
Scientific Research Journal, 
Vol 19, No 1 (2022) 91-113
https://doi.org/10.24191/srj.v19i1.14105

Copyright© 2022 UiTM Press. 
This is an open access article 

under the CC BY-NC-ND license

ABSTRACT 

The aim of this study was to apply the experimental design methodology 
in the optimization of the epoxidation of fatty acid methyl esters (FAME) 
derived from Jatropha oil. This experiment was carried out with peracetic 
acid generated in situ by using hydrogen peroxide and acetic acid. The 
reaction surface (RSM) methodology based on the central composite 
design (CCD) approach is applied, which involves the percentage (%) 
of the epoxidation yield as the reaction variables. The reactions were 
described as the function of parameters such as temperature (50-80 °C), 
mol ratio of hydrogen peroxide (HP) to unsaturation (1.1-2 mol), mol ratio 
of acetic acid (AA) to unsaturation (0.5-0.8 mol) and time (2-7 hours).  The 
optimum percentage of epoxidation yield (90.98 %) was at the condition 
of 65 °C reaction temperature, HP to unsaturation mol ratio of 2.19, AA to 
unsaturation mol ratio of 0.65 for 6 hours. The formation of epoxides product 
(oxirane) was confirmed using Fourier transform infrared spectroscopy 
oxirane peaks (doublet) at 825 and 843 cm-1. The result showed good 
agreement with the predicted values from the RSM model.
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INTRODUCTION 

The search for alternative materials for the chemical industry is 
gaining attention due to decreasing petroleum resources and increasing 
environmental awareness associated with these non-renewable resources. 
These problems urge researchers to find an abundant and environmentally 
friendly alternative to promote greener chemistry. Renewable resources 
have been identified globally as effective alternatives to replace feedstock 
for the chemical industry. One of the renewable resources identified is plant 
oil. Due to their high availability, they are cost-effective products and can 
be chemically modified to improve their properties.  Various research has 
been conducted concerning this matter, such as cottonseed oil [1], vernia 
oil [2], sesame oil  [3], jatropha oil [4], and soybean oil  [5]. Attention is 
directed to non-edible oil to avoid any challenge or competition with the 
food industry. Therefore, in this research, jatropha oil is selected as feedstock 
as it provides no or less benefit to human or animal consumption because 
it is poisonous. 

The physicochemical properties of plant oils depend on the composition 
of fatty acid content. Their iodine value (IV) indicates that unsaturation or 
double bonds contribute to unique chemical structures that allow multiple 
chemical modifications to improve their characteristics [6,7]. Bio-polymer 
derived from plant oils possess exciting attributes such as being highly 
biodegradable, ease of processing, contributing no or less environmental 
pollution, having low production costs, and being non-toxic [8,9]. Owing 
to these properties, they are highly preferred to be utilized as an alternative 
to non-renewable resources [10,11,12].

The epoxidation process is one of the simplest and most widely used 
methods to modify plant oil structures. This approach applies the conversion 
method of double bonds in oils by incorporating an oxygen atom and 
forming a product called epoxy. Epoxides contain oxirane rings, making 
them highly reactive and applied in various industrial applications such as 
adhesives, plasticizers, bio-lubricant, and bio-based epoxy resins [10,13]. 
Methods of epoxidation, temperature, the mol ratio of hydrogen peroxide 
to unsaturation, the mol ratio of organic acid to unsaturation, reaction time, 
stirring speed, and the presence and type of catalyst are the factors that 
need to be considered while utilizing the epoxidation process [14,15]. This 
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process is conducted with organic acid (formic or acetic acid), hydrogen 
peroxide, and catalysts. Organic acids react with hydrogen peroxide to 
produce peroxy acids, either in-situ formed or ex-situ peroxy acids, with 
or without the presence of catalysts [3,16]. The reaction between hydrogen 
peroxide and acetic acid formed peroxy acids, and it plays an essential role 
as the double bond oxidizing agent. As a result, compounds with more 
excellent oxidation stability, lower acidity, and more remarkable ability to 
be adsorbed by metal surfaces are synthesized [15].

There is minimal information currently available regarding the use 
of fatty acid methyl esters (FAME) for epoxide synthesis with response 
surface methodology (RSM)[17]. RSM can optimize the epoxidation of 
ricinoleic acid methyl ester in the presence of the phase-transfer catalyst 
by applying the Box-Behnken technique. Similar work was also carried out 
by Hernández-Cruz et al.  [15] when they also performed the Box-Behnken 
technique to optimize the epoxidation reaction of chicken fat with peracetic 
acid. Another work conducted by Aguele et al. [18] also utilized a similar 
technique of RSM in optimizing the Huracrepitan seed oil. The methods 
used in this research are similar to the earlier mentioned methods. The 
optimization study of the epoxidation of FAME is using Central Composite 
Design (CCD) technique as a minor modification in the RSM method. RSM 
has a variety of optimization designs, but the same concept of epoxidation is 
applied. The findings from the previous research emphasized that hydrogen 
peroxide had the most significant effect on the degree of epoxidation.

