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Abstract

Epoxidation of uncommon vegetable oil like Citrullus lanatus seed oil (CLO) offers an inherent biodegradable and vastly
applicable novel product. In the present study, CLO was epoxidized in the presence of acetic acid, sulphuric acid and hydrogen
peroxide. Temperature, sulphuric acid loading and stirring speed were considered as significant process parameters. Response
surface methodology-based central composite design was employed to statistically optimize these parameters. Response
surface graphs displayed the effect of parameters on the conversion of iodine value and relative conversion to oxirane oxygen.
Epoxidized product with the maximum conversion of iodine value of 86.7% (predicted, 87.8%) and relative conversion to
oxirane oxygen of 84.2% (predicted, 85.2%) was attained at 3% of sulphuric acid loading, 65 °C and 1200 rpm within 9 h
of reaction time. FTIR analysis revealed the characteristic peak of the epoxide group with disappeared peak for double bond.
'"H-NMR and '3C-NMR analyses confirmed the maximum conversion of the double bond to oxirane group of an epoxide.

The present study demonstrates a promising epoxide from Citrullus lanatus seed oil.
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1 Introduction

Modified vegetable oils have captivating and desirable appli-
cations in the chemical industry. The ready availability and
obtainability from renewable resources at a reasonably low
cost make them a better alternative for conventional prod-
ucts. Epoxidation is one of the cost-effective techniques used
to modify the vegetable oils to explore their effectiveness
for various applications. In epoxidation reactions, oxygen
is added to a carbon—carbon double bond to form a car-
bon—oxygen bond [1, 2]. Epoxidized vegetable oils can be
used as stabilizers and plasticizers in polymers, as additives
in lubricants, as components in plastics and urethane foams
and as intermediates for various products [3, 4]. Different
vegetable oils are developed as epoxides on an industrial
scale. Epoxidized soybean oil is produced worldwide for one
of the major applications as a plasticizer and a stabilizer for
polymers like polyvinyl chloride (PVC) [5]. Okieimen et al.
[6] have performed in situ epoxidation of rubber seed oil by
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peroxyacetic acid. Lligadas et al. [7] reported formic acid
catalysed epoxidation of linseed oil. Chavan and Gogate [8]
synthesized epoxidized sunflower oil in an ultrasound reac-
tor. The easy and cheap availability of vegetable oil decides
the profitability of the epoxidation process. Citrullus lana-
tus (watermelon) seeds are mostly discarded either as cheap
animal feed or just thrown away. The vegetable oil obtained
from these seeds is one of the unusual vegetable oils, and its
epoxidation will explore its competency as a plasticizer and
stabilizer.

Citrullus lanatus is tropical or subtropical species of fruits
with high water content. Seeds obtained from them are
used for biodiesel production at the insignificant level in
few African countries and in the Middle East, and hence,
the industrial-scale consideration of their oil will deliver a
productive utilization of seeds [9, 10]. Due to its moisturiz-
ing characteristics, Citrullus lanatus seed oil (CLO) is also
rarely used in skin care products. It is typically comprised
of polyunsaturated fatty acids along with sterols, diglyc-
erides, monoglycerides and phospholipids. It shows high
iodine value indicating high unsaturation of fats and oils [11].
Therefore, CLO will be a cost-effective possibility rather than
the wastage of seeds.
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Fig. 1 Experimental set-up for
epoxidation process
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Epoxidized Citrullus lanatus seed oil might reduce the
demand for phthalates, which are disparaged for their toxic
effects. The most widely used method for epoxidation is
in situ synthesis with appropriate catalysts like sulphuric
acid or the acidic ion exchange resin [12, 13]. Among them,
sulphuric acid exhibits a very effective catalytic activity
[14—17]. In this method, process parameters like temperature,
stirring speed and catalyst concentration have effects during
epoxidation procedure [18, 19]. Therefore, the determina-
tion of their optimum levels is a necessity for an epoxidation
process to deliver a potential epoxide.

The objective of this study was to synthesize epoxi-
dized product from the renewable resource, Citrullus lanatus
seed oil. Further objectives were to study the effect of pro-
cess parameters like temperature, stirring speed and catalyst
concentration on epoxidation using a statistical approach;
characterize the epoxidized product by FTIR, 'H-NMR and
I3C-NMR analyses.

