vapor−liquid equilibrium, solid−liquid equilibrium, water activity,
and ChCl activity coefficients obtained from isopiestic measure-
ments were used. Short-range molecular interactions were
described with the nonrandom two-liquid (NRTL) model, while
long-range ionic interactions were incorporated through the
Pitzer−Debye−Hückel (PDH) term. Treating ChCl as a fully
dissociated electrolyte and including the PDH contribution
significantly improved the representation of nonideality across low and high salt concentrations. These results demonstrate the
importance of electrolyte-based modeling frameworks for the development, optimization, and recycling of water-containing DES
Types II−IV.

1. INTRODUCTION
Eutectic mixtures with a large depression in the melting
temperature have emerged as a new class of designer solvents
under the name deep eutectic solvents (DES).1,2 The key to
designing DES lies in selecting ionic plastic crystalline
materials, which possess low melting enthalpy and entropy
and can induce significant negative deviations from ideality
when mixed with hydrogen bond donors.3−6

Modeling the liquid-phase nonideality of DES and their
mixtures is essential for accurately describing their phase
behavior and performance.7,8 This requires knowledge of the
activity coefficients of the components in the liquid phase,
which can be calculated by using either predictive or
correlative thermodynamic models. Various activity coefficient
models have been employed in the literature to capture the
nonideal behavior of DES, including COSMO-based mod-
els,9−14 UNIFAC,15−17 NRTL,18,8 PC-SAFT,19−22 and Red-
lich−Kister expansions.8,23,24 The binary interaction parame-
ters of correlative models are typically estimated by using
vapor−liquid (VLE), liquid−liquid (LLE), or solid−liquid
equilibrium (SLE) data. However, only a few studies have
considered the simultaneous modeling of VLE, LLE, and SLE
data using the same set of model parameters to ensure that the
models accurately describe the nonideality of the solution
rather than simply partially correlating the phase equilibria
data.20,21,25−27

The importance of describing the ionic interactions in DES
has been addressed in the literature.9,13,24 Although one could

argue that ion pairs, instead of dissociated ions, are dominant
in organic salt-organic compound solutions, DES are often
used with large water concentrations to enhance their
properties and performance. Hence, the importance of
dissociated ions in these systems and their interactions should
be considered. When electrolyte solutions are modeled, cations
and anions are treated as separate species in the liquid phase;
therefore, the binary salt/solvent solution is modeled as a
ternary cation/anion/solvent mixture. The activity coefficients
of components can be calculated by summing the contribu-
tions arising from short- and long-range interactions. The
contribution to the activity coefficients arising from the short-
range interactions can be calculated using common excess
Gibbs energy models, such as NRTL or COSMO-RS, while the
contribution to the activity coefficients arising from the long-
range interactions can be calculated using Debye−Hückel-
based terms, such as the extended Debye−Hückel or the
Pitzer−Debye−Hückel (PDH).28,29 DES were modeled as
electrolyte solutions where the salt was assumed to fully
dissociate as cations and anions in the liquid phase using
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COSMO-RS9,11 and COSMO-SAC.13 However, only short-
range interactions were considered. One reason that hinders
modeling the long-range interactions in DES is the lack of
experimental data to describe the long-range interactions,
namely, the density and permittivity of the mixture. It is a fact
that assumptions such as a fixed dielectric medium and density,
as well as a limited treatment of the existing interactions,
reduce the accuracy of the physical-chemistry description of
the systems at high concentrations and in low-permittivity or
nonaqueous systems.30−33 As a result, several alternatives and
extensions have been developed, including extended or
modified PDH expressions30−32 with concentration-dependent
properties and considering different degrees of dissociation.33

