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ABSTRACT: This study reports measurement of density (ρ), speed of sound
(u), and dynamic viscosity (η) of a choline chloride and butyric acid deep
eutectic solvent (ChCl/BA DES) and investigates its physicochemical
properties and its aqueous mixtures for the entire range of composition at T
= 303.15−343.15 K. The density data are fitted by the second-degree
polynomial equation in T, and the fourth-degree polynomial equation in the
mole fraction of ChCl/BA DES (x1) is fitted well for both ρ and η. Excess molar
volume (VE) shows a positive deviation from ideality with the minimum
centered at x1 ≈ 0.5. Viscosity deviation (Δη) exhibits a minimum at x1 ≈ 0.5,
aligning with VE behavior and confirming mixture stability. Isentropic
compressibility deviation (ΔκS) shows a negative deviation with a minimum
at x1 ≈ 0.15. Excess properties (VE, ΔκS and Δη) are correlated by the Redlich−
Kister (R−K) polynomial equation. The molar volume (V), lattice energy
(Upot), molar entropy (S0), and intermolecular free length (Lf) are evaluated to understand the derived thermodynamic properties.
Temperature dependence of η is compared using Vogel−Fulcher−Tammann (VFT) and Arrhenius equations. The PC-SAFT
equation of state quantitatively predicts ρ and VE of a pseudo-binary mixture composed of a DES and water with improved accuracy
using the fitted approach.

1. INTRODUCTION
Following green chemistry principles, the goal is to develop
processes that eliminate the use of hazardous raw materials,
minimize waste and byproduct generation, and reduce the
energy consumption for material production.1 These processes
for the development of materials are designed without
compromising their physicochemical properties. Deep eutectic
solvents (DESs) were first described as mixtures of quaternary
ammonium chlorides with a variety of carboxylic acids.2

Substantial depression in the freezing point and lattice energy
of the resulting mixture is attributed to strong hydrogen
bonding between the chloride anion and the carboxylate group.
DESs are binary or ternary mixtures of Lewis/Bronsted acids
and bases at a certain mole ratio that are able to associate
through hydrogen bonding.3,4

Ionic liquids (ILs), predecessors of DESs, are known as
nonvolatile, nonflammable, and water-stable solvents. ILs are
reflected as species being solely composed of ionic species due
to the availability of a large combination of cations and anions.
With expansion in chemical diversity, structural classification,
synthesis routes, and application of ILs, many of them are
found to be less sustainable.5 DESs have emerged as an
alternative class of environmentally friendly solvents to address
the limitations associated with ILs. The terms DES and ILs are
often used interchangeably due to many shared physicochem-

ical properties.6 The making of a DES is relatively inexpensive
and straightforward, posing no laborious purification steps and
disposal problems. DESs have gained recognition as sustain-
able and renewable solvents largely due to their tunable nature,
which allows for the optimization of key physicochemical
properties such as selectivity, viscosity, and solubility in
molecular solvents for specific applications.7 DESs have
shown utility in a wide range of industrial applications,8

including power systems, battery technology, gas separation,
biocatalysis, gas capture, biomass processing, electrodeposition,
metallurgy, organic synthesis, pharmaceuticals, medical re-
search, and nanomaterial synthesis and functionalization.9−14

The frequently prepared type III DESs are more sustainable
and biodegradable due to the nature, composition, and
concentration of components. They are prepared from readily
available precursors of biological significance or those derived
from natural resources such as organic acids, choline
derivatives, amino acids, vitamins, sugars, and polyols.15,16
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DESs are classified as “moderately toxic” compared to their
corresponding ILs.17 A comprehensive understanding of the
action mechanism, physicochemical properties, and their
influencing factors is essential for their effective use in targeted
applications. The possible combinations of hydrogen bond
donors (HBDs) and hydrogen bond acceptors (HBAs) to
make DESs are infinite. For the prediction and optimization of
their properties, theoretical models have been employed.
However, the nature and types of interactions between HBAs
and HBDs require their meaningful evaluation at the molecular
level.18,19 The presence of water can significantly impact the
chemical reactivity and solvation properties of DESs by
transforming the hydrogen bonding network. Therefore,
understanding the effect of water on stability of DESs is
essential for optimizing their physical properties for practical
applications.20

Choline-based DESs are biocompatible and degrade
completely under aerobic conditions. They have great potential
for processing lignocellulose biomass.21 Butyric acid (BA) is a
short-chain fatty acid that finds its applications in the chemical
industry, pharmaceuticals, food technology, and as animal feed.
It is prepared from a petroleum derivative, propylene, by a
chemical route.22 The biobased butyric acid can be produced
from renewable sources such as agro-industry and forestry
sector.23

There is no established approach that solely relies on HBA
and HBD chemistry for tailoring and tuning of physicochem-
ical properties of DESs.24 The relatively higher viscosity of
DESs often imposed a restriction on their practical
applications. The stability, dissolution ability, and evaluation
of thermodynamic properties of DESs in a variety of molecular
solvents such as water, dimethyl sulfoxide (DMSO), and
alcohols of different chain lengths expand their applications in
various engineering applications..25−27 Water is the most
abundant, environmentally friendly cosolvent in modifying the
physicochemical properties of DESs that helps to understand
different types of interactions (ion−ion, ion−solvent, and
solvent−solvent) and structural changes in binary mix-
tures.28,29 The dielectric constant, relative polarity, and
hydrogen bonding network of water facilitate the dissolution
of active pharmaceutical ingredients (APIs) in DES/water
binary mixtures.30−32

This study comprehensively investigates the physical
(density, speed of sound, and dynamic viscosity) properties
of choline chloride (ChCl)/BA DES and its binary mixtures
with water for the entire range of composition at T = 303.15−
343.15 K. To understand the intermolecular interactions, the
volumetric properties (excess molar volume, apparent molar
volume, and partial molar volume), acoustic parameters
(isentropic compressibility, isentropic compressibility devia-
tion, intermolecular free length, and acoustic impedance), and
viscosity properties (viscosity deviation) are also calculated.
The Vogel−Fulcher−Tamman (VFT) and Arrhenius equa-
tions are employed to fit the experimental viscosity data. The
functional dependence of volumetric and viscosity properties
on the temperature and composition is discussed.

Finally, we treat DES as a pseudopure fluid and the DES +
water mixture as a binary system. The perturbed chain
statistical associating fluid theory (PC-SAFT) equation of state
(EoS)33,34 was employed as a predictive approach and fitted
approach for modeling the experimental density and excess
molar volume for the mixture.

1.1. PC-SAFT Equation of State. In our previous work35

related to the study of DES + 1-butanol, the PC-SAFT EoS
was successfully applied for the fit of density in the binary
mixture. In this work, we will use PC-SAFT for modeling the
experimental data of density and excess molar volume.
According to PC-SAFT, the liquid density can be obtained
from eq 1:

=
i
k
jjjj

y
{
zzzzP a a

T V, (1)

where ρ̃ represents the molar density, a denotes the Helmholtz
energy density, T indicates the temperature, and V represents
the molar volume. The expression for the Helmholtz energy
density can be obtained from the scientific literature.33,34 On
the other hand, the excess molar volume, VE, is given by eq 2:

=V
x x1 (1 )E 1

1

1

2 (2)

where the subscripts 1 and 2 are related to pure fluid 1 and 2,
respectively, and x denotes the mole fraction in the liquid
phase.

Each pure fluid needs five adjustable parameters: the energy
parameter (ε), the temperature-independent segment diameter
(σ), the segment number (m), the effective volume (κAB), and
the association energy parameter (εAB). After the parameters
for pure fluids were determined, appropriate mixing rules must
be used for binary mixtures. The cross-dispersive energy
parameter includes the binary interaction parameter, kij, which
accounts for attractive dispersion forces between i and j
molecules. Typically, kij is fitted using phase equilibrium data
or experimental data of density or excess molar volume to
improve the accuracy of these properties. In this study, we will
use two approaches that are related to the value of the binary
interaction parameter, i.e., a predictive approach with kij = 0,
and a fitted approach, where kij is fitted to the experimental
data of excess molar volume.

2. EXPERIMENTAL METHODS
2.1. Materials. The details of chemicals used in this work

are listed in Table 1 with their CAS number, source, and
purity.

