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The majority of deep eutectic solvents (DESs) are commonly synthesized utilising choline
chloride (ChCl) as the hydrogen bond acceptor (HBA) due to its compatibility with a wide range
of hydrogen bond donors (HBDs). However, depending solely on ChCl imposes constraints on
the attainable properties suitable for specific industrial and research purposes. Therefore, choline
dihydrogen citrate (ChDHCit) was chosen as new HBA to rival ChCl in the formulation of
malonic acid (MA) based DESs. Note that the DESs were established at a mole ratio of 1:2 for
further investigation of their physicochemical properties. FTIR-ATR analysis confirmed the
formation of hydrogen bonds within both DES, with some significant C-O shifts observed in
ChDHCit:MA. The complex anion CsHsO7” in ChDHCit:MA caused more spectral shifts in FTIR
compared to the anion Cl" in ChCl:MA. Thermal analysis by TGA proved that ChDHCit:MA is
less chemically stable against decomposition with a T4 value (227.85°C) lower than that of
ChCLI:MA (305.26°C) owing to their large anions. The high melting temperature (Tm) of
ChDHCit:MA compared to that of ChCI:MA is due to factors such as strong intermolecular
forces or less-ordered crystal structures. The hydrogen bonds formation in the DES was
confirmed by FTIR-ATR, DSC, and TGA analyses. ChDHCit:MA was found to be less acidic,
more viscous, and less dense, with higher surface tension and lower ionic conductivity than
ChCIl:MA because of the less stable malonate anion, non-symmetrical size of the CsHsO7 anion,
and low ion mobility. In conclusion, the complex anions in HBA changed the physicochemical

properties of DES.
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In recent decades, ionic liquids (ILs) have received
substantial research attention caused by their
distinctive properties, including minimal volatility,
greater thermal stability, strong polarity, greater ionic
conductivity, broad liquid range, and customisability
[1, 2]. However, ILs have disadvantages due to their
cost, toxicity, and preparation methods [3-5]. Hence,
deep eutectic solvents (DESs), which are third-
generation ILs, are preferable because they are
convenient to prepare, non-toxic, biodegradable, and
have low melting points [6, 7]. DESs are structurally
distinct from ILs with respect to their material and
interactions. ILs are typically created through ionic
bonds between heterocyclic cations and inorganic or
organic anions, whereas DESs are prepared through
hydrogen bonding between hydrogen bond acceptors
(HBAs) as well as donors (HBDs) [7, 8].

DES consists of four types, which are Type I,
Type II, Type III as well as Type I'V. Type I to Type 111

DES utilise quaternary ammonium salts as their
primary component, which combined differently with
metal salts, metal chlorides, and hydrogen bond
donors (HBD), respectively, Conversely, Type IV DES
consist of metal salts combined with HBD. Among
these, Type I1I has been the most widely researched in
literature and is typically based on choline chloride as
the HBA, paired with various HBDs derived from
carboxylic acids (~COOH), alcohols (—OH), and amines
(-NH>) [9, 10, 11]. Malonic acid (MA)-based DES is
one of the examples of this Type III DES. The choice
of MA as the DES component is due to its low acute
toxicity. According to safety data sheet provided by
Sigma-Aldrich, the LD50 (acute toxicity) of MA is
3250 mg/kg when tested to a rat. It is known that the
lower the LD50 value (<5 mg/kg), the more toxic the
substance, as smaller amount is needed to cause death
in 50% of the population [12]. Since the LD50 value
of MA is large, incorporating it as a component of
DES is relatively harmless in various field. For
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example, the use of this Type III DES as reaction
media and catalysts in organic synthesis and biomass
conversion [6, 13, 14], solvents for natural products
extraction [6, 13], electrolytes in batteries and
supercapacitors [6, 14], transdermal drug delivery
[15], and water treatment processes [16].

The characteristics of DES are greatly
affected by numerous factors, for example, the
choice of components, HBA and HBD. ChCl is
commonly employed as an HBA and is preferred
for its compatibility with a wide range of HBDs.
However, it is crucial to compare choline chloride
(ChCl) with other types of HBAs in order to expand
the potential and versatility of new DES system.
Moreover, according to the safety data sheet
provided by Sigma-Aldrich, ChCl has an LD50 value
of 3900 mg/kg, whereas choline dihydrogen citrate
(ChDHCit) has an LD50 value of 4800 mg/kg. This
indicates that ChDHCit is considered less toxic than
ChCl, thereby providing an opportunity for
ChDHCit to serve as a new HBA that is safer and less
harmful for use as a component in DES formulations.
As a result, ChDHCit was chosen as a new HBA to
compete with ChCl, with malonic acid (MA) as its
partner. Thus, this study’s objective was to examine
the impact of different HBAs, namely ChCl and
ChDHCit, on the properties of MA-based DES. It is
hypothesised that the HBA within the DES system
affects the physicochemical properties of the resulting
eutectic. Consequently, both DES systems (ChCl:MA
and ChDHCit:MA) were assessed in terms of acidity,
density, surface tension, solubility, viscosity, ionic
conductivity, functional groups, melting point,
glass transition, crystallisation, and decomposition
temperature to determine their suitability for
various industries.

EXPERIMENTAL
Chemicals and Materials

Choline chloride (<98% purity: CsHsNOCI), choline
dihydrogen citrate (<98% purity: Ci1H2NOs), and
malonic acid (purity 99%: C3H404) were purchased
from Sigma—Aldrich located in Saint Louis, USA.
The chemicals, being of analytical grade, were kept
in a desiccator to prevent moisture absorption.

Deep Eutectic Solvent (DES) Preparation

DES preparation was adapted and modified from a
past study conducted by Shafie et al. [17]. DES
was synthesized by combining two different HBAs
(ChCl and ChDHCit) with an HBD (MA) in a 1:2
molar ratio, resulting in the formation of ChDHCit
and ChCl. The mixture was stirred and heated to
80°C until a colourless liquid appeared. It was then
left at room temperature for 24 h to confirm the
absence of any precipitate. Afterward, the DES was
stored in a desiccator to avoid moisture absorption.
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Characterisation of DES
Polarised Light Microscopy (POM) Analysis

Visual analysis was conducted at 25°C employing
an Olympus transmission microscope (CX21, Olympus,
Japan) coupled with Infinity Analyzer Software and
Lumenera Infinity camera. A droplet of each type of
DES (ChCI:MA and ChDHCit:MA) was put on a
microscope slide with a coverslip to cover the
sample, prevent it from evaporating, and to keep it
flat. The camera settings (1080 p x 60 fps) were
adjusted to optimise the image quality. NIS-Elements
software was used to capture images of the sample
at magnifications 10x to record any observations
or changes in the sample appearance. The images
were analysed based on the surface and presence
of crystals in both DES samples [17-19].

Fourier Transform Infrared-attenuated Total
Reflectance (FTIR-ATR) Analysis

The analysis was performed using Fourier transform
infrared-attenuated total reflectance (FTIR-ATR)
(Fortier, PerkinElmer, USA) to determine the
functional groups present in pure ChCl, ChDHCit,
MA, and a eutectic mixture of ChCl:MA (1:2) and
ChDHCIit:MA (1:2). Prior to scanning, the ATR
crystal was wiped with acetone using soft tissue
paper to eliminate any residues or debris. The sample
was placed directly and pressed (£90 gauge) onto
the ATR crystal to ensure a good contact. The
samples were scanned four times in the 600—-4000
cm’! range [17].

Thermogravimetric (TGA) Analysis

The decomposition temperatures (Tq4) of ChCl,
ChDHCit, MA, ChCIl:MA (1:2), and ChDHCit:MA
(1:2) were determined using thermogravimetric
analysis (TGA) TGA4000. The samples (10 mg)
were loaded into a platinum crucible and heated at
a 10°C-min"! rate from 30 to 900°C under nitrogen
flow (60 mL-min~!) [17,20]. The TGA instrument
recorded the weight change of the samples as the
temperature function. Tq was determined by
determining the inflection point or temperature at
which the sample showed significant weight loss
due to decomposition.

