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ABSTRACT
Deep eutectic solvents (DESs) hold the potential to serve as a sustainable and environmentally friendly substitute for supercritical
fluids, ionic liquids, and organic solvents. Moreover, DESs have been demonstrated to assist in stabilizing the structure of enzyme.
The enzymatic synthesis of epoxy vegetable oil in a DES-system was developed in this study, and the influence of DESs viscosity
on the epoxidation system was investigated for the first time. The results demonstrated that the epoxy value reached 8.97, and
the double bond conversion rate was 82.48%. The viscosity of the reaction system decreased from 209.32 to 91.35 (mPa⋅s). The
application of DES in epoxidation was confirmed through structural characterization, indicating that eutectic solvents could serve
as substitutes for toxic and volatile organic solvents in synthesizing high-epoxide vegetable oils using an enzymatic method, thus
facilitating the production of environmentally friendly plasticizers.

1 Introduction

Epoxy vegetable oil is a biobased product formed by the epox-
idation of vegetable oil using hydrogen peroxide (H2O2). It has
advantages such as low cost, low toxicity, renewability, and high
chemical reactivity. It can be used as a plasticizer [1–4], and
stabilizers [5] for various polymers (chlorinated rubber, polyvinyl
chloride (PVC), and polylactic acid and so forth [6–8], as well as
for monomer synthesis and polymer preparation of epoxy resins,
making it a crucial industrial chemical.

Currently, the main process for oil epoxidation is still the
traditional Prileschajew chemical catalysis method based on
in situ formation of percarboxylic acid and transfers activated
oxygen to unsaturated compounds, which involves the use
of excessive H2O2, strong inorganic acids, and organic acids
(such as formic acid and acetic acid) as chemical catalysts

[9, 10]. This leads to equipment corrosion, the generation
of large amounts of wastewater, and the difficult-to-recover
by-products, resulting in deficiencies in process greening and
safety. Therefore, finding efficient biocatalysts and developing
mild and environmentally friendly biocatalytic techniques has
always been a focus of attention for the industry and researchers
[11, 12].

The chemo-enzymatic epoxidation is an alternative method [13],
using enzymes as biocatalysts to generate percarboxylic acid
instead of strong acidic catalysts [14–16]. Vegetable oils from
Soybean [17], sunflower, and linseed [18] were epoxidized in the
presence of hydrophobic organic solvents [19], such as toluene
[20], with a conversion above 80%. However, the addition of
organic solvents had certain harm to the environment and organ-
isms, which was contrary to the current concept of “greenness”.
Several attempts have been made to solve these issues, such as
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using other green solvents like ionic liquids [21, 22] and supercrit-
ical fluid [23]. However, their high costs, poor biodegradability,
poor biocompatibility, and low sustainability greatly limit their
technical applicability [24]. Therefore, there is an urgent need
to seek a lower cost ideal sustainability solvent that has high
substrate solubility, high enzyme activity and stability, positive
impact on reaction equilibrium.

As a more promising application technology, DESs offer various
advantages, including low cost, high availability, low toxicity, high
biodegradability, and reproducibility [25–28]. A growing number
of studies of DESs as environmentally acceptable or better
alternatives to established reaction solvents in biotransformation.
DESs are usually prepared by mixing a hydrogen bond acceptor
(HBA)-quaternary ammonium salts and a hydrogen bond donor
(HBD)-alcohols, amides, carboxylic acids, and polyols. Currently,
deep eutectic solvents (DESs) have found extensive application
in the synthesis of various materials, including covalent organic
frameworks (COFs) [29, 30], nanomaterials [31], and ionic gels
[32] and it had been also used in biocatalysis, such as esterification
[33], transesterification [34, 35], and amidation [36]. Many DESs
are enzyme-friendly [37–39], including the use of hydrolases
[40, 41], lyases [42], oxidoreductases [43], and even whole cells
[44]. The formation of intermolecular hydrogen bonds leads to a
decreased freezing point, and theDES remains a liquid at ambient
temperature [33, 45]. In recent years,Wu et al. present an enzyme-
friendly natural deep eutectic solvent (NADES)-based medium
for the one-pot chemobiocatalytic valorization of fructose into
valuable furanics via five-hydroxymethylfurfural (HMF). The
NADES-based medium was benign toward various biocatalysts
such as alcohol and aldehyde dehydrogenases, acyltransferase,
and ω-transaminase, evidenced by good yields (86%−97%) of
the desired products in subsequent biotransformations [38]. In
2023, Sobhan et al. successfully used DESs based on choline
chloride–oxalic acid (DES-02) and choline chloride–butyric acid
(DES-06) to catalyze the epoxidation of soybean oil, the results
showed an optimal conversionwith a high selectivity of 73%when
soybean oil was epoxidized with bifunctional DES-02 catalysts
[46]. The use of DESs has great potential to address the problems
of using organic solvents in the current biocatalysis process for
epoxidation of vegetable oil.

