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Abstract Epoxidation of linseed oil was performed with peracetic acid formed in situ by the reaction of hydrogen
peroxide and acetic acid in the presence of Amberlite 120H as catalyst, and toluene as solvent. Some variables were evaluated
as temperature and the molar ratio and solution of aqueous hydrogen peroxide (30 and 50 wt%) for obtaining a maximum of
yield and conversion of epoxidized oil. The characterization of conversion of double bonds (DB) to epoxy ring, the relative
percentage of epoxidation and selectivity, were performed by 1H-NMR and FTIR-HART. The conditions rendered a
maximum epoxidation of 93.4%, a conversion or double bonds of 97% and a selectivity of 96.3% were obtained at 80°C,
employing a molar ratio 1:1.5 of double bonds (DB) to H2O2 (50 wt%), 1:0.5 of DB to acetic acid, and 25 wt% of catalyst, in
only 50 min and with a good reproducibility (±1.1%).
Keywords Epoxidation, Linseed oil, Acidic ion exchange resin

1. Introduction

widely investigated [9, 42-50]: temperature, stirring speed,
concentration of H2O2, type (homogeneous and
Epoxides obtained from renewable sources [1-7] have heterogeneous) and amount of catalyst, acid precursor of the
application in a wide number of industrial and research peroxyacid (formic, acetic, oleic), formation in situ of
processes: to obtain commercial products, and as reagents peroxyacid or addition of a preformed peroxocarboxylic acid,
and intermediates used in the manufacture of polymers, use or not of solvent, etc. Of particular interest is the
resins, coatings, detergents, etc., generating a broad market epoxidation reaction using a heterogeneous catalyst as
and volume of consumption in the order of millions of tons Lipase B [51-55], Alumina [56], Amorphous Ti/SiO2 [57-61],
per year. In this context, epoxidized vegetable oils (EVOs) and Amberlite 120H. This last is an acidic ion exchange resin
[8-13] have been found viable due to their availability, low [62-71], which has been widely evaluated in many
cost sustainability and non-toxicity; highlighting linseed oil, epoxidation reactions and has presented a better selectivity,
rapeseed oil and soybean oil for its higher production. The less side reactions, it is easily recoverable and reusable, in
EVOs are commonly used as polyvinyl chloride (PVC) comparison with the use of sulfuric acid as catalyst which are
stabilizers, plasticizers [14], lubricants [15, 16], and starting also more polluting and complex to separate, in addition to
materials to produce polyols [17-19], prepolymers [1, 20-24] generating higher probability of secondary reactions, thereby
and to synthesize polyurethane foams [25-29]. In addition, reducing the epoxidation selectivity. The main results that
they are auxiliary agents used to improve the efficiency of gave the better conversion of DB to oxirane rings from the
linoleum production and the modification of other thermoset studies of epoxidation of several oils with Amberlite are [65]
polymers [30-34].
in the next ranges: temperatures oscillate between 60-75ºC,
The EVOs are usually produced at industrial scale with amount of catalyst range from 15 to 25%, high speed stirring
peroxocarboxylic acids formed in situ by reacting an organic (above 1500 rpm), a molar ration 1:0.5 of DB to acetic acid, a
acid as acetic acid, hydrogen peroxide and sulfuric acid [9, molar ratio 1:1.0-1:1.5 of DB to H2O2 (30%), with or without
35-41] (or any other soluble mineral acid) as the catalyst [42]. solvent (usually toluene or benzene) and a reaction time
The search for optimize the epoxy yield conditions has been between 3 and 7 h. All those conditions also depending on
the kind of oil, and the best parameter of the epoxidation
* Corresponding author:
reaction should be determined individually for each oil.
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the concentrate peroxides and peroxoacids [41, 44, 65].

100

E. Dehonor-Márquez et al.: Effective and Fast Epoxidation Reaction of
Linseed Oil Using 50 wt% Hydrogen Peroxyde

Usually high temperatures are avoided when concentrate
peracid is used. However, Haro [36] recently reported the
epoxidation of grape seed oil at 90°C employing H2O2 (50
wt%), H2SO4 and acetic acid, rendered a conversion to
epoxide of 90% in 60 min. At longer reaction times or higher
temperatures than 90°C, aperture of epoxy groups and some
oligomerization reactions usually have been detected [65].
In this work we evaluate the effect of the initial solution
of hydrogen hydroperoxide, 30 and 50 wt% and the
temperature at 65, 70 and 80°C, for epoxidation of linseed oil.
Linseed oil is one of the most unsaturated triglycerides (6-6.4
DB) of particular interest for polymer synthesis. It would be
very convenient to reach a conversion to epoxide up to 90%
for this oil. As our better results, it was evidenced that using
hydrogen peroxide at 50 wt% the conversion rate was fast
reaching the maximal epoxidation (93.4%) in only 50 min at
80°C.