The PDH term is therefore often used as a baseline long-range
term, which can be complemented by these advanced
approaches to ensure higher consistency; however, this cannot
be guaranteed in the very important mixture studied in this
work, because it spans the entire composition range and
temperature from 204 to 687 K, which brings out the
impossibility of correctly describing the density and
permittivity of the mixture depending on the temperature
and composition. Nevertheless, electrolyte-based thermody-
namic frameworks are essential for modeling water-containing
DES Types II−IV because water promotes ionic dissociation,
making long-range electrostatic interactions a crucial driving
force for nonideality,34 which cannot be captured by molecular
activity coefficient models alone.
Choline chloride (ChCl)/water is a binary eutectic mixture

showing a strong negative deviation from ideality and a large
depression in the melting temperature of the mixture at the
eutectic point (Te ≈ 204 K),35 which has been proposed to act
as a DES or low transition-temperature mixture (LTTM).36,37

For water, the density and permittivity over a wide temperature
range are available in the literature.38,39 Phase equilibria data
and activity coefficients of ChCl and water in the ChCl/water
mixture are also available in the literature. For instance, the
activity coefficients of ChCl at 298.15 K were measured by the
isopiestic method in three different studies.40−42 Additionally,
the water activity in the ChCl/water mixture at 298.15 and
313.15 K was measured by a vapor pressure osmometer.43,44

Lobo Ferreira et al.35 reported the SLE phase diagram of
ChCl/water. Moreover, the bubble point of the ChCl/water
mixture in the temperature range 303.1 to 410 K and pressure
range 2−100 kPa was studied in the literature.26,45,46 Van den
Bruinhorst et al.47 reported the heat of mixing in the ChCl/
water mixture. Thus, ChCl/water represents a model salt-
based eutectic mixture that can be used to study the influence
of ionic interactions on the modeling of nonideality in these
mixtures, generally called DES.
This work studies the description of the liquid phase

nonideality in ChCl/water, considering the ionic interactions
and assuming ChCl as associated or fully dissociated ions.
Phase equilibria data published in the literature were used to fit
the binary interaction parameters of the NRTL model to
describe the short-range interactions. The PDH term was
employed to model long-range interactions. The study aims to
provide insights into the importance of modeling ionic
interactions in describing the phase behavior of salt-based
eutectic mixtures.

2. MATERIALS AND METHODS

2.1. Activity Coefficients and Modeling
In its most general form, in this work, the rational symmetric activity
coefficients of component i (γi) were considered to be the sum of the
short-range ( )i

SR and long-range ( )i
LR contributions:

= +ln ln lni i
SR

i
LR

(1)

The short-range contribution was calculated using the NRTL:28
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= =G exp( ) withij ij ij ij ji (3)

=
A

RTij
ij

(4)

where Aij and Aji are the binary interaction parameters between
species i and j, and αij is the nonrandomness parameter.
In the assumption of fully dissociated ions, the cholinium cation

and chloride anion are considered separate species in the liquid phase.
The mole fraction of any ion species (k) was calculated as follows:

=
+

x
x

x1k
ternary i

binary

ChCl
binary (5)

where xk
ternary is the mole fraction of ion k in the ternary cholinium/

chloride/water solution and xi
binary its corresponding mole fraction of

ChCl or water in the binary ChCl/water solution. Considering
dissociation, the rational symmetric activity coefficients of the ions are
initially calculated, while the corresponding activity coefficient of
ChCl is obtained by the mean ionic activity coefficient calculated by

= +± +ln
1
2

(ln ln )SR SR SR
(6)

where subscripts (±), (+), and (−) represent the salt, cation, and
anion, respectively. In the symmetric convention, the reference state is
the pure liquid at the system pressure and temperature. When
considering ion dissociation, ChCl is an equimolar mixture of
cholinium and chloride. Thus, the short-range contribution for the
salt activity coefficient is complete when rewriting eq 6 to
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The long-range contribution was calculated using the PDH term as
follows29
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where M is the molecular weight of water; Aϕ is the Debye−Hückel
parameter, which depends on the temperature; zi is the species
charge; b is the closest approach parameter, generally a fixed value of
14.9;29 and Ix is the ionic strength on a mole fraction basis. The
Debye−Hückel parameter (Aϕ) and the ionic strength on a mole
fraction basis (Ix) were calculated as follows:
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=I z x1
2x i i

