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Abstract

Zinc (IT) chloride based deep eutectic solvent (DES) were formed by mixing
zinc (II) chloride with phosphoric acid. Fourier-transform infrared spectros-
copy was used to identify any possible shifts when the two compounds were
assorted, and differential scanning calorimetry (SDT Q600 V20.9 Build 2D) was
utilized to evaluate the formation of deep eutectic solvent. Densities, p, and
speed of sound, u, of [ZnCl,][phosphoric acid] 1:2.5 with methanol, ethanol, or
propanol have been measured at T = (293.15, 303.15, 308.15, and 313.15) K and
at atmospheric pressure. Excess molar volumes (V£), isentropic compressibil-
ities (x;), deviation in isentropic compressibility (Ax;), and intermolecular free
length (L;) were calculated from the densities, and speed of sound, respec-
tively. To fit the excess molar volumes and deviation in isentropic compress-
ibilities, the Redlich—Kister smoothing polynomial was used. Also, we have
used perturbed chain statistical associating fluid theory equation of state (PC-
SAFT EoS) for modeling the densities of the binary mixtures, and Schaaff's col-
lision factor theory (SCFT) and Nomoto's relation (NR) were used for modeling
the speed of sounds for the binary mixtures.
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1 | INTRODUCTION

Zinc (IT) chloride-based deep eutectic solvents (DESs) are
a type of ionic liquid formed by combining a metal salt
(such as zinc chloride) with a hydrogen bond donor (such
as acetic acid or phosphoric acid) and so on." DESs have
gained significant attention in recent years due to their
unique properties in metallurgy, electrodeposition, gas
separation, gas capture, power systems, battery technol-
ogy, bio-catalysis, biomass processing, pharmaceutical
and medical research, organic synthesis, nanomaterials
synthesis, and functionalization.>™ Because of their tun-
ability to optimize solubility, viscosity, selectivity, and
other physicochemical properties for a specific applica-
tion, DESs are emerging as a new class of sustainable sol-
vents.>® They are generally considered renewable,
inexpensive, and green ‘designer’ solvents. They are mar-
keted as eco-friendly alternatives to a wide range of con-
ventional solvents.>®’

Therefore, the study and understanding of the proper-
ties of DESs are prerequisites for developing their poten-
tial as new solvents. Designing new processes and
products based on these chemical species requires a fun-
damental understanding of the thermophysical proper-
ties. Thermophysical properties refer to the physical
characteristics of a substance, such as its density, speed of
sound, refractive index, viscosity, and conductivity.g’10 In
addition to offering key details to describe the nature of
intermolecular forces, experimental data on density, and
speed of sound across a wide range of pressure and tem-
peratures can also produce useful applications in indus-
trial domains like chemical reactors or separation
procedures. Thermodynamic properties, on the other
hand, describe the relationships between a substance's
physical properties and its energy content."' These prop-
erties can provide insights into the thermodynamic driv-
ing forces behind the formation of these mixtures and
can be used to optimize the design of chemical processes
that use these solvents and their applications."’

According to the literature review, ZnCl (II) has pre-
viously been used as a water-in-salt electrolyte for a
dendrite-free Zn metal anode, making it an ideal compo-
nent for DESs used as zinc ion battery electrolytes.'*"?
Furthermore, preliminary reports suggest that ZnCl (II)-
based DESs have a wide range of potential applications
due to their unique properties, such as low toxicity, bio-
degradability, low cost, and high stability.'*'*> Here are
some examples of the potential applications of ZnCl (II)-
based DES. Cellulose processing: ZnCl (II)-based DESs
can dissolve cellulose and other polysaccharides, making
them potentially useful in the production of biofuels,
pharmaceuticals, and other products derived from bio-
mass.'® Energy storage: ZnCl (II)-based DESs have been
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investigated as electrolytes for electrochemical energy
storage devices such as supercapacitors and batteries.
They have shown promising performance in terms of
electrochemical stability, high conductivity, and low
cost.'” Chemical synthesis: ZnCl (II)-based DESs can be
used as reaction media for various chemical reactions,
including organic synthesis and catalysis. They are effec-
tive in promoting reactions such as esterification,
Friedel-Crafts acylation, and Heck coupling.'"® Mgxadeni
et al (2022) used GLC to assess ([ZnCl,][Acetic acid] 1:4
and ([ZnCL][phosphoric acid]) 1:2.5 DES as a possible
separating agent for various organic solutes at tempera-
tures ranging from T = (313.15-353.15)." ZnCl (II)-based
DESs have shown great potential in various fields, and
their development and applications continue to be an
active area of research.

In this instance, phosphoric acid (H3PO,) is a triprotic
acid, meaning it has three ionizable hydrogen atoms that
can donate a proton (H") to form hydrogen bonds.** >
As a result, phosphoric acid can act as a hydrogen bond
donor in various biological and chemical applications.
For example, it is used as a buffer in biological systems,
where it helps to maintain a stable pH by acting as both
an acid and a base. It is also used in the production of fer-
tilizers, detergents, and food additives.** >

To the best of our knowledge, no data have been pub-
lished previously on binary systems of ([ZnCl,]|[phospho-
ric acid] 1:2.5 + methanol), ([ZnCl,][phosphoric acid]
1:2.5 + ethanol), and ([ZnCl,][phosphoric acid] 1:2.5
+ propanol). In this article, we attempt to explain the
ion-solvent or solute-solvent interactions between
([ZnCl,][phosphoric acid] 1:2.5 and solvents: methanol,
ethanol, and propanol, at T =293.15K, 303.15K,
308.15 K, and 313.15 K using excess molar volume, devia-
tion in isentropic compressibility and intermolecular free
length, which have been calculated from the experimen-
tal data of density, and speed of sound respectively. Data
on excess molar volume and deviation in isentropic com-
pressibility were fitted using the Redlich-Kister smooth-
ing polynomial.

Alcohols are strongly linked together by hydrogen
bonds.*” In the study of the behavior interaction of alco-
hols with other solvents, these self-associated dependen-
cies of temperature, chain length, and position of the OH
group are crucial parameters.”® To better understand sol-
vation behavior, examining the thermophysical charac-
teristics of mixtures containing DES and alcohols is
crucial.®® The information from this mixture's excess
thermodynamics properties will be very helpful and com-
prehensive in understanding the intermolecular and
structural interactions.*® Since DES is still an unknown
solvent and alcohols are the most popular solvents used
in chemical reactions and numerous industrial processes,
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TABLE 1 Molecular mass, suppliers, CAS number, and purity of chemicals used.
Chemical name Molecular mass (g/mol) Supplier CAS number Mass fraction purity
Zinc chloride 136.30 Merck 7646-85-7 >.99
Phosphoric acid 97.994 Sigma-Aldrich 7664-38-2 >.99
Methanol 32.04 Sigma-Aldrich 67-56-1 >.99
Ethanol 46.07 Sigma-Aldrich 64-17-5 >.99
Propanol 60.1 Sigma-Aldrich 71-23-8 >.99

the mixture of DES + alcohols are an intriguing liquid
system for studying molecular interactions. In this work,
we have used perturbed chain statistical associating fluid
theory equation of state (PC-SAFT EoS) for modeling the
density of DES + alcohols, using DES as pseudo-pure
component approach, while the speed of sound for the
binary mixtures was predictively modeled from the com-
bination between EoS + SCFT and EoS + NR.

2 | EXPERIMENTAL SECTION

2.1 | Materials
Zinc chloride, phosphoric acid, methanol, ethanol, and
propanol were purchased from Sigma-Aldrich. The purity
of these substances was >.99 (mass fraction) as presented
in Table 1. All samples were prepared just before measure-
ments to prevent compositional variations due to solvent
evaporation. No additional purification procedures were
used in the preparation of any of the sample mixtures.
Table 2 compares the experimental density, p, and
speed of sound, u, values determined in the current study
to those reported in the literature for pure solvents at
T =(293.15, 303.15, 308.15, and 313.15) K. The selected
alcohol's properties values are in good agreement with
those reported in the literature.

