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Epoxidation of vegetable oils or fatty acid methyl esters (FAMEs) produce important monomers which are
widely used as plasticizers or stabilizers in the polymer industry. However, little attention has been focused
on the influence of the alkenyl structure of the fatty acid on the efficiency and selectivity of their

epoxidation. In this work, the influence of the alkenyl structure (the number of double bonds) of the

FAMEs on the epoxidation reaction has been investigated. Three model FAMEs with 1 to 3 double bonds
were epoxidized using both a weak (formic acid) and a strong (sulfuric acid/acetic acid) acid system. It
was found that FAMEs with more double bonds have higher reactivities toward the epoxidation reaction.
In addition, the electron-donating effect of the double bonds on the fatty acid chain tends to stabilize

the resulting epoxide adjacent to it with the weak acid system. Furthermore, FAMEs with more double
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bonds easily undergo side reactions with the strong acid system (H,SO.,). Epoxidation of two vegetable

oils with different fatty acid compositions were carried out with the same two acid catalyst systems. And
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1 Introduction

The reliance on fossil feedstocks for the production of fuels and
chemicals has led to an energy shortage all over the world, as a
consequence of diminishing fossil resources and high energy
demand. Moreover, CO, emission from fossil fuels has also
raised global warming problems and environmental pollution.
Renewable biomass has been considered as a potential candi-
date to solve this problem due to its large annual production
and rich carbon nature." Among different biomass resources,
vegetable oils are complex mixtures of triglycerides, which
consist of a glycerol backbone and three fatty acid moieties
(saturated or unsaturated).> They are renewable, inherently
biodegradable, eco-friendly and inexpensive to serve as the
alternative sources to fossil feedstock for producing chemicals
or fuels.?

Chemical modifications of vegetable oils are important
methods to obtain industrial products.* Transesterification of
vegetable oils provides the first generation of biodiesel fuels
which have already been industrialized for years.® Besides,
modification of unsaturated C=C bonds in the hydrocarbon
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the results were in agreement with those from the FAMEs. The current findings could provide useful
guidance for the epoxidation of different vegetable oils with different alkenyl structure compositions.

chain of fatty acids to produce new value-added chemicals or
monomers for polymers has also attracted considerable interest
for many years. One of the most common approaches is the
epoxidation of vegetable oils or their fatty acid esters (FAMEs)
which are useful intermediates or compounds that can serve as
plasticisers,® resins,” stabilizers in coatings® and biofuel
additives.’

Epoxidation of vegetable oils is usually carried out with
peroxyacid formed in situ from organic carboxylic acid (e.g
acetic acid) and hydrogen peroxide over an acidic catalyst (e.g.
mineral acids) which is known as the Prileshaiev process
(Fig. 1).* For example, Goud'® and Okieimen"' et al. reported the
epoxidation of Karanja oil and rubber seed oil with hydrogen
peroxide and peroxyacetic acid over sulfuric acid catalysts. As
well as sulfuric acid (H,SO,), hydrochloric acid (HCI), nitric acid
(HNOs;) and phosphoric acid (H;PO,) were also used as catalysts
for the epoxidation of vegetable oils."> The main drawbacks of
the Prileshaiev process is that the resulted epoxides can easily
undergo ring-opening reactions due to the instability of the
epoxide group under acidic conditions.” Hence, tremendous
research efforts have been devoted to the development of new
technologies to improve the efficiency and suppress the ring-
opening reactions, typically involving the exploration of new
catalysts and optimization of the reaction conditions. Hetero-
geneous solid acid catalysts such as acidic resin,** Ti-silicas,"
Nb(v)-silica,*® sulfated-SnO,,"” polyoxometalate'® were devel-
oped for the reaction. These advances have further broadened
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the choice of catalytic systems for the epoxidation of vegetable
oils.