2
(10)

where NA is Avogadro’s constant; ρ is the density of the solvent; e is
the electron charge; ε0 is the vacuum permittivity; εr is the dielectric
constant of the solvent; k is Boltzmann’s constant; T is the absolute
temperature. The Debye−Hückel parameter (Aϕ) depends on
density, permittivity, and temperature. Moreover, density and
permittivity are also functions of temperature. Clarke and Glew39

evaluated the water Debye−Hückel parameter from 273.15 to 423.15
K, representing its temperature dependence using a general
thermodynamic expression. A linear temperature dependence (R2 =
0.9803) was used to decrease the complexity of calculations at
different temperatures (see Figure S1 in the Electronic Supporting
Information (ESI) file).
ChCl is a 1:1 salt, and by rearranging eq 8, the long-range

contribution to the mean rational activity coefficient of ChCl ±( )LR

can be calculated as follows:29
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where x2 is the summation of cation and anion mole fractions. Water
is a neutral species (i.e., z = 0). By rearranging eq 8, the long-range
contribution to the activity coefficients of water was calculated as
follows:
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The isopiestic data report the molal unsymmetric activity
coefficients (i.e., ± 1unsymm

m
, as xion → 0). Therefore, two

conversions are needed. First, unsymmetric rational activity
coefficients ±( )unsymm, of ChCl were calculated from the symmetric
mean activity coefficients using eqs 1, 2, 7, and 11 as follows:

=± ± ±ln ln lnunsymm, (13)

where ± is the ChCl infinite dilution activity coefficient. In a second
stage, the experimental molal unsymmetric activity coefficient

±( )unsymm
m

, is converted to the rational activity coefficients ±( )unsymm,

by

=±
±

xunsymm
unsymm

m

water
,

,

(14)

The partial molar excess enthalpy of water was calculated as
follows:

=
i
k
jjjj

y
{
zzzzT

h
RT

ln water

x P

water
E

,
2

(15)

The activity coefficient of water at a specific mole fraction was
calculated in the temperature range of 200 to 400 K. The calculated
activity coefficients were fitted to a second-degree polynomial, and the
partial molar enthalpy of water at the specific mole fraction and 298.1
K was calculated from the derivative of the polynomial as per eq 15.

2.2. VLE Calculations
The bubble point of the binary ChCl/water mixture was calculated
assuming the ideality of the vapor phase and assuming ChCl to be
completely nonvolatile:

=P x Pwater water water
sat

(16)

where P is the total pressure and Pwater
sat is the saturation pressure of

water at the bubble-point temperature. The saturation pressure of
water was calculated using the formula from Matsunaga and
Nagashima48 (see Table S1 in the ESI for details).
2.3. SLE Calculations
After some thermodynamic assumptions, the liquidus lines of water
and ChCl were calculated as follows:
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where Δhfus and Tfus are the melting enthalpy and temperature of the
pure component i, and Δfuscp is the difference between the heat
capacity of the pure component in the solid and liquid states,
estimated at its melting temperature. ChCl undergoes a solid−solid
transition at around 340 K,35 and its liquidus line below the solid−
solid transition temperature was calculated as follows:
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where Δhtr and Ttr are the solid−solid transition enthalpy and
temperature of the pure component (i.e., ChCl), and Δtrcp is the
difference between the heat capacity of ChCl in the two different solid
states, estimated at the solid−solid transition temperature.
ChCl is thermally unstable, and its melting properties are not well-

defined. Two sets of melting properties of ChCl are commonly used
in the literature. Fernandez et al.49 provided an indirect estimate for
the melting enthalpy and temperature of ChCl using the SLE data of
binary ChCl/ionic liquid mixtures. On the other hand, van den
Bruinhorst et al.3 directly measured the melting properties of ChCl
utilizing fast-scanning calorimetry. Because the two sets are
significantly different, both sets were considered in this work. Table
1 shows the melting properties used to represent the SLE phase
diagram of ChCl/water.
When ChCl is assumed to be fully dissociated, the SLE phase

diagram was modeled by assuming the following reaction:

++ChCl Ch ClS L L( ) ( ) ( ) (19)

The solubility constant (KSP) was calculated as follows:
50

= ±K x1
4SP ChCl

2 2

(20)

The liquidus line above and below the solid−solid transition
temperature of ChCl was calculated using the right-hand side of eqs
17 and 18, respectively.