Differential Scanning Calorimetry (DSC) Analysis

Differential scanning calorimetry (DSC) (DSC 6,
Perkin Elmer, USA) was utilized to determine the
melting point (T), glass transition temperature
(Tg), and crystallisation temperature (T.) of ChCl,
ChDHCit, MA, ChCl:MA (1:2), and ChDHCit:MA
(1:2) at a flow rate of 40 mL/min under a constant
stream of nitrogen. Note that the samples were
prepared, weighed to approximately 10 mg, and
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securely sealed in aluminum pans while being
heated at a rate of 5°C/min at temperatures ranging
from -50 to 300°C [17, 21]. Once the sample was
loaded, the temperature was gradually increased and
the heat flow changes as a function of temperature
were noted. To observe the Ty, of the sample from
the DSC curve, the peak temperature of the
endothermic transition was identified using the TA
instrument software (TA Instruments Universal
Analysis 2000).

pH Determination

A pH meter was utilised to determine the pH of each
liquid DES (ChCl:MA and ChDHCit:MA). The pH
meter was calibrated at 25°C with buffer solutions
of pH 4 and 7. The electrode was dipped into the
DES samples, and the pH was recorded after the
reading was constant for a few seconds. It was
ensured that the electrode did not touch the bottom
of the beaker, which could cause inaccurate readings.
The pH readings were recorded in triplicate to
obtain an average value [22]. The electrode was
subsequently washed with distilled water and dried
with a clean tissue.

Viscosity Measurement

A viscometer (Brookfield DV-I Prime, USA) fitted
with a water bath under a digital hotplate was used
to determine the viscosity of the DES (ChCl:MA
and ChDHCit: MA) at various temperatures (25, 35,
45, 55, and 65°C). 10 mL of each DES were placed
in the test tubes. The test tubes were immersed in
the prepared water bath, and a thermometer was
used to double-check the temperature. Then, each
type of spindle (S61, S62, S63, and S64) was tested
to check its suitability for DES liquids. The chosen
spindles rotated and a viscosity value appeared on
the viscometer display. Measurements were carried
out by altering the temperature for 2 min and
applying revolutions (50 rpm). The viscosity of
the DES was determined and sample testing was
performed thrice [23].

Density Measurement

DES was added to a volumetric flask of 10 mL until
the calibration mark was reached. An analytical
balance was used to weigh the DES (m) in a
volumetric flask at 25°C, and the density (d) in
g/mL was computed using Equation (1):

d (g/mL) = m/v (1)

in which m denotes the mass (g) of the DES whereas
v refers to the DES volume (mL) [17].
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Surface Tension Measurement

A force tensiometer (Sigma 700, Attension, Sweden)
was employed to measure the surface tension of
the eutectic mixtures of ChCl:MA and ChDHCit:MA.
The Wihelmy plate was cleaned by exposing it to
a flame before each measurement. The Attension
sigma software with an automatic control collected
and recorded the surface tension in triplicate at 25°C.

Ionic Conductivity Measurement

The ionic conductivities of ChCI-MA and ChDHCit-
MA were determined using a conductivity meter
(Hanna Instruments, USA). The conductivity meter
was calibrated at 25°C, and measurements were
performed after at least 10 min to reach a good
temperature equilibrium. To prevent inaccurate
readings, the electrode was carefully positioned to
avoid contact with the beaker bottom. The ionic
conductivity was measured in triplicate and the
average value was calculated [24]. Subsequently,
the electrode was cleaned with distilled water and
dried using clean tissue.

Solubility Tests

A solubility test was performed to check the
miscibility of the DES (ChCl:MA and ChDHCit:MA)
with solvents of various polarities. 3 mL of DES
was placed in 10 mL of test tubes and the level was
marked immediately. Seven types of solvents with
different polarities, including water, acetic acid,
ethanol, methanol, diethyl ether, toluene, and
hexane, were tested for their miscibility with DES.
The mixture was stirred uniformly for 1 min at
25°C. The occurrence of a clear layer at the
specified mark indicates that the added solvent is
not miscible with the DES. A layer that forms above
the highlighted level indicates that the DES and
organic solvent are partially miscible, whereas the
absence of a layer indicates that the solvent and
DES are miscible [17].

Statistical Analysis

An average of three replicate values for the analyses
was obtained for each sample, and one-way analysis
of variance (ANOVA) was applied in each experimental
phase. Significant differences between treatments
at 95% confidence intervals were analysed via
Duncan’s multiple range test.

RESULT AND DISCUSSION
Visual Characterisation

Table 1 lists the appearance of the prepared DESs.
Both DES were in a clear liquid state and exhibited
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stability, as both DES remained in liquid form
after being left undisturbed for a duration of
24 h. Visual analysis was utilized to determine
the homogeneity as well as presence of crystals
in the DES liquid [19]. Figure 1 shows the POM
images that confirm that neither DES contained
crystals nor residues. This result supports the
successful formation of DES. Visually, ChDHCit:MA
appeared to be more viscous than ChCl:MA because
of the difficulty in transferring the liquid, which
required heating for a few minutes. According
to Silva et al. [25], citric acid-to-lauric acid-based
DES with a mole ratio of 2:1 appeared as a transparent
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liquid at room temperature. In contrast, Shumilin
et al. [26] found that ChCl-urea in a mole ratio
of 1:2 did not form a liquid phase and instead resulted
in precipitate formation, indicating instability and
unsuitability of this formulation. A comparable
observation was noted by Turiel et al. [27], where
ChCl-hexanoic acid at a mole ratio of 1:2 showed
incompatibility, which leads to precipitate formation.
Consequently, the DES formation, even with the
same mole ratio of 1:2, does not consistently produce
the desired liquid state, as it is substantially
impacted by the compatibility between the selected
HBA as well as HBD.

Table 1. The appearance of DES with distinct HBAs.

DESs (Moles Ratio) Visual Observation
After heating After 24 h
ChCL:MA (1:2) Liquid Liquid
ChDHCit:MA (1:2) Liquid Liquid

Figure 1. POM images of a) ChCl:MA and b) ChDHCit:MA at total magnification of 10x.
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Structural Analysis

FTIR analysis was employed to analyse the functional
groups within the chemical structures with the aid of
infrared light to observe the bonds and interactions
between molecules [18, 25, 28]. The comparison of
FTIR peaks of both types of DES with their respective
HBA and HBD is presented in Table 2. Moreover, the
spectrum of pure ChCl showed a wide range of O-H
stretching, ranging from 3591.92 to 3228.28 cm™!, in
addition to a C-H stretching peak at 2996.00 cm™'.
Pure ChCl also exhibited peaks corresponding to C-O
and C-N stretching at 1139.94 cm™ and 1083.40 cm™
accordingly, as well as CH» and CH3 bending observed
at 1480.14 cm™!, and 1349.14 cm™'. In the meantime,
the FTIR spectra of pure ChDHCit showed a broad
range of O-H stretching, which ranges from 3597.92
t02575.03 cm™!, with a C-H stretching peak at 2931.50
cml. Pure ChDHCit also displayed peaks indicating
C=0, C-0, and C-N stretching at 1708.37, 1228.89,
and 1122.60 cm!, respectively, along with CH; and
CH; bending at 1478.35 and 1369.43 cm™!. Here, the
occurrence of C-N stretching in both pure ChCl
(1083.40 cm™) and ChDHCit (1122.66 cm™") proved
that they are quaternary ammonium salts.

