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Abstract

This study presents epoxidizing podocarpus falcatus seed oil through epoxidation reaction by using synthesized solid
sulfonated silica catalyst from locally available sugarcane bagasse ash. The prepared sulfonated solid acid silica catalyst
was characterized using bulk density, porosity, surface area, thermogravimetric, powder X-ray diffractometer, and FT-IR
(Fourier-transform infrared spectroscopy). Thus, synthesized sulfonated silica catalyst works successfully for epoxidation
of podocarpus falcatus seed oil. The epoxidation reaction was analyzed by design expert software Box-Behnken with four
factors three-level: reaction temperatures, the molar ratio of hydrogen peroxide to the podocarpus falcatus seed oil double
bond, reaction times, and catalyst loading. From the experimental results, the maximum relative conversion of oxirane of
84.75% was obtained using a temperature of 70 °C, hydrogen to carbon carbon double bond molar ratio of 2.5:1, using cata-
lyst 5 (% w/w), and at 4-h reaction time. The product of epoxidized podocarpus falcatus oil was characterized by identifying
the functional group, and composition of podocarpus falcatus seed oil, in comparison to epoxidized podocarpus falcatus oil,
using Fourier-transform infrared spectroscopy and proton nuclear magnetic resonance spectroscopy. The produced epoxidiz-
ing podocarpus falcatus seed oil can be substitutes for petrochemical resources because of its sustainable, renewable, and

environment-friendly nature.

Keywords Epoxidation - Sugarcane bagasse - Podocarpus falcatus seed oil - Sulfonated solid acid silica catalyst

1 Introduction

Nowadays, the key element and stimulates of searching
alternative renewable material that hinders both exhaus-
tion of natural petroleum assets and increased environmen-
tal concerns are seeking and fulfilling increasing epoxides
from easily available renewable material that help as prime
and intercedes chemicals in many manufacturing industries
[1, 2]. The derivation of epoxide oil is either from related
natural petroleum or vegetable oil sources. Hence, the sus-
tainability and degradability of petroleum epoxy products
rising problems like the depletion of natural fossil fuel and
instability of oil price [2, 3].

The fabrication sources of plant oil-based vegetable oil
for the production of epoxide play a major role in many
industries that utilize as a primary source because of its
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sustainable raw material and eco-environment friendly
nature [4, 5]. Thus, most epoxide oil from natural renewable
polyunsaturated vegetable oils is edible oil since they have
high oil content and are grown in many regions [2]. Besides
this, podocarpus falcatus seed which is underutilized for any
application in industry as well as not used for the produc-
tion of edible oil commercially can be a strong renewable
crop seed feedstock of novel oil-based for industrial since
it contains high amount of unsaturation in this seed oil and
can convert into epoxide through epoxidation reaction by
using catalyst [6-8].

In the industry for epoxidation reaction, most of the
homogeneous catalysts with a per carboxylic acid by oxida-
tion with hydrogen peroxide are using for the synthesis of
epoxy oil from bio plant vegetable oils [9]. However, most
of the problems associated with using this homogeneous
catalyst are toxic residues released, causing environmental
issues, and separation of the desired product and the catalyst
[10]. Therefore, nowadays replacement of homogeneous by
heterogeneous catalysts is being investigated by different
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scholars for solving the above-raised problem because of its
being environmentally friendly and efficient [11].

Despite this advantage, the silica-based sulfonated
catalyst is not widely used especially for epoxidation
reactions [12]. Therefore, biomass-based material from
sugarcane bagasse ash treated as waste can be synthesis
silica-based sulfonated catalyst to reduce serious environ-
mental problems.

Therefore, in this study sugarcane bagasse is used for the
production of silica-based sulfonated catalyst for epoxidation
of podocarpus falcatus seed oil.

2 Material and methods
2.1 Materials

Podocarpus falcatus oil was extracted from its seed acquired
from Backo Agricultural Research Centre, West Showa area.
Once the oil is extracted using organic solvents, n-hexane,
purification was carried out using standard procedures [6]
and characterized with different techniques. Analytical grade
hydrogen peroxide and glacial acetic acid were purchased
from Sigma-Aldrich Chemical Company.

