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Chemically modified vegetable oils have become commercially attractive nowadays because they can be utilized as specialized
components for the production of bioplasticizers and biopolymers due to their characteristics as being inexpensive, nontoxic,
biodegradable, and renewable products. Due to the presence of unsaturation sites in the vegetable oils, they can be chemically
modified and transformed into polymeric monomers such as acrylated epoxidized vegetable oils through well-known processes
like epoxidation and acrylation processes. Acrylated epoxidized vegetable oil is a biopolymer that has a multitude of
applications and is used mainly as a coating material for plastic, paper, and wood. There is an enormous demand for this
biopolymer, and the market growth prospects are huge in some regions of the world. However, there are some challenges in
the synthesis of acrylated epoxidized vegetable oils in achieving the performance of similar acrylated polymer derived from
petroleum sources. In this paper, the chemical structure, properties, and chemical modifications of different types of vegetable
oils were reviewed where the emphasis was given on epoxidation and its subsequent acrylation processes. This paper also
highlights four types of epoxidation and their subsequent acrylation processes involving five different vegetable oils.

1. Introduction

Renewable resources are bound to gradually replace
petroleum-based feedstock in many chemical industries.
Among the renewable resources, vegetable oils (VOs) have
drawn a great attention as a popular agricultural product
in the industry as they are cheap, nontoxic, biodegradable,
and most importantly renewable resources as compared to
products from petroleum. Despite their long history of use
and benefits, petroleum-based resources have negative envi-
ronmental consequences due to their high resistance to
chemical and biological degradation. Aside from that, the
depletion of oil and gas supplies has triggered a search for
renewable energy sources [1]. Over the years, many investi-
gations have been carried out to chemically modify VOs
with the aim to develop products for industrial application.

Due to the presence of unsaturation in the VOs, the
advances in oleochemical technology today allow the VOs
to be chemically modified and transformed into polymeriz-
able monomer via epoxidation, metathesis of double bonds,
transesterification, etc. [2]. Among them, epoxidation is well
known as one of the most popular processes with significant
commercial interest because this process can chemically
modify the unsaturation presents in the VOs into epoxides.
These epoxidized VOs (EVOs) can be used to make a variety
of products such as bioplasticizers and biopolymers [3]. The
epoxides can be further modified through acrylation, which
is an epoxide ring-opening process, to produce acrylated
epoxidized VOs (AEVOs) that have an extensive application
in the fields of UV-curing coatings, biodegradable foam, and
composite materials [4]. In this study, emphasis will be
placed on the chemical modification of VOs via epoxidation
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followed by the acrylation process.
Although there have been many studies on the synthesis

and characterization of AEVOs and their applications in
biopolymers or radiation curable coatings, the studies were
mainly focused on the experimental synthesis of different
type of AEVOs under different operating conditions that
produce the best AEVOs with desired properties. Unfortu-
nately, reviews that compare the performance and develop-
ment of each synthesized AEVO for use in biopolymers
were very limited. Thus, this paper does not only summarize
the chemical structure, properties, and chemical modifica-
tions of VOs with significant attention to the main processes
of producing AEVOs from different VO resources via epox-
idation and subsequent acrylation but also discusses the
global usage of VOs and the market demand for AEVOs.

2. Vegetable Oils: Their Properties and
Global Usage

In the past century, VOs have always been an important nat-
ural resources in food industries. Approximately 80% of the
VOs are utilized for food, while the share is taken up by the
industrial sectors. It is useful in cooking and as a source of
energy for human body due to their high nutritional level.
Slowly, researchers and scientist started to investigate and
develop the use of VOs as a feedstock for different kind of
nonfood applications in producing useful products due to
their inherent biodegradability, low cost, societal favorably
advantages, and availability [2]. Another reasons for the
rapid expansion of market for VOs in industrial applications
are the results of the environmental issue, the depletion of
nonrenewable resources, and waste disposal problem [2].
In spite of its advantages, especially for nonfood application,
VOs have shown to be brittle, have escalated vapor perme-
ability, and reduced heat distortion temperature which
restricts its use commercially compared to synthetic prod-
ucts [5]. Therefore, a challenge imposed is to produce bio-
products that are of equal in quality and integrity as
synthetic products in terms of lower cost and higher volume
without compromising its benefits [6].

2.1. Properties of Different Vegetable Oils for Nonfood
Application. Table 1 has listed the iodine value (IV), acid
value (AV), and oil content of commonly used vegetable oils
around the globe [7–11]. AV is used to determine the
amount of potassium hydroxide needed to neutralize the
free fatty acid (FFA) content in 1 g of VOs. In other words,
it is to determine the amount of FFA in the oils. Each unit
of AV is normally equivalent to 0.503% of FFA, meaning
that the value is twice of its FFA concentration [7]. For oil
content of VOs, a high percentage of oil content indicates
that the VOs are suitable as a feedstock in oleochemical
industries.

One of the important characteristic of VOs is the IV. It is
the parameter that is used to determine the relative degree of
unsaturation in oils and fats. By using Wij’s method, IV
shows the amount of iodine (in grams) that is absorbed by
100 g of oils in the test. A higher IV indicates that there is
higher number of double or triple bond in the VOs, thus

higher unsaturation level. In other words, it shows the
potential of VOs to go through chemical modification in
oleochemical industries for a wider variety of application.