2. Methodology and Experimental
2.1. Reactants
The solvents Toluene, Ethyl Acetate and Acetone;
chromatographic-grade α-Alumina, the catalyst Amberlite
IR-120H (AIR-120H) and the reactive-grade Linseed Oil
(LO) were supplied by Sigma-Aldrich, Co. LO consists of a
clear yellow oil with a molecular weight of 865 g/mol, with a
number of Iodine of 179.1 and 6.2 double bonds (DB) or
ethylenic unsaturation, all determined by 1H-NMR according
to [72-74]. Acetic Acid and the H2O2 (30 and 50 wt%) were
purchased from Fermont. With exception of the LO, the
other reagents were used as they were received. LO was
passed through a packed column of α-Alumina previous to
use it, to eliminate the stabilizer.
2.2. Characterization
FT-IR spectroscopic measurements were performed on a
FT-IR Prestige 21, Shimadzu spectrometer, equipped with a
horizontal attenuated total reflectance (HART) modus, with
a crystal made of diamond. For quantitative analysis [17, 73],
spectra were performed in Absorbance mode, a resolution of
4 cm-1, 64 scans in the range of 560 – 4000 cm-1. Spectra
were normalized with respect to the area under the curve of
the signal at 1745 cm-1 which corresponds to carbonyl
vibration from ester groups of the triglyceride. The
monitored signal by measure the area under the curve was
the pair of bands centered at 821 and 798 cm-1 corresponding
to the epoxy ring vibration.
1
H-NMR spectra were recorder using a Bruker Avance III
a 300 MHz spectrometer, using CDCl3 as solvent and TMS
as an internal standard. Quantification of conversion of DB,
percentage of epoxidation and selectivity was calculated as
described in [53, 72, 74].
2.3. Epoxidation Reaction Set up
The evaluated variables were three temperatures: 65, 70

and 80ºC; the molar ratio of unsaturation respect to hydrogen
peroxide (1:1 and 1:1.5) for the two aqueous solutions of
hydrogen peroxide, 30 and 50%. Other values were fixed as
the molar ratio of DB to acetic acid (1:0.5), a solvent quantity
of 44 wt% and 25 wt% catalyst, both respect to the linseed oil
weight. The times reactions were from 50 to 200 min and
each reaction was made by triplicate.
A general procedure consists in: place into a two-neck
reactor equipped with a magnetic stirrer, thermometer and
reflux condenser, 10 g of Linseed Oil (LO) equivalent to 72
mmol of DB, 2.1 g of Acetic Acid (AA), 4.4 g of Toluene
(Tol) and 2.5 g of Amberlite IR-120H (AIR-120H). Reactor
was placed in a water bath at 50°C for 15 min. The addition
of 1:1 or 1:1.5 of H2O2 (30 or 50 wt%) started dropwise
under vigorous stirring. Due the exothermic process,
temperature is controlled to not to exceed the 50°C to avoid
the decomposition of H2O2 [44, 67]. Once the addition of
H2O2 was complete, the reaction mixture was heated up at
the stablished temperature (65, 70 or 80°C). The reaction
was monitored by FT-IR spectroscopy each 10-20 min
(considering the initial time the completion of H2O2
addition), and when epoxidation was stopped to the
determined time, the mixture was cooled to room
temperature. It was filtered to recover the catalyst, which
was washed with ethyl acetate to remove the excess oil and
then with isopropyl ether and allowed to dry for reuse. The
organic phase was washed several times with a saturated
sodium bicarbonate solution until neutralization; the organic
phase obtained was dried with anhydrous magnesium sulfate.
After filtration the organic solvents (ethyl acetate and
toluene) were evaporated using a rotary evaporator under
reduced pressure. The product (ELO) was placed for 48
hours in a vacuum desiccator to eliminate traces of solvents
for finally do the corresponding characterization by
FT-IR-HART and 1H-NMR.

3. Results and Discussion
Characterization of the epoxidized products was
performed employing 1H-NMR and HART-FTIR
spectroscopies. Usually the evaluation of the epoxidation
reaction is employing analytical procedures; however, these
processes involve time, chemical reactants, and they
generate residues. High resolution NMR is an effective tool
for determining iodine value of vegetable oils as determined
by Miyaki, et al. [73]. He determined a correlation
coefficient between traditional Wijs method and 1H NMR
being it r2 = 0.9994 and within an error of ±1. Also, it is
possible to calculate Iodine number and the molecular
weight of the oil according to Natham and Díaz [72] and it
has been a reliable technique for determine values of
conversion, epoxidation and selectivity for an epoxidation
reaction of oils [75].
FTIR spectroscopy is also an excellent tool for
quantitative analysis. Using the relationship between the
absorbance values and normalize the band of epoxide ring
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include the bands at 820 and 795 cm-1 it is possible to cancels
out background, instrument noise, sample thickness, etc.
Using an equation (1), it is possible monitoring the
epoxidation of oils:
%𝐸𝐸 = �1 −

(𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒 /𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟 )𝑡𝑡

(𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒 /𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟 )0

� 𝑥𝑥100

(1)