In this study, the utilization of DES for enzymatic synthesis of
epoxy vegetable oil was successfully developed, and the impact
of DES viscosity on reaction mass transfer was discussed for the
first time. The epoxy oil with a high epoxide value can be obtained
while maintaining low viscosity and high mass transfer, with an
epoxide value exceeding 8.5. In terms of usage, environmental
protection, and economic aspects, it is superior to toxic and
harmful volatile organic solvents. Linseed oil containing more
linolenic acid with three unsaturated double bonds was used
as the reaction raw material for epoxidation, and its potential
applications in plastics manufacturing were investigated [47].
The epoxidation of vegetable oils was catalyzed by an enzyme,
and “self”-epoxidation of vegetable oil was achieved by adding
oleic acid (Scheme 1). The effects of DESs proportion, reac-
tion temperature, and viscosity on epoxidation were discussed
and target compounds were characterized using 1H NMR, 13C
NMR, Fourier transform infrared (FT-IR), and thermogravimetric
analysis (TGA).

2 Materials andMethods

2.1 Materials

Linseed oil (iodine value of 173.1 g of I2/100 g) was acquired
from Shandong Jiqing Chemical Co., Ltd. (Shandong Province,
China). Chemical reagents used in the experiment included
choline chloride (AR, 98.5%), xylitol (AR, 98.5%), glycerol (AR,
99%), urea (AR, 99%), D-sorbitol (AR, 99%), ethylene glycol (AR,
99%), α-D-glucose (AR, 99%), urea hydrogen peroxide (AR, 99%),
sodium hydroxide (AR, 99%), anhydrous sodium sulfate (AR,
99%), hydrogen peroxide (AR, 30%), hydrochloric acid (AR, 99%),
acetone (AR, 99%), n-hexane (AR, 99%), andmethanol (AR, 99%).
The epoxidation was carried out in a parallel synthesis reactor,
and the product was analyzed by KerAV-600 MHz spectrograph
andNicolet Tensor 270 spectrograph (Bruker). The viscosity of the
DES was determined by TA Discovery HR-2 Hybrid Rheometer.
The boron trifluoride-methanol solution (14% in methanol), and
sodium chloride (AR, 99%) were also used in the experiment.

2.2 Screening of the DESs

Previous experience had shown that a temperature range of 30◦C–
50◦C is optimal for lipase-catalyzed reactions. However, during
the synthesis process, DESs form a hydrogen-bond network,
resulting in a solution with a certain viscosity. The viscosity of
the DES varies depending on the solvent used. In this study, DESs
that maintain a flowing state at 50◦Cwere chosen for the reaction
system to avoid negative impacts onmass transfer. CommonDESs
used in lipase-catalyzed reactions were identified and used as
solvents for the epoxidation of vegetable oil. Choline chloride
served as the hydrogen-bonding receptor, and alcohols, amides,
sugars, and sugar alcohols served as hydrogen-bonding donors to
synthesizeDESs, whichwere added to the epoxidation reaction as
solvents. The method of solvent preparation is elaborated in the
Supplementary Materials.

