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ARTICLE INFO ABSTRACT

Keywords: In this work, the thermophysical characteristics of binary mixtures including alkanols and a deep eutectic solvent
ThermoPhyﬁical properties (DES) based on zinc (II) chloride (ZnCly) were examined. Densities (p), and speed of sounds (u) of binary mix-
Deep eutectic solvent tures of [ZnCl,][acetic acid] 1:4 with methanol, ethanol, and propanol were measured at temperature between

Redlich-Kister equation
PC-SAFT EoS
Nomoto’s relation

(293.15—313.15) K and at atmospheric pressure. DESs have attracted a lot of researchers because of their
unique properties and prospective uses in various fields. The focus of this research was to better understand the
behaviour of binary mixtures composed of ZnCly-based DES and alkanols, with an emphasis on their thermo-
physical properties. Thermodynamic properties such as excess molar volumes, isentropic compressibilities, de-
viations in isentropic compressibilities, and intermolecular free length were evaluated and interpreted in terms of
molecular interactions occurring in the mixtures. The excess molar volumes and deviation in isentropic
compressibility of the mixture containing [ZnCly][acetic acid] with methanol and ethanol were seen to be
negative across all compositions and temperatures. Conversely, positive excess molar volumes were observed for
the mixture containing [ZnCly][acetic acid] 1:4 with propanol. The isentropic compressibility values demon-
strate a direct relationship with the increase in temperature while maintaining a consistent composition
throughout all examined binary mixtures. The intermolecular free length values also demonstrate a positive
correlation with increasing temperatures. To deepen our comprehension, we used the Redlich-Kister equation
with temperature-dependent parameters to establish a correlation between excess molar volumes and variations
in compressibilities. This enabled us to gain valuable knowledge on the thermodynamic characteristics and
mixing properties shown by these binary systems. Finally, the density of the mixtures composed of DES and 1-
alkanol was correlated with PC-SAFT EoS, and Nomoto’s relation was successfully used for the modelling of
speed of sound as a predictive approach. This approach enhances the applicability of the findings in practical
scenarios. This investigation not only enhances the fundamental comprehension of ZnCly-based DES and alkanol
combinations but also provides practical perspectives on their thermophysical characteristics, which may have
implications for their potential implementation in diverse industrial sectors. The work presents novel discoveries
and correlations, expanding the knowledge base in this domain. These findings contribute to the broader un-
derstanding of DES and alkanol mixtures, offering valuable insights for researchers and practitioners alike.

1. Introduction different applications, ranging from heat transfer and fluid mechanics to

material science [1,2]. These physical properties of a substance explain

Science and engineering use thermophysical properties to under- its behaviour in response to changes in temperature, pressure, or
stand and predict the behaviour of materials and substances in many composition.
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When these two types of compounds combine, they form binary
mixtures that have distinct thermophysical characteristics. Thermo-
physical characteristics of DESs include certain crucial elements such as
melting point, viscosity, density, thermal stability, heat capacity, and
solubility [3]. Typically, DESs have lower melting points than their
components, hydrogen bond donors (HBDs) and hydrogen bond accep-
tors (HBAs) [4]. The eutectic mixture forms a eutectic point, which is the
composition at which the mixture has the lowest melting point. It is this
property that allows DESs to be in a liquid state at room temperature or
lower. DESs have greater viscosities than typical organic solvents. The
strong hydrogen bonding interactions between the HBD and HBA com-
ponents are responsible for the high viscosity [5]. The viscosity of DESs,
on the other hand, may be modified by altering the composition or
adding other components. The density of DESs changes according to the
type of HBD and HBA used, as well as their concentrations [6] and is
higher than that of ordinary organic solvents but lower than that of
water [3]. Solubility and buoyancy are two qualities that may be
affected by density. DESs are usually thermally stable across a large
temperature range and can endure high temperatures without substan-
tial degradation or decomposition, making them appropriate for high-
temperature applications [7]. The type of HBD and HBA components,
as well as their concentrations, impact the heat capacity of DESs [8].
When compared to organic solvents, DESs frequently have greater heat
capabilities, which might be useful in heat transfer applications. DESs
possess unique solvation properties due to their ionic nature and
hydrogen bonding capabilities [8] and provide ideal solvents for a va-
riety of applications since they can dissolve a large variety of molecules,
including both polar and non-polar. For the development of new ap-
plications and the optimization of existing processes, it is crucial to
understand these properties.

A new class of ionic liquids called Zinc (II) Chloride-Based DESs is
created by combining a metal salt, such as Zinc (II) Chloride, with a
hydrogen bond donor, such as primary alcohols, organic acids, or am-
ides [9]. As per the literature, DESs have attracted attention because of
their distinctive thermophysical characteristics and potential uses in a
variety of fields, including chemical engineering, materials science,
energy storage, separation science, catalysis, and electrochemistry [10].
DESs are a possible replacement for conventional organic solvents due to
their outstanding solvation characteristics, low toxicity, and biode-
gradability. It has been noted that the DES [ZnCly][acetic acid] 1:4,
which combines zinc chloride and acetic acid, has high solubility for a
variety of organic molecules [10].

Alkanols, on the other hand, are organic molecules with a hydroxyl
(-OH) group linked to an alkyl chain [11]. These compounds are widely
employed as solvents because of their ability to dissolve a wide range of
polar and nonpolar molecules. Alkanols are used in a variety of appli-
cations, including solvents, fuels, and the synthesis of compounds such
as esters and ethers [12,13]. They are widely employed in the manu-
facture of beverages with alcohol, as well as antiseptics and
disinfectants.

