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Abstract
Vegetable oils and their functional derivatives are considered good alternatives to replace petroleum-derived products due 
to their low toxicity, renewability, and biodegradable properties. Due to the high viscosity of vegetable oils, the current 
practice is to transesterify them into fatty acid methyl esters (FAMEs) to decrease reaction mixture viscosity. The use of 
FAME instead of vegetable oils towards the reactivity of functionalization can have an effect. To better understand the cor-
relation between the reactivity and structure of vegetable oils, the comparison between the epoxidation of cottonseed oil 
(CSO) and their corresponding fatty acid methyl ester (CSO-FAME) was carried out in this study via percarboxylic acids, 
produced in situ. A first comparison between the reactivity of performic and perpropionic acids was investigated. The effects 
of reaction temperature, HP/PA ratio, and catalyst loading on the epoxidation of CSO and CSO-FAME were evaluated. 
Important analytical work was done by using FTIR, NMR, GPC, and titrations to track the reaction extent and the nature of 
ring-opening products. The results show that CSO-FAME has a faster reaction rate both in epoxidation and ring-opening 
reactions. The use of perpropionic acid decreases the side reaction of ring-opening. The kinetics of CSO epoxidation was 
found to be faster than CSO-FAME.
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1 Introduction

Using renewable raw materials, such as biomass, to substi-
tute non-renewable resources is attracting more researchers’ 
interest in chemical industries [1]. Valorizing biomass is a 
crucial way to address global warming problems and the 
depletion of fossil feedstocks [2, 3].

The example of vegetable oil valorization for biodiesel 
production shows its importance in academic and industrial 
research [2, 4]. After chemical modifications, some products 
and intermediates could be obtained from vegetable oils, 
such as polymers, emulsions, lubricants, coatings, and gels 

[5]. Vegetable oils and their functional derivatives can be 
considered good alternatives to replace petroleum-derived 
products due to their low toxicity, renewability, and biode-
gradable properties [6–8]. One of the best approaches to 
functionalize vegetable oils is the epoxidation of the unsatu-
rated groups [9]. Epoxidation is generally used in the chemi-
cal industries to manufacture environment-friendly plasticiz-
ers and stabilizers for polymers, precursors, or intermediates 
for non-isocyanate polyurethanes [10].

The Prileschajew approach is the most common method to 
generate epoxidized vegetable oil using in situ–produced per-
carboxylic acids [11, 12]. The generated percarboxylic acids, 
acting as oxygen carriers, permeate in the unsaturated parts of 
the organic phase to progress the epoxidation [13, 14]. In the 
organic phase, the solubility of hydrogen peroxide is relatively 
low, so the Prileschajew method is quite popular and usually 
accompanied by an acid catalyst to accelerate the velocity of 
the perhydrolysis reaction step [15]. However, this reaction 
system has two main drawbacks: side reactions of ring open-
ing and the thermal issue linked to exothermic reaction steps 
[16]. It is shown that the percarboxylic acid is not thermally 
stable [17]. The ring-opening reaction is influenced by protons 
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from carboxylic acids and homogeneous catalyst dissociation 
[18, 19]. The use of solid acid can circumvent the negative 
effect of homogeneous catalysts because the internal catalyst 
site is less accessible for epoxidized vegetable oils but not for 
carboxylic acids. Additionally, a longer chain percarboxylic 
acid is less acidic than the shorter ones, such as formic or ace-
tic acids, which are the most used for this reaction. According 
to some articles, ring-opening reactions lead to the production 
of diol or similar products [20, 21].

The first step is to transesterify vegetable oil into fatty 
acid methyl ester (FAME) to ease the valorization of vegeta-
ble oils. Transesterification of triglycerides by methanol is 
done by acid, base, or enzyme catalysis or under supercriti-
cal conditions [22, 23]. The viscosity of fatty acid methyl 
ester is lower than their corresponding vegetable oil, allow-
ing an easier and better mixing of the reaction mixture [24, 
25]. The transesterification of vegetable oils into FAMEs 
could decrease steric hindrance during epoxidation [26, 27].

