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ARTICLE INFO ABSTRACT

Keywords: Deep eutectic solvents are a novel class of solvents that have gained much attention with time due
Ternary deep eutectic solvent to their biodegradability, non-volatility, non-toxicity and low-cost. In this work, a novel ternary
Ethaline

deep eutectic solvent (TDES) was synthesized using ethaline (ChCL:EG) and glycine, with the
addition of carboxylic acids. The synthesized material was characterized through Fourier-
transform infrared spectroscopy (FTIR). While the thermal stability and physical properties
such as density, viscosity, surface tension and refractive index were also determined). To estimate
the critical properties, modified version of Lyderson-Joback-Reid (LJR) and Lee-Kesler mixing
(Alkhatib et al., 2020) [1] methods were used. The density of the DES was calculated using the
Spencer and Danner correlation and the obtained values were compared with experimental data.
FTIR analysis confirmed that hydrogen bonding is the main driving force responsible for the
formation of the deep eutectic solvents. The physical properties of the binary DES system, such as
viscosity, density,and thermal stability of the system were enhanced after the incorporation of a
third component (carboxylic acid) to the system. However, the surface tension of the TDES system
decrease with the increasing amounts of the third component, likely due to increase in the void
radius of the TDES. Thus investigation is considering as novel work to check the influence of
carboxylic acids on the physical properties of binary deep eutectic solvent systems.

Glycine
Critical properties

1. Introduction

Ionic liquids (ILs) are designable organic electrolytes consisting of bulky organic cations and small organic or inorganic anions with
melting points less than 100 °C due to organic cations. They can be easily designed by choosing the proper anion and cation. Originally
organic cations have high melting points but after mixing them with inorganic anions they are converted into liquids having low
melting points as compared to their precursor material. These low melting point mixtures are known as a eutectic mixtures. Ionic
liquids have unique physical properties e.g., high boiling point, low vapor pressures under ambient conditions, odorless, and non-
flammable nature making them attractive both academically as well as industrially [2-6]. Therefore, much of the interest in ILs
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has centered on the use of these deep eutectic solvent as alternatives to the volatile organic solvents. Due to these inherent properties,
ILs are extensively used in various fields, such as material chemistry, biomass treatment, catalysis, and electrochemistry over the past
20 decades [7].

However, their synthesis requires a long reaction time and high-purity chemicals, even traces of impurity can affect its properties.
Therefore, a large amount of salts is required for the formation of ILs to make complete exchange of ions completely, which makes the
synthesis of ILs expensive [8]. This drawback limits the use of ILs as an industrial solvent. Nevertheless, to solve this issue, an emerging
class of solvent that is deep eutectic solvents (DES) has been introduced having high biodegradability, low toxicity and cost-effective as
compared to ionic liquids. The DES can be easily formed by mixing two environment-friendly components i.e. hydrogen bond donor
(HBD) and acceptor (HBA), resulting in the formation of a eutectic mixture [9-11].

In this study carboxylic acid were added to the binary DES system to make the ternary deep eutectic solvent (TDES) [12-14] to
work as catalyst and solvent system simultaneously to make the new approach for different types of applications to replace binary DES
system such as in extraction, organic synthesis, biomass treatment, electrolyte in batteries etc. Sufficient data on TDES was obtained by
measuring the physical properties (such as viscosity, density, surface tension, and refaractive index and FTIR and TGA analysis was
done to confirm the formation and thermal stability (see Table 4)

2. Experimental
2.1. Chemicals and materials

Choline Chloride (ChCl, >98 %) was obtained from Sigma Aldrich and applied as received. Malonic acid synthetic grade
(CH2(COOH)z, 99 %), oxalic acid (CoH204) Tartaric acid reagent grade (C4HeOg, 98 %) were purchased from Scharlau. Ethylene glycol
analytical reagent ((CHoOH),, >99.08 %) was purchased from BDH Lab suppliers.

2.2. Instrument employed

Characterization of deep eutectic solvent was performed using FTIR (1000 PerkinElmer) analysis for functional group elucidation
in the range of 500-4000 cm™!. The viscosity of synthesized TDES was measured using QCM (quartz crystal microbalance) and density
via specific gravity bottle at room temperature (25 °C). While the refractive index and surface tension of the samples was measured
using Bellingamn/Stanley RFM732 Refractometer and Tensiometer K9 model K9MK1 respectively. Moreover, thermal stability was
determined using TGA (Mettler Toledo TGA/SDTA85/e).

2.3. Synthesis of deep eutectic solvent

In the present work, deep eutectic solvents (DESs) were synthesized by a simple mixing method [15,16]. The precursors were first
dried for 3hrs at 80 °C in a vacuum oven to remove the moisture contents. An optimized molar ratio of 1:4 of choline chloride (ChCl)
and ethylene glycol/Glycerol was mixed and heated at 80 °C in an oil bath at 500 rpm until the formation of transparent homogenous
liquid. The mixture was allowed to cool at room temperature. After that, the synthesized DES was kept overnight to ensure that no
precipitation occurs. From these binary DES, ternary DES (TDES) was synthesized by adding different molar ratios of one of three
carboxylic acid into it and heated in an oil bath at 80 °C at a stirring rate of 500 rpm until the formation of a homogenous liquid
(Table 1). Only those TDES were selected for further study that exhibit long-term stability and remained liquids at room temperature
without converting into semi-solid crystals or precipitate formation after cooling at room temperature. Subsequently, the DES was
cooled and stored in a desiccator before characterization and to be used as a solvent. In Fig. 1, all synthesized TDES system are shown.