In pure ChCIl, the wavenumber peaks
indicating O-H and C-H stretches overlapped due to
possible intramolecular hydrogen bonding between
the O-H group in choline cation and chloride anion
(I O-H:---Cl"). In contrast, in pure ChDHCit, the
possible hydrogen bonding involved four O-H groups
(one from choline cation and three from dihydrogen
citrate anion) (4 O-H----CsHsO7). Consequently, the
extent of the O-H stretching varied between the two
HBAs. The extent of the O-H stretching was assessed
by measuring the difference across the O-H stretching
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range, from the highest to the lowest wavenumber. The
variation in the O-H stretching range in pure ChDHCit
(1022.89 cm') was greater than that in pure ChCl
(363.64 cm™). This suggests that the O-H stretching
in pure ChDHCit is broader than in pure ChCI.
According to Mulia et al. [29], a broader O-H
stretching band within a chemical structure
indicates a greater number of hydrogen bonds.
Therefore, it can be concluded that pure ChDHCit
exhibits more hydrogen bonding than pure ChCl.

In the MA spectrum, stretching bands for O-H,
C-H, C=0, and C-O were observed within the range
of 3403.84 to 2581.13 cm™!, at 2908.25 cm™!, 1706.49
cm’!, and 1166.31cm™, respectively. Additionally, MA
exhibited a CH, bending at 1549.13 cm!, while no
wavenumber peaks were observed for CH3 bending
and C-N stretching. The presence of the stretches
of C=0 and O-H proved that MA is a dicarboxylic
acid [30]. In MA, the overlapping of O-H and C-H
stretches can be linked to the potential occurrence
of dimerization through intramolecular hydrogen
bonding between hydrogen atoms from one carboxyl
group (COOH) and the oxygen atom of another
COOH group within its molecular structure. In the
spectrum of MA, the disparity in the wavenumber
range of O-H stretching, starting from the highest to
the lowest, was approximately 822.71 cm™!, indicating
a broader range compared to pure ChCl (363.64 cm™).

Structural changes in DES, ChCI:MA, and
ChDHCit:MA were observed by comparing the
spectrum to the individual components in DES, as
illustrated in Figure 2. New interactions, such as
ionic bonds and hydrogen bonding, as illustrated
in Figure 3, are responsible for the shifts in the
FTIR peaks.

Table 2. Peaks and wavenumber exhibited by each DES.

Wavenumber (cm™)

O-H stretch C-H Cc=0 CH;bend CHsbend C-O C-N
stretch stretch stretch stretch
ChCl 3591.92-3228.28  2996.00 ND 1480.14 1349.14 1139.94 1083.40
MA 3403.84-2581.13 2908.25 1706.49 1549.13 ND 1166.31 ND
ChDHC it 3597.92-2575.03  2931.50 1708.37 1478.35 1369.43 1228.89 1122.60
ChCI:MA (1:2) 3538.16-2553.79  2934.29 1714.64 1478.77 1378.99 1152.32 1082.73
ChDHCIit:MA (1:2) 3552.23-2557.35 2961.59 1711.76 1572.24 1374.47 1190.25 950.36

ND = Not detected.

Note: ChCl was Choline Chloride, ChDHCit was Choline Dihydrogen Citrate and MA, malonic acid.
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Figure 2. FTIR spectra of a) ChCl, MA, ChCl:MA (1:2) and b) ChDHCit, MA, ChDHCit:MA (1:2).

These anions were positioned at the centre and
bridged the interaction between choline and malonic
acid. The O-H groups on MA were attracted to the
CI and CsHs0O7 anions, producing O-H- -Cl" and O-
H-- CsHs07 bonds, accordingly. This bonding affects the
wavenumber values in C-O stretching within MA,
which appeared to decrease from 1166.31 to 1152.32
cm™! in ChCl:MA after bonding with the chloride anion.
Surprisingly, the C-O stretching in MA increased to
1190.25 em™ in ChDHCit:MA after successful bonding

with the dihydrogen citrate anion, which implies
that C-O in MA is more polarised owing to the high
electron density and the larger size of the electron
cloud. The C-O peak in ChDHCit:MA is also more
intense than its component, possibly due to a higher
degree of hydrogen bonding in ChDHCit, leading to an
increased dipole moment of the C-O bond. Nevertheless,
the wavenumber of C=O0 stretching in both DES showed
a slight increase in comparison with the wavenumber
peak for MA owing to the location of C=0O which
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is far higher than that of C-O. The C-N peak in
ChDHCit:MA also shifted to a lower wavenumber
(950.36 cm™!) compared to the C-N peak in pure
ChDHCit (1122.6 cm™). The hydrogen bonds existence
in the DES system was validated by Gautam et al. [31].
They effectively assessed the ChCl: acetic acid-based
DES and ChCI: formic acid-based DES using FTIR,
Quantum Theory of Atoms in Molecules (QTAIM),
and Reduced Density Gradient (RDG) analyses due to
the accurate topology of the gradient vector field. In
our study, the disparity in the wavenumber range of
O-H stretching within ChDHCit:MA, from the highest
to the lowest, was approximately 994.88 cm!, higher
than that of ChCl: MA (984.37 cm!). Therefore,
ChDHCit:MA is suggested to have a more hydrogen
bonding than ChCl:MA.

The various HBAs displayed subtle variations
in their FTIR spectra with noticeable discrepancies
between the observed peaks of ChCI:MA and
ChDHCIit:MA. The wavenumber peaks indicating
the stretching of O-H, C-H, C-O, and bending of
CH; shifted upward from 2953.00 to 2988.00 cm™!,
2934.29 t0 2961.59 cm™!, 1152.32 to 1190.25 cm™!,
and 1478.77 to 1572.24 cm™!, respectively. In contrast,
the wavenumber peaks of C=0, C-N stretching, and
CH3 bending shifted downward from 1714.64 to
1711.76 cm’!, 1082.73 to 950.36 cm™!, 1378.99 to
1374.47 cm’!. This is because ChDHCit changes the
bond strength more effectively than ChCl because of
its more complex structure with more O-H groups.
The complex structure of CsHsO7; in ChDHCit:MA
induced more spectral changes in FTIR spectra than
CI' in ChCl:MA. This occurred because of the changes
in electron density during the formation of hydrogen
bonds within both DES systems, which led to changes
in the frequency of the stretching vibration. Thus, the
hydrogen bonding strength was strongly dependent on
the chosen HBA. The more extensive the structure

a)
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with O-H and COOH groups, the more hydrogen
bonding occurs, resulting in a wider O-H stretching
and higher shift in the wavenumber observed in the
FTIR spectra [32].

Thermal Stability

Thermogravimetric analysis (TGA) was utilised
to examine the thermal stabilities of the solid, liquid,
and mixed samples. This technique involves measuring
the weight loss as it is heated at a controlled rate
[33,34]. In this study, solid ChCl, ChDHCit, MA,
liquid ChCl:MA, and ChDHCit:MA were analysed
and compared to determine their decomposition
temperatures (Tq). The intersection points between the
baseline weight as well as the tangent of the weight
versus temperature curve was plotted, as shown in
Figure 4, to identify the initial degradation step of the
process for each sample. As seen in Figure 4(a) as
well as Figure 4(b), a small weight loss of 3.78% in
ChCl and 3.04% in ChDHC:it at temperatures below
100°C is generally due to water evaporation from its
hygroscopic nature [33]. ChCl participated in one
degradation step, which was the dissociation of the
ionic link between the CI" anion and the Ch" cation
which occurred around 300.16 to 363.92°C with a
weight loss of approximately 96.22%. However,
ChDHC it required two stages of degradation, as
shown in Figure 4(b), in which the first weight loss
at 79.02% dissociated the ionic bonds between the
CsHsO7 anion and Ch™ cation from 160.46 to 260.89°C
which is much lower than that in ChCl. The second
stage of disruption involved hydrogen bonding within
the C¢HsO7 anion, from 260.89 to 488.53°C, with a
much smaller weight loss of 13.49%. Hence, although
ChDHC:it is less thermally stable compared to ChCl, it
fully degrades (100%) at higher temperatures of
557.72°C, because more bonding to be disrupted in
the molecule.