Formic and acetic acids, the most generally employed car-
boxylic acids in epoxidation, are very reactive but are strong 
acids favoring ring-opening reactions [28]. To overcome the 
negative effects of those two carboxylic acids, the epoxidation 
reaction of cottonseed oil by perpropionic acid over a solid 
acid catalyst was investigated. Comparing to acetic and for-
mic acid, propionic acid is less acidic and more stable [29]. 
Previous studies demonstrated that the catalyst Amberlite 
IR-120 accelerates the generation rate of the percarboxylic acid 
through perhydrolysis [30]. Hence, propionic acid and Amber-
lite IR-120 could decrease the ring-opening reaction compared 
to homogeneous and formic acid catalysts. The kinetics of 
epoxidation via performic and perpropionic acid over Amber-
lite IR-120 was carried out to confirm this assumption.

As mentioned previously, the transesterification of veg-
etable oils into FAMEs decreases the viscosity, but few stud-
ies compare the kinetics of epoxidation of vegetable oils 
and its corresponding FAMEs over solid catalysts. Hence, a 
systematic comparison between the reactivity of epoxidation 
of CSO and CSO-FAME was done in this manuscript. A 
profound analytical investigation was carried out via FTIR, 
NMR, and GPC. The effects of reaction temperature, HP/
PA ratio, and catalyst loading on the epoxidation reaction 
of CSO and CSO-FAME were investigated to understand 
the reactivity difference and propose a reaction mechanism.

2  Materials and methods

2.1  Materials and chemical

Cottonseed oil, propionic acid, formic acid, potassium 
iodide, and sodium thiosulfate solution (0.1 mol/L) were pur-
chased from Thermo Fisher Scientific (Schwerte, Germany). 
Hydrogen peroxide (33 wt% in water), tetraethylammonium 

bromide (TEAB), and perchloric acid (0.1 mol/L in acetic 
acid) were purchased from VWR International (Fontenay-
sous-Bois, France). Magnesium sulfate, chloroform, metha-
nol, iodine solution (0.1 mol/L), sodium thiosulfate solu-
tion (0.1 mol/L), and Amberlite IR-120 were obtained from 
Sigma-Aldrich (Burlington, USA).

2.2  Reactions

2.2.1  Esterification reaction

The esterification reactions were operated in a 300-mL glass-
jacketed reactor. Esterification of CSO was performed by the 
mean of Campanella et al. with a slight modification [31]. In 
the present system, preheated 50 mL of methanol with 2.1 
g NaOH was added to 200 g preheated cottonseed oil in the 
reactor, and the esterification was kept for 1.5 h. The glycerol 
layer was removed after the mixture was stratified into two 
phases. Then, the rest of the separated methyl ester layer in the 
reactor was cleaned three times with 600 mL of distilled water 
with one drop of  H3PO4. The methyl ester layer was collected 
after being cleaned 3 times by distilled water and evaporated 
by an IKA RV10 control vacuum rotary evaporator (VWR, 
Darmstadt, Germany) at 65 °C for 2 h and dried by  MgSO4. 
The final product of CSO-FAME was kept at 4 °C.

2.2.2  Epoxidation reaction

The epoxidation reactions were operated in a 300-mL glass-
jacketed reactor containing mechanical stirring, temperature 
probes, and a reflux condenser. In the present system, a mix-
ture of the organic phase (CSO or CSO-FAME), catalyst 
(Amberlite IR-120), and aqueous phase (33 wt% hydrogen 
peroxide and distilled water) was added in the reactor to be 
preheated. The rotating speed was fixed at 600 rpm, where 
no mass transfer resistance was observed. Then, the pre-
heated propionic acid (or formic acid) solution was added to 
the reactor when the mixture reached the desired tempera-
ture. During the epoxidation, a syringe collected samples 
in a 10-mL centrifugal tube over time. Then, the layers of 
organic and aqueous were isolated by a Rotofix 32A centri-
fuge (Hettich, Tuttlingen, Germany) at 6000 rpm/min for 4 
min. Both parts were analyzed and kept at 4 °C. The mixture 
was stratified into two phases at the end of the epoxidation 
reaction, and the aqueous phase was removed. Then, the 
organic phase was cleaned with distilled water for 3 times 
and evaporated by an IKA RV10 control vacuum rotary 
evaporator (VWR, Darmstadt, Germany) at 65 °C for 2 h. 
The final product (ECSO or ECSO-FAME) was kept at 4 °C.