To use the deep eutectic solvents in any desired application, it is necessary to measure their physical properties (density, surface
tension, viscosity, and refractive index) and thermal stability. Moreover, thermodynamic models were also applied to validate the
experimental data to measure the critical properties of the material.

Thus, in this study physiochemical properties, thermal stability and critical properties including critical temperature (T), critical
volume (V,), critical pressure (P.), normal boiling point (T}) and acentric factor (0) of the synthesized TDES were measured and
compared with the binary DES system.

Table 1
Composition and abbreviations of studied TDES.
Salt (HBA) HBD, HBD, Molar ratio Abbreviations
Choline Chloride (ChCl) Ethylene Glycol (EG) Malonic Acid (MA) 1:4: (1-11) CEM
Oxalic Acid (OA) 1:4: (1-4) CEO
Tartaric Acid (TA) 1:4: (1-6) CET
Glycerol (G) Malonic Acid (MA) 1:4: (1-11) CGM
Oxalic Acid (OA) 1:4: (1-4) CGO
Tartaric Acid (TA) 1:4: (1-6) CGT
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Fig. 1. Carboxylic acid based Ethaline and Glyceline TDES.
3. Results and discussion
3.1. Physical properties
The physical properties of all synthesized deep eutectic solvents were determined at room temperature 25 °C.

3.1.1. Viscosity

Viscosity plays an important role in the removal process as easy mass transfer is required for the liquid-liquid extraction process.

Table 2shows that the viscosity of all TDES increases with the increase in the molar ratio of the hydrogen bond donor. This increase
may be due to the increasing number of hydrogen bonds which makes the solvent more viscous [7]. The viscosity of the systems can
also be observed physically that with the increasing concentration of hydrogen bond donor, they appear like honey. Furthermore, it
can also be seen from Table 2 that the viscosity was also increases with the increase in void radius, as reported by many researchers
[17]. It can be seen clearly that the system with more OH shows maximum viscosity due to the possibility of the formation of more
numbers of hydrogen bonds such as in the case of using tartaric acid [17] (see Table 3).

3.1.2. Density
Density is one of the important parameters to understand the physical behavior of any solvent. Table 2 shows the density of most
deep eutectic solvents lies between 1.01 g/cm® and 1.6 g/cm® as reported [18]. Similar results were also observed from current
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Table 2

Physical properties of deep eutectic solvents.
DES Density Viscosity (cp) Surface tension (mN/m) Void Radius (A) Refractive Index
CE 1.0101 £ 0.02 218 £ 2 43 + 0.62 1.632 £+ 0.011 1.57 + 0.54
CEM1 1.0112 £+ 0.04 225 + 4 41 + 0.408 1.661 + 0.008 1.57 + 0.46
CEM5 1.0179 £ 0.03 241 +£3 38 +£0.43 1.732 £+ 0.007 1.56 + 0.43
CEM10 1.1249 £+ 0.01 254 +1 37 £ 0.57 1.774 £+ 0.013 1.57 + 0.54
CEO1 1.012 £+ 0.05 225+ 3 39.8 £0.36 1.69 + 0.0076 1.56 + 0.34
CEO4 1.0144 £ 0.04 241 £5 38.5 £0.44 1.72 £ 0.0101 1.54 £ 0.75
CET1 1.1125 + 0.03 248 +£ 3 54 +£0.77 1.46 + 0.01 1.59 £ 0.7
CET3 1.1359 £+ 0.05 354 +£5 37.3+1.5 1.75 + 0.03 1.54 + 0.12
CET4 1.1432 £ 0.02 418 + 4 - - 1.53 +0.43
CG 1.01 £ 0.01 215+ 3 40+1 1.69 + 0.017 1.60 + 0.65
CGM1 1.0131 £+ 0.04 220+ 5 38.03 £ 0.57 1.73 + 0.011 1.59 + 0.6
CGM4 1.0159 £ 0.06 230 + 4 34.77 £ 0.416 1.81 + 0.009 1.58 £ 0.75
CGM10 1.0146 £ 0.02 248 + 4 295+ 1.4 1.972 £+ 0.039 1.576 £+ 0.54
CGO1 1.0123 £+ 0.01 226 £3 41.6 £2 1.66 + 0.032 1.59 + 0.85
CGO4 1.014 + 0.04 245+ 5 36.2 £ 0.58 1.77 £ 0.014 1.58 + 0.45
CGT1 1.1201 £ 0.05 359 +£5 40.3 £ 0.35 1.68 + 0.006 1.60 + 0.54
CGT2 1.1234 £ 0.05 398 + 3 38.83 £ 1.5 1.718 £+ 0.028 1.54 £ 0.76
CGT4 1.1579 + 0.04 509 + 4 — — 1.478 +£ 0.5

@ Solution was so viscous due to which surface tension was difficult to measure.