2.2 | Apparatus and procedure

Preparation of the investigated DESs involves the mixing
of at least one hydrogen bond acceptor (HBA) and one
hydrogen bond donor (HBD) compound. HBAs can be
either organic salts or metal salts whereas HBDs can
be metal salt hydrate, alcohols, carboxylic acids, polyana-
lines A detailed preparation of [ZnCl,][phosphoric acid]
1:2.5 has been described in our previous work' as shown
in Figure 1. The prepared solvent was characterized by
using Fourier-transform infrared spectroscopy was used
to identify any possible shifts when the two compounds
were assorted, and this is shown in Figure 2. This was

further confirmed by using NMR shown in Figure SI.
Differential scanning calorimetry (SDT Q600 V20.9 Build
2D) was utilized to evaluate the formation of deep eutec-
tic solvent, and the observed temperature was approxi-
mately 30°C, below the melting point of the individual
compound used for the preparation of the investigated
solvent and the results are shown in Figure 3. In addi-
tion, the prepared solvent was purified to eliminate any
unwanted material and the content of was determined by
using Karl-Fischer and was found to be less than
309.10°%.

The experimental procedure used to determine the
density and speed of sound using the DSA 5000 M
method has been extensively reported in the
literature.> > Masses of the constituents of the binary
mixtures were determined using an OHAUS analytical
balance with a precision of .0001 g. The uncertainty of
the mole fraction was .0006. To prevent evaporation dur-
ing the preparation of the binary mixtures, the pure lig-
uids were placed into shelled vials. The mixtures were
then shaken to ensure that all the samples were thor-
oughly mixed.

An Anton Paar DSA 5000 M vibrating U-tube densi-
meter, calibrated to the experimental temperatures with
a precision of .02 K, was used to measure the density and
sound speed. The sound velocity was determined at a fre-
quency of 3 MHz.>* The ultrapure water was used to cali-
brate the instruments. The uncertainties were estimated
for density and speed of sound measurements within
.0009 g-cm > and 2.63 m-s™*, respectively.

3 | THEORETICAL MODELS

3.1 | Density

PC-SAFT EoS can be written in terms of the Helmholtz
energy (A), which is the sum of four contributions,
i.e., ideal gas contribution (A), a hard-chain contribu-
tion (A, attractive interactions of dispersion forces
(A%P), and association contribution (A%*¢). Therefore,
PC-SAFT EoS is given by Equation (1):
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Comparison of experimental and literature density,

p,, and speed of sound, u, of pure components at T=(293.15,
303.15, 308.15, 313.15, and 313.15) K and at .1 MPa.

T (K)
Methanol
293.15

303.15

308.15

313.15

p (gem™) u(ms?)

expt lit expt lit

7916 .7961°" 1119.60 1119.00°!
79132 1119.13*
793677 1106.63**
.7914**
.7930%°
.7926°° 1105.19%°
.7910"7 1119.60 *’
.7912°%
.7910°*° 1120.00%°

7822 .7819** 1087.20
.7819% 1086.00**
.7819%° 1086.00"°
.7846% 1082.73%
.7837°° 1088.73%°
.7824" 1092.29"
.7827* 1088.26"
.7836°°
.7810* 1085.89 +*
.7820%7 1086.60°7
.7818°"
.7820°° 1087.00%°

7776 7772* 1071.07
7772 % 1069.70**
7779 1068.82%
.7769°° 1070.82°°
7771%° 1069.00 *°
7776" 1077.90*"
7779* 1072.04*
7773% 1074.00 **
777178

7727 .7741%° 1055.00
7724%2 1053.57%2
7724%3 1059.41%
7720°7 1054.20%7
.7725% 1052.00%
7729™ 1065.03"
7732+ 1055.91*
.7728% 1052.00**
7723

(Continues)

% Curtin University

TABLE 2

T (K)

Ethanol
293.15

303.15

308.15

313.15

MGXADENI ET AL.
(Continued)
p (gem™) u (ms?)
expt lit expt lit
773.00°*°
.7896 .7894* 1160.37
78972 1161.00**
789477 1159.34%
.7895%*
7895 ¢ 1161.38*°
.7895% 1162.30*
.7895°°
789677 1162.30°7
789578
.7900%° 1162.00*°
.7810 .7808™ 1126.91
.7810°> 1126.77%
782077
.7808°*
.7820%° 1129.01°°
.7810" 1127.00*°
7809 1128.90"°
.7810*
.7820" 1128.00"
.7809°°
.7810°7 1128.20°7
.7807°%
7810 1127.00°*°
.7820™ 1128.00**
7723 7764* 1109.94
77672 1109.87%*
7778%° 1099.74°°
7755% 1109.00*°
7777 1098.00*7
7764°%
7777% 1098.00*
7701 7720% 1093.40
7723% 1093.11°%
7732 1090.92%
77223
7732°¢ 1093.11%°
7723% 1089.00"°
7722% 1095.40"°
77224
7736 1086.00""
(Continues)
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TABLE 2

T (K)

Propanol

293.15

303.15

308.15

313.15

Asia-Paciﬁ.c Journal of . . . ] .
Chemical Engmeermg‘% Curtin University

ontinue ontinue
(Continued) TABLE 2 (Continued)
p (gcm ™) u (mst) p (gem™) u (ms?)
expt lit expt lit T (K) expt lit expt lit
77227 78767
772077 1094.50° 78747
7721°% 7880 1157.00™
7720% 1094.00™ Note: Standard uncertainties u are u(T) = .02 K, u(p) = .04 MPa, and the
7736% 1086.00** combined expanded uncertainties Uc in mole fraction, density, andspeed of
sound were Uc(x) = .0006, Uc(p) = .0009 g-cm >, Uc(u) = 2.63 m's™ ",
respectively (.95 level of confidence).
.8036 8036 1222.69
8036 1223.12%
36 36 . .
.8037 1196.64 A=A pghc Adisp | passoc (1)
.8038*
803.75™ For more details of the equations necessary to
.8030% 1224.30" obtain the previous contributions, go to previous
8039 4 works.> ® The five adjustable parameters for pure
30395 fluids required by this EoS are: the number of seg-
8036 ments (m), the segment diameter (o), the depth of pair
B . potential energy (e/kg), the association energy of interac-
'80407 1226.00 tion (e8/kp), and the effective volume of interaction
7956 7955 1188.88 (x*B). To consider the hydrogen bonding interaction
7956 1188.64* between molecules of the same type and different
79602 1189.26™ molecules, it is necessary to use an association scheme.
7956 The alcohols will be considered as self-associating with a
19564 2B scheme, i.e., one positive site in hydrogen atom and
' , R one negative site in oxygen atom, while the DES is con-
.7957°° 1185.89 *° . . L
sidered as pseudo-pure component with two association
34 . . .
7955 sites (2B scheme) to allow for self-association between
7960 1189.90" the HBA and the HBD of the DES to form a hydrogen
.7958%° bond. Therefore, in the binary mixtures, the cross-
79568 association between DES and alcohol is considered, from
7960 - the HBA and HBD interaction. On the other hand, for
" the binary mixtures, the following mixing rules are
7916 .7915* 1171.93 .
required:
79157 1171.64°°
.79057° 1170.01°° 1 ( n ) 2)
i == (0 -6
7919* 1172.37% Yot
7915*
.791538 Eij =\ /€i8j (1 — klj) (3)
7875 7874 1155.23 )
787472 1154.88" M= (7 M) (4)
.78747° 1159.51°°
7878+ 1155.53" G
7874 KB =V ABicAB | N (5)
7874* (Gi o )/ 2
787.42° ) ) ) )
o Therefore, k;; is the binary interaction parameter and
7880"° 1156.00" o ) .
p can be obtained by fitting experimental density data for
7874 binary mixtures.
(Continues)
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Phosphoric acid (HBA)

e 9o
o o
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1 1

ttance (%)
o
8

£-0.02 1
5
£-0.041 zncl,
S .
F _0.06 4 —— Phosphoric
——1:2.5 ZnCl, + Phosphoric acid
-0.08
4000 35|00 30|00 25|00 20I00 15|00 10|00 560
Wavelength (cm™)
FIGURE 2 FTIR spectra for pure zinc chloride and phosphoric
acid including [zinc chloride + phosphoric acid] 1:2.5 deep eutectic
solvent.
3.2 | Speed of sound

Schaaff's collision factor theory (SCFT)*’ and Nomoto's
relation (NR)*® were used for modeling the speed of
sound for binary mixtures.

