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Functionalization of vegetable oils (VOs) including edible, non-edible, and waste cooking oil (WCOs) to

epoxides (EVOs) is receiving great attention by many researchers from academia and industry because

they are renewable, versatile, sustainable, non-toxic, and eco-friendly, and they can partially or totally

replace harmful phthalate plasticizers. The epoxidation of VOs on an industrial scale has already been

developed by the homogeneous catalytic system using peracids. Due to the drawbacks of this method,

other systems including acidic ion exchange resins, polyoxometalates, and enzymes are becoming

alternative catalysts for the epoxidation reaction. We have reviewed all these catalytic systems including

their benefits and drawbacks, reaction mechanisms, intensification of each system in different ways as

well as the physicochemical properties of VOs and EVOs and new findings in recent years. Finally, the

current methods including titrimetric methods as well as ATR-FTIR and 1H NMR for determination of

conversion, epoxidation, and selectivity of epoxidized vegetable oils (EVOs) are also briefly described.
1. Introduction

Although phthalate plasticizers have been used for many
decades in poly(vinyl chloride) (PVC) insulation and jacketing of
cables, several commonly utilized phthalates have been recog-
nized or suspected to be harmful, of which diethylhexyl
phthalate (DEHP)/dioctyl phthalate (DOP) is themost rigorously
hyu Thin Wai was born in
aungdwingyi City, Magway
ivision of Myanmar. She
eceived her Master's degree in
007 from Yadanabon Univer-
ity, Mandalay Division of
yanmar. Aerwards she joined
s an assistant lecturer at the
ame university in 2009. At
resent, she is a doctoral candi-
ate at School of Chemical and
aterial Engineering in Jian-
nan University. Her current
lopments in the epoxidation of
s.

olloids, Ministry of Education, School of

gnan University, Wuxi 214122, China.

hemistry 2019
controlled plasticizer (along with DBP and BBP). In March 2015,
the European Commission added DEHP/DOP as well as di
normal butyl phthalate (DBP), diisobutyl phthalate (DIBP), and
butylbenzyl phthalate (BBP) to Annex II of RoHS. Thus, their
presence was stipulated to not exceed 0.1% in electrical and
electronic equipment placed on the European Economic Area
(EEA) market, with effect from July 22, 2019 (or July 22, 2021, for
medical devices, or medical or industrial controls and instru-
ments). Aer July 2019, DEHP/DOP, DBP, DIBP, or BBP over
0.1% w/w in any homogeneous plastic or rubber will be RoHS
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non-compliant (2021 for certain types of equipment).1 Because
of these severe issues, nding an alternative to toxic phthalate
plasticizers has become an important concern.

Vegetable oils (VOs) composed predominantly of triglycer-
ides are playing an important role in the chemical industry,
thanks to their inherent biodegradability, accessibility, and
versatile modications as well as environmental issues and
scarcity of petroleum sources.2 According to Statista, vegetable
oil production is growing constantly and amounted to some
203.83 million metric tons worldwide in 2018–2019.3 Vegetable
oils are also extensively utilized as precursors for the production
of lubricants, cosmetic products, surfactants, paint formula-
tion, coatings, and resins.4Waste vegetable oils (WVO) as well as
non-edible oils such as tall oil,5 jatropha oil,6 and cottonseed
oil7 have become alternative promising candidates of triglycer-
ides that are yet to be profoundly exploited because they have
the potential to meet the requirements of low price materials
without having the need for competition with food crops.8

Besides, the improper disposal of WVO results in oxygen
depletion that severely harms aquatic life; technological valo-
rization of WCO can solve such a serious environmental
issue.9,10 However, appropriate collection management system
and analysis of the quality of WCO should be done to meet the
requirements for valorization.11 It is approximated that the
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annual production of WVO is over 700 000 tonnes in the EU and
4.5 million tonnes in China.12 These are attractive sources for
making valuable products.

By using proper reagents and catalysts, vegetable oils can be
modied into alternative compounds via different reactions,
such as epoxidation, hydroxylation, carboxylation, halogena-
tion, hydrogenation, and oxidation.13 Among many functional-
ization reactions of vegetable oils, the epoxidation of vegetable
oils is a renowned reaction, with patented applications since
1946 and nowadays, it is becoming more and more popular due
to the high reactivity of the epoxy group.14

However, the unsaturated sites within the fatty acids of
vegetable oils may be less prone to epoxidation in comparison
with terminal double bonds of short-chain olens.15 Moreover,
it was reported that H2O2 and oil or fat in the absence of cata-
lysts did not show any apparent reactivity, so an oxidant was
crucial to shi the active oxygen from the aqueous to the oil
phase.16

In addition to H2O2, organic hydroperoxides (e.g., TBHP) are
also appropriate oxidants for epoxidation reactions catalyzed by
various transition metal compounds such as Mo15 and Ti.17

These metals with strong Lewis acid character are active cata-
lysts that act as relatively weak oxidants. In particular,
molybdenum-containing complexes have been extensively
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studied due to their good catalytic activity and ready avail-
ability.18 Vegetable oils including edible, non-edible, and waste
cooking oils can be transformed into valuable epoxides by the
conventional homogeneous system (current industrial process),
in which peracids such as performic acid, peracetic acid, and
perpropanoic acid are chosen as oxygen carriers in the presence
of H2O2 and inorganic acid catalysts (H2SO4, H3PO4, and
HNO3).19–26 The degradation of oxirane ring as the undesirable
side reaction caused by water, hydrogen peroxide, acetic acid,
and peracetic acid was studied in detail for the liquid–liquid
system. As a result, acid hydrolysis of epoxidized EVOs happens
very slowly but degradation of the oxirane ring by H2O2 in the
presence of acid is fast.27 It was further found that rate of ring
opening caused by peracetic acid and acetic acid is faster than
that caused by water and H2O2.28 The concentration of acetic
acid is higher than that of peracetic acid due to the constant
regeneration of acetic acid in the epoxidation reaction and
consequently carboxylic acids mostly cause degradation of the
oxirane ring.29 Researchers have focused on other homoge-
neous systems using methyltrioxorhenium (MTO)-CH2Cl2/H2O2

biphasic system,30 bis(acetyl-acetonato)dioxo-molybdenum(VI)
[MoO2(acac)2],15 manganese complex,31 and citric acid with
H2O2 for the epoxidation of VOs.32

To overcome the drawbacks of the former system, to mini-
mize the unwanted side reactions, and to improve the high
epoxy yield, acidic ion exchange resins are becoming the
substitutes for inorganic acid catalysts.33–40 The reaction
mechanisms of epoxidation by inorganic acid and AIERs are the
same, in which the catalysts speed up the perhydrolysis (peracid
formation) that is the rate determining step of the reaction.41

Similarly, phase transfer agents play the part of catalysts for the
epoxidation of vegetable oils as a solvent-free system. Tungsten-
based catalysts including polyoxometalates (POM) show high
epoxide selectivity. POM reacted with H2O2 to form soluble
molecular species (peroxo POM). Using the phase-transfer
catalyst, Q+ ([(C8H17)3NCH3]3

+), the active oxygen from the per-
oxo POM is almost fully transferred from the water phase to the
oil phase. The reaction takes place preferentially in the organic
phase via the active oxygen atom and oxirane group was formed
in the organic phase.42–45 Chemoenzymatic epoxidation
commonly using Novozyme 435 has become an alternative
means for the epoxidation of oils as an environmentally friendly
process.6,46–48 Other heterogeneous catalysts such as HY
zeolite,49 SiO2@ (CH2)2COOOH,50 sulfated-SnO2,51 Nb–SiO2,52

CoCuAl layered double hydroxides,53 commercial alumina,54–56

copper supported on alumina with cumene and O2 as the
oxidant,57 poly(4-vinylpyridine)CH3ReO3 supported on halloy-
site nanotubes,58 Ti-incorporated mesoporous silica,59 and
N2O5–SiO2 (ref. 60) have been developed recently as alternatives
for the epoxidation of VOs. These catalyst systems except HY
zeolite and sulfated-SnO2 use only H2O2 as the oxidant without
the need of extra acid for the epoxidation reactions, making
them interesting in terms of green and recyclable conditions.