Where Aepx is the area under the curve of the signal
includes the bands at 820 and 795 cm-1 (that correspond to
the vibration of the epoxy ring (864-764 cm-1). Aref is the area
under the curve of the reference band that should be one that
remain unchanged throughout the epoxidation reaction as the
1376 cm-1 [75] or carbonyl at 1743 cm-1 [17]. Núñez et al.
[74] determined a correlation coefficient of 0.995 (and a
maxima variation of ± 1.2) obtained by chemical analysis vs
oxirane content determined by FTIR-ATR spectroscopy. We
recently determined (resulted not published) an epoxide
content correlation obtained by FTIR-HART and 1H-NMR
spectroscopies of 0.99515 with a variation of ± 1.2.
3.1. Characterization of LO
FTIR-HART: Double bonds: 3009 cm-1 (=CH(ν)), 1653.5
cm-1 (C=C(ν)) and 719.5 cm-1 (C=C(cis-δ)). Methyl and
methylene: 2956 cm-1 (terminal CH3(asym-ν shoulder )), 2922.4
and 2853 cm-1 (-CH2(asym and sym-ν)) 1460 cm-1 (CH2(asym-δ)) and
1376.4 cm-1 (CH3(sym-δ)). Ester carbonyl: 1743 cm-1 (C=O(ν));
1159.2 cm-1 (C-O(ν)) and 719.5 cm-1 ((CH2)n(δ); being n ≥4).
1
H NMR (300 MHz, CDCl3); δ in ppm (Integral,
multiplicity, Hydrogen type):*0.88 (1.12, m, CH3- terminal
groups); *0.97 (1.29, t, CH3- terminal group of linolenic
acid); *1.31 (10.13, d, -CH2-); *1.61 (1.55, s, -CH2-C=O);
*2.05 (2.70, m, -CH2-CH2-CH=CH); *2.31 (1.51, t
-CH2-C=O); *2.80 (1.82, m, -CH2-CH=CH-); *4.15 – 4.3 (1,
dd, CH2-O of glyceride); *5.35 (3.37, m, -CH=CH- and
CH-O of glyceride).
3.2. Following of the Epoxidation Reaction
In Figure. 1a, could be appreciated how the
FTIR-normalized signals of LO corresponding to double
bonds vibrations in 3009 cm-1 (=CHstr) and 1653.5 cm-1
(C=C(ν)) vanished in the spectrum of the epoxidized product
(insets from Figure. 1a), whereas the band at 719.5 cm-1
(C=CH(δ) plus (CH2)n(δ); being n ≥4) only diminishes in
intensity as the reaction performed at 80°C, a molar ratio 1:1
LO to H2O2 (30 wt%) proceeds (run 9, Table 1). However,
the two bands of the epoxy ring vibration (inset from Figure.
1b) centered between 820 and 795 cm-1 were observed in the
first minutes of reactions and they increase as the reaction
take place. This signal is the one is quantified with the course
of the reaction until the stablished reaction time [17]. Both
spectra (LO and ELO) have signals that match (do not
change) with the course of the reaction. This bands
corresponding to methyl and methylene groups at 2956,
2922.4, 2853, 1460 and 1376.4 cm-1 as well as the vibration
corresponding to the ester carbonyl at 1743.6 and 1159.2
cm-1.

Figure 1. Normalized FTIR spectra monitoring the epoxidation reaction
for run 5 (Table 1 and Figure 3): Temperature of 80°C, DB to acetic acid
molar ratio, 1:0.5; DB to H2O2 (30 wt%), 1:1 molar ratio, and 25 wt% of
AIR-120H

From 1H NMR spectra it was possible to calculate the
conversion of DB respect to the original DB in LO (6.2,
100%). At the start of the reaction, the same amount of
reacted DB gave the same amount of epoxy rings however
as the reaction continues, side reactions as aperture of
epoxy ring start to take place. It is because the epoxy percent
at the end of the reaction use to be minor to the calculated
by the DB conversion. With this two conversions (DB and
epoxy) it is possible to calculate the selectivity % as
(epoxidation%)/(DB conversion %) [75]. Figure. 2 shows
how the peak at 5.35 ppm in LO (0% of epoxidation) splits in
two signals, one shifts a lower field (5.6 ppm) and their
integration decrease from 3.37 to almost 0 as the epoxide
conversion increases from 0 to 93.4%. This signal
corresponds to vinyl hydrogens from DB. The other signal
centered in 5.3 ppm corresponds to central Hydrogen of the
glyceride moiety. Also the signal at 2.80 ppm corresponding
to allyl hydrogen between double bonds, decreases their
integration for the ELO spectrum. The appearance of signals
at 3.1 ppm, 2.9 ppm and 1.5 ppm correspond to methylene
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Conversion to Epoxide (%)

hydrogens between two epoxy rings, hydrogens of the
carbons of epoxy rings and methylene hydrogens adjacent to
epoxy rings, respectively [17].

100
80
60
40
20
0

30% H2O2
50% H2O2
0 20 40 60 80 100 120 140 160 180 200

Time (min)
Figure 3. Epoxy conversion determined by monitoring the reaction by
FTIR. Effect of the concentration of the H2O2 (30 and 50%). Other
conditions: Temperature of 80°C, DB to acetic acid molar ratio, 1:0.5; DB to
H2O2, 1:1 molar ratio, and 25 wt% of AIR-120H

1

Figure 2. H NMR spectra for different conversion of epoxide: 0% for LO,
40.5% (run 2, Table 1), 69.0% (run 3, Table 1) and 93.4% (run 3, Table 2)

3.3. Effect of the Concentration of the Solution of
Hydrogen Peroxide: 30 and 50 wt%, and
Temperature
Epoxidation of Linseed oil with peracetic acid formed in
situ in the presence of an ion-exchange resin in a
heterogeneous catalytic process. Peracetic acid diffuses
through the water to the oil phase for reacting with the
unsaturation of the oil to forming an epoxy group [42, 65].
This is the description of an ideal reaction however, has been
well studied that excess of some reactants and/or changes on
parameters as temperature, usually render side undesired
reactions [42, 65, 67].
Figure 3 shows the sharp increase of the epoxidation
conversion when H2O2 (50 wt%) is employed in comparison
with H2O2 (30 wt%) at 80°C. The curve for H2O2 (30 wt%)
was built with the data obtained from Figure 1. For reaction
using H2O2 (50 wt%) the maximal conversion (93%) was
achieved in 75 min, after this time the amount of epoxy
groups started to diminish due side aperture reactions;
whereas for reaction ran with H2O2 (30%) at the same time
(75 min) it was only reached a 40% of conversion. This
tangible difference between using H2O2 at 30 or 50 wt% is
due to the higher concentration of active oxygen in H2O2 (50
wt%) that increases the rate of in situ formation of peracetic
acid, and as consequence the rate of epoxidation of the DB in
LO. Analyzing the runs 1 and 6 in Table 1, which were
performed at 65°C but using H2O2 at 30 and 50 wt%
respectively, it is notice an increase of 23% in the
epoxidation percent at 180 min. For runs 2 and 7 carried out
at 70°C, there was an increment on the conversion to epoxide
of 37% in 50 min, while for reactions performed at 80°C
(runs 4 and 9) there was only an increment of 15% in 50 min;
however at this time the epoxidation conversion has reached
70%.