The experimental matrix for the study of CSO and 
CSO-FAME epoxidation via performic or perpropionic 
acids are displayed in Table 1.
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Experimental runs for CSO and CSO-FAME epoxidation 
kinetics by perpropionic acid are displayed in Tables 2 and 3.

2.3  Analytical methods

2.3.1  NMR analysis

MSL-300 NMR spectrometer (Bruker Corporation, Bill-
erica, USA) was employed to conduct the 1H NMR analy-
sis at 300 MHz in  CDCl3 solutions with a TMS (tetra-
methylsilane) internal standard.

2.3.2  FTIR analysis

Spectrum 2000 FTIR (PerkinElmer, Inc., Waltham, Massa-
chusetts, USA) with a diamond ATR device was employed 
to conduct the FTIR analysis and spectra were obtained from 
10 scans in the range of 650 to 4000  cm−1.

2.3.3  GPC analysis

Average molecular weights (Mn and Mw) and dispersity (Ð 
= Mw/Mn) were investigated by size exclusion chromatogra-
phy (SEC). Samples were dissolved in dichloromethane and 
filtered (0.45 μm). Then, Varian PL-GPC50 system (Agilent 
Technologies, Santa Clara, California, USA) with two mixed 
packed columns (PL gel mixed type C) was applied for the 
analysis. The system used dichloromethane as the mobile 
phase and PMMA standards (from 875 to 62000 g  mol−1) 
for calibration.

2.3.4  Double bond content

The concentration of double bond was calculated by iodine 
value and measured by Wijs approach [32]. Briefly, 0.20 
g of sample was dissolved in 20 mL of chloroform. Then, 
25 mL of Wijs solution (0.1 mol/L) was added. After 1 h 
in the dark, 20 mL of 10% KI solution was added. After 

Table 1  Experimental runs for the kinetics of epoxidation of CSO

CSO T (K) Initial mass (g) Initial concentration (mol/L)
Catalyst Oil Acid 33% HP H2O [H2O]aq [DB]org [Ep]org [HP]aq [CA]aq

FA 303.15 5.0 100.00 46.00 83.00 71.00 35.17 3.91 0.00 4.03 5.00
PA 303.15 5.0 100.00 74.00 83.00 43.00 27.39 3.91 0.00 4.03 5.00
CSO-FAME T (K) Catalyst Oil Acid 33% HP H2O [H2O]aq [DB]org [Ep]org [HP]aq [CA]aq

FA 303.15 5.00 100.00 46.00 83.00 71.00 35.17 4.02 0.03 4.03 5.00
PA 303.15 5.00 100.00 74.00 83.00 43.00 27.39 4.02 0.03 4.03 5.00

Table 2  Experimental runs for the 
kinetics of epoxidation of CSO

RUN T (K) Initial mass (g) Initial concentration (mol/L)

Catalyst CSO 33% HP PA H2O [H2O]aq [DB]org [Ep]org [HP]aq [PA]aq

0 330.88 0.0 100.00 83.00 74.00 43.00 27.51 3.85 0.00 4.03 4.99
1 341.05 10.2 100.10 85.30 73.00 42.10 27.51 3.85 0.03 4.13 4.92
2 331.84 9.8 100.10 84.50 74.00 44.00 27.60 3.85 0.03 4.05 4.93
3 323.15 10.0 100.10 86.30 73.30 42.90 27.63 3.85 0.03 4.14 4.89
4 333.15 5.0 100.00 83.00 74.00 43.00 27.39 3.85 0.03 4.03 4.99
5 333.15 10.0 100.00 144.60 44.50 11.00 29.95 3.85 0.03 7.01 3.00
6 333.15 10.0 100.00 61.80 103.71 34.35 21.06 3.85 0.03 3.00 7.00

Table 3  Experimental runs for 
the kinetics of epoxidation of 
CSO-FAME

RUN T (K) Initial mass (g) Initial concentration (mol/L)