To the best of our knowledge, no thermophysical properties: density
and speed of sound for the studied binary systems [ZnCly][acetic acid]
1:4 with methanol, ethanol, and propanol have been measured at
different temperatures ranging from 293.15 to 313.15 K and at atmo-
spheric pressure. Furthermore, thermophysical properties were used to
calculate excess molar volumes, isentropic compressibilities, deviations
in isentropic compressibilities, and intermolecular length. The
computed thermodynamic properties, such as excess molar volumes and
deviations in isentropic compressibilities, have been effectively fitted to
the Redlich-Kister equation [14]. Finally, density and speed of sound
data have been modelled using PC-SAFT EoS and Nomoto’s relation,
respectively.
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2. Experimental
2.1. Chemicals and materials

All the chemicals used in this study are analytical reagent grade and
were obtained from Sigma-Aldrich; the results are shown in Table 1. The
analysis of samples was conducted using Karl Fisher titration (831
Metrohm). The methanol exhibited a water content of 0.0003 mass
percentage, while ethanol showed 0.0008, propanol had 0.0005, and
acetic acid displayed 0.033 (Table 1). To avoid compositional variations
due to solvent evaporation, all samples were prepared just before
measurements. In the preparation of any of the sample mixtures, no
additional purification procedures were used. All the solvents’ purity
was determined by comparing our previous measurements of densities
and speed of sound (Table 2).

2.2. Apparatus and procedure

Our previous study described the preparation and formation of
[ZnCly][acetic acid] 1:4 DES [10]. The DSA 5000 M method’s experi-
mental procedure for determining the density and speed of sounds has
been thoroughly explained in the literature [15-19]. The masses of the
binary mixture components were measured via an OHAUS analytical
balance with a precision of 0.0001 g. The pure liquids were placed in
shelled vials to avoid evaporation during the preparation of the binary
mixtures. Subsequently, the mixtures were shaken to ensure that all the
samples were properly mixed. Binary mixtures were passed between two
piezoelectric ultrasound transducers to measure sound velocity. The first
transducer sends sound waves into the cavity filled with the sample, and
the second transducer picks up those waves. The transducer generates a
frequency of about 3 MHz. A temperature regulator built into the DSA-
5000 M keeps the samples at a set temperature with a 0.02 K margin of
uncertainty [20]. The outcomes are automatically preserved and
exhibited on the TFT LCD on the apparatus. The apparatus facilitates the
immediate printing and exportation of result data files through the
utilization of a USB flash drive. A duly certified standard liquid was
employed in the calibration of the instrument, and the outcomes were
compared with a calibration certificate for the standard liquid, which
encompassed a reference value. The density (p) and sound velocity (u)
measurements of water were obtained after a series of measurements of
the sample mixtures, which were conducted to ascertain the precision
and reliability of the p and u measurements. Anton Paar’s ISO 17025
calibration ensures the precise traceability of our apparatus to the In-
ternational System of Units (SI). The establishment of traceability is the
sole means by which one can ascertain the global comparability and
accuracy of one’s measurement outcomes. The uncertainties were esti-
mated for density and speed of sound measurements within 0.0009
g-em~2 and 2.63 m-s ™, respectively.

Table 1
Molecular mass, Suppliers, CAS number, and purity of chemicals.
Chemical Molecular Supplier Water CAS Mass
name mass (g/ content/ number fraction
mol) % purity
Zinc 136.30 Merck 7646-85- >0.99
chloride 7
Acetic acid 60.05 Sigma- 0.033 64-19-7 >0.99
Aldrich
Methanol 32.04 Sigma- 0.0003 67-56-1 >0.99
Aldrich
Ethanol 46.07 Sigma- 0.0008 64-17-5 >0.99
Aldrich
Propanol 60.1 Sigma- 0.0005 71-23-8 >0.99

Aldrich
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Table 2
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.

T (K) p(gem™) u (ms™)
expt Lit expt lit
Methanol
293.15 0.7916 0.7961 [46] 1119.60 1119.00 [46]
0.7913 [47] 1119.13 [47]
0.7936 [48] 1106.63 [48]
0.7914 [49]
0.7930 [44]
0.7926 [50] 1105.19 [50]
0.7910 [51] 1119.60 [51]
0.7912 [52]
0.7910 [53] 1120.00 [53]
303.15 0.7822 0.7819 [49] 1087.20
0.7819 [47] 1086.00(47]
0.7819 [54] 1086.00[54]
0.7846 [48] 1082.73 [48]
0.7837 [50] 1088.73 [50]
0.7824 [18] 1092.29 [18]
0.7827 [55] 1088.26 [55]
0.7836 [44]
0.7810 [56] 1085.89 [56]
0.7820 [51] 1086.60 [51]
0.7818 [52]
0.7820 [53] 1087.00 [53]
308.15 0.7776 0.7772 [49] 1071.07
0.7772 [47] 1069.70 [47]
0.7779 [48] 1068.82 [48]
0.7769 [50] 1070.82 [50]
0.7771 [54] 1069.00 [54]
0.7776 [18] 1077.90 [18]
0.7779 [55] 1072.04 [55]
0.7773 [56] 1074.00 [56]
0.7771 [52]
313.15 0.7727 0.7741 [44] 1055.00
0.7724 [47] 1053.57 [47]
0.7724 [48] 1059.41 [48]
0.7720 [51] 1054.20 [51]
0.7725 [54] 1052.00 [54]
0.7729 [18] 1065.03 [18]
0.7732 [55] 1055.91 [55]
0.7728 [56] 1052.00 [56]
0.7723[52]
773.00 [53] 1055.00 [53]
Ethanol
293.15 0.7896 0.7894 [57] 1160.37
0.7897 [47] 1161.00 [47]
0.7894 [48] 1159.34 [48]
0.7895 [49]
0.7895 [50] 1161.38 [50]
0.7895 [58] 1162.30 [58]
0.7895[44]
0.7896 [51] 1162.30 [51]
0.7895[52]
0.7900 [53] 1162.00 [53]
303.15 0.7810 0.7808 [57] 1126.91
0.7810 [47] 1126.77 [47]
0.7820 [48]
0.7808 [49]
0.7820 [50] 1129.01 [50]
0.7810 [54] 1127.00 [54]
0.7809 [58] 1128.90 [58]
0.7810 [59]
0.7820 [60] 1128.00 [60]
0.7809 [44]
0.7810 [51] 1128.20 [51]
0.7807 [52]
0.7810 [53] 1127.00 [53]
0.7820 [56] 1128.00 [56]
308.15 0.7723 0.7764 [57] 1109.94
0.7767 [47] 1109.87 [47]
0.7778[50] 1099.74 [50]
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Table 2 (continued)

