
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
A

pr
il 

20
18

. D
ow

nl
oa

de
d 

on
 7

/2
4/

20
24

 2
:3

8:
58

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Fast and simple t
College of Food Science and Technology, H

Street 100, Zhengzhou 450001, P. R. Chin

+86-371-67758022; Tel: +86-371-67758022

Cite this: RSC Adv., 2018, 8, 13048

Received 31st January 2018
Accepted 30th March 2018

DOI: 10.1039/c8ra00982a

rsc.li/rsc-advances

13048 | RSC Adv., 2018, 8, 13048–1305
ransesterification of epoxidized
soybean oil to prepare epoxy methyl esters at room
temperature

Wei Liu, * Feifei Duan and Yanlan Bi

Epoxidized soybean oil methyl esters were prepared via transesterification of epoxidized soybean oil (ESBO)

with methanol catalyzed by cheap and stable sodium hydroxide (NaOH). The transesterification could be

completed in only 5 min at room temperature (25 �C) without loss of the epoxide function and the

transesterification rate was promoted significantly while the utilization of 5% acetone as co-solvent. The

afforded products epoxidized methyl esters represent a renewable substrate that is readily converted

into surfactants, fuel additives and other valuable industrial products.
Introduction

Biobased products, some of the most important renewable
materials, are widely used in fuels, polymers, coatings, and
other specialty products. Among those, vegetable oils serve as
one of the most versatile renewable substrates in chemical and
related industries, which can be converted into various valuable
products due to their abundant availability.1

Soybean oil (SBO) is a kind of particularly useful substrates
for the production of biobased products because of the number
of unsaturated bonds contained in the component fatty acids
(IV ¼ 124–139 g I2/100 g) and the low cost ($1000–1200/ton)
compared with other plant oils resources (rapeseed,
sunower, etc).2,3 The epoxidized soybean oil (ESBO) is one of
the most useful chemical intermediates for the preparation of
derivatives, such as lubricants, plasticizers, adhesives and
rubber-like materials.4–9 Based on the classical chemical epoxi-
dation method,10 the epoxidation of vegetable oils (e.g. soybean
oil) is performed on an industrial scale and the epoxidized
soybean oil (ESBO) can be provided in million tons per year.
With the development of oleochemical industry and demand
for renewable materials, the interest in utilizing the vegetable
oil esters for new products is growing.11–13 However, the supply
of epoxidized methyl esters which can be served as the chemical
intermediate for new biobased products is currently limited
compared to the commercially available epoxidized vegetable
oils.

Using soybean oil (SBO) as the starting material, the epoxi-
dized soybean oil methyl esters (ESBOME) could be obtained
through two main processes based on an industrial scalable
technology (Scheme 1). In process (A), soybean oil (SBO) took
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place transesterication with methanol to produce soybean oil
methyl esters (SBOME) in the presence of strong bases (e.g.
NaOH, KOH, CH3ONa) as catalyst at 60–70 �C,14 and then
SBOME undergo epoxidation catalyzed by strong acids (e.g.
H2SO4) at 40–60 �C in the presence of H2O2.15 The whole process
(A) was required heating at each steps. As for process (B),
soybean oil (SBO) rstly took place epoxidation to produce
epoxidized soybean oil (ESBO),16 which then underwent trans-
esterication with methanol to produce the epoxidized soybean
oil methyl esters (ESBOME). Direct transformation of epoxi-
dized soybean oil to ESBOME is highly attractive due to the large
amount of epoxidized soybean oil produced in oleochemical
industry each year. Holser reported that sodium methoxide
(CH3ONa) could serve as an efficient catalyst for trans-
esterication of epoxidized soybean oil (ESBO) withmethanol at
50 �C.17 Considering the moisture sensitivity of CH3ONa and the
possible dangers in large scale process,18–20 a sustainable
method is highly desirable for fast and simple trans-
esterication of epoxidized vegetable oil (e.g. soybean oil) to
prepare epoxy methyl esters products in mild conditions, such
as stable and cheap bases and room temperature operations.
Scheme 1 The comparison of two processes for preparation of
ESBOME.
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Oil phases and CH3OH are insoluble at room temperature in
the transesterication process, therefore, the efforts have been
focused on improving the solubility without increasing the
reaction temperature recently. Several organic solvents like
acetone, diethylether or tetrahydrofuran have been proved to
promote the transesterication reaction effectively as co-solvent
at even room temperature.21–24 Inspired by the co-solvent
method for transesterication to produce biodiesel, we started
to investigate the preparation of epoxidized methyl esters by
transesterication of epoxidized vegetable oils at room
temperature (25 �C) (Scheme 2), in which the epoxy group could
be well tolerated. This novel and sustainable protocol could
make a large supply of epoxidized methyl esters become avail-
able and stimulate the development of new biobased products.
Materials and methods
Materials