From SCFT, the speed of sound is given by
Equation (6):

U=PpU (x131 +XZS2) (x131 —|—X2B2) (6)

where p is the molar density of the mixture, which can
be obtained from PC-SAFT EoS, u,=1600 m/s, s;
(i=1,2) is the space filling factor of component i in the
mixture and can be compute using Equation (6), experi-
mental speed of sound of the pure fluid, and molar den-
sity of the pure fluid obtained with PC-SAFT EoS. x;
(i=1,2) is the liquid mole fraction, and B; (i=1,2) is the
actual volume of the molecule per mole of componenti,
which is given by Equation (7):

Bi:]\fAWl.i%di3 (7)

MGXADENI ET AL.

FIGURE 1
solvent (DES).

Structure of deep eutectic

Zinc chloride (HBD)

with N4, the Avogadro constant.
On the other hand, the speed of sound from NR is
given by Equation (8):

3
x1D1 +x,D 1
- <1l+22> D=Ly (8)

X1 Xa
ﬂ+/’2 t

where D;, p;, and u;, stand the molar speed of sound, the
molar density of the pure fluid obtained with PC-SAFT,
and the experimental speed of sound for the pure fluid,
respectively.

4 | RESULTS AND DISCUSSION

41 | Measured properties

The experimental values of the densities, and speed of
sound of a binary mixture of ([ZnCl,][phosphoric acid]
1:2.5 + methanol), ([ZnCl,][phosphoric acid] 1:2.5
+ ethanol) and ([ZnCl,][phosphoric acid] 1:2.5
+ propanol) at T = (293.15, 303.15, 308.15, and 313.15) K
and at a pressure, p = 1 bar are presented. Excess molar
volumes (V‘fn), isentropic compressibilities (k;), excess
isentropic compressibilities (Ax;), and intermolecular free
length (Ls) of the studied binary solutions were calcu-
lated from the experimental densities (p), speed of sound
(u), using Equations (9)—(12), respectively.

g XiMi—xoMy xiMy XM,

1% (9)
m P 1 P2
1
— 10
Ks puz ( )
Aks =Ks— (X1K1 +x2K2) (11>

where and x, are mole fractions, M; and M, are the
molecular masses, p; and p, are the densities of pure
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FIGURE 3 DSC spectra for the prepared
deep eutectic solvent [zinc chloride
+ phosphoric acid] 1:2.5 M ratio.

0.01

-0.01

-0.02

-0.03

Derived heat flow W/g-°C

-0.04

-0.05

components 1 and 2, respectively, where ‘1’ refers to
[ZnCl,][phosphoric acid] 1:2.5 and ‘2’ refers to methanol,
ethanol, or propanol p, u, and K is the density speed of
sound, and isentropic compressibilities of the mixtures,
respectively. Equations (10) and (11) were used to calcu-
late the isentropic compressibility and excess isentropic
compressibilities for the mixtures. Intermolecular free
length (Ly)were calculated using the below Equation (12)

Ol

Ly = K;(Ks) (12)

In the equation above, Jacobson's constant tempera-
ture dependent (93.875 + .375 T)10 ® is denoted by K;
and K denote the isentropic compressibility.

The p, u, s, Ly, (Table 3) and VE, Ak, (Table S1) of
the binary mixtures ([ZnCl,][phosphoric acid] 1:2.5
+ methanol), ([ZnCl,][phosphoric acid] 1:2.5 + ethanol),
([ZnCl,][phosphoric acid] 1:2.5+ propanol) at T=
(293.15, 303.15, 308.15, and 313.15) K are presented.

4.1.1 | The influence of composition on
density

The influence of composition on density is an important
concept in understanding the physical properties of mate-
rials and is used in many scientific and engineering appli-
cations, such as in designing materials for specific
purposes or in analyzing the properties of natural
materials.”*®

In this study, the density of the solution is directly pro-
portional to the mole fraction of the DES, meaning that as
the concentration of the solvent increases, the density of
the solution also increases as shown in Table 3 and
Figure S2.°! This is because the [ZnCl,][phosphoric acid]
1:2.5 is usually the component with a higher molecular
weight and density, and its presence in a larger quantity
in the mixture results in a higher overall density.

Chemical Engineering‘%—Wl LEYJ7—°f25

T(°C)

On the other hand, the density of a binary mixture
decreases as the temperature increases at all intervals.®?
This is because, at higher temperatures, the molecules in
the mixture have higher kinetic energy, which causes
them to move more rapidly and occupy a larger volume.
As a result, the density of the mixture decreases.

Overall, the relationship between density, solvent
concentration, and temperature in binary mixtures can
be expressed by the following equation:

Density =f (Solvent Concentration, Temperature)

where fis a function that relates the mixture's density to
the solvent's concentration and the system's
temperature.®

4.1.2 | The influence of temperature and
composition on speed of sound

The speed of sound in a liquid or gas depends on various
factors, including the density and compressibility of the
medium.®*® It was noted that the speed of sound
increases with an increase in the concentration of the
[ZnClL,][phosphoric acid] 1:2.5 DES (Table 3 and
Figure S3). This is because the addition of DES molecules
to a solution increases the density of the medium, mak-
ing it more difficult for sound waves to propagate
through it. As a result, the speed of sound increases.

However, the speed of sound in a [ZnCl,][phosphoric
acid] 1:2.5 DES decreases as the temperature increases.
This is because the thermal motion of molecules
increases with temperature, which causes the medium to
become less dense and less compressible. As a result, it
becomes easier for sound waves to propagate through the
medium, and the speed of sound decreases.

It is worth noting that the effect of concentration on
sound velocity may depend on the specific solvent and
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TABLE 3

X1

T = 293.15
.0000
1558
.2802
4663
.6001
.7001
7779
.8395
.8909
9329
.9688
9849
1.0000
T = 303.15
.0000
1558
.2802
4663
.6001
.7001
7779
.8395
.8909
9329
.9688
9849
1.0000
T = 308.15
.0000
1558
.2802
4663
.6001
.7001
7779
.8395
.8909
9329
9688
.9849
1.0000

Chemical Engineering‘% Curtin University

MGXADENI ET AL.