T (K) p (gem™3) u(ms?)
expt Lit expt lit
0.7755 [54] 1109.00 [54]
0.7777 [60] 1098.00[60]
0.7764 [52]
0.7777 [56] 1098.00 [56]
313.15 0.7701 0.7720 [57] 1093.40
0.7723 [47] 1093.11[47]
0.7732 [48] 1090.92 [48]
0.7722 [49]
0.7732 [50] 1093.11 [50]
0.7723 [54] 1089.00 [54]
0.7722 [58] 1095.40 [58]
0.7722 [59]
0.7736 [60] 1086.00 [60]
0.7722 [44]
0.7720 [51] 1094.50 [51]
0.7721 [52]
0.7720 [53] 1094.00 [53]
0.7736 [56] 1086.00 [56]
Propanol
293.15 0.8036 0.8036 [61] 1222.69
0.8036 [47] 1223.12 [47]
0.8037(50] 1196.64 [50]
0.8038 [57]
803.75 [49]
0.8030 [62] 1224.30 [62]
0.8039 [59]
0.8039 [44]
0.8036 [52]
0.8040 [53] 1226.00 [53]
303.15 0.7956 0.7955 [63] 1188.88
0.7956 [47] 1188.64 [47]
0.7960 [55] 1189.26 [55]
0.7956 [61]
0.7956 [57]
0.7957 [50] 1185.89 [50]
0.7955 [49]
0.7960 [62] 1189.90 [62]
0.7958 [44]
0.7956 [52]
0.7960 [53] 1191.00 [53]
308.15 0.7916 0.7915 [61] 1171.93
0.7915 [47] 1171.64 [47]
0.7905 [50] 1170.01 [50]
0.7919 [55] 1172.37 [55]
0.7915 [57]
0.7915 [52]
313.15 0.7875 0.7874 [63] 1155.23
0.7874 [47] 1154.88 [47]
0.7874 [50] 1159.51 [50]
0.7878 [55] 1155.53 [55]
0.7874 [61]
0.7874 [57]
787.42 [49]
0.7880 [62] 1156.00 [62]
0.7874 [59]
0.7876 [44]
0.7874 [52]
0.7880 [53] 1157.00 [53]

Standard uncertainties u are u(T) = 0.02 K, u(p) = 0.04 MPa, and the combined
expanded uncertainties Uc in mole fraction, density, and speed of sound were Uc
(x) = 0.0006, Uc(p) = 0.0009 g-cm’3, Uc(u) = 2.63 m-s’l, respectively (0.95
level of confidence).

2.3. Modelling of density and speed of sound

Gross and Sadowski proposed the PC-SAFT EoS [21,22] over twenty
years ago. This equation of state proposes that the Helmholtz energy of
the system is given by a sum of four terms: contribution for ideal gas,
term related to hard chain, contribution related to dispersion forces, and
term related to association contribution. In this work, we have used PC-
SAFT EoS to compute the density of pure fluids and binary mixtures. On
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the other hand, Nomoto’s relation was used for modelling the speed of Table 3
sound for the binary mixtures as a predictive approach [23]. Density,p, speed of sound, u, isentropic compressibility and intermolecular free
length,Ls, for the binary mixture { [ZnCl,][acetic acid] 1:4 (x;) + methanol,