2.2. Methods. 2.2.1. Preparation of the Deep Eutectic
Solvent (ChCl/BA DES). The ChCl/BA DES was prepared
following the procedure already reported.36−38

Choline chloride (HBA) and butyric acid (HBD) were
mixed in a 1:2 molar ratio. The mixture was heated in a round-
bottom flask at 343.15−348.15 K with constant stirring. The
round-bottomed flask was fitted with a condenser, with a

Table 1. CAS Registry Number, Source, and Purity of
Chemicals

chemical
CAS reg.

no. source
purity wt
fractiona

purification
method

choline
chloride

67-48-1 Sigma-Aldrich ≥99 used as
received

butyric acid 107-92-6 Sigma-Aldrich ≥99 used as
received

deionized
water

Sigma-Aldrich

aProvided by the supplier.
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drying tube filled with silica gel attached at its end. The
contents of the flask were continuously stirred until a
homogeneous, colorless, and transparent liquid of the ChCl/
BA DES formed. The prepared DES was allowed to cool to
room temperature, stored in a sealed bottle, and kept in a
desiccator to avoid moisture absorption and contamination.
The moisture content of the prepared ChCl/BA DES was
determined with the coulometric Karl Fischer titration
equipment (Mettler Toledo, V10S) using Karl Fischer reagent
(CombiNorm5 and methanol) which was 0.04 wt %.
Considering the possible sources of errors in the weighing
process, the estimated relative uncertainty of ChCl and butyric
acid ratio r was Ur(r) ≈ 0.0003.

2.2.2. Characterization. The prepared ChCl/BA DES was
characterized by Fourier transform infrared (FTIR) and NMR
spectroscopy.

2.2.2.1. FTIR Spectral Analysis. FTIR spectra of choline
chloride (ChCl), ChCl/BA DES, and butyric acid (BA) were
recorded on an FTIR spectrometer (Alpha Bruker II). The

recorded FTIR spectra of ChCl, ChCl/BA DES, and BA are
shown in Figure S1 (Supporting Information).

The FTIR spectra of ChCl/BA DES and water binary
mixtures corresponding to mole fractions (x1 = 0.0, 0.1, 0.3,
0.5, 0.7, 0.9, 1.0) were also recorded and are shown in Figure
S2.

2.2.2.2. NMR (1H and 13C) Spectral Analysis. The NMR
(1H and 13C) spectra of the prepared ChCl/BA DES were
recorded on a Bruker Avance 300 MHz spectrometer. These
spectra are shown in Figures S3 and S4 (Supporting
Information).

2.2.3. Preparation of a Binary Mixture of ChCl/BA DES
and Water. Binary solutions of ChCl/BA DES and deionized
water over the entire range of composition (x1 = 0.0−1.0) were
prepared by weighing components in airtight glass vials using
an analytical balance (Shimadzu AUW220D). The aqueous
binary mixtures of ChCl/BA DES were stirred to ensure
homogeneous solutions.

Table 2. Density, ρ/kg·m−3, of ChCl/BA DES and ChCl/BA DES−Water Mixtures in the Temperature Range T = 303.15−
343.15 K (x1 = Mole Fraction of ChCl/BA DES) and Pressure P = 0.1 MPaa

ρ/kg·m−3

x1 303.15 K 308.15 K 313.15 K 318.15 K 323.15 K 328.15 K 333.15 K 338.15 K 343.15 K

0.00 995.700 994.087 992.271 990.271 988.096 985.758 983.265 980.624 978.115
0.10 1009.88 1006.63 1003.24 999.889 996.515 993.120 989.748 986.357 982.978
0.20 1012.93 1009.61 1006.25 1002.9 999.501 996.127 992.752 989.362 985.954
0.30 1015.82 1012.52 1009.27 1005.74 1002.41 999.034 995.651 992.252 988.868
0.40 1018.71 1015.33 1011.95 1008.56 1005.24 1001.86 998.457 995.055 991.664
0.50 1022.73 1019.35 1015.86 1012.64 1009.19 1005.79 1002.39 999.032 995.584
0.60 1027.48 1024.11 1020.73 1017.37 1013.99 1010.64 1007.34 1003.84 1000.50
0.70 1031.21 1027.82 1024.45 1021.06 1017.67 1014.36 1010.91 1007.56 1004.19
0.80 1034.50 1031.12 1027.84 1024.41 1021.08 1017.71 1014.46 1011.04 1007.75
0.90 1037.16 1033.77 1030.41 1027.15 1023.73 1020.42 1017.07 1013.74 1010.39
1.00 1039.72 1036.36 1033.00 1029.65 1026.30 1022.98 1019.66 1016.34 1013.04

aStandard uncertainties u in T, x1, P, and ρ are u(T) = 0.01 K, u(x1) = 0.01, u(P) = 10 kPa, and ur(ρ) = 0.001 kg·m−3, respectively.

Figure 1. Temperature, T, dependence of density, ρ, of ChCl/BA DES−water mixtures for different mole fractions of ChCl/BA DES (x1 = ●: 0.0;
solid blue circle: 0.1; solid red circle: 0.2; solid orange circle: 0.3; solid green circle: 0.4; solid brown circle: 0.5; solid pink circle: 0.6; solid purple
circle: 0.7; solid gray circle: 0.8; solid skyblue circle: 0.9; solid violet circle: 1.00). The solid lines are the best fit representation of eq 3.
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2.2.4. Measurement of Density and Speed of Sound. The
density and speed of sound metering instrument (DSA 5000
M, Anton Paar) was used for density (ρ) and speed of sound
(u) measurements of ChCl/BA DES and its binary mixtures
with water in the 303.15−343.15 K temperature range at 5 K
intervals. The two-in-one instrument is equipped with a
density and speed of sound measuring cell combined with the
oscillating U-tube method. Both cells were temperature
controlled by a built-in Peltier thermostat with an uncertainty
of 0.01 K. The density was measured by a vibrating tube
densimeter. Density was derived from the resonant frequency
of the sample-filled U-shaped tube as it vibrated perpendicular
to its plane within an electromagnetic field. The vibration was
considered as a simple harmonic oscillation. The ultrasonic
transducer frequency of the DSA 5000 M was 3 MHz. The
speed of the sound was derived by determining the period of
received sound waves and by considering the distance between
the transmitter and receiver. Prior to each measurement, the
instrument was calibrated with deionized water and air
according to the instructions given in the user manual
provided by Anton Paar. The measuring tube of DSA 5000
M was thoroughly cleaned several times with deionized water,
rinsed with ethanol, and dried by using a blower before
injecting each sample.

2.2.5. Measurement of Dynamic Viscosity. A viscosity
module (Lovis 2000 M/ME, Anton Paar) coupled to DSA
5000 M was used for viscosity measurements of ChCl/BA DES
and its aqueous binary mixtures in the temperature range
303.15−343.15 K. The dynamic viscosity (η) measurements
are based on the falling ball principle. The temperature
uncertainty and repeatability factor of DSA 5000 M and Lovis
Module 2000 M/ME were 0.01 0.02, 0.01, and 0.005 K,
respectively, according to their user manuals provided.
Viscosity measurements were made with capillary tubes of
diameter 1.59, 1.8, and 2.5 mm, respectively, which were
calibrated at different temperatures and angles of inclination,

with viscosity standards (S3, S6, N100, and N415) supplied by
Anton Paar.

The working equations of DSA 5000 M and Lovis module
2000 M/ME are given in the Supporting Information, eqs S1
and S2.

3. RESULTS AND DISCUSSION
3.1. Density. The measured experimental density (ρ/kg·

m−3) data of ChCl/BA DES and its aqueous mixtures for the
entire range of composition at T = 303.15−343.15 K are given
in Table 2. The temperature dependence of ρ is modeled with
eq 3, and the corresponding ρ vs T plots are shown in Figure 1.

=
=

a T
j

j
j

0

2

(3)

The three fitting parameters aj of eq 3 and r2 (goodness of fit)
values are given in Table S2 (Supporting Information).