2 Materials and Methods
2.1 Materials

Citrullus lanatus seed oil (CLO) was purchased from a local
store at Rourkela, India. Hydrogen peroxide (50%), sulphuric
acid (98%) and glacial acetic acid (99%) were obtained from
Merck Chemicals, India. All other analytical-grade chemi-
cals were procured from Merck chemicals, India, and Fischer
scientific, India.
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2.2 Experimental Set-up

The epoxidation reactions were performed in a reactor com-
prising a magnetically stirred three-neck round-bottom flask
of 250 ml capacity, reflux condenser, constant pressure-
equalizing funnel and thermometer. The experimental set-up
is presented in Fig. 1. A water bath was prepared in crys-
tallizing dish with temperature control of £ 1.5 °C, and the
reactor was placed in a water bath. The water bath and reac-
tor temperature were maintained at the desired level so that
both were consistent.

2.3 Experimental Procedure

The requisite quantities of Citrullus lanatus seed oil, acetic
acid with mole ratio to double bond 0.5:1 and the sulphuric
acid were added to the reactor. The mixture was magneti-
cally stirred for half an hour using a magnetic stirrer. Then,
the calculated amount of 50% aqueous hydrogen peroxide
with mole ratio to double bond 1.5:1 was added dropwise
using a constant pressure-equalizing funnel. It was finished
within 30 min, and this was considered as the start of the
reaction (0 h). Subsequently, the reaction was carried out for
9 h as preliminary experiments based on one factor a time
method suggested the maximum conversion of double bonds
without further cleavage of oxirane ring occur at 9 h of reac-
tion time. The samples were withdrawn at each 3-h interval
and were extracted with diethyl ether and washed with water
in a separating funnel until the pH of aliquot reached 7. They
were analysed for iodine value and oxirane oxygen content.
During operation, reaction mixture might become explosive
since peracetic acid is potentially unstable in nature. There-
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Table 1 Experimental design

and results obtained Run  Xj: stirring Xo: H2SO4 X3: temperature Copversion of Relative%
speed (rpm) loading (%) °C) iodine value (%) conversion to

oxirane oxygen
(%)

1 1000 2.5 55 37 35.5

2 1400 2.5 55 38.5 344

3 1000 35 55 33 31

4 1400 35 55 41 39.3

5 1000 2.5 75 52.6 50.5

6 1400 2.5 75 57 56

7 1000 35 75 59.5 56.7

8 1400 3.5 75 774 72.8

9 1000 3 65 69.2 66.8

10 1400 3 65 72.9 71.6

11 1200 2.5 65 59.1 57.3

12 1200 35 65 73 70

13 1200 3 55 53 51

14 1200 3 75 82.3 80.4

15 1200 3 65 87 86.3

16 1200 3 65 84.1 81

17 1200 3 65 82 80.2

18 1200 3 65 88.4 86.7

19 1200 3 65 90.5 87

20 1200 3 65 88 84

fore, the constant stirring speed was maintained throughout
the experiment. The final reaction mixture was cooled and
washed in a separating funnel until mixture with the pH 7
was obtained.

2.4 Design of Experiments Using RSM

The process parameters have a substantial effect during the
epoxidation process and need to be optimized to attain the
maximum yield [20]. The effect of temperature, stirring
speed and loading of sulphuric acid on the rate of reaction was
taken into account for epoxidation of Citrullus lanatus seed
oil. The full factorial face-centred central composite design
was exercised to explore the effect of factors on the reaction
and to identify their optimum levels. A set of 20 experiments
and their experimental design are given in Table 1. Conver-
sion of iodine value and relative conversion to oxirane oxygen
were considered as responses. The second-order polynomial
equation was used to estimate the correlation between the
process parameters, and the response is as follows:

n n n n
Y=PBo+Y BiXi+ Y BuX;+Y Y BiXiX, €]
i=1 i=1 i=1 j=1

where Y denotes the response, X; and X; are input variables,
Bo is a model intercept, B; is factor estimates, §;; is the ith

quadratic coefficient, and §;; is the ijth interaction coefficient.
The statistical software Design-Expert 7.0.0 (Stat-Ease Inc.,
Minneapolis, USA) (trial version) was used for designing
experiments and analysing the interaction between factors
using the three-dimensional response surface graphs.