This project aims to develop a framework to investigate the significant 
factors involved in epoxidation reaction: reaction temperature, the mol ratio 
of hydrogen peroxide (HP) to unsaturation, and the mol ratio of organic 
acid, which later will be addressed as acetic acid (AA) to unsaturation, and 
reaction time on the epoxidation reaction. Firstly, as a practical technique 
of RSM, CCD was implemented as an optimization tool to identify the 
optimal condition and investigate the relationship between the reaction 
variables. Subsequently, the formed epoxides were characterized using 
Fourier Transform Infra-Red (FTIR).
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METHODOLOGY

Materials and Method

Jatropha oil used in this research was acquired from Bionas 
Development Berhad without further purification. Hydrogen peroxide   
(50 %) was purchased from Qrec Sdn Bhd, glacial acetic acid from R&M. 
These chemicals were used without further purifications. Production of 
FAME was prepared through transesterification, conducted in a 1000 ml 
tree-necked flask equipped with a mechanical stirrer, reflux condenser, and 
thermometer under atmospheric pressure. The epoxidation process was 
executed with peroxy acid generated in-situ, using acidic ion exchange 
resin (Amberlite IR-120) as a catalyst [19]. Figures 1 and 2 illustrate the 
transesterification process and the equation. Meanwhile, Figures 3 and 4 
illustrate the transesterification process and the equation.

Figure 1:Transesterification process

Figure 2: Transesterification reaction of a triglyceride with alcohol
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Figure 3: Epoxidation process

 

Figure 4: Epoxidation using in-situ production of the peracetic acid process

Design of experiment

         Preliminary studies were conducted in reported literature varying the 
value of temperature, the mol ratio of hydrogen peroxide to unsaturation, 
mol ratio of acetic acid to unsaturation, and reaction time. The graph of 
each parameter with respect to epoxidation yield was plotted to identify 
the optimum values [19]. Methods of calculating the mol ratio were taken 
from Manthey [20]. Optimization studies in this research were conducted 
following the reported preliminary results. In this study, only the four most 
significant parameters were investigated: reaction temperature, the mol ratio 
of HP to unsaturation, and AA ratio to unsaturation and reaction time. Stirring 
speed and catalyst loading were maintained constant for all experiments at 
1500 rpm and 16 % from the total weight of the sample, respectively.  For 
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1500 rpm and 16% from the total weight of the sample, respectively.  For each experiment (run 
1-run 30), 50 ml samples were withdrawn at regular intervals, washed, and analyzed for oxirane 
oxygen content, indicating the epoxidation yield. The washing process was conducted using 5% 
diethyl ether and warm and cold water. Firstly, the bio-epoxides were washed with successive 
portions of diethyl ether, followed by cold water and finally hot water, to remove residual fatty 
acid or unreacted chemicals.  The solution was dried over anhydrous sodium sulfate (1.5% weight 
of sample: weight of diethyl ether) overnight in an oven at 70  °C to remove any traces of water. 
 
 Four reaction parameters were studied in thirty experiments based on response surface 
methodology (RSM) in central composite design (CCD). The values of studied parameters are 
presented in Table 1. 
 

Table 1 : Reaction variables levels 
Parameters  Symbol Unit Variable levels 

-1 level +1 level 
Temperature A  °C 50 80 
Mol ratio HP  B Mol 1.1 2 
Mol ratio AA C Mol 0.5 0.8 
Time D Hr 2 7 

 
Analytical Analysis 
Oxirane Oxygen Content  
 
 The response of this study is the epoxidation yield indicated by the value of the oxirane 
oxygen content (OOC). Determining its value was crucial in determining the quality of epoxides 
and the efficiency of the epoxidation process. The OOC of each sample was determined using the 
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each experiment (run 1-run 30), 50 ml samples were withdrawn at regular 
intervals, washed, and analyzed for oxirane oxygen content, indicating the 
epoxidation yield. The washing process was conducted using 5 % diethyl 
ether and warm and cold water. Firstly, the bio-epoxides were washed with 
successive portions of diethyl ether, followed by cold water and finally hot 
water, to remove residual fatty acid or unreacted chemicals.  The solution 
was dried over anhydrous sodium sulfate (1.5 % weight of sample: weight 
of diethyl ether) overnight in an oven at 70 °C to remove any traces of water.

Four reaction parameters were studied in thirty experiments based on 
response surface methodology (RSM) in central composite design (CCD). 
The values of studied parameters are presented in Table 1.

Table 1 : Reaction variables levels
Parameters Symbol Unit Variable levels

-1 level +1 level

Temperature A  °C 50 80
Mol ratio HP B Mol 1.1 2
Mol ratio AA C Mol 0.5 0.8
Time D Hr 2 7

Analytical Analysis

Oxirane Oxygen Content 

The response of this study is the epoxidation yield indicated by the 
value of the oxirane oxygen content (OOC). Determining its value was 
crucial in determining the quality of epoxides and the efficiency of the 
epoxidation process. The OOC of each sample was determined using the 
direct method with a hydrobromic acid solution. Methods of calculation of 
selected data were taken from Paquot [21].

FTIR Spectroscopy Analysis 

The Fourier Transform Infra-Red (FTIR) analysis method was 
adopted from the previous study [22,23]. This analysis aims to determine 
the functional group in the Jatropha oil, FAME, and epoxides. A potassium 
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bromide (KBr) pallet was used to determine the background signal. The 
spectra were obtained over the frequency range 4000-650 cm-1 at the 
resolution of 4 cm-1, and the final output was in % transmittance. The 
spectra were recorded on an FTIR Perkin-Elmer spectrophotometer model 
Spectrum-1000 (Perkin-Elmer, Norwalk, CT, USA). 

