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1 Introduction

Synthesis and application of a deep eutectic solvent
as a green catalyst for use in oil esterification: DOE
optimization and method greenness analysis

Sassi Siddigqui,® Mahabash Khanzada,? Saima Qayoom Memon, (2 *?
Amber Rehana Solangi (2 ° and Muhammad Yar Khuhawar®

Deep eutectic solvents (DESs), as a new generation of green solvents, have attracted the attention of
researchers because they meet all the requirements of green chemistry. DESs are made by combining
a hydrogen-bond acceptor (HBA) and a hydrogen-bond donor (HBD) in a solid-phase reaction and are
liquids at room temperature with melting points lower than those of the individual components. In the
current research, new DESs containing tetrabutylammonium bromide as hydrogen-bond acceptor (HBA)
and oxalic acid as a hydrogen-bond donor (HBD) in mole ratios of 1:1to 1:5 have been synthesized and
characterized by FT-IR and NMR spectroscopy. The physicochemical properties and electrochemical
behavior of the DES have also been investigated. Cytotoxic studies on 3T3 cell lines showed no toxic
effects of the synthesized DES. It showed no inhibition of 5 different microorganisms, confirming its
eco-friendly, non-toxic and biocompatible nature. The synthesized DES was used as a green catalyst in
place of sulphuric acid for the esterification of used oil. The esterification efficiency was optimized using
the design of experiment (DoE) approach by varying the amounts of methanol and DES and the reflux
time. An esterification efficiency of 96.3% was achieved at optimum variable values of 8.5 mL methanol,
0.5 g DES and 10 min reflux time at 60 °C. Analysis of variance showed that the amount of DES was the
most significant variable. The effects of interaction variables, i.e., DES amount with reflux time and
methanol volume with reflux time, were also found to be statistically significant. The greenness indices
of the classical esterification reaction and the DES-based esterification were compared using three
different greenness methods, namely, the National Environmental Methods Index (NEMI), the Analytical
Procedure Index (GAPI) and the Analytical Eco-Scale method. A comparative method greenness analysis
of the catalysts reported for the esterification reaction was conducted using the Analytical Eco-Scale
method.

with a lower melting point than the starting materials;> however,
because the components are connected by a hydrogen-bond

The unique properties of ionic liquids (ILs), such as low volatility,
low melting point,* high thermal stability, wide range of solubility
and non-flammability, have been a topic of interest in research.
However, the synthesis of ILs involves the use of halogenated
compounds and imidazolium salts, which contradicts the idea of
green analytical chemistry (GAC); furthermore, their preparation is
energy-intensive, and the final products usually require organic
solvents for purification. In light of these challenges, researchers
are increasingly focusing on deep eutectic solvents (DESs), a cate-
gory of solvents that have applications in almost every field of
science and share many of the properties and features of ILs. DESs
are composed of two or more solid components that give a mixture
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network, they are structurally different from ionic liquids. The
first synthesized DES was reported by Abbott,* and DESs have since
been replacing ionic liquids for many applications.* So far, most of
the studies have been focused on eco-friendly, biodegradable and
green solvents based on choline chloride, a quaternary ammo-
nium salt.”® Recently, tetrabutylammonium bromide (TBAB),
a quaternary ammonium salt, has emerged as a phase transfer
catalyst for a variety of organic transformations.’®"* The physical
properties of various synthesized DES have been reported.”*""*
This paper explores the synthesis of DESs based on TBAB with
different ratios of oxalic acid, in contrast to the literature, where
mainly equimolar amounts of HBA and HBD have been reported.
Based on the physicochemical and electrochemical analysis, the
best DES was identified and used as a catalyst for esterification
reactions. Esters are among the most essential compounds in
organic chemistry, with applications in various industrially
significant products. The key factors for industrial applications
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aimed at enhancing reaction rates are the activity, stability and
reusability of the catalyst. Common catalysts used in esterification
are homogeneous catalysts, such as sulphuric acid, and hetero-
geneous catalysts, such as ion exchange resins, ionic solvents and
some deep eutectic solvents.'® Sulphuric acid is a good catalyst
used in classical esterification reaction; i.e., the Fischer process.
However, sulphuric acid is considered hazardous because of its
corrosive properties. In contrast to sulphuric acid and ionic
liquids, deep eutectic solvents offer a low-cost and biodegradable
alternative.* In order to make informed decisions for the adoption
of DES as a green alternative, it is important to evaluate the envi-
ronmental sustainability through the use of greenness index
analysis of esterification reactions using DES as a catalyst. Factors
such as energy consumption, solvent toxicity and waste generation
can be evaluated using the National Environmental Methods Index
(NEMI)," the Green Analytical Procedure Index (GAPI)*® and the
Analytical Eco-Scale method.*