These epoxidized vegetable oils were commonly used as PVC
plasticizers (primary61 and secondary62–64) to entirely or partially
replace detrimental phthalates, low-temperature lubricants,51

and high-temperature lubricants,65 stabilizers for PVC and
This journal is © The Royal Society of Chemistry 2019
starting materials to produce polyols and prepolymers in
surface coating formulations and to synthesize polyurethane
foams.66,67 Epoxidized vegetable oils are intermediates for the
production of isocyanate and non-isocyanate polyurethane. The
former can be prepared from the ring opening product of EVOs
and harmful isocyanate. The pathway for non-isocyanate poly-
urethane consists of a series of esterication, epoxidation,
carbonation, and aminolysis reactions. Indeed, it is an inter-
esting route due to it being greener and safer.68–70 Epoxidized
soybean oil (ESO) occupies about 4.9% of the total plasticizer
market.71 Aer epoxidation, some extent of double bonds
remains unchanged, which increases the molar mass of the
product and consequently, reduces the compatibility with PVC.
Besides, the plasticizing efficiency of epoxidized triglyceride oils
is inferior compared to DEHP/DOP. These are the reasons why
epoxidized triglyceride oils are mostly utilized as secondary
plasticizers.72–74 Epoxy groups catch the HCl released from the
thermal degradation of PVC, give exceptional light, and heat
stability to PVC.75

Until now, every catalytic system has been associated with
both benets and bottlenecks. This is why researchers are
focused on nding modied new routes such as new catalysts
and process intensication (PI). PI is the alternative approach
for the advancement of innovative processes and new products,
which is currently in demand.76,77 For PI, it is needed to know
the physiological properties of vegetable oils and their epoxi-
dized products in addition to the benets and drawbacks of
each catalytic system. There are a few works of literature that
discuss this.78–80 When it comes to process intensication, there
are two approaches such as modication of equipment and
methods. The equipment class includes the development of
intensied reactors such as microreactor or equipment, which
in turn can be used for multiple operations. On the other hand,
the modication of methods comprises the development of
processes by using alternative energy resources or improvement
of yield with synergistic effects such as mixing program,22

ultrasonic irradiation,47,62 microwave technology,81–87 high
temperature,88 and hydrodynamic cavitation.89

Our group has studied amphiphilic phosphotungstate-
paired ionic copolymer90 and molybdenum-based cata-
lysts91–98 on various supports for the epoxidation of different
alkenes and good results were obtained. Moreover, recent
developments in the application of molybdenum-based cata-
lysts for epoxidation have been reviewed as well.99 When it
comes to vegetable oils, ion exchange resin,100 chemo-
enzymatic epoxidation,101 and others associated with catalysts
for epoxidation and properties of epoxidized vegetable
oils66,102,103 have been discussed in former review papers. As far
as we know, the analytical methods for determination of
conversion, selectivity, and epoxide yield have not been re-
ported in the review paper. In our study, we focus on the
current methods including conventional methods such as
FTIR and 1H NMR techniques that are used for the analysis of
epoxidized oil such as iodine value, epoxy value, and a-glycol
content. Moreover, the technological parameters of different
catalytic systems will be highlighted, especially the latest
ndings and intensication in different ways.
RSC Adv., 2019, 9, 38119–38136 | 38121
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Fig. 1 Typical triglyceride molecule: (1) glycerol linkage, (2) ester
group, (3) a-position of the ester group, (4) double bonds, (5) mono-
allelic position, and (6) bisallylic position. Reprinted from ref. 104.
Copyright 2000 Wiley-VCH.
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2. The original compositions of
vegetable oils and final purposes

As shown in Fig. 1, triglycerides, which are major components
of vegetable oils, contain three fatty acids connected to one
glycerol molecule.104 Various fatty acids with different carbon
chain lengths in the range of 14 to 22 and 0 to 3 double bonds
per fatty acid exist in vegetable oils. Among them, two saturated
ones, palmitic (C 16 : 0) and stearic (C 18 : 0), and four unsat-
urated ones, oleic (C 18 : 1), linoleic (C 18 : 2), linolenic (C
18 : 3), and ricinoleic (C 18 : 1 OH) are the six most common
fatty acids.105 Fatty acid composition of different vegetable oils
and their iodine values are mentioned in Table 1. Two chemical
characteristics of VOs capable being of a good plasticizer are
a fatty acid chain and the ester groups. While the former can
intersperse and intercalate between polymer chains, increase
intermolecular spacing, and bring mobility, the latter can
interact with polymer chains and bring compatibility. Due to
the presence of two reactive sites—the ester groups and the
double bonds—chemical modications can be made via epox-
idation to increase compatibility with the polymer.106

The overall use of vegetable oils is mainly categorized into two
groups: (i) approximately 80% is exploited in the food industry,
and (ii) the rest percentages are shared by other industrial
Table 1 Fatty acid composition of different vegetable oils105

Entry Vegetable oil

Fatty acid composition (X : Y, where X is the

Palmitic (C 16 : 0) Stearic (C 18 : 0) Ole

1 Soybean 11.0 4.0 23.
2 Palm 42.8 4.2 40.
3 Rapeseed/canola 4.1 1.8 60.
4 Sunower 5.2 2.7 37.
5 Groundnut 11.4 2.4 48.
6 Cottonseed 21.6 2.6 18.
7 Coconut 9.8 3.0 6.
8 Palm kernel 8.8 2.4 13.
9 Olive 13.7 2.5 71.
10 Corn 10.9 2.0 25.
11 Linseed 5.5 3.5 19.
12 Sesame 9.0 6.0 41.
13 Castor 1.5 0.5 5.

38122 | RSC Adv., 2019, 9, 38119–38136
areas.107 Generally, various vegetable oils such as soybean oil,
linseed oil, palm oil, cottonseed oil, canola oil, corn oil, olive oil,
rapeseed oil, and rice bran oil are accessible worldwide at
present.108 Nowadays, soybean oil and linseed oil have become
the most popular for epoxidation since most of the VOs to be
epoxidized are not abundant and the price is not outrageous.109

According to the Statista portal, in the crop year 2018/2019, some
360millionmetric tons of soybeans were produced worldwide. In
that year, China was the leading producer of soybean oil world-
wide, with the production amounting to 15.77 million metric
tons.110 Likewise, Hiroaki et al.111 stated that 500 million pounds
of soybean oil were consumed in industrial applications from 16
billion pounds of the annual production in the United States.
Even though soybean oil is still the leading vegetable oil in world
consumption, Brink et al.112 reported that palm oil has the
potential to compare with and exceed soybean oil consumption
shortly. However, the low iodine number of palm oil will not be
competitive for epoxidation compared to soybean oil. At present,
there is an adequate amount of epoxidized vegetable oils avail-
able. However, May et al.109 and Meyer et al.113 approved that
vegetable oils with a rather high content of unsaturation or high
iodine value such as soybean and linseed oils can be selected as
a prior raw material to produce epoxides with high epoxy
functionality.
3. Epoxidation of vegetable oils