RESULTS AND DISCUSSION 

ANOVA Analysis

         The results of all 30 runs were presented in Table 2, and analysis was 
conducted using ANOVA techniques. Experimental values and predicted 
values are shown as well. The response of the experiment is the epoxidation 
yield, which is calculated based on the percentage conversion of unsaturation 
to oxirane ring. The highest epoxidation yield was 90.98 % obtained at 
reaction temperature 65 °C, the mol ratio of hydrogen peroxide 2.19 mol, 
acetic acid 0.65 mol within 4.5 hours reaction time (Run 14). On the other 
hand, the lowest epoxidation yield was 23.70 %, obtained at a reaction 
temperature of 50 °C, the mol ratio of hydrogen peroxide 1.1 mol, acetic 
acid 0.5 in 2 hours (Run 3). 
 

Table 2: Experimental design matrix and results of epoxidation yield of 
FAME as affected by temperature, the mol ratio of HP, AA, and time

Run No Temp 
(A, °C)	

Mol ratio 
HP

 (B, mol)

Mol ratio 
AA

(C, mol)

Time 
(D, hr)	

Epoxidation yield (%)

Experimental 
value

Predicted 
value

1 50 2.00 0.50 2.0 38.35 38.52

2 50 1.10 0.80 7.0 62.77 63.13

3 50 1.10 0.50 2.0 23.70 23.39

4 65 1.55 0.65 4.5 89.26 88.76

5 80 2.00 0.50 2.0 65.72 64.87

6 65 1.55 0.65 4.5 88.67 88.76

7 65 1.55 0.44 4.5 68.83 69.63

8 80 1.10 0.50 2.0 43.89 43.64

9 80 2.00 0.50 7.0 65.50 65.40

10 50 1.10 0.50 7.0 77.54 77.62
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11 65 1.55 0.65 8.0 84.44 83.44

12 80 2.00 0.80 2.0 89.73 90.18

13 50 2.00 0.50 7.0 64.20 64.48

14 65 2.19 0.65 4.5 90.98 90.86

15 86 1.55 0.65 4.5 68.97 70.03

16 65 1.55 0.65 4.5 88.79 88.76

17 65 1.55 0.86 4.5 78.16 77.28

18 65 1.55 0.65 4.5 87.73 88.76

19 65 1.55 0.65 1.0 65.29 66.21

20 50 2.00 0.80 2.0 64.42 64.06

21 65 1.55 0.65 4.5 88.26 88.76

22 80 1.10 0.50 7.0 72.58 72.45

23 44 1.55 0.65 4.5 56.37 55.23

24 80 1.10 0.80 7.0 57.37 57.72

25 80 1.10 0.80 2.0 60.09 59.31

26 50 1.10 0.80 2.0 38.66 39.29

27 50 2.00 0.80 7.0 58.84 59.62

28 65 0.91 0.65 4.5 78.28 78.33

29 65 1.55 0.65 4.5 89.67 88.76

30 80 2.00 0.80 7.0 60.48 60.30

Analysis of variance (ANOVA) is shown in Table 3, where A represents 
the temperature, B represents the mol ratio of HP, C represents the mol 
ratio of AA, and D represents the reaction time. The P-value for all four 
parameters is <0.0001 indicated that all reaction parameters were significant 
in the epoxidation reaction. The effect of a combination of two parameters on 
epoxidation yield was significant except the combination of temperature and 
mol ratio of acetic acid as depicted by the p-value >0.0001, which is 0.7929. 
The significance of individual experimental parameters can be judged 
based on the corresponding p-values. The lower the p-values, the higher 
the importance of the corresponding coefficient will be. Besides, p-values 
also indicate the strength of interaction between cross-products of variables. 
The effect of these parameters on epoxidation yield can be observed by 
considering the F-value and p-values shown for each parameter in Table 3. 
The higher the F-value (and the lower p-values), the more significant the 
effect of the parameters on epoxidation yield [24,25]. 
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Table 3:  Analysis of variance (ANOVA) for the fitted quadratic polynomial 
model

Sources of 
variations

Sum of 
Squares

df Mean Square F Value p-value 
Prob > F

Model 8946.066 14 639.004685 844.6024 < 0.0001

A-Temperature 547.9903 1 547.990287 724.3044 < 0.0001

B-Mol ratio HP 392.5025 1 392.502538 518.789 < 0.0001

C-Mol ratio AA 146.2032 1 146.203186 193.2436 < 0.0001

D-Time 741.8416 1 741.841572 980.5267 < 0.0001

AB 37.11856 1 37.118556 49.06133 < 0.0001

AC 0.054056 1 0.05405625 0.071449 0.7929

AD 646.6849 1 646.6849 854.7537 < 0.0001

BC 92.83323 1 92.833225 122.702 < 0.0001

BD 799.617 1 799.617006 1056.891 < 0.0001

CD 924.312 1 924.312006 1221.706 < 0.0001

A^2 1592.293 1 1592.29263 2104.608 < 0.0001

B^2 40.43799 1 40.4379943 53.44879 < 0.0001

C^2 546.0672 1 546.067209 721.7626 < 0.0001

D^2 452.7714 1 452.771433 598.4492 < 0.0001

Residual 11.34862 15 0.75657455

Lack of Fit 8.956018 10 0.89560183 1.871608 0.2535

Pure Error 2.3926 5 0.47852

Cor Total 8957.414 29

CV %=
0.87

R²=
0.9987

R² adj=
0.9976

R² predicted
=0.9943

For a model to be considered fit for its reliable application, a high 
statistical significance is required. The high significance of a model was 
indicated by a high F-value, 844.6024, at a very low probability value. The 
calculated probability value (p-value) from the analysis of the model is 
<0.001 (P<0.05 indicated that model terms were significant). Therefore, the 
Model F-value of 844.6024 implied the model was significant. There was 
only a 0.01 % chance that a "Model F-value" this large could occur due to 
noise. In addition, the lack of fit condition for the model is not significant 
indicated by the P-value>0.05. This result agrees with a discussion by Zhao 
et al.  [17] in their reported research.