Table 3
FTIR peaks of ChCL:EG:M TDES.
Functional Groups Frequency (cm™) Mode of vibrations
N-H 2869 Stretching
cl 408 and 600 -
O-H 3200-3500 Stretching
C-H 2800-3000 Stretching
C-0 1695 Stretching
Table 4
FTIR peaks of ChCL:EG:Ox TDES.
Functional Groups Frequency (cm™?) Mode of vibrations
C-H 2947 Stretching
cl 408 and 600 -
O-H 3700-3100 stretching Vibrations
O-H 3550 and 3230 Stretching
CH, 1500 and 1100 Bending Vibrations
CH, 884 Rocking
CH» 1320 and 1300 Wagging
CH, 1300 and 1200 Twisting
CHy 1660-1610 Stretching
C-H 2800-3000 Stretching
C-0 1695 Stretching
C-C 875-840 Stretching

experimental data (Table 2). Density was determined using a simple method using the formula illustrated in eq. (3).

: mass(g)
=6/ 1
density (p) volume(mL) &
It was observed that the density of hydrophilic DES increased with increasing the concentration of carboxylic acid. The calculated
value of the density was found to be greater than water, making hydrophilic DES denser as compared to water. Thus, phase separation
from the non polar solvent system become easier due to the high desnity difference.

3.1.3. Surface tension

The surface tension is the measurement of intermolecular forces present in the solvent and is indicator to measure the energy
required to form the void for the fitting of solute molecule in the solvent. Liquids with lower void energy are considered better for
dissolving the solute molecule. From the surface tension, the void radius of the liquid can be calculated using Eq. (3),

4r<r? >:¥ (@)
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By simplifying,

<r>= <wx l) 3)
Y n

where k is Boltzmann’s constant, T is the absolute temperature and Y is the surface tension of DES at room temperature. From the
equation, it can be seen there is an inverse relationship between the void radius and the square root of the surface tension [19].

As can be seen from Table 2, that with the decrease in surface tension the void radius of the solvent increased and less energy was
required for the solute molecule to fit into the void or to interact with the solvent.

3.1.4. Refractive index

The speed of light in the solution varies within the solvent depending on the homogeneity of the solvent. The presence of sample
particles in the mixture reflects, refract, and scatters the light, causing it to refracts at different angles. From the literature, it was found
that the refractive index of most binary DES systems lies within the range of 1.48-1.6 nD [20]. To study the influence of the carboxylic
group the refractive index of the selected DES was measured. It was obtained in the range of 1.4-1.7, which is comparable to the results
reported in the literature. It can be observed that no significant change in the refractive index was noted, as no suspended particles
were detected in any of the cases, and a homogenous mixture was observed. Another reason for the lack of significant change is that no
prominent variation in density was observed, as the refractive index typically depends on the density, thus, all TDES systems have
almost the same refractive index.

3.2. FTIR analysis of TDES system

3.2.1. FTIR analysis of Ethaline:Malonic acid

The FT-IR spectra in Fig. 2 relate the FT-IR spectra of ethaline and ethaline: malonic acid. The appearance of broad peak near 1696
cm ! represented the stretching band of carbonyl group (-CO) in the malonic acid. The OH stretching spectrum in the IR confirms the
interaction of Cl of choline chloride with the -OH groups of ethylene glycol and malonic acid through hydrogen bonding. The for-
mation of hydrogen bonding is further confirmed by the stretching region of the OH group in the FT-IR spectrum. Moreover, strong
broad overlapping peaks centered below 3100 cm ™! were observed in the spectrum of malonic acid, attributed to the strong hydrogen-
bonding of dimer rings present in carboxylic acids. However, the peak at 3100 cm ™! became sharper and exhibited overlap due to
liquid formation. A new broad peak appeared of at 3332 cm ™! in the FT-IR spectrum of the ethaline:malonic acid TDES confirming the
presence of hydroxyl groups of malonic acid and ethylene glycol, relates to the weak hydrogen bond formation [21]. Thus the presence
of a broad peak of hydroxyl group in the stretching region of IR indicated the presence of a number of hydrogen bonds between OH
group of choline, and OH group of malonic acid and ethylene glycol. As a result of the formation of these hydrogen bonds, the lattice
energy of the molecule of choline chloride decreased that results in the formation of the deep eutectic solvent having a low melting
point as compared to the original component. The deep eutectic solvents formed is colorless, and transparent liquid at room tem-
perature due to the vast hydrogen bonding network.