2.5 Analytical Techniques

The iodine value was determined in terms of percentage of
the total conversion of unsaturation based on AOCS Offi-
cial Method Tg 1-64. The percentage of oxirane oxygen was
derived by a direct method involving hydrobromic acid solu-
tion in glacial acetic acid [21]. Relative conversion to oxirane
(RCO) was calculated as per the following equation:

00,
00y

RCO =

©))

where OQg is the experimental oxirane oxygen; OOy is the
theoretical maximum oxirane oxygen, which was calculated
from the equation:

IVO/A,'
[100+ (TVo/54,) Ao]

00, = Apl100 3)
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Fig. 2 Diagnostic plots for conversion of iodine value (%). a Normal residuals. b Internally studentized residuals versus predicted. ¢ Internally
studentized residuals versus run number and (d) predicted versus actual values

where A; (126.9) and Ap (16.0) are the atomic weights of
iodine and oxygen, respectively, and IV is the initial iodine
value of the Citrullus lanatus seed oil.

3 Results and Discussion
3.1 RSM-Based Optimization of Process Parameters

The effect of temperature, stirring speed and loading of
sulphuric acid on the rate of reaction was investigated
using response surface methodology (RSM). Experimentally
obtained results of conversion of iodine value (%) and relative
conversion to oxirane oxygen (%) are given in Table 1. The
second-order polynomial equation that predicts the epoxida-

@ Springer

tion of CLO within the scope of present process conditions
is as follows:

Y = 84.04 + 355X+ 3.97X, + 12.63X3+ 25X X,
+1.6X1 X3+ 3.6X2X3—9.04X7— 14.04X3— 12.44X3

“)
Y2 = 81.75 + 3.36X; + 3.61X,
+12.52X3 + 2.5X1 X2 + 1.8X1 X3
+2.83X,X3— 8.86X7— 14.41X3—12.36X3 5)

where Y| and Y, are the conversion of iodine value (%)
and relative conversion to oxirane oxygen (%), respec-
tively. X1, X» and X3 are stirring speed, H>SO4 loading and
temperature, respectively. The adequacy of the model was
assessed based on the diagnostic plots of the normal residuals,
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Fig. 3 Diagnostic plots for relative conversion to oxirane oxygen (%). a Normal residuals. b Internally studentized residuals versus predicted.
¢ Internally studentized residuals versus run number and d predicted versus actual values

internally studentized residuals versus predicted, internally
studentized residuals versus run number and predicted versus
actual (experimental) as shown in Figs. 2 and 3 for responses
Y and Y», respectively. The obtained data were analysed to
evaluate the normality of the residuals (Figs. 2a and 3a). Liu
et al. [22] elucidated that the experimental responses fitting
derived model should follow a straight line at a normal distri-
bution. The present data formed a straight line, and the normal
plot of residuals for the conversion of iodine value and rela-
tive conversion to oxirane oxygen were normally distributed.
It designates no deviation of the variance and suggests the
obtained data delivered appropriate analysis.

The residuals versus run number and residuals versus pre-
dicted plot (Figs. 2b, ¢ and 3b, c) show scattered patterns
with consistently close to zero-axis. It confirmed the initial

assumption of the absence of constant variance [23]. The
predicted versus actual plots showed excellent agreement
(Figs. 2d and 3d). The R? (correlation coefficient) value for
the regression model was 0.9659 and 0.9705 for responses
Y1 and Y5, respectively, indicating experimental results were
best fitted by the quadratic models. Hence, the adequacy of
the obtained models was well established.

Analysis of variance (ANOVA) for responses is given in
Tables 2 and 3 for responses Y and Y5, respectively. The
lack of fit F value for the conversion of iodine value (%)
and relative conversion to oxirane oxygen (%) were 3.92 and
3.51, respectively, and found non-significant. A coefficient
of variation and adequate precision measures specified that
the performed experiments were highly consistent.

@ Springer



9970

Arabian Journal for Science and Engineering (2019) 44:9965-9976

Table 2 Analysis of variance

(ANOVA). Response 1: % Source Sum of squares df Mean square F value p value

conversion of iodine value Prob>F
Model 6705.87 9 745.09 31.51 <0.0001*
X —stirring speed 126.02 1 126.025 5.33 0.0436*
X>—H3SO4 loading 157.60 1 157.609 6.66 0.0273*
X3—temperature 1595.16 1 1595.169 67.47 <0.0001?
X1 X> 50 1 50 2.11 0.1765
X1 X3 20.48 1 20.48 0.86 0.3739
X2 X3 103.68 1 103.68 4.38 0.0627
x2 224.77 1 224.77 9.50 0.0116
X% 542.15 1 542.15 2293 0.0007*
X% 425.63 1 425.63 18.00 0.0017*
Residual 236.39 10 23.63
Lack of fit 188.44 5 37.68 3.92 0.0797
Pure error 47.95 5 9.59
Cor total 6942.27 19
R? = 0.9659; Adj-R? = 0.9353; Pred-R?> = 0.8404
4p value less than 0.05 indicates model terms are significant