Figure 1 demonstrates that density (ρ) increases with an
increase in the mole fraction (x1) of ChCl/BA DES, while it
decreases with an increase in T. The decrease in density can be
attributed to thermal expansion of the liquid volume with
temperature increase, resulting in less dense mixtures at higher
temperatures.39 The change in ρ with respect to T is linear for
pure DES and their higher mole fractions with water; however,
this linearity changes by decreasing the amount of DES or
increasing the amount of water in the ChCl/BA DES binary
mixture. The formation of a bond increases with increasing
concentration of DES resulting in higher density for neat DES
compared to their aqueous mixtures. Statistically, the goodness
of fit is represented by r2, also reported by other authors.40−42

The ρ of ChCl/BA DES increases with x1 at constant T.
However, for ChCl/BA DES aqueous binary mixtures (with
increasing water content), a decrease in ρ with x1 T is observed
with increasing T (Figure 2). The measured density data are

Figure 2. Variation of density ρ of ChCl/BA DES−water mixtures with the mole fraction of ChCl/BA DES, x1, in the temperature range 303.15 ≤
T/K ≤ 343.15 (●: 303.15 K; solid blue circle: 308.15 K; solid red circle: 313.15 K; solid orange circle: 318.15 K; solid green circle: 323.15 K; solid
brown circle: 328.15 K; solid pink circle: 333.15 K; solid purple circle: 338.15 K; solid gray circle: 343.15 K). The solid lines are the best fit
representations of eq 4.
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well fitted at all temperatures to a polynomial equation in x1,
eq 4.

=
=

Y b x
j

j
j

0

4

1
(4)

where Y = ρ (density) or η (dynamic viscosity), bj is the fitting
parameter according to the degree of polynomial equation, and
j is the degree of polynomial equation.

The obtained correlated parameters are summarized in
Table S3 (Supporting Information) together with the
corresponding standard deviations of the fit σfit.

Density is influenced by the vacancies present within the
DES’s liquid structure. The density of pure DES and its
aqueous mixtures is manipulated by the nature and structure of
HBA and HBD, their molar ratio, and the composition changes
in addition to temperature and pressure. The availability of free

spaces at higher T increases due to the reduction of number of
hydrogen bonds, resulting in faster movement of molecules
with the corresponding decrease in density of ChCl/BA DES.

The variation in ρ of DES can be correlated using an isobaric
thermal expansion coefficient αP, which is a measure of
contraction or expansion behavior of DES as a function of
temperature.

αP is calculated using eq 5.43 The resulting values are
collected in Table S4 and the corresponding αP vs x1 plots are
shown in Figure S5.

= =i
k
jjj y

{
zzz i

k
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{
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V
T T

1

P P
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1

(5)

αP determines the system’s volume sensitivity to temperature
increase at constant pressure. The magnitude of αP decreases
with increasing temperature for all compositions. It measures

Table 3. Excess Molar Volume, VE × 107/m3·mol−1, of ChCl/BA DES−Water Mixtures at Different Temperaturesa

VE × 107/m3·mol−1

x1 303.15 K 308.15 K 313.15 K 318.15 K 323.15 K 328.15 K 333.15 K 338.15 K 343.15 K

0.00 0 0 0 0 0 0 0 0 0
0.10 0.701 0.964 1.232 1.464 1.676 1.870 2.034 2.182 2.352
0.20 2.886 3.145 3.392 3.613 3.829 4.017 4.186 4.341 4.528
0.30 4.628 4.854 5.037 5.322 5.502 5.687 5.861 6.024 6.205
0.40 5.889 6.127 6.348 6.560 6.719 6.900 7.083 7.250 7.434
0.50 6.008 6.215 6.477 6.565 6.779 6.958 7.131 7.265 7.478
0.60 4.990 5.152 5.315 5.456 5.600 5.725 5.812 6.027 6.152
0.70 3.974 4.113 4.235 4.367 4.493 4.563 4.742 4.835 4.964
0.80 2.727 2.819 2.832 2.966 3.014 3.106 3.100 3.232 3.271
0.90 1.526 1.589 1.632 1.585 1.683 1.696 1.753 1.787 1.858
1.00 0 0 0 0 0 0 0 0 0

aStandard uncertainties, u, in T, x1, P, and ρ are u(T) = 0.01 K, u(x1) = 0.01, u(P) = 10 kPa, and ur(ρ) = 0.001 kg·m−3, respectively, and u(VE) =
0.06 × 10−7 m3·mol−1.

Figure 3. Variation of excess molar volume, VE × 107/m3·mol−1, of ChCl/BA DES−water mixtures with mole fraction of ChCl/BA DES, x1, in the
temperature range 303.15 ≤ T/K ≤ 343.15 (●: 303.15 K; solid blue circle: 308.15 K; solid red circle: 313.15 K; solid orange circle: 318.15 K; solid
green circle: 323.15 K; solid brown circle: 328.15 K; solid pink circle: 333.15 K; solid purple circle: 338.15 K; solid gray circle: 343.15 K). The solid
lines connecting data points are the best fit representations of eq 10.
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the ease with which the liquid expands with temperature at
constant pressure. Since αP depends upon the HBA/HBD
mole ratio and ionic capacity of solvent to establish
electrostatic interaction between HBA and HBD, the decrease
in property is attributed to strong hydrogen bonding in ChCl/
BA DES’s structure.44

The molar mass of ChCl/BA DES is calculated using eq 6.45

= +M M x M xChCl/BA DES ChCl ChCl BA BA (6)

where MChCl, xChCl and MBAxBA are the molecular mass and
mole fraction of choline chloride (ChCl) and of butyric acid
(BA), respectively.

The lattice potential energy Upot and standard molar entropy
S0 of pure ChCl/BA DES are calculated at T = 303.15−343.15
K using empirical eqs 7 and 8, respectively.46

= +U M1981.2( / ) 103.8pot ChCl/BA DES
1/3

(7)

= +S V1246.5 29.50 (8)

where S0 is the standard molar entropy measured in kJ·mol−1

and V is the molecular volume in nm3 (V = 1021 × Vm/NA).
The calculated values of S0, Upot, and V are listed in Table S5
(Supporting Information). The lattice energy Upot measures
the strength of ionic interactions in the system, which is
affected more by the molecular mass of DES compared to its
density. Upot represents the energy required to remove complex
ions from their structure. DESs have lower lattice energy than
conventional solvents (Upot(CsI) = 613 kJ·mol−1),47 which is
the reason of its being in the liquid state at room temperature.
Moreover, the liquid state of the DES precursor favors
thermodynamically stable ionic solutions. With increasing T, S0

of ChCl/BA DES increases slightly due to increased molecular
mobility. S0 values of inorganic salts, NaCl (72.1 kJ·K−1·mol−1)
and KCl (82.6 kJ·K−1·mol−1) are higher than DESs and ILs.48

This indicates more disordered structures resulting from
decreased charge density and lower electrostatic energy.49,50

3.1.1. Excess Molar Volume. To account for the ideal or
nonideal behavior, structural arrangements, and molecular
interactions in ChCl/BA DES + water binary mixtures, the
excess molar volume VE for all binary mixtures is calculated
using eq 9.

=
=

V x M( )( )
i

i i i
E

1

2
1 1

(9)

where xi, Mi, and ρi represent the mole fraction, molar mass,
and density of component i [i = 1 (ChCl/BA DES), i = 2
(water)], respectively, and ρ is the density of binary mixtures.51

The calculated VE values are collected in Table 3, and plots
of VE vs x1 (x1 = mole fraction of ChCl/BA DES) are shown in
Figure 3.