Three temperatures were evaluated on the course of
epoxidation of LO: 65, 70 and 80°C. An increase in
temperature not only increases the epoxidation conversion,
but also decreases the reaction time required. In Table 1 are
shown the results at the same time (50min and/or180min) to
compare them. For reaction carried out using 30% of H2O2
and at 65°C (run 1) and 75°C (run 3), are very slow;
the epoxidation percent at 180 min is only 60 and 66%,
respectively, meaning an uncompleted reaction. For
temperatures of 60-65°C, it is reported [68] times of around
7 h for reaching the maxima epoxidation (around 90%)
reaction and around 5 h when reaction is carried out at
70-75°C.
Table 1. Results of epoxidation parameter at different temperatures and
H2O2 (30 or 50 wt%)
Run
No.

Temp
(°C)

[H2O2]
wt%

Time
(min)

% Conv.
of DB

%Epox.

%
Select.

1

65

30

180

61.0

60.2

98.7

2

70

30

50

40.7

40.5

99.5

3

70

30

180

67.5

66.0

97.8

4

80

30

50

59.0

58.9

99.8

5

80

30

180

96.0

68.0

70.8

6

65

50

180

80.3

78.2

97.7

7

70

50

50

47.7

47.0

98.5

8

70

50

180

89.0

87.2

98.0

9

80

50

50

70.5

69.0

98.0

10

80

50

180

99.8

79.6

79.7

Conditions: DB to acetic acid molar ratio,1:0.5; DB to H2O2 molar ratio, 1:1,
and a catalyst load of 25 wt%.

At 80°C (run 4) stopped at 50 min had similar results as
those obtained at 65°C for 180min. At 180 min for run 5
there is a high consumption of DB but the epoxidation
percent is only 68% and at selectivity of 70.8. This is due to
at high temperatures and prolonged time, the undesirable
acid-catalyzed epoxy ring cleavage reactions take place [67,
69] and the number oxirane rings is diminished in relation to
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the DB consumption. It becomes important to stablish the
time at which the maxima epoxidation reaction take place
before the epoxy rings suffer aperture. For 80°C the time
reaction is minor to 180 min. But our interest is optimize the
reaction at 80°C but using a solution of 50% of H2O2. At
least for 70 and 80°C is evident that reactions reached their
maximal epoxidation conversion (around 93-94%) at 150
min and 75 min, respectively. That means the double of time.
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Table 2. Effect of the temperature on the epoxidation parameters
Run
No.

Temp.
(°C)

% Conversion
of DB

% Epoxi.

% Select.

1

65

86.5

84.3

97.5

2

70

98.0

94.0

96.0

3

80

97.0

93.4

96.3

Conditions: DB to acetic acid molar ratio,1:0.5; DB to H2O2 (50 wt%) molar
ratio, 1:1.5, and a catalyst load of 25 wt%.

3.4. Effect of the Molar Ratio of DB to H2O2 (50 wt%)
and Temperature
It was demonstrated first the effect on increasing the molar
ratio of DB to H2O2 (50 wt%) from 1.0:1.0 to 1.0:1.5 at
80°C.
Figure. 4 shows the that the molar ratio 1:1.5 of DB to
H2O2 (50 wt%) was the most advantageous for epoxidation
of linseed oil; there was a noticeable increasing on the rate of
epoxidation at 80°C. The maximal conversion for both molar
ratio is practically the same (93-94) however it takes 75 min
when a molar ratio 1.0:1.0 es employed and only 50 min
when a molar ratio 1.0:1.5 is added. After those times, the
conversion started to diminish in both cases. The use of H2O2
(50%) and a high molar ratio as well 80°C of temperature;
the reaction started to take place very fast and favorable in
the first 30 min. At this time almost 80% of epoxides has
been formed whereas only 60% of them are quantified when
a molar ratio 1.0:1.0 has been employed.

Figure 4. Effect of increasing the molar ratio of DB to H2O2 (50 wt%) on
the conversion to epoxide. Other conditions: DB to acetic acid molar ratio,
1:0.5; and 25 wt% of catalyst, 80°C

To be sure of the effect of the temperature on the
conversion to epoxide, the reaction was also carried out at 65
and 70°C. In Figure. 5 is evidenced the effectiveness of the
temperature on the epoxidation conversion.
We have two goods results to highlight: at 70°C was
reached the maximal conversion to epoxide (around 94%) in
135 min, whereas at 80°C it was reached practically the same
epoxide conversion (93%) in only 50 min. In both cases the
selectivity (Table 2) was very similar and acceptable
(96.3%). From the original 6.2 DB, 6.0 reacted and 5.8
epoxides survived to the reaction conditions.