2.2. Global Use of Vegetable Oils. VOs have become one of
the global topics of interest mainly due to the rising global
demand to increase global wealth and rising awareness of
health issue related to fatty acids, as well as increasing inter-
national concerns over the effects of deforestation on envi-
ronment [12]. Thus, VOs are being utilized for both food
and industrial use. For food use, soybean oil, rape and mus-
tard oil (including canola oil), palm oil, and sunflower oil
accumulated a global VO consumption of more than 70%
during the 2000s. While for industrial use, the main VOs
being focused on the global market are soybean oil, rapeseed
oil, and palm oil, which also accumulated more than 70% of
global VO consumption at the same time [13]. The global
use of VOs in food can be categorized into six elements: feed,
seed, waste, processing, food, and other uses. Other usage
include manufacturing of nonfood uses such as biofuel,
heating oil, and oleochemicals, where oleochemicals involve
plastics, cleaning agents, soaps, cosmetics, alkyd resin, tex-
tile, lubricants, and many more [14]. The demand for edible
VOs mainly increased in the Americas, Asia, and Europe
regions. In terms of GDP, the soybean oil had a real GDP
per capita of more than 15,000 US dollar in high income
countries while 4,000-14,000 US dollar in middle-high
income countries. On the other hand, the per capita con-
sumption of nonedible soybean oil improved in middle
income countries at around 1,000-3,999 US dollar [13].

3. Chemical Modifications on Vegetable Oils

3.1. Significance of Chemical Modifications. The modification
techniques on VOs have been developed throughout the
years to investigate the application of VOs in as much field
and industries as possible, at the same time to replace the
use of petroleum-based by-products that are both economi-
cally and environmentally bad [3]. Chemical modifications
are normally conducted on the carboxyl and carbon-

Table 1: Iodine value, acid value, and oil content of common
vegetable oils [7–11].

Vegetable
oil

Type
Iodine value
(IV) (g I2/
100 g oil)

Acid value
(AV) (mg
KOH/g oil)

Oil
content
(% w/w)

Soybean Edible 120-141 2.72 18-23

Palm Edible 50-55 0.05 45-55

Castor Nonedible 83-86 1.15 30-35

Jatropha Nonedible 113-216 2.37
40.03-
48.37

Linseed Edible 170-204 0.80 30-40

Corn Edible 127-133 — —

Cottonseed Edible 98-118 — —

Olive Edible 80-88 — —

Sunflower Edible 118-141 — —
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carbon double or triple bonds available in the triacylglycerol
(TAG). Therefore, the unsaturated fatty acids in the VOs act
as an important role to react with various chemicals for bet-
ter properties of product. Chemical modifications are and
will be very important in the oleochemical industries in the
future for a long period of time. This is because the develop-
ment on sustainable natural resources such as VOs must be
done as wide and as more as possible in order to catch up the
continuously increasing demand by human. Chemical mod-
ifications not only improve the stability of oils but also pro-
vide adequate reactivity to form chemical linkages with other
polymer chains that are useful as raw material for a variety
of applications.

3.2. Application of Chemically Modified Vegetable Oils and
Their Derivatives. The application of modified VOs highly
depends on the modification processes conducted on them.
There are two reactions that can be done on raw VOs, which
are reaction of the carboxyl group and reaction of fatty
chain. In the reaction of the carboxyl group, VOs react with
methanol to form biodiesel. The crude glycerol by-products
formed can then undergo acetalization, oxidation, oligo or
polymerization and esterification, hydrogenolysis, glyceroly-
sis, dehydration, and transcarbonation to produce different
types of solvents, surfactants, polymers, tanning agents,
additives, stabilizers, lubricants, and monomers. On the
other hand, the reactions on fatty chain of VOs include
epoxidation, metathesis, dimerization, oxidative cleavage,
and hydroformylation to produce a variety of emulsifiers,
polymers, oleochemicals, agrochemicals, fragrance, pharma-
ceuticals, plasticizer, polyesters, and polyamides [15]. The
EVOs can be further modified via acrylation, methacryla-
tion, or hydroxylation to produce various range of thermo-
sets in the application of coatings, biopolymers,
composites, and many more [16]. Also, modified vegetable
oils could be used to improve the efficiency of the fabrication
process of linoleum floor cloth and to synthesize new poly-
mers that were appropriate for liquid molding [2].

4. Epoxidation of Vegetable Oils

Epoxidation is the process of reacting the peroxy acid with
alkene double bonds in the VOs to produce an epoxide func-
tional group. There are four common methods distinguished
by the choice of catalysts for the epoxidation of VOs which
are Prilezhaev reaction (conventional), acid ion exchange
resins (AIER), chemoenzymatic epoxidation, and metal-
catalyzed systems.