CAT FAME 33% HP PA H2O [H2O]aq [DB]org [Ep]org [HP]aq [PA]aq

0 330.88 0.0 100.00 83.00 74.00 43.00 27.51 3.91 0.00 4.03 4.99
1 341.05 10.2 100.10 85.30 73.00 42.10 27.51 3.91 0.03 4.13 4.92
2 331.84 9.8 100.10 84.50 74.00 44.00 27.60 3.91 0.03 4.05 4.93
3 323.15 10.0 100.10 86.30 73.30 42.90 27.63 3.91 0.03 4.14 4.89
4 333.15 5.0 100.00 83.00 74.00 43.00 27.39 3.91 0.03 4.03 4.99
5 333.15 10.0 100.00 144.60 44.50 11.00 29.95 3.91 0.03 7.01 3.00
6 333.15 10.0 100.00 61.80 103.71 34.35 21.06 3.91 0.03 3.00 7.00
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adding 100 mL water, the concentration of double bond 
was titrated by standard  Na2S2O3 solution (0.1 mol/L) with 
an automatic titrator (916 Ti-Touch, Metrohm, Herisau, 
Switzerland) and calculated by the following formula:

2.3.5  Epoxide content

The approach of Maerker was applied to measure the con-
centration of epoxide group [33]. Briefly, 0.10 g of sample 
was dissolved in 10 mL of chloroform. Then, 10 mL of 
TEAB solution (20% TEAB in acetic acid) was added. The 
concentration of epoxidized group was titrated by standard 
perchloric acid in acetic acid solution (0.1 mol/L) with an 
automatic titrator (916 Ti-Touch, Metrohm) and calculated 
by the following formula:

2.3.6  Ring‑opening products

The concentration of ring-opening products (ROPs) was 
estimated from the knowledge of the initial concentration 
of double bond  [DB]0; the concentration of double bond at 
time t,  [DB]t; and epoxide at time t,  [EP]t. At initial time, 
the concentration of epoxide is zero. Thus, the concentra-
tion of ring-opening products can be calculated as:

2.3.7  Calculation of conversion, selectivity, and yield

The conversion of double bond was calculated using the 
following equation:

where  [DB]0 is the initial concentration of double bond and 
[DB] is the final concentration of double bond.

The selectivity of epoxide group was calculated using the 
following equation:

[DB] =

(

Vblank − Vtitration

)

× csodium thiosulphate
(

msample

�sample

)

× 2

[EP] =
Vtitration × cperchloric acid

(

msample

�sample

)

[ROP]t = [DB]0 − [DB]t − [EP]t

ConversionDB =
[DB]0 − [DB]

[DB]0
× 100%

SelectivityEP =
[EP]

[DB]0 − [DB]
× 100%

where  [DB]0 is the initial concentration of double bond, 
[DB] is the final concentration of double bond, and [EP] is 
the final concentration of epoxide group.

The yield of epoxide group was calculated using the fol-
lowing equation:

where  [DB]0 is the initial concentration of double bond and 
[EP] is the final concentration of epoxide group.

3  Results and discussion

The reaction stage of esterification and epoxidation reactions 
are shown in Fig. 1. CSO-FAME was obtained by transester-
ifying CSO with methanol catalyzed by sodium hydroxide. 
The epoxidation of CSO and CSO-FAME using a combina-
tion of hydrogen peroxide and carboxylic acid is a biphasic 
liquid-liquid system. All concentrations were measured three 
times, and the uncertainty evaluated with standard devia-
tions was less than 0.05 mol/L.

3.1  Characterization of the native and modified 
CSO products

The spectroscopy methods including NMR, FTIR, and GPC 
were applied further to identify the organic phase after ester-
ification and epoxidation reaction and get more information 
about side reactions of polymerization and ring-opening 
reactions.