Densities, p, speed of sound, u, isentropic compressibilities and intermolecular free length,Ly, for the binary mixture {{ZnCl,]
[phosphoric acid] 1:2.5 (x;) + methanol, ethanol, or propanol (x,)} at T=(293.15, 303.15, 308.15, and 313.15) K and at .1 MPa.

pl(gcm™>)
{[ZnCl,][phosphoric acid] 1:2.5 (x;) + methanol (x;)}

.7916

1.0390
1.2200
1.4600
1.6072
1.7012
1.7690
1.8200
1.8587
1.8880
1.9141
1.9274
1.9424

7822

1.0300
1.2110
1.4516
1.5985
1.6937
1.7628
1.8142
1.8528
1.8827
1.9090
1.9223
1.9372

7776

1.0254
1.2070
1.4473
1.5937
1.6890
1.7580
1.8093
1.8479
1.8777
1.9039
1.9172
1.9321

u/(m-st)

1119.60
1200.13
1302.70
1413.26
1439.82
1459.11
1477.73
1492.58
1505.30
1515.69
1523.76
1528.77
1537.77

1087.20
1172.75
1280.96
1397.17
1424.85
1444.85
1463.82
1478.82
1491.58
1501.99
1510.01
1515.01
1520.24

1071.07
1159.10
1269.96
1388.81
1417.46
1437.87
1457.00
1472.08
1484.87
1495.27
1503.29
1508.28
1513.47

ks/(TPa™?t) - 102

10.08
6.68
4.83
3.43
3.00
2.76
2.59
2.47
2.37
2.31
2.25
2.22
2.18

10.82
7.06
5.03
3.53
3.08
2.83
2.65
2.52
243
2.35
2.30
2.27
2.23

11.21
7.26
5.14
3.58
3.12
2.86
2.68
2.55
245
2.38
2.32
2.29
2.26

Ly (nm) - 10?

6.47
5.27
4.48
3.77
3.53
3.39
3.28
3.20
3.14
3.09
3.06
3.04
3.01

6.83
5.51
4.66
3.90
3.64
3.49
3.38
3.30
3.23
3.18
3.15
3.12
3.10

7.01
5.64
4.75
3.96
3.70
3.54
3.43
3.34
3.28
3.23
3.19
3.17
3.15
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TABLE 3 (Continued)

x1 pl(g-cm ™) u/(m-s) ks/(TPa ™) - 102 Ly (nm) - 10?
T=31315K
.0000 7727 1055.00 11.63 7.21
1558 1.0208 1145.58 7.46 5.77
.2802 1.2020 1259.18 5.25 4.84
4663 1.4424 1380.77 3.64 4.03
.6001 1.5890 1410.20 3.16 3.76
.7001 1.6843 1430.97 2.90 3.60
7779 1.7532 1450.28 2.71 3.48
.8395 1.8044 1465.44 2.58 3.39
.8909 1.8430 1478.26 2.48 3.33
9329 1.8727 1488.65 241 3.28
9688 1.8989 1496.67 2.35 3.24
9849 1.9122 1501.66 2.32 3.22
1.0000 1.9271 1506.81 2.29 3.19
{[ZnCl,][phosphoric acid] 1:2.5 (x1) + ethanol (x,)}
T=29315K
.0000 .7896 1160.37 9.41 6.25
.1559 9801 1235.88 6.68 5.27
.2810 1.1316 1322.11 5.06 4.58
4904 1.3818 1408.50 3.65 3.89
.6000 1.5073 1418.87 3.30 3.70
.6999 1.6185 1443.33 2.97 3.51
7771 1.7035 1464.41 2.74 3.37
.8397 1.7710 1481.15 2.57 3.27
.8906 1.8238 1496.19 2.45 3.19
9331 1.8660 1509.52 2.35 3.13
9690 1.9021 1521.68 2.27 3.07
9845 1.9205 1526.43 2.23 3.05
1.0000 1.9424 1537.77 2.18 3.01
T=30315K
.0000 7810 1126.91 10.08 6.59
1559 9713 1201.47 6.74 5.39
.2810 1.1230 1295.41 5.09 4.68
4904 1.3732 1389.45 3.67 3.98
.6000 1.4985 1401.44 3.31 3.78
.6999 1.6114 1427.67 2.98 3.58
7771 1.6971 1448.72 2.75 3.44
.8397 1.7650 1467.00 2.58 3.34
.8906 1.8179 1482.46 2.46 3.25
9331 1.8605 1495.77 2.36 3.19
9690 1.8973 1507.95 2.28 3.13
9845 1.9155 1512.69 2.24 3.11
1.0000 1.9372 1520.24 2.23 3.10
(Continues)
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TABLE 3 (Continued)
x1 pl(g-cm ™) u/(m-s) ks/(TPa ™) - 102 Ly (nm) - 10?
T =308.15 K
.0000 7723 1109.94 10.51 6.79
1559 9629 1220.15 6.98 5.53
.2810 1.1140 1295.98 5.34 4.84
4904 1.3639 1379.43 3.85 4.11
.6000 1.4902 1392.74 3.46 3.90
.6999 1.6041 1419.89 3.09 3.68
7771 1.6896 1441.45 2.85 3.53
.8397 1.7586 1460.02 2.67 3.42
.8906 1.8119 1475.69 2.53 3.33
9331 1.8553 1489.03 2.43 3.27
9690 1.8927 1501.23 2.34 3.21
9845 1.9111 1505.97 2.31 3.18
1.0000 1.9321 1513.47 2.26 3.15
T=31315K
.0000 7701 1093.40 10.86 6.96
.1559 .9602 1201.91 7.21 5.67
.2810 1.1118 1279.60 5.49 4.95
4904 1.3605 1369.43 3.92 4.18
.6000 1.4869 1384.12 3.51 3.96
.6999 1.5999 1412.17 3.13 3.74
7771 1.6858 1434.26 2.88 3.59
.8397 1.7549 1453.12 2.70 3.47
.8906 1.8082 1468.98 2.56 3.38
9331 1.8514 1482.37 2.46 3.31
19690 1.8889 1494.59 2.37 3.25
9845 1.9063 1499.34 2.33 3.23
1.0000 1.9271 1506.81 2.29 3.19
{[ZnCl,][phosphoric acid] 1:2.5 (x;) + propanol (x,)}
T=29315K
.0000 .8036 1222.69 8.32 5.88
1558 9560 1263.35 6.55 5.22
.2807 1.0860 1295.98 5.48 4.77
4668 1.2915 1342.65 4.30 4.22
.6021 1.4471 1380.63 3.63 3.88
.6998 1.5624 1411.58 3.21 3.65
7777 1.6586 1439.81 291 3.48
.8395 1.7377 1464.18 2.68 3.34
.8903 1.8012 1485.18 2.52 3.23
9333 1.8530 1503.67 2.39 3.15
9687 1.8931 1521.20 2.28 3.08
9851 1.9162 1523.81 2.25 3.06
1.0000 1.9424 1537.77 2.18 3.01
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TABLE 3 (Continued)

X1

T =303.15K
.0000
.1558
.2807
4668
.6021
.6998
T777
.8395
.8903
9333
.9687
9851
1.0000
T =308.15K
.0000
1558
.2807
4668
.6021
.6998
7777
.8395
.8903
9333
.9687
9851
1.0000
T=31315K
.0000
.1558
.2807
4668
.6021
.6998
7777
.8395
.8903
9333
.9687
9851
1.0000

pl(g-em™)

7956

9486

1.0778
1.2840
1.4396
1.5554
1.6522
1.7314
1.7956
1.8480
1.8884
1.9113
1.9372

7916

9454

1.0743
1.2797
1.4355
1.5510
1.6478
1.7275
1.7913
1.8441
1.8841
1.9072
1.9321

7875

9422

1.0709
1.2761
1.4312
1.5468
1.6441
1.7232
1.7869
1.8398
1.8798
1.9028
1.9271

Chemical Engineering‘% Curtin University

u/(m-s)

1188.88
1232.26
1267.99
1319.67
1361.01
1394.06
1423.86
1449.25
1470.88
1489.71
1506.58
1509.90
1520.24

1171.93
1216.62
1253.92
1308.15
1351.22
1385.39
1415.97
1441.89
1463.84
1482.87
1499.28
1503.17
1513.47