Epoxidation is the chemical reaction that converts the carbon–
carbon double bond into oxiranes (epoxides) using a variety of
oxidizing agents. Various methods have been developed for the
epoxidation of vegetable oils as follows:

� Homogeneous catalytic system by peroxyacids.
� Heterogeneous catalytic system by acidic ion exchange

resins (AIERs).
� Epoxidation over phosphotungstate heteropolyacid cata-

lysts and in the presence of phase-transfer catalysts (H+/WO4
2�/

PO4
3�/Q+X�, QX – onium salt).
� Chemoenzymatic epoxidation.
number of carbon atoms and Y is the number of double bonds), wt%

ic (C 18 : 1) Linoleic (C 18 : 2) Linolenic (C 18 : 3) Iodine value

4 53.3 7.8 117–143
5 10.1 — 44–58
9 21.0 8.8 110–126
2 53.8 1.0 110–143
3 31.9 — 80–106
6 54.4 0.7 90–119
9 2.2 — 6–11
6 1.1 — 14–24
1 10.0 0.6 75–94
4 59.6 1.2 102–130
1 15.3 56.6 168–204
0 43.0 1.0 103–116
0 4.0 0.5 82–88

This journal is © The Royal Society of Chemistry 2019
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� Other metal-catalyzed heterogeneous systems with H2O2,
cumene, and O2, TBHP as the oxidant and bio-based catalyst.

� Intensication of the aforementioned processes in
different ways.
Scheme 2 Side reactions in the conventional epoxidation process.
3.1 Homogeneous catalytic system

According to Gerhard and Johannes, the Prileshajev-
epoxidation process is the initial conventional process used
for the industrial production of epoxidized vegetable oils (EVO),
in which peroxyacids (peracids) such as peroxyacetic acid or
peroxyformic acid have been mostly used as the oxidizing
agent.114,115 Among peracids, while m-chloroperbenzoic acid is
highly reactive, costly, and difficult to separate, performic acid
is very reactive and corrosive. Peracetic acid is less reactive and
corrosive but more selective. The descending order of the
reactivity of m-chloroperbenzoic, performic, perbenzoic, and
peracetic acid is determined by the electron-withdrawing
groups of these peracids.116 The comparative investigation of
the efficiency of different oxidants exhibited that performic acid
is more superior to peracetic acid and it is the most suitable
oxidant in the range of 40–60 �C.20,117 Moreover, performic acid
has the potential to undergo decomposition at higher temper-
ature, that is, ca. 60–80 �C.29 Peracetic acid is effective at
temperatures above 60 �C. However, increasing temperature
will result in higher epoxidation rate as well as a faster rate of
product hydrolysis. Cai et al. established that a high concen-
tration of H2O2 (the hydrogen peroxide to carbon–carbon
double bond molar ratio) in the epoxidation reaction causes an
increase in the formation of by-products due to the sensitivity of
the oxirane ring.118 However, at higher temperatures, performic
acid is generated due to the high reactivity of formic acid with
hydrogen peroxide and the decomposition of a fraction of
hydrogen peroxide takes place before participation in the
epoxidation reaction.15,117

The mechanism of EVO preparation includes three steps
together with a parallel decomposition reaction as shown in
Scheme 1 (Santacesaria et al., 2011).119 Firstly, in the water
phase, peroxy-acid is produced reversibly from hydrogen
peroxide and the related acid in the presence of a strong
mineral acid in situ or in an individual step. Secondly, both
organic acid and peroxy-acid are transferred to the organic
phase depending on their partition coefficient. Finally, the
epoxidation reaction in the organic phase results in the epoxide
Scheme 1 Conventional epoxidation process. Reprinted from ref. 119. C

This journal is © The Royal Society of Chemistry 2019
and the original organic acid. The decomposition of hydrogen
peroxide and that of the epoxide product may undergo at the
interface as a simultaneous reaction.114,119,120

The prominent advantages of the classical epoxidation of
vegetable oils are a rather high yield of the process, a cheaper
price in the peracid synthesis itself (usually acetic acid), the
chance of carboxylic acid recapture, as well as its comparative
stability under epoxidation parameters.38 On the other hand,
according to experts, peracid-catalyzed epoxidation suffers from
numerous shortcomings. Firstly, as shown in Scheme 2, low
selectivity results from the side reactions, such as ring opening
of the epoxides that causes the formation of by-products such as
diols, hydroxy esters, estolides, and other dimers.16,121–123

Secondly, neutralization of the corrosive, strong inorganic acid
and aqueous carboxylic acids in the reaction medium yield
massive amounts of salt and this gives one surplus
obstacle.121,124 Also, the reaction is highly exothermic (DH ¼
�55 kcal mol�1 for each carbon–carbon double bond), which
opyright 2011 Elsevier.
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Table 2 Processing parameters for the epoxidation of vegetable oils using homogeneous systems

Entry Substrate/IV Catalyst (% w/w) Oxidant
Reaction
conditions

DB : H2O2 :
acid Solvent

Conversion
(%) Selectivity Yield

Oxirane
content Ref.

1 Non-edible
perilla oila

(196.9)

Performic
acid

60 �C, 8 h,
500 rpm

1 : 1.5 : 0.5 — — 88 — 19
(2018)

2 Grape seed
oila (141.52)

Peracetic
acid

90 �C, 1 h,
900 rpm

1 : 2 : 0.5 90 Epoxy
value
2.186

— 20
(2016)

3 Sesame
oila (110.3)

H2SO4/H2O2 +
CH3COOH (3 wt%)

Peracetic
acid

90 �C, 4 h,
700 rpm

1 : 3.5 : 0.8 77.2 93.5 — 21
(2017)

4 Soybean oilb H2SO4/H2O2 +
HCOOH (2 wt%)

Performic
acid

60 �C, 3.5 h,
500 rpm

1 : 1.5 : 0.5 100 97 — 22
(2018)

5 Sesame
oila (110.3)

H2SO4/H2O2 +
HCOOH (1 wt%)

Performic
acid

80 �C, 6 h,
700 rpm

1 : 3.5 : 0.8 90.7 93.2 84.6 5.5 23
(2018)

6 Rice bran
oila (96.26)

H2SO4 (3 wt%) Performic
acid

60 �C, 3 h,
1000 rpm

1 : 1.5 : 0.5 82 — — 4.69 64
(2014)

7 Soybean oilc Bis(acetyl-acetonato)
dioxo-molybdenum(VI)
[MoO2(acac)2]
(1 wt%/DB)

110 �C, 2 h DB : TBHP,
1 : 1

C6H5CH3 70.1 77.2 — — 15
(2010)

8 Soybean oila Methyltrioxorhenium
(MTO)

R.T., 2 h H2O2 CH2Cl2 100 95 — — 30
(2002)

a The results are calculated by the titrimetric method as described in the analytical part. b The results are calculated by the FTIR method as
described in the analytical part. c The results are calculated by the FTIR method as described in the analytical part.
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can cause thermal runaway.125 Many studies have focused on
controlling the reaction under benign conditions and classied
the safety parameters required to avoid the runaway reaction in
view of kinetic modeling.126–130

