Journal of Polymer Research (2021) 28: 343
https://doi.org/10.1007/510965-021-02706-8

ORIGINAL PAPER q

Check for
updates

Epoxidation reaction in promising Brazilian biomass: decreased time
and catalyst loading to produce renewable monomers

Raquel Magri'® - Caroline Gaglieri' © - Rafael T. Alarcon'© . Gilbert Bannach'

Received: 23 April 2021 / Accepted: 12 August 2021 / Published online: 16 August 2021
© The Polymer Society, Taipei 2021

Abstract

The syntheses of new materials using vegetable oils have increased due to technological interest and low environmental
impact. Baru nut provides baru oil, rich in linoleic and oleic fatty acids that can be modified into epoxides compounds. Thus,
the optimization of the epoxidation synthesis of baru vegetable oil by the conventional thermal route was investigated using
green and quick heterogeneous catalytic method. The raw baru oil and epoxidized oil were characterized by titrimetric,
spectroscopic, and thermal analyses. Here we demonstrate that the epoxidation of baru oil does not require 6 h or 25% of
catalyst as reported in the literature. However, it was possible to achieve > 99% of alkenes conversion into epoxide rings in

just 3 h of reaction with 10% of heterogeneous catalyst.
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Introduction

Vegetable oils are an important renewable raw material and
have been widely used to synthesize combustibles, poly-
meric materials, and other materials thereby contributing to
sustainable development [1]. The baru tree (Dipteryx alata
Vogel) belongs to the Fabaceae family, widely found in Bra-
zilian Cerrado. In addition, the specimen is well adapted
to dry and rainy climates, facilitating its development. The
fruiting season occurs mainly in the months of October and
November and each adult baru tree produces around 500
fruits annually, containing a single nut inside. Approxi-
mately 40% of the mass of each nut is baru oil, which is rich
in oleic (47%) and linoleic (28%) fatty acids [2, 3].

The vegetable oil becomes monomers used in polymer
synthesis after some chemical modifications, as epoxidation
[4]. This reaction transforms the alkenes in the fatty acid
chain into a three-membered ring with oxygen (epoxide).
The product formed is unstable causing the increased reac-
tivity, resulting in technological interest materials, such as
polymers [5]. In addition, this reaction follows the principles
of green chemistry, as it is efficient and does not require toxic
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reactants or solvents [6]. Epoxidation can be done by react-
ing vegetable oil and peracetic acid, formed by an in situ
reaction between hydrogen peroxide and acetic acid, which
is non-toxic, minimally hazardous, and biodegradable [7].
Although peracetic acid is less reactive than performic acid,
its use generates fewer side reactions in the system [8]. By
step-growth polymerization between epoxy monomers and
crosslinkers (amines, alcohols, thiols, and carboxylic acids/
anhydrides), new polymers are obtained [9]. The epoxidized
compound can react with acrylic acid to provide an acrylate
monomer, which can be further used in chain-growth polym-
erization [9]. Epoxidized vegetable oils can react with CO,
to obtain five-membered cyclic carbonates, these can react
with amines providing polyhydroxyurethanes — PHUs [10].

Di Mauro et al. [11] synthesized materials with recycla-
bility properties by the crosslink between epoxidized vegeta-
ble oils and disulfide-based aromatic dicarboxylic acid [11].
In addition, the literature reports that epoxidized vegetable
oils cured in a 3D printer produce polymers with modeling
and soldering properties [12].

Several works in literature describe the use of homoge-
neous catalyst, which can easily provide parallel reactions.
Other studies have used heterogeneous catalyst requir-
ing a reaction time of over 6 h [8, 13, 14]. Therefore, this
work aims to optimize the reaction time and catalyst load-
ing in baru oil epoxidation, which can be extended to any
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unsaturated vegetable oil following the Principles of Green
Chemistry.

Experimental
Materials

Baru oil (BO), glacial acetic acid (CH;COOH >99%), Wijs
solution, hydrogen peroxide (H,0,, 50%), sodium carbonate
(Na,CO3,>99%), phenolphthalein, crystal violet, amberlite-
IR120, chloroform (99.8%), toluene (99.5%), perchloric
acid (HC1O, 70%), anhydride magnesium sulfate (MgSOy,,
98%), potassium hydrogen phthalate (KPH, >99.5%), ethyl
acetate (99.5%), and potato starch were used without further
purification.