The National Environmental Methods Index (NEMI) tool
provides a quick view of a method's environmental friendliness. It
uses the criteria of pH, the hazardous nature of generated waste,
and bioaccumulation. The Green Analytical Procedure Index is
a more comprehensive evaluation procedure that considers the
entire analytical procedure. Green, yellow and red colors in the
generated pictogram highlight the environmental impact of each
step of a reaction. A semi-quantitative tool based on the penalty
points for toxicity, energy consumption and waste generated for an
analytical method is called the Analytical Eco-Scale. A higher score
on the Analytical Eco-Scale indicates a greener method.

2 Experimental methods
2.1 Synthesis and toxicity measurement of DESs

DES was synthesized by mixing tetrabutylammonium bromide
as a hydrogen-bond acceptor and oxalic acid as a hydrogen-
bond donor by following the reported method.** DESs were
synthesized in different molar ratios, ie., 1:1,1:2,1:3, 1:4,
and 1: 5, with constant stirring at 300 rpm at 80 °C for 2-3 hours
until homogeneous, transparent, pale-yellow and viscous solu-
tions were obtained. All the synthesized DESs were stored in
sealed laboratory vials and kept in a desiccator over silica gel
and used without further treatment.

The toxic effects of DES were evaluated on the 3T3 cell line
using American Type Culture Collection (ATCC) CRL-1658 lot
no. 59049195. Cells were cultured in Dulbecco's Modified Eagle
Medium, supplemented with 5% fetal bovine serum (FBS), 100
IU mL™" penicillin, and 100 ug mL™" streptomycin in 75 cm?
flasks and kept in a 5% CO, incubator at 37 °C. The extent of
MTT reduction to formazan within the cells was calculated at
different time intervals by measuring the absorbance at 540 nm
using a microplate reader (Spectra Max plus, Molecular Devices,
CA, USA). The cytotoxicity was recorded as the concentration
causing 50% growth inhibition (ICs,) for 3T3 cells. The percent
inhibition was calculated by using the following formula:

% Inhibition = 100 — ((mean of O.D. of test compound
— mean of O.D. of negative control)/
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(mean of O.D. of positive control
— mean of O.D. of negative control) x 100).

2.2 Characterization of synthesized DESs

The synthesized DESs were characterized by FT-IR and "H NMR
spectroscopic techniques. FT-IR spectra for DESs of different
mole ratios and pure oxalic acid and TBAB were also recorded
with a Thermo-Nicolet FT-IR spectrometer equipped with
a diamond ATR accessory. The proton NMR spectrum of 1:4
DES was taken in DMSO in order to further confirm the struc-
ture of the synthesized DES.

The viscosities and densities of all the DESs were measured
using a viscometer and an R.D. bottle.

2.3 Electrochemical behavior of the synthesized DES

The electrochemical measurements were conducted on
a CHI760 electrochemical workstation (USA) with a single-
compartment, three-electrode system. A GC electrode was
used as the working electrode and Pt as the counter electrode.
HCI (0.1 M) was taken as a bare electrolyte, and the synthesized
DESs were scanned as reported in the previous work.> The
experiments were performed at room temperature, and
a potential window of +1.5 £+ 0.4 mV was selected for CV scans.

Conductivity measurements of the synthesized DES were
performed at room temperature (30 °C) with a conductivity
meter (Orion 150Aplus). The cell values were periodically
checked by using solutions of known conductivity.