Figure 3 shows that the values of VE are positive for the
entire range of compositions and temperature investigated. For
an ideal binary mixture, the VE is nearly zero. The sign and
magnitude of the excess properties (VE, ΔκS and Δη)
corresponds to the molecular mass of HBA and HBD, the
nature of intermolecular interactions, and structural occupation
in interstitial spaces which are occupied due to the existing
difference in free volumes and molar volumes of components
of solution.52,53 The excess property values are significantly
affected by the nature and the type of physical, chemical, or
structural interactions between the components of mixture. (1)
The chemical and specific interactions between unlike

molecules correspond to hydrogen bonding and dipole−dipole
interactions which lead to volume contraction resulting in
negative contribution to VE; (2) the charge-transfer-type
interaction forces and structural (geometric) fitting of
components of binary mixture into each other producing
more compact geometric structure, leading to negative VE

values. The positive VE is attributed to physical contribution
which are nonspecific interactions (3) steric hindrance and
unfavorable accommodation of component molecules and (4)
dipolar association in pure liquid or disruption in the liquid
structure. The plot of VE vs x1 for all studied temperatures is
found to be symmetric with the maximum lying at x1 = 0.5.
The VE values are positive for the entire range of compositions
and temperature studied, but in comparison the effect of
increasing mole fraction of DES on VE is more pronounced
than that of temperature. The positive values of VE throughout
are an indicator for the overall weakening of hydrogen bonding
in the mixture.54 The positive values of VE can arise from the
self-association of pure components, as observed in glycerol
mixtures with water and methanol.55 The −OH of glycerol
makes a strong interaction with water compared to methanol.
Similar behavior is observed in binary mixtures of 2-propanol
and aromatic hydrocarbons. The steric hindrance offered by
the bulky methyl groups may restrict the proper orientation of
2-propanol toward the ring structures, which leads to a
stronger packing effect and electron donor−acceptor inter-
actions became weaker.56

In water, the clustering of molecules occurs in various shapes
and order, as explained by HF, DFT, and perturbation theory.
The hydrogen bonding is dominant over noncovalent
interactions in the liquid state.57 The observed positive VE

values imply the self-association and clustering of water
molecules in the ChCl/BA DES + water binary mixtures. On
addition of DES in water, the intramolecular hydrogen
bonding between DES and water is disrupted, and relatively
weak hydrogen bonding is formed between water and the
chloride ion of HBA.58 At infinite dilution in water, the DES
molecules break away from their pure environment and begin
to settle in the water environment apparently in the form of
ions. With increasing concentrations of ChCl/BA DES,
organization among the ions takes place, depending on the
degree of dissociation and subsequent hydration with water
molecules. The VE increases with increasing temperature at all
mole fractions with the maximum centered at x1 = 0.5 for all
compositions. Initially, in the high-concentration water region
(water-rich region), self-association and clustering are
dominant. With increasing concentration of ChCl/BA DES
(DES-rich region), the self-associated structures start dissociat-
ing.59 It is also observed that the influence of nonspecific
interactions on temperature change is negligible.

The molecular interaction between ChCl/BA DES and their
aqueous binary mixtures can be qualitatively derived from
FTIR spectral measurements at selected mole fractions. The
FTIR spectra of pure DES and its aqueous binary mixtures are
presented in Figure S2 (Supporting Information).

The presence of a broad peak in 3500−3000 cm−1 is
attributed to the stretching vibration of the −OH group. It is
well known that a hydrogen-bonded −OH group produces a
fairly broad peak than free −OH. The presence of hydrogen
bonding is observed in neat ChCl/BA DES and higher mole
fraction (x1 ≥ 0.7). The structure of DES remains unchanged
when only 10% of water is added. However, the significant
change in the shape and shifting in the spectrum of respective
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pure components arises due to red shift of the hydroxyl band
in the water-rich region (x1 ≤ 0.3). The −CH2 bending
vibration remains nearly constant at 1468 ± 2 cm−1, but the
intensity of the peak decreases in the water-rich region. The
distinct −C�O stretching vibration is observed at 1750 ± 2
cm−1 for neat DES and its higher mole fractions (x1 ≥ 0.5).
The appearance of −C−O stretching peak at 1222 cm−1 in
neat ChCl/BA DES and its higher mole fraction supports the
presence of hydrogen bonding. Similar studies are also
reported in the literature for interactions in neat DES−
cosolvent systems.60,61

The Redlich−Kister (R−K) polynomial equation is used to
analyze the thermodynamic and acoustic properties of liquid
mixtures and to identify and characterize the nature of
molecular interactions. Algebraic sign associated with the
property provides insight into the type of intermolecular
interactions present in liquid mixtures. The magnitude of
associative, dissociative, or other interactions reflects the extent
of nonideality of the system. The R−K polynomial equation is
thus an approach to analyze and explain solute−solvent
interactions and discuss the nature of interactions.

The combined Redlich−Kister (R−K) model at constant T
explains the relationship between excess molar properties (VE,
ΔκS and Δη) and composition (x1 = mole fraction of ChCl/BA
DES), as given by eq 10.59,62−64

=
=

Y x x A x x( )
j

j
jE

ChCl/BA DES water
0

k

ChCl/BA DES water

(10)

where YE = (VE, ΔκS and Δη), xChCl/BA DES refers to the mole
fraction of ChCl/BA DES (component 1), xwater refers to the
mole fraction of water (component 2), Aj is the adjustable
binary coefficient, and j is the degree of polynomial equation.

The fitting of the excess property YE by the least-squares
method provides meaningful insight. which helps to under-
stand molecular interactions between components of a binary
mixture. The numerical values of j can be varied to find an
accurate mathematical representation of experimental data.

The calculated VE values are satisfactorily fitted to a fourth-
order R−K polynomial equation, shown as solid lines in Figure
3. The correlated adjustable polynomial coefficients (Aj’s) and
their standard deviations (σ) are collected in Table S6
(Supporting Information).

3.1.2. Apparent Molar Volume and Partial Molar Volume.
The solute−solvent and solute−solute interactions65 in the
aqueous binary mixture of ChCl/BA DES are further explained
by calculating the apparent molar volume (Vϕ,i), partial molar
volume V( )i , and excess partial molar volume (V̅i

E) of individual
components using eqs 11, 12, and 13, respectively.

= +V V V
xi i

i
, m,

E

(11)

= + +
i
k
jjjjj

y
{
zzzzzV V V x V

x
(1 )i i

i P T
m,

E
E

, (12)

=V V Vi i i
E

m, (13)

where Vm,i is the molar volume of pure component i. The
calculated values of Vϕ,i, Vi , and V̅i

E of individual components [i
= 1 (ChCl/BA DES); i = 2 (water)] are collected in Tables
S7−S12 (Supporting Information). Vi is considered as the
combination of volumetric contributions which include the
intrinsic solute volume and the contribution due to interaction
of the solute and solvent. In binary aqueous mixtures, the
properties of water molecules in the hydration sphere depend
on the nature of solute molecules and their interaction with
water.66 The DES−water interactions are also studied by
calculating the V̅i

E of individual components. The value of V̅i
E

increases with increasing T due to volume expansion (Tables
S11 and S12, Supporting Information), indicating that the
dissociation effect is dominant over association when DES is
added in an infinite volume of water. Figure S6 shows the
variation of V̅i

E of individual components with x1 at T = 313 K.
The two curves cross each other at x1 = 0.5, supporting the
discussion for VE.

At infinite dilution, the solute−solvent interactions can be
neglected. The partial molar properties at infinite dilution
provide practical information for the solute−solvent inter-
action independent of the concentration effect. The partial
molar volumes for ChCl/BA DES (V̅1

∞) and water (V̅2
∞) are

calculated using eqs 14 and 15, respectively.

= +
=

V V A ( 1)
i

n

i
i

1 m,1
1 (14)

Table 4. Speed of Sound, u/m·s−1, of ChCl/BA DES−Water Mixtures as a Function of Temperature T = 303.15−343.15 K and
Pressure P = 0.1 MPaa

u/m·s−1

x1 303.15 K 308.15 K 313.15 K 318.15 K 323.15 K 328.15 K 333.15 K 338.15 K 343.15 K

0.00 1510.1 1521.0 1530.0 1537.5 1543.5 1548.4 1551.8 1554.0 1554.7
0.10 1650.1 1645.8 1642.2 1638.5 1633.7 1629.2 1624.2 1619.9 1615.3
0.20 1670.2 1666.7 1663.2 1659.0 1654.8 1650.3 1645.3 1641.0 1636.4
0.30 1695.2 1690.6 1687.1 1683.1 1678.8 1673.9 1669.2 1665.2 1661.1
0.40 1722.5 1718.1 1714.2 1711.0 1706.3 1701.5 1696.4 1692.7 1688.4
0.50 1750.5 1745.5 1741.4 1737.1 1733.5 1728.9 1725.8 1721.4 1717.7
0.60 1773.5 1768.5 1764.4 1760.1 1757.1 1752.9 1748.8 1744.8 1741.7
0.70 1795.9 1791.7 1786.8 1782.7 1780.1 1776.1 1772.8 1769.6 1765.9
0.80 1826.2 1820.7 1816.6 1812.3 1809.3 1805.1 1802.0 1798.6 1794.9
0.90 1861.2 1855.7 1851.6 1847.3 1844.3 1840.1 1837.0 1833.6 1829.9
1.00 1901.2 1895.7 1891.6 1887.3 1884.3 1880.1 1877.0 1873.6 1869.9

aStandard uncertainties, u, in T, x, P, and u are u(T) = 0.01 K, u(x1) = 0.01, u(P) = 10 kPa, and u(u) = 0.5 m·s−1, respectively.
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= +
=

V V A
i

n

i2 m,2
2 (15)

The calculated values of V̅1
∞ and V̅2

∞ are collected in Table S13
(Supporting Information).
3.2. Speed of Sound. Speed of sound (u) is a key

parameter to study the intermolecular interactions within a
mixture through association, dissociation, or complex for-
mation among its components. u is closely related to several
other important physical properties, including density,
isentropic and isothermal compressibility, thermal conductiv-
ity, and heat capacity.67 Experimentally determined speed of
sound of ChCl/BA DES and its binary solutions with water
over the entire range of composition and at T = 303.15−
343.15 K is collected in Table 4, and variation of u vs T is
plotted in Figure 4. The speed of sound of ChCl/BA DES and
its aqueous binary mixtures decreases with increasing T,
whereas the behavior of water follows the opposite trend. The
effect of mixture composition on u is more pronounced at

higher mole fractions (of water) compared with lower mole
fractions.