1155.23
1201.06
1239.92
1296.77
1341.50
1376.80
1408.16
1434.61
1456.88
1476.11
1491.97
1496.62
1506.81

ks/(TPa ™) - 102

8.89
6.94
5.77
447
3.75
331
2.99
275
2.57
2.44
2.33
2.29
2.23

9.20
7.15
5.92
4.57
3.82
3.36
3.03
2.78
2.61
2.47
2.36
2.32
2.26

9.52
7.36
6.07
4.66
3.88
3.41
3.07
2.82
2.64
2.49
2.39
2.35
2073

_Wl LEY 11 of 25

Ly (nm) - 10°

6.19
5.47
4.99
4.39
4.02
3.78
3.59
3.44
3.33
3.24
3.17
3.14
3.10

6.35
5.60
5.10
4.48
4.09
3.84
3.64
3.49
3.38
3.29
3.22
3.19
3.15

6.52
5.73
5.21
4.56
4.16
3.90
3.70
3.55
3.43
3.34
3.27
3.24
3.19

Note: Standard uncertainties u are u(T) = .02 K, u(p) = .04 MPa, and the combined expanded uncertainties Uc in mole fraction, density, and speed of sound
were Uc(x) = .0006, Uc(p) = .0009 g-cm >, Uc(u) = 2.63 m-s™ ", respectively (.95 level of confidence).
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solute being used, as well as the temperature and pres-
sure conditions.

4.2 | Calculated properties

42.1 | Excess molar volumes

Excess molar volume (VE) is a thermodynamic property
that describes the deviation of the mixture's volume from
an ideal mixture's volume.’®®’ It is defined as the differ-
ence between the actual molar volume of the mixture and
the molar volume of an ideal mixture. Tables S1, as well
as Figure 4, provide a summary of the calculated results.

Over the entire mole fraction range, at all investigated
temperatures, and for all investigated binary systems,
both negative and positive values for the calculated excess
molar volume were observed.”®®® Positive excess molar
volume values are found at higher [ZnCl,][phosphoric
acid] 1:2.5 DES mole fractions. The magnitude and sign of
the excess molar volume values are influenced by several
factors, including volume expansion and contraction
effects, as well as other factors such as the chemical
nature and concentration of the components, the temper-
ature, and the pressure. Volume expansion occurs when
the intermolecular forces between the two components
are weaker than those within the pure components, lead-
ing to an increase in the overall volume of the mixture. In
contrast, volume contraction occurs when the intermole-
cular forces between the two components are stronger
than those within the pure components, leading to a
decrease in the overall volume of the mixture.

When a polar solvent like [ZnCl,][phosphoric acid]
1:2.5 DES and alcohol are mixed, they can interact via
dipole-dipole interactions between their polar molecules.
The polar molecules of the two solvents can attract each
other, causing a decrease in the volume of the mixture.
This effect can contribute to the decreased volume
observed in the excess molar volumes of DES-alcohol
mixtures.

In the case of phosphoric acid (hydrogen bond donor
from DES) and alcohols (methanol, ethanol, and propa-
nol), the negative excess molar volume may be due to the
formation of hydrogen bonds between the acid and alco-
hol molecules. Phosphoric acid has three hydroxyl groups
(TOH) and can form hydrogen bonds with alcohol mole-
cules that also have hydroxyl groups. The hydrogen bond
formation between the oxygen atom of the (H;PO,) group
of phosphoric acid and the hydrogen atom of the
hydroxyl group of alcohol molecules leads to a more com-
pact arrangement of molecules in the mixture, resulting
in a negative excess molar volume.

It is worth noting that not all negative V% can be
attributed to hydrogen bonding between the components.

MGXADENI ET AL.

Other factors such as changes in the packing efficiency or
changes in the attractive forces between the molecules
can also contribute to negative excess molar volumes.

On the other hand, V‘fn indicates that the volume of
the mixture is greater than the sum of the volumes of its
components, suggesting that there is a certain degree of
repulsive interaction between the molecules in the mix-
ture, such as steric hindrance or electrostatic repul-
sion.””" When the excess molar volume is positive, it
means that the mixture's actual molar volume is greater
than expected based on ideal solution behavior.”” This
indicates that the mixing process results in an overall
expansion of the mixture. There are several factors that
can contribute to a positive excess molar volume, includ-
ing differences in molecular size, shape, and polarity
between the two substances being mixed. In general, sub-
stances that are more dissimilar tend to have larger posi-
tive excess molar volumes.

The alkyl chain length of the alcohol can affect the
polarity and hydrogen bonding capabilities of the mole-
cule, which in turn can affect the interactions between
the alcohol and the deep eutectic solvent. In this case,
increasing the alkyl chain length of the alcohol is leading
to a decrease in the solubility of the alcohol in the deep
eutectic solvent, which results in a decrease in the excess
molar volume.

4.2.2 | Isentropic compressibility
Isentropic compressibility is a measure of the degree to
which a substance can be compressed under adiabatic
(no heat exchange) conditions.”> Tables 3 as well as
Figure S4 presents the isentropic compressibility, «;,
results for the binary systems of [ZnCl,][phosphoric acid]
1:2.5 in methanol, ethanol, or propanol at different tem-
peratures. Figure S4 plots the results against the mole
fractions of [ZnCl,][phosphoric acid] 1:2.5 at all tempera-
tures. The Newton-Laplace method was used to compute
the isentropic compressibility (xs) (Equation (10)).
Isentropic compressibility values increase with
increasing temperature and solvent composition, [ZnCl,]
[phosphoric acid] 1:2.5, indicating greater compressibility
of DES in solutions.”* Isentropic compressibility is posi-
tive at all temperatures due to stronger interactions
between methanol, ethanol, or propanol, and solvent mol-
ecules [ZnCl,][phosphoric acid] 1:2.5, making the solu-
tion more compressible than pure solvents. This is also an
indication of the [ZnCl,][phosphoric acid] 1:2.5 mole-
cule's or ions' closest approach with stronger interactions
that increase the compressibility of the binary mixtures.”
Positive isentropic compressibility means that the sub-
stance can be compressed without an increase in its inter-
nal energy or temperature. In other words, a substance
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FIGURE 4 Calculated excess molar 0.200
volumes,VE, for the binary mixtures of {{ZnCl,] 0.000 l

[phosphoric acid] 1:25 (x;) + methanol (a), 0 )6'::‘.
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ethanol (b), and propanol (c)} at 293.15K (blue),
303.15K (red), 308.15K (green), 313.15K
(purple).
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with a positive isentropic compressibility will decrease in
volume when subjected to an increase in pressure, with-
out a corresponding increase in its temperature.

4.2.3 | Excess isentropic compressibility

The Ak, is a measure of the deviation from ideal behavior
in a mixture of two or more components. It is defined as
the difference between the isentropic compressibility of
the mixture and the isentropic compressibility that would

be expected if the mixture behaved ideally.”*”” A nega-
tive excess compressibility values were noted for all cal-
culated binary mixtures (Table S1 and Figure 5). It
indicates that the mixture is less compressible than
expected based on the ideal behavior. This can happen if
the interactions between the molecules of the compo-
nents in the mixture are attractive, causing them to pack
more closely together and resist compression more than
expected. It can also occur if the mixture contains compo-
nents with very different sizes or shapes, which can hin-
der their ability to move and pack together efficiently.