2.4 Experimental setup for esterification reaction

The influence of the process parameters on the esterification
reaction, as well as the optimum conditions with respect to
percent yield, was investigated using a multifactorial design of
experiments approach with three factors, analyzed using Stat-
Graphics® Centurion XVI software. Prior to use, low-quality,
used semi solid oil was heated at 70 °C until a uniform phase
was formed. For the esterification reaction, 1 g of liquid oil was
placed in a closed jacket reactor with an overhead condenser.
Different volumes of DES catalyst (0.5-3.5 wt%) and methanol
(5 mL-20 mL) were added to the reactor. The reaction mixture
was heated for 10-120 min while stirring continuously at
350 rpm. All the experimental runs were performed thrice to
ensure accuracy. The FFA content was calculated as the weight
percentage of acid produced during the reaction, based on the
modified AOCS official method Ca-5a-40.* For the titrimetric
analysis, 1.0 g of the oil sample was dissolved in 50 mL of iso-
propanol and 0.1% phenolphthalein solution was added as an
indicator. The solution was then titrated with 0.1 N potassium
hydroxide until a persistent faint pink color appeared. The
product yield, which indicated the conversion of (free fatty acid)
FFA into free fatty acid methyl ester (FAME), was calculated
using the following equation;

FFA; — FFA,

Conversion = FFA.
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Table 1 The matrix of experiments for factorial design and the
responses recorded as percent yield

Parameters Results
Volume of methanol ~ Amount of  Reflux time  Efficiency
Run (mL) DES (g) (min) (%)
1 5.00 3.50 65.00 0.00
2 12.50 3.50 120.00 75.00
3 5.00 2.00 120.00 0.00
4 5.00 2.00 10.00 0.00
5 12.50 0.50 10.00 80.00
6 12.50 2.00 65.00 24.00
7 20.00 3.50 65.00 46.00
8 12.50 3.50 10.00 24.50
9 20.00 2.00 120.00 20.00
10 20.00 2.00 10.00 5.00
11 12.50 0.50 120.00 68.00
12 12.50 2.00 65.00 23.50
13 12.50 2.00 65.00 23.50
14 5.00 0.50 65.00 80.00
15 20.00 0.50 65.00 48.00

where FFA; and FFA, are the initial and final values of free fatty
acids before and after esterification, respectively.
Esterification reactions using sulphuric acid were also con-
ducted for comparison. Table 1 shows the conditions under
which 15 experimental runs were conducted, and the % effi-
ciency of the esterification for each experiment is also reported.

2.5 Recovery of DES after esterification

In order to evaluate the reusability of the DES as a catalyst,
recovery tests were performed. For this purpose, after esterifi-
cation, the reaction mixture was centrifuged at 3000 rpm for
about 15 min. The methanol and oil separated into two layers
due to their difference in viscosity and density. The methanol
layer was evaporated and the oil layer was centrifuged again at
3000 rpm for 10 min, which separated the DES. The FT-IR of the
recovered DES was recorded in order to confirm the structure.

2.6 Cytotoxic and microbial investigation of DES

Cytotoxicity tests were conducted to determine whether the DES
exhibited harmful effects on cell viability and growth function.?
For the cytotoxicity test, 3T3 cell lines were used with three
different ratios of DES. The effect of the DES on the inhibition of
microbial activity was also studied using the three different
ratios.

3 Result and discussion
3.1 FT-IR and "H NMR spectroscopy

The formation of DESs based on TBAB and oxalic acid with
different mole ratios was confirmed by studying the Fourier
transform infra-red (FT-IR) spectra in the range of 4000 cm ™" to
500 cm™ ' and the "H NMR spectra.

In Fig. 1, the IR spectra of pure compounds, i.e., TBAB and
oxalic acid, and mixtures of different mole ratios are presented.

The spectra show the carbonyl stretching peak at 1733 cm™ ",

48630 | RSC Adv, 2025, 15, 48628-48638

View Article Online

Paper

120
100
(0]
[$]
! =
T 80
=
=
2
g o0
|_
X
40
20
0
4000 3500 3000 2500 2000 1500 1000 500
wavenumber (cm™)
Fig.1 FT-IR spectra of DESs at different mole ratios of TBAB to oxalic
acid.

and the C-H vibration peaks at 2959 cm ™" and 2874 cm ™" are
attributed to the -COOH of oxalic acid. In pure oxalic acid, the
O-H stretching vibration appears as a broad band around
3400 cm ™! for the O-H, which shifts towards 3350 cm™*in1:1
DES. The C-H stretching of the n-butyl group appears at
2910 cm ™. A stretching vibrational band shift from 1644 cm™*
to 1695 cm ™' for the C=0 group was observed in the DESs,
showing the interaction of TBAB and oxalic acid. As the mole
ratio of oxalic acid to TBAB increases, the broad O-H peak
stretches and flattens, and a significant reduction in intensity
can be seen, especially in 1:4 DES. These observations suggest
the formation of strong hydrogen bonds. A high carbonyl
stretching peak is observed at 1:3 and 1: 4 ratios, and the C-N
stretching peak shifts in the 1 : 4 DES. Different mole ratios were
synthesized up to 1:10, but there were no significant differ-
ences; therefore, these are not reported here. This suggests that
TBAB-OxA complexes in those ratios were likely to be solutions
of TBAB in OxA.*