2.2 Equipment

Powder X-Ray Diffractometer (XRD-7000) and Thermo-
Gravimetric Analyzer (TGA- 4000) were used in Material
Science and Engineering laboratory for the synthesis of sul-
fonated silica catalyst. Fourier-transform infrared spectros-
copy analysis was performed on a Nicolet model Protégé 460
Magna IR spectrometer. The analysis of the sulfonated silica
catalyst, podocarpus falcatus oil, epoxidized podocarpus
falcatus oil was carried out with analytical grade KBr pellets
using the transmission mode. C-NMR spectra were recorded
on a 400 MHz Bruker 400 Ultra-Shield spectrometer.

2.3 Synthesis of silica gel and sulfonated silica
catalyst

The sugarcane bagasse physical impurities were removed,
cleaned, and dried to get rid of the remaining moisture con-
tents. The dried sugarcane bagasse was placed in a muffle
furnace at 700 °C for 6 h using crucibles to produce sugar-
cane bagasse ash. The obtained ash was washed by distilled
water and filtered and again dried for 2 h at 100 °C. The
dried sugarcane bagasse ash and 200 ml of 1 M NaOH were
introduced into a vessel equipped with a stirrer boiling for
1 h. The solution was left overnight and filtered followed by
neutralization by dropwise addition of 0.6 M HCI resulting
in pH of 7.0, and then allowed to stand for 1 day to form
hydrogel. A 30 ml of distilled water was slowly added into
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the gel under stirring for 10 min. The gel was then parted
and dried in oven at 100 °C for 6 h, and the resulted in solid
silica was ground into powder. Finally, the sulfonated silica
catalyst was prepared according to the procedure reported in
[13]. The sulfonated silica catalyst was prepared by sulfona-
tion of silica gel with H,SO,. Forty grams of slurry of silica
gel was placed in 500 ml beaker. Then, 200 ml of diethyl
ether was added into the sample holder beaker. Then, 12 ml
of H,SO, was slowly added to the mixture and covered with
aluminum foil. The solution was shaken well for 5 min to
distribute the H,SO, in whole surface of the silica gel by the
help of diethyl ether. Then, the sample mixture was placed
on water bath that operated at 36 °C. The diethyl ether was
slowly evaporated from the solution mixture. The remained
sample was allowed to dry at atmospheric condition.

2.4 Characterization of sulfonated silica catalyst

The prepared catalyst was characterized by using an X-ray
diffractometer (XRD), thermogravimetric analyzer, and a
Fourier-transform infrared (FTIR) spectroscopy. The acid
density, porosity, and specific area of the sulfonated silica
catalyst were determined.

2.5 Epoxidation experiments

Epoxidation of podocarpus falcatus seed oil was carried out
in a 100 ml three-neck glass reactor equipped with MSH-D
hotplate magnetic stirrer, time controller, and thermometer.
The epoxidation experiment was carried out by adding the
mixture of podocarpus falcatus seed oil, acetic acid (peroxy
acid), and sulfonated silica catalyst. To start the epoxidation,
hydrogen peroxide solution was gradually changed into the
mixture within 30 min and stirred at a constant stirring speed
of 1200 rpm for all test runs. The experiments were planned
to investigate the optimum conditions for conversion of oil
to epoxy and to study the effects of the variables on the reac-
tions, such as hydrogen peroxide to oil ratios, reaction tem-
perature, reaction time, and catalyst loading. Then, analysis
of physicochemical properties of epoxidized p. falcatus seed
oil (formed product) such as functional group by FT-IR test
and C-NMR spectroscopy was studied.