3.2.2. FTIR analysis of Ethaline:Oxalic acid
Fig. 3 shows the FT-IR spectra of pure oxalic acid, choline chloride, ethylene glycol and oxalic acid-based TDES. The peak appeared
at 1660 cm™! corresponds to the deformation band shifting of OH group, which confirmed the formation of the H-bond in the deep
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Fig. 2. FTIR spectra of ethaline: malonic acid DES with varying concentration of malonic acid.
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Fig. 3. FTIR spectra of ethaline: oxalic acid TDES with varying concentrations of oxalic acid.

eutectic solvent.

The stretching hydroxyl vibrational peak of choline chloride shifts to the lower wavenumber confirming the interaction of OH of
oxalic acid with the Cl ion of choline chloride. The broad band in the range of 3100-3700 cm ™! confirms the presence of OH stretching
vibrations, which widen with the increase in the concentration of oxalic acid confirming the increase in the number of hydrogen bonds.
The OH stretching bands in the water, alcohol and phenols range between 3400 and 3800 cm ™%, as no peak is observed in this region
thus confirming that low water content was present in DES. The peak in the range of 1100-1500 cm ™! is assigned to CH; bending
vibrations, while the peak appeared at 884 cm™! was assigned to rocking vibrations of CHy group. The CH, wagging at appeared at
1320 and 1300 cm™!, the CH, twisting at 1300 and 1200 em ™! were observed in the spectra of all TDESs. The peak appeared at
1660-1610 is usually assigned to stretching vibrations of CH = CHy [22-24]. Aissaoui et al. reported similar investigation for
MTPPB-EG DES system [21]. The peak observed in the range of 1410-1400 cm ™ is assigned to bending vibration of C-OH. This peak
was investigated in the spectra of all TDESs. The peak appeared in the range of 875-840 cm ™ is assigned to stretching vibrations of C-C
group.

3.2.3. FTIR analysis of Ethaline:Tartaric acid

Fig. 4 showed the FTIR spectra of ChCl:EG with varying compositions of tartaric acid. The FTIR spectra of all deep eutectic solvent
show a broad peak in the range of 3150-3450 cm ™! which corresponds to the OH stretching vibration. This peak broadens with the
increasing concentration of tartaric acid, confirming the formation of intermolecular hydrogen bonding. The characteristic peak at
1722 em™! is attributed to the -C=0 stretching vibrational peak which is absent in the case of Ethaline DES, and sharpens with the
increase in the concentration of tartaric acid. The appearance of broad peak at 2907 cm ™! confirmed the presence of hydrogen bonds

] OH vibrational streching
A 2951 cm’ A
(3200-3450cm )
880cm’"

-
=
8
E
2
£
123cm’!
1083 17220
/L
T T T T 7/ T T T T
1000 1500 3000 3500 4000

Wavenumber (cm'1)

Fig. 4. FTIR spectra of ethaline: tartaric acid DES with varying concentrations of tartaric acid.



M.A. Alotaibi et al. Heliyon 10 (2024) e40521

that widen with the increasing concentration of tartaric acid, due to the increased number of hydrogen bonds. Thus, hydrogen bonding
results in the increase in the length of the OH bond and reduces its stretching frequency. The peak at 2951 cm ™! was assigned to -CHa-
antisymmetric vibrational stretching. The sharp and strong peak observed at 1123 cm™! corresponds to the stretching vibrations of -C-
H bond. The presence of peaks in the range of 900 cm™! to 1000 cm ™! indicated the presence of quaternary ammonium compounds.
The peak at 953 cm ™! was attributed to the C- N group of ChCl [25].

3.2.4. FTIR analysis of Glyceline:Malonic acid

In order to study the H-bonding strength between ChCl, glycerol and malonic acid FTIR analysis was done in the range of 500-4000
cm ™! as shown in Fig. 5. The FTIR spectra showed the H-bond interaction between choline chloride and glycerol and the effect of
malonic acid concentration on H-bond strength present in glyceline. The peak observed in the range of 3200-3400 cm ™! was attributed
to the OH stretching vibration after the formation of glyceline. While in the case of glycerol stretching peak was observed at 3320-3345
cm ! [26]. A Strong, broad overlapping peaks was observed below 3270 cm ™ after the addition of malonic acid, which broadened
with the increase in the concentration of malonic acid, which is due to the formation of strong hydrogen bonds due to presence of dimer
rings in malonic acid. A strong broad peak observed at 1695 cm ™! responds to the carbonyl stretching (C=0) region of malonic acid
[27] Nevertheless, after the addition of malonic acid, this peak shifted toward a higher wavenumber and was observed at 1730 em L
Two free free groups are present in carboxylic acid i.e. -OH and -C=0 in gaseous or extremely dilute solution. Perkin et al. [28]
provided the computational and experimental evidence of the above work in detail. Thus, in the eutectic mixture the -C=0 group of
malonic acid is free while OH- group is bonded to the Cl-of the choline chloride and showed the shift of wavenumber. The broadband
was observed in the 3200-3450 cm ™! which got wider with the increase of concentration of malonic acid revealing the presence of
various hydrogen bonds inside the molecule.