3.1.1  FTIR analysis

The FTIR spectra of CSO (cottonseed oil), CSO-FAME (cot-
tonseed oil fatty acid methyl ester), epoxidized cottonseed 
oil (ECSO), and epoxidized cottonseed oil fatty acid methyl 
ester (ECSO-FAME) are displayed in Fig. 2. For wavenumber 
higher than 1500  cm−1, peaks from FAME and CSO were the 
same. From 1700 to 1800  cm−1, the detected peaks can be 
ascribed to the stretching vibration of C=O, representative 
of esters found in both CSO and CSO-FAME. The band at 
around 3000  cm−1 corresponds to the bond stretching between 
hydrogen and a sp2 carbon (=C–H). Figure 2 also shows that 
this carbon-carbon double bond remains stable after the esteri-
fication reaction of CSO, leading to CSO-FAME. The main 
spectrum region to discriminate the chemical compositions 
between CSO and CSO-FAME is in the range of 900–1500 
 cm−1. The band at around 1450  cm−1, absent in CSO, is 
ascribed to the asymmetric stretching of –CH3, in the methyl 
ester group. The band at about 1200  cm−1 corresponds to 
O–CH3 stretching in the methyl ester group.

YieldEP =
[EP]

[DB]0
× 100%
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After the epoxidation reaction, the conversion of the dou-
ble bond (CH=CH) into oxirane in CSO and CSO-FAME 
could be characterized by the disappearance of the corre-
sponding band around 3000–3050  cm−1 and the appearance 
of a band of the epoxidized group at about 850  cm−1 [34].

3.1.2  NMR analysis

NMR spectra of CSO, CSO-FAME, ECSO, and ECSO-
FAME are displayed in Fig. 3. According to Fig. 3, the 
methyl ester group (3.7 ppm) can be clearly observed in 
the CSO-FAME spectrum without the signal at 4.2 ppm 
ascribed to the  CH2 groups in the glyceridic part after the 
esterification reaction. One can also observe a decrease in 
the peak at around 5.2 ppm owing to the disappearance of 
the CH proton peak, which overlaps with the peak of the 
olefinic protons (Figures S1-S4) [35].

After the epoxidation reaction of CSO and CSO-FAME, 
one can observe the disappearance of the peak of the double 
bond (around 5.2 ppm), which was converted into a peak of 
the epoxidized group (around 3.0 ppm). The methyl ester 
group can also be observed in the ECSO-FAME spectrum 
with the absence of four glyceridic proton signal at 4.2 ppm. 
The lack of signals between 3.6 and 3.8 ppm in the 1H NMR 
spectra implies the absence of hydroxyl groups coming from 
hydrolytic degradation of the triglyceride in ECSO (absence 
of free glycerol or semi-hydrolyzed ECSO) which is verified 
by the integrations of the peaks of the protons in the alpha 
position to the oxygen of the ester groups, compared to the 
integration of the methyl peaks (Figures S1-S4) [36]. The 
absence of these signals also means the absence of hydroxyl 
group coming from hydrolytic epoxide ring opening in both 
ECSO and ECSO-FAME. However, this does not mean that 
the ring opening favored by water and providing diols (as 

Fig. 1  Reaction stages of esteri-
fication and epoxidation
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observed in the literature) does not take place, but that any 
diols that might be formed transiently would be immediately 
eliminated under our operating conditions by producing new 
carbon-carbon double bonds, which would be epoxied again.

3.1.3  GPC analysis

GPC results of CSO, CSO-FAME, ECSO, and ECSO-FAME 
are displayed in Fig. 4. In the GPC chromatogram of CSO, 
a narrow main peak could be observed corresponding to the 
triglyceride molecule. It can also be observed that a minor 
peak of higher molecular weight corresponds to a siccative 
minority portion of the triglyceride molecule. As expected, 
since the CSO-FAME resulted from the CSO cleavage by 
transesterification, it exhibited a lower molecular weight. 
Moreover, the glycerol was removed.

After the epoxidation, GPC chromatograms of ECSO and 
ECSO-FAME show a shift of the main peak to a higher 
molecular weight region, implying that the ring-opening/
elimination side-products are in a low extent. A secondary 
peak that can also be observed in both ECSO and ECSO-
FAME are ascribed to oligomers resulting from ring-open-
ing/cationic polymerization reactions [37]. The oligomer 
production from ECSO and ECSO-FAME is similar, but 
the three-armed star structure of ECSO could allow a higher 
availability of access to the unsaturated groups.