Epoxidation of baru oil (EBO)

The synthesis followed the literature [14], except for the
reaction time. The proportions used between the C=C:
H,0,: CH;COOH reagents were 1:6:0.5. First, 45 g of BO,
6 mL of CH;COOH, and 11.42 g of Amberlite-IR120 (25
wt.% of catalyst based on vegetable oil mass) were placed in
a flask with a magnetic bar, then the mixture was agitated for
30 min at 60 °C in a heating plate with stirring and with an
aluminum base insulation used for thermal homogenization.
Then, 61.5 mL of H,0O, was added into the reaction. The
system was kept in reflux at 60 °C and 4 different times were
evaluated (1 h, 2 h, 3 h, and 3.5 h). Thereafter, the crude
product was filtered (recovering the catalyst) and added to
a separatory funnel, then, ethyl acetate (10 mL) was poured
into the separatory funnel. Subsequently, the sample was
purified removing residual CH;COOH by neutralization
reaction with 30 mL of Na,CO; (0.1 M), until the water
layer attained a pH of 7.0, which was verified using a
universal pH paper. Then, the organic layer was dried using
MgSO,. Thereafter, the product was filtered, and the organic
layer was concentrate by evaporation process, providing a
colorless liquid that becomes solid at room temperature
with a grease aspect. The same procedure was used for the

1:6:1 (C=C:H,0,:CH;COOH) molar proportion using 25%
catalyst and, subsequently, the same molar ratio was tested
with 5 wt.% and 10 wt.% of Amberlite IR-120.

Sample characterization
Epoxy value (EV)

The EV results were determined by the titrimetric method
(3 %), described by ASTMD1652-11 [15]. First, 0.4 mg of
epoxidized baru oil was poured into an erlenmeyer, then it
was solubilized in acetic acid with an excess of tetraethyl
bromide, this solution was titrated against a HC1O, solution
(previous standardized, 0.1 mol L_l) until the violet color
changed to green (violet crystal was used as indicator).

Mid-infrared spectroscopy (MIR) and 'H-NMR

The analysis equipment and conditions followed the litera-
ture [16]. For 'TH-NMR analysis the samples were solubi-
lized in CDCl; (99.8% D).

Simultaneous thermogravimetry-differential
thermal analysis (TG-DTA) and differential scanning
calorimetry (DSC)

The conditions as well as the equipment used were the same
as described in previous works [16]. The TG-DTA curves
were performed from 30 to 700 °C. For the DSC curves, a
heating / cooling cycle procedures from —35 to 120° C were
employed.

Results and discussion
Epoxy value
The epoxy value (EV) determines the amount of epoxide

oxygen present in 100 g of sample. Table 1 exhibits the
EV, the percentage of conversion of the double bonds into

Table 1 Proportions between

C=C: H,0,: CH,COOH, Synthesis Proportion Time/h Catalyst/% Oxygen/wt.% Conversion/% *
reaction time, catalyst loading, a 1:6:0.5 25 2.9 494
and conversion of dquble bonds b 1:6:0.5 25 52 94.5
of epoxidized baru oil samples
c 1:6:0.5 25 52 95.5
d 1:6:0.5 35 25 5.5 >99.0
e 1:6:01 25 5.7 >99.0
f 1:6:1 10 5.6 >99.0
g 1:6:1 5 4.7 88.2

*calculated by '"H-NMR
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epoxy rings for each sample (obtained by 'H-NMR and bet-
ter discussed in the next topic), as well as the synthesis con-
ditions. Initially, the molar proportion of the reagents and
catalyst loading used were the same as in literature (25 wt.%)
[14], and only the reaction time varied (syntheses “a—d”
in Table 1). Only 3.5 h of reaction provided the complete
conversion of double bonds into epoxide rings. Thereafter,
aiming to decrease the reaction time to 3 h a new molar
proportion was tested (1:6:1), and the catalyst amount was
maintained (25 wt.%), which resulted in a complete conver-
sion of alkenes into epoxides (>99.0). Finally, the catalyst
amount was decreased to 10 wt.% and 5 wt.% (syntheses f
and g in Table 1). Although 5 wt.% of catalyst was enough
to provide almost 90% of conversion, 10 wt.% exhibited a
better conversion (>99.0%). Consequently, the optimiza-
tion resulted in the molar ratio of 1:6:1; 10% of catalyst,
and 3 h of reaction (ideal epoxidized baru oil) is the best
experimental condition. This sample presented 5.7 wt% of
oxygen epoxide value, resulting in 0.3563 mol of oxygen
(epoxy) per 100 g of EBO. This result is superior to those
reported in the literature that demonstrate the decrease of
amberlite IR-120 amount to 10 and 15 wt.% using the molar
proportion 1:1.5:0.5 and reaction time equal to 24 h and 8 h,
respectively. The conversion of double bonds into epoxide
rings was 78.3% in the shortest time [17, 18]. Therefore,
this work demonstrates higher value of conversion in shorter
time, consequently demanding less energy consumption. The
slowest step in the Prilezhaev reaction is the peracid acid
formation; thus, increasing the hydrogen peroxide and acetic

acid amounts will assist this step to allow higher values of
conversion in shorter time.