The 'H NMR spectrum (Fig. 2) in DMSO shows the charac-
teristic signals of tetrabutyl ammonium bromide; i.e. a triplet
near 0.95-1.00 ppm of the terminal protons, a multiplet at
around 1.25-1.34 ppm corresponding to the y-methylene
protons, and a signal at 1.55-1.65 ppm attributed to the B-
methylene protons, which appear as a multiplet because of
coupling with adjacent methylene protons. A broad triplet can
be seen around 3.15-3.25 ppm corresponding to the a-methy-
lene protons directly bonded to the quaternary ammonium
nitrogen. The broadening in the NMR signal is attributed to the
hydrogen bond interaction between the ammonium and oxalic
acid moieties.

Based on the observed FT-IR spectra and supported by the
NMR spectrum, the structure of the tetrabutyl ammonium
bromide-oxalic acid deep eutectic solvent is proposed in Fig. 3.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06461a

Open Access Article. Published on 08 December 2025. Downloaded on 2/10/2026 2:20:13 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
1V ~N ounN OM\DPQ\G\O\DMQQ ma LAD# 442
§ £33 398Ees8gEsesgan
§ 5A7 IRhAARSARINRINS
@ @Em NedeeAdd St d L 1500 current Data Parameters
'& NANE oct22-25
EXPNO 6
PROCNO 1
F2 - Acquisition Parameters
Date, 20251022
Time 15.54 h
INSTRUM AVNeo_400
PROBHD  28247_0040 (PH
PULPROG 2g3
™ 32768
SOLVENT DySO
NS 32
DS
SWH 7812.500 Hz
FIDRES 0.476837 Hz
AQ 2.0971520 sec
RG
' Di¥ 64.000 usec
! DE 14.30 usec
TE 209.5 K
D1 2.00000000 sec
TDO
sFOl 399,9331994 Mi:
1M
ggCI 3.32 usec
Pl 9.05 usec
PLW1 6.00000000 W
2 - Processing parameters
5 ) 9 P52768
SF 399.9300070 MHz
WDW EM
SSB 0
LB 0.30 Hz
1 cB 0
) PC 1.00
’ l
5
=3
B SN
T T T
_ T T T T T T T o)
9 8 6 5 ) 2 1 T
"
“wmo
3 -
] - o
- 293
™ oo
Y,
‘I
'
1
[
1
1
1!
|
1
‘\r‘/ ‘/ \)" ‘/ \|° r
"~ | (=} =
o i K =
T T T T . Y y . =
3.4 3.2 2.2 2.0 1.8 1.6 1.4 1.2 1.0 0.8  ppm
. 1 )
Fig.2 “H NMR spectrum of 1: 4 DES (top) and an expanded spectrum (bottom).

© 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2025, 15, 48628-48638 | 48631


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06461a

Open Access Article. Published on 08 December 2025. Downloaded on 2/10/2026 2:20:13 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Br.
“Ho o
Ny
/
Ho
B r::
s U B
\/\/ \/\/

Fig. 3 Proposed structure of the deep eutectic solvent based on
TBAB-oxalic acid.
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Fig. 4 Cyclic voltammograms of the DESs synthesized in 5 different
mole ratios.

3.2 Electrochemical properties of DES

Cyclic voltammetry is one of the most common and powerful
techniques for studying electrode reactions.>® To investigate
whether DES can replace costly ionic liquid (IL) electrolytes, CV
scans were conducted.?**”

In order to investigate the redox behavior of the synthesized
DES, a CV scan of each DES was taken. Fig. 4 shows cyclic vol-
tammograms (CVs) of all 5 DESs. As can be seen from the figure,
the shape of the curve and the peak positions of each DES vary.
DES 1:4 shows the strongest redox current, suggesting
enhanced electron transfer. TBAB and oxalic acid alone show
very small redox peaks in comparison to those of the DESs,
which have strong redox peaks. The order of DES activity with
respect to their ratios is DES 1:4 >DES1:3>DES 1:2>1:1
and 1:5. DES1:5 and 1: 1 have the lowest redox response. The
results suggest that the DES ratio significantly affects the

48632 | RSC Adv, 2025, 15, 48628-48638
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Table 2 Physicochemical properties of the synthesized deep eutectic
solvent

DES Viscosity Density Conductance
(HBA: HBD) (mPa s) (kg m™?) (s em™)
1:01 2.1502 1097.76 1203

1:02 2.1430 1016.78 1503

1:03 2.075 1018.87 3270

1:04 1.989 1020.96 9340

1:05 1.910 1042.80 6030

electrochemical performance of the DES, and, in this case, DES
1:4 exhibited the optimum response.