85U8017 SUOWILIOD BA11E81D) 3ot dde au Aq peusenob ale Sejole YO ‘8SN Jo Se|ni o} Akeudi8UIIUQ AB]1M UO (SUONIPUOD-PUe-SWBIW00" A3 1M AleIq 1 Ul |UD//SdNY) SUORIPUOD pue swie | 841 88S *[7202/2T/T0] Uo AriqiTauluo 8|1 * puesieMIA JO AISIBAIUN - IWsuseH paweH Ag TEoe [de/z00T 0T/10p/wo0 A8 |mAkeiq Ul |uo//Sdiy Wwo.j pepeojumod ‘€ ‘v20Z ‘SrTZ2e6T



14 of 25 Asia-Pacific Journal of
WILEY—

Chemical Engineering ] [SERANUANCEITN

MGXADENI ET AL.

0.00 @ FIGURE 5 Calculated excess isentropic
05 0(). )"Q 0.20 0.40 0.60 0.80 avﬂ() compressibilities,Ax;, of the binary mixtures of
e ‘:::‘ _:g" {[ZnCl,][phosphoric acid] 1:2.5 (x;) + methanol
“.é -1.00 ’3- e (a), ethanol (b), and propanol (c)} at 293.15K
— _1.50 R (blue), 303.15K (red), 308.15 K (green), and
z g‘ 313.15K (purple).
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Negative excess isentropic compressibility can be impor-
tant in understanding the behavior of mixtures in various
industrial and scientific applications, such as in chemical
processing, material science, and geology.

The addition of a longer alkyl chain alcohol to the
deep eutectic solvent may increase the negative excess

isentropic compressibility, as the longer chain may intro-
duce more flexibility to the solvent molecules and
increase the free volume. However, this effect may be
counteracted by other factors, such as the formation of
hydrogen bonds between the alcohol and the DES, which
can reduce the free volume.
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424 | Intermolecular free length

The intermolecular free length of a binary mixture is a
measure of the average distance between molecule in the
mixture.”® It is known as the mean free path or
the average distance between collisions. It can be calcu-
lated from the speed of sound in the mixture, which is
related to the density and compressibility of the mixture.
In a binary mixture, the intermolecular free length can
be used to determine the properties that exist based on
the attractive and repulsive forces as well as a simple lin-
ear correlation with the mole fraction of the deep eutectic
solvent between the different types of molecules.

The use of intermolecular free length and its correla-
tion with the mole fraction of the deep eutectic solvent
can provide valuable information for the design and opti-
mization of binary mixtures with both attractive and
repulsive forces. Because of the increase in [ZnCl,][phos-
phoric acid] 1:2.5 DES content, intermolecular forces
between the molecules in a mixture are attractive, and
molecules tend to come closer together, resulting in a
smaller intermolecular free length (Table 3 and Figure 6).
As the temperature increase, speed of sound in [ZnCl,]
[phosphoric acid] 1:2.5 DES also increase. This is because
the speed of sound is related to the average kinetic energy
of the particles in the substances, which increases the
temperature. However, the compressibility of a substance
generally decreases as the temperature the temperature
increases. This is because, at higher temperatures, the
particles have more kinetic energy and are more likely to
overcome the attractive forces between them, making the
substance less compressible. Therefore, as the compress-
ibility of a [ZnCl,][phosphoric acid] 1:2.5 DES decreases
with increasing temperature, the decrease intermolecular
free length was observed in Table 3.

4.2.5 | Excess thermal expansibilities

Thermal expansivities, «, were calculated from the den-
sity and VE results, to allow better understanding of
change in the solution structure during blending. Ther-
mal expansion coefficients for pure components and
compositions for the binary mixture, respectively are
expressed from Equations (13) and (14), respectively,

a;=(1/V7)(V}/IT), (13)
a=(1/V) (3an/8T)P’X+lz:2:aixiV? (14)

where V? and V is the molar volume of pure fluid and
molar volume of the mixture, respectively.

Chemical Engineering‘%—Wl LEYJIS—0f25

Excess thermal expansibilities, of, were calculated
from Equation (15):

O!E =a— @iai (15)

where (); is the volume fraction of the pure component i,
defined as follows:

@i = (xiV?/inV?> (16)

Table 4 show the values of the thermal expansibilities
and excess thermal expansivity at four temperatures. The
coefficients of thermal expansion for all the binary mix-
tures decrease with increasing DES mole fraction.
According to Table 4, the values of excess thermal expan-
sion coefficients are positive for the majority of the DES
mole fraction, except for mole fractions very close to pure
DES. The same results can be observed in Figure 7.

4.3 | Correlations

431 | Redlich-Kister correlation
The Redlich-Kister fitting parameters were calculated
from Equation (17):

i=0
N

Z=x1%, X Ai(2x—1)}, (17)

where Z is the an or Axg; x; is the mole fraction of the
[ZnCl,][phosphoric acid] 1:2.5; x, is the mole fraction of
methanol, ethanol, and propanol; N is the degree of the
polynomial expansion; and A; is the Redlich—Kister
parameters obtained for the system.

The root-mean-square deviation was calculated from
Equation (18)

MZ
> (anlex 1/2
e e Z\Hcp() / (18)

where Ze.p, Zca, are the values of the experimental and
computed VE or Ak; and M is the number of experimen-
tal data points and k is the number of coefficients used in
the Redlich-Kister correlation, respectively.

The Redlich-Kister parameters and the root mean
square deviation for all binary systems are given in
Table 5. The Redlich—Kister fitting smoothing polynomial
was used to obtain the fitting parameters of the binary
systems together with the standard deviations.>>”® The
Redlich-Kister smoothing equation was used successfully
for the correlation of V£ and A, data.
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FIGURE 6 Plot of intermolecular free
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44 | Results for density and speed
of sound

The parameters for the alcohols required in PC-SAFT
were obtained from the literature.>® In the case of DES,
considered as a pseudo-pure fluid, the parameters were
adjusted only with experimental density data using obje-
tive function given by Equation (19):

0.80

1.00

n, 2
ZP <picalc. _piexp)
i=1 PP

where n, is the number of experimental points, p is the
density, calc. is calculated using PC-SAFT EoS, and exp.
is experimental. On the other hand, the absolute average
deviation was calculated as Equation (20):
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TABLE 4 Isobaric thermal expansion coefficient and excess

thermal expansion coefficient for the binary mixture {[ZnCl,]
[phosphoric acid] 1:2.5 (x;) + methanol, ethanol, or propanol (x;)}
at T=(293.15, 303.15, 308.15, and 313.15) K and at .1 MPa.

X1

T=29315K
.0000
1558
.2802
4663
.6001
.7001
7779
.8395
.8909
9329
9688
.9849
1.0000
T =303.15K
.0000
1558
.2802
4663
.6001
.7001
7779
.8395
.8909
9329
9688
.9849
1.0000
T =308.15K
.0000
1558
.2802
4663
.6001
.7001
7779
.8395
.8909
9329
9688
.9849

a /(K™

1.996
1.865
1.767
1.623
1.521
1.443
1.386
1.343
1.306
1.277
1.254
1.245
1.238

2.020
1.889
1.788
1.640
1.533
1.453
1.395
1.350
1.312
1.282
1.258
1.249
1.241

2.032
1.901
1.800
1.650
1.541
1.460
1.401
1.355
1.317
1.286
1.262
1.252

o /(K™Y
{[ZnCl,][phosphoric acid] 1:2.5 (x;) + methanol (x;)}

.023
.036
.042
.036
.026
.018
.013
.007
.002
—.001
—.002

.026
.039
.044
.037
.027
.019
.013
.007
.002
—.001
—.001

.028
.042
.047
.038
.028
.020
.014
.008
.002
—.001
—.001

(Continues)

TABLE 4 (Continued)

—Wl LEY 17 of 25

x1 a /(K™Y of J(KTY
1.0000 1.245 0
T=313.15K

.0000 2.045 0
.1558 1.914 .030
.2802 1.812 .044
4663 1.660 .048
.6001 1.549 .040
.7001 1.467 .029
7779 1.407 .021
.8395 1.360 .014
.8909 1.322 .008
.9329 1.290 .002
9688 1.265 —.001
.9849 1.255 —.001
1.0000 1.248 0

