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ARTICLE INFO ABSTRACT
Keywords: Deep eutectic solvents (DESs) are considered suitable replacement for conventional organic solvents, and the
Physicochemical properties prospects of their use in pharmaceutical and biomedical fields are growing. A detailed knowledge of their

Redlich-Kister polynomial equation
Perturbed chain statistical associating fluid
theory

physicochemical properties and understanding about structural behavior are particularly important for academic
and industrial applications. In the present study a deep eutectic solvent is prepared by combination of choline
Schaaff's collision factor theory chloride (ChCl) and propionic acid (PA) designated as ChCl/PA DES. Physicochemical properties density (p),
Nomoto relation speed of sound (u) and dynamic viscosity (1) of ChCl/PA DES and its binary mixtures with cosolvent n-butanol
Free volume theory are measured in the temperature range (293.15 — 333.15) K for all compositions x; = 0 — 1 (x; is mole fraction of
ChCl/PA DES). The density data is appropriately fitted with a second-degree polynomial equation in T. The
volumetric properties, excess molar volume (V%) and isentropic compressibility deviation (Aks), of ChCl/PA DES
and its binary solutions show negative deviation from ideal behavior. The V¥ vs x; curves exhibit a minimum at
x1 ~ 0.35 which becomes deeper with increasing T. Curves corresponding to excess partial molar volume of the
DES and 1-Butanol also cross each other at x; ~ 0.35 which supports dominance of packing effect over specific
interactions. Similar behavior in viscosity deviation (Az) is also observed but at x; ~ 0.6 which is again sup-
portive of the volumetric results. Lattice energy (Upo), molar entropy (8°) and intermolecular free length (Ly) are
calculated to explore behavior of the derived thermodynamic properties. Comparison of the results of temper-
ature dependence of transport property (1) with Vogel Fulcher Tammann (VFT) and Arrhenius equations reveals
that the VFT equation satisfactorily explains the relationship between dynamic viscosity and T. To model the
properties, we treat DES as a pseudo pure fluid and the DES + 1-butanol mixture as a pseudo binary system. The
Perturbed Chain Statistical Associating Fluid Theory (PC-SAFT) equation of state was employed as a fitting
approach for modeling the experimental density of ChCl/PA DES + 1-butanol mixtures. The theoretical models
named Schaaff’s Collision Factor Theory (SCFT) and Nomoto’s Relation (NR) were used to compute the speed of
sound (u) for the mixtures from theoretical point of view. Finally, dynamic viscosity (1) was modeled using Free
Volume Theory (FVT). This theory was applied as a fitted method using only three fitted parameters across the
entire range of temperature and liquid mole fraction of DES.

1. Introduction life. Hence presently there is great emphasis to replace them with
environmentally friendly solvents as a matter of commitment to fulfil

Organic solvents are generally used in chemical industry and in the objectives of green chemistry practice [1]. In this effort a step to-
many other application where they are required. Hazardous nature of wards this goal materialized in the synthesis of ionic liquids (ILs) which
these solvents has presented a threat to our environment and quality of were salts whose melting points were below 100 °C and composed of an
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inorganic anion and an organic cation.

Their characteristic properties such as high thermal stability, low
vapor pressure, broad liquid range and low melting point (<100 °C)
were attractive for applications in research, chemical industry and en-
gineering processes [2]. However, cumbersome and time consuming
procedure involved in synthesizing pure samples, expensive starting
materials and toxicity profile of the product were impediments in their
further development and application as an alternate solvent medium
[3]. Next deep eutectic solvents (DESs) were prepared as a eutectic
mixtures by combining a hydrogen bond donor (HBA) with a hydrogen
bond acceptor (HBA). They exhibited desirabale physicochemical
properties like low vapor pressure, low melting points and others com-
parable with ILs but cheaper in cost and easy to prepare. DESs are
considered as promising green alternative for ILs and conventional
organic solvents. The search for new and alternative green solvents with
excellent physicochemical properties have led to the preparation of deep
eutectic solvents. By carefully choosing constituents from a huge store of
HBAs and HBDs, a structure based DES can be prepared which is
biodegradable with low toxicity profile. The constituents for Natural
deep eutectic solvents (NADES) are precursors which are metabolites of
biological significance such as sugars, polyols, amino acids and choline
derivatives. NADES formed from them are suitable for pharmaceutical
and biomedical application due to better biodegradability, sustainability
and low toxicity [4].

The two components involved in the formation of DESs could be
liquids, solids, ions, or neutral molecules. The hydrogen bond formation
and the charge delocalization between participating HBA and HBD
hinders the crystallization of the individual components [5]. The term
“deep” signifies the negative temperature deviation at the eutectic point
compared to the predicted temperature for an ideal liquid mixture [6].
An added practical advantage of DESs is that unlike ILs, they require no
additional exhaustive purification process after their formation [7]. In
summary vesatile properties of DESs together with low production cost,
and easy synthesis from readily available precursors makes them an
excellent candidate to replace ILs and duly supports the green solvent
tag attached to them. With the advent of DESs, use of ILs in pharma-
ceutical and biomedical industry and has been limited due to obvious
reasons of toxicity, high production cost and low purity [8-10].

Choline chloride (also known as Vitamin B4) is a readily available,
nontoxic and biodegradable quarternary ammonium salt which is pro-
duced at mass scale in the world. It is used as an additive in animal feed
and also a commonly used HBA for preparing DESs [11]. Its low
enthalpy of fusion (about 4.3 kJ.mol!) facilitates the melting temper-
ature depression for DES formation [12].

Carboxylic acids (e.g., acetic acid, propionic acid and lactic acid, etc)
are compounds which possess useful chemical properties for use in
pharmaceutical industry. They are mostly sourced from acidogenic
fermentation of organic matter and their pKa value (3.5 — 4.5) suggests
that they are in the deprotonated state in biological media [13]. The
organic acids based DESs are extensively used to enhance the dissolution
of drugs in aqueous media [14,15].

In the present study, ChCl/PA DES is prepared from choline chloride
(ChCl) and Propionic acid in the 1: 2 mol ratio for investigating its
physicochemical properties (density, speed of sound and dynamic vis-
cosity) and its binary solutions with 1-butanol.

Physicochemical properties of DESs are sensitive to presence of
moisture in trace amounts as water breaks down the hydrogen bonded
network of DES and forms new bonds with chloride anion or HBD
[16-18]. There is a relationship between the chain length of carboxylic
acid of DES and the rate and absorption capacity of water molecules
[19,20].

DESs finds many targeted applications in electrochemistry, phar-
maceutical formulation, colloidal chemistry, synthesis, -catalysis,
extraction and biodeisal purification [21-23]. The solubility of natural
products is higher in DESs compared to conventional solvents due to the
hydrogen bond formation with DESs. Use of ChCl/PA DES has beed
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reported for extraction of phytochemical compounds and desulfuriza-
tion of fuel (gasoline and diesel) [24,25]. Relatively higher viscosity of
DESs and the lack of information on structure and properties could place
some restriction on their use in many practical applications. Recent
studies show that the solubilization behavior of deep eutectic solvent
(DES) is optimized by adding appropriate molecular solvent (for
example, water, alcohols of diffent carbon chain length and DMSO) and
composition variation of mixtures for engineering applications [26,27].
Moreover, the mass transfer of bioactive molecules from natural
matrices is improved with addition of cosolvent [28].

Targeted applications of DES and its mixtures with cosolvent(s)
require knowledge of physicochemical properties of solution system and
understanding of the microscopic interactions present within it [29].
There is no established theory based entirely on HBA and HBD chemistry
which explains the tailoring and tuning of physicochemical properties.
Properties of binary mixtures of DESs with alcohols are of interest for
their uses in pharmaceutical, cosmetic industry, organic synthesis, sep-
aration processes, and battery technology [30-32]. The presence of
—OH group in alcohol molecule imparts strong dependence of the sys-
tem on hydrogen bonding [33]. 1-Butanol is a versatile chemical plat-
form commonly used as food extractant, plasticizer, binder, in paint and
plastic industry. It has also been considered as an excellent alternative to
conventional fuels diesel and gasoline [34]. The long hydrocarbon
chain, lower vapor pressure, and non-polar characteristic of 1-butanol
are its advantageous characteristics for use as cosolvent compared to
ethanol [35,36]. 1-Butanol is often produced from biomass, called
“biobutanol” and from fossil fuels called “petrobutanol”, both forms
having the same chemical properties. The knowledge of thermophysical
properties DES is essentially important for technical applications in
semiconductor industry and other industrial processes [37]. The sig-
nificance of these properties relates to designing and optimization of
industrial process equipment and ensuring process quality for efficient
operation of the industrial system [38]. Emission of CO2 by industrial
units, power plants and fuel based vehicles is a major source of pollu-
tion. Recently DES based CO; capture technology has gained much
attention due to higher absorption effeciency at relatively low cost [39].
Several publications have appeared in literature on DES/water mixtures
but similar studies with 1-butanol are few [29,40,41].