This data also correlates with the conductance data. Table 2
shows that the conductivity increases with the increase in the
amount of HBD from 1:1 to 1: 4, then there is a slight decrease
at 1:5. The highest conductance is at 1: 4, i.e., 9340 pS cm ™', as
is the current response. DES 1 : 5 shows a lower electrochemical
response and a lower conductivity than DES 1:4. The higher
conductivity improves ion mobility and reduces solution resis-

tance, thereby facilitating the charge transfer reaction.

3.3 Conductivity, viscosity and density measurements of the
synthesized DES

Table 2 shows the physicochemical properties of all 5 synthe-
sized DESs. The increase in mole ratio of oxalic acid in the DES
enhances the ionic conductivity and ion mobility, reduces the
viscosity, and promotes faster diffusion of ions up to a mole
ratio of 1:4; a drastic increase in conductance can be seen as
the ratio increased from 1:3 to 1:4. Further, the conductivity
decreases as the molar ratio of oxalic acid increases to 1:5,
which can be explained on the basis of a saturation point,
beyond which further additions of oxalic acid may not lead to
more dissociation. The results are found to be comparable to
those in the literature.>

Viscosity and density measurements were also carried out
because these are important properties of a liquid for industrial
applications. DESs are quite high in rank of viscosity and are lower
in their conductivity as compared to ionic liquids and other
solvents.”® Table 2 shows the effect of increasing the amount of
HBD on the viscosity of the DES. The viscosity of the DES decreases
with increasing mole ratios, which may be due to the increase in
the strength of the intermolecular interactions between TBAB-OxA
and OxA-OxA. This trend is consistent with the findings of Zhao
et al.,”® who investigated choline acetate and glycerol. However,
this contrasts with the studies by Sazali** and Abbot et al.,** who
examined choline chloride and glycerol, where the viscosity only

Table 3 Toxicity of DES with different ratios

DES ratio Cell line Effect trend 1C5o = SD
TBAB : oxalic acid 1:3 Cell 3T3 No effect —
TBAB: oxalic acid 1:4 Cell 3T3 No effect —
TBAB : oxalic acid 1:5 Cell 3T3 No effect —

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Antimicrobial activity of three different DESs against five microbial organisms

% Inhibition

DES ratio Micro-organism % Inhibition of compound (ofloxacin)
TBAB: oxalic acid 1:3 E. Coli No inhibition 95.27
TBAB : oxalic acid 1:3 Bacillus subtillus No inhibition 96.83
TBAB: oxalic acid 1:3 S. aureus No inhibition 94.40
TBAB : oxalic acid 1:3 Pseudomonas aerogenosa No inhibition 95.07
TBAB : oxalic acid 1:3 Ssalmonella typhi No inhibition 94.51
TBAB : oxalic acid 1:4 E. Coli No inhibition 95.27
TBAB: oxalic acid 1:4 Bacillus subtillus No inhibition 96.83
TBAB: oxalic acid 1:4 S. aureus No inhibition 94.40
TBAB : oxalic acid 1:4 Pseudomonas aerogenosa No inhibition 95.07
TBAB : oxalic acid 1:4 Salmonella typhi No inhibition 94.51
TBAB: oxalic acid 1: 5 E. Coli No inhibition 95.27
TBAB : oxalic acid 1: 5 Bacillus subtillus No inhibition 96.83
TBAB: oxalic acid 1: 5 S. aureus No inhibition 94.40
TBAB: oxalic acid 1: 5 Pseudomonas aerogenosa No inhibition 95.07
TBAB : oxalic acid 1:5 Salmonella typhi No inhibition 94.51