4.1. Conventional Epoxidation Process. Among them, con-
ventional method is mostly used worldwide due to its easy

and cheap operations. The Prilezhaev reaction, which was
first reported in 1909, utilizes the peroxy acid as the oxygen
carrier that is formed by reacting organic acid with hydrogen
peroxide [17]. During the process, hydrogen peroxide will
donate an oxygen element to the organic acid to produce
peracid and water, as shown in Figure 1(a). Then, the extra
oxygen in the peracid will be consumed by the double bond
of VOs to produce an epoxide group, while the original
organic acid will be produced again for further generation
of another peracid, as shown in Figure 1(b) [18]. The gener-
ation of peracid is a reversible reaction and the rate limiting
step of the whole process [18]. Therefore, a catalyst in the
form of strong mineral acids such as sulphuric acid is nor-
mally used to enhance the rate of peracid generation. As
compared to a cheaper acetic acid, formic acid has the
advantages of being highly electrophilic, allowing it to have
higher reactivity to form performic acid without the need
of catalyst. Besides, acetic acid has a strong and smelly odour
that could be harmful to human when being inhaled.

4.2. Acid Ion Exchange Resins (AIER). In industrial level, the
epoxidation processes of VOs have been carried out by the
reactions of carboxylic peracids similar to conventional
method, but in the presence of mineral acids or strongly
acidic ion exchange resins (AIER) [19]. Instead of using
homogeneous catalyst, AIER are mainly used for epoxida-
tion on a large scale that is realized in a batch [20]. The
use of AIER is able to improve the selectivity of transforma-
tion to an epoxy compound through a decrease of opening
rate of formed oxirane ring, especially to glycols and glycol
monoesters. While having a similar main epoxidation mech-
anism as conventional method, the use of AIER leads to the
happening of several side reactions that always involve a ring
opening as shown in Figure 2 [17]. The two major side reac-
tions are the hydrolysis leading to glycols and the acylation
to hydroxyl esters [21]. In order to limit the effects of the
side reactions, neutralization of postreaction solutions is
normally conducted with 10% sodium hydroxide, sodium
bicarbonate, or washed with warm water until acid free
[21–23].

4.3. Chemoenzymatic Epoxidation. As compared to conven-
tional and AIER method, chemoenzymatic epoxidation is
relatively new that uses a small amount of free fatty acids.
Chemical method has the disadvantage of acid-catalyzed
side-reaction of ring opening that results in several by-
products [24]. By using chemoenzymatic method, this issue
can be avoided with the reactions in solvents such as toluene
[25]. In this method, the peracid transferring oxygen to the
double bonds is formed by hydrogen peroxide and fatty
acids instead of organic acids, and the reaction is catalyzed
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Figure 1: Conventional epoxidation process with formic acid and hydrogen peroxide [18].
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by lipase. However, the inactivation of the enzyme by hydro-
gen peroxide seems to be a major problem for the method.
In order to minimize the disadvantage, optimization on
reactor design, feed distribution of hydrogen peroxide, sol-
vent choice, and several other factors are needed [26]. The
reaction system of chemoenzymatic epoxidation is shown
in Figure 3 [27]. The reaction consists of an aqueous phase
containing hydrogen peroxide, an organic phase containing
solvent, triglycerides, fatty acid, and immobilized enzyme
as solid phase [27]. The double bonds can be epoxidized
by the peracid formed in the organic phase but decomposi-
tion may occur at elevated temperatures. Although lipases
are normally used to catalyze hydrolysis of triglycerides
and interesterification, the comparatively low water content
in organic phase is not suitable for hydrolysis [28, 29]. Thus,
the enzyme-recycle reactor system must be optimized to sep-
arate the aqueous hydrogen peroxide solution from the
enzyme that could be oxidized and deactivated to allow
more defined sample in the organic phase [27].

4.4. Metal-Catalyzed Systems. The final epoxidation method
is through metal-catalyzed systems. Among the four catalyst
types, metal-catalyzed system is the most complicated pro-
cess as there is a variety of metal catalyst that is viable for
the synthesis of the oxirane groups on VOs. The metals that
are used as catalysts can be categorized into heterogeneous
systems that use zeolites and hydrotalcites as catalysts,
homogeneous catalysts attached to solid supports, and solu-
ble metal oxides such as polyoxometalates, peroxotungstates,
peroxomolybdates, and methyltrioxorhenium [30]. This
allows a wide possibility and choice for the selection of suit-
able metal catalysts to achieve optimized epoxidation of
VOs. In heterogeneous system for epoxidation, the most
common mineral-type catalysts are zeolites and hydrotal-
cites [31–34]. Four-coordinate titanium centers that are fea-
tured in microporous siliceous framework are the most
commonly used zeolites [35]. Such zeolites are most reactive
toward terminal alkene [36]. However, such systems may
lead to decomposition of sensitive products when processed
at elevated temperatures. Thus, zeolites are normally used
for the production of small and stable epoxides [30]. In con-

trast, hydrotalcite systems have wider application due to bet-
ter reaction with wider variety of substrates [37]. The usual
hydrotalcite used is polynuclear-alumina clays [38]. Alu-
mina sources can absorb hydrogen peroxide onto the surface
and form an active oxidant for the epoxidation of unfunctio-
nalized alkenes in low to modest yields at ambient tempera-
tures [39]. However, the disadvantage of using metal-
catalyzed systems is definitely the increase the production
cost of the epoxidation process that is not commonly an
option for industrial scale.