3. Results and discussion ethanol, and propanol (x;)} at T = (293.15, 303.15, 308.15, and 313.15) K.

x1 p /(g -cm™) u/(ms™") x,/ (TPa™1) #1072 Ly(nm)e102

3.1 ThermOp hy sical prop erties {[ZnCl,][acetic acid] 1:4 (x;) + methanol (x;)}

3.1.1. Density T — 20315
The density was measured at T = (293.15, 303.15, 308.15, and 0.0000 0.7916 1119.60 10.08 6.47
313.15) Kand p = 0.1 MPa for the [ZnCl,][acetic acid] 1:4 DES and their 0.2096 0.9612 1193.02 7.31 5.51
binary systems, and the results are shown in Table 3 and Fig S1. Fig. S1 0.3580 1.0697 1215.05 6.33 5.13
shows density versus concentration plots of [ZnCly][acetic acid] 1:4 DES 0.5560 1.1955 1259.34 5.27 4.68
at various temperatures. The density of a solution depends on a variet 06827 1.2670 1268.26 491 451
p : y ! P C -y 07705 1.3114 1277.17 4.67 4.4
of factors, such as the solute’s molar mass, its concentration, and its 0.8334 1.3411 1274.90 4.59 4.37
temperature and pressure [24]. In the instance of a DES, the density can 0.8827 1.3625 1273.75 4.52 4.33
also be influenced by the mole fraction of the solvent components. The 0.9211 1.3784 1273.15 4.48 4.31
density of the resulting solution increases as the mole fraction of the 0.9524 1.3911 1272.90 4.44 4.29
. . . . ) 0.9783 1.4014 1273.26 4.40 4.28
[ZnCly][acetic acid] 1:4 DES increases with the binary system of 1.0000 1.4105 1272.58 438 4.26
methanol, ethanol, and propanol. This implies that DES has a higher
density than alcohols and that as more DES is added to the solution, the T —303.15
overall density increases. Binary mixtures of [ZnCl,[acetic acid] 1:4 DES 0.0000 0.7822 1087.20 10.82 6.83
with methanol, ethanol, and propanol exhibit a decrease in density with 0.2096 0.9511 1162.23 7.78 5.79
increasing temperatures. This is most likely because, as the temperature 0.3580 1.0587 1186.43 6.71 5.38
increases, the molecules in the mixture gain energy and become more 0.5560 1.1838 1235.08 5.54 4.88
freel h lecules b ) losel Ked b ¢ th 0.6827 1.2554 1247.55 5.12 4.70
freely. The molecules ecome less closely packed because o t e 0.7705 1.3001 1247.59 494 461
increased molecular motion, which lowers the density [25,26]. This 0.8334 1.3294 1245.47 4.85 4.57
increased molecular motion causes the molecules to be less tightly 0.8827 1.3511 1244.60 4.78 4.54
packed and results in a decrease in density. 0.9211 13671 1244.18 473 4.51
0.9524 1.3796 1244.02 4.68 4.49
. 0.9783 1.3899 1244.26 4.65 4.48
3.1.2. Sound velocity 1.0000  1.3987 1243.46 4.62 4.46
Speed of sound refers to the speed of sound waves as they pass
through a medium, which is affected by temperature, pressure, and the T = 308.15
medium’s properties [27,28]. The plots of speed of sound versus con- 0.0000 0.7776 1071.00 11.21 7.01
centration of [ZnCly][acetic acid] 1:4 DES at investigated temperatures 0.2096 0.9465 1147.12 8.03 5.93
are given in Fig. S2 and Table 3. From Fig. S2, it can be observed that the 0.3580 1.0537 1172.31 6.91 5.50
speed of sounds decreases with temperature. This can be explained b 0.5560 1.1789 1222.94 >67 4.99
P P o D€ exp y 0.6827 1.2499 1233.96 5.25 4.80
the fact that as the temperature of a material increases, its molecules or 0.7705 1.2944 1233.00 5.08 472
atoms tend to move faster and collide more frequently. This leads to a 0.8334 1.3239 1231.12 4.98 4.68
reduction in the material’s stiffness or elasticity. As a result, the sound 0.8827 1.3454 1230.18 4.91 4.64
waves passing through the material encounter more resistance and take 0.9211 1.3614 1229.96 4.86 4.61
1 leadi d in th d of d. Sound 0.9524 1.3740 1229.75 4.81 4.59
onger to propagate, eading to a ecrease in the speed of soun - Soun 0.9783 1.3843 1229.96 478 458
velocity values increase as the mole fraction of the [ZnCly][acetic acid] 1.0000 1.3929 1229.14 4.75 457
1:4 DES increases. It implies a direct link between the two, with
increasing the mole fraction of the DES leading to an increase in sound T—313.15
speed [29]. 0.0000 0.7727 1055.00 11.63 7.21
0.2096 0.9414 1132.36 8.28 6.08
0.3580 1.0486 1158.83 7.10 5.63
3.2. Excess molar volumes 0.5560 1.1733 1212.04 5.80 5.09
0.6827 1.2444 1219.96 5.40 4.91
The excess molar volume is a thermodynamic property that measures g'ggi i'i?gi i;ig: :fz 2'32
the deviation of the mixture’s volume from its ideal behaviour and is 0.8827 1.3308 1215.97 5.05 475
calculated using a standard equation and the results shown in Fig. 1 and 0.9211 1.3558 1215.64 4.99 472
Table S1. The excess molar volumes are determined by various factors, 0.9524 1.3683 1215.56 4.95 4.70
including volume expansion and contraction effects as well as other 0.9783 1.3787 1215.60 491 4.68
1.0000 1.3870 1211.72 4.91 4.68

elements like the chemical characteristics and concentration of the
components, temperature, and pressure, which collectively influence
both the magnitude and sign. Excess molar volumes are completely

{[ZnCl,] [acetic acid] 1:4 (x;) + ethanol (x2)}

. Lo . . T =293.15

negative for [ZnCly][acetic acid] 1:4 with methanol or ethanol mixture 0.0000 0.7896 1160.37 0.41 6.25
at all temperatures evaluated and change sign from negative to positive 0.2084 0.9142 1200.62 7.59 5.61
for [ZnCly][acetic acid] 1:4 with propanol mixture. The Vﬁ min OCCUred 0.3573 1.0057 1226.31 6.61 5.24
’ 0.5559 1.1317 1240.51 5.74 4.88

atx; = 0.5560 for methanol, x; = 0.5559 for ethanol andx; = 0.3559 for 0.6821 1.2120 1951.50 507 468
propanol to all temperatures. The VE, = occurred atx; = 0.9523 for 0.7694 1.2680 1259.93 4.97 454
propanol to all temperatures. The minimum excess molar volumes oc- 0.8324 1.3076 1260.99 4.81 4.47
curs when the components in the mixture form stable interaction with 0.8819 1.3387 1262.91 4.68 4.41
0.9177 1.3610 1265.59 4.59 4.37

each other. It is simple to compute the excess molar volume by calcu-

lating the ratio between the actual volume of the mixture and the (continued on next page)