To diminish the side reactions, many types of research have
been carried out to search various catalysts and to optimize
reaction parameters such as H2O2 concentrations, acetic acid to
ethylenic unsaturation, and solvent systems. In general, an 80%
conversion rate for plant oils can be done with epoxidation in
the presence of peracid under boosted conditions131,132while the
epoxidation of fatty acid esters gave much higher yield.133 Mil-
chert et al.100 reviewed and concluded from many former
observations that the optimum reaction conditions are iden-
tical in the epoxidation of oils that possess different iodine
numbers (IN ¼ 82–130 g/100 g) and different contents of
unsaturated fatty acids. However, in many cases, the formation
of by-products has yet to be investigated carefully. The pro-
cessing parameters for the epoxidation of VOs using peracids,
methyltrioxorhenium (MTO), and bis(acetyl-acetonato)dioxo-
molybdenum(VI) [MoO2(acac)2] are shown in Table 2.
3.2 Heterogeneous catalytic system

To diminish the aforementioned drawbacks of the typical
epoxidation reaction, plenty of studies to search for alternative
and effective catalytic systems have been carried out until now.
Among them, acidic ion exchange resins (AIERs) have become
an option. Mungroo et al.134 described that the epoxidation
process of vegetable oils could be done in a cleaner and envi-
ronmental friendly manner using heterogeneous catalysts,
especially AIERs in the place of conventional homogeneous
38124 | RSC Adv., 2019, 9, 38119–38136
catalysts. AIERs are heterogeneous catalysts capable for the
epoxidation of triglycerides, in which active sites are located on
a polystyrene matrix crosslinked with divinylbenzene (DVB)
content. They are divided into twomain categories. The rst one
is gel-type (microporous) resins with no apparent porosity in the
dry state, whose pore sizes are not wide enough to allow the
entry of triglycerides into the active sites and are only probable
aer swelling of the resins in the reaction media. Another one is
macroreticular resins with stable macropores in the range of 2
to 200 nm (ref. 135) including masses of gel-type regions with
micropores, released from the swelling of the polymer skel-
eton.136 The DuPont de Nemours and Co. Company was
a discoverer of new polystyrene sulphonic catalysts that could
be effectively functional in the epoxidation of vegetable oil.
Although AIERs have a similar efficiency like other strong acids
in catalyzing peracid formation, they do not catalyze the ring-
opening reaction when raw materials have relatively high
molecular weight. This is one of the advantages over other
strong acids and due to the deciency of contact of the epoxi-
dized oil with acid centers in the resin.137 The benets of AIER
catalysts compared to mineral acids include the suppression of
unfavorable side reactions, better selectivity, as well as easy
separation of the catalysts from the reaction products.39,138

The reaction mechanisms of EVO preparation using
heterogeneous solid catalyst such as AIERs are similar to the
conventional one. In the presence of AIER catalysts, the peracid
forms inside the pores and epoxidation of peracid with triglyc-
erides takes place at the outside of the pores in the oil phase.
The former includes several sub-steps: (1) diffusion of carbox-
ylic acids and H2O2 into catalyst pores, (2) adsorption of reac-
tants on the catalyst surface, (3) reaction at the catalyst surface,
This journal is © The Royal Society of Chemistry 2019
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and (4) diffusion of products (peracids) from the catalyst to the
bulk reaction mixture.38

Researchers have already conducted the epoxidation reac-
tions of VOs with the use of AIERs alone or a comparison of
efficiencies of different AIERs with different morphologies and
DVB contents. It was observed that, due to high resistance to
deterioration of the Amberlyst 39 resin, it could be reused effi-
ciently for up to ten cycles with high oxirane content for the
epoxidation of vegetable oils.37 Amberlyst 16 has been rstly
used for the epoxidation of soybean oil with minimal oxirane
cleavage using formic acid and hydrogen peroxide in a semi-
batch reactor. As a result, 98% of double bond conversion and
more than 80% of selectivity was achieved with only 5% of
catalyst within a short reaction time (3 h). Amberlyst 16 is
attractive and promising due to its robust mechanical resis-
tance, high conversion, high selectivity (in contrast to the
outcomes of Amberlyst 15), and recyclability with no obvious
loss of activity. As encountered in Amberlite IR-120, the swelling
phenomena and plugging of the reactor did not happen in the
case of Amberlyst 16 with macroreticular structure. Moreover,
the resin can work in a packed bed continuous reactor.41

Jatropha oil was epoxidized with ion exchange resins with
different DVB contents such as Dowex 50Wx2 (2%), Amberlite
IR-120 (8%), Amberlite 15 (20%), and SAC 13 with acid strength
to nd the most effective one. The acidity of the former three
resins is similar to 45% H2SO4 solution and the last one is 85%
of that solution. The results on product distribution show two
noteworthy aspects: (a) on one hand, the selectivity towards the
epoxides declines due to the formation of more glycols with
lower cross-linking from the view of gel-type resins, i.e., 2% and
8% DVB; (b) on the other hand, selectivity towards epoxides is
still poor due to the formation of glycols because the epoxide
ring can open with water by protonating on the high extrap-
articular surface area of the macroreticular structure. This is
from the view of the granular type resin with 20% DVB, which
has the highest cross-linking. The exposure of the epoxide to the
acidic sites of the catalyst can be minimized by using resins
with low external surface area and high cross-linking. Among
the sulfonated ion exchange resins examined in this study,
Amberlite IR-120 was the best heterogeneous catalyst for
epoxide production (about 90% conversion and 70% epoxide
selectivity), with stability up to ve times.139

In the preparation of peroxyvaleric acid, Dowex 50Wx2,
Smopex-101, Dowex 50Wx8 z Amberlite IR-120, and Amberlyst
15 with the same scale as sulfuric acid at analogous concen-
tration level were chosen and their catalytic activities are in the
decreasing order. The effect of external and internal mass
transfer limitation was investigated. The experiments also
revealed that a gelular resin with a particle size of more than
0.1 mm and 8% cross-linking degree (i.e., Amberlite IR-120)
showed better resistance to deactivation.140 To conclude, the
degree of cross-linking plays a major role in the efficiency of the
resins because a higher degree of cross-linking makes the
reaction rate slower and the lower one can deactivate during the
reaction.141 Technological parameters such as temperature,
catalyst loading, carboxylic acid to double bond ratio, hydrogen
peroxide to double bond ratio, and stirring speed are optimized
RSC Adv., 2019, 9, 38119–38136 | 38125
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Scheme 3 Epoxidation of unsaturated compounds in the presence of
PPOMs. Reprinted from ref. 146. Copyright 2004 Elsevier.
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in the epoxidation of VOs with AIERs. The comparison of some
literature ndings are tabulated in Table 3.
3.3 The use of polyoxometalates

Polyoxometalates (POMs) serve as analogs of peracids and are
highly efficient catalysts for biphasic epoxidation in an envi-
ronment friendly manner.142 The active intermediates, perox-
opolyoxometalates (PPOMs) Q3 (where Q ¼ [Bu4

nN]+, [MeN(n-
C8H17)3]

+, [p-C5H5N(CH2)15CH3]
+; X ¼ P, As, etc.; M ¼ Mo, W,

etc.) species responsible for epoxidation with hydrogen
peroxide, can be obtained by the reaction of POMs with surplus
H2O2 in solution.143 Quaternary ammonium salts (QASs) as the
phase-transfer agents are necessary to assist the solubility of
PPOMs in the organic phase.144 Therefore, the reaction
encompasses the transfer of peroxopolyanion across the water–
organic interface by phase-transfer catalysis (PTC). The earliest
use of PPOMs was in the epoxidation of 1-octene, cyclohexene,
1-dodecene, styrene, and a-methylstyrene since 1983.145 High
selectivity for epoxide (80–90%) and the noticeably full
Table 4 Processing parameters for THE epoxidation of vegetable oils u

Entry Substrate/IV Catalyst (% w/w)
Reaction
conditions

1 Soybean oila Peroxopolyoxometalate [PW4O24]
3�

with dicationic long-chain
alkyl imidazolium ionic liquids

80 �C, 2 h

2 Soybean oila [MeN(n-C8H17)3][PO4 [WO(O2)]4]
supported on modied
halloysite nanotubes

40 �C, 2 h

3 Soybean oila [MeN(n-C8H17)3]
supported on palygorskite

40 �C, 2 h

4 Soybean oila [MeN(n-C8H17)3]{PO4 [WO(O2)]4}
supported on palygorskite

50 �C, 2 h,
ultrasonic

5 Cardonal oila (C17H30ClN)30O40PW12$xH2O 50 �C, 3 h
6 Soybean oila [p-C6H5N(CH2)15CH3]3[PW4O16] 60 �C, 3–4 h,

dichloroethane

a The results are calculated by the titrimetric method as described in the

38126 | RSC Adv., 2019, 9, 38119–38136
conversion of hydrogen peroxide are usually accomplished
under mild conditions within short times.