2.6 Analytical methods

The overall values of produced epoxidized p. falcatus seed
oil were analyzed by calculating the relative conversion to
oxirane of the samples. The relative conversion to oxirane
implies that the total amount of desired epoxidized oil
formed per total amount of limiting reactant consumed. It
was calculated as follows;
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Table 1 Independent variables and levels used for the epoxidized oil
production

Variables Tempera- Time (h) Hydrogen peroxide to Catalyst
ture (°C) oil ratio (mole/mole)  loading
Wt%
Levels 60 2 1:1
80 6 4:1 8

Table 2 Physical properties of silica gel and sulfonated silica catalyst

Properties Silica gel Sulfonated silica
Porosity 0.52+0.02 0.49+0.01
Bulk density(g/ml) 0.54+0.01 0.57+0.01
Specific surface area (m%g) 352+0.92 337+0.85
Total acid density (millmole/g) 0.59+0.05

. ) OO0
conversion to oxirane, COC, =

00,

where OO is oxirane oxygen content of the epoxidized
oil determined by experiment and OOC,, is the theoretical
value of oxirane oxygen content of the oil; their values were
determined according to the method reported in [8].

2.7 Experimental design

Response surface methodology was used to determine the
effects of parameters on the epoxidation of podocarpus fal-
catus seed oil. A Box-Behnken design with three numerical
factors on four levels was used (Table 1).

3 Result and discussion

3.1 Physical property synthesized sulfonated silica
catalyst from sugarcane bagasse

Physical properties: porosity, density, and specific surface
area of silica gel and SS catalyst were determined.

As indicated from Table 2, the density of silica gel was
lower than that of sulfonated silica catalyst, but porosity was
higher than the porosity of sulfonated silica catalyst. This
indicates that after the modification of silica gel with H,SO,,
some pore space of catalyst was reduced by attachment of
particles; this was due to the introduced sulfonic group.

The specific surface area of silica gel was 352.01 m%/g
that was in the range value (350-450) m%g of silica gel spec-
ification. However, the specific surface area of the sulfonated
silica catalyst was 337.42 m*/g that was lower than that of
silica gel. This indicates that some portion of porous media
was reduced by attachment of the particles. The catalysts

with a small specific surface area are good in the epoxida-
tion reaction of epoxide production. As the result of total
acid density in solid acid catalysts indicated in Table 2, the
concentration of proton or hydrogen ion distributed on the
surface of the catalyst has high catalytic activity. The epox-
idation reaction becomes faster when catalysts have high
acid density [12]. The total acid density of sulfonated silica
catalyst in this work indicates a good catalytic feature of
the catalyst.

3.2 Functional groups found in silica gel
and sulfonated silica catalyst

The functional groups’ silica gel and catalyst were deter-
mined by FTIR spectroscopy as shown in Fig. 1. From this
result, the major peaks of silica gel were Si—O vibration
modes, Si—O—Si stretching bands, OH stretching and
OH bending vibration with absorption band at 1000-1100
1000-1200, 1643.5, and 3400-3600 cm™! respectively. In
FTIR spectra of silica sulfonated at 1100-1230, absorption
band indicates that overlap of Si—O stretching and O=S=0
stretching modes. In FTIR spectra of SS at 1100-1230,
absorption band indicates that overlap of Si—O stretching
and O =S = O stretching modes. In addition, the absorption
at 2356.1 shows sulfonic group attached on silica sulfonated
catalyst. This confirmed the presence of sulfonic group on
the surface of sulfonated silica catalyst. The FTIR spectra
of sulfonated silica catalyst demonstrated a similar feature
with the literature reported [14].

3.3 Structural analysis of synthesized sulfonated
silica catalyst

Structural analysis of synthesized sulfonated silica catalyst
powder was performed by XRD pattern. XRD patterns of SS
and silica gel are shown in Fig. 2. In XRD patterns, there
was a broad band peak in two-theta (22.5 degrees) that con-
formed amorphous nature of the silica gel and SS catalyst.
The XRD pattern similarity of SS with that of silica gel
shows that the amorphous nature of the catalyst was not
alerted after the introduction of a sulfonic group [15].

