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Abstract: This paper adds to the sustainable materials field by in-situ epoxidation of rubber
seed oil (RSO), a highly underutilized resource that has been sporadically used, using an
optimized combination of 30% hydrogen peroxide and acetic/formic acid sulfuric acid.
Most of the previous studies deal with more common vegetable oils, where the main
focus in most is given to the epoxidation of these oils and their derivatives. The RSO
contained a high iodine value around 135.36 g–I2/100 g. The central to this work is the
systematic study of the oxirane number as a function of reaction temperature and the
double bond:RCOOH:H2O2 molar ratios. By testing the temperatures of 40, 50, 60, and
70 ◦C and three specific molar ratios (1:0.6:1.4, 1:1:2, and 1:1.5:3), this research not only
found the optimal conditions for epoxidation but also gave valuable information on the
reaction kinetics of rubber seed oil. The results showed that a temperature of 60 ◦C with a
1:1:2 molar ratio gave the highest oxirane number, especially with performic acid, which
was 3.200 mmol/g. Then, overall, formic acid consistently outperforms acetic acid in terms
of product yields, facilitating a more effective epoxidation process.

Keywords: in-situ epoxidation; rubber seed oil; Hevea brasiliensis; peroxyacids

1. Introduction
The growing interest in sustainable and green-based materials has encouraged the

potential of using renewable resources, particularly plant oils, as substitutes for petroleum
materials [1,2]. Among numerous oils, the rubber tree’s rubber seed oil, Hevea brasiliensis, is
uniquely and necessarily advantageous depending on natural availability and differing
molecular structure. Furthermore, the properties of the oils can be significantly improved
by performing reactions based on epoxidation, which will significantly broaden the class of
applications (bioplastics to coatings) for which processing is feasible. The use of epoxidation
under conditions that have been measured in time and safety simply becomes a bonus of
using peroxyacids as an in-situ reaction for renewable resources [3].

The in-situ epoxidation of vegetable oils has emerged as a primary area of research
for renewable resources based on oils, specifically including rubber seed oil. These oils
are chemical feedstock for the unsaturated fatty acids contained in can be effectively
epoxidized that ultimately improve the oils’ chemical character and facilitate radically
novel applications. Generally, peroxyacids will be the reactant for the addition process and
established that efficacy will apply mild conditions [4–6]. Further studies are attached to
optimizing epoxidation processes toward an efficient, safer, and sustainable methodology
of future sustainability through decreasing risk and enhancing the controllability for safety
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issues. In particular, there are studies on conducting temperature and molar ratios of
the reactants, i.e., the feedstock double bonds, carboxylic acids (RCOOH), and hydrogen
peroxide (H2O2). Previous studies have demonstrated that increasing cooking temperature
variables increases the rates of conversion by increasing the rate of reaction variables, but
taking the temperature too high could also increase undesired side reactions and thus
decrease the chemical selectivity and overall yield [7–10]. Peroxyacids are preferential for
selective epoxidation by the introduction of oxirane groups in unsaturated fatty acids. A
recent study also used different carboxylic acids: acetic, formic, and other fatty acids in
the optimization of epoxidation. The carboxylic acids were found to have influenced the
kinetics of the epoxidation reaction [8,11].

This paper is a significant contribution to the field of green materials, with a focus
on the in-situ epoxidation of rubber seed oil with peroxyacids with an investigation and
optimization on reaction parameters. Unlike recent works by other researches, which
focused more on the epoxidation of vegetable oils extracted predominantly from plant
sources that are used in synthetic rubber production, our study casts a different perspective,
considering the properties of rubber seed oil that were less understood, despite the enrich-
ment of unsaturated fatty acid in this material. In this study, we first investigate the effect
of temperature, the type of carboxylic acids, the molar ratio of double bonds, carboxylic
acids (RCOOH), and hydrogen peroxide (H2O2) related to conversion. We then optimize
these three reaction parameters to maximize the conversion and, in a more delicate way,
address the problem of selectivity and minimize the by-products formed as discussed
in the previous epoxidation procedures. The molar ratio of the reactants, crucial to our
investigation, contributes much to the conversion. For example, compared to those in
the previous study working under similar experimental conditions, we explore styles to
increase the amount of RCOOH, which stabilizes the reaction media and increases both
production of epoxy group and reduction in the other two by-products obtained from the
rubber seed oil.