The reaction mechanism of the phase-transfer catalysis
(PTC) using H2O2 as the oxidant comprises the in situ formation
of peroxoheteropolyanion {XO4[MO(O2)2]4}3

� in the aqueous
phase, its stabilization by QAS cations on the interface, and
transfer of the active species to the organic phase (vegetable oil).
Then, the PPOM reacts with the substrate in the organic phase
and the deactivated catalyst regenerates with hydrogen peroxide
in the aqueous phase to be active again (Scheme 3).146

The combined effect of PPOMs and QAS is very useful for the
effective epoxidation of vegetable oils either in the homoge-
neous or heterogeneous form with a suitable support. In the
literature, the PPOM catalyst structure is usually used for the
selective epoxidation of vegetable oils and their derivatives.42,147

It was found that the epoxidation of soybean oil provides an
epoxide yield of more than 90% during 3–4 h at 60 �C under
mild conditions.147 However, it was investigated that the active
sites of the catalysts are lost in the course of the reaction and,
consequently, deactivation of the catalysts, decrease in activity
and selectivity occur.42 Moreover, the stability, separation aer
reaction, and reusability of the PPOMs in the homogeneous
form limit their widespread use in the epoxidation of vegetable
oils with H2O2 as the oxidant. To solve this issue, the entrap-
ment of these complexes was carried out on the surface of the
polymer support or inorganic solid support.44,45 The investiga-
tions for the catalytic activity of these catalysts for the epoxi-
dation of vegetable oils are still less and some of the ndings for
this system are shown in Table 4.
3.4 Enzymatic method

Björkling and co-workers148 rstly used lipases as the biocatalyst
for Prileshajev epoxidation in 1990 (Scheme 4) wherein the
carboxylic acid or ester is oxidized to the peracid that is efficient
for alkene epoxidation. Likewise, the reaction mechanism of
vegetable oils with lipases is similar to that of short chain
alkenes. Initially, unsaturated percarboxylic acid is obtained
sing polyoxometalates

DB : H2O2

Conversion
(%) Selectivity

Epoxy
yield

Oxirane
oxygen Reuse Ref.

1 : 1.5 97 — 82.4 — 3 42 (2014)

1 : 3 22.8 — 12.27 — 3 44 (2012)

1 : 1.25 65.38 58.35 38.15 — 3 45 (2014)

1 : 1.5 90.69 87.48 79.34 — 3 45 (2014)

1 : 1.8 — — — 5.2 5 43 (2019)
1 : 10
(w/w)

— — 90 — — 147 (2015)

analytical part.

This journal is © The Royal Society of Chemistry 2019
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Scheme 4 Chemoenzymatic epoxidation of an alkene.
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from the unsaturated fatty acid or ester by a lipase-catalyzed
perhydrolysis in the presence of H2O2 and is then self-
epoxidized in an essentially intermolecular reaction as shown
in Scheme 5.149,150 Perhydrolysis of oils undergoes not only the
formation of peroxy fatty acids but also mono- and diglycerides.
Although lipase can hydrolyze fatty acids from triglycerides, the
addition of FFA is still necessary to control the hydrolysis of
fatty acids and eliminate the production of di- and mono-
glycerides, which are hardly possible to eliminate from the nal
product and decrease the end product quality. However, when
perhydrolysis occurs, the hydroxyl groups of glycerol, mono-
and diglycerides are esteried again with excess of free fatty
acids. This is why the amount of free fatty acids should be
adjusted so as to not be in excess. In this way, the reaction
product contains only epoxidized triglycerides and epoxidized
free fatty acids. Alkaline washing can easily remove free fatty
acids.150,151

Meanwhile, enzyme-catalyzed epoxidation of vegetable oils
yields a rather high epoxy oxygen content (EOC) in the presence
of an active oxygen carrier such as long chain fatty acids (mainly
stearic acid). However, the acid value (AV) of the nal product
using stearic acid is high and the removal of free fatty acid with
water in the post-treatment is not easy due to limited solubility.
Similarly, the removal of free fatty acids with alkali treatment is
not desirable due to the generation of soaps detrimental to
epoxidized oil separation.152–154 Therefore, an easily removable
fatty acid with water from epoxidized oils aer epoxidation
reaction becomes an urgent need to improve the efficiency of
this ingrained enzymatic epoxidation method.
Scheme 5 Chemoenzymatic epoxidation of vegetable oils.150 Reprinted

This journal is © The Royal Society of Chemistry 2019
Zhang and co-workers48 carried out the epoxidation of high
oleic soybean oil with or without free fatty acid (oleic acid) and
toluene using lipase as a sustainable substitute for the present
acid-catalyzed process. It was found that genetically modied
high oleic acid soybean oil resulted in epoxidation yields of 95%
at 35 �C in the absence of FFA and toluene. Another research
group used lauric acid as an active oxygen carrier and Novozym
435 from Candida antarctica B as a biocatalyst for the epoxida-
tion of Jatropha curcas seed oil and as a result, great selectivity
and elimination of ring-opening reactions are the chief
benets.6

With the purpose of using easily removable free fatty acid
and to get the nal product with a low acid value (AV), the
enzymatic epoxidation of sunower oil was conducted in the
presence of Novozym 435 and short-chained butyric acid as an
active oxygen carrier. As expected, the system provides the nal
epoxidized oil with a lower AV of 2.57 � 0.11 and the epoxy
oxygen content (EOC) of 6.84 � 0.21% reaching an oxirane
conversion of 96.4 � 3.0%.46 Warwel et al.155 produced epoxi-
dized vegetable oils with very high yields and repeated catalyst
reusability (up to 15 times).

It was investigated that these immobilized enzymes are more
stable and better in catalytic activity.156,157 The enzyme cost, its
reusability, and its stability are some important factors that
determine the overall production cost of the process.158 The
prominent features of lipase-catalyzed epoxidations that make
it more attractive than typical chemical epoxidation are the
direct formation of stable peracids from free fatty acids (Scheme
4), mild processing conditions, high conversion, and substan-
tial inhibition of side reactions.159 Therefore, they are safer than
chemical epoxidation and they meet SHE (safety, health, and
environment) standards.160

However, lipase catalyzed processes oen take long reaction
times,121,160,161 which can be reduced by the use of sonication.47

The hydrogen peroxide to unsaturation ratio, temperature,
enzyme loading, stirring speed, reaction time, amount of fatty
acid and solvents are the major players in the high conversion
and selectivity of the epoxidized product. The optimum condi-
tions of the technological parameters of only some references
from ref. 150. Copyright 1997 Elsevier.
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Table 5 Processing parameters for the epoxidation of vegetable oils using enzymes

Entry Substrate/IV
Catalyst
(% w/w)

Amount of
fatty acid

Reaction
conditions

DB : H2O2

(molar ratio) Solvent
Epoxide
yield

Oxirane
content Ref.