5. Acrylation of Epoxidized Vegetable Oils

Acrylation process is one of the reactions that is used to fur-
ther modify the EVOs chemically to produce more value-
added products. Bio-based polymers and resins that can be
produced by these AEVOs are attracting a great deal of
interest in both research and industrial applications because
such biopolymers have many advantages as compared to the
conventional petroleum-based polymers [40]. They are bio-
degradable, renewable resources, and cheaper as a raw mate-
rial. Besides having benefits to replace petroleum-based
polymers, these AEVOs can also be further treated by UV
curing to improve their properties in curing and coating
industries.

5.1. Acrylation with Acrylic Acid. AEVOs can be successfully
synthesized by the reaction between EVOs and acrylic acid
in the presence of catalyst and inhibitor. In the reaction,
the epoxy groups (oxirane rings) will react with the carbox-
ylic acid groups in the acrylic acid to form an ester. By taking
triethylamine (TEA) as a catalyst example, an acrylate anion
is produced by the interaction of acrylic acid with TEA as
shown in Figure 4 [17]. The hydrogen from acrylic acid is
removed as the cation and react with TEA to form
triethyl-ammonium. The carbons in the epoxide group com-
prise reactive electrophiles as a substantial ring strain is
relieved when the ring opens upon the nucleophile attack.
The acrylate anion acts as the nucleophile to attack the car-
bon in the epoxy and produce the alcoholate anion. The pro-
ton from the amine then transfers to the alcoholate anion
and completes the reaction with the formation of epoxy
acrylates and reformation of TEA catalyst. The reaction is
repeated until all epoxy groups are completely reacted [17].
The acrylation reaction is monitored by measuring the AV
of the reaction matrix. The AV and oxirane oxygen content
(OOC) will decrease with time as an indicator of the con-
sumption of acrylic acid and the opening of epoxy groups.

5.2. Selection of Catalysts and Inhibitor. The catalyst is used
to speed up the reaction between carboxyl groups of acrylic
acid and epoxy groups of EVOs. The most common catalysts
that are applied by researchers are the TEA and triphenyl-
phosphine oxide. Despite being the most common catalysts,
they need to be handled with extra precautions due to their
high oral and inhalation toxicity. Thus, an alternative cata-
lyst, namely, AMC-2 that is only applied by a few researches,
is also ideal for the process. It is a chromium-based activated
metal catalyst that contains a solution of 40-60% chromium
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Figure 2: Side reactions of epoxidation in the presence of acidic ion
exchange resins [19].
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(III) 2-ethylhexanoate in a mixture of di-(heptyl, nonyl,
undecyl)-phthalates. With a higher safety level, AMC-2 is
found to be extremely effective in accelerating the acrylation
reaction as well as in inhibiting any homopolymerisation
reaction [41]. On the other hand, inhibitor is used to avoid
any free radical initiated by polymerization through the
acrylic groups [17]. The most common inhibitors are hydro-
quinone and 4-methoxyphenol. Their impacts in the reac-
tion are almost equivalent to each other.

5.3. Market for Acrylated Epoxidized Vegetable Oils. In eval-
uating the feasibility of a research, one of the most important
element to be considered is the market and demand for the
specific items in Malaysia or even worldwide. In fact, Malay-
sia has been the world’s second leading exporter of palm oil
after Indonesia with a market share of 60% which palm oil is
one of the major sources of vegetable oil worldwide second
only to soybean oil. Up to date, palm oil production is
around 17.73 million tons in Malaysia, accounting for 11%
of the world’s oil and fat production and 27% of exports
[42]. Thus, the synthesis of AEVOs would undoubtedly use
palm oil as the primary source. On the other hand, the

depletion of fossil fuels or petrochemicals would lead to
the increase in price in the near future. As a reliable alterna-
tive, VOs such as palm oil have a competitive price of
around RM15 per kg that is lower than the RM40 per kg
of petrochemicals. While for the market of acrylated epoxi-
dized palm oil in Malaysia as shown in Figure 5, 62% of
the production is used for industrial coatings, followed by
25% for opto-electronics, 6% for printing inks, 5% for over-
print varnishes, and 2% for adhesives [43].

In Europe, market for wood coatings and graphic arts
including overprint inks and varnishes accumulates for
about 80% of demand. In Asia, excluding China, radiation
curable resists, color filter resists, and film resists are in the
30-40% of total market for radiation curable products. Last
but not the least, in China, around 60% of the total market
is contributed by the radiation curable coatings for plastics,
paper, and wood [44].

5.4. Acrylation of Epoxidized Soybean Oil. A few researchers
have studied the synthesis of acrylated epoxidized soybean
oil (AESO) for the application in UV-curable coatings and
free radical polymerization. The important parameters that
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Figure 3: Reaction of chemoenzymatic epoxidation [27].
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are extracted from the papers are shown in Table 2 [1, 4,
45–47]. The molar ratio of ESO to acrylic acid ranged from
1 : 0.165 to 1 : 10 which was a very large different in amount
of acrylic acid being used. The reaction temperature was
between 80 and 120°C depending on the type and amount
of epoxidized soybean oil (ESO), catalyst, and inhibitor used.
The reaction time was conducted between 6 and 40 hours,
where the optimum reaction time was around 6 hours and
the remaining time was used to ensure that the reaction
between acrylic acid and epoxy groups had completed. Only
one paper stated that they had successfully convert 95% of
ESO into AESO [4]. OOC of ESO that was around 6.2%
was found to be reduced to 0.01%, indicating the complete
ring opening of the epoxy groups. Table 3 presents the FTIR
analysis of ESO and AESO that are conducted by Behera and
Banthia [45]. The diminished of the oxirane group at
912 cm-1 and 882 cm-1 in AESO indicated that the oxirane
groups had been reduced. The success of acrylation was fur-
ther confirmed by the appearance of the acrylate groups at
1637 cm-1, 1461 cm-1, and 1406 cm-1.