N. Mgxadeni et al.

Table 3 (continued)
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Table 3 (continued)

x1 p /(g -cm™3) u/(ms ) s/ (TPa™") ¢102 Ly(nm)e102 x1 p /(g -cm ) u/(ms ) xs/ (TPa™") o102 Ly(nm)e102
0.9520 1.3817 1268.16 4.50 4.32 0.9783 1.3801 1238.50 4.72 4.51
0.9777 1.3973 1271.11 4.43 4.29 1.0000 1.3987 1243.46 4.62 4.46
1.0000 1.4105 1272.58 4.38 4.26
T = 308.15
T = 303.15 0.0000 0.7916 1171.93 9.20 6.35
0.0000 0.7810 1126.91 10.08 6.59 0.2083 0.8892 1182.69 8.04 5.94
0.2084 0.9050 1168.08 8.10 5.91 0.3575 0.9656 1191.98 7.29 5.65
0.3573 0.9960 1194.55 7.04 5.51 0.5558 1.0784 1195.85 6.48 5.33
0.5559 1.1210 1212.92 6.06 5.11 0.6820 1.1576 1198.75 6.01 5.13
0.6821 1.2012 1218.19 5.61 4.92 0.7693 1.2167 1202.70 5.68 4.99
0.7694 1.2569 1229.71 5.26 476 0.8334 1.2625 1207.76 5.43 4.88
0.8324 1.2961 1231.32 5.09 4.68 0.8824 1.2988 1210.63 5.25 4.80
0.8819 1.3271 1233.80 4.95 4.62 0.9211 1.3284 1216.52 5.09 4.72
0.9177 1.3493 1236.69 4.85 457 0.9524 1.3531 1220.37 4.96 4.67
0.9520 1.3700 1239.38 475 452 0.9783 1.3744 1224.25 4.85 4.61
0.9777 1.3856 1242.24 4.68 4.49 1.0000 1.3929 1229.14 475 4,57
1.0000 1.3987 1243.46 4.62 4.46
T =313.15

T = 308.15 0.0000 0.7875 1155.23 9.52 6.52
0.0000 0.7723 1109.94 10.51 6.79 0.2083 0.8847 1166.16 8.31 6.09
0.2084 0.8970 1151.80 8.40 6.07 0.3575 0.9609 1175.76 7.53 5.80
0.3573 0.9881 1178.64 7.29 5.65 0.5558 1.0734 1181.45 6.67 5.46
0.5559 1.1133 1197.94 6.26 5.24 0.6820 1.1524 1183.89 6.19 5.26
0.6821 1.1939 1203.87 5.78 5.03 0.7693 1.2113 1188.08 5.85 5.11
0.7694 1.2498 1214.60 5.42 4.88 0.8334 1.2570 1193.31 5.59 4.99
0.8324 1.2895 1216.60 5.24 4.79 0.8824 1.2933 1196.41 5.40 4.91
0.8819 1.3207 1219.29 5.09 473 0.9211 1.3228 1202.24 5.23 4.83
0.9177 1.3431 1222.23 4,98 4.68 0.9524 1.3474 1206.21 5.10 4.77
0.9520 1.3641 1225.09 4.88 4.63 0.9783 1.3686 1210.46 4.99 4.72
0.9777 1.3797 1227.98 4.81 459 1.0000 1.3870 1214.97 4.88 4.67
1.0000 1.3929 1229.14 475 4.57

Standard uncertainties u are u(T) = 0.02 K, u(p) = 0.04 MPa, and the combined

expanded uncertainties Uc in mole fraction, density, and speed of sound were Uc
T=31315 (%) = 0.0006, Uc(p) = 0.0009 g-cm >, Uc(u) = 2.63 m-s~!, respectively (0.95
0.0000 0.7634 1093.40 10.96 6.99 level of confidence).
0.2084 0.8886 1135.61 8.73 6.24
0.3573 0.9796 1162.85 7.55 5.81
0.5559 1.1055 1183.04 6.46 5.37 volume predicted by an ideal solution. If the excess molar volume is
0.6821 1.1863 1187.44 5.98 5.17 negative, then the mixture yields a smaller volume than the ideal vol-
g:;gz: 1:2252 gz?:gi ::iz i:g(l) ume. If the excess molar volume is positive, the mixture yields a larger
0.8819  1.3143 1204.89 5.24 484 volume [30,31].
0.9177 1.3367 1207.83 5.13 479 The negative excess molar volume in the case of [ZnCl,][acetic acid]
0.9520 1.3584 1210.97 5.02 4.73 1:4 with methanol or ethanol suggests that the interactions between the
0.9777 1.3739 121391 4.94 4.70 components of the combination are higher than the interactions in an
1.0000 1.3870 1214.97 4.88 4.67 . . . . . .
{[ZnCly]Tacetic acid] 1:4 (x;) + propanol (x;)} ideal solution. This behaviour is likely for mixtures of polar and non-

2. 1

polar components, such as [ZnCly][acetic acid] 1:4, with alcohols, as
T 20315 the polar components may form hydrogen bonds with the acetic acid
0.0000  0.8036 1222.69 8.32 5.88 and the non-polar components can interact with the zinc chloride
0.2083 0.9025 1232.33 7.30 5.50 through Van der Waals forces. The negative excess molar volume of
0.3575 0.9798 1240.45 6.63 5.25 [ZnCly][acetic acid] 1:4 with propanol at low mole fractions indicates
0.5558 1.0941 1241.00 5.93 4.97 that the interactions between the components are still greater than in an
0.6820 1.1746 1243.87 5.50 478 . . < . .
0.7603 12344 124703 o1 465 ideal solution. But as the mole fraction of propanol increases, the in-
0.8334 1.2807 1251.59 4.98 455 teractions between propanol molecules result in a positive excess molar
0.8824 1.3176 1253.82 4.83 4.48 volume. This tendency is common in combinations of components of
0.9211 1.3475 1259.81 4.68 4.41 varying sizes or shapes, since the packing of the molecules might
0.9524 1.3727 1263.51 4.56 435 become less effective as the mole fraction of one component increases.
0.9783 1.3941 1267.34 4.47 431 . . .. L .
1.0000 1.4132 1272.58 437 496 In the binary mixtures containing [ZnCly][acetic acid] 1:4 DES with