The objective of the present study is (1) to prepare and characterize
DES composed of choline chloride and propionic acid in (1:2) mole ratio
and (2) to study the thermophysical (density, p and speed of sound, u)
and transport property (dynamic viscosity, ) of binary mixtures of DES
andl-butanol for all compositions in the range x; =0 to 1 (x; is mole
fraction of DES) and temperatures (293.15 — 333.15) K at ambient
pressure. Volumeric and accoustic paramers are derived from regression
analysis of the experimental data as a function of temperature and
compositions. Functional dependence of experimental dynamic viscos-
ity (n) on x; and T is satisfactorily fitted with Vogel Fulcher Tammann
(VFT) equation.

For computational studies, the liquid density for the DES + 1-butanol
mixture was determined through the application of the perturbed chain
statistical associating fluid theory equation of state (PC-SAFT EoS)
[42,43]. For modeling the speed of sound, two predictive methods were
employed: PC-SAFT EoS combined with Schaaff’s collision factor theory
(SCFT) [44] and with Nomoto’s relation (NR) [45]. To model the dy-
namic viscosity, the free volume theory (FVT) [46-48] was coupled to
PC-SAFT EoS.

1.1. Materials

Details of chemicals used in this work are listed in Table 1 with their
CAS numbers, source, and purity.

1.2. Methods

The ChCl/PA DES was prepared following the procedure already
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Table 1
CAS registry number, source, and purity of the chemicals.
Chemical CAS Reg. Source Purity Purification
No. method
Choline 67-48-1 Sigma- >99 % Used as received
chloride Aldrich
Propionic acid 79-09-4 Daejung >99 % Used as received
1-Butanol 71-36-3 Sigma- >99 % Used as received
Aldrich

reported [14,49,50].

Choline chloride (HBA) and propionic acid (HBD) were mixed by
adjusting 1:2 M ratio. The mixture was heated in a round bottom flask at
(343.15 - 348.15) K with constant stirring. The flask was fitted with a
condenser at the end of which a drying tube filled with silica gel was
provided. The contents of the flask were continuously stirred until a
homogeneous, colorless, and transparent liquid of ChCl/PA DES was
formed. The prepared DES was allowed to cool to room temperature and
stored in a sealed bottle and kept in a desiccator. The moisture content of
the final product (ChCl/PA DES) was determined with coulometric Karl
Fischer titration equipment (Mettler Toledo, V10S) using Karl Fischer
reagent (CombiNorm5 and methanol) which was 0.05 %. To charac-
terize the prepared ChCl/PA DES, FTIR spectra of choline chloride,
ChCl/PA DES and propionic acid were recorded on FTIR spectrometer
(ALPHA, Bruker II), and NMR (*H and '3C) spectra were recorded on
Bruker Advance 300 MHz spectrometer. These spectra are shown in
Figs. S1-S3 (Supporting information).

Binary solutions of ChCl/PA DES and 1-butanol over the entire range
of composition were prepared by weighing of components in airtight
glass vials using analytical balance (Shimadzu AUW220D, precision +
0.01 mg).

The FTIR spectra of ChCl/PA DES and 1-butanol binary mixtures
corresponding to mole fractions (x; = 0.0, 0.3, 0.5, 0.7, 1.0) have also
been recorded and shown in Fig. S4 (Supporting information).

Density and speed of sound meter (DSA 5000 M, Anton Paar) was
used for density (p) and speed of sound (u) measurements in (293.15 -
333.15) K temperature range at 5 K intervals. The instrument is equip-
ped with density and speed of sound cell, combining oscillating U-tube
method. Both cells were temperature controlled by built-in Peltier
thermostat with an uncertainty of 0.01 K. The density was measured by
vibrating tube densimeter. Density was derived from the resonant fre-
quency of sample filled U-shaped tube as it vibrates perpendicular to its
plane in an electromagnetic field. The vibration was considered as
simple harmonic oscillation. The ultrasonic transducer frequency of
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 transmitter and receiver. Prior to each measurement,
calibration of the instrument was checked with deionized water and air.
The measuring tube of DSA 5000 was thoroughly cleaned with deionized
water, rinsed with ethanol, and dried using a blower before injecting
each sample.

Viscosity module (Lovis 2000 M/ME, Anton Paar) attached to DSA
5000 was used for viscosity measurements in temperature range (293.15
- 333.15) K. The dynamic viscosity (1) measurements are based on the
falling ball principle. The falling time of a steel ball in the capillary tube
filled with the sample fluid is measured. The stated temperature un-
certainty and repeatability factor of DSA 5000 and the Module 2000
were 0.01 K, 0.02 K, 0.01 K, and 0.005 K, respectively. Viscosity mea-
surements were made with capillary tubes of diameter 1.59, 1.8 and 2.5
mm, respectively which were calibrated at different temperatures and
angle inclinations, with viscosity standards (S3, S6, N100 and N415)
supplied by Anton Paar. The standard uncertainties in mole fractions,
density, speed of sound and dynamic viscosity were u(x;) = 0.01,
u(T) = 0.01 (for density), u(p) = 3 x 1073 kgm3, u(u) = 0.50 m.s~!
u(T) = 0.02 (for viscosity) and u(yy) = 0.01 mPa.S, respectively using
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Egs. S9-S12 (Supporting information).

2. Computational modeling
2.1. Liquid density using PC-SAFT EoS

According to the literature, density modeling for mixtures with DES
has been successfully applied with PC-SAFT [51-54]. This theoretical
model states that the liquid density can be calculated with Eq. (1):

oa
= — ] 1
[ﬂ(0p> TV a} @

where T is the temperature, p indicates the molar density, V is the molar
volume, and a = A/V represents the Helmholtz energy density, with A is
the molar Helmholtz energy. According to this theoretical model, the
Helmholtz energy density is defined as Eq. (2):

a = p(A® + A" + AT %) 2

where A% A" A4P and A% are related to ideal gas term, a hard-chain
contribution, London forces, and association term, respectively. Given
that equations related to contributions for molar Helmholtz energy are
thoroughly documented in the literature, and to maintain focus on the
key aspects of PC-SAFT EoS, readers are advised to refer to the cited
sources [42,43].

Each pure fluid requires five fitted parameters: the segment diameter
that does not vary with temperature (¢), the number of segments (m),
the energy parameter (¢), the effective volume (x*F), and the association
energy parameter (¢4B). For pure fluids that do not exhibit self-
association, the last two parameters are assigned a value of zero.

Once the pure fluid parameters are established, the appropriate
mixing rules must be applied for the binary mixtures, i.e., the mixing
rules expressed as Egs. (3-6):

&5 = &g (1 — ky) (3
1
o = E (Ui + 6;) 4
A= L (AP g ) ®)
KAB = \/ KAiBi AiB; [7 Valo_"} ’ 6)
(O‘i + o’;)/2

Therefore, in the cross dispersive energy parameter (¢;), the binary
interaction parameter (k;) is present. This parameter is fitted to account
for the attractive dispersion forces between molecules i —j. This binary
parameter is usually fitted with phase equilibrium data, but in the
absence of experimental phase equilibrium data and in order to better
model the liquid density of the mixture, in this work it will be fitted with
density data.

2.2. Speed of sound using SCFT and NR

In this study, two models were used to calculate the speed of sound:
SCFT [44] and NR [45]. A major advantage of these models is that do not
require fitted parameters for binary mixtures. Consequently, we will use
a predictive approach to calculate the speed of sound. The speed of
sound (u) given by SCFT [44] model is expressed in Eq. (7):

u = 1600p ( 3 xisi> ( 3 xl-Navm,-gdi3> %)
i=1

i=1

where s; represents the space filling factor of fluid i in the mixture, x;
denotes the liquid mole fraction, N, is the Avogadro constant, and d; is
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the segment diameter dependent of temperature defined as PC-SAFT
EoS.

On the other hand, NR model [45] proposes that speed of sound is
given by Eq. (8):

ne x,01/3
Zi:l,)[ul

L (8)
ity

u—=

with u;, the experimental speed of sound for pure fluid.

In this study, the molar density present in both models (SCFT and
NR) was obtained with PC-SAFT. For this reason, the approach to speed
of sound modeling will also be called SCFT + PC-SAFT or NR + PC-SAFT.

2.3. Viscosity using FVT

Free volume theory (FVT) initially developed by Allan et al. [46-48]
proposes that dynamic viscosity is defined as Eq. (9):

I’] — }10 + r]res (9)

The sum is composed of two terms, the first means viscosity for the
dilute gas, while the second represents the residual viscosity.