5.5. Acrylation of Epoxidized Palm Oil. In Malaysia, the most
popular VOs to be applied in industries are certainly none
other than palm oil. Due to its abundant source, palm oil
has been widely applied in acrylation process to produce
UV-curable coating, promising biopolymer, and nanocom-
posite materials. According to some studies, refined palm
olein is preferred over unrefined palm oil because it has a
slightly higher iodine value, allowing for a greater degree of
modification. However, the acrylation process with acrylic
acid is still the same for both raw materials. As shown in
Table 4, the applied molar ratio of epoxidized palm oil
(EPO) to acrylic acid ranged from 1 : 1.5 to 1 : 2.6 with the
reaction temperature of 80-120°C as well [40, 41, 48–50].
Kosheela et al. found that a synthesis at molar ratio of
1 : 1.5, 120°C, and 2 hours produced the highest conversion
rate at 90.69% for palm olein [41]. From the available infor-
mation, it was shown that palm olein tends to have a slightly
higher conversion rate from epoxidized palm olein oil. Acry-
lation process was proved to be a success with the reduction
of OOC from 3.22% to 0.2%. According to FTIR spectra in
Figure 6, the appearance of the hydroxyl group (-OH) at
3470 cm-1 was due to the opening of epoxy ring [40]. The

epoxy ring stretching (C-O-C) at 1240 cm-1 and 835 cm-1

diminished after the synthesis of AEPO. On the other hand,
the appearance of the acrylate groups (CH2=CH) at
1636 cm-1, 1406 cm-1, and 810 cm-1 indicated that the AEPO
was successfully produced. Most of the papers found were
focusing on the investigation of the properties of UV-
curable coating produced from AEPO. Thus, a thorough
comparison of operating conditions on the product yields
could hardly been found.

5.6. Acrylation of Epoxidized Castor Oil. The acrylation pro-
cess of epoxidized castor oil (ECO) is less popular, and only
two papers could be found. The researches synthesized the
acrylated epoxidized castor oil (AECO) to compare the char-
acteristics among different modification process. The opti-
mum operating conditions from both papers were
identical, which was an oil to acrylic acid of 1 : 5.5 at a reac-
tion temperature of 60-70°C and time of 2.5 hours [51, 52].
Unfortunately, the conversion yield of AECO was not
reported. A slight decrease in OOC from 6.5% to 5.2% con-
firmed the ring-opening process of the oxirane groups. From
the FTIR spectrum of AECO in Figure 7, OH stretching
could be identified at 3395 cm-1 while acrylic groups at
1637 cm-1, 1459 cm-1, and 1406 cm-1. However, the peak at
840 cm-1 depicted that the epoxide groups were retained
after the acrylation, showing that 2.5 hours were too short
for a complete acrylation process [52]. The mechanical
properties of ECO, AECO, and AECO nanocomposites pre-
pared from organo-modified montmorillonite (AECO/
OMMT) were studied by Paluvai et al. [51]. It could be seen
from Table 5 that acrylation process had improved the ten-
sile and flexural properties of AECO, and the properties
could be further enhanced through the synthesis of nano-
composites. Thus, the improved curing characteristics allow
AECO to be further applied in coating industries [51].

5.7. Acrylation of Epoxidized Linseed Oil. Linseed oil, also
known as flaxseed oil, is chemically modified for value-
added products due to its high unsaturation level as it is
one of the oils that has the highest IV, thus showing its
potential for chemical modifications. Acrylated epoxidized
linseed oil (AELO) is being synthesized for biopolymeric
and wood coating applications as well. In the acrylation pro-
cess of epoxidized linseed oil (ELO), a molar ratio of 1 : 1 was
reported to be reacted at the temperature of 75°C for 2-6
hours [53, 54]. This was by far the lowest reaction tempera-
ture reported as compared to other VOs, which might due to
the properties of linseed oil. However, the conversion rate of
ELO to AELO and change in OOC and AV were not
reported. It is believed that ELO might have the highest
OOC, which is around 9% due to high IV. Although OOC
was not reported, the evidence in acrylation process could
be provided by FTIR spectrum. The FTIR spectrum shown
in Figure 8 confirmed the formation of AELO via the peaks
at 3455 cm-1 (-OH) and the acrylate groups at 1406 cm-1,
984 cm-1, and 810 cm-1 (CH=CH2). When most of the oxi-
rane groups were converted to the acrylate groups, some of
them still remained after acrylation, which could be identi-
fied at the remaining signal at 830-850 cm-1 [54].