Oleic (C18:1), linoleic (C18:2) and linolenic (C18:3) acids are
three typical unsaturated fatty acids in vegetable oils that
contain 1 to 3 double bonds. During our study on the epoxi-
dation of vegetable oils, we noted that vegetable oils containing
more linolenic fatty acid composition tend to give inferior
epoxidation results (low epoxides yield and complex side
products). Vegetable oils from various plants contain different
fatty acid compositions including these three fatty acids. Thus,
it's important to find out general principles of the unsaturated
fatty acid epoxidation regarding the relationship between the
unsaturated alkenyl structure and their epoxidation efficiency.
This would help to design more efficient catalytic systems for
the epoxidation of vegetable oils with different fatty acids
composition. However, to the best of our knowledge, there is
little in the literature related to the influences of the alkenyl
skeleton with different numbers of C=C bonds on the effi-
ciency and product selectivity of the epoxidation of vegetable
oils.

Herein, we reported the epoxidation of three unsaturated
fatty acid methyl esters (methyl oleate, methyl linoleate, methyl
linolenate) derived from vegetable oils to investigate the influ-
ences of the alkenyl structure on the epoxidation reaction. From
the practical point of view, the two most commonly used liquid
acids catalysts of different acid strength, sulfuric acid (SA) and
formic acid (FA), were selected as the catalysts in this study
aiming to provide some insightful information on the common
methods of the epoxidation of vegetable oils. Different analysis
methods, iodine value, oxirane content, FTIR, "H-NMR and ESI-
MS, were used to characterize the epoxidation products. Finally,
two vegetable oils with different alkenyl fatty acids composi-
tions were epoxidized with the aforementioned acid catalyst
systems to further verify the results from the epoxidation of the
FAMEs.

2 Experimental
2.1 Materials

Methyl oleate (MO, Sigma-Aldrich, 99%), methyl linoleate (ML,
TCI, >95%) and methyl linolenate (MLN, Sigma-Aldrich, =99%)
are the model compounds used for this experiment. Glacial
acetic acids (AR), formic acids (AR), hydrogen peroxide (30 wt%)
and sulfuric acid (98%) were purchased from Nanjing Chemical
Reagent Co., Ltd. Wij's solution was bought from Tianjin weiyi
Chemical Technology Co., Ltd. Olive oil and linseed oil were
purchased from local market. All other reagents used were

Q Q
R0 R/C‘o’H
R—HC=CH-R, Ri—HC—CH-R;
H+

Fig.1 The main reaction route of epoxidation.
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purchased from local chemical reagent company and used
without further purification.

2.2 Epoxidation of FAMEs and vegetable oils

A typical procedure for the epoxidation of FAMEs was as follows:
4 mmol methyl oleate, 6 mmol HCOOH (or 0.41 mmol H,SO,, 6
mmol CH;COOH) were firstly added to a 100 mL three necked
round-bottom flask equipped with a magnetic stirrer. The flask
was then purged with nitrogen to exclude air and placed in a
temperature controlled oil bath. The mixture was then stirred
and heated to 30 °C. Then, 21 mmol H,0, (30 wt%) was added,
dropwise, to the reaction at a slow rate to maintain the
temperature of the reaction system within 30 & 1 °C. The whole
reaction time was 5 h. Upon the end of the reaction, the reaction
mixture was extracted twice with ethyl acetate (2 x 20 mL). The
organic phase was washed with saturated sodium bicarbonate
(3 x 15 mL) and saturated sodium chloride (3 x 15 mL) for
three times, respectively. The resulting organic phase was then
dried with anhydrous magnesium sulfate. After filtration, the
solvent ethyl acetate was removed by vacuum evaporator.

The epoxidation of vegetable oils were followed the same
procedures as the epoxidation of FAMEs except that the amount
of reagents used were as follows: 3 g olive oil or linseed oil
reacted with 0.6 g (13 mmol) FA (or 0.06 g (6.1 mmol) SA, 0.79 g
(13.1 mmol) AA) and 5.19 g (~46 mmol) H,0, (30 wt%).