Table 3 Analysis of variance

(ANOVA). Response 2: relative Source Sum of squares df Mean square F value p value

% conversion to oxirane oxygen Prob>F
Model 6639.66 9 737.74 36.49 <0.0001*
X —stirring speed 112.89 1 112.89 5.58 0.0397%
X>—H>S0y4 loading 130.32 1 130.32 6.44 0.0294%
X3—temperature 1567.50 1 1567.50 77.53 <0.0001*
X1 X 50 1 50 247 0.1469
X1 X3 25.92 1 2592 1.28 0.2839
X7 X3 63.845 1 63.84 3.15 0.1059
X% 216.05 1 216.05 10.68 0.0084*
X% 571.32 1 571.32 28.25 0.0003%
X% 420.36 1 420.36 20.79 0.0010*
Residual 202.17 10 20.21
Lack of fit 157.39 5 31.47 3.51 0.0970
Pure error 44.78 8.95
Cor total 6319.25 19

R? = 0.9705; Adj-R? = 0.9439; Pred-R*> = 0.8778
2p value less than 0.05 indicates model terms are significant

Response surface graphs describing the effect of two
parameters on the response (Y), keeping the residual parame-
ter at their zero levels, were plotted (Fig. 4). Figure 4a exhibits
the effect of stirring speed and H> SO4 loading on epoxidation
reaction. It was observed that at low stirring speed (1000 rpm)
and sulphuric acid loading (2.5%), the conversion of iodine
value was less and it was increased as levels of parameters
were increased further. At stirring speed (1200 rpm) and sul-
phuric acid loading (3%), maximum conversion of iodine
value was obtained. Similarly, Fig. 4b shows the effect of

S @ Springer

stirring speed and H>SO4 loading on conversion to oxirane
oxygen. At stirring speed (1200 rpm) and sulphuric acid load-
ing (3%), maximum conversion to oxirane oxygen (84.2%)
was obtained. This indicates that the given conditions of stir-
ring speed and catalyst loading have an effect on mass transfer
and subsequently on an epoxidation reaction. Chavan and
Gogate [8] and Goud et al. [18] also concluded that the stir-
ring speed and catalyst loading have a substantial effect on
epoxidation.
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Fig.5 Validating experimental 100
design at 3% of sulphuric acid
loading, 65 °C and 1200 rpm.
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Figure 4c demonstrates the effect of stirring speed and
temperature on the reaction. It was perceived that an increase
in temperature and stirring speed exhibited a promising
influence on the formation of peracetic acid. Maximum con-
version of iodine value was obtained at 65 °C and 1200 rpm.
Similarly, at these levels, maximum conversion to oXirane
oxygen was observed depicting that these are optimum lev-
els (Fig. 4d). At higher temperature (75 °C), oxirane ring
might be unstable, resulting in the less conversion to iodine
value and oxirane oxygen. Goud et al. [9] suggested that bet-
ter epoxidation could be in the reaction temperature range of
55-65 °C. de Haro et al. [24] also concluded that the epoxi-
dation reaction performance differs with temperature and at
moderate to low reaction temperature, the better yield would
be attained as the conversion to oxirane oxygen increased
with the reaction time. Figure 4e and f illustrates the effect
of temperature and H>SO4 loading on epoxidation reaction.
The increase in catalyst (HySO4) loading and temperature
leads to an intensification in the conversion of iodine value
and oxirane cleavage up to an optimum level of 3% and
65 °C, respectively. Further, an increase in parameter levels
decreased responses significantly. Dinda et al. [25] reported
that the increase in loading of sulphuric acid beyond optimum
values might lead to cleavage in oxirane ring. This demon-
strates that the optimum loading of sulphuric acid (3%) leads
to higher oxirane content in shorter reaction time.