The dilute gas viscosity is given by Chung et al. [55], but according to
the literature [46-48,54], it is assumed that the term is negligible for
liquids. Therefore, in this research we will use that FVT is given by Eq.
(10):

n=re 10)

Moreover, the residual viscosity given in mPa:-s, is defined by Allan
et al. [46-48] as Eq. (11):

a+Ye a+Ye "
e — 1000p1 L e B| —2% 11
n P\ SRt Xp SRT an

where R is the universal gas constant in J-mol™*-K~!, M is the molar
mass in kg-mol ™}, P is the absolute pressure (in this study, experimental
pressure was 10° Pa), p represents the density in kg-mf3, which is ob-
tained from PC-SAFT (in this work). This model has three fitted pa-
rameters with experimental viscosity data. These parameters are a, B,
and [, which represents the barrier energy, free volume overlap, and
characteristic molecular length. In order to obtain the residual viscosity
in mPa-s, it’s necessary that the previous fitted parameters be in the
following units: J-mol™!, dimensionless, and m, respectively. It is
important to note that Eq. (11) can be applied not only to pure fluids but
also to mixtures, provided that the appropriate mixing rules are applied
to the parameters (@, B, and [). In this study, the mixing rules were
applied which assume the parameters vary quadratically with the mole
fraction. Additionally, these mixing rules incorporate a total of three
adjustable parameters. Therefore, these mixing rules are given by Egs.
(12-14):

2
a= > xxyae(1 -l (12)

Il
-
-
Il
-

2 ne
B=3_ 3 xix;/BB;(1 - wy) as)

XX lilj(l — uij) (14)

where I, w;;, and uy;, are parameters that fit the experimental viscosity
data for the binary mixtures. These fitted parameters are used to correct
for interactions between i —j that affect the parameters (a, B, and [) for
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the binary mixtures.
3. Results and discussion
3.1. Density

Density of ChCl/PA DES and its binary solutions with 1-butanol were
measured in the temperature range (293.15 - 333.15) K and the
experimental data is listed in Table 2. Fig. 1 displays the variation in
density of binary solutions as a function of temperature. Experimental
values are fitted to a second-degree polynomial equation in T (Eq. (15)).

p=a,+b,T+ c,,T2 (15)

The fitting parametersa,, b,, ¢, and their standard deviation are
summarized in Table S2.

Fig. 1 shows that density decreases linealy with increasing temper-
ature for all compositions due to increased free volume resulting from
added thermal energy. The second degree polynomial equation in T
satisfacorily correlates the experimental data with temperature for all
mole fractions as represented by correlation factor r? (Table S2, Sup-
porting information).

Density which depends on molecular organization and packing and is
influenced by vacancies present within the DES's liquid structure.
Moreover, the composition changes and mole ratio of HBA and HBD in
the DES are the means to modify the density of DES and its binary
mixtures with 1-butanol.

At constant temperature p increases sharply with x; which gradually
decreases with addition of more DES content in ChCl/PA + 1-butanol
mixtures (Fig. S5, Supporting information). This non linear trend of p vs
xi is fitted with 4th degree polynomial equation (Eq. S1, Supporting
information) in x; (mole fraction of DES). The correlated parameters
from experimental density data are listed in Table S3 (Supporting
information).

Isobaric thermal expansion coefficient g, is calculated using Eq. (16)
[56]. The resulting values are tabulated in Table S4. Plots of a, vs x; are
shown in Fig. S6.

_l(ovy L (%
“"’V(dT)p’ ’ (()T>p (16)

ap is a property of fluids that uniquely describes volume expansion as a
result of increase in temperature at constant pressure. Its knowledge is
important for selecting a DES for a particular application. Its magnitude
is found to decrease with increasing temperature at compositions, but at
x1 > 0.7 a reversal in trends is observed. This behaviour indicates a
varying extent of hydrogen bond interactions between molecules of
ChCl/PA DES compared to ChCl/PA DES and 1-butnaol in the mixtures.
The increase in the magnitude of o, indicated higher free volumes and
wider spaces between the unbound molecules resulting in the decrease
of density with respect to T [57].

The molar mass of ChCl/PA DES is calculated using Eq. (17) [58,59].

Mcnciypapes = McnaiXcnct + MpaXpa 17)

The lattice potential energy, Uy, represents energy required per mole
to convert ionic solid into its gaseous components. In the case of DESs, it
is dependent on the charge carried by its constituents and spaces be-
tween the ions.

The lattice potential energy Uy, and standard molar entropy, S° of
pure ChCl/PA DES are calculated in the entire temperature range using
empirical Egs. (18) and (19), respectively [60].

Upor = 1981.2(p/Mcncypanes)'” +103.8 (18)
S° =1246.5V+29.5 19)

where V is the molecular volume in nm® (V = 102'*V,,/N,). The
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Table 2
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Density, p/kg.m~3, of ChCl/PA and ChCl/PA DES + 1-butanol mixtures in the temperature range, T = (293.15 —333.15) K (x; = mole fraction of ChCl/PA DES) and

pressure, p = 0.1 MPa.

x1/T(K) p/kg.m=3

293.15 298.15 303.15 308.15 313.15 318.15 323.15 328.15 333.15
0.00 809.580 805.790 801.950 798.100 794.220 790.240 786.120 782.140 778.050
0.10 854.237 852.284 849.681 847.670 845.659 844.006 842.101 840.304 838.323
0.20 894.163 892.012 890.223 887.938 886.097 884.059 882.418 880.578 878.896
0.30 928.415 926.266 924.359 922.544 920.750 918.845 916.899 914.913 912.888
0.40 958.185 956.192 954.188 952.145 950.314 948.179 945.919 943.840 941.931
0.50 980.277 978.069 975.904 974.058 972.324 970.688 968.951 967.388 965.651
0.60 997.438 995.650 993.831 992.164 990.568 989.067 987.665 986.251 985.091
0.70 1015.44 1013.48 1011.56 1009.88 1008.41 1007.07 1005.74 1004.54 1003.49
0.80 1034.85 1032.02 1029.52 1027.23 1025.41 1023.51 1021.85 1020.63 1019.52
0.90 1055.79 1051.86 1048.72 1045.49 1042.19 1039.02 1036.01 1032.80 1030.36
1.00 1079.24 1074.81 1071.40 1068.02 1064.64 1061.27 1057.92 1054.58 1051.26

Standard uncertainties, u, in T, x;, p and p are u (T) = 0.01 K, u (x;) = 0.01, u(p) = 10kPa,and u(p) = 0.003kg.m~3.
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Fig. 1. Temperature dependence of density, p of ChCl/PA DES + 1-butanol
mixtures for different mole fractions of ChCl/PA DES, x; = (e(black): 0.0;
o (blue): 0.1; e(red): 0.2; - (orange): 0.3; @(brown): 0.4; e(purple): 0.5;

(pink): 0.6; ®(cyan): 0.7; @(green): 0.8; (yellow): 0.9; @(gray): 1.0). The
solid lines are the best fit representation of Eq. (15). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

calculated values of Uy, S and V in (293.15 - 333.15) K range are
collected in Table S5 (Supporting information). Uy, values for ChCl/PA
DES are lower compared to ionic crystal CsI (Uyo= 613kJ/mol) which
reflects its liquid state at room temperature [61]. The standard entropy,
S° of ChCl/PA DES has increased slightly with increasing temperature.
5% values for DES and ILs are relatively higher as compared to inorganic
salts NaCl and KCl whose values are 72.1 and 82.6 kJ.K * mol~! [62],
indicating more disordered structures due to low electrostatic energy
and reduced charge density [63,64].

To understand the non-ideal behavior, molecular interactions, and
structural arrangements between ChCl/PA DES and cosolvent, excess
molar volume VF of ChCl/PA DES + 1-butanol binary mixtures were
calculated from experimental density data (Table 1) according to Eq.
(20).

VE= ST e (07 - i) (20)

where x;, M; and p; represent mole fraction, molar mass, and density of
component i respectively and p is density of binary mixtures.

The calculated VE values are collected in Table 3 and plots of V£ vs x;
(x; = mole fraction of ChCl/PA DES) are shown in Fig. 2.

Fig. 2 shows that values of VE are negative for entire range of
composition and temperature investigated. The positive or negative sign
associated with the magnitude of the excess property (VE, Axs, An)
signifies the nature and presence of physical, chemical or structural type
interaction forces between components of the solution, and their con-
tributions to the excess property. The negative VE values of the inves-
tigated system indicate presence of hydrogen bonding and attractive
forces which could be ion-dipole, dipole-dipole, or charge transfer
complex formation between DES and cosolvent molecules leading to
volume contraction. The positive sign of V¥ is indicative of weak phys-
ical interactions (van der Waals forces) among component of the
mixture. The structural effect is either due to (1) interstitial fitting of a
component molecule into other’s structure producing a more compact
geometric structure or (2) steric hinderance or unfavorable accom-
odation of component molecules [65]. The negative V¥ signifies the
predominance of hydrogen bonding between self associated components
in solution. The magnitude of |VE| increases with increasing tempera-
ture. There are two effects operating at higher temperatures (a) thermal
expansion of the system (b) breakage of the self associated structures of
the cosolvent. The net effect appears in the increase of |VE|since now
more free butanol molecules are available to interact with DES mole-
cules (H-bonding). The effect is dominant at lower mole fractions below
x1 = 0.5. At higher mole fractions (x; > 0.5) increase in ChCl/PA DES
molecules weakened hydrogen bond. Effect of increase in x; (i.e., ChCl/
PA DES molecules) is to lower |VE|at all mole fractions [59]. Generally,
1-butanol molecules form stronger self associated structures via
hydrogen bonding compared to other isomers [66]. Recent studies have
shown strong hydrogen bonding interaction in SDS/1-butanol and DBE/
1-butanol mixtures [62,67].