2.3 Epoxidation

In a round bottom flask equipped with a parallel synthesizer,
25 g of linseed oil, 1.25 g (5% w/w) of oleic acid, and 25 g of
DESs (with a ratio of 1:1 to linseed oil) were mixed. Slowly,
19 mL of 30% hydrogen peroxide was added dropwise through
a syringe infusion pump set to a speed of 1 mL/h, to achieve a
1:1 molar ratio based on the number of double C═C bonds in
the fatty acids. Then, 2.5 g of Novozym435 enzyme was added to
the reaction medium. The mixture was stirred at 400 rpm and
heated to the designated temperature for 20 h. Samples were
withdrawn every 2 h and centrifuged for 3 min at 4500 rpm,
with the oil phase containing the target product and the aqueous
phase containing the lipase and DESs. The organic phase was
washed with warm distilled water (50◦C), and the remaining
oil was obtained as epoxidized linseed oil after removing low-
boiling point impurities using a rotary evaporator. The aqueous
phase containing DESs was vacuum distilled to remove excess
water and recover the DESs. The double bond conversion rate
and the calculation method of epoxy value are presented in the
supplementary document.
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SCHEME 1 Chemo-enzymatic ELO with addition of oleic acid to the reaction mixture; DESs added as solvent.

3 Results and Discussion

3.1 Characterization of DESs

To account for the structural differences between the DESs, the
FT-IR spectra were detected individually for each compound. In
addition, the FT-IR spectra of the individual components of the
DESs (xylitol, urea, and glycerol) were also analyzed, and the
results are presented in Figure 1A–C. The absence of a methylene
group in the urea structure resulted in the absence of a stretching
vibration of ─CH2─ at 3000–2700 cm−1. The peaks observed at
3342.45 and 3440.08 cm−1 in the FT-IR spectra of urea were
due to the stretching vibration of N─H. The peaks of ─C═O at
1677.79 cm−1 and the peaks of C─N at 1153.20 cm−1 in the urea
structure were also observed (Figure 1B). In the spectra of xylitol
and glycerol (Figure 1A,C), the peak of ─OH stretching vibration
was observed at 3200–3500 cm−1. The peaks at 1300–1500 cm−1

were attributed to the bending vibration of ─OH, and the strong
stretching vibration of C─OH at 1025–1200 cm−1 indicated the
presence of alcohols. The peak of C─OH in xylitol showed
stronger stretching vibration than that in the peak of glycerol. The

peaks at 2915.03 cm−1 in xylitol and 2937.67 cm−1 in glycerol were
due to symmetrical stretching vibration of the methylene groups.
The spectra of xylitol and glycerol at 1450.21 and 1431.54 cm−1

showed the bending vibration of methylene group. The peak
between 890 and 850 cm−1 indicated the existence of C─C bonds.

In addition, Figure 1 shows the FT-IR spectra of the different
DESs. The stretching vibration absorption bands of ─OH in
urea, xylitol, and glycerol exhibited a red shift and became
broader, presumably due to the formation of a large number of
hydrogen bonds during the synthesis of the DESs. The enhanced
viscosity resulted from the high molecular weight and more
hydrogen bonding in stronger van der Waals interactions, which
led to an increase in viscosity. The C─H stretching vibrations
at 2915.03 cm−1 in xylitol and 2937.67 cm−1 in glycerol shifted to
2940.12 and 2950.12 cm−1, respectively. While the peak of ─C═O
in urea exhibited the same shift. Due to the addition of ChCl,
the wagging vibration of the terminal methyl in ChCl was also
observed in these three DESs. They were located at 1482.64,
1470.32, and 1467.89 cm−1 in ChCl−xylitol, ChCl−glycerol, and
ChCl−urea, respectively. This indicated that the molecular struc-
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FIGURE 1 FT-IR spectra of (A) xylitol and ChCl–xylitol (B) urea and ChCl-urea (C) glycerol and ChCl-glycerol. The groups associated with wave
numbers highlighted by the arrows. (D) Plot of the logarithm of viscosity versus the reciprocal of temperature for DESs.

ture of ChCl remained unchanged during the synthesis of the
DESs. The DESs were also analyzed by 1H NMR and 13C NMR
simultaneously, and the corresponding spectra were shown in
Figures S3–S8.