100

Scientific Research Journal

The model's fitness was evaluated by calculating the regression 
equation and the multiple correlation coefficient R2. A high value of                
R2 =0.9987 indicated that 99.87 % of the response variables (epoxidation 
yield ) were dependent on the independent variables (A, B, C, and D), 
and only 0.13 % of total variations were dependent on other variables, 
not defined by the models. Therefore, this model could be used with high 
reliability to predict results with good precision indicated by a high R2 value 
[26,27]. Furthermore, low coefficients of variance, CV=0.87, indicated 
high precision, low scatter, and better repeatability in experimental results. 
In addition, a high value of the adjusted determination coefficient (Adj 
R2=0.9976) also showed the high significance of the model.

 

	 Figure 5: Normal probability plot of internally studentized residuals	
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Figure 6: Comparison of actual and predicted values of the response

The normal plot of residuals is shown in Figure 5 and indicates normal 
distributions of the residuals. The points should follow a straight line with 
an acceptable scatter if their distribution is normal. Based on the plot, it 
was demonstrated that the data distribution was substantially normal. In 
Figure 6, a plot of actual values against the values predicted by the model 
is presented. Most of the data points were distributed evenly along the line 
showing a high value for R2 (0.9987), and experimental results and the 
predicted values were in excellent agreement [17]. 

Influence of process variables on maximum epoxidation yield

Three-dimensional response surface plots were obtained from design 
expert software, and the graphical presentation is shown and discussed 
below. Two reaction parameters were varied to get this plot while keeping 
the other two parameters at a central level. Figures 7-12 displayed the three-
dimensional response surface plot describing the cross effect of time and 
temperature on the maximum epoxidation yield concerning other process 
variables.
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Effect of temperature and mol ratio of hydrogen peroxide on 
epoxidation yield

 

Figure 7: Response surface plots for the effect of the temperature (A) and the mol 
ratio of hydrogen peroxide (B) on the maximum epoxidation yield

Figure 7 illustrates the effect of temperature (A) and the mol ratio of 
hydrogen peroxide (B) on the epoxidation yield using a 3D response surface. 
During the epoxidation process, to study their combined interactions, the 
mol ratio of acetic acid and reaction time were kept constant at a value of 
0.5 moles and 4.5 hours, respectively. The epoxidation yield increased with 
an increase of reaction temperature from 50 °C to 80 °C. These results agree 
well with existing studies on epoxidation of ricinoleic acid methyl ester [16], 
which stated that the reaction rate increased at higher temperatures due to 
increased collision rates between the reactants. The increasing trend was 
observed up to 66 °C. Beyond this temperature, depletion of epoxidation 
yield was noticed. As shown in the figure, one can see that an increase in 
the value of epoxidation yield increased when the mol ratio of hydrogen 
peroxide was elevated from 1.1 to 2 moles. However, deterioration of 
epoxidation yield was noticed at 1.55 moles of hydrogen peroxide at 65 
°C.  Previous research mentioned that the rate of epoxidation increased 
progressively with increased hydrogen peroxide concentrations; however, 
the stability of the oxirane ring is reduced [28,29]. 

On the other hand, Liew et al. [30] stated that at lower concentrations 
of hydrogen peroxide, oxirane ring and oxirane ring cleavage formations 
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(B) on the epoxidation yield using a 3D response surface. During the epoxidation process, to 
study their combined interactions, the mol ratio of acetic acid and reaction time were kept 
constant at a value of 0.5 moles and 4.5 hours, respectively. The epoxidation yield increased with 
an increase of reaction temperature from 50 °C to 80 °C. These results agree well with existing 
studies on epoxidation of ricinoleic acid methyl ester [16], which stated that the reaction rate 
increased at higher temperatures due to increased collision rates between the reactants. The 
increasing trend was observed up to 66 °C. Beyond this temperature, depletion of epoxidation 
yield was noticed. As shown in the figure, one can see that an increase in the value of epoxidation 
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However, deterioration of epoxidation yield was noticed at 1.55 moles of hydrogen peroxide at 
65 °C.  Previous research mentioned that the rate of epoxidation increased progressively with 
increased hydrogen peroxide concentrations; however, the stability of the oxirane ring is reduced 
[28,29].  
 