1 Sunower oila (122) Novozyme
435 (3%)

Butyric acid,
1 mol/1000 g oil

50 �C, 5 h,
800 rpm

1 : 3.7 C6H6 96.4 6.84 184 (2016)

2 Soybean oila (130) Novozyme
435 (4%)

Self-epoxidation 50 �C, 5 h,
200 rpm, 24 kHz,
100 W (ultrasonic)

1 : 1.5 C6H5CH3 91.22 — 47 (2018)

3 High oleic
acid soybean
oila (137)

Novozyme
435 (4%)

Oleic acid, 8%
(w/w)

35 �C, 24 h, 400 rpm 2 : 1 C6H5CH3 95 — 48 (2018)

4 Jatropha curcas
seed oila (103.57)

Novozyme
435 (7%)

Lauric acid,
23% (w/w)

50 �C, 7.5 h,
900 rpm

1 : 3.5 C6H5CH3 93.64 — 6 (2014)

a The results are calculated by the titrimetric method as described in the analytical part.
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are shown in comparison in Table 5 because Milchert et al.101

have reviewed in detail about chemoenzymatic epoxidation.
3.5 Other metal catalyzed heterogeneous system and
biobased catalyst

Turco et al.49 used acid zeolites rich in Brønsted acid sites such
as the acid exchange resins for selective epoxidation of soybean
oil by the in situ generation of peracetic acid inside the pores of
the zeolites and epoxidation of bulky triglyceride molecules
outside the pores. As a result, a pretreated zeolite with ESBO can
get almost complete conversion of the double bonds (96%) with
high selectivity (82%). Yao et al.50 investigated the catalytic
activity of silica-supported peroxycarboxylic acid oxidant, 2-
percarboxyethyl silica (SiO2@(CH2)2COOOH) for the epoxida-
tion of olive oil and linseed oil at room temperature, and it was
found that this catalyst is promising to give high epoxide yield
more than 80%. Somidi and co-workers51 prepared sulfated-
SnO2 catalysts, which can give total conversion of unsaturation
of canola oil to epoxidized canola oil with high oxirane content
and high lubricity properties. It was observed that niobium-
silica materials with adequate excess of H2O2 as direct oxidant
are suitable for the epoxidation of rapeseed oil because of their
good resistance to aqueous reaction media.52 It was revealed
that CoCuAl layered double hydroxides with different Co/Cu
atomic ratios prepared by co-precipitation method show
moderate conversion in the range of 50–70% and perfect
selectivity of 100% when they are used for the epoxidation of 12
different oils including edible, non-edible, and waste cooking
oil.53 Commercial alumina is active in the epoxidation of
soybean oil with high oxidant/unsaturation molar ratios and
watchful control feeding of hydrogen peroxide to cover the
comparable decomposition of hydrogen peroxide.54

The immobilization of methyltrioxorhenium(VII) on halloy-
site nanotubes was conducted by graing with poly(4-vinyl
pyridine) brushes of different lengths and the resultant cata-
lysts were found to be active in the epoxidation of soybean oil
with good selectivity.58 By using tert-butanol as a diluent, 6%
hydrogen peroxide solution in a polar organic medium, amor-
phous Ti/SiO2 catalyst provides high reaction yields and
38128 | RSC Adv., 2019, 9, 38119–38136
selectivities for the epoxidation of soybean oil. Furthermore, it
can suppress undesirable side reactions and H2O2 decomposi-
tion.59 Nb2O5–SiO2 catalysts synthesized by sol–gel technique
have been researched in the epoxidation of soybean oil with
hydrogen peroxide. It results in a good activity in the epoxida-
tion reaction because of strong Lewis acid sites but a low
selectivity towards epoxide due to strong Brønsted acid sites,
which support the epoxide ring opening by hydrolysis.60 The
detailed parameters and results of all these systems are listed in
Table 6.
3.6 Intensication of the aforementioned processes in
different ways

In contrast to short chain olens, VOCs have high viscosity that
cause poor mixing due to heat and mass transfer limitations.
Besides, the epoxidation reaction is highly exothermic. These
factors gave low epoxide yield, unsafe conditions, and unwanted
side reactions. Therefore, intensication needs to be done to get
high epoxide yield safely and sustainably, and they are trying to
meet the target in different alternative ways. As an instance, the
intensication of the epoxidation process of soybean oil with
performic acid is conducted with the simultaneous addition of
all reactants including H2O2 by highly effective elimination of
the exothermic heat to make the process easier and faster in
harmless conditions.162 Songphon Phimsen et al. designed the
microreactor coated with TiO2 catalyst and used it for the
epoxidation of methyl oleate by using EDTA stabilizer in
a solvent free system. Due to the benets of this reactor, the
oxirane oxygen yield is higher up to 43.1% under the optimum
temperature of 60 �C and residence time of 2.7 min. Contrary to
a batch reactor, the reaction time is shortened much from
several hours to a couple of minutes in the microcapillary
reactor, thus saving energy. However, the stability of TiO2

coated capillary needs to be further developed since the catalyst
is peeled off aer 3 h of time on stream (TOS).163 Chavan and co-
workers62 produced epoxidized sunower oil (ESNO) with 91.1%
conversion to oxirane oxygen by the combined use of ultrasonic
bath and mechanical agitation as the equipment intensica-
tion. It was concluded that the product can be applied as a safe
This journal is © The Royal Society of Chemistry 2019
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and green secondary plasticizer. It can also be used as a primary
one with slightly decreased thermal properties under the
optimum parameters such as temperature, pulse of ultrasound,
power of ultrasound, concentration of acetic acid, concentra-
tion of H2O2, and catalyst loading. However, the occurrence of
very much intense cavitation in the reactor of the ultrasonic
horn causes negative effects as higher yields of the unwanted a-
glycol product. Similarly, in a solvent-free system with a phase
transfer catalyst, the synergistic effect of mechanical and
ultrasonic agitation results in epoxidized soybean oil with
relative percentage conversion to oxirane (90.69%), the epoxide
selectivity (87.48%), and the epoxide yield (79.34%) under the
optimum conditions.45

As the process intensied, epoxidation was tested by an
environment friendly route with alternative resources such as
waste vegetable oil, citric acid as the only acidic component,
and H2O2 as the green oxidant, thus producing only a liquid
residue less noxious than that from the traditional processes.
The mechanical and thermal properties of poly(vinyl chloride)
(PVC) lms using epoxidized waste vegetable oil as a primary
plasticizer are similar to those of PVC lms in the market.32 A. F.
Aguilera et al. focused on a series of studies about microwave
technology (MV) in the epoxidation of oleic acid and VOCs in
the liquid–liquid system as well as liquid–liquid–solid system
by comparing with conventional heating (CH). They revealed
that MV heating gave uniform suspension in the aqueous–
organic phase, higher yield with 50% shorter time, and 10 fold
lower stirring speed compared to CH. On the other hand, MV is
not superior to CH in the three phase systems using ion
exchange catalysts.81–85 Aguilera et al.81 investigated the syner-
gistic effect of microwave (MW) technology on the epoxidation
of cottonseed oil and oleic acid with a special mixing device:
a SpinChem Rotating Bed Reactor (RBR) with percarboxylic acid
(peracetic acid or perpropionic acid), in the presence of
Amberlite IR-120. It was noteworthy that SpinChem RBR
supports to overcome the mass-transfer limitations to reduce
mechanical friction on the solid catalyst and to reuse the cata-
lyst. However, the effect of Amberlite IR-120 catalyst strongly
outpaced the microwave effect.