A complex hydrogen bonding network exists between HBD
and chloride ions in DESs. As a result, DESs exhibit higher
viscosity, during epoxidation the viscosity played a significant
role in mass transfer. The viscosity affects both hydrogen bond-
ing and mass transfer. Figure 1D illustrates the correlation
between the logarithm of viscosity and the reciprocal of tem-
perature for three DESs. The viscosity changes considerably
with temperature, decreasing as the temperature increases [48].
This can be attributed to hydrogen bonds being weakened at
higher temperatures. The figure shows that ChCl−xylitol has
the highest viscosity of the three DESs, reaching 70.53 mPa⋅s
at 70◦C. Conversely, ChCl−glycerol and ChCl−urea have lower
viscosities, which is theoretically beneficial for mass transfer in
the epoxidation system, at only 53.98 and 53.21 mPa⋅s at 70◦C,
respectively.

3.2 Screening of the DESs

Based on the preliminary screening results from Experiment 2.2,
seven types of DESs that retain fluidity at 50◦C were selected for
the enzymatic epoxidation of vegetable oil. By utilizing DESs as
solvents for ELO, it was found that DESs offered several advan-
tages over organic solvents. Through a comparison of the epoxy
value and conversion of epoxidationwith different solvents, it was
determined that DESs were not only environmentally friendly,

but also had many application advantages. DESs were easy to
handle due to their characteristic of being easily soluble in water,
and the conversion could reach over 70% (as shown in Table 1).
Simultaneously, to further demonstrate the advantages of DESs
in enhancing enzyme stability, we conducted a comparative
analysis of enzymatic synthesis of epoxy vegetable oil using three
different reaction systems: with DES, without any solvent, and
with an organic solvent. As illustrated in Figure S9, the reaction
system devoid of any solvent exhibited a significantly diminished
epoxidation efficiency due to hydrogen peroxide-induced damage
to the biocatalyst, resulting in an epoxidation value ofmerely 6.67.
In contrast, both the DES and organic solvent systems achieved
epoxidation values exceeding 8. Given its environmental benefits,
DES was selected for further investigation. This comparison
underscores the critical role of DES in enhancing the enzymatic
synthesis of epoxy vegetable oil and highlights the enzyme’s lim-
ited resistance to H2O2. This study significantly improved lipase
tolerance to H2O2 by leveraging the stabilizing effect of DESs
on biological enzymes. Additionally, DESs were environmentally
friendly and the product was easy to separate, and DESs could be
reused. The conversion and epoxy value of the epoxidation using
three different DESs, including the xylitol system, urea system,
and glycerol system, were found to be 79.76%, 72.49%, and 77.18%,
respectively, as shown inFigure 2A–C. Therefore, these threeDES
systems were selected for further study.

3.3 Effects of Different Factors on the Reaction

In the enzymatic epoxidation of vegetable oils, we not only
chose linseed oil, which has a high content of unsaturated fatty
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TABLE 1 The DESs were added to the epoxidation reaction as solvents.

No. HBD Type ChCl:HBD T (◦C) Conversion (%) Fluidity at 50◦C

1 Glycerol Alcohol 1:2 −40 77.18 YES
2 Ethylene glycol Alcohol 1:2 −20 71.76 YES
3 Urea Amide 1:2 12 72.49 YESa

4 Urea hydrogen peroxide (UHP) Amide 1:2 / 31.92 YES
5 D-Glucose Sugar 5:2 14 72.31 YES
6 D-Sorbitol Sugar Alcohol 1:1 RT 72.31 YES
7 D-Xylitol Sugar Alcohol 1:1 RT 79.76 YES

aLiquid, but highly viscous. T◦C referred to the melting point of the mixtures. RT referred to room temperature. Conversion referred to the amount of plants oil
converted to its respective epoxide.
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FIGURE 2 ELO with different DESs. (A) Sugar alcohols; (B) amides; (C) alcohols.

acids, but also employed a flow addition method to introduce
an excess of hydrogen peroxide. This approach helps prevent the
decomposition of hydrogen peroxide and also provides a buffering
effect to mitigate its potential damage to the enzyme. Moreover,
regarding enzymatic epoxidation of vegetable oils, a study as early
as 1999 proposed that, with a small addition of unsaturated fatty
acids, lipase could catalyze the “self”-epoxidation of vegetable
oils, leading to the formation of primarily epoxidized triglycerides
and a small amount of epoxidized free unsaturated fatty acids
[49]. Building upon these foundational studies, we are further
optimizing the epoxidation system using DESs.

