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ABSTRACT
Objective: To obtain acrylated refined rice bran oil (RBO) using a combined functionalization: first, 
epoxidation with H2O2/Novozym 435 lipase, followed by acrylate group insertion.
Design/Methodology/Approach: After being epoxidized with H2O2/Novozym 435, the refined rice bran 
oil was acrylated via epoxy ring-opening, using triethanolamine as catalyst and 4-methoxyphenol as inhibitor. 
The experimental conditions of temperature (T100 and 110 °C) and reaction time (t3 and 4 hours), as well 
as the ratio of g eRBO (epoxidized oil) to g acrylic acid (1.5 and 2.0) were considered for the functionalization. 
The functionalizations were monitored using iodine value (IV), saponification value (SV), and oxirane oxygen 
content (OOC), Fourier transform infrared (FTIR), and nuclear magnetic resonance (1H NMR), which allowed 
the estimation of the %Acrylation.
Results: The 1H NMR studies indicate that the acrylation of rice bran oil is efficient, which is confirmed with 
the evolution of IV, SV, and OOC. Using the OOC, the best acrylation condition was identified at T110 
°C, t3 hours, and ratio of g eRBO to g acrylic acid1.5, obtaining a %Acrylation of 85.89% via 1H NMR.
Study Limitations/Implications: Partially acrylated rice bran oil may become an intermediate in the 
biorefining of this oil and be used in the synthesis of crosslinked polymers.
Findings/Conclusions: Refined rice bran oil was efficiently acrylated using two consecutive steps: it was 
initially epoxidized with H2O2/Novozym 435, followed by functionalization with acrylate group.
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INTRODUCTION
	 Rice bran oil (RBO) is a by-product of the milling of rice (Oryzae sative L.) seeds. This bran 
has a 10-25 % oil content (Balat, 2011; Saunders, 1985), depending on the variety of rice, 
the geographical origin, and the extraction method (Most et al., 2005). Once extracted, the 
oil is dark green and has a high phosphatide content and a large amount of free fatty acids. 
When the oil is refined, the phosphatides and free fatty acids are eliminated, increasing 
the triglyceride concentration. These molecules are esters of three fatty acids attached to a 
glycerol molecule, and may contain CC unsaturations.
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	 Thanks to these unsaturations, the oil can be transformed into high value-added 
chemical products, such as those used in the polymer, cosmetic, and food industries. 
For this purpose, the oils are modified through the addition of functional groups to the 
unsaturations, a process known as functionalization. Epoxidation is a functionalization 
in which a C-O-C epoxy group is formed by replacing the CC double bond and it 
is usually employed as the initial step for the insertion of subsequent functional groups 
(Samuelsson et al., 2004). Epoxidation is usually achieved through chemical or chemical-
enzymatic processes; in both cases, a catalyst is required in the presence of an atomic 
oxygen donor (e.g., H2O2). Chemical-enzymatic epoxidation has had a better performance 
than chemical epoxidation; Candida antarctica (Novozym 435) is a good option for this 
process. Meanwhile, acrylation has been studied in different vegetable oils, such as palm 
(KuShAiri and Choo, 2015; Salih et al., 2015), soybean (Behera and Banthia, 2008; Chu 
et al., 2014), and linseed or flaxseed (Rana and Evitts, 2015; Wuzella et al., 2012). The 
typical acrylation strategy consists of the epoxy ring-opening, followed by the insertion of 
the acrylate group (CH2CHCOO).

MATERIALS AND METHODS
IV, SV, and OOC of oils
	 Using international standards, we determined the IV (Firestone, 1998a), the SV, and 
the molecular weight (MW) (Firestone, 1998b), as well as the OOC (Standard, 2017) of 
refined (commercially obtained), epoxidized (eRBO), and acrylated (A-eRBO) RBO. 
These determinations were carried out in triplicate. The IV measures the amount of CC 
double bonds present in the oil under study, while the SV enables the inference of its 
approximate MW, and the OOC determines the percentage of oxirane oxygen that is 
added to the CC bonds in a sample.