2. Materials and Methods
2.1. Materials

Rubber seed oil (RSO) was purchased directly from local farmers. RSO was degummed
and purified using phosphoric acid. The researchers used a variety of chemicals, including
analytical grade glacial acetic acid, potassium hydrogen phthalate, Wijs solution, 98%
sulfuric acid, 30% aqueous hydrogen peroxide, potassium iodide, 47% hydrobromic acid in
acetic acid, and crystal violet indicator.

2.2. Epoxidation Process

In a three-neck flask, a predetermined amount of rubber seed oil (70 g) was mixed
with varying amounts of carboxylic acids (such as acetic or formic acid) and hydrogen
peroxide, following specific molar ratios of double bond:RCOOH: H2O2 (e.g., 1:0.6:1.4,
1:1:2, and 1:1.5:3). The mixture was constantly mixed and heated to various temperatures
(40 ◦C, 50 ◦C, 60 ◦C, and 70 ◦C) while the reaction was allowed to continue for specified
time intervals (0, 30, 60, 120, and 240 min). Samples were taken at each time point for
spectroscopic analysis, typically using FTIR, to assess the conversion rates of double bonds
and the formation of epoxide groups, providing insights into the optimization of the
epoxidation process.
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3. Results and Discussion
3.1. Temperature Influence

Figure 1 describes the oxirane number of epoxidized rubber seed oil at various tem-
peratures for a molar ratio of double bond:CH3COOH: H2O2 of 1:1:2. The findings showed
that the oxirane number was clearly affected by the changes in temperature. For all temper-
atures, at a certain reaction time (up to 150 min), an increase in temperature will increase
the oxirane number. At temperatures of 40 ◦C and 50 ◦C, the oxirane number increases
continuously from the beginning of the reaction to the end of the reaction, with the opti-
mum oxirane number being 1.333 mmol/g and 1.507 mmol/g, respectively. This implies
that the increased temperatures support the reaction rate for epoxidation processes and
facilitate a quicker generation of oxirane units. When the temperature was set at 60 ◦C, the
optimum oxirane value was obtained at a reaction time of 210 min, namely 3200 mmol/g.
After this time, the oxirane number decreased. This tendency also occurs at a temperature
of 70 ◦C, the oxirane number increases with increasing reaction time (up to 150 min) until
the highest point is 3.093 mmol/g, after which the oxirane number decreases drastically. A
trend consistent with observations from previous studies showed that higher temperatures
(above 60 ◦C) can have an adverse effect on oxirane number. This decrease in oxirane
number could be due to the fact that oxirane is very reactive, so it easily undergoes further
reactions with the remaining reactants. This statement is in line with previous research
findings [7,10,12]. Overall, the highest oxirane number was obtained at a temperature of
60 ◦C, namely 3200 mmol/g.
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Figure 1. Oxirane number at various temperatures for a molar ratio of double bond:CH3COOH:H2O2

of 1:1:2.

The data also show that the oxirane number increases over time in a time manner.
There was a significant rise in conversion particularly within the 30 min, at temperatures
of 50 ◦C and above. However, the oxirane number tended to level off after 150 min at
70 ◦C with values declining, suggesting a point of saturation where extended reaction times
result in diminishing returns. The plateau aligns with the research by Budiyati et al. (2024),
indicating that extended response times may decrease effectiveness by causing the creation
of byproducts or the deterioration of the epoxide structure [13].

When comparing these findings to existing literature, several trends become evident.
Many previous studies have documented optimal temperature ranges for epoxidation
processes, typically around 50–60 ◦C. The drastic decline in oxirane number observed at
70 ◦C in this study inlines with some reports where adverse effects were noted at similar
temperatures [7,13,14].
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3.2. Molar Ratio Influence

Figure 2 illustrates the oxirane number at various molar ratios for a temperature of
60 ◦C. The type of carboxylic acid is acetic acid (CH3COOH). The molar ratios of reactants
had an impact on how the reactions turned out for this experiment we did with epoxidation
processes at different temperatures and time intervals. We found that using the ratio of
1:1:2 consistently gave us results compared to other ratios we tested. The oxirane number
for the 1:1:2 ratio came out to be around 3.200 mmol/g, while the 1:0.6:1.4 ratio only
reached 2.880 mmol/g. This indicates that having a high mole of CH3COOH and H2O2

in a ratio of 1:1:2 improves the reaction conditions for epoxidization and underscores
the significance of maintaining stoichiometric balance in this process. Past research has
consistently demonstrated that increasing the proportions of RCOOH and H2O2 leads to
conversion rates, a finding that is well supported by the results of this study [8,15]. On
the other hand, overall, the oxirane number produced at a molar ratio of 1:1:2 was slightly
higher than at a molar ratio of 1:1.5:3. These small differences are telling the possibility
of (1) the oxirane number approaching the maximum value, and (2) an increase in molar
ratios from 1:1:2 to 1:1.5:3 did not have a significant effect. Therefore, it can be concluded
that 1:1:2 was the optimum molar ratio.
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Figure 2. Oxirane number with different molar ratios of double bond:CH3COOH:H2O2 at a tempera-
ture of 60 ◦C.