/\/\ '/\ol’\'lc Bond ......... Cl‘-::. ....................... .
HO Noereerses®s™™

b)

OH

Figure 3. Formation of hydrogen bonds between a) ChCl and MA and b) ChDHCit and MA.



156 Mohammad Amin Wan Chik, Muhammad
Hakimin Shafie, Roziana Mohamed Hanaphi
and Rizana Yusof

Unlocking Choline Dihydrogen Citrate as a New Potential
Hydrogen Bond Acceptor Replacing Choline Chloride in
Malonic Acid-Based Deep Eutectic Solvent Formulation

Weight Loss (%)

96.22%

MA ChCI:MA (1:2)
3.53% — — _ "VZ48B% Z
36.63%
Y
78.27%
58.87%

————
-20 , : : :
200 400 600 800
Temperature (°C)
b)
ChDHCit MA ChDHCit:MA (1:2)
e — T B _— " PBRL____”"R&R%_
804 79.02% 37.01%
F I [ SRR T Uy Ry N ———— -
Z 78.27%
(=]
—_
2 404
ED 51.86%
L5
=
20 _ o AN Y Yy o]
0 =

20 . .

Temperature (°C)

Figure 4. Weight loss of a) ChCl, MA, ChCIl:MA and b) ChDHCit, MA, ChDHCit:MA at 30-900°C.

The degradation of MA started with the
loss of water molecules from 30.14 to 99.85°C,
decarboxylation of MA into acetic acid from
99.85°C to 210.07°C with a percentage weight loss
of 78.27%, and further decomposition to carbon
dioxide as the final product with 18.20% loss.
Meanwhile, the thermal degradation of the eutectic
mixtures ChCI:MA and ChDHCit:MA occurred in
multiple stages: the loss of hydrogen bonding and
the decomposition of DES into smaller molecules.

The degradation curve in DES was not smooth,
indicating the decomposition of HBA and HBD in
the DES network. For both DES, the water that
being absorbed during DES preparation started to
evaporate up to 81.86°C with 2.45% for ChCI:MA
and 99.94°C with 2.86% for ChDHCit:MA. Continual
heating from 81.86 to 180.48°C (Figure 4a) caused
the ChCl:MA to dissociate the hydrogen bonding from
MA, which then led to the removal of MA into smaller
molecules such as CO, with 36.63% weight loss,
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followed by dissociation of the Ch* cation and CI’
anion from 180.48 to 330.56°C with 58.87% weight
loss. After 330.56°C, the remaining 2.05%, ChCl:MA
slowly decomposed into other small molecules up to
700°C. In ChDHCit:MA (Figure 4b), the degradation
point indicating the breakdown of hydrogen bonding
between ChDHCit and MA clearly happened between
99.94°C 186.60°C with a percentage weight loss
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of 37.01%. Due to the structural complexity of
ChDHCit, the self-disruption of hydrogen bonding
within ChDHCit was degraded from 186.60 to 580°C
with a percentage weight loss of 51.86% in the
following stages. This suggests that ChCl and
ChDHCit have strong affinities for MA for the
formation of DESs, which required extra heating
to disrupt the bonding in eutectic mixture.
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The inflection point in Figure 4 can be obtained
from a dm/dT curve to estimate the characteristic
temperatures of the degradation process at its
maximum, referred to as Td. Hence, a graph of the
derivative weight loss (DTG) versus temperature was
plotted, as shown in Figure 5, to confirm the T4
values, where the peaks correspond to the different
stages and the maximum rate of thermal degradation.
Overall, the acquired T4 values matched the deterioration
range, as shown in Figure 4. As depicted in Figure
5, both DES demonstrated the presence of two
peaks, which are associated with the T4 peak of
MA and the T4 peak of HBAs (ChCl, ChDHCit).
The Td of DES was identified at the highest derivative
weight loss, which suggest that the Tq of ChCl:MA
and ChDHCit:-MA were 305.26°C and 227.85°C,
respectively.

The addition of MA with a lower T4 value
(195.58°C) into HBA reduced the T4 value of DES,
which demonstrated the hydrogen bonds formation in
DES. This showed the existence of interactions in the
DES, not only mechanical mixing. The T4 values of
DES are influenced by the size of the anion in HBA.
In the case of ChDHCit:MA, the larger dihydrogen
citrate (CsHsO7") anions may not form stable hydrogen
bonding networks due to steric hindrance, resulting in
lower overall thermal stability. Steric hindrance refers
to the obstruction of strong hydrogen bonds that exists
between the oxygen anion in asymmetrical DHCit and
the hydrogen in MA. On the other hand, the chloride
(CIl) anions in ChCl:MA, being smaller and more
symmetrical, allow for better interaction with MA,
leading to a more stable and thermally resistant DES.
This explains why the T4 of ChCl:MA (305.26°C)
is higher than that of ChDHCit:MA (227.85°C).
Therefore, the strength of hydrogen bonding is not
solely dependent on the number of hydrogen bonding
sites available, but also on the possible steric
hindrance that can affect the overall thermal stability
of the DES. These results agree with those of a study
by Gajardo-Parra et al. [35], who studied the Tq4 values
of ChCl-based DESs with HBDs of different sizes
(levunilic acid, ethylene glycol, and phenol). They
reported that the Tq values of ChCI-LA, ChCI-EG,
and ChCl-phenol were 244.72, 264.86 and 240.23°C.
Hence, in this study, the greater T4 value of ChCl:MA
indicated a thermally stable DES compared to
ChDHCit:MA.

The expected behaviour of DES is that the Tq
value falls between the T4 values of its respective
HBA and HBD. However, a deviation was observed
for ChCl:MA and ChDHCit-MA owing to the thermal
sensitivity of MA. An identical pattern was reported
by Delgado-Mellado et al. [36], who discovered
that the T4 values of ChCl:MA, ChCl, and MA were
99.85, 270.55, and 134.85°C, respectively. MA in
the ChCI:MA starts to decompose at 166.01°C whereas
in the ChDHCIit:MA at 166.23°C, which were lower
than the T4 of pure MA (195.58°C), respectively. This
early decomposition is due to the interaction between
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the HBAs (ChCl and ChDHCit) with MA, which alters
the thermal stability of their respective DES systems.
This is because MA undergoes significant changes
to acetic acid, which makes the DES less thermally
stable. The generation of acetic acid lowers the pH of
the DES, leading to an increase in the decomposition
rate constant [37,38,39]. By means, the first breakdown
of the DES components started at lower temperature
correspond to the decomposition of its HBD and then
its HBA components at later higher temperature.

Both ChCl:MA and ChDHCit:MA are associated
for use in many high-temperature applications such as
extraction and separation processes, reaction media
in organic reactions, electrolytes in electrochemical
devices, and solvents for polymer dissolution [40-44].
The extensive hydrogen and ionic bonds within
ChCl:MA and ChDHCit:MA resulted in strong steric
hindrance and led to thermal stability. Therefore,
additional energy is necessary to disrupt and weaken
the bonds. The larger the anion with more binding sites
in the DES (ChDHCit), the stronger the interaction in
the DES. This demonstrates that HBA or anions play
a crucial role in producing DES that are less vulnerable
to thermal deterioration. A prior investigation by
Majid et al. [45] emphasized the impact of HBD
on tetrabutylammonium chloride (TBAC)-based
DES utilizing ethylene glycol, tetracthylene glycol,
and polyethylene glycol as various HBD. According
to them, the order of thermal stability was observed
as TBAC-EG<TBAC-TEG<TBAC-PEG with T4 of
222.13, 259.21, 378.15°C, respectively. HBDs with
low boiling points are easily degraded and damaged
[46, 47]. Furthermore, they noted that extending the
alkyl chain length of the HBD yield a greater amount
of heat needed to overcome the intermolecular forces
occurred in the DES eutectic mixture. Overall, it can
be concluded that both HBA and HBD affected the
thermal stability of the prepared DES.