3.2 Validation of Experimental Design

Epoxidation of CLO was performed at obtained optimum
levels of process parameters: 3% of sulphuric acid loading,
65 °C and 1200 rpm for the duration of 9 h. It was observed
that the maximum conversion of iodine value was 86.7%
(predicted, 87.8%) and relative conversion to oxirane oxy-

S @ Springer
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Fig.6 FTIR spectra of CLO and ECLO

gen was 84.2% (predicted, 85.2%) (Fig. 5). These results
validated the obtained models, and design as experimental
results are close to predicted ones.

3.3 FTIR Analysis

Citrullus lanatus seed oil (CLO) and its epoxide (ECLO)
were analysed by FTIR spectroscopy (PerkinElmer, USA).
The obtained FTIR spectra for both the compounds were
compared as depicted in Fig. 6. The characteristic peak of
C=C around 3008.58 cm~! was observed in the spectra for
CLO. Okieimen et al. [6] observed the characteristic peak
of C=C at 3009 cm™! for rubber seed oil. Yang et al. [26]
also observed C=C peak (3008 cm™') for non-epoxidized
microbial oil. In the ECLO spectra, C=C peak disappeared,
and the characteristic peak of the epoxide group (C—O-C)
was observed around 823.28 cm™ . This indicates that most
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of the double bond was transformed in the formation of the
epoxy groups. Vleck and Petrovic [27] confirmed the occur-
rence of epoxy groups at 822-833 cm™!. Turco et al. [28]
also observed a peak defining epoxy ring at 819 cm™'. Thus,
the present study is consistent with the earlier reports and it
emphasizes the effective epoxidation of CLO.

3.4 TH-NMR and "3C-NMR Spectra Analyses

'H-NMR and '3C-NMR spectra of CLO and epoxidized
product (ECLO) in deuterated chloroform (CDCl3) were
determined by nuclear magnetic resonance (NMR) spec-
troscopy (Bruker Biospin International, Switzerland). Fig-

PP™

ure 7 depicts a '"H-NMR spectra of CLO and ECLO. The
characteristic peak of C=C was detected at 5.3-5.4 ppm (i)
along with the peak for methylene protons of glycerine unit
at4.1-4.3 ppm (g) in the CLO sample [29]. In the spectra of
ECLO, C=C peak almost disappeared but not absolutely indi-
cated that the C=C bonds from unsaturated fatty acid were
converted and still reaction was not complete as weak C=C
bonds might be present which is supported by the results
obtained for conversion of iodine value and oxirane oxygen
for ECLO. Yang et al. [26] also reported the presence of
weak double bonds in the epoxidized product. Meanwhile,
the peak for the epoxy ring (C-O-C) at 2.8-3.1 ppm (i') was
observed in the ECLO sample, while no peak was detected

@ Springer
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in the CLO sample. '3C-NMR spectra of CLO and ECLO
are shown in Fig. 8. It the spectra for CLO, carbon attached
to C=C was designated at the peak of 130 ppm (i), while for
ECLO, it became weaker in intensity which exemplified that
most of the C=C bonds were oxidized. The new peaks at 55
and 58 ppm (i) were observed for C—-O—C group. 'H-NMR
and 13C-NMR spectra were found to be consistent with each
other. In addition, these results agree well with the earlier
reports [30, 31]. It confirms the formation of epoxide (ECLO)
resulting from the epoxidation reaction. The proposed struc-
ture of CLO and ECLO based on the NMR spectra is shown
in Fig. 9 with the NMR labels.

Springer

4 Conclusion

The epoxidation of Citrullus lanatus seed oil was carried
out in the magnetically stirred reactor. The central compos-
ite design was exercised to find optimum levels of process
parameters. The iodine value and relative conversion to oxi-
rane oxygen were determined for a total reaction time of
9 h. ECLO with the maximum conversion of iodine value
(86.7%) and relative conversion to oxirane oxygen (84.2%)
were obtained at 3% of sulphuric acid loading, 65 °C and
1200 rpm. The characterization of ECLO by FTIR, 'H-NMR
and '3C-NMR analyses confirmed the transformation of dou-
ble bonds of fatty acid into the epoxy group. Eventually, it
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(CLO)

CH,COOH
H,S0,
H,0,
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Fig. 9 Proposed chemical structures of CLO and ECLO and the epoxidation mechanism

is concluded that using the conventional chemical process of
epoxidation, Citrullus lanatus seed oil was effectively trans-
formed in the product (ECLO), which could be employed in
the form of value-added chemicals.
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