{[ZnCl,][phosphoric acid] 1:2.5 (x;) + ethanol (x,)}
T=293.15K

.0000 4.541 0
1559 4113 .070
.2810 3.729 .089
4904 3.038 .084
.6000 2.656 .065
.6999 2.302 .045
7771 2.028 .031
.8397 1.805 .020
.8906 1.623 .011
9331 1.470 .003
.9690 1.342 —.002
.9845 1.289 —.002
1.0000 1.238 0

T =303.15K

.0000 4.591 0
1559 4.163 .074
.2810 3.776 .095
4904 3.076 .087
.6000 2.686 .066
.6999 2.328 .047
7771 2.049 .033
.8397 1.822 .021
.8906 1.635 .011
9331 1.479 .003
.9690 1.348 —.002
9845 1.294 —.002
1.0000 1.241 0

(Continues)
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TABLE 4 (Continued)

X1 a /(K™ of /(KT
T =308.15K

.0000 4.643 0
1559 4.217 .080
.2810 3.825 .099
4904 3.114 .089
.6000 2.719 .069
.6999 2.355 .050
7771 2.069 .034
.8397 1.838 .022
.8906 1.647 .012
9331 1.488 .004
.9690 1.355 —.001
9845 1.299 —.001
1.0000 1.245 0
T=313.15K

.0000 4.656 0
1559 4.230 .080
.2810 3.839 .102
4904 3.123 .090
.6000 2.728 .070
.6999 2.362 .050
7771 2.076 .035
.8397 1.844 .023
.8906 1.653 .013
9331 1.493 .005
.9690 1.359 0
9845 1.303 —.001
1.0000 1.248 0

{[ZnCl,][phosphoric acid] 1:2.5 (x;) + propanol (x,)}

T=29315K

.0000 5.706 0
.1558 5.239 .076
.2807 4.803 .109
4668 4.050 114
.6021 3.421 .090
.6998 2.928 .064
7777 2.517 .046
.8395 2.179 .033
.8903 1.889 .020
9333 1.635 .008
9687 1421 —.002
9851 1.324 —.003
1.0000 1.238 0

T =303.15K

.0000 5.764 0

(Continues)

% Curtin University

TABLE 4 (Continued)

X1
1558
.2807
4668
.6021
.6998
7777
.8395
.8903
.9333
.9687
.9851
1.0000
T =308.15 K
.0000
1558
.2807
4668
.6021
.6998
7777
.8395
.8903
.9333
.9687
.9851
1.0000
T=31315K
.0000
1558
.2807
4668
.6021
.6998
7777
.8395
.8903
.9333
.9687
.9851
1.0000

MGXADENI ET AL.

a /(K™ af (KT
5.302 .084
4.859 113
4.100 121
3.462 .094
2.962 .068
2.545 .049
2.200 .035
1.905 .022
1.647 .010
1.429 —.001
1.329 —.002
1.241 0
5.793 0
5.336 .092
4.891 120
4.126 125
3.484 .098
2.980 .070
2.559 .051
2.213 .037
1.915 .023
1.655 .011
1.434 0
1.334 —.002
1.245 0
5.823 0
5.373 .100
4.925 128
4.154 131
3.506 101
2.999 .073
2.575 .054
2.225 .054
1.924 .024
1.662 .012
1.439 0
1.338 —.001
1.248 0

Note: Standard uncertainties u are u(T) = .02 K, u(p) = .04 MPa, and
the combined expanded uncertainties Uc in mole fraction, density, and
speed of sound were Uc(x) = .0006, Uc(p) = .0009 g»cm*3, Uc(u)

= 2.63 m-s, respectively (.95 level of confidence).
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FIGURE 7 Plot of excess thermal 012 T T a
expansion coefficients of {{ZnCl,][phosphoric
acid] 1:2.5 (x1) + ethanol (x,)} at different 0.10 - ° i
temperatures as a function of the composition [ : °
L d
expressed in the mole fraction of [ZnCl,] 0.08 ° L4 ]
[phosphoric acid] 1:2.5 at 293.15K (blue), H o
303.15K (red), 308.15K (green), and 313.15K = 0.06 L L 1
(purple). § '
Y §
5 L
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(20)
p PP

where ¢ is density or speed of sound. The
parameters obtained in this work were m =2.100,
0=3.5436 A, £=772.4355 K, x"F=.003297, and & =
4276.8451 K. The absolute average deviation in density
was .05%.

The values of k; are positive for all the mixtures,
and they are published in Table 6. Also, the deviation
in density and speed of sound using SCFT and NR are
available in Table 6. According to these results, PC-
SAFT correlates the experimental density with the mole
fraction with an overall deviation of .27%. In the case
of the speed of sound, both equations correctly predict
the experimental data, however for DES + 1-propanol
mixture, NR (deviation =.32%), despite its simplicity,
presents a lower deviation compared to SCFT
(deviation =1.99%). Finally, some graphic results are
illustrated in Figures 8 and 9. According to Figure 8,
the results with k; =.3521 for DES 4 methanol mixture,
allow good results in the density correlation. From
Figure 6, the best experimental speed of sound correla-
tion for the DES + ethanol mixture was obtained with
PC-SAFT EoS + SCFT. Recently, few studies have been
reported for the simulation of DESs with volatile organic
solvents at different temperatures. The structural orienta-
tion was studies with the selected volatile organic sol-
vents and the results revealed high solubility at high
molar ratio and this impact has been observed in our
studies.*"**

X1

4.5 | Sigma profiles and surface charges

The intermolecular interactions were further studied
between the chemical species o-profiles and sigma poten-
tials of the DES with different solutes and are depicted in
Figures 10 and 11, respectively. Sigma profiles can deliver
crucial information on the hydrophilicity as well as the
tendency of a compound in hydrogen bond donor and
acceptor properties. As observed in Figure 10, each pro-
duced sigma profile exhibits three distinguished areas.
The left-hand side area (<—.01 e/A?) is known as hydro-
gen bond (H-bond) donor and the regions with ¢ > .01
e/A% and —.01 < 6 < .01 e/A2 are hydrogen bond accep-
tors or and non-polar regions, respectively. It is observed
in Figure 10, that the surface charge density of phospho-
ric acid is dominated by the three distinctive regions: pur-
ple regions of non-polar alkyl chain, blue region of the
H-bond acceptor region, and the red regions of the oxy-
gen lone pairs, which are H-bond acceptors. Hence, phos-
phoric acid has shown three major peaks in H-bond
acceptor, H-bond donor and non-polar regions as
depicted in Figure 10. The addition of Methanol Ethanol
and Propanol to the system results in the association of
DES molecules to this chemical species based on their
peaks in the abovementioned regions in Figure 10. For
example, in the case of [ZnCl,] the dominant peak repre-
sented in Figure 10 shows the non-polar surface area,
which is a suitable partner surface for non-polar seg-
ments of different solutes and based on the length of the
alkyl chain of different solutes it pairs more readily with
propanol since it has shown the biggest peak in non-
polar region. This confirms the results obtained in
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TABLE 5 Redlich-Kister fitting parameters and root-mean-square deviation, o, for the binary mixtures at T = (293.15, 303.15, 308.15,

and 313.15) K and at .1 MPa.