Epoxidized soybean oil was purchased from Aladdin Chemical
Reagent (Shanghai, China). CH3ONa (>99%) was purchased
from Aladdin Chemical Reagent (Shanghai, China). NaOH,
KOH, Na2CO3, methanol, acetone, ethyl acetate, tetrahydro-
furan (THF), diethylether and n-hexane were analytical reagent
grade and purchased from Kermel Chemical Reagent (Tianjin,
China). Monoglyceride, diglyceride standards were purchased
from Sigma-Aldrich Co. (St. Louis, MO). Methyl heptadecanoate
standard was purchased from Sigma-Aldrich Co. (St. Louis,
MO). Triglyceride (soybean oil) were purchased from a local
supermarket (Zhengzhou, China). Epoxidized fatty acid methyl
esters standards were prepared in our lab through epoxidation
of corresponding fatty acid methyl esters.
Transesterication

Transesterication reactions were performed in 50 mL round-
bottom ask. Epoxidized soybean oil (10.0 g) and a certain
Scheme 2 The comparison of previous works for transesterification.

This journal is © The Royal Society of Chemistry 2018
amount of co-solvent were added to the ask. A solution of the
established base concentration in methanol was prepared and
added to the ask. Then the mixture was magnetically stirred at
room temperature (25 �C) for 1 h. Aer the reaction completion,
the product was washed with deionizer water to remove the
remaining base catalyst. And the remaining water was dried by
anhydrous sodium sulfate (Na2SO4). Finally, the product was
dried under reduced pressure for 1 h.

Oxirane oxygen titrations

Epoxy oxygen group content (EOC) of the products was deter-
mined by the titration method with hydrobromic acid solution
in acetic acid using AOCS standard test method Cd 9-57 (AOCS,
1998).

Gas chromatography analysis

The products were analyzed using an Agilent 7890 GC equipped
with a DB-1HT column (30 m � 0.25 mm � 0.1 mm, J&W
Scientic, Folsom, CA). Nitrogen was used as the carrier gas
with owing rate of 5 mL min�1. The oven was programmed
from an initial temperature of 50–180 �C at 15 �C min�1,
increased to 230 �C at 7 �C min�1, and then to 380 �C at
30 �C min�1 with a 15 min hold for a total run time of 35 min.
Detection of eluents was made by FID and identied by reten-
tion times compared to known standards. Fatty acid esters,
monoglyceride, diglyceride, and triglyceride standards were
used. Internal standard method was used with methyl hepta-
decanoate as standard.

Statistical analysis

All experiments were performed in triplicate. The statistical
signicance of the ESBOME yield was analyzed by a signicance
testing of one-factor. Statistical signicance was considered at p
< 0.05.