Industrial coatings
62%

Opto-electronics
25%

Printing inks
6%

Overprint 
varnishes

5%
Adhesives

2%

Figure 5: Market of acrylated epoxidized palm oil in Malaysia [43].
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5.8. Acrylation of Epoxidized Jatropha Seed Oil. Jatropha
seed oil is another nonedible oil that is renewable and sus-
tainable to produce vegetable oil-based epoxy and epoxy
acrylate as a raw polymeric material [55]. Due to the pres-
ence of toxic compounds named phorbol ester, Jatropha
seed oil could not be used for cooking [17]. Thus, the poten-
tial of modifying Jatropha seed oil for the coating industry
must be investigated to utilize these natural resources. Aside
from palm oil, Jatropha seed has become one of the most
important crops in Malaysia within the palm oil and rubber
industries [17]. In this acrylation process of epoxidized
Jatropha seed oil (EJO), the molar ratios are around 1 : 1 to
1 : 1.5 to obtain highest possible yield (82.44%). The reaction
temperature is at 110°C for a duration of 6 hours. EJO has an

OOC of 5%, which is reduced to around 0.17% after the oxi-
rane ring-opening process. The decrease of AV from 27mg
KOH/g to 4.42mg KOH/g shows that the acrylic acid is
being consumed [17, 55]. For the FTIR spectrum in
Figure 9, the hydroxyl group (-OH) was identified at
3473 cm-1 due to the ring-opening reaction of epoxide by
catalyst reaction. 3006 cm-1 at Jatropha seed oil spectrum
belonged to the unsaturated double bond of fatty acids.
The synthesis of acrylated epoxidized Jatropha seed oil
(AEJO) was confirmed by the acrylate double bond
(CH=CH2) at 1636 cm-1 and 1618 cm-1. Last but not the
least, a small peak of the epoxide group at 830 cm-1 indicated
that not all epoxy groups have been consumed during the
acrylation process [55].

Table 2: Important parameters for acrylation of epoxidized soybean oil [1, 4, 45–47].

Catalyst/inhibitor (% w/w of reactants)
EVO : acrylic

acid
Temperature

(°C)
Reaction time

(h)
Conversion

(%)
OOC (wt

%)
AV (mg
KOH/g)

1.5% triphenylphosphine oxide/0.5% p-tert-
butylcatechol

1 : 0.8 120 6 95 — 5

1% triphenylphosphine/0.03% butylated
hydroxy toluene

1 : 2 90-95 6 —
6.4 to
0.012

1.0 to 1.15

Triethylamine/hydroquinone 1 : 0.165 80 20 — — 6.2

-/hydroquinone 1 : 10 110 7 — — —

1.0% triethylamine/0.5% hydroquinone 1 : 4 110 40 — 6 to 0.1 108

Table 3: FTIR absorption peaks of ESO and AESO [43].

ESO AESO
Absorption peak, cm-1 Functional group Absorption peak, cm-1 Functional group

3478 OH str (weak) 3470 OH str (strong)

2944 CH str 2927, 2856 CH str

1740 C=O str 1740 C=O str

— — 1637 H2C=CH str

1378 CH sym band 1378 CH sym band

1282 C-O str 1270 C-O str

1142 C-C-O str 1189, 1057 C-C-O str

912, 882 C-O-C oxirane groups 967, 810 C-C-O Asy band

1468 CH scissoring band 1461 CH scissoring band

— — 1406 H2C=CH scissoring band for terminal alkene

Table 4: Important parameters for acrylation of epoxidized palm olein/oil [40, 41, 48–50].

EVO
Catalyst/inhibitor (% w/w of

reactants)
EVO : acrylic

acid
Temperature

(°C)
Reaction time

(h)
Conversion

(%)
OOC (wt

%)
AV (mg
KOH/g)

Palm
olein

1% AMC-2/0.1% hydroquinone 1 : 1.5 120 2.25 90.69 — —

Palm oil
1% triethylamine/1% 4-

methoxyphenol
1 : 1.52 110 16 82 3.0 to 0.2 51 to 10.2

Palm
olein

0.25% triethylamine/0.25% 4-
methoxyphenol

1 : 2 <130 21 86.64
3.22 to
0.46

81.45 to 18.11

Palm oil Triethylamine/hydroquinone 1 : 2.2 80 14 — — —

Palm
olein

— 1 : 2.6 110-120 34 — 0.18 47.78
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6. Characterization of Acrylated Epoxidized
Vegetable Oils

6.1. Yield. In order to identify the feasibility of chemical mod-
ification on AEVOs, the most important parameter should be
none other than the yield of AEVOs from EVOs. This is
because the industries always focus on producing a product
that is cost effective and have high yield percentage. In calcu-

lating the yield percentage, the experimental and theoretical
mass of AEVOs should be determined. The theoretical mass
of AEVOs can be calculated based on the mass balance con-
cept where AEVO ðgÞ = EVO ðgÞ + Acrylic acid ðgÞ�–Spent
acid ðgÞ. On the other hand, the experimental mass of AEVOs
could be measured and recorded directly by using an electric
balance. The yield can then be calculated by Equation (1).
With reference to the results obtained from researchers on dif-
ferent AEVOs, the desired AEVOs yield should at least 80-
85% in order to be feasible for nonfood application to achieve
both requirements of cost effective and large production rate.