Fig. 2 clearly represents the temperature and mole fraction depen-
dence of VE for ChCl/PA DES + 1-butanol system and its behavioral
change at x; ~ 0.35 [68,69].

Redlich - Kister (R-K) equation is used to analyze the thermo -
acoustic parameters which are defined as the difference between
experimental values and ideal mixture values. Algebraic sign associated
with the parameter is interpreted in terms of the intermolecular in-
teractions present in liquid mixtures. The magnitude is a measure of the
nonideality of the system due to associative or other interactions. Pos-
itive values indicate the presence of strong intermolecular interactions,
and the negative values arise from the presence of weak interactions. R-
K equation is thus an approach to analyze and discuss solute — solvent
interactions and identify the nature of interactions.

The combined Redlich-Kister (CNIBSR-K) model at constant tem-
perature explains the relationship between excess molar property (VZ,
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Table 3
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Excess molar volume, 106 x VE, m3.mol~?, of ChCl/PA DES + 1-butanol mixtures at different temperatures.

x1/T(K) VE x 10°/m3.mol !

293.15 298.15 303.15 308.15 313.15 318.15 323.15 328.15 333.15
0.00 0 0 0 0 0 0 0 0 0
0.10 —-1.967 —2.186 —2.337 —2.553 —2.776 —3.051 -3.317 —3.584 —3.847
0.20 —3.249 —3.455 —3.688 —3.874 —4.111 —4.340 —4.625 —4.880 —5.166
0.30 —-3.871 —4.081 —4.295 —4.521 —4.753 —4.987 —5.230 —5.461 —5.701
0.40 —4.028 —4.253 —4.449 —4.643 —4.862 —5.062 —5.263 —5.472 —5.708
0.50 —3.485 —3.688 —3.857 —4.056 —4.270 —4.501 —4.733 —4.974 —-5.209
0.60 —2.524 —2.759 —2.945 —3.146 —3.357 —3.583 —3.827 —4.064 —4.331
0.70 —1.660 —1.874 —2.038 —2.223 —2.430 —2.654 —2.884 —-3.122 —3.380
0.80 —0.936 -1.072 -1.173 —1.290 —1.450 —1.608 -1.790 —2.008 —2.240
0.90 —0.359 —0.399 —0.433 —0.456 —0.474 —0.504 —0.548 —0.573 —0.667
1.00 0 0 0 0 0 0 0 0 0

Standard uncertainties, u in T, x1, p and p are u(T) = 0.01 K (for density), u (x;) = 0.01, u(p) = 10kPa,u(p) = 0.003kg.m=3, u(VE) =0.12 x 10-5m3.mol !.
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Fig. 2. Variation of excess molar volume, VZ x 10m3.mol ! of ChCl/PA DES
+ 1-butanol mixtures with mole fraction of ChCl/PA DES, x; in the temperature
range 293.15 < T/K < 333.15 (@ (black): 293.15 K; e (blue): 298.15 K; @ (red):
303.15 K; - (orange): 308.15; e(brown): 313.15 K; e(purple): 318.15 K;
(pink): 323.15 K; ®(cyan): 328.15 K; e(green): 333.15 K). The solid lines
connecting the data points are the best fit representation of Eq. (21).

Axs, An) and composition as given by Eq. (21) [68,70-72].

k
E J
Y® = Xcnci/papesX1-Butanol E A;j (XchaypapEs — X1-Butanol) (21)
=0

where, YZ = (VE, Axs and An), Xchcypapes = mole fraction of ChCl/PA
DES (component 1), X;_pyanot = mole fraction of 1-butanol (component
2), A;j = Adjustable binary coefficients, j = degree of polynomial
equation.

Parametric fitting of the excess property Y% by least square method
provides useful information which helps to understand interactions
between components of a binary mixture. The numerical values of j can
be varied to find an accurate mathematical representation of experi-
mental data.

The calculated VF values are satisfactorily fitted to a third order
Redlich-Kister polynomial (Eq. (21)) as shown by the solid lines in Fig. 2
and the results of adjustable polynomial coefficients (A4;’s) and their
standard deviations (¢) are summarized in Table S6 (Supporting
information).

Further understanding of solute-solvent and solute-solute in-

teractions in binary mixtures of ChCl/PA DES and 1-butanol is obtained
by calculating the apparent molar volume (Vg;), partial molar volume
(V), and excess partial molar volume (Vig) of individual components
using Egs. (22-24), respectively.

VE
Vyi=Vmi+t— (22)
Xi
E
Vi=Vui+VE+(1-x) (av) (23)
0x; PT
Vi = Vi Vi 24)

Vi is the molar volume of the pure component i. The calculated values
of Vg, Vi and Vf of individual components [(i = 1 (ChCl/PA DES), i = 2
(1-butanol)] are collected in Tables S7-S12 (Supporting information).

The calculated V;;; values are positive for both ChCl/PA DES and 1-
butanol, indicating strong interaction and favorable structural effects
between DES and 1-butanol molecules [73]. The calculation of partial
molar volume of individual components at infinite dilution (Vfo) are of
interest because the solute-solute interactions are negligible and only
solute — solvent interactions become important. Values of V;" for ChCl/
PA DES and V, for 1-butanol are calculated in the entire temperature
range (293.15-333.15)K using Egs. (25) and (26) respectively and
collected in Table S13.

n

Vi =Vmi+ Y A(-1) (25)
i=1

. n

Vo =Vmat > A (26)
i=1

Plots of V;° vs x; are shown in Fig. S6 (Supporting information).

3.2. Speed of sound

The speed of sound, u and the derived parameter isentropic
compressibility «; provide useful information on intermolecular in-
teractions between components in fluid phase. Many properties such as
the isothermal expansion coefficient, the Joule-Thomson coefficient and
isochoric heat capacity which depend on density and speed of sound are
important in the designing of a process [74]. The experimental data for
speed of sound u of ChCl/PA DES, 1-butanol and their binary mixtures is
tabulated in Table 4 and u as function of T is plotted for entire range of
composition in Fig. 3.

Fig. 3 shows that the u decreases with increasing T and this behavior
is consistent for the entire range of composition at
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Table 4
Speed of sound, u/m.s~! of ChCl/PA DES + 1-butanol mixtures as a function of temperature, T = (293.15 — 333.15) K and pressure, p = 0.1MPa.
x1/T(K) u/m.s!
293.15 298.15 303.15 308.15 313.15 318.15 323.15 328.15 333.15
0.00 1256.3 1239.3 1222.4 1205.5 1188.8 1173.0 1156.5 1140.1 1123.6
0.10 1289.3 1271.9 1254.6 1237.5 1220.3 1203.1 1186.1 1169.1 1152.1
0.20 1328.3 1311.3 1294.3 1277.5 1261.2 1244.5 1227.8 1210.9 1194.1
0.30 1390.3 1373.9 1357.4 1341.1 1324.7 1308.3 1292.0 1275.6 1259.2
0.40 1459.7 1443.5 1427.3 1411.2 1395.1 1379.0 1362.9 1346.8 1330.3
0.50 1507.6 1491.6 1475.8 1459.9 1444.2 1428.5 1412.8 1397.0 1381.3
0.60 1566.2 1550.6 1535.0 1519.4 1504.0 1488.5 1473.1 1457.6 1442.2
0.70 1631.0 1615.6 1600.5 1585.5 1570.5 1555.5 1540.5 1525.6 1510.7
0.80 1728.3 1714.2 1700.1 1685.9 1671.6 1657.4 1643.2 1629.0 1614.8
0.90 1830.6 1816.7 1802.8 1789.1 1775.4 1761.7 1748.2 1734.8 1721.5
1.00 1945.3 1934.7 1925.8 1918.3 1911.8 1904.6 1895.5 1887.3 1876.4

Standard uncertainties, u, in T, x, P and u are u(T) = 0.01 K, u(x;) = 0.01, u(p) = 10kPa and u(u) = 0.5m.s™!.

1300

1170 | B

290 300 310 320 330

Fig. 3. Temperature dependence of speed of sound, u of the binary mixture,
ChCl/PA DES + 1 butanol with varying x; = (e(black): 0.0; e(blue): 0.1;
o (red): 0.2; - (orange): 0.3; @(brown): 0.4; e(purple): 0.5; e (pink): 0.6;

(cyan): 0.7; e(green): 0.8; (yellow): 0.9; e(gray): 1.0). The solid lines
connect the experimental data points.

Table 5

T = (293.15—333.15)K range. There is slowing down of sound waves
due to increased spaces in component molecules in less dense medium.
However, with increasing DES content in binary mixture, the value of u
increases as the medium of sound waves becomes denser.