Table 1. Transition Properties of Pure Components Considered in This Work

Component Δhfus/kJ mol−1 Tfus/K Δfuscp/J mol−1 K−1 Δhtr,i/kJ mol−1 Ttr/K Δtrcp/J mol−1 K−1

Choline chloride Set 1 13.83 6873 20.347 17.335 34035 20.035,47

Set 2 4.349 59749 0 17.335 34035 20.035,47

Water 6.0151 273.151 37.9451 − − −
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2.3.1. Model Parameters Estimation. The NRTL model
parameters in eqs 2−4 were estimated by fitting experimental VLE,
SLE, water activity, and data from isopiestic measurements
simultaneously. The nonrandomness parameter (α) was set to 0.3.
In the case of VLE and activity coefficients of ChCl and water, the
objective function is

= ×
i
k
jjjjj

y
{
zzzzzOF1 100

cal exp

exp

2

(21)

where γcal and γexp are the calculated activity coefficients by eq 1 and
experimental activity coefficients, respectively. To consider SLE data,
the objective function was:

=OF T T2 ( )cal exp 2
(22)

where Tcal and Texp are the calculated and experimental liquidus
temperatures, at a given experimental composition, respectively.
Three cases were considered when modeling ChCl, namely,

associated ions with no long-range term, associated ions with a long-

range term, and fully dissociated ions with a long-range term. When
choline chloride (ChCl) is assumed to exist as an associated ion, two
binary interaction parameters are obtained. In contrast, assuming full
dissociation of ChCl in the liquid phase results in six binary
interaction parameters. The specific set of ChCl melting properties
used also affects the resulting parameters. Table S2 in the ESI reports
the NRTL parameters obtained for different molecular representa-
tions and melting properties of ChCl. Table S3 in the ESI reports the
error weight for each data type in the objective function.

3. RESULTS AND DISCUSSION

3.1. Isopiestic and Water Activity
As shown in Table S2, depending on the selected
thermodynamic framework and the different melting proper-
ties of ChCl, the obtained NRTL model binary interaction
parameters change and, consequently, the calculated activity
coefficients of both components. Figure 1 shows the activity
coefficients of water in the ChCl/water system at 298.15 and

Figure 1. Water activity in choline chloride (ChCl)/water at 298.15 and 313.15 K modeled assuming different representations of ChCl and
calculated using the binary interaction parameters obtained when considering the melting properties of ChCl reported by (a) van den Bruinhorst et
al.3 or (b) Fernandez et al.49 Experimental data were taken from refs. 43,44.

Figure 2. Mean activity coefficients of choline chloride (ChCl) in ChCl/water at 298.15 K modeled assuming different representations of ChCl,
and calculated using the binary interaction parameters obtained when considering the melting properties of ChCl reported by (a) van den
Bruinhorst et al.3 or (b) Fernandez et al.49 Experimental data were taken from refs.40−42.
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313.15 K, modeled by assuming different representations of
ChCl when using the binary interaction parameters obtained

considering ChCl melting properties Set 1 (Figure 1a) and Set
2 (Figure 1b). As seen in Figure 1a, the water activity at 298.15