Reaction Time: The lipase-catalyzed in situ formation of peroxy
fatty acids is a highly selective method for the epoxidation of
plant oils [49]. However, the enzyme’s H2O2-resistance is poor.

The tolerance of the lipase to H2O2 was reinforced in this
study through the stabilization effect of DESs. Three DESs were
selected based on their viscosity, and their efficacy was tested in
epoxidation reactions conducted for different reaction times. The
results of epoxidation in the three DESs were shown in Figure 3A.

It was observed that the epoxy value of the epoxidation improved
over time. As the reaction time varied from 2 to 22 h, the epoxy
value in all three DESs gradually increased (1.5–8.5). ChCl−urea
had the highest epoxy value of 8.3 for 14 h. In contrast, it took
18 h and 22 h to achieve the highest epoxy value of 8.8 for
ChCl−xylitol and 8.6 for ChCl−glycerol, respectively. Moreover,
the epoxy value had started to decline to varying degrees after
14 h for ChCl−urea and after 18 h for ChCl−xylitol. This indicated
that the phenomenon of side reaction was severe when using
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TABLE 2 List of three DESs used as solvents for epoxidation at different temperature.

ChCl─xylitol ChCl─urea ChCl−glycerol

T◦C EVa Cb.% Vc.mPa⋅s EV C.% V.mPa⋅s EV C.% V.mPa⋅s

30 7.05 64.82 645.78 7.21 66.29 526.43 7.81 71.82 217.78
40 7.21 66.29 390.12 7.53 69.24 279.16 8.23 75.68 164.95
50 8.83 81.19 209.32 8.30 76.32 143.12 8.37 76.97 91.35
60 8.97 82.48 107.54 8.35 76.78 84.60 8.46 77.79 57.97

Note: The conversion of epoxidation and the viscosity of DESs at different temperature were also listed.
aEpoxy value.
bConversion of double bonds.
cViscosity.

ChCl−urea as a solvent, and the epoxy value sharply decreased
from 8.3 to 7.1 within 4 h.

The highest epoxy value of the ChCl−xylitol and ChCl−glycerol
systems was 8.9 and 8.4, respectively. In the ChCl−xylitol system,
the epoxy value slightly decreased to 8.3. However, in the
ChCl−glycerol system, the epoxy value never decreased. This
demonstrated that the epoxy value of epoxidation in ChCl−urea
increased more slowly, although the reaction rate was fast, which
could be attributed to less HBD. However, the ChCl−xylitol
and ChCl−glycerol systems provided more HBD and enhanced
the hydrogen bonding force, contributing to the progress at the
conversion of epoxidation.

Regarding conversion, it was observed that there was an increase
with reaction time, but a narrow difference existed after 14 h.
In the ChCl−urea system, the conversion of double bonds for
14 h was 76.3%, but the reaction rate decreased rapidly after 14 h,
which was probably significantly affected by the concentration
of hydrogen peroxide. In the ChCl−xylitol and ChCl−glycerol
systems, the highest conversion of double bonds was 81.8% and
77.2%, respectively. In principle, the concentration of hydrogen
peroxide would decrease with reaction time.

Reaction Temperature: To increase the efficiency of epoxidation
based on DESs, we conducted the ELO at different tempera-
tures (30◦C–60◦C) for 18 h. Table 2 presents the conversion,

epoxy value, and viscosity results for three DESs at different
reaction temperatures. The highest conversions of double bonds
were achieved at 60◦C with ChCl−xylitol (82.5%), ChCl−glycerol
(77.8%), and ChCl−urea (76.8%). The corresponding epoxy values
were 8.97, 8.46, and 8.35, respectively.

At 40◦C, a conversion of 66.29% was obtained for ChCl−xylitol
and 69.24% for ChCl−urea, but the conversion and epoxy value
of these two DESs were significantly reduced. This reduction
in conversion and epoxy value can be attributed to the higher
viscosity of these two DESs which slowed down the rate of
mass transfer. However, the rate of mass transfer was almost
unaffected in the ChCl−glycerol system due to its low viscosity,
and the conversion using ChCl−glycerol exceeded 70%. As the
temperature continued to increase, the conversion of the double
bonds did not increase significantly with the decreasing viscosity.