The acoustic property, isentropic compressibility xs is defined in
terms of fluid density (p) and speed of sound (u) by Newton’s Laplace Eq.
@27.

ks =—V! (g—‘;>s =u?p! 27)

The validity of Eq. (23) depends on the fact that the perturbation to
the liquid sample produced by the acoustic wave does not relax
completely during the time constant of that wave [75]. ks measures the
relative change in the volume of fluid with corresponding change in
pressure. The ks values (Table 5) decrease as ChCl/PA DES content of the
solution is increased in the temperature range studied which suggests
tightening of the ChCl/PA DES and 1-butanol structure in binary mix-
tures [76].

The effect of increasing temperature on g is just the opposite of that
observed for increase in mole fraction of ChCl/PA DES. The temperature
dependence of ks is explained in Fig. 4.

Isentropic compressibility deviation, Axg represents the changes
effected in the solvent by solute molecules because of solute — solvent
interactions in binary mixtures when the concentration of the latter
approaches zero [73]. ks for ChCl/PA DES + 1-butanol system is
calculated by following Eq. (28) and tabulated in Table 6.

2
AKS = Ks — in,(‘gj (28)
i=1

where x; and «;; are mole fractions and isentropic compressibility of

Isentropic compressibility, ks x 1012/Pa~! of ChCl/PA DES + 1-butanol mixtures as a function of temperature, T.

x1/T(K) ks x 10'2/Pa!

293.15 298.15 303.15 308.15 313.15 318.15 323.15 328.15 333.15
0.00 782.6 808.0 834.6 862.1 890.9 919.7 951.1 983.7 1018.1
0.10 704.2 725.2 747.7 770.4 794.1 818.5 844.1 870.7 898.7
0.20 619.8 637.3 655.2 674.2 693.0 713.1 733.7 755.6 778.3
0.30 557.2 572.0 587.1 602.7 618.9 635.9 653.4 671.8 690.9
0.40 489.8 501.9 514.5 527.4 540.6 554.6 569.2 584.1 599.9
0.50 448.9 459.5 470.5 481.7 493.1 504.9 517.1 529.7 542.7
0.60 408.7 417.7 427.0 436.6 446.3 456.3 466.6 477.2 488.1
0.70 370.2 378.0 385.9 393.9 402.1 410.4 419.0 427.7 436.6
0.80 323.5 329.7 336.1 342.5 349.0 355.7 362.5 369.2 376.2
0.90 282.6 288.1 293.4 298.8 304.4 310.1 315.8 321.7 327.5
1.00 244.9 248.6 251.7 254.4 257.0 259.7 263.1 266.2 270.2

Standard uncertainties, u, in T, x, P and u are u(T) = 0.01 K, u (x1) = 0.01, u(p) = 10kPa and u(u) = 0.5m.s™1.
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Fig. 4. Isentropic compressibility, s x 10'2/Pa~' , of ChCl/PA DES + 1
butanol mixtures as a function of x;, in the temperature range 293.15 < T/K <
333.15 e(black): 293.15 K; e (blue): 298.15 K; e (red): 303.15 K; - (orange):
308.15; e(brown): 313.15 K; e(purple): 318.15 K; e(pink): 323.15 K;

(cyan): 328.15 K; @ (green): 333.15 K). The solid lines connect the values are
calculated from Eq. (27).

component i, respectively.

Functional dependence of Axs on x; (Fig. 5) is similar to that
observed in the case of V£, emphasizing identical nature of contributing
factors to inter molecular interaction.

The Akg values are negative over the entire range of composition and
temperature (293.15—333.15)K but the magnitude is larger compared
to V¥ indicating that sound waves have greatly disturbed the system
enforcing stronger interactions between unlike molecules of ChCl/PA
DES and 1-butanol. The specific (dipole-dipole) interaction favors the
better geometric fitting of component molecules of unequal size into one
another.

The experimental values for Axg are fitted to Redlich Kister poly-
nomial Eq. (21) and correlated parameters are tabulated in Table S14
(Supporting information).

Intermolecular free length, Ly (Eq. (29)) expresses the compress-
ibility behavior of DES under the influence of temperature, molecular
mass, and mole ratio of DES with cosolvent.

Ly=K (29)

pu2
where K is Jacobson’s constant, a temperature dependent parameter

Table 6
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[77]. The calculated values of L are presented in Table 7 and the plot of
Lf vs x1 at T = (293.15 — 333.15) K is shown in Fig. 6.

The influence of increasing temperature and DES content in solution
on Ly values are in opposition. The slowing down of speed of sound at
higher temperatures allows larger space between molecules. On the
other hand, Ly values decreased with increasing concentration of DES
reflects reduced free space indicating compactness of the structure [63].

Acoustic impedance Z, which measures the resistance experienced by
the passage of ultrasound beam through the medium [78], is calculated
using Eq. (30).

Z=pu (30)

The calculated values of Z (Eq. (30)) are presented in Table 8 and
plotted vs x; in Fig. 7.

Increase in the Z values with increasing temperature indicates
somewhat loosening of the structure that leads to increase in available
free space for the passage of sound waves. With increasing concentration
of ChCl/PA DES, decrease in Z value is expected, as compaction of the
system takes place due to increase in charge centers. These two trends
are complemented by temperature and concentration dependence of Ly.

Variation in these properties (Aks, Ly and Z) offer qualitative
description of behavior of binary mixture (ChCl/PA DES + 1-butanol) in
intermediate composition range [79].

3.3. Viscosity

Viscosity # is an important physical property which explain the in-
ternal resistance to fluid for shear stress. For many chemical engineering
applications, viscosity data at different temperatures is required to
optimize process designing. The viscosity of DES can be manipulated by
addition of suitable cosolvents for mass transfer rates in solutions [80].
Experimentally measured 7 of ChCl/PA DES and its binary mixtures with
1-butanol in the temperature range 293.15 < T/K < 333.15 is recorded
in Table 9.

The viscosity decreases with increasing mole fraction of ChCl/PA
DES in binary mixtures (Fig. S8, Supporting information). This is due to
the weakening of intermolecular forces among the components of mix-
tures [56]. The fourth-degree polynomial equation correlates the
experimentally measured viscosity with T for all mole fractions (x; =
mole fraction of ChCl/PA DES) and the correlated parameters are re-
ported in Table S15 (Supporting information).

The experimental transport property, dynamic viscosity (i)is satis-
factorily correlated with temperature T by Vogel-Fulcher-Tammann
(VFT) Eq. (31).

Y\ ., (A By
in(35) =1n(55) o 31)

Isentropic compressibility deviation, Axs x 10'2/Pa~! of ChCl/PA DES + 1 butanol mixtures at different temperature T.

x1/T(K) Aks x 10'2/Pa!

293.15 298.15 303.15 308.15 313.15 318.15 323.15 328.15 333.15
0.00 0 0 0 0 0 0 0 0 0
0.10 —24.59 —26.85 —28.59 -31.02 -33.41 -35.15 -38.19 —41.20 —44.59
0.20 —55.27 —58.80 —62.74 —66.41 -71.17 —74.62 -79.73 —84.56 —-90.18
0.30 —64.05 -68.23 ~72.56 -77.11 —81.79 —85.84 -91.31 ~96.67 ~102.8
0.40 -77.71 -82.32 —86.95 —-91.66 ~96.69 -101.1 -106.7 -112.5 ~119.0
0.50 —64.87 —68.76 —72.60 ~76.61 —-80.82 —84.83 —90.02 —95.29 —-101.4
0.60 -51.23 —54.64 ~57.79 —60.95 —64.24 -67.39 -71.71 ~75.98 -81.28
0.70 —35.98 -38.39 —40.61 —42.82 —45.11 —47.33 —50.51 —53.77 —-57.91
0.80 -28.92 -30.72 -32.17 —-33.48 —-34.75 —36.08 -38.24 —40.50 —43.57
0.90 -16.00 -16.45 -16.56 -16.37 -15.98 -15.65 -16.07 -16.24 -17.46
1.00 0 0 0 0 0 0 0 0 0

Standard uncertainties, u, in T, x, P and u are u(T) = 0.01 K, u(x;) = 0.01, u(p) = 10kPa and u(u) = 0.5m.s~!, u(Aks) = 0.05 x 10~12Pa™!.
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Fig. 5. Isentropic compressibility deviation, Aks x 10'2/Pa~! | of ChCl/PA DES
-1 butanol mixtures as a function of x;, in the temperature range 293.15 < T/
K < 333.15 e(black): 293.15 K; e(blue): 298.15 K; @ (red): 303.15 K; - (or-
ange): 308.15; @ (brown): 313.15 K; e (purple): 318.15 K; o (pink): 323.15 K;

(cyan): 328.15 K; @(green): 333.15 K). The solid lines are the best fit rep-
resentation of Eq. (21).

where Y is viscosity (Y0 = #° = 1mPa™!) and Ay, By and Ty y are three
adjustable parameters. Equation (31) fits the experimental data well for
glass forming liquids as the system dynamics slows down on reaching
the critical temperature Ty y (also known as Vogel temperature). The
Toy is typically 10 — 15 K less than the glass transition temperature, T, of
the system. VFT equation predicts the viscosity values in low tempera-
ture region due to divergence of viscosity at finite temperature [81,82].
Ay represents the property Y () when T — o0, and the quantity E, =
By x R (where R is general gas constant) is the pseudo activation energy.