The third population in ECSO-FAME starting from the 
right is the saturated CSO-FAME chains that cannot be 
modified by epoxidation and cannot go through an increase 
in molecular weight. In the CSO, saturated and unsaturated 
chains cannot be discriminated in the GPC spectra since they 
are attached to the same molecule (triglyceride). Indeed, the 
epoxidation of only one double bond in one of the three 
chains of the triglyceride molecule led to an increase in the 
average molecular weight. In addition, ECSO also presents 
an oligomerized part.

3.2  Comparison of the epoxidation kinetics 
between formic and propionic acids

The impact of carbon chain length from carboxylic acid on 
the CSO and CSO-FAME’s epoxidation was carried out 
using formic and propionic acids (Table 1 and Fig. 5).

These experiments were performed at 30 °C to avoid high 
energy released in the case of formic acid, making difficult 
to maintain isothermal conditions. All these experiments 
were performed with the same initial concentrations and 
catalyst loading.

Figure 5 shows that the epoxidation rate using formic acid 
is faster than experiments carried out with propionic acid. 
At this reaction temperature, the epoxidation rate is slightly 
faster for CSO-FAME than CSO with formic, but this rate is 
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Fig. 3  1H NMR spectra for CSO, CSO-FAME, ECSO, and ECSO-FAME

Fig. 4  GPC spectra for CSO, 
CSO-FAME, ECSO and ECSO-
FAME
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similar for CSO-FAME and CSO with propionic acid. The 
same observation can be done for the rate of double bond 
consumption.

However, Fig. 5 shows that the rate of ring-opening prod-
ucts is more significant for formic acid. The ring-opening 
product was 0.8 mol/L after 365 min of reaction, with the 
concentration of epoxide groups 1.9 mol/L for the formic 
acid experiment. Using formic acid speeds up the kinet-
ics of epoxidation and the kinetics of ring-opening and 

decomposition of performic acid. Thus, with a higher tem-
perature or longer reaction time, more ring-opening reac-
tions will lead to a lower concentration of epoxidized group 
for experiments carried out with formic acid. Therefore, with 
the presence of Amberlite, propionic acid could produce 
epoxidized vegetable oils and their fatty acids methyl esters 
with a higher concentration of oxirane.

From this study, the use of propionic acid is better from 
a selectivity standpoint.

3.3  Comparison of the epoxidation kinetics 
between CSO and CSO‑FAME

For the kinetic study, titration measurements were applied 
to track concentrations of the double bond and epoxidized 
groups at different operating conditions (Tables 2 and 3). 
Conversion, selectivity and yield of each run for CSO and 
CSO-FAME are displayed in Table S1, and the repeatability 
of the epoxidation with propionic acid is shown in Figure S5.

3.3.1  Study of the effect of reaction temperature

As displayed in Fig. 6 (runs 1, 2, and 3 in Tables 2 and 3), 
the reaction rates of epoxidation for CSO and CSO-FAME 
increase with the temperature from 50 to 70 °C. The ring-
opening reaction can be observed from the concentration 
of DB and EP at the end of the epoxidation kinetic profiles, 
which are lower than the initial concentration of the dou-
ble bond. From Fig. 6, the production rate of epoxidized 
group is faster for CSO than for CSO-FAME, and the final 
production of epoxidized group is higher for CSO than for 
CSO-FAME. This observation is a priori surprising because 
one could expect that the double bond from CSO-FAME 
is more accessible than the one from CSO, and thus, rates 
of double bond epoxide production should be faster. This 
reactivity difference towards epoxidized groups is more 
pronounced when the reaction temperature increases. The 
rate of double bond consumption is faster for CSO than for 
CSO-FAME. This kinetic observation could be explained by 
the fact that the ring-opening reactions and consecutive oli-
gomerization reactions produce different oligomer structures 
between ECSO and ECSO-FAME. Due to ring-opening, the 
oligomerization for ECSO-FAME produces linear oligomer, 
making less accessible the double bond with reaction pro-
gress from a steric standpoint (Fig. 4).