Results and discussions
Effect of catalyst

As known, base plays a key role in the transesterication reac-
tions. Thus, the effect of catalyst on epoxidized soybean oil
methyl esters (ESBOME) production was evaluated by different
commonly used alkaline bases (NaOH, KOH, CH3ONa and
Na2CO3) with 0.5% (wt% of oil) catalyst loading at room
temperature (25 �C). Meanwhile, 20% (wt% of oil) acetone was
added as co-solvent to increase the solubility of oil phases and
CH3OH and reduce the proportion of CH3OH,23,24 which was
used as both reactant and solvent in transesterication reaction
between oil and CH3OH. Considering the sequence of reactant
addition might inuence the reaction rate, the solid base (e.g.
NaOH) dissolved in methanol and the obtained mixtures (base-
methanol) were added together into the reaction, which make
the actual concentrations of different bases were the same in
the reaction system. As shown in Fig. 1, KOH and NaOH showed
higher catalytic efficiency than the same amount of CH3ONa at
room temperature, which might take place the side reaction
with acetone. The methyl ester yield of ESBOME using KOH or
RSC Adv., 2018, 8, 13048–13053 | 13049
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Fig. 1 Effect of different catalysts on the ESBOME production (reac-
tion conditions: 25 �C, 20% (wt% of oil) acetone as solvent, 6 : 1 of
methanol/oil molar ratio, 500 rpm, 1 h). Bars with the same letter are
not significantly different.
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NaOH as catalyst were 96.2% and 96.3%, respectively, which
indicated that KOH and NaOH exhibited the similar catalytic
activity towards the transersterication process. Less strong
base such as Na2CO3 was also examined in this mild trans-
ersterication process giving much lower methyl ester yield of
ESBOME (54.6%). Considering the reaction activity and the
lower cost in the scalable production for biobased products,
NaOH was chosen as the optimal catalyst at room temperature
and applied in the following experiments.
Effect of catalyst loading

In order to investigate the effect of catalyst loading on ESBOME
production, a series of experiments were conducted in the
presence of NaOH catalyst at room temperature in the range of
0.10–1.30% (wt% of oil) (Fig. 2). In general, more NaOH base
used in the transesterication process led to higher conversion
of ESBO, which indicated that the transersterication rate was
enhanced obviously with the increase of catalyst loading. And
the transesterication process using only 0.1% NaOH catalyst
led to 86.0% methyl ester yield of ESBOME. When the amount
Fig. 2 Effect of catalyst loading on the ESBOME production (reaction
conditions: 25 �C, 20% (wt% of oil) acetone as solvent, 6 : 1 of meth-
anol/oil molar ratio, 500 rpm, 1 h). Bars with the same letter are not
significantly different.

13050 | RSC Adv., 2018, 8, 13048–13053
of catalyst NaOH was increased from 0.2% to 1.1%, the yield of
ESBOME was signicantly improved from 91.1% to 99.4%.
However, further increasing the amount of NaOH (1.3%) could
not increase the yield of ESBOME. Therefore, the optimum
ESBOME production was achieved in methyl ester yield of
99.4% when 1.1% of NaOH was employed as the trans-
ersterication catalyst.
Effect of solvent type

Transesterication reaction between oil and methanol is
initially heterogeneous due to the poor solubility of the oil in
methanol.21,22 Therefore, mass transfer between the two phases
strongly affects the transesterication reaction rate. The using
of co-solvent in the transesterication reaction was an efficient
approach to solve this problem and decrease the amount of
methanol.25 The effect of a variety of solvents such as acetone,
ethyl acetate, THF and diethylether as co-solvent were tested. As
shown in Fig. 3, acetone and diethylether showed the highest
yields of ESBOME, which were all higher than 99%. Ethyl
acetate and THF showed lower efficiency than acetone and
diethylether. Considering diethylether as solvent is unsafe (the
boiling point of diethylether is 34.6 �C) for scalable process and
more expensive in cost, while acetone is less toxic and can be
used in food and feed industries in scalability. Therefore, the
following experiments were carried out using acetone as co-
solvent.
Effect of molar ratio of methanol/oil

The molar ratio of methanol/epoxidized soybean oil strongly
affected the transesterication reaction rate and conversion.
Because the stoichiometric molar ratio of methanol/epoxidized
soybean oil (ESBO) was 3 : 1 according to the transesterication
reaction, excess amount of methanol was commonly used to
ensure complete conversion of epoxidized soybean oil. Without
extra co-solvent (e.g. acetone), large excess of methanol and
enhanced temperature (60–70 �C) were required in
Fig. 3 Effect of different co-solvent on the ESBOME production
(reaction conditions: 25 �C, 20% solvent (wt% of oil), 6 : 1 of methanol/
oil molar ratio, 1.1% (wt% of oil) NaOH, 500 rpm, 1 h). Bars with the
same letter are not significantly different.