Figure 5. Effect of the temperature on the conversion to epoxide. Other
conditions: DB to acetic acid molar ratio, 1:0.5; DB to H2O2 (50%), 1:1
molar ratio, and 25 wt% of catalyst

An explanation of why “extreme” conditions are
necessary for epoxidation of linseed oil, is due to the high
number of double bonds, most of half them are on a fat acid
chain of linolenic acid (three double bonds). The feasibility
of react (only by steric effects) of the central double bonds is
minor than the one or two double bonds. Surely the
conditions of high concentration of active oxygen and a
relatively high temperature favors noticeably the rate of
epoxidation (into the first 30 min) but also provides and
ensure the continuous formation of peracetic acid, which is
the most important intermediary due it spontaneously reacts
with the double bonds forming the epoxy ring. Usually the
concentration of peracetic acid in the system use to be low
because the continuous consumption during epoxidation
reaction. Under our stablished conditions this effect could be
negligible or not enough as the less reactive DB could react.
It is well supported by our results in which other conditions
were used.

4. Conclusions
The results of the present investigation show that Linseed
Oil could be efficiently epoxidized in a short time. The
combination of parameters that render the better results of
the epoxidation reaction of LO are: a molar relation of
1:0.5:1.5 of DB to acetic acid and H2O2 (50 wt%), 25 wt% of
catalyst, 80°C and 50 min. As well the conditions: a molar
relation rate of 1:0.5:1.5 of DB to acetic acid and H2O2 (50
wt%), 25 wt% of catalyst, 70°C and 135 min, rendered
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practically the same results: conversion of DB, 97-98%;
conversion to epoxide, 93% (± 1%) and a selectivity of 96%.
The monitoring and characterization of the reaction was
performed by FTIR-HART and 1H NMR spectroscopies.
The double bonds and epoxy signals were well identified and
quantified employing both spectroscopies, evidenced the
good reliability of them for characterize the epoxidized oils.

ACKNOWLEDGEMENTS
Authors thank to the CONACyT for the fellowship and to
the M.C. Nieves Zavala from CCIQS, UAEM-UNAM for
her technical support for the NMR analysis.

REFERENCES
[1]

[2]

[3]

E.A. Baroncini, A.K. Yadav, G.R. Palmese, and J.F.
Stanzione III, “Recent advances in bio-based epoxy resins
and bio-based epoxy curing agents”, J. Appl. Polym. Sci., vol.
133, pp. 1-19, July 2016.
A.W. Bassett, J.J. La Scala, and J.F. Stanzione III, “Richard P.
Wool`s contributions to sustainable polymers from 2000 to
2015”, J. Appl. Polym. Sci., vol. 133, pp. 1-14, May 2016.
A. Gandini, T.M. Lacerda, A.J.F. Carvalho, and E. Trovatti,
“Progress of polymers from renewable resources: furans,
vegetable oils, and Polisaccharides”, Chem Rev., vol. 116, pp.
1637-1669, Aug. 2015.

[4]

A. Gandini, and T.M. Lacerda, “From monomers to polymers
from renewable resources: Recent advances”, Progress Polym.
Sci., vol. 48, pp. 1-39, Sept. 2015.

[5]

K.F. Adenkule, “A review of vegetable oil-based polymers:
Synthesis and applications”, Open J. Polym. Chem., vol. 5, pp.
34-40, Aug. 2015.

[6]

M. Fache, B. Boutevin, and S. Caillol, “Vainillin, a
key-intermediate of biobased polymers”, E. Polym. Sci., vol.
68, pp. 488-502, July 2015.

[7]

J.-M. Raquez, M. Deléglise, A.-F. Lacrampe, and P.
Krawczak, “Thermosetting (bio)materials derived from
renewable resources: A critical review”, Progress Polym Sci.,
vol. 35, pp. 487-509, Apr. 2010.

[8]

V.K. Thakur, and M.K. Thakur (eds.), Functional
Biopolymers, Springer Series on Polymer and Composite
Materials, Switzerland: Springer International Publishing AG,
2018.

[9]

S.M. Danov, O.A. Kazantsev, A.L. Esipovich, A.S. Belousov,
A.E. Rogozhin, and E.A. Kanakov, “Recent advances in the
field of the selective epoxidation of vegetable oils and their
derivates: a review and perspective”, Catal. Sci. Tech., vol. 7,
pp. 3659-3675, Jul. 2017.

[10] Z. Liu, and G. Kraus (eds.), Green materials from plant oils,
UK: Royal Society Chemistry, 2015.
[11] N.B, Samarth, and P.A. Mahanwar, “Modified vegetable oils
based additives as a future polymeric material – Review”,
Open J. Org. Polym. Mat., vol. 5, pp. 1-22, Jun. 2015.