3.3.2  Study on the effect of HP/PA ratio

The kinetics of epoxidation is influenced by the kinetics 
of perhydrolysis and, thus, by the ratio HP/PA. The effects 
of the HP/PA ratio on the rate of epoxidation reaction of 

0.00

0.50

1.00

1.50

2.00

2.50

0 100 200 300 400

Co
nc

en
tra

tio
n 

of
 E

P 
(m

ol
/L

)

Time (min)

FAME-FA FAME-PA
CSO-FA CSO-PA

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

0 100 200 300 400

Co
nc

en
tra

tio
n 

of
 D

B 
(m

ol
/L

)

Time (min)

FAME-FA FAME-PA
CSO-FA CSO-PA

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90

0 100 200 300 400

Co
nc

en
tra

tio
n 

of
 R

O
P 

(m
ol

/L
)

Time (min)

FAME-FA FAME-PA
CSO-FA CSO-PA

Fig. 5  Effects of different acids on the epoxidation of CSO and CSO-
FAME (FA, formic acid; PA, propionic acid)



Biomass Conversion and Biorefinery 

1 3

CSO and CSO-FAME are shown in Fig. 7 (runs 2, 5, and 
6 in Tables 2 and 3). When the ratio HP/PA is equal to 7/3, 
the reaction rate of epoxidation is higher, producing more 
oxirane groups. In contrast, at an HP/PA ratio equal to 3/7, 
the reaction rate of epoxidation is slower. This observa-
tion could be linked to the fact that at a low HP/PA ratio, 
the kinetics of perpropionic acid in the aqueous phase is 
slower, explaining the similar initial reaction rates of DB 
consumption. At any HP/PA ratio, rates of epoxide pro-
duction are faster for CSO than for CSO-FAME. A higher 
HP/PA ratio increases the epoxidation rate and improves 
the epoxidized group’s conversion yield. This could be 
explained that the higher concentration of PA increase 
proton concentration, catalyzing the ring-opening reaction.

3.3.3  Study on the effect of catalyst loading

The effects of the catalyst loading on CSO and CSO-FAME 
are displayed in Fig. 8. For the catalyst, Amberlite IR-120 
was employed to catalyze the perhydrolysis, in other words, 
the generation rate of perpropionic acid. Compared to the 
catalyst loading of 0 g, 5 g, and 10 g (runs 0, 2, and 4 in 

Tables 2 and 3), the epoxidation rate decreases with less 
catalyst loading. It could be noticed that there were no dif-
ferences in the epoxidation rates between CSO and CSO-
FAME without catalysts, showing the importance of per-
hydrolysis reaction on the kinetics of epoxidation. More 
catalyst loading speeds up the perhydrolysis rate and pro-
duces more perpropionic acid, increasing the epoxidation 
rate. At the same catalyst loading (higher than 0 g), epoxida-
tion of CSO is faster than FAME.

3.4  Comparison of the side‑reaction between CSO 
and CSO‑FAME

In the epoxidation reaction, the double bonds are epoxidized 
by the perpropionic acid. However, the oligomer group pro-
duced from the polymerization could play a vital role on the 
selectivity towards oxirane groups.

By the previous discussion, some oxirane undergo ring-
opening reactions leading to ring-opening products (ROP). 
Comparing the side reaction between CSO and CSO-FAME 
could give a better insight into explaining the difference of 
reactivity between CSO and FAME.
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Fig. 6  Effects of reaction temperature on the epoxidation of CSO and 
CSO-FAME by perpropionic acid (runs 1, 2, and 3 from Tables 2 and 3)
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Fig. 7  Effects of HP/PA ratio on the epoxidation of CSO and CSO-
FAME by perpropionic acid (runs 2, 5, and 6 in Tables 2 and 3)
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3.4.1  Study on the effect of reaction temperature

As shown in Fig. 9, the rate of ring-opening products (ROPs) 
is affected by temperatures and increases with temperature. 
However, the reaction rate of ring-opening production is 
faster for CSO-FAME compared to CSO. After 185-min 
epoxidation at 70 °C, the concentrations of ROP was higher 
for ECSO-FAME than CSO system. Figure 9 shows that 
side ring-opening reactions are more pronounced for ECSO-
FAME system than CSO system.