Epoxidation of rice bran oil (eRBO)
	 The epoxidation of RBO was carried out using Novozym 435 as a catalyst (Albarrán-
Preza et al., 2016), in the presence of H2O2. The optimal epoxidation conditions were: 0.1 
mol of refined RBO, 1.1 mol of toluene, and 0.018 mol of oleic acid. Once this mixture 
was completely incorporated, 2.5 g of Novozym 435 were added; immediately, 56.6 mL of 
30% H2O2 solution at 44 °C were added drop by drop, every 2-3 seconds. The reaction 
was maintained under these conditions for 24 hours. Once the process was completed, 
Novozym 435 was recovered, while the organic phase was extracted with a 5 % NaHCO3 
solution to remove the catalyst and free fatty acids. The organic phase was also recovered, 
washed with anhydrous MgSO4 during one hour, and concentrated using a rotary 
evaporator (Petrović et al., 2002).

eRBO acrylation
	 The eRBO acrylation was carried out under the following experimental conditions: 
temperature (T100 and 110 °C) and reaction time (t3 and 4 hours), as well as the ratio 
of g eRBO to g acrylic acid (1.5 and 2.0). For all tests, 1 g eRBO, 0.0025g 4-methoxyphenol, 
and 0.0025 g triethanolamine were used. Once these components were mixed, the system 
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was subjected to the established temperature and the acrylic acid (5 seconds/drop) was 
immediately incorporated. The mixture was maintained for the above mentioned time 
(Salih et al., 2015).

Infrared spectroscopy and nuclear magnetic resonance
	 The samples obtained were analyzed by infrared spectroscopy (FTIR) and 1H nuclear 
magnetic resonance (NMR). For this purpose, a Perkin Elmer Spectrum™ One FTIR-
ATR spectrometer with a 4,000 to 400 cm1 radiation source and a Bruker Avance™ III 
HD 400 MHz NMR equipment were used.

RESULTS AND DISCUSSION
IV, SV, MW, and OOC monitoring
	 Table 1 shows the determinations of the IV, SV, MW, and OOC for the RBO and eRBO. 
The average IV of the refined RBO samples was estimated at 90.631.36, matching the 
findings of previous reports: 90 (Gupta et al., 2016), 91.38 (Zúñiga-Diaz et al., 2017), and 
95.40 (Hanmoungjai et al., 2011). Similarly, a SV of 192.102.06 was obtained for RBO, 
based on a MW of 877.19 g/gmol and a OOC of 0.060.02; the latter suggests the absence 
in practice of epoxy groups. The average SV of refined RBO was slightly higher than the 
previously reported results —187.60 (Hanmoungjai et al., 2001) and 182.35 (Zúñiga-Diaz 
et al., 2017)— which implies a lower MW of the refined RBO. The IV, SV, MW, and OOC 
were also determined for the eRBO. The IV was reduced to 0.520.16, suggesting an 
almost complete disappearance of the CC double bonds after epoxidation. Considering 
that the RBO is composed of 81.97% unsaturated fatty acids (oleic acid, linoleic acid, and 
linolenic acid (0.87%) (Most et al., 2005), the RBO could be efficiently functionalized. The 
eRBO SV was estimated at 170.823.48, obtaining an eRBO MW of 985.61 g/gmol. The 
difference between the MW of the RBO and the eRBO proves an epoxidation with the 
insertion of 6-7 atomic oxygen atoms into the RBO.
	 The increase of OOC to 5.120.60 in eRBO confirmed that the insertion of the 
epoxy group was even more efficient than in previous reports. Therefore, the average 
OOC of the eRBO increased 85 times with respect to the OOC of the refined RBO. In 
comparison, the traditional method based on H2O2/formic acid (Gupta et al., 2016) only 
increases OOC by 4.7 times after epoxidation. The OOC was also determined after the 
functionalizations with an acrylate group, for all the experimental conditions (temperature, 
reaction time, and ratio of g eRBO to g acrylic acid). The maximum OOC reduction (to 
3.630.18) was found under the following conditions: T110 °C, t3 hours, and a ratio 

Table 1. IV, MW, SV, and OOC of the refined RBO and eRBO.

Oil
IV MW SV

OOC
(g I2/100g) (g/gmol) (mg KOH/g)

RBO 90.631.36 877.19 192.102.06 0.060.02

eRBO 0.520.16 985.61 170.823.5 5.120.60

A-eRBO 72.331.25 1162.79 145.863.00 3.630.18
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of g eRBO to g acrylic acid of 1:1.5. These results imply that the greatest destruction of 
epoxy rings took place in these conditions due to the insertion of the acrylate group. The 
resulting sample is now called A-eRBO and its IV, SV, and OOC were determined (Table 
1). The dramatic increase in the IV (to 72.331.25) in the A-eRBO sample suggests the 
insertion of the acrylate group (CH2CHCOO), given the new increase in the presence 
of CC bonds. The SV was estimated at 145.862.93 and its MW at 1,162.79 g/gmol, 
indicating a partial acrylation of the eRBO. A simple analysis suggests that the 16% 
increase in the MW of A-eRBO (with respect to the MW of eRBO) implies an insertion of 
2-3 acrylate groups of the 6-7 epoxy groups available in eRBO.