3.2.5. FTIR analysis of Glyceline:Oxalic acid

FTIR analysis of glyceline and glyceline: oxalic acid with varying concentrations of oxalic acid is shown in Fig. 6. The peak at 1737
cm ! indicates the presence of free -C=0 group of oxalic acid which sharpened with the increase of concentration of oxalic acid. After
adding the glycerol broad stretching peak was observed at 3320-3345 cm ™! [26]. The peak at 1030 cm ™! was attributed to the -OH
deformation band. Certain peaks were observed after formation of DES at 1737 cm L, 1457 cm_l, 1205 cm ™!, 1305 cm™ 1, 1039 cm ™!
and 951 cm™! indicated N-H bending, H-bending, CH, deformation, -CH bending, C-C stretching and N-C-C bending vibrations
respectively. The peak of oxalic acid at 1630 cm ™! and 1207 cm™! became stronger after increasing the concentration of oxalic acid.
While, CGM having a sharp peak at 1730 cm ™! indicates the presence of a bonded and free carbonyl group. The effect of an increase in
the molar ratio of oxalic acid can be easily seen from the spectra (Fig. 6). With further increase the concentration of oxalic acid, the
interaction of HBD-HBD in disproportion weakens the H-bonding between the molecules resulting in semi-solid substance. These
results suggest that several types of H-bond may be present in TDES, i.e. Ox (OH)—Cl (ChCl), Ox (OH)-Ox(OH), Gly-Gly, ChCl (OH)-Cl,
Gly-Ox and Gly(OH)- (Cl) ChCl.

3.2.6. FTIR analysis of Glyceline:Tartaric acid

As mentioned in the earlier sections, a broad band in the range of 3320-3345 cm™~ was assigned to the OH stretching vibrations
(Fig. 7). The sharp peak at 1730 cm ™! was detected after the addition of tartaric acid and sharpened more with an increasing con-
centration of tartaric acid. The corresponding peak indicates the presence of unbounded carbonyl groups (-C=0), which were not
present in the case of CG system, confirming the presence of tartaric in newly synthesized TDES [25]. Further, the peak at 2935 cm™!
was assigned to the -GH,- groups as discussed in previous cases. The peak for choline chloride was detected in the range of 900 cm ™! to
1000 cm ™.

1
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Fig. 5. FTIR spectra of Glyceline and Glyceline: malonic acid DES with varying concentration of malonic acid.
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Fig. 6. FTIR spectra of Glyceline and Glyceline: malonic acid DES with varying concentrations of malonic acid.
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Fig. 7. FTIR spectra of CGT DES system with different concentrations of tartaric acid.
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Fig. 8. TGA graph of malonic acid, oxalic acid and tartaric based ethaline.
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3.3. Thermal stability of TDES system

3.3.1. TGA analysis of Ethaline:MA/OA/TA

Fig. 8 shows the comparison between the TGA curve of pure ethaline and oxalic, malonic and tartaric acid-based Ethaline DES. The
weight loss together with the DTGA, indicates the stepwise decomposition. It can be seen from the graph that thermal decomposition
for all three systems lies after 305 °C, which indicates the thermal stability of carboxylic acid-based ethaline. It was noted that the
carboxylic acid-based ethaline was more stable as compared to the pure ethaline system [29]. Additionally, in comparison to ethaline,
stepwise weight loss was observed in carboxylic based DES system. In comparison between the above three systems, the oxalic acid
based DES showed more stability as compared to malonic and tartaric acid based Ethaline. In comparing the three systems, the
decomposition temperature followed the trend, oxalic acid ~ Malonic acid > tartaric acid, which is similar to the one observed for the
DES system, CEO > CEM > CET [30].

3.3.2. TGA analysis of Glyceline:MA/OA/TA

Fig. 9 showed the TGA spectra of pure glyceline and carboxylic acid based Glyceline DES system. As can be seen from Fig. 9, the
thermal stability of the binary DES was enhanced after adding the carboxylic acid to the glyceline system. Also, stepwise degradation
was recorded in the case of carboxylic acid based glyceline. From the graph it can be seen initially that the water content has been
removed up to 100 °C and after that the thermal degradation take place up to 300 °C with a gradual weight loss [31]. From Fig. 9, it is
evident that as the temperature increases, the components of the system begin to decompose. Since hydrogen bonding is the primary
force responsible for formation of the DES, its disruption due to decomposition or evaporation breaks the eutectic interactions that hold
the system together. Here’s the corrected version:

Fig. 9 shows that DES decomposes in two stages. The first step involves the evaporation of water and other volatile components,
occurring between 110 °C and 150 °C. In the second step, from 150 °C to 300 °C, the degradation of the DES components takes place. In
contrast, tartaric acid exhibits single-step degradation between 100 °C and 300 °C, likely due to the higher number of hydroxyl groups,
which may participate in hydrogen bonding. In comparison between carboxylic acid groups, a similar trend was noted as described in
section 3.3.1. Different researchers reported that viscosity is directly proportional to the thermal stability of liquids. As we know that
the viscosity of glycerol (1400 mPa s) was found to be higher in value as compared to ethylene glycol (16.617 mPa s). As such, the
thermal stability of carboxylic acid based glyceline is greater than carboxylic acid based ethaline [30].