The speed of sound of ChCl/BA DES decreases with
increasing T due to decreases in the density of DES, which
makes the medium less dense for traversing the sound waves.
This results in slowing of the speed of sound waves.

3.2.1. Isentropic Compressibility and Isentropic Compres-
sibility Deviation. Isentropic compressibility of ChCl/BA DES
and its binary mixtures with water can be calculated in the
temperature range studied using the Newton−Laplace
equation68 (eq 16).

= =i
k
jjj y

{
zzzV

V
P u

1 1
S 2 (16)

The calculated κS values from experimental data of ρ and u are
reported in Table 5 as a function of temperature and
composition. The compressibility parameter is indicative of
available free space in liquid’s structure. It represents the
change in the volume of fluid with the corresponding change in

Figure 4. Temperature dependence of speed of sound, u, of the binary mixture ChCl/BA DES−water with varying x1 (●: 0.0; solid blue circle: 0.1;
solid red circle: 0.2; solid orange circle: 0.3; solid green circle: 0.4; solid brown circle: 0.5; solid pink circle: 0.6; solid purple circle: 0.7; solid gray
circle: 0.8; solid skyblue circle: 0.9; solid violet circle: 1.00). The solid lines connect the experimental data points.

Table 5. Isentropic Compressibility, κS × 1012/Pa−1, of ChCl/BA DES−Water Mixtures as a Function of Temperature Ta

κS × 1012/Pa−1

x1 303.15 K 308.15 K 313.15 K 318.15 K 323.15 K 328.15 K 333.15 K 338.15 K 343.15 K

0.00 440.4 434.8 430.5 427.2 424.8 423.1 422.3 422.3 423.0
0.10 363.7 366.8 369.6 372.5 376.0 379.4 383.0 386.4 389.9
0.20 353.9 356.6 359.3 362.3 365.4 368.6 372.1 375.3 378.8
0.30 342.6 345.6 348.1 351.0 354.0 357.2 360.5 363.5 366.5
0.40 330.8 333.7 336.3 338.7 341.7 344.8 348.0 350.7 353.7
0.50 319.1 322.0 324.6 327.2 329.7 332.6 335.0 337.8 340.4
0.60 309.4 312.2 314.7 317.3 319.4 322.0 324.6 327.2 329.5
0.70 300.7 303.1 305.7 308.2 310.1 312.5 314.8 316.9 319.3
0.80 289.8 292.6 294.8 297.2 299.2 301.6 303.6 305.7 308.0
0.90 278.3 280.9 283.1 285.3 287.2 289.4 291.4 293.4 295.6
1.00 266.1 268.5 270.5 272.7 274.4 276.5 278.4 280.3 282.3

aStandard uncertainties, u, in T, x, P, and u are u(T) = 0.01 K, u(x1) = 0.01, u(P) = 10 kPa, and u(u) = 0.5 m·s−1, respectively.
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pressure. The validity of eq 16 depends on the behavior of
acoustic waves, which does not relax completely under the
time constant of these waves.69

Figure 5 shows that the κS decreases with increasing ChCl/
BA DES content in mixtures in the temperature range studied,
proposing the slowdown of sound waves and tightening of
ChCl/BA DES in aqueous binary mixtures.

Isentropic compressibility deviation ΔκS provides informa-

tion how the molecules are behaving, which is calculated using

eq 17.

=
=

x
i

i s iS S
1

2

,
(17)

Figure 5. Isentropic compressibility, κS × 1012/Pa−1, of ChCl/BA DES−water mixtures as a function of x1 in the temperature range 303.15 ≤ T/K
≤ 343.15 (●: 303.15 K; solid blue circle: 308.15 K; solid red circle: 313.15 K; solid orange circle: 318.15 K; solid green circle: 323.15 K; solid
brown circle: 328.15 K; solid pink circle: 333.15 K; solid purple circle: 338.15 K; solid gray circle: 343.15 K). The solid lines connect data points
calculated from eq 17.

Figure 6. Isentropic compressibility deviation, ΔκS × 1012/Pa−1, of ChCl/BA DES−water mixtures as a function of x1 in the temperature range
303.15 ≤ T/K ≤ 343.15 (●: 303.15 K; solid blue circle: 308.15 K; solid red circle: 313.15 K; solid orange circle: 318.15 K; solid green circle:
323.15 K; solid brown circle: 328.15 K; solid pink circle: 333.15 K; solid purple circle: 338.15 K; solid gray circle: 343.15 K). The solid lines are the
best fit representations of eq 10.
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Table 6. Isentropic Compressibility Deviation, ΔκS × 1012/Pa−1, of ChCl/BA DES−Water Mixtures at Different Temperatures
Ta

ΔκS × 1012/Pa−1

x1 303.15 K 308.15 K 313.15 K 318.15 K 323.15 K 328.15 K 333.15 K 338.15 K 343.15 K

0.00 0 0 0 0 0 0 0 0 0
0.10 −59.30 −51.44 −44.91 −39.21 −33.78 −29.10 −24.95 −21.72 −18.99
0.20 −51.65 −45.00 −39.25 −33.99 −29.37 −25.18 −21.44 −18.54 −16.06
0.30 −45.55 −39.38 −34.42 −29.84 −25.73 −21.91 −18.67 −16.23 −14.28
0.40 −39.83 −34.64 −30.23 −26.68 −22.98 −19.72 −16.72 −14.73 −12.97
0.50 −34.17 −29.68 −25.92 −22.67 −19.88 −17.21 −15.40 −13.48 −12.22
0.60 −26.39 −22.83 −19.84 −17.20 −15.14 −13.15 −11.36 −9.861 −9.094
0.70 −17.72 −15.33 −12.79 −10.84 −9.447 −8.004 −6.805 −5.944 −5.175
0.80 −11.10 −9.212 −7.721 −6.360 −5.325 −4.304 −3.592 −2.940 −2.437
0.90 −5.186 −4.232 −3.472 −2.825 −2.282 −1.780 −1.402 −1.086 −0.816
1.00 0 0 0 0 0 0 0 0 0

aStandard uncertainties, u, in T, x, P, and u are u(T) = 0.01 K, u(x1) = 0.01, u(P) = 10 kPa, and u(u) = 0.5 m·s−1, respectively, and u(ΔκS) = 0.06 ×
10−12 Pa−1.

Table 7. Intermolecular Free Length, Lf × 1011/m, of ChCl/BA DES−Water Mixtures as a Function of Mole Fraction x1
a

Lf × 1011/m

x1 303.15 K 308.15 K 313.15 K 318.15 K 323.15 K 328.15 K 333.15 K 338.15 K 343.15 K

0.00 4.165 4.174 4.189 4.209 4.233 4.260 4.291 4.326 4.365
0.10 3.785 3.834 3.882 3.930 3.982 4.033 4.086 4.138 4.191
0.20 3.734 3.780 3.827 3.876 3.925 3.976 4.028 4.079 4.131
0.30 3.673 3.721 3.767 3.815 3.864 3.914 3.965 4.014 4.064
0.40 3.610 3.657 3.703 3.748 3.796 3.845 3.895 3.943 3.992
0.50 3.545 3.592 3.638 3.684 3.729 3.777 3.822 3.870 3.916
0.60 3.491 3.537 3.582 3.627 3.670 3.716 3.762 3.808 3.853
0.70 3.441 3.485 3.531 3.575 3.616 3.661 3.705 3.748 3.793
0.80 3.379 3.424 3.467 3.511 3.552 3.596 3.638 3.681 3.725
0.90 3.311 3.355 3.397 3.439 3.480 3.523 3.564 3.606 3.649
1.00 3.237 3.280 3.321 3.362 3.402 3.444 3.484 3.525 3.567

aStandard uncertainties, u, in T, x, P, and u are u(T) = 0.01 K, u(x1) = 0.01, u(P) = 10 kPa, and u(u) = 0.5 m·s−1, respectively.