decreased with the addition of ChCl salt, which disrupts hydrogen
bonding in the three-dimensional glycerol structure, thereby
increasing the molecular freedom and decreasing the viscosity of
the ChCl mixture. In contrast, no disruption was observed with
TBAB and oxalic acid. This discrepancy is likely due to different
effects that the type of salt has on the viscosity of the resulting
mixture. A possible explanation for this could be that as the molar
ratios of salt to hydrogen-bond donor (HBD) decrease, the salt may
function as a bridge connecting the ionic groups. A lower salt
concentration in the DES likely leads to a less dense network
between the different groups, resulting in a decrease in viscosity.*
The values are comparable to those in the literature.”® A decrease
in the density of DES with the increase in the mole ratio of HBD in
DES could be due to the higher concentration of solute, which
results in a tightly packed molecular arrangement.* The results
are also found to be comparable to those in the literature.>

Table 5 Estimated results for esterification efficiency

Experimental Efficiency predicted by model

efficiency (%) (%)
Row Value Value
1 0.0 3.31
2 75 68.4
3 0.0 3.31
4 0.0 —1.56
5 80 86.6
6 24 23.6
7 46 51.1
8 24.5 22.7
9 20 21.6
10 1.0 —2.31
11 68 69.8
12 23.5 23.7
13 23.5 23.7
14 80 74.9
15 48 44.7

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.4 Cytotoxicity and microbial activity inhibition

It is clear from electrochemical and conductance results that
the best formed DES is obtained with a 1 : 4 ratio; therefore, the
cytotoxic effects of three different DES, one below 1:4 and one
above 1: 4, were tested on the 3T3 cell line. No cytotoxic effects
of the studied DESs were observed when the 3T3 cell line was
treated with 100 M DES (Table 3) as compared to the standard
drug doxorubicin.

Table 4 shows that all three tested ratios of DES showed no
inhibition for five different microbes. These results confirm that
the synthesized DES are eco-friendly, non-toxic and biocom-
patible in nature, suggesting their suitability for microbial fuel
cells or biosensor systems.

3.5 Use of DES as a catalyst in the esterification reaction

3.5.1 Esterification reaction optimization using DoE. The
data obtained from 15 experiments were processed and fitted in
a quadratic polynomial model using StatGraphic software.
Table 5 shows the % efficiency values of esterification reactions
obtained from 15 experiments and the predicted values by the
model for the same experimental conditions. The R* (%) value

Table 6 Analysis of variance for % efficiency

Source Mean square F-ratio P-value
A: methanol volume 153.125 3.940 0.104
B: amount of DES 2128.780 54.840 0.001
C: reflux time 413.281 10.650 0.022
AA 1249.500 32.190 0.002
AB 1521.000 39.180 0.001
AC 90.250 2.320 0.188
BB 5396.190 139.000 0.000
BC 976.563 25.160 0.004
cc 0.002 0.000 0.995
Total error 38.821

RSC Adv, 2025, 15, 48628-48638 | 48633
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Table 7 Optimum conditions for yield

Factor Low High Optimum
Methanol volume (mL) 5.0 20.0 8.58
Amount of DES (g) 0.5 3.5 0.5
Reflux time (min) 10.0 120.0 10.0

between experimental and predicted values was found to be
98.45, showing the suitability of the used model.

3.5.2 Analysis of variance and Pareto chart. Table 6 shows
the analysis of variance for the model used for optimization.
The terms A, B, and C show the effect of the main variables,
whereas AB, AC, etc. show the effect of the interaction of vari-
ables on % efficiency. The lower the value of p and the higher
the value of F, the more significant is the effect of the variable
on % efficiency.*® Table 6 shows that the amount of DES is the
most significant variable, based on the p and F values. The
interactive effect of DES amount, reflux time, methanol volume,
and reflux time was also found to be significant.

The same can be confirmed by the Pareto chart (Fig. 5), which
also clarifies whether the effect of the variable is direct or indirect.
All the variables and their interactive effects crossing the vertical
line are considered to have a significant effect on the % efficiency
of the esterification reaction; the + (grey) and — (blue) indicates
whether the effect is direct or indirect, respectively. The amount of
DES has a significantly positive effect on the percentage efficiency,
which means that an increase in the amount of DES increases the
percentage efficiency of the esterification.

3.5.3 Validation of the optimized reaction conditions. The
predicted optimum conditions for achieving the highest yield
are presented in Table 7; the predicted optimum yield by the
model was 95.99% while the reflux temperature was fixed at 60 °©

Table 8 Comparison of esterification efficiency of the DES

C. The predicted optimum values were validated by conducting
the esterification reaction at the predicted optimum values; the
% efficiency obtained was 96.3%.