This journal is © The Royal Society of Chemistry 2018
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transesterication of vegetable oils to produce biodiesel.25 In
this study, the molar ratio of methanol/ESBO ranging from 4 : 1
to 18 : 1 was optimized. As shown in Fig. 4, when themolar ratio
of methanol/ESBO was increased from 4 : 1 to 14 : 1, the yield of
ESBOME was increased slightly from 98.8% to 99.7%.
Continuing increasing the amount of methanol (18 : 1) could
not further promote the yield of ESBOME. Therefore, the
optimal molar ratio of methanol/ESBO was 14 : 1 and the
methyl ester yield of ESBOME could reach to 99.7% under such
mild reaction conditions.
Fig. 5 Effect of co-solvent (acetone) amount on the ESBOME
production (reaction conditions: 25 �C, 1.1% (wt% of oil) NaOH, molar
ratio of methanol/oil 14 : 1, 500 rpm, 1 h). Bars with the same letter are
not significantly different.
Effect of co-solvent amount

In the transesterication process, using acetone as co-solvent,
methanol and epoxidized soybean oil could better integrate
and the reaction rate was increased. However, the amount of co-
solvent could also affect the substrates concentration in the
reaction system. Therefore, the amount of co-solvent (wt% of
oil) was investigated in the range of 0–25%. Fig. 5 showed the
effect of co-solvent amount on the ESBOME production.
Compared with none co-solvents, the yield of ESBOME was
increased slightly (99.5% vs. 99.7%) aer reaction for 1 h when
5% (wt% of oil) acetone was added as co-solvent. Continuing
increasing the amount of acetone (10–25%), the yield of
ESBOME exhibited no change (>99.5%).
Effect of reaction time

Moreover, the whole reaction process of the transesterication
between epoxidized soybean oil and methanol was monitored
in the presence and absence of co-solvent (acetone, 5%) (Fig. 6).
Importantly, we found that the transesterication reaction
between ESBO and methanol took place rapidly and complete
conversion was detected only aer stirring for 5 min at room
temperature (25 �C). Without extra co-solvent, the trans-
esterication reaction between ESBO and methanol took place
much slower than that with acetone as co-solvent and 30 min
was required to nish the transesterication process. The
starting material ESBO had high viscosity at room temperature.
Fig. 4 Effect of methanol/oil molar ratio on the ESBOME production
(reaction conditions: 25 �C, 20% acetone (wt% of oil), 1.1% NaOH (wt%
of oil), 500 rpm, 1 h). Bars with the same letter are not significantly
different.

This journal is © The Royal Society of Chemistry 2018
Acetone as co-solvent could reduce the viscosity of ESBO, and
increase the interaction between methanol and ESBO, so that
the rate of transesterication was improved. Based on these
observations, it was concluded that 5% acetone as co-solvent
could efficiently promote the transesterication reaction in
a very short time (5 min) even at such mild temperature (25 �C).
Considering the rapid reaction rate observed in this trans-
esterication, the activation energy of this reaction was also
calculated. The result indicated that the activation energy was
31.29 kJ mol�1, which was relatively small and similar with the
previous examples using NaOH as catalyst in transesterication
vegetable oils with methanol.22,26 Thus, 5% acetone was chosen
as co-solvent in the production of ESBOME through trans-
esterication of ESBO with methanol.