Figure 7. Intermolecular free length, Lf × 1011/m, of ChCl/BA DES−water mixtures as a function of x1 in the temperature range 303.15 ≤ T/K ≤
343.15 (●: 303.15 K; solid blue circle: 308.15 K; solid red circle: 313.15 K; solid orange circle: 318.15 K; solid green circle: 323.15 K; solid brown
circle: 328.15 K; solid pink circle: 333.15 K; solid purple circle: 338.15 K; solid gray circle: 343.15 K). The solid lines connect data points,
according to eq 18.
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where xi and κS,i are mole fractions and isentropic
compressibility of component i, respectively.70

ΔκS vs x1 (Figure 6) explains the packing/interaction among
the components of mixtures similar to VE, highlighting the
identical nature of contributing factors to intermolecular
interactions.

The negative values of ΔκS (Table 6) for the entire range of
composition at T = 303.15−343.15 K describe stronger
interactions between unlike molecules of ChCl/BA DES and
water. This indicates that the mixture may be less compressible
than the corresponding ideal mixtures due to strong
interactions and closer packing between unlike components.71

The minima in ΔκS vs x1 plots for all studied temperatures lie
at x1 ≈ 0.15, which is in the water-rich region. The larger
magnitude of ΔκS values compared to VE shows that sound
waves greatly disturbed the system, favoring stronger dipole−
dipole interactions and facilitating the interstitial accommoda-
tion of molecules of unequal sizes into each other. The

difference in size and shape of component molecules of the
binary mixture has a pronounced effect on the sign and
magnitude of ΔκS values. ΔκS values become less negative with
increasing T due to fewer interactions between DES and water
at elevated temperatures.

The calculated ΔκS is fitted to the Redlich−Kister
polynomial equation, eq 10, and the correlated parameters
are collected in Table S14 (Supporting Information).

3.2.2. Intermolecular Free Length and Acoustic Impe-
dance. Intermolecular free length (Lf) is an important
acoustical parameter describing the nature and strength of
intermolecular and intramolecular interactions existing in the
liquid mixture. Lf (eq 18) is considered as the distance between
the surfaces of the molecules.

=L K
u
1

f 2
(18)

Table 8. Acoustic Impedance, Z × 10−6/kg·m−2·s−1, of ChCl/BA DES−Water Mixtures as a Function of Mole Fraction x1
a

Z × 10‑6/kg·m−2·s−1

x1 303.15 K 308.15 K 313.15 K 318.15 K 323.15 K 328.15 K 333.15 K 338.15 K 343.15 K

0.00 1.504 1.512 1.518 1.523 1.525 1.526 1.526 1.524 1.521
0.10 1.666 1.657 1.648 1.638 1.628 1.618 1.608 1.598 1.588
0.20 1.692 1.683 1.674 1.664 1.654 1.644 1.633 1.624 1.613
0.30 1.722 1.712 1.703 1.693 1.683 1.672 1.662 1.652 1.643
0.40 1.755 1.744 1.735 1.726 1.715 1.705 1.694 1.684 1.674
0.50 1.790 1.779 1.769 1.759 1.749 1.739 1.730 1.720 1.710
0.60 1.822 1.811 1.801 1.791 1.782 1.772 1.762 1.752 1.743
0.70 1.852 1.842 1.830 1.820 1.812 1.802 1.792 1.783 1.773
0.80 1.889 1.877 1.867 1.857 1.847 1.837 1.828 1.818 1.809
0.90 1.930 1.918 1.908 1.897 1.888 1.878 1.868 1.859 1.849
1.00 1.977 1.965 1.954 1.943 1.934 1.923 1.914 1.904 1.894

aStandard uncertainties, u, in T, x, P, and u are u(T) = 0.01 K, u(x1) = 0.01, u(P) = 10 kPa, and u(u) = 0.5 m·s−1, respectively.

Figure 8. Acoustic impedance, Z × 10−6/kg·m−2·s−1, of ChCl/BA DES−water mixtures as a function of x1 in the temperature range 303.15 ≤ T/K
≤ 343.15 (●: 303.15 K; solid blue circle: 308.15 K; solid red circle: 313.15 K; solid orange circle: 318.15 K; solid green circle: 323.15 K; solid
brown circle: 328.15 K; solid pink circle: 333.15 K; solid purple circle: 338.15 K; solid gray circle: 343.15 K). The solid lines connect data points
calculated from eq 20.
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where K is Jacobson’s constant, a temperature-dependent
parameter.72 The calculated values of Lf are collected in Table
7, and the plot of Lf vs x1 at T = 303.15−343.15 K is shown in
Figure 7.

Lf decreases with increasing DES content in aqueous binary
mixtures, whereas the influence of T is following the opposite
trend. This behavior of Lf on x1 and T is indicative of structural
readjustments in mixtures because of the specific interactions
between unlike molecules, suggesting the less compressible
phase or the closer packing among molecules. The observed
behavior is ascribed to the slowing down of speed of sound
waves at higher temperatures.73

Acoustic impedance Z measures the resistance of ultrasound
waves through the medium and is calculated using eq 19.

= ·Z u (19)

The calculated values of Z are collected in Table. 8 and Z vs
x1 are plotted in Figure 8.

Z values increase with increasing T, which indicates the
available free space for passage of sound waves. Z increases
with increasing DES content in aqueous binary mixtures
because sound waves travel faster in less dense medium. This
indicates the loosening of the structure as free space is created
between the components with increasing concentration.

Variation in acoustic properties (ΔκS, Lf and Z) present
qualitative description of behavior of the binary mixture
(ChCl/BA DES + water) in the intermediate composition
range.74

3.3. Viscosity. Dynamic viscosity relates the shear force to
the degree of fluid resistance and strongly influences the mass
and energy transport phenomena of system.75 η of the DES is
influenced by the HBA/HBD mole ratio, molecular mass,
temperature, and water content. DESs are relatively more

Table 9. Dynamic Viscosity, η/mPa·s, of ChCl/BA DES−Water Mixtures as a Function of Temperature T = 303.15−343.15 K
and Pressure P = 0.1 MPaa

η/mPa·s

x1 303.15 K 308.15 K 313.15 K 318.15 K 323.15 K 328.15 K 333.15 K 338.15 K 343.15 K

0.00 0.797 0.709 0.653 0.596 0.546 0.504 0.466 0.432 0.397
0.10 1.837 1.617 1.439 1.305 1.179 1.073 0.980 0.941 0.882
0.20 3.337 2.663 2.136 1.806 1.562 1.452 1.370 1.274 1.194
0.30 4.228 3.261 2.512 2.037 1.802 1.671 1.565 1.487 1.405
0.40 6.148 4.448 3.241 2.566 2.339 2.174 1.988 1.869 1.763
0.50 9.146 6.526 4.855 3.560 3.262 3.017 2.956 2.838 2.729
0.60 14.27 10.85 8.350 6.517 5.116 4.106 3.883 3.705 3.764
0.70 19.95 16.18 13.20 11.14 9.352 8.090 7.637 7.431 7.399
0.80 25.79 20.89 17.21 14.58 12.28 10.57 9.889 9.450 9.327
0.90 32.05 26.26 21.94 18.77 16.08 14.06 13.30 12.63 12.27
1.00 38.52 31.63 26.35 22.28 18.93 16.36 15.20 14.30 13.65

aStandard uncertainties, u, in T, x, P, and η are u(T) = 0.01 K, u(x1) = 0.01, u(P) = 10 kPa, and ur(η) = 0.10, respectively.