[12] R. Wang, and P. Schuman, “Vegetable oil-derived epoxy
monomers and polymer blends: A comparative study with
review”, eXPRES Polym. Lett., vol. 7, pp. 272-292, March
2013.
[13] J. Salimon, N. Salih, and E. Yousif, “Industrial development
and applications of plant oils and their biobased
oleochemicals”, Arabian J. Chem., vol. 5, pp. 135-145, Apr.
2012.
[14] Y.B. Tee, R.A. Talib, K. Abdan, N.L. Chin, R.K. Basha, and
K.F. Md Yunos, “Comparative study of chemical, mechanical,
thermal, and barrier properties of poly(lactic acid) plasticized
with epoxidized soybean oil and epoxidized palm oil”,
BioRes., vol. 11, pp. 1518-1540, Feb. 2016.
[15] A. Sammahia, K.V. Padmaja, and R.B.N. Prasad, “Synthesis
of epoxy jatropha oil and its evaluation for lubricant
properties”, J. Oleo. Sci., vol. 63, pp. 637-643, May 2014.
[16] S. Arumugam, G. Sriram, and L. Subadhra, “Synthesis,
chemical modification and tribological evaluation of plant oil
as bio-degradable low temperature lubricant”, Proc. Eng., vol.
38, pp. 1508-1517, Sept. 2012.
[17] E. Albarran-Preza, D. Corona-Becerril, E. Vigueras-Santiago,
S. Hernández-López, “Sweet polymers: Synthesis and
characterization of xylitol-based epoxidized linseed oil
resins”, E. Pol. J., vol. 75, pp. 539-551, Apr. 2016.
[18] P. Alagi, Y.J. Choi, and S.Ch. Hong, “Preparation of
vegetable oil-based polyols with controlled hydroxyl
functionalities thermoplastic polyurethane”, vol. 78, pp.
46-60, May 2016.
[19] B. Lin, L. Yang, H. Dai, and A. Yi, “Kinetic studies on
oxirane cleavage of epoxidized soybean oil by methanol and
characterization of polyols”, J. Am. Oil Chem. Soc., vol. 85,
pp. 113-117, Feb. 2008.
[20] Y. Chen, Z. Zhenhao, and L. Zhao, “New bio-based
polymeric thermosets synthesized by ring-opening
polymerization of epoxidized soybean oil with a green curing
agent”, E. Pol. J., vol. 84, pp. 435-447, Nov. 2016.
[21] M. Stemmelem, V. Lapinte, J.-P. Habs, and J.-J. Robin,
“Plant oil-based epoxy resins from fatty diamines and
epoxidized vegetable oils”, E. Pol. J., vol. 68, pp. 536-545, Jul.
2015.
[22]

J-M. Pin, 2015, N. Sbirrazzuoli, and A. Mija, “From
epoxidized linseed oil to bioresins: An overall approach of
epoxy/anhydride cross-linking”, Chem. Sus. Chem., vol. 8,
pp. 1231-1243, Apr. 2015.

[23] R. Chen, Ch. Zhang, M.R. Kessler, “Polyols and
polyurethanes prepared from epoxidized soybean oil
ring-opening by polyhydroxy fatty acids with varying OH
numbers”, J. Appl. Polym. Sci., vol. 132, pp. 1-10, Jul. 2014.
[24] U. Biermann, U. Bornscheuer, M. A.R. Meier, J.O. Metzger,
and H.J. Schâfer, “Oils and fats as renewable raw materials in
chemistry”, Angew. Chem. Int. Ed., vol. 50, pp. 3854-3871,
Apr. 2011.
[25] H. Liang, L. Liu, J. Lu, M. Chen, and Ch. Zhang, “Castor
oil-based cationic waterborne polyurethane dispersions:
Storage, stability, thermo-physical properties and
antibacterial properties”, Ind. Crop Prod., vol. 117, pp.
169-178, Jul. 2018.

American Journal of Chemistry 2018, 8(5): 99-106

[26] M.A. Sawpan, “Polyurethanes from vegetable oils and
applications: a review”, J. Pol. Res., vol. 25, pp. 1-15, Jul.
2018.
[27] E. Mazzon, A. Habas-Ulloa, and J.-P. Habas, “Lightweight
rigid foams from highly reactive epoxy resins derived from
vegetable oil for automotive applications”, Eur. Pol. J., vol.
68, pp. 546-557, Jul. 2015.
[28] Y. Li, X. Luo, and S. Hu, Bio-based polyols and
polyurethanes, Springer Briefs in Green Chemistry for
sustainability, Switzerland: Springer International Publishing
AG.
[29] Ch. Zhang, S.A. Madbouly, and M.R. Kessler, “Biobased
polyurethanes prepared from different vegetable oils”, Appl.
Mater. Interfaces, vol. 7, pp. 1226-1233, Dec. 2014.
[30] A. Salanti, L. Zoia, R. Simonutti, and M. Orlandi,
“Epoxidized lignin derivates as bio-based cross-linkers in the
preparation of epoxy resins”, BioRes., vol. 13, pp. 2374-2396,
May 2018.
[31] N. Supanchaiyamat, P.S. Shuttleworth, C. Sikhom, S.
Chaengkham, H.-B. Yue, J.P. Fernández-Blazquez, V.L.
Budarin, and A.J. Hunt, “Bio-based carbonaceous composite
materials from epoxidised linseed oil, bio-rerived curing
agent and starch with controllable functionality”, RSC
Advances, vol. 7, pp. 24282-24290, May 2017.
[32] N. Supanchaiyamat, A.J. Hunt, P.S. Shuttleworth, Ch. Ding,
J.H. Clark, and A.S. Matharu, “Bio-based thermoset
composites from epoxidised linseed oil and expanded starch”,
RSC Advances, vol. 4, pp. 23304-2313, May 2014.
[33] S. Miao, K. Liu, P. Wang, Z. Su, and S. Zhang, “Preparation
and characterization of epoxidized soybean oil-based paper
composite as potential water-resistant materials”, J. Appl.
Polym. Sci., vol. 132, pp. 1-7, March 2014.
[34] M. Mosiewicki, and M. I. Aranguren, “A short review on
novel biocomposites based plant oil precursors”, Eur. Polym.
J., vol. 49, pp. 1243-1256, Jun. 2013.
[35] M. Musik, and E. Milchert, “Selective epoxidation of sesame
oil with peracetic acid”, vol. 433, pp. 170-174, May 2017.
[36] J. C. De Haro, I. Izarra, J.F. Rodríguez, A. Pérez, and M.
Carmona, “Modelling the epoxidation reaction of grape seed
oil by peracetic acid”, vol. 138, pp. 70-76, Dec. 2016.
[37] S. Sinadinovic-Fiser, M. Jankovic, O. Borota, I. Ristic, J.
Budinski-Simendic, M. Jovicic, V. Rafajlovska, “Epoxidation
of castor oil with peroxiacetic acid”, The 5th PSU-UNS
International Conference on Engineering and Technology
(ICET-2011), Phuket, Thailand, May 2-3, 2011.
[38] E. Milchert, and A. Smagowicz, “The influence of reaction
parameters on the epoxidation of rapseed oil with peracetic
acid”, J. Am. Oil Chem Soc., vol. 86, pp. 1227-1233, Dec.
2009.
[39] Ch. Cai, H. Dai, R. Chen, C. Su, X. Xu, S. Zhang, and L.
Yang, “Studies of the kinetic of in situ epoxidation of
vegetable oils”, Eur. J. Lipid Sci. Technol., vol. 110, pp.
341-346, Apr. 2008.
[40] V.V. Goud, N.C. Pradhan, and A.V. Patwardhan,
“Epoxidation of karanja (Pongamia glabra) oil by H2O2”, J.
Am. Oil. Chem. Soc., vol. 83, pp. 635-640, Jul. 2006.