This transesterication reaction occurs through three
consecutive reactions.22 The rst step is the reaction between
one molecule of triglyceride (epoxidized soybean oil) and
methanol to produce a diglyceride and one molecule of methyl
ester (ESBOME). The obtained diglyceride reacts with methanol
to form a monoglyceride and another molecule of ESBOME. In
the nal step, monoglyceride reacts with methanol to yield the
Fig. 6 Effect of co-solvent (acetone) on the reaction rate (reaction
conditions: 25 �C, 1.1% NaOH (wt% of oil), molar ratio of methanol/oil
14 : 1, 500 rpm). Bars with the same letter are not significantly different.

RSC Adv., 2018, 8, 13048–13053 | 13051
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Fig. 8 The change of epoxide group (845 cm�1) during the trans-
esterification progress monitored by real-time FT-IR.

Fig. 9 Gas chromatograph of transesterification products: (A)
monoglyceride (MG), diglyceride (DG), triglyceride (TG) standard
compounds; (B) transesterification of ESBO after 5 min; (C) trans-
esterification of ESBO after 60 min.
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third molecule of ESBOME and one molecule of glycerol. Thus
three molecules of ESBOME and one molecule of glycerol are
formed by the completion of the transesterication reaction.
Triglycerides are rst converted to diglycerides, and because
they are formed in the methanol phase, they have a greater
chance of reacting there rather than moving back to the oil
phase. Therefore, diglycerides andmonoglycerides could not be
observed aer the completion of the transesterication
reaction.

In addition, the transesterication reaction of soybean oil
was tested under the same reaction conditions (using 5%
acetone as co-solvent). And the results showed that the trans-
esterication reaction of soybean oil is slightly slower than that
of epoxidized soybean oil. 95.1% yield of methyl esters was
obtained aer 5 min. The above results suggested that the
solubility of soybean oil in methanol affected the trans-
esterication reaction indeed.

The changes of the oxirane oxygen values during trans-
esterication of ESBO were also evaluated (Fig. 7). The oxirane
oxygen values of the starting material ESBO was 6.2. During the
transesterication reaction catalyzed by NaOH at room
temperature, the oxirane oxygen values of the samples had
nearly no change when oxirane oxygen value was determined at
5 min, 10 min, 30 min and 60 min respectively. Based on these
observations, it was concluded that the transesterication was
completed in 5 min at room temperature without loss of the
epoxide function, which made this method fully tolerate
unstable epoxide group. Recently, real-time FTIR has become
one of the efficient and in situ tools to monitor organic trans-
formations compared with conventional analysis tools such as
GC, GC-MS and HPLC,27 which need pre-treatment before
instruments analysis. Hence, real-time FTIR was used to
monitor this transesterication progress at room temperature
(25 �C) (Fig. 8), which also indicated that the epoxide group
(845 cm�1) had nearly no change during the whole trans-
esterication reaction process.

Gas chromatography was used as an efficient tool to detect
methyl esters, triglycerides (TG), intermediate trans-
esterication products, monoglycerides (MG) and diglycerides
Fig. 7 Oxirane oxygen values changes during transesterification of
ESBO. Bars with the same letter are not significantly different.

13052 | RSC Adv., 2018, 8, 13048–13053
(DG) in one batch analysis of the transesterication products.17

The transesterication products were showed in the Fig. 9A. The
transesteried epoxidized soybean oil were analysized at 5 min
(B) and 60min (C) during the transesterication reaction, which
suggested that the transesterication reaction proceeded
rapidly. And the yield of ESBOME could reach to 99.7%, nearly
completed at the rst 5 min.
Conclusions

We have successfully developed a fast and simple method for
transesterication of epoxidized soybean oil to prepare epoxy
methyl esters at room temperature (25 �C). Epoxidized methyl
esters were obtained in an excellent yield of 99.7% by the
transesterication of epoxidized soybean oil (ESBO) with
methanol catalyzed by 1.1% of cheap and stable sodium
hydroxide (NaOH). Importantly, this transesterication was
completed within 5min at room temperature without loss of the
epoxide function. In addition, 5% acetone served as an efficient
co-solvent to promote the transesterication reaction rate. This
novel protocol provides an efficient and sustainable method
towards the synthesis of epoxidized methyl esters.
This journal is © The Royal Society of Chemistry 2018
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