Silica coated aluminium thin layer chromatography (TLC)
plates were used for separating the reaction mixtures. The
eluent was a mixture of petroleum ether and ethyl acetate in
25 : 1 (vol/vol) ratio for epoxidized methyl oleate and in 10: 1
(vol/vol) ratio for epoxidized methyl linoleate. The chromogenic
reagent was potassium permanganate solution.

Iodine values (IVy) of the FAMEs and vegetable oils were
expressed as gram per 100 gram sample (g per 100 g) and were
determined according to Wij's method." The amount of oxirane
oxygen (OO) was measured by the method with hydrobromic
acid in acetic acid solution.?

The theoretical percentage of oxirane oxygen (OOy,) in 100 g
sample was determined by the following expression.”

(IVo/24:)

1Vo
100+ (352 40|

where A; (126.9) and Ao (16.0) are the atomic weights of iodine
and oxygen, respectively and IV, is the initial iodine value of the
samples before epoxidation.
The conversion of substrate (C) of the epoxidation substrate
was determined as follows:*
IVo — 1V

_ ae 100%
C TV x 100%

OO = x Ao x 100

where Vg is the initial iodine values of the samples before
epoxidation, IV,. is the iodine values of substrate after
epoxidation.

The yield of epoxidized products (Y) was calculated as
follows. (Y):*

This journal is © The Royal Society of Chemistry 2015
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4 _ 00,

0,
= 00, x 100%

where OO,,, was the actual percentage of the oxirane oxygen
obtained in the experiment.

The amount of the ring-opening products and all other
unidentified products from side reactions was determined as
the difference between the conversion of the epoxidation reac-
tion and the yield of the epoxidized products (C—Y).

2.3 Identification of reaction products

The resulting reaction mixtures were analyzed by gas
chromatography-mass spectroscopy (GC-MS) and GC. The GC-
MS (Agilent 7890A, Agilent 5975C MSD) and GC (Agilent
7890A) instruments were equipped with a DB-5 capillary
column (30 m x 0.25 mm x 0.25 um, Agilent). The temperature
of column increased from 200 °C to 250 °C at a 5 °C min~ " rate.
The temperature of the injector was 250 °C. Sample was diluted
in ethyl acetate prior to injection.

The separated products from TLC were characterized by the
nuclear magnetic resonance (NMR, BruckerAvance III 600 Hz)
and high resolution mass spectroscopy (MS, Bruker VPEXII)
with EI mode.

Fourier transform infrared spectroscopy (FT-IR) spectra were
obtained by using Thermo Nicolet 380 coupled with Ezominic
software. Sample was smeared as a thin layer on KBr plates.
Then IR analysis was implemented between frequency range
4000-400 cm ™.

3 Results and discussion
3.1 Epoxidation of three FAMEs

The epoxidation reactions of three unsaturated FAMEs (MO, ML
and MLN) were carried out using H,O, as the oxidant over SA
and FA catalysts. The results of the epoxidation were listed in
Table 1. It should be noted that unlike acetic acid (AA) in the SA-
catalysed system, FA serviced as both the acid catalyst and the
active oxygen carrier for the epoxidation in the FA-catalysed
system. The epoxidation results exhibited obvious trends as
the number of double bonds varied in the FAMEs with the FA
catalysed system. The IV, increased with the increasing number
of double bonds in the FAMEs' skeleton, as expected. The
conversion of the double bonds in MO, ML, and MLN were

Table 1 Epoxidation of FAMEs with two acids®
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66.21%, 74.84% and 75.35%, respectively. Both the OO, values
and the yield of the epoxidized FAMEs increased from 3.50 to
8.57 and from 50.51% to 69.45% as the number of double bonds
increased from 1 to 3 in the starting materials, respectively. It is
well known that the epoxidation reaction is always associated
with side reactions, such as hydroxylation, oxidation, oxygena-
tion, and dimer formation.* It is worth noting that the yield of
the side products (C—Y) decreased substantially as the number
of the double bonds increased. It has been reported that during
the epoxidation of alkenes, the electron-donating groups adja-
cent to the alkenyl groups could enhance the activity of the
alkenyl group toward the epoxidation, and moreover, stabilize
the resultant epoxides from decomposition.”® Similarly, it can
be speculated that FAMEs with more double bonds would have
higher reactivities due to the electron-donating effects from the
adjacent carbon and double bond. In addition, when one of the
double bonds converted to epoxides, the adjacent double bond
and the carbon in the middle (an allyl group) served as a weak
electron-donating group, which would help to promote the
efficiency of the reaction and to stabilize the resulting epoxides.