3.3. Influence of the Type of Carboxylic Acid

Figure 3 shows the effect of the type of carboxylic acid on the oxirane number in the
epoxidation of rubber seed oil. From Figure 3, it can be seen that at a temperature of 50 ◦C,
the oxidation number of rubber seed oil based epoxy using acetic acid is consistently lower
than that using formic acid. Meanwhile, at a temperature of 60 ◦C, formic acid provides a
higher oxirane number up to a reaction time of 180 min. After this time, the oxirane value
with formic acid decreased significantly, the value was even lower than the oxirane value of
epoxy produced from epoxidation of rubber seed oil with acetic acid. The highest oxirane
number obtained in epoxidation with formic acid and acetic acid were 3.093 mmol/g and
3.200 mmol/g, respectively.

The type of carboxylic acid used in the epoxidation of rubber seed oil significantly
impacts the conversion rates and the overall efficiency of the reaction. In this context,
formic acid and acetic acid were examined to understand their respective influences on the
epoxidation process. When formic acid is employed, it exhibits high reactivity due to its
strong oxidizing characteristics. The introduction of peroxyformic acid leads to a rapid
conversion of double bonds in rubber seed oil, resulting in higher epoxide yields. Studies
have shown that reactions utilizing formic acid can achieve higher conversion within
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shorter reaction times, particularly at optimized temperatures. The effective formation of
reactive intermediates allows for a swift introduction of oxirane groups, making formic
acid a superior choice for enhancing the efficiency of the epoxidation process [8,14].
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Figure 3. Oxirane number with different types of acid for the molar ratio of double
bond:RCOOH:H2O2 of 1:1:2 at temperatures of 50 ◦C and 60 ◦C.

3.4. The FTIR Spectroscopy Data

Figure 4 presents the result of FTIR analysis of epoxidized rubber seed oil. The ex-
amination of FTIR data for the epoxidation process of rubber seed oil offers insights into
the molecular transformations that take place during the reaction process. The presence
of absorption bands in the spectrum is linked to functional groups identified in the oil
structure and aids in a thorough comprehension of its structural alterations. The FTIR
analysis highlights absorption bands that signify the existence of functional groups, within
the epoxidized rubber seed oil. The detection of O–H stretching vibrations, between
3474.91–3571.35 cm−1, signals the presence of hydroxyl groups formed during the epoxi-
dation process—an observation, with the research conducted by Budiyati et al. focusing
on tung seed oil epoxidation [9], and by Nwosu-Obieogu et al. studying melon seed oil
properties [16].
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1457.28 cm−1, which strengthens the idea that aliphatic structures are common in the
product. The C = O stretching identified between 1737.94 cm−1 and 1747.58 cm−1 hints, at
the presence of carboxylate groups originating from the fatty acids found in rubber seed oil,
a discovery that suggests partial oxidation of these functional groups during epoxidation.
The absorption peak, at 1167.95 cm−1 corresponding to C–O bonds, provides evidence for
the production of alcohols commonly found in epoxidized oils. The detection of C–O–C
bonds in the range of 839.07 to 881.51 cm−1 affirms the presence of epoxy groups in the
structure, indicating the successful incorporation of oxirane rings into the fatty acid chains.
The formation of hydroxyl and epoxy groups in the FTIR spectra of epoxidized vegetable
oils reinforces the idea that such modifications are common across different feedstocks.
This study’s specific absorption values fall within the ranges reported in the literature,
further validating the consistency of FTIR as an analytical tool for monitoring chemical
modifications in oils [17].

4. Conclusions
The in situ epoxidation process on rubber seed oil can be carried out well. This study

discusses the influence of several important parameters in epoxidation, namely: tempera-
ture, time, and molar ratio of double bond:RCOOH: H2O2. The research results showed
that epoxidation with performic acid at a reaction temperature of 60 ◦C and a molar ratio
of 1:1:2 produced optimum conversion. The choice of the type of carboxylic acid (formic
acid or acetic acid) for epoxidation of rubber seed oil has significant implications for the
resulting conversion. Formic acid consistently outperforms acetic acid in terms of reaction
kinetics and product yield, thereby facilitating a more effective epoxidation process.
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