methanol, ethanol, or propanol, the values of excess molar volumes
T— 30315 decrease with increasing temperature [32,33]. This phenomenon can be
0.0000 0.7956 1188.88 8.89 6.19 clarified by studying the interactions of the mixture’s components. The
0.2083 0.8936 1199.27 7.78 5.79 components tend to be more closely packed together at low tempera-
0.3575 0.9703 1208.25 7.06 5.51 tures, and the attractive interactions between them are more severe.
0.5558 1.0832 1210.42 6.30 521 This causes a greater difference from the ideal molar volume, resulting
0.6820 1.1628 1213.75 5.84 5.01 . .
0.7603 1.9221 1217.43 5.52 488 in a greater excess molar volume value. As the temperature increases,
0.8334 1.2679 1222.33 5.28 4.77 the components gain thermal energy, and their attractive interactions
0.8824 1.3044 1224.98 5.11 4.69 lessen. This decreases the deviation from the ideal molar volume,
0.9211 1.3340 1230.92 4.95 4.62 resulting in a lower excess molar volume value. Factors such as the
0.9524 1.3588 1234.68 4.83 4.56

nature and extent of the intermolecular interactions between the com-
ponents, the size and shape of the molecules, and the degree of solvation
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Fig. 1. Experimental excess molar volume and values calculated using Redlich-
Kister model for the mixtures {[ZnCl,][acetic acid] 1:4 (x;) + methanol (a),
ethanol (b), and propanol (c)}. Circles represent the experimental data and lines
represent the theoretical results. Colours: (blue) 293.15 K, (red) 303.15 K,
(green) 308.15 K, (purple) 313.15 K. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

of the ions in the deep eutectic solvent can all influence it.

When methanol, ethanol, or propanol is added to the DES, the alkyl
chain length of the alcohol increases from one to three carbon atoms.
One expected result is that when the alcohol’s alkyl chain length in-
creases, the polarity of the DES decreases. This can happen because
longer alkyl chains are less polar than shorter ones, causing the total
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polarity of the combination to decrease. This change in polarity may
influence the solubility of certain compounds in the mixture, especially
those with higher polarity. Another impact of increasing the alkyl chain
length is that it might enhance the mixture’s hydrophobicity. This can
happen because longer alkyl chains are more hydrophobic than shorter
ones, increasing the total hydrophobicity of the combination. This may
impair the mixture’s ability to dissolve compounds, especially those that
are more hydrophilic in nature.

3.3. Isentropic compressibility and excess isentropic compressibility

The isentropic compressibility values were calculated using the
Newton-Laplace equation [34]. Excess isentropic compressibility is a
thermodynamic property that characterizes the deviation of the
compressibility of a mixture from that of an ideal mixture at the same
temperature and pressure [35]. Tables 3 and Fig. 2 show the calculated
values for isentropic compressibility and deviation in isentropic
compressibility for binary mixtures of [ZnCly][acetic acid] 1:4 with
methanol, ethanol, or propanol at all investigated temperatures.

From Table 3 at each temperature, it appears that the isentropic
compressibility of a solution decreases with an increased concentration
of [ZnCly][acetic acid] 1:4 with alcohols [36]. Isentropic compressibility
refers to a substance’s volume change under adiabatic conditions rela-
tive to pressure changes [37]. There are indications that the solution is
more resistant to pressure variation when the concentration of [ZnCly]
[acetic acid] 1:4 with alcohols is increased.

The results reported in Table 3 show that the isentropic compress-
ibility values increase with increasing temperature at a fixed composi-
tion for all examined binary mixtures. This is because as temperatures
increase, the average kinetic energy of the molecules increases [38].
This causes them to move more vigorously and repel each other. As a
result, the substance becomes more compressible, which means that it
can be compressed more easily under the same pressure change.

According to the findings in Fig. 2 and Table S1, the deviation in
isentropic compressibility values is negative for mixtures of [ZnCly]
[acetic acid] 1:4 with methanol or ethanol at all temperatures; however,
they change the sign from negative to positive for mixtures of [ZnCly]
[acetic acid] 1:4 with propanol. A binary mixture is less compressible
than an ideal mixture at the same temperature and pressure if the de-
viation in isentropic compressibility is negative [39]. This is because a
mixture with a negative excess isentropic compressibility responds to
changes in pressure with a smaller volume change than an ideal mixture
[40]. This could also mean that the molecules of the mixture are more
tightly packed together than the molecules of the individual compo-
nents. This can happen when the components have strong interactions
that reduce the free space available for compression. The AK;min
occurred atx; = 0.4000 for methanol, ethanol, and propanol to all
temperatures. The AKjmq occurred atx; = 0.9523 for propanol to all
temperatures. The minimum deviation atx; = 0.4000 indicates more
consistent behaviour and maximum deviation could be due to in-
teractions or phase beahvior that caused the compressibility to be higher
than expected.

The deviation in isentropic compressibility also points to the pres-
ence of potent intermolecular interactions in the mixture of alcohol and
DES. Both the occurrence of ion-dipole interactions between the zinc
chloride and the alcohol molecules and the hydrogen bonding between
the carboxyl group of acetic acid and the oxygen atom of the alcohol
could be responsible for these interactions [36]. This indicates that the
mixture contains these alcohols, which results in a structure that is
denser than would be predicted based on the compressibility of the in-
dividual components.

A positive deviation in isentropic compressibility occurs when a
mixture has a higher compressibility than an ideal mixture. This
behaviour is typically observed in mixtures with attractive intermolec-
ular forces.