The epoxidation of FAMEs with the SA/AA system often
showed significant differences from those of the FA system. The
conversions of the unsaturated double bonds were similar to
that from the FA-catalyzed reaction, indicating the increasing
activities of the FAMEs with the increasing double bonds.
However, the OO, value and the yield of the epoxidized FAMEs
displayed the opposite trends to those from the FA system. They
both decreased sharply as the number of double bonds
increased, especially with the epoxidation of MLN. The OO
value and yield of epoxidized MLN were as low as 0.78 and 6.32,
respectively, while these values were 8.57 and 69.45 with the FA
system. In addition, all three FAMEs showed less efficient
epoxidation with the SA/AA system than that with the FA system.
Similar results have been reported in the literature which
attributed the low epoxides yield to the strong acidic nature of
SA, that could lead to severe side reactions when epoxidized
FAMEs contained more epoxy groups.”* The above results
indicated that the alkenyl group with different numbers of
double bonds may have important influence on the epoxidation
efficiency and product selectivity. To further investigate the
mechanism of the epoxidation of FAMEs with different
numbers of double bonds, the epoxidation reaction of the above

Entry Systems Substrate Vo (g/100 g) IV, (g/100 g) C (%) OO¢he (%/100 g) OOcyp (%/100 g) Y (%) C-Y (%)
1 FA MO 118.13 39.93 66.21 6.93 3.50 50.51 15.70
2 ML 173.62 43.69 74.84 9.87 6.39 64.74 10.10
3 MLN 223.36 55.06 75.35 12.34 8.57 69.45 3.66
4 SA/AA? MO 118.13 48.92 58.59 6.93 2.96 42.71 15.88
5 ML 173.62 54.32 68.71 9.87 3.30 33.43 35.28
6 MLN 223.36 48.65 78.22 12.34 0.78 6.32 71.90

“ Conditions: (C=C) : FA/AA : H,0, =1 : 1.5 : 5.25 (molar ratio), 30 °C, 5 h. ” 2 wt% SA. FA: formic acid, SA: H,SO,, MO: methyl oleate, ML: methyl
linoleate, MLN: methyl linolenate. IV,: iodine values. IV, iodine values after epoxidation. C: conversion of substrate. OOy, theoretical percentage of
oxirane oxygen. OO, experimental percentage of oxirane oxygen. Y: the yield of epoxidized products. C—Y: others.

This journal is © The Royal Society of Chemistry 2015
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Table 2 Epoxidation of vegetable oils with different fatty acid compositions®

oil Systems Vo (g/100 g) IVqe (/100 g) C (%) OO¢he (%/100 g) OOeyp (%/100 g) Y (%)

Olive oil FA 127.18 36.21 71.53 7.42 5.03 67.79
SA/AAP 32.02 74.82 4.07 54.85

Linseed oil FA 200.61 50.17 74.99 11.23 6.68 59.48
SA/AA? 38.64 80.74 2.06 18.34

“ Conditions: (C=C) : FA/AA : H,0, = 1: 0.8 : 2.8 (molar ratio), 50 °C, 2 h. * 1 wt% SA was added.

three FAMEs were tracked and the reaction products were
identified with IR, MS and NMR to evaluate the influences of
these alkenyl groups on the efficiency and selectivity of the
epoxidation reaction.