Yield %ð Þ = AEMOexperimental
AEMOtheoretical

× 100%: ð1Þ

6.2. Iodine Value (IV). IV is another important parameter that
is involved in the characterizations of AEVOs as it determines
the relative degree of unsaturation in oils and fats. In other
words, IV indicates the potential of VOs to be chemically
modified. IV should be determined for each oil sample before
and after epoxidation and acrylation processes. IV can be
determined by using the common Wijs’ method [7]. Firstly,
0.4 g of oil sample is mixed with 20mL of carbon tetra chloride
in a conical flask. Then, 25mL of Dam’s reagent is added to
the flask using a pipette. Stopper is then inserted, and the con-
tent is vigorously swirled. The flask is then placed in the dark
for 2 hours and 30 minutes. After the duration, 20mL of 10%
aqueous potassium iodide and 125mL of water are added. The
content is titrated with 0.1M sodium-thiosulphate (Na2S2O3)
solutions until the yellow color almost disappeared. Few drops
of 1% starch indicator are added, and the titration is continued
by addingNa2S2O3 dropwise until blue coloration disappeared
after vigorous shaking. The procedures are used for blank test
and oil samples. IV is calculated by Equation (2), where C is
the concentration of Na2S2O3, V1 is the volume of Na2S2O3
used for blank (mL), V2 is the volume of Na2S2O3 used for
determination (mL), and W is the mass of sample (g).

IV = 12:69 × C V1 −V2ð Þ
W

: ð2Þ
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Figure 6: FTIR spectra of EPOP (EPO) and EPOLA (AEPO) (from
Ashraf et al. [40], adapted).
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Figure 7: FTIR spectra of ECO and AECO (from Sudha et al. [52],
adapted).

Table 5: Mechanical properties of ECO and AECO and its
nanocomposites [51].

Bio-based
epoxy
system

Tensile
strength
(MPa)

Tensile
modulus
(MPa)

Flexural
strength
(MPa)

Flexural
modulus
(MPa)

ECO 20:1 ± 1 664 ± 19 38:8 ± 2:6 820 ± 30
AECO 26:2 ± 1:3 908 ± 29 50:4 ± 2:7 1080 ± 33
AECO/
0.5%C30B

30:8 ± 2 1063 ± 26 56:1 ± 1:8 1257 ± 28

AECO/1%
C30B

32:4 ± 1:5 1107 ± 32 59:4 ± 4:2 1309 ± 40

AECO/2%
C30B

30:6 ± 1:2 1154 ± 30 54:2 ± 2:5 1381 ± 37

AECO/3%
C30B

27:1 ± 1:9 1253 ± 36 52:2 ± 1:2 1485 ± 50
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Figure 8: FTIR spectra of ELO and AELO (from Wuzella et al.
[54], adapted).
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As compared to the raw VOs, the IV after epoxidation
process should decrease due to the formation of the epoxide
groups on the double bonds of VOs that reduces the unsatura-
tion level. However, the IV will increase again once the ring
opening of the epoxide groups with acrylic acid occurs during
the acrylation process. This is because the acrylate groups pro-
duced contain double bonds as well, which will increase the
unsaturation level of the AEVOs.

6.3. Oxirane Oxygen Content (OOC). The IV determined will
be further applied to calculate the theoretical OOC of the
samples. OOC determines the amount of oxygen of the
epoxy groups available in the sample. This parameter is par-
ticular significant in the verification of the formation and
destruction of the epoxide groups. For analysis, the oil sam-
ples of EVOs and AEVOs are titrated with hydrobromic acid
(HBr) in acetic acid under the conditions defined in AOCS
Analysis Method Cd 9-57 [7]. 0.5 g of oil sample will be col-
lected, and 10mL of glacial acetic acid is added. Before the
mixture is titrated with 0.14N of HBr solution, five drops
of crystal violet indicator are added to determine the end-
point of titration, which occurs when the color changes from
blue to green. The volume of HBr used will be recorded, and
OOC is calculated by using Equation (3), where V is volume
of HBr (mL), N is normality of HBr, and W is the weight of
sample (g).

OOCexp %ð Þ = V ×N × 1:60
W

× 100%: ð3Þ

The obtained experimental OOC will then be compared
with the theoretical OOC by using Equation (4), where IVo
is the initial iodine value of VOs or EVOs, Ao is the atomic
weight of oxygen (16), and Ai is the atomic weight of iodine
(126.9). The determination of OOC will be repeated for
AEVOs.

OOCt =
IVo/2Ai

100 + IVo/2Aið Þ × Ao
× Ao × 100: ð4Þ

From the experiment by researches, the determined
OOC for EVOs are around 4.0-6.0% that successfully proved
the existence of the epoxide groups in the EVOs after the
epoxidation process. For the epoxide ring-opening process,
the OOC for AEVOs are expected to drop to almost 0% as
reported by the authors. This largely depends on the amount

of acrylic acid used to fully or partially react with the EVOs.
0% OOC will only occur at complete acrylation process
where all the epoxide groups are successfully diminished.