Figure 3. Vapor−liquid equilibrium in the choline chloride (ChCl)/water system modeled assuming different representations of ChCl and
calculated using the binary interaction parameters obtained when considering the melting properties of ChCl reported in (a), (c), and (e) van den
Bruinhorst et al.3 or (b), (d), and (f) Fernandez et al.49 Experimental data were taken from refs. 26,45,46.
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K is underestimated when assuming ChCl as dissociated ions
(solid lines) and using the ChCl melting properties Set 1. In
contrast, the water activity is slightly overestimated when
assuming ChCl as associated ions with (dashed lines) and
without (dotted lines) the long-range term. On the other hand,
the water activity is consistently overestimated when using
ChCl melting properties Set 2. Assuming ChCl as dissociated
ions and using ChCl melting properties Set 2 allows for better
correlation of water activity data at 298.15 and 313.15 K
compared to assuming ChCl as associated ions.
Figure 2 shows the mean activity coefficient of ChCl in the

ChCl/water system from isopiestic measurements and those
modeled assuming different representations of ChCl when
using the NRTL model binary interaction parameters obtained
considering ChCl melting properties Set 1 (Figure 2a) and Set
2 (Figure 2b). The mean activity coefficients reported by
Fleming40 are slightly larger than those measured by Macaskill
et al.41 and Boyd et al.42 As seen in Figure 2, modeling ChCl
mean activity coefficients is possible only when considering the
long-range interaction term. When using ChCl melting
properties Set 1 (Figure 2a), the mean activity coefficients of
ChCl are overestimated. Nevertheless, when ChCl is assumed
to be dissociated ions, a good qualitative description can be
observed. On the other hand, the mean activity coefficients of
ChCl can be well-described when using ChCl melting
properties Set 2 (Figure 2b), whether considering ChCl as
dissociated or associated ions. In conclusion, modeling ChCl as
dissociated ions and using the long-range term improved the
description of the activity coefficients of ChCl and water at
298.15 and 313.15 K.
3.2. VLE

Figure 3 shows the VLE in ChCl/water modeled assuming
different representations of ChCl and using the binary
interaction parameters obtained considering ChCl melting
properties Set 1 (Figure 3a, c, and e) and Set 2 (Figure 3b, d,
and f). As seen in Figure 3a and b, the ChCl representation
does not influence the calculated bubble point of the mixture
at a water mole fraction of 0.9292 (blue lines in Figure 3a and
b). This is because the system can be considered ideal when
the mole fraction of water is close to one. In contrast, when the

mole fraction of water is 0.8002 and the ChCl melting
properties Set 1 are used (orange lines in Figure 3a), the
associated ion representation provides the best correlation for
the bubble point of the mixture, while the dissociated ion
representation overestimates the bubble-point temperature of
the mixture. As seen in Figure 3b, assuming ChCl as
dissociated ions and using ChCl melting properties Set 2
allows for a good correlation for the bubble point of the
mixture.
Figure 3c and d shows the bubble-point pressure of ChCl/

water at constant temperature. As can be seen, the deviation
from the experimental data increases at higher temperatures.
The calculated bubble-point pressure, assuming dissociated
ions representation (solid lines in Figure 3c and d) is always
lower than when assuming associated ions representation
(dotted and dashed lines in Figure 3c and d). The bubble-
point pressure is better correlated when ChCl is assumed to be
fully dissociated into ions using the ChCl melting properties
Sets 1 and 2 (solid lines in Figure 3c and d).
Figure 3e,f shows the bubble-point temperature of ChCl/

water at constant pressure. Similar to what is observed in
bubble-point pressure modeling, assuming the dissociated ion
representation predicts higher bubble-point temperatures than
assuming the associated ions representation. The calculated
bubble-point temperatures agree with experimental data when
assuming the dissociated ions representation and using ChCl
melting properties Set 1 (solid lines in Figure 3e). In contrast,
the bubble-point temperature cannot be correlated when using
ChCl melting properties Set 2 (Figure 3f). Moreover, the
deviation from the experimental data increases as the
temperature increases.
In conclusion, VLE in ChCl/water can be accurately

modeled when ChCl is considered as fully dissociated ions.
For instance, a strong negative deviation from ideality is
needed to describe the bubble-point temperature of the
mixture at high temperatures, which can be captured when
assuming ChCl as dissociated ions and using ChCl melting
properties Set 1. On the other hand, using ChCl melting
properties Set 2 allows for describing the bubble-point of the
mixture at moderate temperatures.