3.4 Thermo-gravimetric synthesized sulfonated
silica catalyst

The prepared sulfonated silica catalyst was subjected to ther-
mal stability analyses by thermogravimetric analysis (TGA).
Thermal degradation and percent weight loss of the catalyst
are shown in Fig. 3. It represents the thermal degradation of
sulfonated silica catalyst with increasing temperature with
three stages of weight loss of catalyst that is 100, 100-200,
and 200-400 °C. The initial sample weight was slowly
degraded with increasing temperature [16].
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As it is shown in Fig. 3 until the sulfonated silica cata-
lyst reached a temperature almost at 100 °C, there was
only 2.63% of weight loss due to removal of moisture from
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20 (degree)

the catalyst sample. In another way starting from the tem-
perature of 200 to 400 °C, there was rapid weight loss and
evolution of SO, and OH due to the removal of remaining
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Fig. 3 TGA profile of the sulfonated silica catalyst

Table 3 Box-Behnken design

700

moisture, volatile matter, and decomposition of the sulfonic
group (—SO;H) [17]. The catalyst weight loss was almost
constant beyond 400 °C. The maximum weight loss of the
catalyst about 47.58% was illustrated at 647 °C.

3.5 Statistical analysis

The effects of process variables such as reaction tempera-
ture, H,O, to — C =C-ratio, catalyst load, and epoxidation
time were examined as factors to investigate percentage con-
version of oxirane of epoxy oil. The complete experiment
variables value and experimental responses are presented
in Table 3. The ANOVA was carried out to investigate the
model terms, select a suitable model, and detect the model
equation’s significances.

Table 4 shows the models and their significant coefficients
of the responses, where all the models are significant at a
level of less than 0.0001. The statistical analyses show that
quadratic models fit very well into the data for the response
and the response was highly significant (p <0.0001). The
Model F value of 133.71 implies the model is significant

; Run Temperature (°C) H,0, to -C=C-ratio Catalyst load  Epoxidation Conversion to
experimental results (mole/mole) (Wt%) time (h) oxirane (%)

1 60.00 1.00 5.00 4.00 75.32

2 80.00 1.00 5.00 4.00 63.93

3 60.00 4.00 5.00 4.00 83.05

4 80.00 4.00 5.00 4.00 66.12

5 70.00 2.50 2.00 2.00 71.1

6 70.00 2.50 8.00 2.00 83.27

7 70.00 2.50 2.00 6.00 83.51

8 70.00 2.50 8.00 6.00 76.12

9 60.00 2.50 5.00 2.00 69.72

10 80.00 2.50 5.00 2.00 66.43

11 60.00 2.50 5.00 6.00 82.71

12 80.00 2.50 5.00 6.00 56.68

13 70.00 1.00 2.00 4.00 78.37

14 70.00 4.00 2.00 4.00 84.16

15 70.00 1.00 8.00 4.00 83.3

16 70.00 4.00 8.00 4.00 82.11

17 60.00 2.50 2.00 4.00 73.84

18 80.00 2.50 2.00 4.00 67.5

19 60.00 2.50 8.00 4.00 81.79

20 80.00 2.50 8.00 4.00 62.4

21 70.00 1.00 5.00 2.00 75.32

22 70.00 4.00 5.00 2.00 82.55

23 70.00 1.00 5.00 6.00 79.695
24 70.00 4.00 5.00 6.00 78.64

25 70.00 2.50 5.00 4.00 83.41

26 70.00 2.50 5.00 4.00 84.75

27 70.00 2.50 5.00 4.00 83.1
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Table 4 Analysis of variance

; Source Sum of squares df Mean square F-value p-value

for response surface quadratic

model of elative conversion to Model 1667.69 14 119.12 133.71 0.0001

o 232:;;{2’};‘%22&2 reacion  ATemperature 579.21 I 579.21 650.15 0.0001
B-H,0, to -C=C-ratio 35.69 1 35.69 40.06 0.0001
C-Catalyst 9.21 1 9.21 10.33 0.0074
D-Epoxidation time 6.70 1 6.70 7.52 0.0179
AB 7.67 1 7.67 8.61 0.0125
AC 42.58 1 42.58 47.79 0.0001
AD 129.28 1 129.28 145.11 0.0001
BC 12.18 1 12.18 13.67 0.0030
BD 17.16 1 17.16 19.26 0.0009
CD 95.65 1 95.65 107.36 0.0001
A? 646.34 1 646.34 725.49 0.0001
B2 2.08 1 2.08 2.33 0.1526
C? 8.48 1 8.48 9.52 0.0094
D? 84.34 1 84.34 94.67 0.0001
Residual 10.69 12 0.8909
Lack of fit 9.15 10 0.9153 1.19 0.5401
Cor total 1678.38 26