The implications of differences in thermal
stability among DES are significant across various
practical applications, including biomass processing,
protein stabilisation, and extraction processes. In
biomass processing, DESs are employed in the
fractionation and dissolution of biomass components,
such as lignin and cellulose. The high thermal stability
of DES is crucial in these applications to prevent
decomposition at elevated temperatures. For instance,
DESs composed of ChCl with various HBDs like
oxalic acid dihydrate and glycerol exhibit non-linear
weight loss at temperatures exceeding 80°C, indicating
that biomass processing should ideally occur below
this threshold to preserve solvent integrity [48]. In
the context of protein stabilisation, the high thermal
stability of DESs can enhance the stability of proteins.
For example, Pal et al. [49] compared the efficacy of
ChCl-glycerol as a DES with that of a water medium
in maintaining the stability of Trp-cage mini protein
in glyceline. They discovered that the protein was
denatured from its native state in the water medium
at 126.85°C, whereas it maintained its native
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conformation in the DES medium. This application of and an extraction time of 120 minutes. Furthermore,
DES renders them suitable for biocatalytic reactions they noted that pectin extracted using betaine-citric
and the long-term storage of biomolecules. In pectin acid exhibited a higher value of rhamnogalacturonan-I,
extraction, DESs present significant advantages over more arabinan side chains, and a higher molecular
strong acids, which are the conventional solvents for weight, when compared to pectin extracted using
this process. DESs are characterised by their high hydrochloric acid. Consequently, pectin extracted using
thermal stability, lower corrosiveness, and safety for DES demonstrated superior emulsifying activity and
use, leading to enhanced extraction efficiency and stability compared to hydrochloric acid-extracted
improved functional properties. For instance, Lin et al. pectins, suggesting its potential as an emulsifier in the
[50] found that pectin extracted from grapefruit peel food industry. Thus, the high thermal stability of DES,
using betaine-citric acid yielded 36.47%, a markedly combined with their eco-friendly characteristics and
higher yield compared to the 8.76% pectin yield high extraction efficiency, positions them as an
obtained with hydrochloric acid under a solid-to-liquid excellent alternative to traditional organic solvents
ratio of 1:25 g/mL, a pH of 2, a temperature of 85°C, across various applications.
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Table 3. T, T, and T, of each DES.

Tw (°C) T, (°C) T (°C)
ChCl 297.22 -48.76 -
ChDHCit 97.94 -48.99 -
MA 136.30 -48.36 -
ChCL:MA (1:2) 144.12 -45.51 291.93
ChDHCit:MA (1:2) 180.02 -46.17 -

Melting, Glass Transition, Crystallisation
Temperature

Differential scanning calorimetry (DSC) was utilized
to assess the melting points of solid, liquid, and mixed
samples. The idea is to measure the heat flow related
to the thermal events happening in the sample in
relation to temperature changes. Generally, melting
point (Tm) resembles the temperature at which the
solid phase transitions to the liquid phase [41]. The
eutectic point of a DES is known as its eutectic
temperature or the minimum T, value [14]. This
technique was used to determine the Tr, of solid ChCl,
ChDHCit, MA, liquid ChCl:MA, and ChDHCit:MA
by observing endothermic peaks in the DSC curves, as
displayed in Figure 6. Here, the peaks corresponding
to the T of ChCl, ChDHCit, MA, ChCI-MA, and
ChDHCit-MA are 297.22, 97.94, 136.30, 144.12, and
180.02°C, respectively. This proves that both DES
reached their eutectic points, indicating that solid
ChCl, ChDHCit, and MA successfully melted into
liquid ChCl:MA and ChDHCit:MA.

Table 3 presents a summary of the melting
point (Tr), glass transition (Tg), and crystallisation
temperature (T¢) for each component. The T, of DES
refers to a phase transition phenomenon from a more
ordered or glassy state to a more mobile and less
viscous state. DES are generally characterised as
mixtures with low T, values [47]. As displayed in
Figure 6, the T, values of ChCl:MA and ChDHCit:MA
were -45.51, -46.17°C, accordingly, meanwhile the T,
values of pure ChCl, ChDHCit, and MA were -48.76,
-48.99, and -48.36°C, respectively. The higher T, value
of DES compared to the T, of its constituent indicated
stronger hydrogen bonding in DES, as more heat
was needed to absorb in order to overcome these
interactions. According to Hammond et al. [51], these
hydrogen-bonding interactions are primarily responsible
for the less-ordered and non-rigid molecular arrangement
within the DES system, allowing for their flexibility
and adaptability. Therefore, it can be said that the
liquid starts to move more freely after passing the
Te. In addition, the crystallisation temperature
(Tc) was observed only for the phase transition of
ChCLI:MA at 291.93°C. T. indicates that ChCl:MA
solidifies at the reported temperature. Therefore, to
preserve its liquid state, ChCl: MA should be used
below the reported temperature.

The T of DES is influenced by lattice energy
and interactions between its components. Notably,
ChCI:MA obeyed the general rule of eutectic formation
of DES, in which the Ty, value (144.12°C) was between
that of its constituents (Tm MA = 136.30°C, T, ChCl
= 297.22°C). This agrees with Sai et al. [20], who
proved that the Ty, value of a hydrophobic DES was
9°C which was also between the T values of its
components, thymol and tetradecanol. Pure ChCl
exhibited a comparably elevated lattice energy, thereby
necessitating a larger amount of energy to disrupt its
crystal lattice. Nonetheless, due to the straightforward
and small structure of the chloride anion (CI") in ChCl,
when it interacts with hydrogen in MA, it facilitates
efficient hydrogen bonding and charge delocalisation.
This interaction leads to the dispersal of the charge
over a broader region, thereby diminishing the overall
electrostatic attraction and resulting in a lowered T, of
ChCLl:MA DES to 144.12°C.

Surprisingly, there was an exception for
ChDHCIit:MA, as the T, value (180.02°C) was
reported to be higher than that of its constituents
(T MA = 136.30°C, Ty ChDHCit = 97.94°C). This
phenomenon can be justified by the increased quantity
of hydroxyl and carboxylic groups found in the
structure of ChDHCit. These functional groups
contribute to an increased likelihood of forming
hydrogen bonds with MA, thereby necessitating a
greater amount of energy to disrupt these interactions.
However, it should be noted that the robust hydrogen
bonding network alone is not the sole determining
factor [52, 53]. Rather, the substantial and non-
symmetrical size of DHCit anion (C¢HsO7) plays a
critical role, as it can potentially cause steric hindrance
that counteracts and diminishes the effects of the
strong hydrogen bonding, ultimately resulting in a
higher T, of the ChDHCit:MA DES to 180.02°C.

Hence, the effects of different HBAs in the
DES system suggested that ChDHCit:MA had a
higher T, than ChCI:MA. Similar findings were
mentioned by AlOmar et al. [54], who conducted a
study on a glycerol (Gly)-based DES paired with
various hydrogen bond acceptors (HBAs), including
benzyl-triphenyl-phosphonium chloride (BTPC), methyl-
triphenyl-phosphonium bromide (MTPB), ChCl,
triphenyl phosphonium bromide (ATPB), diethyl ethanol-
ammonium chloride (DAC), and tetrabutylammonium
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bromide (TBAB). The researchers discovered that
BTPC-Gly exhibited the highest Tr, value of -21.99°C,
while ChCl-Gly exhibited the lowest T, value of -
33.47°C. According to their findings, an increase in
the size of the HBA led to a more compact
arrangement of molecules and weaker intermolecular
forces, resulting in a higher melting point, and vice
versa. Silva et al. [25] stated that capric acid based
DESs exhibit different T\, values because of the
different chain lengths of the HBDs. They reported
that combination of capric acid as HBA with stearic
acid as the longest HBD at a mole ratio of 4:1 had the
highest T, value of 28.80°C. Thus, choosing HBA and
HBD is crucial for determining the Tr, value of DES.