Figure 4. Solid−liquid equilibrium (SLE) in choline chloride (ChCl)/water modeled by assuming different representations of ChCl. SLE was
calculated using the melting properties of ChCl reported in (a) van den Bruinhorst et al.3 or (b) Fernandez et al.49 Experimental data were taken
from refs. 19,35,36.
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3.3. SLE
Figure 4 shows SLE in ChCl/water modeled by assuming
different representations of ChCl and using ChCl melting
properties Set 1 (Figure 4a) and Set 2 (Figure 4b). As seen in
Figure 4, the liquidus lines calculated assuming ChCl as
associated ions, with and without the long-range term, are
similar, indicating that the long-range interaction term does
not influence the calculated activity coefficients of ChCl at
high salt concentrations. As seen in Figure 4a, ChCl liquidus
data can be better modeled when assuming the dissociated
ions representation. In contrast, the liquidus data of water and
the eutectic temperature of the mixture can only be modeled
when assuming ChCl as associated ions. As can be seen, no
eutectic temperature can be calculated when assuming ChCl as
dissociated ions, which is attributed to the significant negative
deviation from ideality. This is consistent with the calculated
activity coefficients of water at 298.15 and 313.15 K, assuming
dissociated ions (solid lines in Figure 1a). As seen in Figure 4b,
assuming ChCl as dissociated ions and using ChCl melting
properties Set 2 allows for correctly modeling the complete
SLE phase diagram. In conclusion, a strong negative deviation
from ideality is needed to describe the SLE phase diagram of
ChCl/water. Assuming ChCl as dissociated ions allows for
describing the liquidus line of ChCl using either ChCl melting
properties Set 1 or 2, whereas the latter better predicts the
eutectic temperature of the mixture.
3.4. Intermolecular Interactions
The infinite dilution activity coefficients of components
provide insight into the affinity of the solute to the solvent.
Table 2 lists the infinite dilution activity coefficients of water in

ChCl and ChCl in water, calculated at 298.15 K. Because the
closest approach parameter was fixed, the long-range
contribution to the calculated activity coefficients is the same
in all cases shown in Table 2, and the difference arises from the
NRTL binary interaction parameters used to calculate the
short-range contribution. As can be seen, favored interactions
are predicted between ChCl and water when considering ChCl
melting properties in Set 1. The calculated infinite dilution
activity coefficients of water and ChCl do not change
significantly when considering or neglecting the long-range
term and assuming ChCl as an associated ion. This indicates
that the strong negative deviation from ideality in the short-
range contribution conceals the influence of the long-range
interaction term ( =±ln 5.6831SR and =±ln 0.9541LR ).
Accordingly, the strong negative deviation from ideality does

not allow for describing the activity coefficients of ChCl at a
low salt concentration (Figure 2a). When assuming the
dissociated ions representation, the influence of the cation
and anion activity coefficients on the calculated infinite
dilution mean activity coefficients of ChCl can be evaluated.
As can be seen, when using ChCl melting properties Set 1, the
model predicts that the anion−water interactions are more
favored than cation−water interactions. This is in line with
several thermodynamic and molecular simulation studies that
highlighted the role of the anion in determining the deviation
from ideality in DES.23,47,52−54 Furthermore, the infinite
dilution activity coefficients of water using ChCl melting
properties Set 1 do not significantly change for different
molecular representations of ChCl.
On the other hand, when using ChCl melting properties Set