In two phase systems, MW heating, namely, selective heating
causes the temperature gradient between the aqueous and
organic phases, which will again enhance the formation of
peracid, which is the rate-determining step of epoxidation. With
the benets of microwave irradiation, it gave better reaction
yield than the conventional method even in the absence of the
catalyst.164 However, it should be noted that MV irradiation is
not effective in the epoxidation conducted with 70 wt% of the
organic phase.81 It is costlier than CH in terms of the
equipment.87

Vianello and co-workers22 studied the epoxidation of soybean
oil using acetic acid and 34 wt% hydrogen peroxide rather than
the usually used formic acid and 60 wt% hydrogen peroxide as it
is less harmful. In their work, it is interesting that a modied
mixing method increases the selectivity from 77% to 97% using
500 rpm with intermittently increased speed by 1500 rpm for 30
seconds every 30 minutes throughout the reaction time that is
simple but efficient with no cost. Another group analyzed the
38130 | RSC Adv., 2019, 9, 38119–38136
effect of ultrasonic irradiations on the epoxidation of soybean
oil by Candida antarctica (Novozym 435). Consequently, the
epoxidized product with the relative percentage conversion to
oxirane oxygen of 91.22% was obtained within 5 h under mild
processing conditions and the lipase was surprisingly stable
with six times reusability.47 Cortese et al. proposed high
temperature simulations, in which the epoxidation of soybean
oil was carried out with the addition of all the reactants since
the beginning at higher temperatures through the micro-heat-
exchangers that can manage the release of heat. Conse-
quently, the system gave epoxides with high oxirane number
within very short residence time by reducing the tendency of
explosion danger through better control. This, in turn,
increases the potential productivity at the industrial scale.88 Wu
et al. developed a novel reactor that is appropriate for sturdy
exothermic heterogeneous reaction systems. Liquid–liquid
mixing was intensied by hydrodynamic cavitation, by reducing
the droplet size by increased inlet pressure. Advantageously, the
temperature increase is only 1 �C even with single addition of all
the reactants. This study can be further extended for the
industrial scale epoxidation of VOCs.89
4. Current methods for the analysis of
vegetable oils and epoxidized products
4.1 Measurement of physicochemical properties

The knowledge of physicochemical properties is of importance
for the optimization of reaction conditions and the scale-up of
these processes. For example, viscosity and density are critical
properties to establish the mass transfer coefficients. Refractive
index could be useful for an online analysis method. Specic
heat capacity data are needed for the energy balance of
a chemical system.79 Abbemat 300 refractometer (Anton Paar,
Austria) was used to measure the refractive indexes with an
accuracy of 0.0001 nD according to the manufacturer. DMA
4100 M (Anton Paar, Austria) was utilized to determine the
densities with an accuracy of measurement of 0.05 kg m�3 and
accuracy of temperature of 0.02 �C according to the manufac-
turer. The dynamic viscosities were investigated by the
viscometer Brookeld CAP2000+ (Brookeld Engineering
Laboratories, Inc., Stoughton, MA) equipped with a cone plate
geometry system and precise temperature control system. CAP
spindle 01 was used during the measurement of viscosity.

Specic heat capacity was measured by using a twin C80-
Setaram calorimeter with the measuring cell lled with the
oils (ca. 1.0 � 0.0001 g) and the empty reference cell. The cells
were set aside under isothermal conditions at the chosen
temperature for 90 min. Then, the temperature was ramped
with a rate of 0.5 �C min�1 to increase the temperature by 2 �C.
At that moment, the cells were again kept under isothermal
conditions at this new temperature step for 90 min. To
determine the Cp values, one needs to consider the energy
absorbed by the system, i.e., with no chemicals in the
measuring and reference cells. Hence, the values of Cp at
a given temperature can be determined using the following
equation:
This journal is © The Royal Society of Chemistry 2019
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CpðTÞ ¼ QrðTÞ �QbðTÞ
m� DT

(1)

where Qr(T) is the heat absorbed by the oils at the desired
temperature; Qb(T) is the energy absorbed by the system in
absence of oils; m is the mass of oils; and DT is the temperature
difference, i.e., 2 �C.79

As functional groups are larger, density is greater. Thus, if
the functional group is larger, the difference in density
between the vegetable oil andmethyl ester is lesser. Thus, both
systems have similar densities and density should not be the
key parameter describing the difference in reactivity. In
contrast to the density behavior, the viscosity difference
between vegetable oil and methyl ester derivatives is more
prominent. It was found that viscosities of methyl ester and its
derivatives could be 20–40 times lower than those of the cor-
responding vegetable oil and its derivatives. Using vegetable
oil instead of fatty acid methyl ester will be a challenge from
the mixing point of view.78
4.2 Measurement of conversion, selectivity, and epoxide yield

In conventional methods, iodine value, epoxy value, and a-
glycol content are necessary for the determination of conver-
sion, selectivity, and epoxide yield aer the epoxidation of
vegetable oils. The iodine value of a substance represents the
mass of iodine (I2, in grams) utilized by 100 g of that substance
and is analyzed to determine the degree of unsaturation (i.e.,
double bonds) in the fatty acids.165 Iodine value is evaluated as
per the ASTM D5768 standard as shown in eqn (1), in which
double bonds are reacted with Wijs (iodine monochloride)
solution leading to the release of I2 that is identied using
sodium thiosulfate (Na2S2O3).

IV ¼ ðB� VÞ �N � 12:69

S
(2)

where: IV refers to the iodine value of the substrate; B refers to
the volume of Na2S2O3 needed for blank titration (mL); V refers
to the volume of Na2S2O3 required for titration of a sample (mL);
N refers to the normality of Na2S2O3 solution (0.1 N); S refers to
the mass of sample used (g).

a-Glycol is evolved because of a side reaction called ring
opening (cleavage) of the epoxy groups in EVOs during
epoxidation. It was determined by the method as described
by May et al.109 and Stenmark et al.,166 in which glycol is
oxidized via benzylmethyl-ammonium periodate in a non-
aqueous solution, whereby excess periodic acid is reacted
with potassium iodide (KI) and the liberated I2 is titrated
against Na2S2O3. The experimental a-glycol content was
determined via eqn (2)109

a-Glycol contentðmoles=100 gÞ ¼ ðB� SÞ �N

20�W
(3)

where: B represents the volume of Na2S2O3 required for titration
of blank solution (mL); S represents the volume of Na2S2O3

required for titration of the sample (mL); N represents the
normality of Na2S2O3 solution (N); W represents the weight of
the sample (oil) used (g).
This journal is © The Royal Society of Chemistry 2019
Several methods have been advanced for the measurement of
epoxides in oxidized oils, even though all have different chal-
lenges. Among them, the hydrogen bromide (HBr) method has
been themost commonly appliedmethod wherein epoxidized VOs
are directly titrated with HBr–acetic acid solution (AOCS Method
Cd 9-57).167 Epoxy content of a sample was measured as per the
ASTM D1652-11 standard. EVOs were liqueed in tetra-ethyl
ammonium bromide (TEAB/(C2H5)4N

+Br�) and dichloromethane
(CH2Cl2) and titrated with 0.1 N perchloric acid reagent (HClO4).
The in situ formation of HBr results from the reaction between
TEAB andHClO4. HBr directly reacts with the epoxy group of EVOs,
causing the opening of the oxirane ring. Oxirane oxygen can be
calculated from eqn (3).168

Oxirane oxygen ¼ 1:6�N � V

W
(4)

In eqn (3): V refers to the volume of perchloric acid required for
titration (mL), N refers to the normality of perchloric acid (0.1
N), and W refers to the mass of EVOs used for titration (g).