Infrared spectroscopy analysis
	 RBO and eRBO samples were analyzed using infrared spectroscopy. Figure 1 shows the 
FTIR spectra for these oils. The RBO FTIR spectrum (Figure 1a) matches the findings 
of Rohman et al. (2011) and Zúñiga-Diaz et al. (2017); however, there is an absence of the 
weak signal at 1711 cm1, which indicates the presence of free fatty acids. Such absence 
is attributed to the refinement of the RBO. Finally, the eRBO FTIR spectrum (Figure 
1b) shows a strong signal (at 824 cm1), which is consistent with the presence of the epoxy 
group (Vlček and Petrović, 2006).

1H NMR analysis of the A-eRBO functionalized oil
	 Figure 2 shows the 1H NMR spectrum of partially acrylated rice bran oil (A-eRBO). 
A generic structure of the A-eRBO obtained in this work can be seen in this figure. 
Resonant protons associated with unreacted epoxy groups are observed in the 2.93 ppm 
(–CH– of epoxy group), 1.57 ppm (adjacent –CH– protons to epoxy group), and 3.14 
ppm (adjacent –CH– protons of two epoxy groups) signals (Lopez Tellez et al., 2008). 
Patterns of proton signals typical of triglycerides are also observed. Some include the triplet 
centered at 0.86 ppm (protons of the –CH3 methyl group at the ends of the carbon chains 
of the triglyceride), the signal at 1.27 ppm (–CH2– methylene protons of the saturated 
chains of the –CH2–CH2–CH2– fatty acid), and the signal at 1.65 ppm, resulting from 

Figure 1. FTIR spectra of refined RBO (green line) and epoxidized eRBO (red line).
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the resonances of the  methylene –CH2 protons of the glycerol portion of the triglyceride 
in –COCH2-CH2 (Salih et al., 2015). The insertion of the acrylate group was verified by 
four signals in the 1H NMR spectrum (Salih et al., 2015). The signals in the 3.58-3.75 ppm 
(Hk) region are attributed to the protons of the –CH–OH methine group that previously 
were part of the epoxy group. Likewise, the proton of a neighboring carbon to this methine 
group is identified in the region at 4.07-4.15 ppm (Hl): the α proton with respect to atomic 
oxygen of the –CH–CH–O–CO acrylate groups, identified as a quartet at 4.07-4.16 
ppm. Finally, the signals of the CH2CH– (vinyl) group in the acrylate group were also 
identified. In conclusion, the two vinyl protons in CH2CH (Hm, Hn) and its methine 
proton (Ho) are observed at 5.80-5.86, 6.40-6.48, and 6.18 ppm, respectively. Nevertheless, 
the three protons in CH2CH are not equivalent and therefore have different  chemical 
shifts, as a consequence of their orientation (Fu et al., 2010). No signals corresponding to 
free acrylic acid —which are usually observed at the 10-13 ppm range— were found.
	 The %Acrylation was determined as an internal reference pattern, based on the areas of 
the CH3 methyl group signals. Equation 1 establishes the %Acrylation, following previous 
reports (Zhang et al., 2011).

	 %Acrylation
a

a a
Acrylate

Epoxy Acrylate
=

+
×100 	 (1)

Figure 2. 1H NMR analysis of rice bran oil partially acrylated with acrylic acid (A-eRBO). Values in bold 
typography are reference values (Fu et al., 2010; Salih et al., 2015).
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where aEpoxy is the integrated area of the associated protons of the methine epoxy at 2.76 
ppm and aAcrylate is the integrated area of the acrylate protons in the 5.80-6.48 ppm range. 
The 1H NMR spectrum (Figure 2) indicates that an 85.89% Acrylation was obtained with 
aEpoxy296.72 ua and aAcrylate1,806.8 ua. These results are comparable to previous 
reports of acrylated oils (Scala and Wool, 2002; Sharma et al., 2006).

CONCLUSIONS
	 Refined rice bran oil can be feasibly functionalized with an acrylate group, through 
an intermediate epoxidation using H2O2, in the presence of Novozym 435 lipase. 
According to the 1H NMR analysis, the best %Acrylation (85.89%) was estimated for 
the following conditions: T110 °C, t3 hours, and ratio of g eRBO to g acrylic acid 
of 1:1.5. The evolution of acrylation was confirmed by the of IV, SV, OOC, and MW 
values recorded.
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