2, unfavorable interactions are observed between water and
ChCl. Moreover, ChCl shows quasi-ideal behavior in the liquid
phase. The quasi-ideal behavior increases the influence of
considering the long-range term on the calculated activity
coefficient of ChCl. Accordingly, ChCl activity coefficients
could be well described (Figure 2b). In contrast, the quasi-
ideal behavior does not allow for the description of the VLE
data of the mixture when assuming ChCl as associated ions. As
can be seen, the model predicts that the cation-water
interactions are more favored than the anion-water interactions
when using ChCl melting properties Set 2. In conclusion, the
activity coefficients of ChCl obtained from isopiestic measure-
ments are primarily influenced by the long-range interaction
term. On the other hand, a strong negative deviation from
ideality is needed to describe VLE and SLE data, which
predominantly result from the short-range contribution. Thus,
the dissociated ion molecular representation better captures
the nonideality of the mixture at low and high ChCl
concentrations.
The partial molar excess enthalpy (h )i

E reflects the
temperature dependence of the activity coefficients. Figure 5
shows the calculated hwater

E under different representations of
ChCl. As shown in Figure 5a, the binary interaction parameters
obtained using ChCl melting properties Set 1 significantly
underestimate hwater

E . In contrast, the binary interaction
parameters obtained using ChCl melting properties Set 2
slightly overestimate hwater

E . These observations are consistent
with the calculated VLE and SLE data. For instance, the VLE
data at high temperatures can be better represented using
ChCl melting properties Set 1, as this parameter set introduces
a stronger temperature dependence on the water activity
coefficients, although this effect may not fully reflect the actual
physical behavior.
As seen in Figure 5, the inclusion of the long-range

interaction term and the dissociated ions representation results
in more negative values of hwater

E . Nevertheless, the strong
temperature dependence of activity coefficients when assuming
dissociated ions and using ChCl melting properties Set 1 leads
to a significant underestimation of the melting temperature of
the mixture, preventing the calculation of the eutectic
temperature. In conclusion, assessing the hwater

E highlights the
challenge of simultaneously modeling VLE and SLE data,
providing critical insight into the limitations and trade-offs of
modeling approaches for such systems.

Table 2. Infinite Dilution Activity Coefficients of Water and
Choline Chloride (ChCl) in ChCl/Water, Calculated at
298.15 K

Approach ln water ±ln +ln SR ,
ln SR ,

Melting Properties Set 1
Associated ions −4.3574 −4.7274 − −
Associated ions no long-
range

−4.5353 −5.6808 − −

Dissociated ions −4.0182 −2.3025 −1.9468 −4.5639
Melting Properties Set 2
Associated ions 4.6099 −0.2256 − −
Associated ions no long-
range

4.6602 −1.1469 − −

Dissociated ions 1.4376 0.1255 −2.9424 1.2853
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4. CONCLUSIONS
This study investigates the long-range interaction term in
modeling a salt-based eutectic mixture with a low melting
temperature. The nonideality of the ChCl/water system was
modeled considering short- and long-range interactions. The
short-range interactions were modeled by using the NRTL
model, and the long-range interactions were modeled by using
the PDH term. The NRTL parameters were fitted to
experimental VLE, SLE, and activity coefficients of compo-
nents using two different ChCl melting property sets. It was
found that considering ChCl as a fully dissociated ion
improved the description of the activity coefficients, VLE,
and SLE data. The dissociated ion representation predicts a
strong negative deviation from ideality at high ChCl
concentrations, which is required to correlate the VLE and
SLE data. On the other hand, at low ChCl concentrations, the
effect of the long-range interaction term is more dominant,
which allows for reproducing the ChCl activity coefficients
obtained from isopiestic measurements.
This work shows that modeling salt-based eutectic mixtures

as electrolyte systems is essential to fully capture the
nonideality of the mixture and to allow accurate modeling of
their phase behavior. Nevertheless, several limitations were
identified in this work. First, more advanced terms are needed
to describe the long-range interactions in DES systems due to
the strong negative deviation from ideality observed in the
mixture, which might conceal the influence of the PDH term.
Second, the melting enthalpy and heat capacity difference of
ChCl have to be reassessed to reliably extract and analyze the
ChCl activity coefficients from SLE data. Finally, modeling
long-range interactions requires quality data for the density
and permittivity of the components over a wide temperature
range, which are challenging to obtain for most solid
compounds that melt at very high temperatures.
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