This phenomenon could be attributed to the strong volatility of
H2O2, which even with the decomposition of hydrogen peroxide,
resulted in incomplete reaction or other types of reactions. The
decrease in viscosity also implied that hydrogen bonding in the
catalysts was weakening to a certain extent. We observed that
the DESs exhibited excellent catalytic activity at 50◦C, with the
conversion of epoxidation in all three DESs exceeding 75%, and
the epoxy value exceeding 8.0. This result indicates that the DESs
system displayed a better preference for the epoxidation under
50◦C for 18 h.
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3.4 Reaction Proportion (DES: Oil)

After optimizing the reaction conditions, the viscosity of the
DESs was found to be crucial for the epoxidation system. The
impact on mass transfer during the reaction decreased as the
amount of DES added to the reaction system decreased. To study
the ratio of vegetable oil to DES, the ELO was conducted at
50◦C for 18 h using different ratios of linseed oil to DES (2:1,
1:1, 1:2, and 1:3). The epoxy value of the epoxidation at different
ratios was shown in Figure 4A–C. Due to the high viscosity of
the ChCl−xylitol and ChCl−urea systems, only three addition
ratios (2:1, 1:1, and 1:2) were studied to avoid making the reaction
system too viscous and affecting the analysis and processing of
samples. The optimal ratio of linseed oil to DES was 1:1 for the
ChCl-xylitol system, resulting in an epoxy value of 8.79 and a
double bond conversion of 80.83%. Adding more or less DES
caused a significant drop in epoxy value from 8.8 to 7.5. For the
ChCl-urea and ChCl-glycerol systems, the best ratio of linseed
oil to DES was 2:1, resulting in epoxy values of 8.92 and 8.97,
respectively, and double bond conversions of over 82%.During the
enzymatic epoxidation reaction, high concentrations of hydrogen
peroxide could damage enzyme activity, but adding DESs could
stabilize enzyme structure [37, 38, 41, 42]. Additionally, because
the hydrogen bond network was very strong and not easily
destroyed, it could be added to the reaction system as a reaction
solvent without affecting the original reaction. The formation
of a hydrogen bond network resulted in a certain viscosity, so
the amount added played a crucial role in stabilizing enzyme
structure and acting as a solvent in the reaction. Thus, the
optimal ratio of linseed oil to DES was found to be 2:1 for the
ChCl-urea and ChCl-glycerol systems, and 1:1 for the ChCl-xylitol
system.

3.5 Analysis of Products

TGA: The TG curves of the different samples were presented
in Figure 3B. It was observed that all the products displayed
three thermal decomposition stages. In the first stage, the inflec-
tion point of temperature from ELO catalyzed by Novozym435
using ChCl−xylitol and ChCl−urea was found to be 338.51◦C,
which was higher than the temperature of 336.11◦C observed in
ChCl−glycerol. This difference could be attributed to the lower
conversion of double bonds in ChCl−xylitol and ChCl−urea.
However, the highest decomposition temperature of ELO in

ChCl−xylitol, which had a higher purity, was slightly higher
at 485.51◦C compared to the values of 470.71◦C in ChCl−urea
and 480.51◦C in ChCl−glycerol. Moreover, the rate of weight
loss in ChCl−xylitol decreased at the high-temperature stage,
indicating excellent high-temperature resistance of the product.
These results suggest that this product could be a suitable
engineering material for industrial applications.

FT-IR: Figure 5C shows the FT-IR spectra of linseed oil and epoxy
linseed oil. The absorption peaks were assigned according to
literature. The peak at 1163.65 cm−1 corresponded to the stretching
vibrations of ─COOR from fatty acids in linseed oil. Additionally,
the deformation peak of─CH2─was observed at 721.23 cm−1. The
peaks at 1460.65 cm−1 were formed by the asymmetrical ─C─H
deformations in methyl and methylene groups. The absorption
peak at 3010.05 cm−1 was associated with═C─H─ stretching
vibrations. The peak at 1653.01 cm−1 resulted from C═C bonds,
while the methyl and methylene stretching vibration absorption
peaks were observed at 2926.19 and 2854.68 cm−1. A strong
absorbance band of ─C═O at about 1745.18 cm−1 was identified,
and the peaks at 3469.80 cm−1 were related to ─OH─ vibrations
from the raw oil’s small amount of free fatty acids. As shown in
Figure 5C, all the absorbance peaks associated with linseed oil
also appeared in the spectra of theDES-catalyzed products, except
for the asymmetrical stretching vibrations of the epoxy group
at 823.64 cm−1, indicating that epoxidation reactions had taken
place. In general, the spectra of epoxy linseed oil from different
DESs had similar absorbance peaks and relative intensities,
which suggested that the three DESs could significantly facilitate
the chemo-enzymatic epoxidation reaction of linseed oil.