3.4.2  Study on the effect of HP/PA ratio

As shown in Fig. 10, a higher HP/PA ratio leads to a lower 
reaction rate of the side reaction. It could also be noticed 
that the ring-opening reactions was also influenced by HP/
PA ratio, but CSO-FAME still has a higher reaction rate 
in the side reaction than CSO. Therefore, a higher HP/PA 
ratio enhances epoxidation and restrains the side reactions 
to ensure selectivity towards oxirane.

3.4.3  Study on the effect of catalyst loading

The effect of the catalyst loading on the side-reaction rate 
is displayed in Fig. 11. CSO-FAME usually has a higher 
level of ring-opening reactions than CSO if they have the 
same conditions of temperature, HP/PA ratio, and catalyst 
loading. Nevertheless, the side reaction rate is similar, with 
no catalyst in the reaction system. The situation changed if 
adding catalyst to accelerate the perhydrolysis of propionic 
acid. One interesting observation is that the side-reaction 
rate of CSO and CSO-FAME increased with the increase of 
catalyst loading, but more ring-opening products could be 
found in CSO at catalyst loading of 5 g and more in CSO-
FAME when the catalyst loading is 10 g. The ring-opening 
products of CSO at catalyst loading of 5 g is even higher 
than 10 g. It might be influenced by both the concentration 
of produced epoxides and the production rate. A higher con-
centration of epoxides could let the ring-opening reaction 
obtain them easier.
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Fig. 8  Effects of catalyst loading on the CSO and CSO-FAME
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Fig. 9  Effects of reaction temperature on the ring-opening products
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4  Conclusion

Functionalization of vegetable oil via epoxidation is vital in 
chemical industry, and the use of percarboxylic acids is the 
most common method. The drawback of this reaction system 
is the viscosity increase, side reaction of ring-opening, and 
risk of thermal runaway. To circumvent these drawbacks, 
vegetable oils were transesterified into FAME, solid acid 
catalyst was used, and perpropionic acid was used instead 
of performic acid.

A systematic comparison between the epoxidation of 
vegetable oil and FAME was done, which is missing in the 
literature. Cottonseed oil was used as raw materials and 
Amberlite IR-120 as a solid acid catalyst.

It was demonstrated that using perpropionic acid 
decreases the side reaction of ring-opening compared to 
performic acid.

After the transesterification, the methyl ester group was 
identified by FTIR and NMR spectra and GPC evidenced 
a decrease of the molecule weight. For the epoxidation of 
cottonseed oil (CSO) and fatty methyl ester of CSO (CSO-
FAME), the oxirane ring signals could be found in both FTIR 
and NMR spectra, and a slight increase of molecule weight 
for the epoxides products was observed in GPC results.

The kinetics of epoxidation was compared between 
CSO, and CSO-FAME was explored. The results show that 
although the epoxidation reaction rate was rapid in CSO-
FAME, the ring-opening reaction rate was faster in CSO-
FAME by perpropionic acid. The oligomerization of the 
three-armed star structure of ECSO could allow a higher 
double-bound access compared to the linear oligomeriza-
tion of ECSO-FAME. This steric difference could explain 
the higher production of epoxide during the epoxidation 
of CSO compared to CSO-FAME.

One should favor using CSO as starting material and a high 
HP/PA ratio to obtain a higher yield in the epoxide group.

Surprisingly, this paper shows that the kinetics of epox-
idation by perpropionic acid is better for CSO than for 
CSO-FAME, where the unsaturated group is more accessi-
ble at the beginning of the reaction. A further investigation 
is needed, concerning the oligomerization mechanism for 
CSO and CSO-FAME.

Abbreviations CA:  carboxylic acid; CSO:  cottonseed oil; CSO-
FAME: cottonseed oil fatty acid methyl ester; ECSO: epoxidized 
cottonseed oil; ECSO-FAME: epoxidized cottonseed oil fatty acid 
methyl ester; DB: double bond; EP: epoxidized group; FA: formic acid; 
PA: propionic acid; HP: hydrogen peroxide; CAT : catalyst; ROP: ring-
opening products
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