6.4. Acid Value (AV). AV determines the amount of acrylic
acid remained after the acrylation process. This parameter
is only tested in the final product AEVO which is not that
particularly important in proving the occurrence of acryla-
tion process. Firstly, 25mL of acrylic acid and 25mL of eth-
anol are mixed in a 250mL beaker. The resulting mixture is
added to 10 g of EMO in a 250mL conical flask, and few
drops of phenolphthalein are added to the mixture. The
mixture is titrated with 0.1M sodium hydroxide (NaOH)
to the endpoint when a dark pink color is observed. The vol-
ume of NaOH (Vo) in mL will be noted. Free fatty acid
(FFA) is calculated by Equation (5), where 100mL of 0.1M
NaOH = 2:83 g of oleic acid and Wo is sample weight (g).
Then, AV = FFA × 2 [5]. The determination of AV will be
repeated for AEVOs.

FFA %ð Þ = Vo

Wo
× 2:82 × 100: ð5Þ

As reported, the AV should have a drastic decrease after
the acrylation process to show that the acrylic acid is being
consumed to react with the epoxide groups and form acry-
late groups. The calculated AV can also be used to identify
the optimum amount of acrylic acid required in the process
to avoid excessive usage of acrylic acid, depending on the
amount of oil sample used. Once the acrylic acid is
completely consumed, the acid value of AEVOs should drop
to almost 0mg KOH/g.

6.5. Fourier Transform Infrared (FTIR) Spectroscopy. The
FTIR spectroscopy was applied to identify the functional
groups present in the oil samples VO, EVO, and AEVO,
which directly confirm whether the epoxidation and acryla-
tion processes are successful. As reported by researchers, the
epoxide group was identified in EVO at 845 cm-1 showing
the formation of oxirane ring in the oil. On the other hand,
the OH group should appear at around 3395 cm-1 while the
acrylate groups at around 1406-1636 cm-1 in AEVO after the
ring-opening process with acrylic acid. Spectrum for the
epoxide groups should diminished if the rings have been
completely reacted.

7. Major Challenges for Vegetable Oils as
Feedstock in Nonfood Application

Although the AEVOs are slowly developed to be produced
into biopolymers and some other applications, the major
challenges for VO-based polymers to replace the conven-
tional petroleum-based polymers still exist. First and fore-
most, the performance gap between products produced
from both types of polymers is still under review. Although
chemical modifications can lead to improvements in the
processing properties, thermal properties, and mechanical
properties, a comprehensive and straightforward compari-
son of performance is yet to be done. On the other hand,
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Figure 9: FTIR spectra of Jatropha oil, EJO, and AEJO (from
Wong et al. [55], adapted).
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due to the application of VOs in food industry, it is already
proved by statistics that the annual production of chemicals
and materials from VOs is very insignificant with a small fig-
ure of 28 million tonnes as compared to the 400 million
tonnes produced from petrochemicals, thus making petro-
chemical a still compulsory resource in the current era.

Another issue that limits the application of VOs for the
production of chemicals is the quality control of VOs as
the raw materials. This is because the composition of VOs
can vary significantly based on a variety of growing factors,
including cultivar selection, location, and environmental
conditions as well as processing techniques. The energy
input and newly generated chemical waste during the syn-
thesis of monomers and polymers by using VOs will be dif-
ferent too. In order to produce a quality product, the quality
control of raw materials could not be neglected. Therefore,
addressing these concerns requires interdisciplinary efforts,
which directly affected the current progress in completely
implementing VOs in the nonfood application.

Many researchers have attempted to tackle the perfor-
mance issues with various strategies in order for the applica-
tion of AEVOs to be on par with synthetic polymers in the
industry. Mixing with other types of polymers or incorporat-
ing nanofiller is one of the methods often used to enhance
the mechanical and barrier properties of the resulting ther-
moset polymers [56, 57]. Alternatively, with concerns to
thermal stability, the AEVOs with comonomer addition
such as 1,6-hexanediol diacrylate and trimethylolpropane
triacrylate are able to increase glass transition temperature
and thermal degradation temperature [58]. The incorpora-
tion of phosphorus-containing chemical reagent into UV-
curable AEVOs has shown to have the same improved ther-
mal stability properties with additional advantages of
enhanced adhesion and volumetric shrinkage while sustain-
ing its crosslinking density [59]. These properties could also
be improved in AEVOs by producing biocomposites with
fibers [60]. The ongoing trend in research with regard to
the enhancement of AEVOs and growing introduction of
“green” materials in formulations presents the possibility in
replacing petroleum-based feedstock in the future.

8. Conclusion

In summary, VOs are gaining a lot of attention in
manufacturing industry due to its advantages of being envi-
ronmental friendly, cheap, biodegradable, and renewable
leading to abundant resources. By applying chemical modi-
fications on the unsaturated fatty acids in VOs, the proper-
ties of VOs can be improved to synthesis a wide variety of
products that are useful in the daily lives. Among the four
epoxidation methods distinguished by the type of catalysts
applied, each of them has particular advantages and disad-
vantages whether in laboratory or industrial level. The selec-
tion of epoxidation method largely depends on the overall
design of the process and plant, the characteristics of reac-
tants, economic evaluation within, and many more. After
the epoxidation process, the EVOs can be further synthe-
sized into AEVOs, which are the feedstock for the produc-
tion of radiation curable coatings, biodegradable foam, etc.

If the VO is developed efficiently for manufacturing purpose,
it would definitely benefit the environment and the local
people by creating job opportunity and alternative resources
that are renewable for future application.
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