The functional dependance of 7 on T Eq. (31) is shown in Fig. 8. The
three fitting parameters are tabulated in Table S15 (Supporting
information).

Arrhenius Eq. (32) provides another model to explain temperature
dependence of transport property () that has single adjustable param-
eter [83].

InA =InA, +—— (32)

where A represents 1, A, is an empirical constant, E4 is activation en-
ergy associated with the property A, R and T have their usual meaning.
Arrhenius model is commonly used to investigate temperature depen-
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dent behavior of viscosity through plot of In 5 against 1/T as shown in
Fig. 9 and the corresponding fitting parameters of Eq. (32) are collected
in Table S16 (Supporting information).

The mathematical formulation of Arrhenius equation points towards
the monotonic increase of rate process with temperature. Fig. 9 shows
that the plot of In 57 vs T~} is not perfectly linear. The Arrhenius equation
is applicable in the limited temperature range (T < 2Tg). Temperature
dependence of viscosity modeled by Arrhenius and VFT equations is also
influenced by composition [84]. Hydrogen bonding and dipole-dipole
interactions between like and unlike molecules at different mole frac-
tions of ChCl/PA DES also become important in determining transport
properties of fluids. Therefore, VFT equation provides a better fit of
viscosity data due to its applicability in wide temperature range.

The viscosity deviation, Ay is the difference between the experi-
mentally measured viscosity of binary mixture and the average sum-
mation of viscosities of constituents’ components (ChCl/PA DES and 1-
butanol). The A for binary mixtures is calculated using Eq. (33).

2
Ap=n=">"xmn (33)
i=1

where x; and #; are mole fractions and dynamic viscosity of component i
respectively. Calculated values of Ay are collected in Table 10 and its
plot as a function of x; is shown in Fig. 10 for all temperatures
investigated.

Fig. 10 shows that An values are negative over the entire range of
composition and temperature, T = (293.15—-333.15) K. The minimum
in the An vs T curves lie at x; ~ 0.65 which is deeper at lower temper-
ature than the next higher temperature. In contrast, the vol-
umetric(VE) and accoustic (Axs) properties of the system show opposite
trend for temperature variation i.e., minimum which lies in the vicinity
of x; =~ 0.35 is deeper at higher temperature than at lower temperature.
Similar behavior is also reported for binary solutions of [ChCl]:[Lev]
(1:2) and ethanol, 1-propanol, 1-butanol and 1-pentanol studied at three
temperatures [85]. Interpretation of the negative Ay values in the light
of VE and Axs result suggests that the resistive forces in the solution are
strongest in the vicinity of x; &~ 0.65 in the ChCl/PA DES region at lower
temperatures. Resistive forces decrease on both ends of the minimum
and as the temperature increases. The origin of the resistive forces could
be attributed to the existence of hydrogen bonded structures between
the components and between the molecules of cosolvent and their unlike
shapes and sizes. The non ideal behavior as depicted by negative values
of excess properties, is a complex function of molecular interactions in
liquid phase, interstitial accommodation of smaller molecules and the
size and shapes of molecules [86]. The calculated values of Ay are fitted
to Redlich Kister polynomial Eq. (21) and resulting correlated parame-
ters are presented in Table S17 (Supporting information).

To model the properties (density, speed of sound, and dynamic vis-

Table 7
Intermolecular free length, Ly x 10''/m of ChCl/PA DES + 1-butanol mixtures as a function of mole fraction, x;.
x1/T(K) Ly x 101 /m
293.15 298.15 303.15 308.15 313.15 318.15 323.15 328.15 333.15
0.00 5.504 5.641 5.783 5.929 6.078 6.228 6.386 6.549 6.718
0.10 5.221 5.345 5.474 5.604 5.738 5.875 6.017 6.162 6.312
0.20 4.898 5.010 5.124 5.243 5.361 5.484 5.610 5.740 5.874
0.30 4.644 4.746 4.851 4.957 5.066 5.178 5.293 5.412 5.534
0.40 4.354 4.446 4.541 4.637 4.735 4.836 4.941 5.047 5.157
0.50 4.168 4.254 4.342 4.431 4.522 4.614 4.709 4.806 4.905
0.60 3.977 4.056 4.137 4.219 4.302 4.387 4.473 4.562 4.651
0.70 3.785 3.859 3.933 4.007 4.083 4.160 4.239 4.318 4.399
0.80 3.538 3.604 3.670 3.737 3.804 3.873 3.943 4.012 4.083
0.90 3.308 3.368 3.429 3.490 3.553 3.616 3.680 3.745 3.810
1.00 3.079 3.129 3.176 3.221 3.264 3.310 3.359 3.407 3.461

Standard uncertainties, u, in T, x, P and u are u(T) = 0.01 K, u(x;) = 0.01, u(p) = 10kPa and u(u) = 0.5m.s"!.
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Fig. 6. Intermolecular free length, Ly x 10'!/m, of ChCl/PA DES + 1 butanol
mixtures as a function of x;, in the temperature range 293.15 < T/K < 333.15
o (black): 293.15 K; e (blue): 298.15 K; @ (red): 303.15 K; - (orange): 308.15;
o (brown): 313.15 K; e(purple): 318.15 K; e(pink): 323.15 K; o(cyan):
328.15 K; @ (green): 333.15 K). The solid lines represent the data are calculated
from Eq. (29).

cosity) in the binary mixture composed by ChCl/PA DES + 1-butanol,
the PC-SAFT EoS parameters for the pure fluids is necessary. For 1-
butanol, the optimal parameters using 2B scheme were obtained from
the literature [87]. It is important to mention that literature studies
establish two strategies for DES modeling, the first strategy consists of
modeling using the pure fluid assumption [88], while the second con-
sists of treating DES as a binary mixture [89,90]. The first approach
would allow treating the DES + another component mixture as a binary
mixture and would reduce the number of fitted parameters, while the
second approach considers DES as a binary mixture and the DES +
another component mixture as a ternary mixture; this considers a
greater number of fitted parameters due to the presence of each binary
that forms it than the ternary mixture. For the case of DES (a binary
mixture of ChCl/PA in a 1:2 M ratio), this research assumes that it be-
haves as a pure fluid, i.e., treating it as a pseudo pure fluid as 2B scheme
(one positive site in PA which is HBD and one negative site in ChCl
which is HBA). This assumption (DES as pseudo pure fluid) is supported
by the literature for several reasons [51-53,91]: to avoid ternary
mixture, to prevent an increase in fitted parameters (five parameters for
ChCl pure fluid parameters and five parameters for PA pure fluid), and to
avoid additional fitted parameters for the three binary mixtures forming

Table 8

Acoustic impedance, Z x 107%/kg.m2
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the ternary system; If the binary interaction parameter were
temperature-dependent, six fitted parameters in total would be required,
compared to only two used in this study. The results discussed in the
cited literature reveal a strong consistency between theoretical and
experimental data for pseudo binary mixtures that include DES and the
other substance. Therefore, in this manuscript we use the experimental
liquid density data for the DES along with the objective function given
by Eq. (34):

e AB . N p_exp. _ p'theo.>2
OF(m,0,—, —, k"% ) =min LR S
< " kg’ kg > ; < [

where, theo. and exp. are related to the calculated value with the theo-
retical model and experimental value, respectively. Moreover, N rep-
resents the number of experimental data. The fitted parameters for DES
were obtained in the temperature range of (293.15 K - 333.15) K. The
parameters for 1-butanol and DES are summarized in Table 11:

The average absolute deviations in density for 1-butanol and DES
were 0.11 % and 0.06 %, respectively. The values are calculated using
the Eq. (35):

(34

22 T T T T T T T T T
20|
er f |
16k ]

14 F Z Z }

Zx 10°%/(Kg.m?.s™)

12 F ]
M= 2 J

0.8 i

0.0

X,
Fig. 7. Acoustic impedance, Z x 10°/kg.m 2.s~!, of ChCl/PA DES + 1 butanol
mixtures as a function of x;, in the temperature range 293.15 < T/K < 333.15
o (black): 293.15 K; e(blue): 298.15 K; @ (red): 303.15 K; - (orange): 308.15;
o (brown): 313.15 K; e(purple): 318.15 K; e(pink): 323.15 K; o(cyan):
328.15 K; e(green): 333.15 K). The solid lines connect the data points are
calculated from Eq. (30).

571 of ChCl/PA DES + 1-butanol mixtures as a function of mole fraction,x; .

x1/T(K) Zx 10°6/kgm 257!