1H NMR: The 1H NMR spectral signal peaks of linseed oil
were shown in Figure S1, and those of epoxy linseed oil under
optimal conditions were numbered from 1 to 11 in Figure 5B. The
appearance of large amounts of epoxy groups in epoxy linseed
oil was the significant difference from that of linseed oil. The
proton peaks at δH (2.85–3.25) were derived from ─CHOCH─

(epoxidation). Furthermore, the peak area at 5.25−5.75 ppm of
epoxy linseed oil in the ChCl−glycerol and ChCl−urea systems
decreased, indicating a higher conversion of double bonds in
the ChCl−glycerol system. In the 1H NMR spectra of the
ChCl−xylitol system, many small peaks were observed around
themain peaks, and a small peak was also present in the 1HNMR
spectra of the ChCl−urea system in Figure 5B. These small peaks
were due to side reactions, namely ring opening of epoxidation.
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FIGURE 5 (A) 13C NMR spectra of ELO used ChCl−xylitol, ChCl−glycerol, and ChCl−urea under optimal conditions in CDCl3; (B) 1H NMR
spectra of ELO used ChCl−xylitol, ChCl−glycerol, and ChCl−urea under optimal conditions in CDCl3; (C) FT-IR spectra of LO and ELO obtained by
three DESs under optimal conditions. The groups associated with wave numbers are highlighted by the dashes.
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13C NMR: The 13C spectral signals of the epoxy linseed oil were
annotated from A to H (Figure S2). Two clusters of peaks were
found at 53.31 and 56.92 ppm (marked with E) in Figure 5A,
which indicated the presence of the epoxy product. The ─CH2─

internal groups were assigned to carbons with a chemical shift
between 22.51 and 32.53 ppm. The carbons (marked with D) at
34.31 ppm were attributed to linked to the ─C═O. The carbon
signals at 62.15 and 68.79 ppmwere caused by─CH2─ and─CH─

carbon resonances, respectively, connected to ─CO─ from an
ester group. Additionally, signals from 120 to 130 ppm (marked I)
were detected in the products, indicating incomplete conversion
of double bonds. However, the appearance of strong signals in
Figure 5A confirmed that the ChCl−xylitol system possessed a
lower conversion than that of ChCl−glycerol and ChCl−urea.
Therefore, it could be concluded that the conversion was better
with the ChCl−glycerol andChCl−urea system. Theweak signals
at δc 64.2 in Figure 5Amay correspond to carbons generated in the
ring opening polymerization reaction. The spectra suggested that
the use of ChCl−xylitol as the solvent under optimal conditions
yielded a lower conversion in the epoxidation reaction of linseed
oil.

4 Conclusion

DESs have the potential to be a sustainable and environmentally
friendly alternative to supercritical fluids, ionic liquids, and
organic solvents. As solvents for enzymatic epoxidation, they not
only protect the structural integrity of biological enzymes from
the harmful effects of strong oxidants, but are also cost-effective,
recyclable, and reusable. When the choline chlorine-glycerol
system accounted for half of the raw material, the viscosity of
the reaction system was only 91.35 (V.MPA⋅s), the epoxy value
was 8.97, and the double bond conversion rate was 82.48%. The
characterization verified the synthesis of the product. The process
has laid a solid foundation for enzymatic synthesis of epoxy
vegetable oil using DES, and provides a more environmentally
friendly, and economical method for the synthesis of various
plasticizers in the future. Furthermore, to fully showcase the
wide applicability of the system, other factors such as the type
of enzyme used in the chemo-enzymatic epoxidation reaction
should also be considered and discussed specifically.
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