A;

293.15 K

{ZnCl,][phosphoric acid] (x;) + methanol (x;)}

VE /(cm®mol ")

Akg/(TPa™ )

{ZnCl,|[phosphoric acid] (x;) + ethanol (x;)}

VE /(cm®mol ")

Akg/(TPa™ 1)

Ao
Aj
Az
As
Ayq
As
c

Ag
A
Az
As
Ay
As

o

Ao
A;
Az
As
Ay
As
c

Ao
Aj
Az
As
Ayq
As

o

—5.07206
1.11783
3.31712

—7.85922

—1.50922

13.45640

.04
—1132.500
858.914
—224.958
—525.784
240.408
264.726

.30

—6.37255
3.62630
2.29619

—14.29770

—3.47987

23.50000

.04

—869.944

689.901

—179.625

—637.011

282.290

361.356
.75

{ZnCl,][phosphoric acid] (x;) + propanol (x,)}

VE /(cm®mol )

Axy/(TPa™Y)

Ay
Ay
Ay
As
Ay
As
o

Ag
A;
Az
As

—7.44748
4.04380
2.44647

—19.95160

—4.69736

28.52820

.08

—452.966
211.866
—75.668
—130.578

303.15 K

—5.26356
1.57197
3.18079

—9.40623

—2.02911

15.3887

.03
—1254.040
953.387
—279.539
—523.722
281.329
198.853

.20

—6.54092
3.85315
1.42293

—14.46340
—2.38689
23.03660
.03
—967.325
758.244
—222.794
—672.840
432.633
215.931
.84

—7.81260
4.08689
3.32402

—19.94770

—7.43701

29.84090

.07

—513.048
225.124
—74.705
—109.677

308.15 K

—5.47790
1.86950
2.85763

—9.82714

—1.34595

15.33090

.03
—1318.250
1007.220
—315.135
—530.085
319.688
178.180

21

—6.65878
3.45799
.67025
—10.92830
—1.95530
18.92860
.03
—1026.040
788.543
—277.463
—346.946
—165.468
541.947
.97

—8.04266
4.06453
2.71992

—18.16330

—7.61441

27.68890
.07
—544.757
236.304
—81.628
—106.056

313.15 K

—5.67405
1.85065
2.91990

—9.54857

—1.78171

15.57230

.03
—1386.930
1063.230
—346.553
—535.836
340.506
171.008

21

—6.74921
3.63169
.02265
—10.54310
—.72741
16.74900
.03
—1075.680
815.719
—260.598
—392.202
—171.300
568.046
.98

—8.38092
4.39982
2.49836

—18.41450

—8.34188

28.32440

.06

—578.875
251.020
—84.082
—119.775
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TABLE 5 (Continued)
A; 29315 K
Ay 11.465
As 185.052
o .80

Chemical Engineering‘%—Wl LEYJH—0f25

303.15 K 308.15 K 313.15K
—13.902 —15.678 —23.425
151.786 151.223 172.576
.58 .58 .54

Note: Standard uncertainties u are u(T) = .02 K, u(p) = .04 MPa, and the combined expanded uncertainties Uc in mole fraction, density, and speed of sound
were Uc(x) = .0006, Uc(p) = .0009 g-cm ™, Uc(u) = 2.63 m-s ™, respectively (.95 level of confidence).

TABLE 6 Binary parameters and
the absolute average deviation for liquid
density and speed of sound for all the Mixture
mixtures considering in the
temperature range of 293.15 K to

313.15 K and at .1 MPa. DS == @il ()

DES (1) + 1-propanol (2)

Overall

DES (1) + methanol (2)

%AADu
k; %AADp PC-SAFT + SCFT PC-SAFT + NR
3521 .18 .62 1.63
.2552 31 .74 2.01
.0775 32 1.99 32
27 1.12 1.32

Note: Standard uncertainties u are u(T) = .02 K, u(p) = .04 MPa, and the combined expanded uncertainties
Uc in mole fraction, density, and speed of sound were Uc(x) = .0006, Uc(p) = .0009 g-cm >, Uc(w)
= 2.63 m-s !, respectively (.95 level of confidence).

0.0 02 04 06 08 1.0
X4
FIGURE 8 Plot of the density for the {{ZnCl,][phosphoric

acid] 1:2.5 (x;) + methanol (x;)} at different temperatures as a
function of the composition expressed in the mole fraction of
[ZnCl,][phosphoric acid] 1:2.5 at 293.15K (blue), 303.15K (red),
308.15K (green), and 313.15K (purple). The lines were generated
using perturbed chain statistical associating fluid theory equation of
state (PC-SAFT EoS).

Figures 4 and 5 with propanol showing the largest devia-
tions. If sigma surface charges shown in Figure 10 The
blue color represents the electropositive region hence

1600

1500

1400 -

1300

u(ms™

1200

1100

1000 P |
0.0 0.2 0.4 0.6 0.8 1.0

FIGURE 9 Plot of the speed of sound for the {{ZnCl,]
[phosphoric acid] 1:2.5 (x;) + ethanol (x,)} at different temperatures
as function of the composition expressed in the mole fraction of
[ZnCL,][phosphoric acid at 293.15K (blue), 303.15K (red), 308.15K
(green), and 313.15K (purple). The continuous lines are results
obtained with PC-SAFT + NR and the segmented lines are results
obtained with PC-SAFT + SCFT.

the H-bond donor part of the molecule whereas the red
region denotes the electronegative part or H-bond accep-
tor of the molecule. Anions have shown favorable inter-
action with hydrogen bond donor and non-polar groups.
Three solutes methanol, ethanol and propanol has shown
the same electronegative and electropositive charges as
they showed a similar peak in H-bond acceptor and
donor regions however due to the difference in the length
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FIGURE 11 Sigma protentials for the chemical spicies used in
this study.

of their alkyl chain they have shown different peaks in
non-polar region with propanol being the highest and
methanol the lowest peaks.

5 | CONCLUSIONS

In this study, the thermophysical properties of the binary
mixtures of [ZnCl,][phosphoric acid] 1:2.5 in methanol,
ethanol, propanol at T = (293.15, 303.15, 308.15, 313.15)
K were measured as a function of temperature and com-
position. Therefore, thermodynamic relevant parameters
such as V& k;, Aks, and L; have been computed using
density and speed of sound to confirm intermolecular
interactions which occur in the mixtures. Isentropic com-
pressibility is positive for all systems. This indicates that
the mixtures are compressible. A negative excess isentro-
pic compressibility indicates that the mixture is less com-
pressible than ideal behavior would predict. The

MGXADENI ET AL.

calculated excess molar volumes for [ZnCl,][phosphoric
acid] 1:2.5 in methanol, ethanol, or propanol were nega-
tive and positive. The study also clearly shows that the
ion-solvent/solute-solvent interaction is dominant over
self-interactions such as solvent-solvent/ion-ion/solute-
solute. The Redlich-Kister smoothing expression was suc-
cessfully applied to the correlation of excess molar vol-
umes and excess isentropic compressibility. PC-SAFT
EoS modeled DES and alcohol using a 2B scheme. The
parameters for the DES as a pseudo-pure fluid were suc-
cessfully obtained with a deviation of .05% for the den-
sity. The overall deviation in density for the mixtures was
.27% using PC-SAFT EoS. The smallest overall deviation
for the speed of sound was obtained with SCFT (1.12%).

Supporting Information (SI): Supporting Information
is available.

Excess molar volumes, V’j;, and excess isentropic
compressibilities Ax;, for the binary mixtures {{ZnCl,]
[phosphoric acid] 1:2.5 (x;) + methanol, ethanol or pro-
panol (x,)} at T=(293.15, 303.15, 308.15, and 313.15) K
(Table S1); Experimental densities, speed of sound and
calculated isentropic compressibilities of the binary mix-
ture of {[ZnCl;][phosphoric acid] 1:2.5+ methanol (a),
ethanol (b), and propanol (c)} at T=(293.15, 303.15,
308.15, and 313.15) K (Figures S1-S3).
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