3.6 Comparison with previous work

In Table 8, the % esterification efficiency of the present work is
compared with those of DESs reported previously for esterifi-
cation reactions using different DESs.***” The results show that
the DES presented in this work is comparable in terms of effi-
ciency and temperature, and better in terms of time.

3.7 Greenness index (analysis)

The green characteristics of the DES-based esterification were
compared with those of the classical Fischer esterification
reaction. Fischer's reaction uses concentrated sulphuric acid as
the catalyst, while the sample to methanol ratio for the free fatty
acid esterification is usually 10:1-20:1.%

Table 9 shows the percent efficiency of esterification reac-
tions using sulphuric acid reported in the literature. It is clear
from the table that the reactions use higher amounts of sul-
phuric acid, and the energy and time required for the reactions
are also higher, making them less green. The greenness anal-
yses of both sulphuric acid and DES-based reactions were
therefore evaluated.

Three different greenness methods, namely, the National
Environmental Methods Index (NEMI), the Analytical Procedure
Index (GAPI), and the Analytical Eco-Scale were used for
comparison of DES-based esterification reactions with that of
the acid catalyst based reaction. It is worth mentioning that the
comparison is made only for esterification reactions and not the
catalyst synthesis; i.e., DES vs. sulphuric synthesis.

3.7.1 NEMI method of greenness measurement. This
approach involves a circle that is divided into four quadrants,

DES % Efficiency (conditions) Ref.
Ch.Cl: sorbitol 97 (180 °C for 180 min) 34
K,CO; : glycerol 1:32.58 98 (60 °C for 68.58 min) 35
Ch.Cl: oxalic acid 1: 1 40 (75 °C for 360-450 min) 36
Triphenylphosphoniumbromide : p-toluenesulfonic acid 95 (150 °C for 30 min) 37

monohydrate
Oxalic acid : TBAB

48634 | RSC Adv, 2025, 15, 48628-48638

96.3 (60 °C for 10 min) Present work
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Table 9 Reported esterification efficiencies using sulphuric acid as the catalyst

Reactants Catalyst % Yield (reaction conditions) Ref.
2-Ethyl hexanol : nanoic A (5: 1) H,S0, (1 mol%) 80% (70 °C,800 rpm, 120 min) 39
Oleic acid : oleyl alcohol (1:1) H,S0, (1.25%) 93% (90 °C, 300 min) 40
C. minutissima microbial oil : methanol (9: 1) H,S0, (3%) 96% (80 °C, 480 min) 41
Tall oil fatty acid : methanol (15:1) H,S0, (0.5%) 96.7% (55 °C, 60 min) 42

Used oil : methanol (1:10) H,S0, (0.05%)

Classical Fischer Reaction

Hazardous
PBT

Corrosive
Waste

32% (60 °C, 30 min) Present work

DES Based Esterification

PBT Hazardous

Corrosive Waste

Fig. 6 Greenness of the Fischer and DES-based esterification reaction using the NEMI index.

each quadrant is green or white, based on Keith's classifica-
tion.”” The first quadrant is labeled as persistent, bio-
accumulative and toxic (PBT), a method is less green if any
chemical used is listed in the EPA's Toxic Release Inventory
(TRI) chemicals list as a PBT.** The second quadrant is filled if
a chemical used in the method is hazardous, as entered in the
Federal Regulation list.** The third quadrant is designated as
corrosive if the pH during the reaction is less than 2 or greater
than 12. Finally, a method is less green if the amount of waste
generated is >50 g.

Fig. 6 shows the greenness measurement of both reactions
using the NEMI method, as per the TRI, methanol is considered
as hazardous, which is common in both methods, however it is

Classical Fischer Esterification

Sample Collection

Reagent/Solvent

Reaction, Energy
consumption/Time

‘Waste/Occupational
Hazard

important to note that the amount of methanol used in the DES
based method is less than that used in classical method, the
DES-based method is therefore considered greener based on the
NEMI index.