Mid-infrared spectroscopy (MIR) and 'H-NMR

Mid-Infrared spectra for baru oil and ideal epoxidized baru
oil are illustrated in Fig. 1, while the spectra for the other
samples are illustrated in Figs. S1—S6 in the supplemen-
tary material. In the spectrum of epoxidized oil the disap-
pearance of a band refers to alkene double bond stretching
at 1650 cm™!, which is present in oleic and linoleic acids
(blue arrow); this change is expected due to the consump-
tion of the double bond into epoxy group. Consequently,
the band referring to the stretching of vinyl hydrogen at
3008 cm™! (red arrow) also disappears. Note that the disap-
pearance of the double bond and vinyl hydrogen occurs in
just 2 h of reaction (Fig. S2) and when 5wt.% of catalyst is
used (Fig. S6). However, as observed by conversion values
(Table 1), the amount of epoxide in the samples continues
to increase. The band referring to the formation of the epoxy
ring can be observed between 826.8 and 844.4 cm™' (green
arrow); this band is more visible for samples in a 1:6:1
molar ratio with 25 wt.% (Fig. S5) and 10 wt.% (Fig.1b) of
catalyst. Finally, the non-existence of an intense and large
band at 3500 cm™! associated to the O—H stretching proves
that there was no formation of by-products, which could be
formed in parallel reactions. [14, 19, 20].

Fig. S7a (supplementary material) displays the 'H-NMR
spectra for BO and EBO. The vinyl hydrogens in baru oil

Fig. 1 MIR spectra for (a) baru
oil and (b) ideal epoxidized
baru oil
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Fig.2 'H-NMR spectra obtained for (a) baru oil, and the epoxidized samples in the molar proportion 1:6:1 with different catalyst loading (b) 25

Wt.%, (¢) 5 wt.%, (d) 10 wt.%

occurs as a multiplet signal at 5.34 ppm. In addition, the
2.77 ppm triplet is associated with hydrogens attached to a
carbon between two alkenes in linoleic acid, while the signal
at 2.04 ppm is attributed to the allylic hydrogens of mono-
saturated chains. The full spectra of epoxidized samples are
provided in Figs. S7b—S7h. The non-complete conversion
of double bonds into epoxides is better viewed by the mag-
nification of region between 5.8 ppm and 1.9 ppm, which
are exhibited in Fig. S8 (effect of time) and Fig. 2 (effect
of catalyst amount). After 1 h, the signals at 5.34, 2.77,
and 2.04 are still present, while the signals 3.2-2.9 ppm
are related to hydrogens attached to carbons of epoxide
rings [21, 22]. However, the presence of signals observed
between 5.57 ppm and 5.37 are related to the vinyl hydro-
gens from polyunsaturated chains, which did not have all
double bonds consumed [23]. Increasing the reaction time,
and consequently the conversion of double bonds, these
signals decrease until vanishing after 3.5 h. For the varia-
tion of catalyst (Fig. 2c), the presence of residual chains of
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monosaturated chains at 2.04 ppm and those associated with
the incomplete conversion of polyunsaturated are observed
only for the sample with 5 wt.%. By "H-NMR, it was also
possible to identify the amount of mono and polyunsaturated
chains in samples; and as can be seen in Fig. 3, the double
bonds in polyunsaturated chains are consumed before those
present in monounsaturated chains.

With 2 h of reaction (Fig. S9) and 5% of catalyst load-
ing (Fig. S12), the triplet associated with this signal was
not observed, but the signal referring to the vinyl hydrogens
remained. This shows that the MIR technique can only be
used qualitatively to monitor the reaction progress. Thus,
MIR and "H-NMR spectra evidence that the epoxidation of
baru oil can be completed with 50% less time and 40% less
catalyst loading than in the literature. Furthermore, the het-
erogeneous catalyst (Amberlite IR-120) provided a quick and
clean reaction route for epoxidation of BO, due to the non-
formation of by-products. Finally, especially in this case, the
2" Principle of Green Chemistry was followed to provide
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a more efficient reaction that transforms most of the rea-
gents into final product. To follow 6, 7 and 9™, principles
the synthesis was proposed to reduce reaction time, catalyst
loading, and use of renewable materials [14, 21, 22, 24].