105

[41] B. Rangarajan, A. Havey, E.A. Grulke, and P.D. Culnan,
“Kinetic parameters of a two-phase model for in situ
epoxidation of soybean oil”, J. Am. Oil. Chem Soc., vol. 72,
pp. 1161-1169, Jan. 1995.
[42] A.E. Kale, D.G. Goswami, P.S. Zade, and M.B. Mandake,
“Recent advances in epoxidation of vegetable oils”, J.
Emerging Tech. Innovative Res., vol. 4, pp. 171-175, Apr.
2017.
[43] A.H. Noor Armylisas, M.F. Siti Hazirah, S.K. Yeong, and
A.H. Hazimah, “Modification of olefinic double bonds of
usaturated fatty acids and other vegetable oil derivates via
epoxidation: A review”, Grasas y Aceites, vol. 68, pp. 1-11,
Jan.-March 2017.
[44] Z.A. Bakar, Z. Idris, A.S.A. Hazmi, S.S. Hoong, Z.A. Maurad,
H.A. Hassan, and R. Ismail, “Process control for epoxidation
of RBD palm olein”, J. Oil Palm Res., vol. 28, pp. 228-233,
June 2016.
[45] A.M. Sienkiewicz, and P. Czub, “The unique activity of
catalyst in the epoxidation of soybean oil and following
reaction of epoxidized product with bisphenol A”, Ind. Crop
Prod., vol. 83, pp. 755-773, May 2016.
[46] S. Tayde, M. Patnaik, S.L. Bhagt, and V.C. Renge,
“Epoxidation of vegetable oils: A review”, Int. J. Adv. Eng.
Technol., vol. II, pp. 491-501, Oct.-Dec. 2011.
[47] B.M. Abdullah, and J. Salimon, “Epoxidation of vegetable
oils and fatty acids: Catalysts, methods and advantages”, J.
Appl. Sci., vol. 10, pp. 1545-1553, Nov. 2010.
[48] T. Vlcek, and Z. Petrovic, “Optimization of chemoenzymatic
epoxidation of soybean oil”, J. Oil Chem. Soc., vol. 83, pp.
247-252, March 2006.
[49] V. V. Goud, A.V. Patwardhan, and N.C. Pradhan, “Studies of
the epoxidation of mahua oil (Madhumica indica) by
hydrogen peroxide”, Biores. Technol., vol. 97, pp. 1365-1371,
Aug. 2016.
[50] Z.S. Petrovic, A. Zlatanic, Ch.C. Lava, and S.
Sinadinovic-Fiser, “Epoxidation of soybean oil in toluene
with peroxoacetic and peroxoformic acids-kinetics and side
reactions”, vol. 104, pp. 293-299, May 2002.
[51] F. Haitz, S. Radloff, S. Rupp, M. Frohling, T. Hirt, and S.
Zibek, “Chemo-enzymatic epoxidation of Lallemantia
iberica
seed
oil:
Process
developments
and
economic-ecological evaluation”, Appl. Biochem. Biotech.,
vol. 185, pp. 13-33, May 2018.
[52] E. Milchert, K. Malarczyk, and M. Klos, “Technological
aspects of chemoenzymatic epoxidation of fatty acids, fatty
acid esters and vegetable oils: A review”, vol. 20, pp.
21482-21493, Dec. 2015.
[53] G. López-Téllez, E. Vigueras-Santiago, and S.
Hernández-López, “Characterization of linseed oil
epoxidized at different percentages”, Superficies y Vacío, vol.
22, pp. 5-10, March 2009.
[54] I. Hilker, D. Bothe, J. Prus, H.-J. Warnecke,
“Chemo-enzymatic epoxidation of unsaturated plant oils”,
Chem. Eng. Sci., vol. 56, pp. 427-432, Jan. 2001.
[55] S. Warwel, and M.R. Klaas, “Chemo-enzymatic epoxidation
of unsaturated carboxylic acids”, J. Mol. Catal. B: Enzymatic,

106

E. Dehonor-Márquez et al.: Effective and Fast Epoxidation Reaction of
Linseed Oil Using 50 wt% Hydrogen Peroxyde
vol. 1, pp. 29-35, Dec. 1995.

[56] J. Sepulveda, S. Teixeira, U. Schuchardt, “Alumina-catalyzed
epoxidation of unsaturated fatty esters with hydrogen
peroxide”, Appl. Cat. A: General, vol. 318, pp. 213-217, Feb.
2007.

[66] M.R. Jankovic, S.V. Sinadinovic-Fiser, and O. M.
Govedarica, “Kinetics of the epoxidation of castor oil with
peracetic acid formed in situ in the presence of an
ion-exchange resin”, Ind. Eng. Chem. Res., vol. 53, pp.
9357-9364, May 2014.