 On the other hand, Liew et al. [30]stated that at lower concentrations of hydrogen 
peroxide, oxirane ring and oxirane ring cleavage formations coincide. Hence, a moderate 
concentration of hydrogen peroxide was suitable to achieve the maximum epoxidation yield. 
Therefore, temperature 65 °C and 1.55 moles of hydrogen peroxide were considered optimum 
conditions for further experimentations. 
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coincide. Hence, a moderate concentration of hydrogen peroxide was 
suitable to achieve the maximum epoxidation yield. Therefore, temperature 
65 °C and 1.55 moles of hydrogen peroxide were considered optimum 
conditions for further experimentations.
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trends of this figure, it can be concluded that epoxidation yield increased 
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However, when both values reached 60 °C and 0.5 moles, respectively, 
epoxidation yield experienced a reduction due to oxirane cleavage. The 
result has a similar performance with a previous report [29] studying the 
epoxidation of fatty acid methyl esters from waste cooking oil. Therefore, 
the moderate temperature at 65 °C was considered suitable for epoxidation 
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concerning other reaction parameters is demonstrated in Figure 9. As illustrated, epoxidation 
yield increased as the reaction time increased from 2 to 8 hours. This finding is consistent with 
the previous findings [31], suggesting that epoxidation yield increases gradually with time. 
However, the increasing trend was observed up to a specific time, which was 4.5 hours. Higher 
reaction time provided an opportunity for oxirane rings to react with excess hydrogen peroxide, 
acetic acid, and water-produced glycol [3,32]. As shown in Figure 9, the epoxidation yield 
achieved maximum value at 65 °C at a reaction time of 4.5 hours. Beyond this value, depletion 
of epoxidation yield was noticed. Thus, prolonged reaction time and increased reaction 
temperature reduced epoxidation yield due to oxirane cleavage. Similar results were discussed by 
Mushtaq et al. [24] during the epoxidation of FAME. Their study reported a shorter reaction time 
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Effect of mol ratio of hydrogen peroxide and the mol ratio of 
acetic acid on epoxidation yield

Figure 10: Response surface plots for the molar ratio hydrogen peroxide (B) and 
molar ratio acetic acid (C) on the maximum epoxidation yield

	
Figure 10 shows the comparison of the mol ratio of hydrogen peroxide 

(B) and acetic acid (C) on the epoxidation yield, represented using the 3D 
response surface plot. The mol ratio of acetic acid is investigated between 0.2 
to 0.8 moles. The increasing the value of mol ratio increased the epoxidation 
yield, and maximum yield was obtained at unsaturation: mol ratio acetic 
acid: mol ratio hydrogen peroxide 1:0.5:1.5 moles, respectively. Acetic 
acid plays both functions in forming the oxirane ring and reactant in the 
hydrolysis of the oxirane ring [15].  Acetic acid and hydrogen peroxide play 
a vital role in generating peroxyacetic acid to form the oxirane ring. The 
presence of a 15 % (wt %) catalyst accelerates the formation of peroxyacetic 
acid. During the reaction, the acetic acid concentration is maintained, 
regenerated in the epoxidation process, and plays a less significant role 
than hydrogen peroxide [33]. 

due to the usage of formic acid as an oxygen carrier and a higher concentration of hydrogen 
peroxide. 
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Figure 11: Response surface plots for the effect of the molar ratio hydrogen peroxide   
(B) and time (D) on the maximum epoxidation yield 
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Effect of mol ratio of hydrogen peroxide and time on epoxidation 
yields

           

Figure 11: Response surface plots for the molar ratio hydrogen peroxide (B) and 
time (D) on the maximum epoxidation yield

The relationship between the mol ratio of hydrogen peroxide (B) and 
time is presented in Figure 11. The mol ratio of hydrogen peroxide was 
varied from 1.1 to 2.0 moles. The result showed that epoxidation yield also 
increased due to the formation of more peroxyacetic acid. [3]. The highest 
epoxidation yield was obtained at a mol ratio of 1.55. However, at higher 
concentrations and longer time, epoxidation yield was similar. Therefore, 
due to the high possibility of an explosion at higher concentrations of 
hydrogen peroxide, it is not recommended [23]. In addition, a paper reported 
by previous researchers [32]  stated that the shortcomings of using high 
concentrations of hydrogen peroxide also included the problem in agitation 
and decreased the mass transfer rate, which resulted in low epoxidation 
yield. Based on figure above, it can be concluded that the optimum mol 
ratio of hydrogen peroxide and reaction time was 1.55 moles and 4.5 hours. 
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Effect of mol ratio of acetic acid and time on epoxidation yield

 

Figure 12: Response surface plots for the effect of the mol ratio acetic acid (C) and 
time (D) on the maximum epoxidation yield

The results of the 3D surface plot of the relationship between acetic 
acid (C) and time (D) on epoxidation yield are provided in Figure 12. 
The effect of acetic acid was less significant than reaction time. Although 
increasing acetic acid concentrations increased epoxidation yield, the 
oxirane cleavage was less apparent due to low concentrations of acetic acid 
used [28]. However, reaction time was more significant in the epoxidation 
reaction, as shown in the figure. At the start of reaction time, epoxidation 
yield was lower, increasing as the reaction time increased. Maximum 
epoxidation yield was obtained at a reaction time of 4.5 hours. Beyond this 
point, the depletion of the oxirane ring was observed.

Characterization using FTIR 

The spectroscopic properties of Jatropha oil, FAME, and epoxides were 
studied by FTIR spectroscopy. FTIR is a sensitive technique for monitoring 
FAME and oxirane ring formation in transesterification and epoxidation. 
FTIR spectra demonstrated a peak between 3002-3008 cm-1 associated 
with the stretching of C=C bonds. As shown in Figure 13, the presence of 
unsaturation in Jatropha oil and FAME was confirmed by the peak at 3008 
cm-1. Similar findings were reported by Mai et al. [34] in the study of the 
production of bio-epoxy resin from Jatropha oil.
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 The results of the 3D surface plot of the relationship between acetic acid (C) and time (D) 
on epoxidation yield are provided in Figure 12. The effect of acetic acid was less significant than 
reaction time. Although increasing acetic acid concentrations increased epoxidation yield, the 
oxirane cleavage was less apparent due to low concentrations of acetic acid used [28]. However, 
reaction time was more significant in the epoxidation reaction, as shown in the figure. At the start 
of reaction time, epoxidation yield was lower, increasing as the reaction time increased. 
Maximum epoxidation yield was obtained at a reaction time of 4.5 hours. Beyond this point, the 
depletion of the oxirane ring was observed. 
 