for conversion of epoxidized podocarpus falcatus seed oil.
In this case A, B, C, D, AB, AC, AD, BC, BD, CD, A%, C?,
and D? were found to significantly affect the relative con-
version to oxirane of epoxidation reaction of podocarpus
falcatus seed oil, while B> was not significant as is shown
in Table 4. The analysis of variance for the lack of fit test
did not show the inadequacy of the model concerning them.
Relative conversion to oxirane of epoxidation reaction of
podocarpus falcatus seed oil (p > 0.05), indicating that the
model could adequately fit the experimental data.

3.6 Effect of variables on percentage relative
conversion to oxirane of epoxy oil

The relative conversion to oxirane of epoxidation reaction
of podocarpus falcatus seed oil was carried out by varying
four process variables namely temperature, the molar ratio
of hydrogen peroxide to carbon double of podocarpus fal-
catus seed oil, catalyst loading, and time where the reaction
is conducted with the sulfonated silica catalyst which was
prepared from silica gel extracted from sugarcane bagasse
ash by sol-gel method and sulfuric acid.

As shown in Fig. 4 (a), the percentage of conversion
is significantly affected by the reaction temperature. It
can be seen from the figure that with increasing reaction
temperature, 60 to70 °C favors increasing relative con-
version to oxirane of epoxidation reaction of podocarpus
falcatus seed oil until it reaches the maximum tempera-
ture. The reason was that the formation of peroxyacetic
acid favored when temperatures of epoxidation reaction
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were at maximum. This resulted in a more rapid epoxida-
tion rate, but also in a higher rate of hydrolysis (oxirane
cleavage) of the product which is reactions at lower tem-
peratures had lower rates but gave a more stable oxirane
ring [7, 17].

The effect of the H,0, to carbon double mole ratio of
podocarpus falcatus seed oil on the percentage yield of
epoxy was studied in the ratio range 1:1 to 4:1 in Fig. 4 (a)
shows that the epoxidation rate increased as the concentra-
tion of H,O, in the system increased. This was due to the
degradation of the double bond in podocarpus falcatus oil,
and the stability of the oxirane ring was very poor using a
higher concentration of hydrogen peroxide [18]. Although
the maximum conversion was obtained for a mole ratio of
2.5:1, the conversion increased as H,0, increased as it can
be observed from the figure which means that hydrogen
peroxide to oil molar ratio has a positive effect on the
percentage yield.

As it can be seen from Fig. 4 (b), at shorter reaction
time the conversion of epoxy oil was increased as cata-
lyst loading increased but as reaction time increases, an
increase of catalyst amount leads to minimum epoxy con-
version because of the occurrence of side reaction through
elongation of reaction and hydrolysis time [9]. In this
study, as the reaction time and temperature increase, the
conversion decreases with increasing the amount of cata-
lyst. That is when the reaction temperature is above 70 C
and when the reaction time exceeds 4 h, the oxirane ring
cleavage will occur and the conversion will decrease and
this result agrees with the reported work of [1, 19].

| Journal : Large 13399 Article No : 2082 Pages : 9

MS Code : 2082

Dispatch : 17-11-2021

275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304



305

306
307

308
309
310
31
312
313
314
315

Biomass Conversion and Biorefinery

l""'ﬁ"""‘.
ogteyorete teste o
o QERTAIE?
oo ttrotecd
QK

ry5ee;
205
LSRRI
% %
g

conversion to oxirane

250
Hydrogen peroxide to oil ratioN

100 60.00

KRR
QSRR IR IEH SR,
RIS
ERSERIEX K IEXXEEXS K
S I IR KA
“0“:.‘@:‘\‘:‘:"\:‘ XXX XX
‘.:":.:‘s:‘: RIS
RIS
IR
R
X “0\’ Q‘Q‘

%S
X
L
>

o
KRS

&
&
S
R

OCKIOE
QORKXS
\:““‘s

conversion to oxirane

400 5.00

Epoxidation time catalyst loading

200 200

Fig.4 Percentage of conversion of oxirane versus (a) temperature (°C) and hydrogen peroxide to oil ratio (mole/mole), (b) epoxidation time (h)

and catalyst loading (w/w)