293.15 298.15 303.15 308.15 313.15 318.15 323.15 328.15 333.15
0.00 1.017 0.999 0.980 0.962 0.944 0.927 0.909 0.892 0.874
0.10 1.101 1.084 1.066 1.049 1.032 1.015 0.999 0.982 0.966
0.20 1.201 1.183 1.166 1.148 1.131 1.113 1.097 1.080 1.063
0.30 1.291 1.273 1.255 1.237 1.220 1.202 1.185 1.167 1.150
0.40 1.399 1.380 1.362 1.344 1.326 1.308 1.289 1.271 1.253
0.50 1.478 1.459 1.440 1.422 1.404 1.387 1.369 1.351 1.334
0.60 1.562 1.544 1.526 1.508 1.490 1.472 1.455 1.438 1.421
0.70 1.656 1.637 1.619 1.601 1.584 1.566 1.549 1.533 1.516
0.80 1.789 1.769 1.750 1.732 1.714 1.696 1.679 1.663 1.646
0.90 1.933 1.911 1.891 1.870 1.850 1.830 1.811 1.792 1.774
1.00 2.099 2.079 2.063 2.049 2.035 2.021 2.005 1.990 1.973

Standard uncertainties, u, in T, x, P and u are u(T) = 0.01 K, u(x;) = 0.01, u(p) = 10kPa and u(u) = 0.5m.s"!.
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Table 9
Dynamic viscosity, 7/mPa.s of ChCl/PA DES + 1 butanol mixtures as a function of temperature T = (293.15 — 333.15) K and pressure, p = 0.1MPa.
x1/T(K) n/mPa.s
293.15 298.15 303.15 308.15 313.15 318.15 323.15 328.15 333.15
0.00 2.954 2.608 2.251 1.987 1.731 1.553 1.420 1.315 1.257
0.10 3.541 3.058 2.657 2.330 2.049 1.815 1.619 1.451 1.366
0.20 3.591 3.112 2.746 2.443 2.163 1.889 1.709 1.545 1.459
0.30 3.881 3.349 2.908 2.543 2.229 1.985 1.769 1.597 1.512
0.40 4.246 3.719 3.284 2.923 2.542 2.216 2.000 1.811 1.652
0.50 4.769 4.224 3.796 3.313 2.900 2.555 2.266 2.016 1.818
0.60 10.90 9.461 8.001 6.669 5.921 5.288 4.737 4.297 3.977
0.70 16.33 13.71 11.61 9.946 8.582 7.454 6.545 5.795 5.221
0.80 32.78 26.80 22.17 18.80 16.12 13.76 11.73 10.08 8.793
0.90 38.35 31.09 25.57 21.34 18.18 15.67 13.35 11.43 9.831
1.00 57.26 46.66 37.75 31.04 25.86 21.77 18.67 16.25 14.03
Standard uncertainties, u, in T, x, P and 7 are u(T) = 0.02 (for viscosity) K, u (x;) = 0.01, u(P) = 10kPa and u(y) = 0.01 mPa.S.
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Fig. 8. Temperature and composition dependence of dynamic viscosity » for
pure ChCl/PA DES, 1-butanol and their binary mixtures measured at atmo-
spheric pressure, x; = (@ (black): 0.0; @ (blue): 0.1; ®(red): 0.2; ~ (orange): 0.3;
o (brown): 0.4; e(purple): 0.5; @(pink): 0.6; ®(cyan): 0.7; e(green): 0.8;

(yellow): 0.9; @ (gray): 1.0). The solid lines are the best fit representation of
Eq. (31).

N exp. __ \y theo.
Aap o) — 200 3 [P
i

i=1

(35)

where, ¥ is the property (density, speed of sound, and viscosity).
Therefore, our model correctly estimates the experimental DES and 1-
butanol density data. To model the experimental density data of the
DES + 1-butanol mixture, a linear correlation for the binary interaction
parameter is applied, i.e., the binary interaction parameter is fitted to
the experimental data using the linear form (k; = a; + by e T). Conse-
quently, kijT is fitted for each temperature using Eq. (36), while the
parameters a; and b; are optimized using Eq. (37) and at nine experi-
mental temperatures.

N exp. __  theo. 2
OF(k;") =min > (Pl b ) 36)
i1 i
O kil — ks 2
OF (a;,by) = minz (UkTU) 37)
i=1 ij
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Fig. 9. Temperature and composition dependence of viscosity for pure ChCl/
PA DES, 1-butanol and their binary mixtures measured at atmospheric pressure,
x1 = (@ (black): 0.0; @(blue): 0.1; ®(red): 0.2; - (orange): 0.3; ® (brown): 0.4;
o (purple): 0.5; e(pink): 0.6; o(cyan): 0.7; e(green): 0.8; (yellow): 0.9;
o (gray): 1.0). The solid lines are the best fit representation of Eq. (32).

Therefore, we have obtained k; = 0.695017 —0.00287885 e T/K and
the AAD (%) of 0.41 %. The binary interaction parameter decreases with
temperature and negative values at each temperature are able to correct
the interactions between different molecules that influence the liquid
density property. Thus, we can state that the model accurately repre-
sents the experimental density data from a quantitative perspective.
Experimental density values were fitted to a second-degree polynomial
equation in T (Eq. (15)). The fitting parameters are applied to each
temperature for calculation of AAD (%). The value is found to be 0.12 %.
The second-degree polynomial equation in T better explains the in-
teractions in ChCl/PA DES + 1-butanol binary mixtures. Figs. 11 and 12
show the variation of density with temperature (axis x) and with the
mole fraction of des (axis x), respectively. According to Fig. 11, it is
generally observed that, given the mole fraction of DES, the experi-
mental density varies linearly with temperature. Similarly, the PC-SAFT
model also shows a linear variation of density with temperature across
all mole fractions of DES. Fig. 12 shows that PC-SAFT EoS correctly
represents the experimental data of the density versus mole fraction of
DES at a given temperature. Therefore, a good quantitative and
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Table 10
Viscosity deviation Ay of ChCl/PA DES + 1-butanol binary mixtures as a function of ChCl/PA DES mole fraction, x;, in the temperature range 293.15 < T/K < 333.15.
x1/T(K) An/mPa.s
293.15 298.15 303.15 308.15 313.15 318.15 323.15 328.15 333.15
0.00 0 0 0 0 0 0 0 0 0
0.10 —4.544 —3.655 —2.844 —2.262 —1.795 —1.460 —1.186 —0.988 —0.769
0.20 —9.224 —7.306 —5.605 —4.355 —-3.394 —2.708 -2.161 —1.758 —1.353
0.30 —13.86 —-10.97 —8.494 —6.660 —5.242 —4.134 —-3.326 —2.699 —2.078
0.40 —18.43 —14.51 -11.17 —8.685 —6.842 —5.425 —4.320 —3.479 —-2.716
0.50 —22.84 —-17.91 —-13.71 —10.70 —8.397 —6.608 —5.280 —4.268 -3.328
0.60 —24.64 —19.98 —15.86 —-12.75 —10.09 —7.996 —6.397 —5.266 —4.146
0.70 —24.64 -19.73 —15.49 —-12.38 —10.04 —8.252 —6.951 —5.977 —4.780
0.80 —20.62 —16.85 —12.88 —10.43 —7.917 —6.598 —5.491 —4.885 —3.986
0.90 —13.48 —11.16 —8.633 —6.795 -5.270 —4.080 —3.596 —-3.329 —2.925
1.00 0 0 0 0 0 0 0 0 0
Standard uncertainties, u, in T, x, P and 7 are u(T) = 0.02 (for viscosity) K, u (x;) = 0.01, u(p) = 10kPa and u(An) = 0.1 mPa.S.
T T T T T T T T T M0 T T
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Fig. 10. Viscosity Deviation, Ay of ChCl/PA DES + 1-butanol binary mixtures
as a function of x; in the temperature range 293.15 < T/K < 333.15 e(black):
293.15 K; @(blue): 298.15 K; @ (red): 303.15 K; - (orange): 308.15; @ (brown):
313.15 K; e(purple): 318.15 K; e(pink): 323.15 K; o(cyan): 328.15 K;

(green): 333.15 K). The solid lines are the best fit representation of Eq. (21).

Table 11
Parameters for pure fluids required in PC-SAFT EoS.
Fluid m 6/(A) e/ks/(K) 4B /kg/(K) KAB
1-butanol [87] 3.5755 3.2646 227.19 2296.37 0.01765
DES 5.19041 2.97728 363.92 5943.82 0.18824

qualitative agreement is observed between experimental and theoretical
data. This means that London dispersion forces and hydrogen bond
forces between DES and 1-butanol are well modeled for an adequate
representation of the density of these pseudo binary mixtures.

Regarding the modeling of the speed of sound, the liquid density data
used in the speed of sound equations for both models (SCFT and NR)
were obtained from the PC-SAFT EoS. The absolute average deviations
were 8.87 % and 4.19 % using SCFT and NR models. According to these
results, NR + PC-SAFT correctly predicts the speed of sound from a
quantitative point of view.