3.4. Estimation of critical properties

Critical properties of organic compounds were calculated using Lydersen-Joback-Reid method [32,33]. The proposed equations
(4)—(7) were used for the calculation of Normal boiling temperature (T}), Critical Volume (V,), critical temperature (T.) and Critical
Pressure (P.), of the organic molecules.

T, =198.2 + Z N 4)

Ty
T.=
¢ 0.5703 +1.0121 . ATy — (X mATy)?

(5)

——CGM

% Weight Loss

04 i il

30100 170 240 310 380 450 520 590 660 73(

Temperature /°C

-20 T T T T T T T T
100 200 300 400

Temperature (°C)

Fig. 9. TGA graph of malonic acid, oxalic acid and tartaric acid based Glyceline.
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p.— M , ®)
(0.2573 + 3" mAPy;)

V.=6.75+ Z AV )

whereas, n; is the frequency of the number of ith group appear in the molecule,

ATy (K) is the group contribution of ith group to the critical temperature of the molecule

ATy (K) is the group contribution of ith group to normal boiling temperature of the molecule

AV (cm® /molL) is the group contribution of ith group to the critical volume of the molecule

APy (bar) is the group contribution of ith group to critical pressure of the molecule and

M (g /moL) is the molecular weight of the molecule (see Table 5).

The groups involved in our study with their group contribution values are listed in Table 6. Thus, these equations are used to
calculate the critical properties of individual molecules. As Deep eutectic solvent is the combination of two or more precursors so
different methods were used for measuring the critical properties of the deep eutectic solvent. Researchers [1] recommended the
Lee-Kessler [34] rule to estimate the critical properties of the deep eutectic solvents. The equations used to calculate the final critical
properties include,

1
Teo Vo' ZZDk i Vi 2 Teiji ®)
ci i g
Where,
054,
Tcijk = (Tci chTck) kijk (9)
Vep = ZiZjZkyi'}'iyk Veiji (10)
Where,
1/ 1 1 1
VCUk = g (Vci/3 + ch/3 + Vck/3> (11)
And,
RT.
Pep = (0.2905 — 0.085wp) V—” (12)
cD
Where,
@p = Ziyﬂ)i (13)

whereas, i, j and k refer to the pure components, y;, y;, and y; refers to the mole fraction of the precursors used for the synthesis of
deep eutectic solvent, D indicates the final properties of the mixture. P, V,p, T,p and o are critical pressure, critical volume, critical
temperature, and acentric factor in bar, cm3/moL and K respectively for the ternary deep eutectic solvent mixture. Valderrama [35]
proposed the equation for calculating the acentric factor of the precursor,

_ (Ty — 43K)(T. — 43K) P\ (T.-43K) P, P,
o= -ra7s - s (r) -1y () +1es(z) -1 as

whereas the equation used for the calculation of density from critical properties was proposed by Spencer and Danner [36]. The
equation describes as follows,

B
s :MPcD <0.3445P5D Vc1b0135) 1s)
RTCD TCD
Where,
1+(1-Tp)*
f= — Hili)w (16)
14 (1 —Twr)
T
To=— 1
RTT, a7
And,
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Table 5
FTIR peaks of ChCl:EG:TA TDES.
Functional Groups Frequency (cm’l) Mode of vibrations
C-N 953
-CH,- 2951 Vibrational streching
O-H 3150-3450 stretching
O-H 2907
C-H 1123 Stretching
c=0 1722 cm™! Stretching vibrational

Table 6
Groups of atoms used in this work and their contribution to critical properties for the modified LJR method.
Group ATpm ATy APy AVy
K K Bar em®/moL
-CHj 23.58 0.028 0.3031 66.81
-CHy- 22.88 0.016 0.0159 57.11
-CH< 21.74 0.0002 0.114 45.7
-OH (Alcohol) 92.88 0.072 0.0723 30.4
>N- 11.74 0.03 0.0304 26.7
-Cl 38.13 0.374 0.3738 62.08
-COOH 169.06 0.085 0.4537 88.6
Ty
T — -2 18
bR =7 (18)

whereas, p; (g/cm®) is the estimated density of the ternary DES mixture, M (g/molL) is the molecular mass of the eutectic mixture. R is
the universal gas constant with the value of 8.314J/moL/K. T.p is the critical temperature (K) of the eutectic mixture, Tg and Ty is the
reduced temperature and reduced boiling point temperature, respectively. Thus, in this binary interaction parameter was considered as
unity as reported by Nouman et al. [37]. Whereas, the deviation in density value of deep eutectic solvent calculated experimentally
with the estimated values were calculated using the formula [37],

%Ap:“;ﬂ X100 19)

exp

whereas, %Ap refers to the deviation of the value of density calculated experimentally to the estimated values. p; and pey;, refers to the
density values calculated using spencer and danner correlation and calculated experimentally, respectively.