3.2 Tracking of epoxidation reaction

3.2.1 Epoxidation of methyl oleate. The epoxidation
process of MO with one double bond in the skeleton of the fatty
acid was tracked by GC and the results were shown in Fig. 2. The
spectrum on the left was the epoxidation catalyzed by FA while
the right was SA. After the first 1 h, three major peaks were
detected in both systems and the peaks were identified by GC-
MS. Peak 1 was the starting material MO (Fig. S1 and S4%).
Peak 2 was the target epoxidized product (Fig. S2 and S5t). And
peak 3 was fatty ketones (Fig. S3 and S51) which were result of
the rearrangement of the epoxidized product, as reported in
much literature.” As the reactions proceeded, the amount of
MO gradually reduced in both systems. About 39.93% and
48.92% of the double bond remained in the FA and SA/AA
systems, respectively, after 5 h (Table 1, entry 1 and 4). Mean-
while, the amounts of the epoxidized products increased grad-
ually and reached 50.51% and 42.71% yield in the FA and SA/AA
systems, respectively. Comparing the two acid -catalysed
systems, it can be seen that the FA system had a higher reaction
rate in the formation of epoxidized products than the SA system.
This could be attributed to the higher rate constant of the in situ
formation of the peroxyacidin the FA system than in the SA/AA
system, which was the rate-determining step of the epoxidation
reaction.”® The IR spectra of the reaction mixture is shown in
Fig. 3. For the starting material MO (spectrum a), the peak at
3004 cm " was attributed to the C=C double bond in the fatty
acid skeleton. It became a small shoulder in the product
mixture after the epoxidation in both systems, which implied

Epoxidation of methyl oleate

I sn J

FA I h H,S0/AA - 1h
7_ﬂﬁ 2h " 2h
\ M 3h
/h 4h j h 4h
‘l Sh L. M 5h
6 8 10 12 14 6 6 8 10 12 14 16

Time/min Time/min

o o o o
s~ =ess~H g, 2 sesese~AASAAA~ANA e s /\/\/\/Y\/\/\/\)kw,

Fig.2 GC traces for the epoxidation of methyl oleate with FA and SA/
AA.
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that most double bonds were converted while only a few
remained unreacted (spectrum d and g). The peak around 820-
850 cm ™' represented the oxirane ring of the epoxides and it
may be slightly changed due to different functional groups
adjacent to the oxirane group as reported in many literature.””
No obvious peak around 3400 cm ™' (-OH stretching peak) was
detected in d and g, which indicated that the ring-opening side
diol products were negligible with the epoxidation of MO in
both systems. Based on the above results, it can be concluded
that both FA and SA/AA system were effective for the epoxidation
of the FAMEs with a single double bond and gave similar
performances in the reactions, albeit a little difference in the
conversions and product yields.

3.2.2 Epoxidation of methyl linoleate. Fig. 4 showed the
tracking of the epoxidation reaction of ML over FA and AA
catalytic systems. Two major products were detected by GC,
however, whose molecular ions cannot be detected by GC-MS.
Thus, these two products were separated by TLC and the sepa-
rated products were analyzed by "H-NMR and MS (see ESIf).
According to the results, peak 4 was the starting material
(Fig. S6T) and it gradually reduced as the reaction proceeded.
Peak 5 was a doublet peak corresponding to the isomerized
epoxidized product with only one epoxy group (Fig. S7 and S97).
Peak 6 was also a doublet peak corresponded to the isomerized
epoxidized products with two epoxy groups (Fig. S8 and S107).

| Mo

| ML

¢ 1 MLN
1
d X \ EMO-FA

| EML-FA

|
|

f 1
: | EMLN-FA
|

9 g EMO-SA/AA
|

EML-SA/AA

EMLN-SA/AA

3004
T

" 1 L 1 L 1 " 1 L 1 " 1 " 1 L 1 n 1
3600 3300 3000 2700 2400 2100 1800 1500 1200 900 600
Wavenumbercm™)