However, the method using HBr is not appropriate for
oxidized oils because conjugated dienes, a- and b-unsaturated
carbonyls released during lipid oxidation can also react with
HBr, which shows more epoxide content than the real value.

Numerous other methods have been presented recently to
estimate epoxides in the substrate, including the use of N,N-
diethyldithiocarbamate (DTC),169 4-(p-nitrobenzyl)pyridine
(NBP),170 and transmethylation.171 However, these methods are
laborious and time-consuming because of the requirement of
derivatization of the epoxides before analysis. Usually, the
characterization of the epoxidized products using the above
analytical procedures takes a long time, requires different
chemical, and generates residues. High resolution NMR is
a valuable tool for determining the iodine value of vegetable oils
as reported by Miyake et al.172 In addition, it is a reliable tech-
nique to calculate the molecular weight and iodine number of
the oil according to Natham and D́ıaz,173 and it has been used
for the determination of conversion and selectivity epoxidation
for epoxidized VOs.15

A rapid attenuated total reectance Fourier transform infrared
(ATR-FTIR) method was used for the determination of oxirane
oxygen content (OOC) and changes in the iodine value of VOs.174

First, the initial iodine values (IVi) of VOs were obtained from the
GC analysis. Second, to draw the FTIR calibration curve, ECO and
CO were subsequently blended in a series of 10 g samples with
different ratios of 0.0 to 1.0 of ECO relative to the sum of the two
constituents (ECO/[ECO + CO]) using ECO intervals of �0.1. The
IV and OOC of these blended mixtures were examined using the
standard titrimetric methods and the ATR-FTIR method. The
differential spectrum (DAbs ¼ ABlend � ACO) was obtained by
subtracting the spectrum of the CO sample from that of each
blended sample. The area of the bands associated with the
double bond (H–C–) absorptions (3017.5–3004.2 cm�1) as well as
that of the oxirane absorptions (1497.3–1432.0 cm�1) were
calculated in the resulting differential spectra and plotted against
IV and OOC values of the same samples determined by the
titrimetric method. A calibration curve was developed by linear
regression of areas of IV and OOC from the ATR-FTIR method
RSC Adv., 2019, 9, 38119–38136 | 38131
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versus the titrimetric results. This calibration enables to convert
the FTIR absorption data into IV and OOC values for intermittent
samples during the reaction. Both the OOC and DIV values
determined by the ATR-FTIR method correlate well to the values
from standard methods (R2 $ 0.992 and mean relative error of
<3%). Thirdly, the conversion, maximum calculated percentage
OOC, the yields of epoxides, and the selectivity of the reaction
were calculated from the following equations:

% loss of IV (conversion) ¼ (FTIR DIV/IVi) � 100 (5)

% OOCcalculated max ¼ [(IV/2Ai)/(100 + ((IV/2Ai) � Ao))]

� Ao � 100 (6)

where Ai and Ao are the atomic weights of iodine (126.9 g mol�1)
and oxygen (16.0 g mol�1), and DIV is the measured change in
iodine value.

% epoxide yield ¼ ((FTIR1497–1432OOC)/

% OOCcalculated max) � 100 (7)

% selectivity ¼ ((FTIR1497–1432OOC)/

% OOCcalculated max for DIV) � 100 (8)

The ATR-FTIR methods described here provide a facile and
rapid means of monitoring OOC and IV changes during the
epoxidation of vegetable oils.

In 1H nuclear magnetic resonance (NMR), the chemical
shis of epoxide groups were identied and the peak areas were
integrated to quantify the epoxides in oils where various
internal standards were used. This allowed the monitoring of
the reaction and quantication of the result. Moreover, if the
substrates are di-unsaturated in the epoxidation reactions, the
yields of mono- and di-epoxide can also be calculated. The
effectiveness of this method is conrmed by the comparative
study of some NMR results with those obtained by GC anal-
ysis.35,175–178 In one of these investigations,177 the non-deuterated
chloroform contained in the deuterated chloroform was chosen
as an internal reference for quantitative analysis.179 Caution
must be taken in handling the solvents and the samples when
easily evaporated chloroform is used as an internal standard for
quantication. In the other study,175 signals frommethyl groups
were referenced as the internal standard for quantication.
However, verication is required to use this method for oxidized
oils because of alkane formation when lipid oxidation occurs in
oils,180 particularly at high temperatures. In the absence of
water, glycerol protons remained stable during oxidation181 and
hence, became alternative internal standards for 1H NMR
quantication.

Farias et al.15 calculated conversion, epoxidation, and selec-
tivity of epoxidized soybean oil with 1H NMR spectrum
according to the previous studies172,175 using the following
equations:

NDi ¼ A�NF

2NF
(9)
38132 | RSC Adv., 2019, 9, 38119–38136
Conversion ð%Þ ¼ NDi �NDf

NDi

(10)

Epoxidation ð%Þ ¼ ðI þ JÞ=2
NF�NDi

(11)

Selectivity ð%Þ ¼ epoxidation ð%Þ
conversion ð%Þ (12)

where NDi is the number of double bonds in the original oil and
NDf is the number of double bonds le in EVOs, obtained by
substitution into eqn (3) of the corresponding peak areas in the
spectrum of the epoxidized oil. I and J are the peak areas related
to the hydrogens of the epoxide groups at chemical shis of 2.9
(mono-epoxide) and 3.1 (di-epoxide) ppm, respectively. NF is the
normalization factor (the relative peak area of one hydrogen)
obtained from the area of the chemical shi connected with the
four hydrogens of the methylene groups of the glycerol moiety.
Besides, A is the peak area of the olenic hydrogens (26.016 g)
plus the peak area of methane hydrogen of the glycerol moiety
that are all shown in the same region.

5. Conclusion

This article reviews various catalytic developments in the prepa-
ration and the analysis methods for epoxidized vegetable oils.
Since the role of sustainable and biocompatible alternatives to
commercial harmful phthalate esters is gaining importance,
nding efficient and safe catalysts to obtain epoxidized vegetable
oils has become a hot topic for researchers. Several efforts have
been made to nd the most efficient catalysts for different
methods to get high conversion and selectivity aer epoxidation,
as seen in Tables 2–6. Based on the drawbacks of each system, the
process has been intensied to be efficient and environment
friendly. Comparing the advantages and disadvantages of
different catalytic systems, it is hard to conclude the best one.
However, we want to highlight that somemetal-catalyzed systems
such as H–Y zeolite and SiO2@(CH2)2COOOH are promising
catalysts. Keeping in mind the studies and results mentioned in
this review, many types of researches should be carried out with
a view of nding the perfect heterogeneous catalytic system for
the epoxidation of VOs. ATR-FTIR is a useful means to measure
conversion, epoxidation, and selectivity but the initial iodine
value needs to be measured by GC and calibration curve need to
be drawn based on the conventional method and ATR-FTIR. For
this reason, with respect to the analysis methods for EVOs, 1H
NMR is the most facile and efficient method for both identica-
tion and quantitation of the epoxidized VOs in terms of conver-
sion, epoxidation, and selectivity.
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