Characterization using FTIR  
 
The spectroscopic properties of Jatropha oil, FAME, and epoxides were studied by FTIR 
spectroscopy. FTIR is a sensitive technique for monitoring FAME and oxirane ring formation in 
transesterification and epoxidation. FTIR spectra demonstrated a peak between 3002-3008 cm-1 
associated with the stretching of C=C bonds. As shown in Figure 13, the presence of unsaturation 
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Figure 13: FTIR spectra of Jatropha oil, FAME, and epoxides

After completing the transesterification process, the unsaturation peak 
was still present. However, the IR spectrum of Jatropha oil showed the ester 
linkage of triglyceride at 1744 cm-1, whereas the peak shifted to 1743 cm-1 
in FAME. This change reduction of the carbonyl group from three to only 
one in FAME. Similar results were reported by [35,36]. The formation of 
the oxirane ring after the epoxidation process was also demonstrated in 
Figure 13. It can be observed that the disappearance of the peak at 3008 
cm-1 in FAME and the appearance of oxirane peaks (doublet) at 825 and 
843 cm-1. This result was following reports of previous works that oxirane 
ring exist in the range of 820 to 843 cm-1 [2,8,37].  Complete disappearance 
of the peaks indicated a high conversion of unsaturation to oxirane ring, 
which is 90.98 %. The absence of hydroxyl peaks in the range of 3000-
3500 cm-1 (O-H range) proved that minimum oxirane cleavage occurred 
in the epoxidation process during the optimum conditions. These results 
agreed with an investigation conducted by Liew et al. [30] that hydroxyl 
and unsaturation peaks must not appear in the FTIR spectrum to optimize 
epoxidation yield. 

CONCLUSION 

The epoxidation reaction of FAME with peroxy acids was successfully 
optimized, with the stirring rate maintained at 1500 rpm and catalyst loading 
of 16 %. RSM was found to be a helpful technique for optimizing the 
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 After completing the transesterification process, the unsaturation peak was still present. 
However, the IR spectrum of Jatropha oil showed the ester linkage of triglyceride at 1744 cm-1, 
whereas the peak shifted to 1743 cm-1 in FAME. This change reduction of the carbonyl group 
from three to only one in FAME. Similar results were reported by [35,36]. The formation of the 
oxirane ring after the epoxidation process was also demonstrated in Figure 13. It can be observed 
that the disappearance of the peak at 3008 cm-1 in FAME and the appearance of oxirane peaks 
(doublet) at 825 and 843 cm-1. This result was following reports of previous works that oxirane 
ring exist in the range of 820 to 843 cm-1 [2,8,37].  Complete disappearance of the peaks indicated 
a high conversion of unsaturation to oxirane ring, which is 90.98%. The absence of hydroxyl 
peaks in the range of 3000-3500 cm-1 (O-H range) proved that minimum oxirane cleavage 
occurred in the epoxidation process during the optimum conditions. These results agreed with an 
investigation conducted by Liew et al. [30] that hydroxyl and unsaturation peaks must not appear 
in the FTIR spectrum to optimize epoxidation yield.  
 
CONCLUSION  
 

The epoxidation reaction of FAME with peroxy acids was successfully optimized, with the 
stirring rate maintained at 1500 rpm and catalyst loading of 16%. RSM was found to be a helpful 
technique for optimizing the epoxidation of FAME. The optimal condition achieved with the 
percentage of epoxidation yield (90.98%) was at 65°C reaction temperature, HP to unsaturation 
mol ratio of 1.55, AA to unsaturation mol ratio of 0.5 for 4.5 hours. Under these conditions, the 
experimental yield was 90.98% against the predicted yield of 90.86%. Hence, with minimal error, 
the statistical analysis results showed that the process parameters (temperature, mol ratio of HP 
to unsaturation, mol ratio of AA to unsaturation, and reaction time) significantly affect the 
response. 
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epoxidation of FAME. The optimal condition achieved with the percentage 
of epoxidation yield (90.98 %) was at 65 °C reaction temperature, HP to 
unsaturation mol ratio of 1.55, AA to unsaturation mol ratio of 0.5 for 4.5 
hours. Under these conditions, the experimental yield was 90.98 % against 
the predicted yield of 90.86 %. Hence, with minimal error, the statistical 
analysis results showed that the process parameters (temperature, mol ratio 
of HP to unsaturation, mol ratio of AA to unsaturation, and reaction time) 
significantly affect the response.

REFERENCES 

[1]	 M. Pawar, A. Kadam, O.Yemul, V. Thamke and K. Kodam, 2016. 
Biodegradable bioepoxy resins based on epoxidized natural oil 
(cottonseed andamp; algae) cured with citric and tartaric acids through 
solution polymerization: A renewable approach. Industrial Crops and 
Pro

[2]	 D. Tegene and M. Yadessa 2017. Epoxidation of Vernonia Oil in acidic 
ion exchange resin. American Journal of Applied Chemistry, Vol. 5(1), 
pp. 1–6. 

[3]	 M. Musik and E. Milchert 2017. Selective epoxidation of sesame oil 
with peracetic acid. Molecular Catalysis, Vol.433, pp. 170–174. 