Fig. 3 FT-IR patterns of MO, ML, MLN, epoxidation of FAMEs with FA
(EMO-FA, EML-FA, EMLN-FA) and SA/AA (EMO-SA/AA, EML-SA/AA,
EMLN-SA/AA).
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Peak 7 was the side products that cannot be identified. The
amount of the epoxidized products (peak 5) gradually increased
as the reaction proceeded. When the reaction was stopped after
5 h, the FA system gave more epoxidized products than that
from SA system. As listed in Table 1, the conversion percentages
of the double bonds in ML were similar in the two acid catalytic
systems (74.84% and 68.71%), however much fewer of the
epoxidized products (peak 5) were detected by GC in the SA/AA
system than in the FA system. This is due to the severer ring-
opening reaction present in the epoxidized products in the
SA/AA system than in the FA system. Further confirmation via IR
analysis of the product mixture is shown in Fig. 3, the SA/AA
system provided a stronger ~OH stretching peak around 3464
ecm~ ' compared to the FA system, thus indicating the epoxi-
dized products with two epoxy group easily underwent ring-
opening and formed -OH in the presence of strong acid
(Fig. 3, h). Meanwhile, these epoxidized products were more
stable in the weak acid FA system and the -OH stretching peak
in the IR spectrum (Fig. 3, e) were relatively weak.

3.2.3 Epoxidation of methyl linolenate. The epoxidation of
MLN was carried out with the same two acid catalytic systems.
As shown in Fig. 5, the results from the tracking of the reaction
exhibited remarkable differences between the two acids
systems. When SA was used, two groups of product peaks (9 and
10) were detected by GC in the FA reaction system. However,
they were difficult to separate by TLC. Therefore, these two
groups of products were submitted to MS analysis. The molec-
ular ion peak at m/z 331.23 [M + Na] corresponded to mono-
epoxidized product 9 and the molecular ion peak at mj/z
347.22 [M + Na] corresponded to di-epoxidized product 10
(Fig. S117). Both of the two groups of products had three
isomers, thus they gave multiplet peaks in the GC spectrum. On
the other hand, no obvious product peaks were detected in the
SA/AA system, which indicated that most of the epoxidized
products might be further converted to ring-opening products,
such as polyols, that cannot be detected by GC due to their high
polarity. IR analysis of the reaction products of MLN confirmed
the above speculation by which the peak intensity around 3464
cm ™ 'in the spectrum of epoxidized MLN with SA/AA system
(Fig. 3, i) was stronger than those of all other reaction products.
The peak of the epoxy group (820-850 cm ') was very weak
which is consistent with the lower OO, in Table 1, entry 6.
These results revealed that FAMEs with three double bonds
easily underwent ring-opening reactions over strong acid

Epoxidation of methyl linoleate

h H,SO/AA J(\ )
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Fig. 4 GC traces for the epoxidation of methyl linoleate with FA and
with SA/AA.
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Fig. 5 GC traces for the epoxidation of methyl linolenate with FA and
SA/AA.

catalysts than FAMEs with two or single double bonds.
However, when the weak acid FA was used, the side reactions
were greatly suppressed and more epoxides were obtained.
3.2.4 The influences of the structure on the epoxidation.
From the above results, it was found that the structure of FAMEs
(different number of double bonds) had a significant influence
on the efficiency of their epoxidation reactions. The percentage
conversions of the double bonds increased as the number of
double bonds on the fatty acid skeleton increased, regardless
which acid catalysts was used (from 66.21% to 75.35% in FA
system and 58.59% to 78.22% in SA/AA system), indicating the
FAMEs with more unsaturated bonds exhibited higher reactiv-
ities towards epoxidation. This phenomenon can be ascribed to
the electron-donating effect from the adjacent double bonds. It
has been reported in the literature that epoxidation can be
promoted by electron-donating groups adjacent to the double
bonds.”® In addition, the generated epoxy group can also be
stabilized by the adjacent electron-donating groups.*” In the
current systems, ML and MLN had two or three double bonds
on their fatty acid skeletons. When one double bond underwent
epoxidation, the nearest double bond and the carbon between
them can be viewed as an allyl group which was a weak electron-
donating group (Fig. 6). Therefore, FAMEs with more double
bonds would have higher activities when undergoing epoxida-
tion reaction either with a strong or weak acid catalyst.
Furthermore, the strength of the acid played an important
role in the final product distributions of the epoxidation of the
FAMEs. When FA was used as the catalyst and oxygen-carrier, the
percentage conversion of double bonds and the yield of epoxi-
dized products increased as the number of double bonds
increased (Table 1, entries 1-3). However, when SA was used as
the catalyst and AA was the oxygen-carrier, the conversion of
double bonds still increased while the yield of the epoxidized
products decreased sharply. The strong acid SA caused severe
ring-opening reactions during this process, especially when the
products had two or three epoxy groups (Table 1, entries 5 and 6).
Based on the above results, it can be concluded that FAMEs
with more double bonds had higher activities towards epoxi-
dation (MLN > ML > MO) in both acid catalytic systems (Fig. 6).
Nevertheless, the weak acid FA can be used in the epoxidation of
all three FAMEs with different double bonds while the strong