Figure 9. Variation of viscosity η of ChCl/BA DES + water mixtures with the mole fraction of ChCl/BA DES, x1, in the temperature range 303.15
≤ T/K ≤ 343.15 (●: 303.15 K; solid blue circle: 308.15 K; solid red circle: 313.15 K; solid orange circle: 318.15 K; solid green circle: 323.15 K;
solid brown circle: 328.15 K; solid pink circle: 333.15 K; solid purple circle: 338.15 K; solid gray circle: 343.15 K). The solid lines connecting the
data points are the best fit representation of eq 21.
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viscous than conventional organic solvents, impose restrictions
to their practical applications in the chemical process, flow of
fluids, mass- and heat-transfer operations, and reaction rate
calculations.76 It is therefore necessary that their binary
mixtures with molecular solvents (e.g., water, alcohols, and
DMSO) should be used in design and industrial processes.

In present study, the dynamic viscosity of ChCl/BA DES
and its aqueous binary mixtures is measured at temperatures
varying in steps of 5 K in the 303.15−343.15 K range, and
values are reported in Table 9.

Table 9 shows that η increases with increasing DES content
in binary mixtures at T = 303.15−343.15 K and decreases with
increasing T for all mole fractions. The concentration

Figure 10. Temperature and composition dependence of dynamic viscosity η for pure ChCl/BA DES, water, and their binary mixtures measured at
atmospheric pressure (x1 = ●: 0.0; solid blue circle: 0.1; solid red circle: 0.2; solid orange circle: 0.3; solid green circle: 0.4; solid brown circle: 0.5;
solid pink circle: 0.6; solid purple circle: 0.7; solid gray circle: 0.8; solid skyblue circle: 0.9; solid violet circle: 1.00). The solid lines are the best fit
representations of eq 20.

Figure 11. Temperature and composition dependence of dynamic viscosity η for pure ChCl/BA DES, water, and their binary mixtures measured at
atmospheric pressure (x1 = ●: 0.0; solid blue circle: 0.1; solid red circle: 0.2; solid orange circle: 0.3; solid green circle: 0.4; solid brown circle: 0.5;
solid pink circle: 0.6; solid purple circle: 0.7; solid gray circle: 0.8; solid skyblue circle: 0.9; solid violet circle: 1.00). The solid lines are the best fit
representations of eq 23.
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dependence of η at all temperatures is shown in Figure 9. The
experimental dynamic viscosity data are fitted well (eq 4), and
the correlated parameters are tabulated in Table S15
(Supporting Information).

3.3.1. Temperature Modeling by Vogel−Fulcher−Tam-
mann and Arrhenius Equations. It can be seen in Figure 10
that there is a decrease in logarithmic viscosity with increasing
T. The Vogel−Fulcher−Tamman (VFT) equation (eq 20) is
used to model the temperature dependence of transport
property (Y) of viscous liquids close to their glass-transition
temperature.77

= +i
k
jjj y

{
zzz

i
k
jjjjj

y
{
zzzzz

Y
Y

A
Y

B
T T

ln ln Y Y

Y
0 0

0, (20)

where Y is the viscosity η (Y0 = η0 = 1 mPa−1) and AY, BY, and
T0,Y are adjustable parameters. The experimental data obtained

at different T values are fitted with the VFT equation (eq 20)
by adjusting the VFT parameters. The VFT equation explains
that the system kinetics for glass-forming liquids become
sluggish on approaching the critical T (or Vogel T), T0,Y, which
is 10−15 K below the glass-transition temperature, Tg. The
glass-transition temperature (Tg) decreases with decreasing
heating or cooling rate in a supercooled liquid. The VFT
equation predicts the divergence of η at finite temperature. η
becomes infinite when T → T0,Y. AY represents the viscosity as
T → ∞, and Ea = BY × R (where R is the general gas constant)
is the pseudoactivation energy.78 The calculated values of three
fitting parameters are collected in Table S16 (Supporting
Information).

The Arrhenius equation (eq 21) is also used to correlate the
temperature dependence of η.

Table 10. Viscosity Deviation Δη of ChCl/BA DES−Water Binary Mixtures as a Function of ChCl/BA DES Mole Fraction, x1,
in the Temperature Range 303.15 ≤ T/K ≤ 343.15a

Δη/mPa·s

x1 303.15 K 308.15 K 313.15 K 318.15 K 323.15 K 328.15 K 333.15 K 338.15 K 343.15 K

0.00 0 0 0 0 0 0 0 0 0
0.10 −2.731 −2.184 −1.784 −1.460 −1.205 −1.017 −0.959 −0.877 −0.839
0.20 −5.003 −4.230 −3.656 −3.128 −2.660 −2.223 −2.042 −1.931 −1.853
0.30 −7.884 −6.723 −5.851 −5.065 −4.258 −3.589 −3.319 −3.104 −2.967
0.40 −9.736 −8.628 −7.691 −7.105 −6.459 −5.872 −5.520 −5.108 −4.694
0.50 −10.51 −9.642 −8.648 −7.880 −7.174 −6.704 −6.174 −5.526 −4.993
0.60 −9.154 −8.409 −7.723 −7.091 −6.458 −5.910 −5.420 −5.045 −4.582
0.70 −7.250 −6.167 −5.445 −4.638 −4.060 −3.512 −3.140 −2.705 −2.272
0.80 −5.184 −4.549 −4.006 −3.369 −2.967 −2.621 −2.360 −2.072 −1.669
0.90 −2.691 −2.274 −1.840 −1.349 −1.006 −0.715 −0.427 −0.283 −0.050
1.00 0 0 0 0 0 0 0 0 0

aStandard uncertainties, u, in T, x, P, and η are u(T) = 0.01 K, u(x1) = 0.01, u(P)=10 kPa, ur(η) = 0.10, and u(Δη) = 0.10 mPa·s, respectively.

Figure 12. Viscosity deviation Δη of ChCl/BA DES−water binary mixtures as a function of x1 in the temperature range 303.15 ≤ T/K ≤ 343.15
(●: 303.15 K; solid blue circle: 308.15 K; solid red circle: 313.15 K; solid orange circle: 318.15 K; solid green circle: 323.15 K; solid brown circle:
328.15 K; solid pink circle: 333.15 K; solid purple circle: 338.15 K; solid gray circle: 343.15 K). The solid lines connecting data points are the best
fit representation of eq 10.
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= +A A
E

RT
ln ln a

(21)

where A represents η, A∞ is an empirical constant, Ea is the
activation energy associated with the property A, and R and T
have their usual meaning. The Arrhenius equation explains the
behavior of η as a function of T (Figure 11), which
demonstrates the exponential decrease in property.35 Equation
21 shows limitations for molecules that have small point
charges. The fitting of adjustable parameters (eq 21) from
experimental data are listed in Table S17 (Supporting
Information).

The mathematical interpretation of Arrhenius equation
points toward the linear and monotonic increase of transport
property with T. The equation is best applicable in the limited
temperature range (T < 2Tg).

3.3.2. Viscosity Deviation. Viscosity deviation for viscous
fluids is calculated from eq 22.

=
=

x
i

i i
1

2

(22)

where xi and ηi are mole fractions and dynamic viscosity of
component i, respectively.

The calculated values of Δη are listed in Table 10, and Δη vs
x1 at T = 303.15−343.15 K is shown in Figure 12.

Δη explains the interactions between the DES and cosolvent
in terms of (1) loss of dipolar association and difference in the
size and shape of component molecules and (2) specific
interactions such as charge-transfer complex formation and H-
bonding. The former effect corresponds to the negative value
of Δη and the latter explains the positive value of Δη from the
ideal mixing law.

Δη values for ChCl/BA DES and its aqueous binary
mixtures are negative for the entire composition range for the
studied temperature range with minima lying at x1 ≈ 0.5. The
negative Δη indicates that weak interaction forces related to
the size and shape of molecules are operating in the system,
which supports the breaking of self-association of water
molecules.79

The specific interactions between ChCl/BA DES and water
are less dominant in determining the magnitude of the
property. The absolute values of Δη decrease with increasing
T, showing the reduction of H-bonding interactions between
the DES and cosolvent. Generally, the system showing a
positive deviation from ideality for VE also exhibits negative
deviations for Δη, which is observed in the present case.80 The
magnitude of |Δη| (minima at x1 ≈ 0.5) from ideality is
consistent with that of |VE| (maxima at x1 ≈ 0.5), showing the
stability of the aqueous binary mixture in the observed region.
The calculated values of Δη are fitted to the R−K equation (eq
10), and the resulting parameters from regression analysis are
reported in Table S18 (Supporting Information).