[57] Ch.S. Mandakar, R.V. Sharma, A.K. Dalai, and S.N. Naik,
“Epoxidation of canola oil for the production of biolubricants
using silica-titania TiSBA-15, heterogeneous catalyst”, Catal.
Green Chem. Eng., vol. 1, pp. 51-63, 2018.

[67] P.D. Meshram, R.G. Puri, and H.V. Patil, “Epoxidation of
wild safflower (Carthamus oxyacantha) oil with peroxy acid
in presence of strongly acidic cation exchange resin IR-122
catalyst”, Int. J. ChemTech Res., vol. 3, pp. 1152-1163,
July-Sept. 2011.

[58] M.-Y. Yao, Y.-B. Huang, X. Niu, and H. Pan, “Highly
efficient silica-supported peroxycarboxylic acid for the
epoxidation of unsaturated fatty acid methyl esters and
vegetable oils”, Sustainable Chem. Eng., vol. 4, pp.
3840-3849, May 2016.

[68] R. Mungroo, N.C. Pradhan, V.V. Goud, and A.K. Dalai,
“Epoxidation of canola oil with hydrogen peroxide catalyzed
by acidic ion exchange resin”, J. Am. Oil Chem. Soc., vol. 85,
pp. 887-896, Sept. 2008.

[59] D. Kumar, and A. Ali, “Ti/SiO2 as nanosized solid catalyst for
the epoxidation of fatty acid methyl esters and triglycerides”,
Energy Fuels, vol. 26, pp. 2953-2961, Apr. 2012.

[69] V.V. Goud, A.V. Patwardhan, and N.C. Pradhan, “Kinetics of
in situ epoxidation of natural unsaturated tryglicerides
catalized by acidic ion exchange resin”, Ind. Eng. Chem. Res.,
vol. 46, pp. 3078-3085, May 2007.

[60] B. Chowdhury, J.J. Bravo-Suárez, N. Mimura, J. Lu, K.K.
Bando, S. Tsubota, and M. Haruta, “In situ UV-vis and EPR
study on the formation of hydroperoxide species during direct
gas phase propylene epoxidation over Au/Ti-SiO2 catalyst”, J.
Phys. Chem. B, vol. 110, pp. 22995-22999, Nov. 2006.

[70] V.V. Goud, A.V. Patwardhan, and N.C. Pradhan, “Strongly
acidic cation exchange resin of sulphonated polystyrene type
used as catalyst for epoxidation of castor oil with peracetic
acid and performic acid”, Solid State Sci. Technol., vol. 14,
pp. 62-68, 2006.

[61] A. Campanella, M.A. Baltanás, M.C. Capel-Sánchez, J.M.
Campos-Martín, and J.L.G. Fierro, “Soybean oil epoxidation
with hydrogen peroxide using an amourphous Ti/SiO2
catalyst”, Green Chem., vol. 6, pp. 330-334, June 2004.

[71] S. Sinadinovic-Fiser, M. Jankovic, and Z.S. Petrovic,
“Kinetics of in situ epoxidation of soybean oil in bulk
catalyzed by ion exchange resin”, J. Am. Oil. Chem. Soc., vol.
78, pp. 725-731, July 2001.

[62] M. Jankovic, S. Sinadinovic-Fiser, O. Govedarica, J.
Pavlicevic, and J. Budinski-Simendic, “Kinetics of soybean
oil epoxidation with pereacetic acid formed in situ in the
presence of an ion exchange resin: pseudo-homogeneous
model”, Chem. Ind. Chem. Eng. Q., vol. 23, pp. 97-111, 2017.

[72] P. Joseph-Natham, and E. Díaz-Torres. Introducción a la
Resonancia Magnética Nuclear, México: Limusa, S.A., 1980.

[63] T.D. Zeleke, and Y.M. Ayana, “Epoxidation of vernonia oil in
acidic ion exchange resin”, Am. J. Appl. Chem., vol. 5, pp.
1-6, Feb. 2017.
[64] R.A. Nugrahani, A.S. Redjeki, Y. Mentari, M. Jannah, T.Y.
Wibowo, and A.I. Ramadhan, “Study effect of temperature
and reaction kinetics model selection epoxidation against rice
brain oil methyl ester with catalyst Amberlite IR-120”, J. Eng.
Appl, Sci., vol. 12, pp. 3947-3952, July 2017.
[65] E. Milchert, K. Malarczyk-Matusiak, and M. Musik,
“Technolgical aspects of vegetable oils epoxidation in the
presence of ion exchange resins: A review”, Polish J. Chem.
Technol., vol. 18, pp. 128-133, Oct. 2016.

[73] Y. Miyake, K. Yokomizo, and N. Matsuzaki, “Rapid
determination of iodine value by 1H Nuclear Magnetic
Resonance spectroscopy”, J. Am.Oil. Chem. Soc., vol. 75, pp.
15-19, Jan. 1998.
[74] C. Núñez, E. Vergara, J. Lisperguer, and C. Droguett, “Fast
and reliable method for monitoring epoxidation reaction in
recycled vegetable oils (ERVO) usin FTIR-ATR technique”,
J. Chil. Chem. Soc., vol. 61, pp. 2763-2766, Mar. 2016.
[75] M. Farias, M. Martinelli, D.P. Bottega, “Epoxidation of
soybean oil using a homogeneous catalytic system based on a
molybdenum (VI) complex”, Appl. Catal. A., vol. 384, pp.
213-219, Aug. 2010.