RSC Adv., 2015, 5, 74783-74789 | 74787
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Fig. 6 Electron effect and reactivities of different FAMEs.

acid SA was more suitable for the epoxidation of FAMEs with a
single double bond.

3.3 Epoxidation of vegetable oils

Two vegetable oils, olive oil and linseed oil, with different fatty
acid compositions were chosen for epoxidation to confirm the
effect of fatty acid structures on the efficiency of their epoxi-
dation reaction (Table 2). The olive oil mainly contains oleic and
linoleic acid (~63.7% and ~25.2%, respectively) with almost no
linolenic acid. Linseed oil has a composition of oleic acid
~22.1%, linoleic acid ~16.7%, and linolenic acid ~52.5%.
When olive oil was submitted to epoxidation reaction, the
percentage conversions of the double bonds were 71.53% and
74.82% in the FA and SA/AA system, respectively. While the yield
of epoxidized products in the two acid systems were 67.79% (FA)
and 54.85% (SA/AA). The FA system gave a little higher product
yield than the SA/AA system. The linoleic acid composition in
olive oil should be the key factor for the side reactions in the SA/
AA system. When linseed oil was used as the starting material,
the conversions of the double bonds were higher than that from
olive oil, resulting from the higher reactivity of the linolenic
acid in linseed oil. The yield of the epoxidized products from
linseed oil with the FA system was still at a high level (59.48%),
which indicated that side reactions were suppressed to a
minimum level in the weak acidic systems. However, the
epoxidation of linseed oil with the SA/AA system gave a poor
yield of epoxidized products. All of the above results were
consistent with the results from the epoxidation of FAMEs.
Therefore, it can be concluded that a weak acidic system such as
FA was more preferable for the epoxidation reaction when the
vegetable oil contained more linolenic acid or linoleic acid.

4. Conclusions

Three typical unsaturated FAMEs (methyl oleate, methyl lino-
leate and methyl linolenate) were used in the epoxidation
reaction with FA and SA/AA systems to investigate the influences
of the alkenyl structure with different numbers of double bonds
on the epoxidation efficiency and selectivity. The epoxidation
reactions were tracked and the products were analyzed by
various technologies. It was found that FAMEs with more
double bonds have higher reactivities towards the epoxidation
reaction with both acid catalysts, which may be due to the
electron-donating effect of the adjacent double bonds. In
addition, epoxidized FAMEs with more double bonds can easily
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undergo side reactions in a strong acidic system (SA/AA) and
lead to a lower oxirane oxygen value. Alternatively, a weak acid
(FA) exhibited better performance in the epoxidation of the
three FAMEs and the side reactions were greatly suppressed in
this weak acidic system. Finally, the epoxidation results of the
two vegetable oils with different fatty acid compositions further
confirmed the above conclusions. The current findings provide
useful information on the influences of the alkenyl structure on
the epoxidation reactions which may find important application
in the design of new catalytic systems for the epoxidation of
vegetable oils with different fatty acid compositions. Future
studies will be focused on the development of some heteroge-
neous catalysts for the epoxidation of vegetable oils.
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