In this work, an attempt has been made to classify the data on the based on the type of carboxylic acid added to the binary deep
eutectic solvents (DES) and to study their effect on the different parameters. It can be seen from Table 7 that as with the increase in the
concentration of carboxylic acid, the density of the system is increased in both estimated and experimental values but the deviation is
observed. Thus with an increase of mass, deviation of experimental values from estimated values are noted. As incase of increasing
ethaline very small deviation of 0.2 % was recorded, while after adding the malonic acid the positive deviation was noted which
increase from 0.8 % to 23 %, this may be attribute to the estimation that more functional group provide greater availability of potential
active sites for bonding. However, due to limited hydrogen bond acceptors (HBAs), not all active sites participate in bonding. Another
reason may be that, due to the increased number of functional groups, the number of hydrogen bonds increases, but the strength of
these bonds decreases, which may result in lower density values compared to the estimated ones [37].

Similar investigations were observed incase of adding oxalic acid to ethaline, and malonic acid and oxalic acid to Glyceline.
However, an exception was observed incase of adding tartaric acid to ethaline and glyceline binary DES system in small amount. The
negative deviation was observed with adding small amount of tartaric acid to ethaline and glyceline system which goes to positive with
further increase in concentration. The deviation was observed from —6% to 8 % and —3%-8 % for ethaline and glyceline system after
addition of tartaric acid, respectively. This may be due to availability of -OH functional group apart from carboxylic group in com-
parison with oxalic acid and malonic acid [37]. This effect may be due to the reason that -OH group also undergoes intramolecular
hydrogen bonding which increase their density but with increase in further concentration causes the stearic hindrance for molecule to
undergo intramolecular hydrogen bonding.

In the literature the deep eutectic solvents are considered as analogous to ionic liquid and according to the literature for the fixed
value of 0.60 for Tp,/T. was assumed for ionic liquids to measure the normal boiling point temperature and critical temperature of ionic
liquids but in case of deep eutectic solvents the value varies. So in this work values varies between 0.75 and 0.79 and it cannot be
assumed that there is any fixed value of Ty/T,. (Table 7).
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Table 7
Estimated critical properties, viscosity and comparison of densities (at 25 °C) with experimental values for TDES.