Intermolecular interactions between DES and water were
modeled using the PC-SAFT EoS. Dispersion forces are
modeled from the dispersion term present in the equation of

state, while dipole−dipole interactions are modeled through
the association term, where a 2B scheme is used for DES and a
4C scheme is used for water; i.e., one positive and one negative
site are present in DES, while two positive and two negative
sites are present in water. The parameters for the DES were
obtained using the experimental density data published in this
work in the temperature range 303.15−343.15 K and 0.1 MPa
pressure, while for water, the vapor pressure of DIPPR data81

and the density data obtained in this paper were used.
Furthermore, the objective functions (OFs) for optimizing the
DES and water parameters are described in eqs 23 and 24,
respectively:
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where P is the vapor pressure, N denotes the number of
experimental data, and exp. and theo. are related to
experimental and theoretical data, respectively. Therefore, the
parameters are described in Table 11, from which it is
observed that the set of 5 parameters for each fluid correctly
fits the density in the liquid phase (overall deviation = 0.04%).
Furthermore, the deviation was obtained using eq S4
(Supporting Information).

In this study, the binary interaction parameter (which
corrects for dispersion forces between different molecules) was
fitted to experimental VE data for each temperature, and the
binary interaction parameter exhibits a quadratic temperature
dependence in K, given by the following expression: −7.82109
+ 0.045023·T − 0.000065902·T2, which was obtained by the
least-squares method. Therefore, the deviations obtained in ρ
and VE using both approaches are illustrated in Table 12.

According to Table 12, PC-SAFT was able to correctly
represent the experimental density data quantitatively; the
deviations with the predictive and fitted approaches were 0.80
and 0.25%, respectively. On the other hand, with both
approaches, the deviations in excess molar volume are high,
but the fitted approach manages to reduce the deviation from
the predictive approach to 34.41%.

Table 11. Optimal Parameters Required in PC-SAFT EoS and the Deviations in Liquid Density Considering the Temperature
Range 303.15−343.15 K

Fluid m σ (Å) ε/kB (K) κAB εAB/kB (K) AADρ %

DES 5.9028 2.9732 359.57 0.77094 6925.30 0.04
water 0.9700 3.0856 326.60 0.03005 1609.84 0.04
overall 0.04

Table 12. Deviations in ρ and VE Using PC-SAFT and both
Approaches

Predictive approach Fitted approach

AADρ % AADVE % AADρ % AADVE %

0.80 109.09 0.25 34.41
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Figures 13 and 14 show the theoretical results of PC-SAFT
for modeling the ρ of the binary mixture using a predictive
approach and a fitted approach, respectively. From Figure 13, it
is observed that the experimental density data grow monotoni-
cally with increasing DES mole fraction. In addition, the
predictive approach illustrates curves that present a stationary
point at each temperature characterized by a minimum ρ value
that decreases with increasing T and that does not agree with
the experimental observations. However, although qualitatively
PC-SAFT fails to correctly capture the trend in the
experimental data, quantitative analysis (Table 12) shows
good agreement between the experimental and theoretical
density data. On the other hand, Figure 14 shows the
theoretical data obtained with the fitted approach, and it is
observed that there are temperatures where the curve grows
monotonically with the increase in the DES mole fraction and
temperatures where stationary points are observed in the

curves. Furthermore, clearly with the fitted approach, the
agreement between experimental and theoretical density data
is better, as analyzed in Table 12.

Figures 15 and 16 illustrate the experimental data of VE and
the theoretical data obtained with the predictive and fitted
approaches, respectively. From both figures, it is observed that
the VE is positive, which implies that the intermolecular
attraction forces are weak and that the repulsive forces
predominate; i.e., the mixing volume is greater than the volume
of the ideal solution. Furthermore, both figures show that the
approaches used are capable of correctly modeling the
experimental data of VE from qualitative analysis and that
with the fitted approach (see Figure 16), and the experimental
data of VE are better represented.

Figure 13. Experimental ρ and calculated values using the predictive approach of PC-SAFT for the DES + water mixture at different temperatures
and 0.1 MPa. Circles represent the experimental data (●: 303.15 K; solid blue circle: 308.15 K; solid red circle: 313.15 K; solid orange circle:
318.15 K; solid green circle: 323.15 K; solid brown circle: 328.15 K; solid pink circle: 333.15 K; solid purple circle: 338.15 K; solid gray circle:
343.15 K). Dash lines represent the theoretical results obtained with the PC-SAFT EoS.

Figure 14. Experimental ρ and calculated values using the fitted approach of PC-SAFT for the DES + water mixture at different temperatures and
0.1 MPa. Circles represent the experimental data (●: 303.15 K; solid blue circle: 308.15 K; solid red circle: 313.15 K; solid orange circle: 318.15 K;
solid green circle: 323.15 K; solid brown circle: 328.15 K; solid pink circle: 333.15 K; solid purple circle: 338.15 K; solid gray circle: 343.15 K).
Solid lines represent the theoretical results obtained with PC-SAFT EoS.
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4. CONCLUSIONS
In this study, the ChCl/BA DES formed by a combination of
choline chloride (ChCl) and butyric acid (BA) is reported and
characterized. The density, speed of sound, and dynamic
viscosity of ChCl/BA DES and its aqueous binary mixtures are
reported over the entire range of composition in the
temperature range 303.15 ≤ T/K ≤ 343.15. The experimental
density and dynamic viscosity data are fitted well to the fourth-
degree polynomial equation in x1. To model the density, the
second-degree polynomial equation in T satisfactorily ex-
plained the temperature dependence of the property. The
temperature dependence of dynamic viscosity is compared
using VFT and Arrhenius equations. The VFT equation better
describes the variation of η with T. Experimental density data
are also used to evaluate the lattice energy (Upot), molar
entropy (S0), and intermolecular free length (Lf) of neat

ChCl/BA DES. Excess properties (VE, ΔκS, and Δη) are
calculated from measured experimental data and fitted with the
Redlich−Kister polynomial equation. The maxima in VE vs x1
lie at x1 ≈ 0.5 at all temperatures support the dominance of
nonspecific interactions among the components of DES +
water. The minima in Δη vs x1 in the temperature range
303.15 ≤ T/K ≤ 343.15 is also centered at x1 ≈ 0.5, showing
the stability of aqueous binary mixtures in the given region. For
ΔκS vs x1, the deviation from ideal behavior is in the water-rich
region (x1 ≈ 0.15), explaining the facilitated interstitial
accommodation of component molecules. The calculated
AAD for excess properties (VE, ΔκS, and Δη) are 0.07 m3·
mol−1, 0.08 Pa−1, and 0.2 mPa·s, respectively.

In this study, it is concluded that the equation of state used
together with the 2B and 4C association schemes for DES and
water, respectively, is able to correctly predict the density of

Figure 15. Experimental VE and calculated values using the predictive approach of PC-SAFT for the DES + water mixture at different temperatures
and 0.1 MPa. Circles represent the experimental data (●: 303.15 K; solid blue circle: 308.15 K; solid red circle: 313.15 K; solid orange circle:
318.15 K; solid green circle: 323.15 K; solid brown circle: 328.15 K; solid pink circle: 333.15 K; solid purple circle: 338.15 K; solid gray circle:
343.15 K). Dash lines represent the theoretical results obtained with the PC-SAFT EoS.

Figure 16. Experimental VE and calculated values using the fitted approach of PC-SAFT for the DES + water mixture at different temperatures and
0.1 MPa. Circles represent the experimental data (●: 303.15 K; solid blue circle: 308.15 K; solid red circle: 313.15 K; solid orange circle: 318.15 K;
solid green circle: 323.15 K; solid brown circle: 328.15 K; solid pink circle: 333.15 K; solid purple circle: 338.15 K; solid gray circle: 343.15 K).
Solid lines represent the theoretical results obtained with the PC-SAFT EoS.
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the binary mixture with a deviation of 0.25%. Furthermore, the
quadratic correlation for the binary interaction parameter
allowed us to correct the London dispersion forces and reduce
the deviation from the predictive approach 109.09% to a value
of 34.41%. On the other hand, both PC-SAFT approaches
show that the predominant forces are repulsive, which is in
agreement with the experimental observations.
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