Acidity

Acidity refers to the quality, state, degree of sourness,
and tartness of the substance. It can be quantified by
the quantity of acid in a substance or solution. In a
chemical sense, acidity is typically associated with the
concentration of hydrogen ions (H") in the solution. In
this research, a digital pH meter was utilized to assess
and contrast the acidities of liquid ChCl:MA and
ChDHCit:MA to assess the effects of different HBA
on the DES acidity, as shown in Figure 7. The acidic
nature of MA as an HBD is expected to result in a low
pH for both the DES. The results suggest that ChCl:MA
had a lower pH (1.19+0.05%) than ChDHCit:MA
(4.24+0.019).
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The interaction and behavior of HBA and MA
in a solvent system can greatly affect the acidity and
stability of the solution. The acidity of DES is affected
by the acidic characteristics of MA, particularly its
capacity to donate protons. Malonic acid, which is a
weak diprotic acid, can donate two hydrogens, leading
to the release of H* cations into the solution and the
formation of a malonate anion (the conjugate base)
[55]. As a result, the system's pH was impacted by H"
cations concentration and the acid's strength. The
stability of the malonate ion (the conjugate base) was
essential for determining the solution's overall acidity.
A stable conjugate base affects the acidity of the DES.
Highly stable malonates are less likely to readily
accept a proton from the solution (H"), increasing the
H" concentration, thereby increasing the acidity of the
DES [56]. In this case, the malonate anions might be
stabilised by the interaction of the negatively charged
oxygen atoms on the malonate anion (CH2(COO"),) with
the positively charged ammonium group and hydroxyl
group in the choline cation [(CH3)sNCH,CH,OH]*
through electrostatic interactions and hydrogen
bonding, respectively. The interaction of malonate
anions with these two possible sites in choline is
more stable in ChCl:MA than in ChDHCit:MA,
which leads to the DES ChCI:MA being more
acidic than ChDHCit:MA. The bulky group of the
CeHsO7 anion could cause steric hindrance and affect
the accessibility of the malonate ions to these sites,
leading to less acidic ChDHCit:MA.
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Figure 7. pH of the ChCl:MA and ChDHCit:MA mixtures at 25°C.
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Modifying the HBA in the DES formulation
can greatly affect the final pH of the prepared DES,
since the interaction between the HBA as well as
HBD impacts the overall acidity and basicity of the
DES. Previously, Fuad et al. [57] categorised the
DES into acidic, sugar, and alcohol-HBD-based
DES and found the DES were in the pH range of
2.53+0.02-4.42+0.07, 6.44+0.13-6.64+0.38, and
5.9540.19-8.53+0.14, respectively. This demonstrates
that the pH of DES can vary depending on the chosen
HBA or HBD. Teles et al. [58] evaluated the acidity of
DES created from ammonium-based salts and carboxylic
acids by employing solvatochromic parameters, referred
to as hydrogen bond acidity (o), hydrogen basicity (p)
as well as dipolarity/polarizability (n*). They noted
that the carboxylic acid component primarily plays a
significant role in the high acidity of the DES. The
researchers also observed that the hydrogen bond
acidity (a) is highly dependent on the anion of the salt,
with chloride-based salts typically exhibiting higher
o values compared to bromide-based salts due to
stronger cation-to-anion interactions. These strong
interactions enhance the proton donation ability of
the HBD when it interacts with the HBA, thereby
stabilising the DES structure. Consequently, the lower
pH value of ChCl:MA (1.19+0.05%) in comparison
to ChDHCit:MA (4.24+0.01%) can be linked to the
higher hydrogen bond acidity and stronger hydrogen
bond interactions of ChCl with MA, respectively.
These factors result in greater proton availability in
the solution.
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Studying the acidity contributes to a better
understanding of how each DES acts in certain
applications. An acidic DES is appropriate for
extraction, for instance, the extraction of pectin from
fruit waste, because it allows mild conditions that help
preserve the quality of the extracted pectin and
improve its yield [59, 60]. This is because the high
concentration of H' cations from the solvents
effectively protonates the carboxylic group of pectin
which is deprotonated (COO") at neutral or slightly
basic pH. Hence, repulsion can be reduced, enabling
pectin to dissolve easily in the extraction solution
[61,62]. Specifically, these H' cations successfully
aided the disruption of hydrogen bonding and
electrostatic interactions that held pectin molecules
in the middle lamella walls. Previously, basic DES,
such as ChCl-urea, have been reported as promising
protein extractors for sea buckthorn seed meal,
without affecting their quality [63]. This is because
the high concentration of OH™ ions disrupts the
structure of proteins, causing them to unfold and lose
their native conformation. This unfolding exposes
the hydrophobic regions of the proteins, which can
interact with OH" ions and lead to the formation of
protein-hydroxide complexes. This complex was
easily separated from the rest of the seed meal,
allowing the release of proteins. In conclusion, the
design of DES revolves around the strategic selection
of HBAs and HBDs to attain the ideal acidity level
tailored for a specific purpose.
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Viscosity

Viscosity denotes the measurement of the resistance of
a liquid to flow and deformation. This describes the
internal friction within the moving fluid. Liquids with
high viscosity flow more slowly, whereas those with
low viscosity flow more easily [17]. The viscosity or
fluid thickness is influenced by the intermolecular
forces of attraction within the liquid. When these
forces were strong, the viscosity of the liquid
increased. The DES viscosity exceeds that of typical
organic solvents and associates with the hydrogen
bonding between the HBA and HBD [64-66]. The
viscosities of ChCl:MA and ChDHCit:MA from
25 to 65°C are shown in Figure 8. These results
suggest that ChCl:MA has a viscosity range of
888.30+117.90* to 177.704+5.00° mPa-s, which is
lower than that of ChDHCit:MA in the range of
15508.50+5.89* to 15032.80+1.50° mPa-s. Figure 8
also shows that the DES viscosity decreases with an
increment in temperature. Both DES experienced a
decrease in internal resistance, in which the hydrogen-
bonding network was disrupted or weakened at high
temperatures. According to the theory of mobility of
species in DES, heat accelerates molecular movement,
resulting in a larger space area, enabling molecular
movement. These results reflect those of Lapena et al.
[64], as the viscosities of ChCl-ethylene glycol and
ChCl-ethylene glycol-water showed the same trend
which increasing temperature from 5 to 65°C reduced
the viscosity from 100.9 to 10.90 mPa-s, and 66.65 to
7.966 mPa-s, respectively.

The effects of various HBA on the viscosities
of the DES were also investigated. As shown in
Figure 8, the viscosity of ChDHCit:MA was greater
than that of ChCI:MA at temperatures that ranges from
25 to 65°C. This is because of the structure of
ChDHC it is more complex than that of ChCl. The
occurrence of hydroxyl and carboxylic groups in
ChDHCit increases the possibility of hydrogen bond
formation between molecules, producing a very viscous
liquid. This is related to the free volume or holes
having appropriate dimensions [67, 68]. Free volume
refers to the unoccupied spaces within a material that
facilitate molecular movement. It is a critical factor in
determining the material's physical properties, such as
viscosity and diffusion. The concept of free volume is
associated with viscosity; specifically, an increase in
free volume within a material enhances the mobility
and rearrangement of molecules, resulting in lower
viscosity. In this case, the movement of ChDHCit was
restricted owing to the large and non-symmetric size
of the dihydrogen citrate ions and the more hydrogen
bonding with MA. Figure 8 also known as there is a
difference for the viscosities of each DES to be altered
or changed by temperature. The larger size and more
complex shape of ChDHCit:MA may result in a
smaller decrease in viscosity than that of ChCl:MA.
This suggests that the presence of a large C¢HsO7 ion
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leads to a less flexible DES than that a with smaller CI°
ion. The flexibility of ChCl:MA enables molecules to
be packed more tightly and to flow more smoothly as
the temperature increases. Consequently, the viscosity
of MA-based DESs may be adjusted by altering the
temperature, showcasing their adaptability to fulfil
specific application needs.