DES Ty () Te (K) P [15]  Vc(em’/mol)  Z ® To/Te Pest (8/cm®)  poxp (g/cm®)  Ap (%)
(ChCLEG);.4 435.26 568.61 54.32 233.53 0.268 1.35 0.765 0.96 1 0.2
(ChCLEG:MA)1:4:0.5 446.36 585.93 54.56 233.69 0.261 1.31 0.761 1.019 1.0112 0.819
(ChCLEG:MA)1.4, 455.92 600.40 54.54 234.78 0.256 1.28 0.760 1.068 1.0118 5.563
(ChCLEG:MA)1.4.1 5 463.86 612.83 54.61 235.27 0.252 1.25 0.757 1.111 1.0126 9.689
(ChCLEG:MA);:4:2 470.68 623.58 54.65 235.68 0.248 1.23 0.755 1.148 1.0154 13.068
(ChCLEG:MA);.4:3 481.74 641.23 54.70 236.35 0.242 1.19 0.751 1.211 1.0179 18.935
(ChCLEG:MA)1.4:4 490.35 655.12 54.73 236.88 0.238 1.16 0.748 1.261 1.0197 23.641
(ChCLEG:MA);.4:5 497.23 666.35 54.738 237.30 0.234 1.14 0.746 1.302 1.1131 16.960
(ChCLEG:MA)1:4:6 502.87 675.6 54.742 237.64 0.231 1.12 0.744 1.336 1.1138 19.967
(ChCLEG:MA);.4.7 507.56 683.37 54.741 237.92 0.229 1.10 0.743 1.365 1.1242 21.441
(ChCLEG:MA); .48 511.53 689.97 54.738 238.16 0.227 1.09 0.741 1.390 1.1249 23.581
(ChCL:EG:MA)1:4:9 514.94 695.66 54.734 238.37 0.225 1.08 0.740 1.412 1.1388 23.973
(ChCLEG:0A)1.4:0.5 444.30 583.79 55.47 228.552 0.261 1.31 0.761 1.026 1.012 1.371
(ChCLEG:0A);.41 452.11 596.47 56.25 225.27 0.255 1.28 0.758 1.082 1.0139 6.721
(ChCL:EG:0A)1:41.5 458.59 607.42 57.00 222.09 0.251 1.26 0.755 1.133 1.0142 11.683
(ChCLEG:0A)1.4:2 464.14 616.92 57.65 219.37 0.246 1.23 0.752 1.179 1.0144 16.240
(ChCLEG:TA)1.4:05 464.94 605.70 55.08 242.25 0.265 1.35 0.768 1.035 1.1125 —6.970
(ChCLEG:TA)1:4:1 490.31 636.68 55.36 250.63 0.262 1.41 0.770 1.094 1.1129 -1.706
(ChCLEG:TA)1.4.1.5 511.48 662.69 55.58 257.21 0.26 1.44 0.771 1.143 1.1359 0.636
(ChCLEG:TA)1.4:2 529.63 684.90 55.72 262.85 0.257 1.46 0.773 1.185 1.1432 3.637
(ChCLEG:TA)1.4:3 559.12 720.87 55.83 272.01 0.253 1.49 0.775 1.252 1.1565 8.218
(ChCLEG:TA);.4:4 582.06 748.73 55.85 279.14 0.250 1.51 0.777 1.303 1.1998 8.581
(ChCL:Gly)1.4 526.96 666.40 52.32 294.41 0.278 1.64 0.790 1.017 1.012 0.455
(ChCL:Gly:MA)1.4.05 530.03 674.43 52.61 289.24 0.271 1.58 0.785 1.061 1.0131 0.457
(ChCL:Gly:MA)1.4.1 532.33 680.69 52.69 285.52 0.266 1.54 0.782 1.099 1.0135 4.693
(ChCLGly:MA)1.4.1.5 534.40 686.49 52.83 282.1 0.261 1.49 0.778 1.134 1.0142 8.448
(ChCL:Gly:MA); 4. 536.17 691.61 52.95 279.16 0.257 1.45 0.775 1.164 1.0146 11.774
(ChCL:Gly:MA)1.4:3 539.05 700.21 53.15 274.40 0.250 1.39 0.770 1.217 1.0147 14.774
(ChCLGly:MA);.4.4 541.29 707.17 53.30 270.70 0.245 1.33 0.765 1.261 1.0149 19.984
(ChCL:Gly:MA);.4:5 543.08 712.90 53.43 267.73 0.241 1.30 0.761 1.298 1.015 24.274
(ChCL:Gly:MA);.4.6 544.54 717.70 53.53 265.31 0.238 1.27 0.759 1.329 1.0152 27.882
(ChCL:Gly:MA)1.4:7 545.77 721.79 53.61 263.29 0.235 1.24 0.756 1.356 1.0154 30.937
(ChCL:Gly:MA);.4.8 546.80 725.30 53.68 261.58 0.232 1.21 0.753 1.380 1.0159 33.563
(ChCL:Gly:MA); 4.0 547.69 728.36 53.75 260.11 0.230 1.19 0.751 1.400 1.0169 35.803
(ChCL:Gly:0A)1:4:0.5 527.98 672.31 53.45 284.10 0.271 1.59 0.785 1.065 1.0123 5.178
(ChCL:Gly:0A)1.4:1 528.52 676.79 54.26 276.0 0.266 1.54 0.780 1.108 1.0129 9.411
(ChCL:Gly:0A);.4.1 5 529.12 681.13 55.04 268.92 0.261 1.50 0.777 1.148 1.0135 13.296
(ChCL:Gly:0A);.4:2 529.63 685.01 55.73 262.85 0.257 1.46 0.773 1.185 1.014 16.865
(ChCL:Gly:TA)1:4:0.5 548.61 694.03 52.83 297.80 0.272 1.65 0.790467 1.076 1.1201 —3.981
(ChCL:Gly:TA):4:1 566.73 716.74 53.04 301.37 0.268 1.65 0.790703 1.125 1.1234 0.139
(ChCLGly:TA)1.4.1.5 582.02 736.10 53.26 304.044 0.265 1.67 0.790685 1.167 1.1456 1.883
(ChCL:Gly:TA)1.4:2 595.13 752.70 53.43 306.34 0.261 1.66 0.790668 1.204 1.1579 3.947
(ChCLGly:TA).4:3 616.44 779.67 53.67 310.06 0.257 1.66 0.790642 1.263 1.196 5.624
(ChCLGly:TA);.4.4 582.063 748.73 55.85 279.14 0.250 1.51 0.777396 1.303 1.196 8.926

4. Conclusion

A series of ternary deep eutectic solvents were designed and synthesized successfully. The FTIR analysis confirmed that hydrogen
bonding is the main force responsible for the formation of deep eutectic solvents. The thermal stability of the ternary deep eutectic
solvent was improved after the addition of carboxylic acids to ethaline and glyceline binary DES system. The physical properties such
as density and viscosity of the binary DES system increased after the addition of the third component. While the surface tension of the
system decreases resulting in the increase of void radius making it a suitable solvent as an extractant. The addition of the third
component has no effect on the refractive of the system as clear homogenous mixture is formed. A Modified- Lyderson-joback and Lee-
Kesler mixing rule was applied successfully for measuring the critical properties such as molecular weight (M), critical temperature
(T.), critical volume (V.), ratio of normal boiling point to critical temperature (T},/T.) of the novel ternary deep eutectic solvent.
Spensor and Danner correlation was successfully used to estimate the density of the synthesized TDES and compared with the
experimental values. The %Ap deviation was observed which increases with an increase in the molar ratio of the third component. The
deviation varied from 0.2 % to 23 %. The above investigation will provide novel ternary deep eutectic solvent to be used as good
extracting liquid in liquid extraction process.
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