Simultaneous thermogravimetry-differential
thermal analysis (TG-DTA) and differential scanning
calorimetry (DSC)

The TG/DTG-DTA curves for BO are exhibited in Fig. 4a.
It has thermal stability up to 260.2 °C and decomposes in
two stages of mass loss. The first one (260.2 — 483.8 °C,
Am=96.19%) refers to the degradation of fatty acid chains
saturated and unsaturated oil by radical processes. The sec-
ond one (483.8 —591.8 °C, Am=3.16%) is associated with
oxidation of formed carbonaceous matter [25]. Both steps
are related to exothermic peaks in the DTA curve at 384.3 °C
and 502.9 °C, respectively.

Epoxidized baru oil (Fig. 4b) is less stable (230.2 °C) than
pure oil, because of radical dehydrogenation and thermal
cleavage of the epoxide rings. The small mass loss before
achieving thermal stability is due to the evaporation of the
residual solvent (ethyl acetate). The epoxide decomposition
also occurs in two stages: the first one (230.2 — 484.1 °C,
Am=93.58%) is a complex degradation occurring in a con-
secutive and overlapping processes, as can be seen in the
DTG curve. The second step (484.1 —627.8 °C, Am=5.51%)
is also associated with oxidation and degradation of

I poliunsaturated
B monounsaturated

Q (€] Lo}
Syntheses

carbonaceous matter. Both steps resulted in exothermic
peaks in DTA curve: 372.5 °C and 518.3 °C, respectively
[14]. In the supplementary material, Figs. S9—S14 illustrate
the TG/DTG-DTA curves of each sample of epoxidized baru
oil, and Table S1 exhibits the range and event temperatures
and experimental mass loss for each step. Increasing the
epoxy formation decreases the thermal stability.

The DSC curve exhibits that baru oil (Fig. 5a) crystallizes
at —24.8 °C in the first heating and melts in the second
heating at —12.3 °C and -15.8 °C (endothermic events),
respectively. As aforementioned, at room temperature, pure
oil is liquid; while the epoxidized oil is completely solid,
and its DSC curve (Fig. 5b) is more complex. The sample
crystallizes at —34.2 °C (exothermic peak). Endothermic
events at —6.5 °C and 18.5 °C (first heating) and at -2.1 °C
(second heating) refer to the fusion of part of the non-soluble
triglycerides, especially those with the highest amount of
saturated fatty acid chains. The peaks at 0.2 °C and 2.5 °C
in the first and second heating, respectively are related
with a solid transition between two different structures,
which occurs due to rapid cooling and has a lower thermal
stability than an EBO at room temperature. This transition
was detected in samples with a higher degree of conversion
(Fig. 5b, Figs. S18 and S19). All events are in agreement
with those reported in the literature for a filmed EBO sample
[14]. Furthermore, other modified vegetable oils such
as maleinized vegetable oils exhibited a similar thermal
behavior [16]. The endothermic peaks at 28.7 °C and 43.5 °C
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Fig.4 TG/DTG-DTA curves for (a) baru oil and (b) ideal epoxidized
baru oil

in the first heating and 30.8 °C in the second heating are
associated to the structural melting of ideal epoxidized baru
oil. Finally, the melting temperature tends to increase as the
consumption of the double bonds increase (Figs. S15-S18).
Yang et al. [26] also report increasing in the intermolecular
interaction force for epoxidized soybean oil [26]. The oxygen
from epoxy rings provides a greater physical interaction and
a larger packing causes an increasing in melting temperature
[27]. Therefore, the pure oil shows higher melting
temperature than the epoxidized samples. Figs. S15-S19
(Supplementary Material) illustrate DSC curves of the other
samples of epoxidized baru oil, and Table S2 exhibited the
temperatures and enthalpies of melting, crystallization, and
layer transition.
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Fig.5 DSC curves for (a) baru oil, and (b) epoxidized baru oil
(1:6:1;10%)

Conclusion

The optimization of baru oil epoxidation synthesis was suc-
cessful, as it achieved conversions of alkenes into epoxide
rings >99% with just 3 h of reaction and 10% of catalyst.
Consequently, this route proved a cleaner, greener, and more
efficient route than those previously in literature.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10965-021-02706-8.
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