3.6.1 Characterization of epoxidized p. falcatus seed oil

3.6.2 FTIR analysis for epoxidized Podo Carpus Falcatus
seed oil

The production and characterization of epoxidized podo-
carpus falcatus oil were analyzed in this study with a spe-
cial focus on the characterization of the desired product at
optimum condition by FTIR (Fourier-transform infrared
spectrometry) spectrum analysis. As it is shown in Fig. 5, it
is investigated by using FTIR by observing the existence of
new peaks and the presence of a new peak in the FTIR spec-
tra of epoxidized podocarpus falcatus seed oil at 823.4 cm™!

>

attributed to the epoxy group, corroborated the conclusion
that is the success of the epoxidation reaction of podocarpus
falcatus seed oil. The epoxy groups were found in epoxi-
dized podocarpus falcatus seed oil (doublet at 823 cm™! and
843 cm™!) indicating that nearly all of the carbon double
bonds turned into epoxy groups [20] reporting the presence
of epoxy groups at 822-833 cm™!, which agrees well with
this study.

3.6.3 C-NMR spectrum analysis of epoxidized podocarpus
falcatus seed oil

The new signal peaks appeared in epoxidized p. falcatus oil
were assigned at 57.35-57.07 ppm and 54.99-54.38 ppm

3472.73
e 15
[ Q o
g 2 5 g
= o = O
= o —
E = g
< S
E (a) =
3017.64—" M - = Syl 25
: 2843.6 1747.96 a ) : 8 o) lcf’z o
L = g 28528 17457 s =
T T T T _-I — T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wave numbers (cm™) Wave numbers (cm™)
Fig.5 FTIR spectrum of (a) podocarpus falcatus seed oil, (b) epoxidized podocarpus falcatus seed oil
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Fig.6 Spectrum C-NMR for (a) Podocarpus falcatus oil, (b) epoxi-
dized podocarpus falcatus oil

whereas the peaks at 133.24-132.41 ppm, 130.28-129.70
ppm, and 128.51-127.32 ppm are representing the double
bond in p. falcatus oil as is shown in Figure 6 (b) and (a)
respectively. As observed in Figure 6 between the regions
of 163.64 and 162.76 ppm, the emergence of many carbons
of new ester groups has occurred; meanwhile short peak at
133.51-124.09 ppm (corresponding to carbon carbon double
bond) also indicates the conversion of the double bond in
epoxidized podocarpus falcatus oil compare with the podo-
carpus falcatus oil spectrum [21]. The C-NMR spectrum
analysis was confirmed that epoxy groups were found in
epoxidized podocarpus falcatus seed oil [22].

4 Conclusion

In this research, epoxidized vegetable oil was produced from
podocarpus falcatus seed oil by using an epoxidation reac-
tion. The reaction was carried out with peroxyacetic acid in
the presence of sulfonated silica as a heterogeneous solid
acid catalyst converting the original double bond into a
three-membered epoxide (oxirane) ring. The effect of pro-
cess variables such as reaction temperature, the molar ratio
of hydrogen peroxide to carbon double bond of oil, catalyst
loading, and reaction time on the yield of epoxidized p. fal-
catus oil based on iodine value was investigated.

The main objective of this research was to produce and
characterize epoxidized podocarpus falcatus seed oil by
new synthesized sulfonated silica catalysts from sugarcane
bagasse ash that have high activities on epoxidation. Syn-
thesized catalysts were physically and chemically character-
ized considering bulk density, acid density, TGA, XRD, and
using Fourier-transform infrared spectroscopy (FTIR).

From the experimental results, the maximum epoxy con-
version of 84.75% was obtained using the temperature of
70 °C, hydrogen peroxide to oil molar ratio of 2.5:1, using

@ Springer

catalyst 5 (%w/w) at 4-h reaction time. In addition, FTIR
and C-NMR spectrum analysis characterization of produced
epoxy oil confirmed that of standard IR spectra.
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