The effective volume available for molecular motion is diminished in
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Fig. 2. Experimental excess isentropic compressibility and values calculated
using Redlich-Kister model for the mixtures {[ZnCl,][acetic acid] 1:4 (x;) +
methanol (a), ethanol (b), and propanol (c)}. Circles represent the experimental
data and lines represent the theoretical results. Colours: (blue) 293.15 K, (red)
303.15 K, (green) 308.15 K, (purple) 313.15 K. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version
of this article.)

a mixture where there are attractive forces between its component
molecules. Consequently, when the mixture is compressed under adia-
batic (no heat exchange) conditions, the attractive forces lead to a
higher degree of compression than in an ideal mixture. Positive excess
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compressibility indicates a mixture that is more likely to be compressed
at adiabatic temperatures [41]. Due to the reduced effective volume
available for the molecules to move, intermolecular forces make
compression easier since the molecules can come closer together more
easily.

As temperatures increase, the excess isentropic compressibility
values for methanol and ethanol binary mixtures become more negative
[42]. In general, an increase in temperature leads to an increase in
molecular motion, which increases the free volume available to mole-
cules. As a result, the mixture’s compressibility increases, and the excess
isentropic compressibility becomes more negative.

The excess isentropic compressibility values are becoming more
negative and less positive as temperature increases for binary mixtures
of propanol. The specific behaviour of propanol binary mixtures with
increasing temperature, resulting in more negative and less positive
excess isentropic compressibility values, could be related to changes in
molecular interactions within the mixture. Temperature-dependent
variations in intermolecular forces, like hydrogen bonding, dipole-di-
pole interactions, or Van der Waals forces, can influence compressibility
behavior.

3.4. Intermolecular free length

It is related to the size and shape of the molecules, as well as the
intermolecular forces between them [43]. Intermolecular free length
(Ls) for the binary mixture’s values was calculated from Jacobson’s
empirical relation and isentropic compressibility [43].

Where K; is the temperature-dependent Jacobson’s constant given by
(93.875 + 0.375 T)10°8.

L = Ki(K.)} ey

The mole fraction of [ZnCly][acetic acid] 1:4 DES increases as the
intermolecular free length values decrease in Table 3 and Fig. 3. This is
because introducing additional solvent molecules to a mixture can
improve molecular interactions, resulting in tighter packing and a
shorter average distance between molecules. The intermolecular free
length values also increase as the temperature increases. This is because,
at higher temperatures, the thermal energy of the molecules increases,
causing them to move faster and take up more space. As a result, the
average distance between molecules increases.

The intermolecular free length values of the binary systems decrease
with the increase in the alkyl chain length of the alcohols (i.e., methanol
< ethanol < propanol). This implies that as the alkyl chain length of the
alcohols increases, the molecules become more closely packed, and the
average distance between adjacent molecules decreases. This behavior is
expected because longer alkyl chains increase the hydrophobicity of the
alcohol molecules, which can lead to stronger interactions with the
nonpolar components of the deep eutectic solvent. These interactions
can cause the molecules to pack more tightly, resulting in shorter
intermolecular free lengths.

3.5. Redlich-Kister correlation

The Redlich- Kister fitting parameters were calculated from Eq. (2)
[14]:

N )
Z =x1x» E‘.UA,-(Zx -1, 2

where Z is the VE or Ax,; x; is the mole fraction of the [ZnCly][acetic
acid] 1:4; 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 Eq. (3)
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Fig. 3. Graphs of intermolecular free length L;, of the binary mixtures of
{[ZnCl,][acetic acid] 1:4 (x;) + methanol (a), ethanol (b), and propanol (c)} at
T = (293.15, 303.15, 308.15, and 313.15) K}.

1/2
_ Z?/I(Zew — anl)
o= K 3)

where Zeyp, Zca, are the values of the experimental and computed VE or
Ak, and M is the number of experimental 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 4. The Redlich—Kister fitting
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Table 4
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.

A; 293.15K 303.15K 308.15 K 313.15K

{ZnCl,][acetic acid] 1:4 (x;) + methanol (x,)}

VE/(em®mol™) Ao -2.931 —2.952 —-3.083 -3.175
A —0.233 —0.230 —0.263 —0.144
Az —-1.124 —1.378 —0.957 —-1.116
Az —1.365 —1.268 —0.850 —1.203
Ay 3.578 3.356 2.326 2.548
o 0.005 0.004 0.001 0.004

Axs/ (TPa™l) Ao —684.189 780.341 —811.264 —870.834
A 201.889 163.481 174.858 185.115
Az 128.736 70.954 161.760 267.412
As 152.263 544.464 535.290 535.260
Ay —968.834 —781.288 —999.280 —1252.360
As 780.341 258.902 407.405 492.432
c 1.247 0.162 0.149 0.725

{ZnCl,][acetic acid] 1:4 (x;) + ethanol (x2)}

VE/(em®>mol™)) A -1.967 -2.033 ~2.200 -2.353
Ay -1.120 —1.045 —0.864 —0.907
Az 0.069 —0.223 —0.341 —0.184
Az 0.620 0.540 0.622 1.141
Ay -1.126 —0.661 —0.903 -1.910
c 0.006 0.006 0.004 0.008

Ax;/ (TPa™t) Ao —366.784 —419.959 —447.580 —478.286
Ay 172.094 216.681 224.609 252.105
Az —277.280 —21.099 —28.854 55.374
As 50.314 —248.261 —212.060 —334.885
Ay 633.855 36.012 51.381 —161.548
As —468.842 189.835 136.142 384.958
o 0.642 1.429 1.291 1.683

{ZnCl,][acetic acid] 1:4 (x;) + propanol (x3)}

VE/(cm®mol™) A —0.760 ~0.823 ~0.948 —0.887
Ay 0.450 0.628 0.450 0.513
Az —0.646 -0.777 —0.086 —0.372
As 0.713 0.203 0.434 0.401
Ay 1.111 1.414 —0.364 0.684
4 0.008 0.006 0.006 0.008