A study by AlOmar et al. [54] discovered that
methyl-triphenyl-phosphate bromide MTPB-glycerol
(Gly) with a larger size of HBA was more viscous with
a value of 2775.9 cP than ChCI-Gly with a value of
281 cP. In addition, Savi et al. [69] reported that ChCl-
citric acid is more viscous compared to ChCl-lactic
acid, owing to its extensive hydrogen bonding and
high molecular weight. The high and low viscosities
of DES exhibit different roles in certain applications.
For instance, viscous DES are preferable as active
solvents in catalytic reactions because they help
increase the contact between the catalyst and the
reactants [70]. In contrast, less viscous DES are suitable
for gas separation [71], liquid-phase microextraction
[72], corrosion protection [73], and as green substitutes
for extraction media [74]. The low viscosity value
was reported to be approximately 19 cP at room
temperature for ChCl-ethylene glycol having a molar
ratio of 1:4 which is commonly used in the development
of CO»-philic separation membranes [75,76]. Moreover,
there exists a correlation between viscosity and industrial
applications, particularly in extraction processes. For
instance, a lower viscosity of DES can enhance the
solubility of pectin, thereby facilitating its extraction
by allowing pectin molecules to diffuse more readily
from plant cell walls into the DES. This improved
interaction between the DES and the plant material
results in increased extraction efficiency [77]. Thus,
choosing the right viscosity is crucial for maximising
the performance, energy usage, product quality,
equipment compatibility, and even safety in a range
of applications.

Density

The density of a liquid is defined by its degree of
compactness. This indicates the proximity of the
liquid molecules packed together. The DES is a liquid;
therefore, its density can be determined by dividing
the amount of matter contained in the volume it
occupies. In this study, the densities of the two types
of DES were measured at 25°C, as shown in Figure 9.
These results suggest that ChCl:MA was denser than
ChDHCIit:MA, with values of 1.1464+0.0003% and
1.0878+0.0002* g/mL, respectively. These density
values agree with those reported in the literature for
most DES, in which the density was greater compared
to that of water and between 1.00 to 1.35 g/cm®at 25°C
[78, 79]. The reason for the differences in density
values between the two types of DES is that the
molecular weight of ChDHCit (295.29 g/mol) is
greater than that of ChCl (139.62 g/mol).
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Figure 9. Densities of ChCl:MA and ChDHCit:MA at 25°C.

Higher-molecular-weight HBAs or HBDs tend
to increase the overall mass of the DES, which could
intuitively suggest an increase in density. However,
the relationship between molecular weight and density
in DES systems is not straightforward because of the
complex interplay between molecular size, extent of
hydrogen bonding, and resultant volume occupied by
the DES. As mentioned by Sinclair et al. [80], the
presence of bulky HBA molecules can disrupt the
compactness of the molecular packing within the DES
structure because of the increased volume occupied,
formation of HBD-HBD aggregates, and the prevalence
of HBD-anion hydrogen bonds. In this study, ChDHCit
had a lower density which is probably due to the
asymmetrical dihydrogen citrate ion, which restricts
the closer packing of the molecules, as explained in a
previous viscosity study, in which ChCl:MA is more
flexible and packed more tightly than ChDHCit:MA.
This study was compared with that of Ibrahim et al.
[67], who studied the physicochemical properties of
DES comprising ethylene-glycol-based HBAs. They
observed that the densities decreased in the following
order: methyl-triphenyl-ethanol-ammonium chloride
> benzyl-triphenyl-phosphonium bromide > ChCl >
N, N-diethyl-triphenyl-phosphonium bromide < tetra-
n-butyl-ammonium bromide. According to Fuad et al.
[57] and Sharma et al. [81], increasing the carbon
chain length of HBA or HBD restricts closer packing
within the DES systems. This leads to greater hindrance
and fewer possible hydrogen-bonding interactions,
thereby reducing the density of certain DES. The
findings yield demonstrated that a smaller HBA size
leads to a denser eutectic mixture.

The density of DES holds a vital part in
determining their suitability for various applications,
as it affects their solvation ability and interactions
with different substances. High-density DESs are
particularly advantageous in applications that require
efficient phase separation and the ability to dissolve
denser materials. For instance, in the oil and gas
industry, high-density DES are preferred for separation
processes, such as dearomatization, desulfurisation,
and purification of biodiesel, as their density aids in
the effective separation of components based on their
densities [82]. Another example that necessitates a
high density of DES is in the extraction of pectin. An
increased density of DES can enhance the separation
of pectin from the solid matrix, resulting in a higher
yield of extracted pectin. This phenomenon can be
attributed to the superior ability of denser solvents to
dissolve and transport pectin away from the plant
material, thereby underscoring the relationship between
the density of DES and the extraction process [77]. On
the other hand, low-density DES find applications in
areas where lighter solvents are required for effective
processing, or where the buoyancy of solutes is a
factor. For example, in analytical chemistry, low-
density DES are utilised as effective extractants for
the isolation of both hydrophobic and hydrophilic
analytes from various samples, where their lower
density can be beneficial for liquid-liquid extraction
processes [83]. Furthermore, in the electrochemistry
field, DESs with lower densities are preferred for
applications, for example, electrolytes in batteries and
supercapacitors because they can lower the overall
weight of the device and enhance its portability and
efficiency [84, 85]. In summary, the suitability of
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high- or low-density DESs for certain applications
is determined by the specific requirements of the process,
including the need for phase separation, density of
materials to be dissolved, and desired physical properties
of the end product.

Surface Tension

The idea of the surface tension in a liquid refers to
the force per unit length acting on its surface. In
the context of DES, the surface tension is influenced
by the hydrogen bonding between HBA as well as
HBD. As displayed in Figure 10, the surface tensions
of both DES were comparable, but that of ChDHCit:MA
(49.903+0.376* mN/m) was slightly greater compared
to that of ChCl:MA (48.94440.140* mN/m). These
differences may be related to the size of the dihydrogen
citrate anion which was larger than that of the chloride
anion. The large anions increase the surface area by
incorporating more hydroxyl groups, which forms
stronger hydrogen bonds with MA, resulting in
cohesive forces. This enhances the surface's ability
to generate stronger mutual attractive forces that
counteract external forces, making the surface molecules
more resistant to breakage. This idea was corroborated
by Guan et al. [86], who integrated the density gradient
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with perturbed chain statistical associating fluid theory
as a model to achieve a comprehensive understanding
of the phenomenon. They mentioned that the large
anion of HBA within the DES system led to enhanced
interfacial interactions and the resultant increase in the
energy needed to disrupt the DES liquid’s surface layer.

In addition, the surface tension is closely
associated to the viscosity of DES, where a more
viscous fluid tends to have a higher surface tension
owing to the increased intermolecular forces at the
surface and vice versa [87]. Because the viscosity of
ChDHCIit:MA is greater than that of ChCl:MA, the
resulting surface tension is also high. The high viscosity
of ChDHCit:MA means the molecules exhibit lower
mobility, leading to a non-uniform distribution at the
liquid-air interface. Due to this reason, the cohesive
forces were enhanced and contributed to its high surface
tension. Nunes et al. [88] further supported this
relationship. They reported that menthol-octanoic acid
based DES exhibited high and low viscosities of 8.81
mPa.s (at 25°C) and 3.51 mPa.s (at 55°C), respectively,
which correlated with their high surface tension of
23.32 mN/m and 20.44 mN/m. It can therefore be
anticipated that the viscosity of DES affects its surface
tension, as these two properties are interconnected.