[4] 	 H. Farouk, S. M. Zahraee, A. E. Atabani, M. N. Mohd Jaafar and 
F. H. Alhassan, 2020. Optimization of the esterification process of 
crude Jatropha oil (CJO) containing high levels of free fatty acids: a 
Malaysian case study. Biofuels, Vol. 11(6), pp. 655–662.

[5] 	 S. Kumar, S. Mohanty and S. K. Nayak, 2020. Nanocomposites 
of epoxidized soybean oil (ESO)-based epoxy (DGEBA) blends 
and clay platelets: cured with methylhexahydrophthalic anhydride 
crosslinker. Journal of Macromolecular Science, Part A: Pure and 
Applied Chemistry, Vol.57(9), pp. 654–662. 

[6]	 M. Guidotti, N. Ravasio, R. Psaro, E. Gianotti, S. Coluccia and L. 
Marchese, 2006. Epoxidation of unsaturated FAMEs obtained from 



110

Scientific Research Journal

vegetable source over Ti(IV)-grafted silica catalysts: A comparison 
between ordered and non-ordered mesoporous materials. Journal of 
Molecular Catalysis A: Chemical, Vol. 250(1–2), pp. 218–225.

[7]	 R. Mustapha, R. A Rahmat, R. Abdul Majid and S. N. H. Mustapha, 
2019. Vegetable oil-based epoxy resins and their composites with 
bio-based hardener: a short review. Polymer-Plastics Technology and 
Materials, Vol. 58(12),pp. 1311–1326. 

[8] 	 S. Saalah, L. Chuah Abdullah, M. M. Aung, M. Z. Salleh, D. B. A. 
Radiah, M. Basri, E. R. Jusoh and S. Mamat, 2017.Physicochemical 
properties of Jatropha oil-based polyol produced by a two steps 
method. Molecules, Vol. 22(552), pp.1–17. 

[9] 	 S. Sapee, A. F.Yusop, M. N. M. Jaafar, R. Mamat, W. A. Ibrahim, H. 
Farouk, N. A. Rahim, I. S. A Razak, M. S. A. Malik and Z. Bo, 2018. 
Synthesis of non-edible biodiesel from crude Jatropha oil and used 
cooking oil. MATEC Web of Conferences, Vol.225, pp.  1–6. 

[10] 	J. Chen, M. De Liedekerke Beaufort, L. Gyurik, J. Dorresteijn, M. 
Otte and R. J. M. Klein Gebbink, 2019. Highly efficient epoxidation 
of vegetable oils catalyzed by a manganese complex with hydrogen 
peroxide and acetic acid. Green Chemistry, Vol. 21(9), pp.  2436–2447. 

[11] 	F. E. A. Latif, Z. Z. Abidin, F. Cardona, D. R. A. Biak, K. Abdan, P. 
M Tahir and L. K. Ern, 2020. Bio-resin production through ethylene 
unsaturated. Processes, Vol.8(48), pp. 1–15. 

[12] 	A. K. Paul, V. B Borugadda, M. S Bhalerao and V. V. Goud, 2018. 
In situ epoxidation of waste soybean cooking oil for synthesis 
of biolubricant basestock: A process parameter optimization and 
comparison with RSM, ANN, and GA. Canadian Journal of Chemical 
Engineering, Vol.96(7), pp.  1451–1461. 

[13]	 V. B. Borugadda and V. V Goud, 2016. Improved thermo-oxidative 
stability of structurally modi fi ed waste cooking oil methyl esters for 
bio-lubricant application. Journal of Cleaner Production, Vol. 112, pp.  
4515–4524.



111

Vol. 19, No. 1, MARCH 2022

[14] 	A. H. N. Armylisasa, M. F. S. Hazirah, S. K. Yeonga and A. H 
Hazimaha, 2017. Modification of olefinic double bonds of unsaturated 
fatty acids and other vegetable oil derivatives via epoxidation: A 
review. Grasas y Aceites, Vol.68(1), pp. 1–11. 

[15]	 M. C. Hernández-Cruz, R. Meza-Gordillo, Z. Domínguez, A. 
Rosales-Quintero, M. Abud-Archila, T. Ayora-Talavera and J. J. 
Villalobos-Maldonado, 2021. Optimization and characterization of 
in situ epoxidation of chicken fat with peracetic acid. Fuel, Vol.285, 
pp.  119127.

[16]  A. S. Bajwa, S. Sathaye, V. M. Kulkarni and A. V Patwardhan, 
2016. Chemoenzymatic epoxidation of Karanja oil : an alternative to 
chemical epoxidation .Asia-Pasific Journal of Chemical Engineering, 
Vol.11(March), pp. 314–322.

[17] 	K. Zhao, B. Chen, C. Xia, X. Li, K. Li and Y. Shen, 2017. Optimization 
of epoxidation of ricinoleic acid methyl ester by hydrogen peroxide and 
phase-transfer catalyst using response surface methodology. European 
Journal of Lipid Science and Technology, Vol.119(11), pp.  1–34.

[18] 	O. Aguele, K. Nwosu-obieogu and K. O. Osoh, 2021. Optimization 
of the epoxidation process parameters of Huracrepitan seed oil. 
International Journal of Engineering, Vol.1(Feb) pp. 61–68.

[19] 	A. Derahman, Z. Z. Abidin, F. Cardona, D. R. A. Biak, P. M. Tahir, K. 
Abdan and K. E. Liew, 2019. Epoxidation of Jatropha methyl esters 
via acidic ion exchange resin: Optimization and characterization. 
Brazilian Journal of Chemical Engineering, Vol. 36(2), pp. 959–968. 