Axs/ (TPa™1) Ao —88.978 —101.050 —111.616 —121.433
A 107.958 115.340 114.059 114.277
Az —52.787 —41.678 14.405 80.007
Az —74.076 —94.329 —120.355 —162.351
Ay 226.225 211.508 89.920 —46.269
As —78.702 —63.040 29.698 159.787
o 0.498 0.476 0.457 0.434

Standard uncertainties u are u(T) = 0.02 K, u(p) = 0.04 MPa, and the combined
expanded uncertainties Uc in mole fraction, density, and speed of sound were Uc
(x) = 0.0006, Uc(p) = 0.0009 g-cm >, Uc(u) = 2.63 m-s~*, respectively (0.95
level of confidence).

smoothing polynomial was used to obtain the fitting parameters of the
binary systems together with the standard deviations [44,45]. The
Redlich-Kister smoothing equation was used successfully for the corre-
lation of VE and Ak, data.

3.6. Results of PC-SAFT EoS and Nomoto’s relation

All fluids were considered as self-associating with a 2B scheme, i.e.,
one positive site and one negative site. The fitted parameters of the al-
cohols were obtained from the literature [22]. The parameters for the
[ZnCl,][acetic acid] 1:4 were fit in this work and we have obtained: m =
2.8419.

o = 3.0000A, £ =299.9681 K, ¥ = 0.0296, and & = 2023.8457
K. These parameters were optimized from Eq. (4):

calc.

n 2
_ i = pi”
=3 (5+) ®

where n is the number of experimental points, the superscript calc. is
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related to calculated value and the superscript exp. indicate the exper-
imental value. The absolute average deviation in density was 0 %.

Table 5 shows the binary interaction parameters and the absolute
average deviations for density and speed of sound. The results of PC-
SAFT EoS are very good (the overall deviation for density was 0.27
%), and Nomoto’s relation was able to correctly predict the speed of
sound (the overall deviation was 1.05 %). Figs. 4 and 5 show the vari-
ation of density and speed of sound with mole fraction of DES for the
DES (1) + methanol (2) mixture and the DES (1) + ethanol (2) mixture,
respectively. Fig. 4 shows good agreement between experimental and
theoretical density data, while Fig. 5 shows that the speed of sound
predicted by Nomoto’s relation is monotonically increasing over the
entire mole fraction range.

4. Conclusion

This study demonstrates the assessment of the thermophysical
properties of binary mixtures containing zinc chloride-based deep
eutectic solvents and alkanols. It is observed that all of the investigated
thermodynamic parameters show a significant effect on temperature, as
these values (such as VE jk;, Ak, and L) were found to either decrease or
increase with an increase in temperature. Across the full composition
and temperature range, the combination including [ZnCl,][acetic acid]
1:4 with methanol and ethanol consistently exhibited negative values
for excess molar volumes and deviations in isentropic compressibility.
Nevertheless, upon the mixture of propanol, the resulting blend
exhibited affirmative excess molar volumes. A direct relationship be-
tween temperature and isentropic compressibility values was identified,
with an increase in temperature leading to higher compressibility
values. This association was evident in all the investigated binary mix-
tures, where the composition remained constant throughout the study.
Furthermore, it was observed that the intermolecular free length values
exhibited an increase in conjunction with an increase in temperature.
PC-SAFT EoS correctly modelled the density of the binary mixtures
(global deviation = 0.27 %), using and fitting parameters for each
mixture, and the choice of Nomoto’s relation was very suitable for the
prediction of the speed of sound (global deviation = 1.05 %).

The significance of this research extends to the broader implications
within the field. The investigation into the density and velocity of sound
in binary mixtures comprising DES containing zinc (II) chloride and
alkanols represents a significant and captivating field of research. Herein
lie a multitude of perspectives and considerations that warrant explo-
ration in forthcoming research endeavors within this domain. Future
studies could delve deeper into specific interactions, explore different
combinations of solvents and alkanols, and assess the applicability of
these findings in industrial processes. Overall, this investigation lays a
solid foundation for advancing our understanding of thermophysical
properties in complex solvent mixtures and opens avenues for innova-
tive applications in various scientific and industrial contexts.

Table 5
Fitted binary parameters and the absolute average deviation for liquid density
and speed of sound for all the binary mixtures considered in this study.

Mixture ki %AADp %AADu
DES (1) + methanol (2) 0.0094 0.26 1.84
DES (1) + ethanol (2) 0.0109 0.19 0.89
DES (1) + 1-propanol (2) —0.0371 0.36 0.41
Overall 0.27 1.05

Standard uncertainties u are u(T) = 0.02 K, u(p) = 0.04 MPa, and the combined
expanded uncertainties Uc in mole fraction, density, and speed of sound were Uc
(x) = 0.0006, Uc(p) = 0.0009 g-cm’S, Uc(u) = 2.63 m-s ), respectively (0.95
level of confidence).

@ n |(/)iexp. _ (ﬂicalc,‘

0, —
%AADgp = 1 P

,@ = poru, and n is the number of points.
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Fig. 4. Plot of the density for the {[ZnCl,][acetic acid] 1:4 (x;) + methanol
(x2)} at 293.15 K (blue), 303.15 K (red), 308.15 K (green), 313.15 K (purple).
The lines represent the results obtained with PC-SAFT EoS. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 5. Plot of the speed of sound for the {[ZnCl,][acetic acid] 1:4 (x;) +
methanol (x3)} mixture at 293.15 K (blue), 303.15 K (red), 308.15 K (green),
313.15 K (purple). The lines represent the results obtained with Nomoto’s
relation. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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