3.7.2 Green analytical procedure index (GAPI). The Green
Analytical Procedure Index (GAPI) for the classical Fischer
esterification reaction was compared to that of the DES-based
esterification reaction. All five parameters, including sample
collection, sample preparation, catalyst/solvent used during the
reaction, instrument used, and hazards associated with the
generated waste, were evaluated as described by J. Plotka et al.*®
GAPI uses a pentagram with three colors, i.e., green, yellow and

DES Based Esterification

Sample Collection

Reagent/Solvent

Reaction, Energy
consumption/Time'

‘Waste/Occupational
Hazard

Fig. 7 GAPI greenness evaluation of the Fischer reaction and the DES-based esterification reaction.
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Fig. 8 Analytical eco-scale assessment of the esterification reaction using different catalysts.

red, to quantify low, medium and high environmental impact of
each step, respectively.

Fig. 7 classifies the greenness of the Fischer esterification
and the reaction based on DES using GAPIL The circle in the
pentagram shows the type of method used for analysis, ie.,
titration, in both the Fischer and DES-based esterification
reactions.

The Fischer reaction uses both methanol and sulphuric acid,
and requires a large amount of base to neutralize the reaction.
In contrast, the DES-based method uses smaller amounts of
methanol as well as a very small amount of DES. The final
product in acid-catalyzed esterification usually requires large
amounts of base for neutralization, which is not the case in the
DES-based esterification. The reaction time for optimum
esterification is much less in the DES-based reaction; hence,
less energy is consumed.

3.7.3 Analytical eco-scale. Van-Akenet al.,”* proposed an
interesting approach named the eco-scale for green organic
synthesis evaluation. In this method, an ideal reaction is
assigned a score of 100 in the eco-scale, which uses inexpensive
reactants and is conducted at room temperature with a 100%
yield, and is safe for both the operator and the environment.
Penalty points are deducted from the ideal score for each of the
parameters that differ from “the ideal value”. Based on the
score, methods are considered as “Excellent Green” if the score
is >75, “Acceptable Green” when the score is 50-75, and
“Inadequate Green” for a score of <50. In case of the Fischer
reaction, the total penalty points are 6 for methanol, 8 for
concentrated sulphuric acid, 2 for reflux (i.e., energy use), 6 for
acidic waste, 2 for solvent amount, and 2 for occupational

48636 | RSC Adv, 2025, 15, 48628-48638

hazard, making a total of 26 penalty points.*® The final eco-scale
score of the method is thus 74, which falls in the range of
acceptable. DES-catalyzed esterification has 11 penalty points
and a total score of 89 (Fig. 8), which makes the method
Excellent Green on the eco-scale. Along with sulphuric acid, 11
(ref. 46-55) other catalysts have been assessed for their green-
ness, and the results are shown in Fig. 8. As seen from the
figure, the DES-based esterification has the minimum penalty
points. Four methods among the 11 are considered Excellent
Green, with a total score of more than 75 on the eco-scale, while
one method, with less than 50 points, is found to be inadequate.

110

100

~ 0 X}
o o o

Transmittance (%)
(o))
o

—DES 1:4 = DES recovered

50

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™')

Fig. 9 Comparison of FT-IR spectra of DES before and after the
esterification reaction.
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3.8 Recovery of DES

After the esterification reaction, the DES was recovered by centri-
fugation. Fig. 9 shows the IR spectra of DES before esterification
and the DES recovered after esterification. The IR spectra showed
no major peak shifts, indicating the successful recovery of the
DES.

4 Conclusion

The successful synthesis and characterization of DES with
different mole ratios, along with insights into the physicochemical
and electrochemical properties, are reported. It was observed that
the viscosity, density and conductivity of the DESs mainly depend
on the mole ratios of the HBD used to synthesize the DES. The
non-inhibitory behavior of the DES towards microbes was
observed, which highlights the potential of these solvents in
applications where microbial viability is essential. For the first
time, the electrochemical behavior of a DES based on TBAB and
oxalic acid was studied, and the results indicate the different
potential windows for each ratio of DES, with slight changes.
Furthermore, the DES exhibits well-defined redox peaks, indi-
cating electrochemical reversibility. The DES shows a wide
potential window, which suggests its suitability for high-voltage
applications. Based on the experimental evaluations, it can be
concluded that the optimum TBAB to oxalic acid ratio for DES
formation is 1: 4. This study explored for the first time the use of
a deep eutectic solvent based on oxalic acid and ammonium to
optimize and achieve esterification efficiency of 96.3% within
10 min. Greenness analysis by three different methods clearly
showed the greenness of the DES-based method over the sulphuric
acid-based method.
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