Figs. 13 and 14 show the variation of speed of sound with temper-
ature (axis x) and with the mole fraction of des (axis x), respectively.
Based on Fig. 13, it is evident that the theoretical data from the NR
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Fig. 11. Variation of density with temperature for the ChCl/PA DES + 1
butanol mixture at 0.1 MPa and different mole fractions of ChCl/PA DES. x; =
(e (black): 0.0; e(blue): 0.1; e(red): 0.2; - (orange): 0.3; ®(brown): 0.4;
o (purple): 0.5; e(pink): 0.6; @(cyan): 0.7; e(green): 0.8; (yellow): 0.9;
o (gray): 1.0). Lines represents the theoretical results with PC-SAFT EoS and
k;j = 0.695017 —0.00287885 ¢ T/K.
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Fig. 12. Variation of density with mole fraction of DES for the ChCl/PA DES +
1 butanol mixture at 0.1 MPa and different temperatures of ChCl/PA DES
(e (black): 293.15 K; @ (brown): 313.15 K; @(green): 333.15 K). Lines repre-
sents the theoretical results with PC-SAFT EoS and k; =
0.695017 —0.00287885 e T/K.
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model coincide with the experimental data at x; = 0.0 (1-butanol pure)
and x; = 1.0 (DES pseudo pure), because NR model does not model the
speed of sound for pure fluids. Instead, it uses the experimental values of
pure fluids to predict this property in mixtures. Additionally, it is
observed that the speed of sound decreases with increasing temperature
and rises as the amount of DES in the mixture increases.

Fig. 14 illustrates the variation of the speed of sound with the mole
fraction of des for three temperatures (293.15 K, 313.15 K, and 323.15
K). The dependence of the speed of sound on mole fraction and tem-
perature is well represented by this model. On the other hand, from
Figs. 13 and 14, the NR model exhibits a solid qualitative alignment with
the experimental data. Additionally, it accurately represents the influ-
ence of intermolecular interactions in this property (both qualitatively
and quantitatively), within the analyzed range of mole fractions and
temperatures.

Finally, with respect to the FVT model + PC-SAFT, it can be applied
to pure fluid mixtures and binary mixtures. The fitted parameters of FVT
are fitted using the objective function defined as the mean absolute
deviation of viscosity. The fitted parameters obtained for the DES are
a = 68527.70 J~m0171, B = 0.143672, 1 = 1.029905x107!! m, while
for the 1-butanol are a = 76769.28 J~mol’l, B = 0.0750461, [=
1x10~!"! m. The deviations obtained with these parameters are 1.36 %
and 2.14 % for DES and 1-butanol, respectively.

Therefore, FVT + PC-SAFT is able to appropriately model the
experimental data of the viscosity of DES and 1-butanol fluids.
Regarding the modeling of the experimental viscosity of the mixture, the
parameters [, wy, and u; are optimized using the mean absolute devia-
tion (considering all temperatures and mole fractions) and the following
optimal parameters are obtained: [ = —0.213576, w;; = 0.835147, and
u; = —3.060214, and the absolute average deviation was 10.85 %. So,
according to our results, a high deviation is obtained for the viscosity of
the mixture, however, it would be beneficial to study the qualitative
modeling of this property. This deviation could be reduced by using
fitted parameters specific to each temperature or by establishing a cor-
relation between these parameters and temperature. However, we tested
several temperature-dependent correlations and found no clear rela-
tionship with temperature that noticeably improved the representation
of the experimental data.

Figs. 15 and 16 illustrate the variation of viscosity with temperature
(axis x) and with the mole fraction of DES (axis x), respectively. From
Fig. 15 it is observed that for pure DES and pure 1-butanol, the viscosity

2000 N
1800 - ]
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K
| eeesEman, .
~ r Ld
> 1400 - = . 5 " ]
[ :
L]
1200 ° ° .
r L3
10000 . s - ‘
290 300 310 320 330 340
T/(K)

Fig. 13. Variation of speed of sound with temperature for the ChCl/PA DES + 1
butanol mixture at 0.1 MPa and different mole fractions of ChCl/PA DES x; =
(e (black): 0.0; e(blue): 0.1; e(red): 0.2; - (orange): 0.3; e(brown): 0.4;
o (purple): 0.5; eo(pink): 0.6; @(cyan): 0.7; e(green): 0.8; (yellow): 0.9;
o (gray): 1.0). Lines represents the theoretical results with NR + PC-SAFT EoS
and k;j = 0.695017 —0.00287885 e T/K.
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u/(ms")

X1

Fig. 14. Variation of speed of sound with mole fraction of DES for the ChCl/PA
DES + 1 butanol mixture at 0.1 MPa and different temperatures of ChCl/PA
DES (e(black): 293.15 K; e(brown): 313.15 K; e(green): 333.15 K). Lines
represents the theoretical results with NR + PC-SAFT EoS and k; =
0.695017 —0.00287885 e T/K.

is modeled correctly, which is consistent with the deviations of 1.36 %
and 2.14 % for DES and 1-butanol, respectively. Furthermore, it is
anticipated that the non-linear variation of viscosity with temperature is
modeled very well at least as a qualitative approach.

On the other hand, in Fig. 16 the variation of viscosity with the DES
molar fraction is correctly modeled from a qualitative point of view (as
described above). According to the figures above, it is accomplished that
the resistance to flow of these binary mixture increases with the amount
of DES in the mixture and with decreasing temperature (cohesive forces
become weaker).

4. Conclusion

Deep eutectic solvent formed by interacting choline chloride (ChCl)
and propionic acid (PA) in 1:2 mol ratio is reported. Density, speed of
sound and dynamic viscosity of the deep eutectic solvent, ChCl/PA DES,
and its binary mixtures with 1-butanol have been measured at
T = (293.15—-333.15)K in the entire range of composition. The experi-
mental density data is fitted to a second-degree polynomial equation in T
(correlation factor r2 = 0.999) and fourth degree polynomial equation in
x1 (2 = 0.999). Properties of the neat ChCl/PA DES, such as molecular
volume V, standard entropy S°, and lattice energy Upor, are evaluated
from the experimental density data. Excess properties, VE, Aks and An,
of ChCl/PA DES + 1-butanol solutions are calculated over the entire
composition and T = (293.15 —333.15)K range and fitted with Redlich-
Kister polynomial equation. The minima in V£ and Axs vs x; plots occur
at x; ~ 0.35 which lie in the 1-butanol rich region. The negative V¥
values are attributed to the presence of specific interactions or dominant
packing effect between the components of the mixtures. It explains the
strong hydrogen bonding between the components of mixtures (ChCl/
PA DES and 1-butanol). As compared to V£ and Axs, the minimum in the
Anvsx; plots of binary mixtures (ChCl/PA DES + 1-butanol) are shifted
to x; ~ 0.65 which lies in the ChCl/PA DES rich region. Similar behavior
is normally observed when deviations are compared as a function of
composition and are mutually supportive. The calculated AAD for
derived properties VE, Axs and Az are 0.023 m>. mol~?!, 0.05 Pa~! and
0.1 mPa-s, respectively. The temperature dependance of transport
property (i) are correlated with Vogel-Fulcher-Tammann (VFT) and
Arrhenius models and compared. The VFT equation satisfactorily de-
scribes the variation of # with T.

The assumption of DES as a pure fluid and that DES with 1-butanol
forms a binary mixture allowed to obtain in a simplified way (with the
use of PC-SAFT and other models) good qualitative results for all
properties. For liquid density, the deviation is 0.41 %, while for speed of
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Fig. 15. Variation of viscosity with temperature for the ChCl/PA DES + 1 butanol mixture at 0.1 MPa and different mole fractions of ChCl/PA DES x; = (e (black):

0.0; @(blue): 0.1; e(red): 0.2;

(orange): 0.3; @ (brown): 0.4; e(purple): 0.5;

(pink): 0.6; ®(cyan): 0.7; @(green): 0.8; (yellow): 0.9; @(gray): 1.0). Lines

represents the theoretical results with FVT + PC-SAFT EoS, k; = 0.695017 —0.00287885 e T/K, and I = —0.213576, w; = 0.835147, and u; = —3.060214.
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Fig. 16. Variation of viscosity with mole fraction of DES for the ChCl/PA DES

+ 1 butanol mixture at 0.1 MPa and different temperatures of ChCl/PA DES

(e (black): 293.15 K; @(brown): 313.15 K; e(green): 333.15 K). Lines repre-

sents the theoretical results with FVT + PC-SAFT EoS, k; =
0.695017 —0.00287885 ¢ T/K, and I; = —0.213576, w;; = 0.835147, and u; =
—3.060214.

sound with NR + PC-SAFT and viscosity with FVT + PC-SAFT were 4.19
% and 10.85 %, respectively, which indicates a good quantitative
agreement for density and speed of sound in the range of molar fraction
and temperature range studied. Finally, the instantaneous dipole —
induced dipole and hydrogen bond intermolecular interactions
(considering Scheme 2B for both fluids), are correctly represented at
least qualitatively for all properties.
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