[20] 	N. W. Manthey 2013. Development Of Hemp Oil Based Bioresins 
For Biocomposites.

[21] 	C. Paquot 1979 . Standard Methods for the Analysis of Oils, Fats and 
Derivatives Part 1 (6th ed.). Pergamon,Oxford.

[22]	 N. H. A. Hasnan, N. Yaakob, M. N. Abu Kassim and U. A. Mohd 



112

Scientific Research Journal

Noh, 2020. Significance of oxirane rings in epoxidized palm oil and 
effects on the coating performance : comparison between epoxidized 
unripe palm oil and epoxidized used cooking oil towards adhesion 
performance, Indonesia Journal of Chemical, Vol. 20(4), pp.  858–869. 

[23] 	J. L. Wong, M. M. Aung, H. N. Lim and S. N. A. Md Jamil, 2017. 
Spectroscopic analysis of epoxidised jatropha Oil (EJO) and acrylated 
epoxidised jatropha Oil (AEJO). Pertanika Journal of Tropical 
Agricultural Science, Vol.40(3), pp. 435–447.

[24] 	M. Mushtaq, I. M. Tan, M. Nadeem, C. Devi, S. Y. C. Lee, M. Sagir 
and U. Rashid, 2013. Epoxidation of methyl esters derived from 
Jatropha oil: An optimization study. Grasas y Aceites, Vol.64(1), pp.  
103–114.

[25] 	N. M. Nor, D. Derawi and J. Salimon, 2018. The optimization of 
RBD palm oil epoxidation process using D-optimal design. Sains 
Malaysiana, Vol.47(7), pp.  1359–1367. 

[26] 	B. M. Abdullah, N. Salih and J.Salimon, 2014. Optimization of the 
chemoenzymatic mono-epoxidation of linoleic acid using D-optimal 
design. Journal of Saudi Chemical Society, Vol.18, pp. 276–287.

[27] A. N. Afifah,  S. Syahrullail, N. I. Wan Azlee  and A. M.Rohah, 2021. 
Synthesis and tribological studies of epoxidized palm stearin methyl 
ester as a green lubricant. Journal of Cleaner Production, Vol.280, 
pp. 1–9. 

[28]	 A. B. Kousaalya, S. D. Beyene, B. Ayalew and S. Pilla, 2019. 
Epoxidation kinetics of high-linolenic triglyceride catalyzed by solid 
acidic-ion exchange resin. Scientific Reports, Vol.9(1), pp.  1–12. 

[29]	 J. Wang, X. Zhao and D. Liu, 2018. Preparation of epoxidized Fatty 
Acid Methyl Ester with in situ auto-catalyzed generation of performic 
acid and the influence of impurities on epoxidation. Waste and Biomass 
Valorization, Vol. 9(10), pp. 1881–1891. 

[30] 	L. K. Hong, R. M. Yusop, N Salih and J.Salimon, 2015. Optimization 



113

Vol. 19, No. 1, MARCH 2022

of the in situ epoxidation of linoleic acid of Jatropha curcas oil with 
performic acid. The Malaysian Journal of Analytical Sciences, Vol. 
19(1), pp.  144–154.

[31] 	Y. N. Lye, N. Salih and J. Salimon, 2021. Optimization of partial  
epoxidation on jatropha curcas oil based methyl linoleate using urea-
hydrogen peroxide and methyltrioxorhenium catalyst. Applied Science 
and Engineering Progress, Vol.14(1), pp. 89–99. 

[32] 	V. B. Borugadda and V. V. Goud, 2015. Response surface methodology 
for optimization of bio-lubricant basestock synthesis from high free 
fatty acids castor oil. Energy Science and Engineering, Vol.3(4), pp.  
371–383.

[33] 	A. Freites Aguilera, J. Rahkila, J. Hemming, M. Nurmi, G.Torres, 
T. Razat, P. Tolvanen, K. Eränen, S. Leveneur and T. Salmi, 2020. 
Epoxidation of tall oil catalyzed by an ion exchange resin under 
conventional heating and microwave irradiation. Industrial and 
Engineering Chemistry Research, Vol.59(22), pp.  10397–10406. 

[34] 	L. L. T. Mai, M. M. Aung, S. A. M. Saidi,  P. S. H’ng,  M. Rayung,  and 
A. M. Jaafar, 2021) Non edible oil-based epoxy resins from jatropha 
oil and their shape memory behaviors. Polymers, 13(13), 1–12. 

 [35] D. A. Kamel, H. A. Farag, N. K. Amin,  A. A. Zatout and R. M. Ali, 
2018. Smart utilization of Jatropha (Jatropha curcas Linnaeus) seeds 
for biodiesel production: Optimization and mechanism. Industrial 
Crops and Products, Vol.111(10), pp. 407–413.

[36] 	S. N. Rabelo,V. P. Ferraz, L. S. Oliveira  and A. S. Franca, 2015. FTIR 
analysis for quantification of fatty acid methyl esters in biodiesel 
produced by microwave-assisted transesterification. International 
Journal of Environmental Science and Development, Vol.6 (12), pp.  
964–969. 

[37] 	M. J. Jalil, A. Hadi and I. S. Azmi, 2021. Catalytic epoxidation of 
palm oleic acid using in situ generated performic acid – optimization 
and kinetic studies. Materials Chemistry and Physics, Vol. 270 (June), 