50 48.9440.140°
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Figure 10. Surface tension of ChCl:MA and ChDHCit:MA at 25°C.
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Compared to the study conducted by Omar and
Sadeghi [89], the surface tension of pyrogallol-based
HBAs, including ChCl, n-dodecyl-trimethylammonium
bromide (n-DDTMAB), tetracthylammonium bromide
(TEAB), tetrapropylammonium bromide (TPAB),
and tetrabutylammonium bromide (TBAB), decreased
in the following order: [ChCl:PY] > [TEAB:PY] >
[TPAB:PY] > [TBAB:PY] > [n-DDTMAB:PY]. They
noted that the length of the alkyl chain in HBA
significantly influenced this trend of decreasing surface
tension, indicating that longer alkyl chains resulted in
higher surface tension. In comparison, Chen et al. [90]
reported the surface tension of ethylene glycol (EG)
based ChCl and ChBr to be 49.4 and 48.3 mN/m,
respectively. They stressed that the higher surface
tension of ChCL:EG than that of ChBr:EG could be
attributed to the superior capacity of Cl anions to form
stronger electrostatic interactions than Br anions, due
to the smaller radius and greater electronegativity of
Cl within the halogen group of the periodic table.
Therefore, it may be concluded that the surface tension
of the DES is affected by the alkyl chain length,
electronegativity, and size of the HBA anions.

Ionic Conductivity

The ionic conductivity with respect to a DES is a
measure of its ability to transmit electric current
because of the presence of ions within its composition.
The ionic conductivities of ChCl:2MA and ChDHCit:MA
were experimentally determined at 25°C. As depicted
in Figure 11, the ionic conductivity of ChCl:MA
(954+£5.292* uS/cm) was greater than the ionic
conductivity of ChDHCit:MA (41.67£1.528* uS/cm).
This can be associated to the smaller size of the CI-
anion in comparison to the C¢HsO7 anion. Therefore,
the smaller ionic radius of the Cl™ anion results in a
shift of the eutectic point towards higher salt contents,
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leading to increased ionic conductivity. Additionally,
the hydrogen bonding strength and viscosity of
ChCI:MA were lower than those of ChDHCit:MA,
indicating that the ability of the Cl" anions to move
more freely was more pronounced than that of the
CeHsO7 anion.

As compared with the study conducted by
Sedghamiz and Raeissi [91], the values of ionic
conductivities of ethylene glycol (EG) with different
HBA based DESs was increased as the following
order: NaCl-EG (4.73 mS/cm) < NaBr-EG (6.92
mS/cm) < Nal-EG (7.81 mS/cm). They attributed the
increasing trend of ionic conductivity with respect to
the prepared DES to the increased size of the halogen
atoms, which means that the valence electrons are far
from the nucleus, enabling them to move more freely.
The size of the HBA used and the mobility of the
ions within the system clearly influence the
ionic conductivity of the DES. Undoubtedly, the
preparation of a high-ionic-conductivity DES may
be achieved by selecting smaller-sized HBA with a
significantly simpler structure, which is advantageous
for lowering its viscosity. The ionic conductivity of
DES is pivotal in various industrial applications,
including batteries and extraction processes. In the
context of batteries and supercapacitors, high ionic
conductivity is essential for efficient charge transport,
as it enables ions to move more freely [92].
Furthermore, in pectin extraction, as noted by
Alamineh [93], the elevated ionic conductivity of DES
can enhance the extraction process by improving
solvent penetration into plant tissues, thereby
increasing extraction yields. Consequently, the
implementation of a DES with high ionic conductivity
presents an effective strategy for developing
electrochemical devices and augmenting the pectin
extraction process.
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Figure 11. Ionic conductivities of ChCI:MA and ChDHCit:MA mixtures at 25°C.
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Table 4. Solubilities of ChCl:MA and ChDHCit:MA at 25°C.

Solvent (Polarity Index) ChCI:MA (1:2) ChDHCit:MA (1:2)

Hexane (0.009) non-miscible non-miscible

Chloroform (0.259) non-miscible non-miscible
DMSO (0.444) miscible miscible
Acetic acid (0.648) miscible miscible
Ethanol (0.654) miscible miscible
Methanol (0.762) miscible miscible
Water (1.00) miscible miscible

Polarity

In chemical bonding, polarity is the unequal distribution
of electrical charge over atoms, owing to the different
electronegativities of the elements. Polarity is linked
to solubility through the "like dissolve like" theory,
which states that polar substances dissolve in polar
solvents and vice versa. Hence, the polarities of
ChCL:MA and ChDHCit:MA could be predicted by
dissolving them in a wide range of solvents, as
summarised in Table 4. The results showed that both
the DES had a wide range of solubilities. DES are
soluble in solvents with a polarity index above 0.444,
such as dimethyl sulfoxide (DMSO), acetic acid,
ethanol, methanol, and water. The DESs were not
dissolved (non-miscible) in non-polar solvents such as
hexane and chloroform, with polarity indices ranging
from 0.009 to 0.2059. DMSO is a non-polar solvent,
but the existence of a positive charge on sulphur
and a negative charge on oxygen causes it to interact
with the DES and dissolve them together. Therefore,
ChCl:MA and ChDHCit:MA are hydrophilic DES that
can be used as media for the extraction of polar
compounds and biopolymers. The polarity of DES
influences their efficacy in extracting both polar and
non-polar compounds. For instance, Shafie et al. [17]
synthesised a polar DES consisting of choline chloride
and citric acid for the extraction of pectin from
Averrhoa bilimbi, achieving a yield of 14.4%. This
observation suggests that the presence of hydroxyl
or carboxylic acid groups, acting as hydrogen bond
donors (HBD), typically results in the formation
of polar DES. Such polar DES exhibit the capacity
to create strong interactions, including hydrogen
bonds and dipole-dipole interactions, with polar
solute molecules. Consequently, these interactions
are believed to facilitate the effective solubilisation of
polar molecules. In the context of non-polar DES,
these solvents are specifically formulated to interact
effectively with non-polar compounds. For instance,
Srivastava et al. [94] employed a non-polar DES
comprising acetic acid and n-decanoic acid in a molar
ratio of 1:2. This particular composition imparts a
polarity to the prepared DES that is akin to that of
chloroform, a widely recognised non-polar solvent,
thus rendering it proficient in the extraction of non-
polar phytochemicals. The interactions between the
non-polar DES and non-polar compounds occur via

van der Waals forces, which subsequently facilitate
the solubilisation of these non-polar compounds.
Through these interactions, the authors successfully
extracted scopotelin, rutin and aegeline as non-polar
phytochemicals. Therefore, to effectively target and
extract polar compounds, a polar DES is necessary,
whereas for the targeting and extraction of non-polar
compounds, a non-polar DES is required.

CONCLUSION

ChCI:MA and ChDHCit:MA were successfully prepared
at a mole ratio of 1:2, indicating that the HBA and
HBD used were compatible. This was validated by
FTIR-ATR analysis, which showed that hydrogen
bonding existed between HBAs and HBD through
O-H stretching. Various HBAs had a notable impact
on the physicochemical properties of the DES. The
outcomes demonstrated that ChDHCit:MA had a higher
Tm and surface tension, whereas ChCl:MA had a
higher Tq, acidity, density and ionic conductivity.
A lower viscosity caused ChCl:MA facilitates mass
transfer effectively during the extraction process.
Even though ChDHCit:MA have higher viscosity, they
are also potential to be used as solvent extractor since
heating can reduce their viscosity, as it did not easily
decompose. ChCl:MA is more thermally stable as its
Tq is higher than ChDHCit:MA. Both DES are polar
and soluble in water, as well as semi-polar and highly
polar in organic solvents. Consequently, both DES can
function as solvent extractors for the recovery of
natural products like pectin and polysaccharides.
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