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Abstract

Epoxidized soybean oil was produced in this study by in situ generated peroxycitric with citric acid and hydrogen peroxide.
Different production techniques were applied, namely conventional heating epoxidation and microwave-assisted epoxidation,
using the Prileschajew method. Three different processes were studied in the conventional heating process: homogeneous
catalysis with sulfuric acid, heterogeneous catalysis with Amberlite IR-120, and a process with no catalyst. Compared to
acetic acid, citric acid is less toxic, safer for the epoxidation process, and does not require a strong acid catalyst for the reaction
to occur, although oxirane oxygen content is higher when acetic acid is used as the oxygen carrier. Thermal runaway risks can
be reduced by replacing acetic acid with citric acid since the latter is less volatile and more susceptible to steric hindrance.
Citric acid is more acid than acetic acid, evidenced by a lower pKa, and then tends to favor ring-opening reactions once the
epoxy group is produced. In the microwave heating process, epoxidation using both acetic acid and citric acid was studied.
Microwave-assisted epoxidation allowed a decrease in reaction time from 2 h to 15 min when citric acid epoxidation was
performed with similar resulting oxirane oxygen contents. In epoxidation with acetic acid, time was reduced from 2.3 h to
10 min in homogeneous catalysis with sulfuric acid and from 5 h to 25 min in heterogeneous catalysis with Amberlite IR-120.
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Introduction

Epoxidized vegetable oils have been largely produced and
studied for being originated from a renewable feedstock,
presenting lower cost than petroleum raw-materials (Gupta
et al. 2011; Jin and Park 2008; Saremi et al. 2012) and mul-
tiple applications such as lubricant (Adhvaryu and Erhan
2002), biodegradable polymers (Al-Mulla et al. 2011), and
plasticizer (Yang et al. 2014). Epoxides are highly reactive
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precursors of various substances such as alcohols and poly-
esters, being derived from natural or synthetic substances
(Chua et al. 2012). Epoxidized vegetable oils can be used as
intermediates in the production of polyurethanes (Dwora-
kowska et al. 2012; Pérez-Sena et al. 2018) and the produc-
tion of composite materials as a replacement for polymeric
matrices (Bhalerao et al. 2016; Espinoza-Perez et al. 2011;
Sahoo et al. 2018; Vu et al. 2018).

An epoxide is a functional group in which an oxygen
atom is bonded to two carbon atoms in a cyclic structure.
Epoxidation occurs when unsaturated carbon compounds are
treated with hydrogen peroxide in the presence of oxygen
donating substances. In the first step, hydrogen peroxide
reacts with a carboxylic acid in an acid medium to form a
peroxyacid (Bennett 1956) in a perhydrolysis reaction, as
shown in Fig. 1:

The second step is the epoxidation reaction, in which the
epoxy group is produced from unsaturations in the vegetable
oil: Fig.2.

@ Springer ﬂ%‘éﬂ ABEQ &esmatng


http://orcid.org/0000-0001-7020-121X
http://crossmark.crossref.org/dialog/?doi=10.1007/s43153-021-00096-4&domain=pdf

328

Brazilian Journal of Chemical Engineering (2021) 38:327-340

H@
O
0 =
W
I — H—O0—0—H R—cCZ +  H0
OH O——OH
Fig. 1 Reaction between a carboxylic acid and hydrogen peroxide, yielding a peroxyacid and water
O
O
R—cZ_ RN AN Non
So—on

Fig.2 Reaction between a peroxyacid and an unsaturated compound, yielding an oxirane ring species

In Figs. 1 and 2 it was described epoxidation with the
Prileschajew method. Different oxygen carriers can be used
in the production of epoxidized vegetable oils, such as for-
mic acid (Campanella et al. 2008; Mushtaq et al. 2011), ace-
tic acid (Boyacé and Beltran 2010; Kim and Sharma 2012;
Lage et al. 2014; Perez et al. 2009; Petrovic et al. 2002) and
propionic acid (Aguilera et al. 2018; Leveneur 2017). In
the case of acetic acid and especially formic acid, thermal
runaway situations can occur in the reacting system (Lev-
eneur et al. 2015; Pérez-Sena et al. 2020), leading to high
risks in operation. Epoxidation can also occur directly with
hydrogen peroxide without an oxygen carrier; that approach
can reduce thermal runaway risks, as reported elsewhere
(Pérez-Sena et al. 2020). In this study, citric acid is proposed
as an oxygen carrier that can minimize thermal runaway
issues, as it is less volatile than both acetic acid and formic
acid and more susceptible to steric hindrance due to a more
ramified structure.

Citric acid is a relatively weak carboxylic acid, vastly
common in nature, used by factories for many purposes. In
the food industry, citric acid is regulated as an acidulant,
antioxidant, acidity regulator, and sequestrant (ANVISA
1999). It can also be used as a cleaning agent (Bermudez-
Aguirre and Barbosa-Canovas 2013), a catalyst in reticulated
fiber production (Widsten et al. 2014), and an anticoagulant
(Li et al. 2012). Although it is mainly known to be used for
food applications, it has been studied as a crosslinking agent
for epoxy resins (Altuna et al. 2013; Gogoi et al. 2015a,
b), producing bio-based polymer networks with reasonable
properties, with a major advantage of reducing toxicity when
compared with some of the commercial curing agents (Ding
and Matharu 2014). The use of citric acid as an epoxidation
agent has also been demonstrated (Suzuki et al. 2018), and
the self-catalyst property of CA allows the process to be
completely eco-friendly, with no need for other catalysts and
no toxic residue production.
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Epoxidized vegetable oils production can be assisted by
both heterogeneous and homogeneous catalysis. In homo-
geneous catalysis, a peroxyacid is produced in the presence
of a strong mineral acid such as sulfuric acid or phosphoric
acid, allowing a faster epoxidation compared to heterogene-
ous catalysis, although selectivity may be reduced (Santa-
cesaria et al. 2011; Zheng et al. 2016). Goud et al. (2006)
studied epoxidation of Karanja oil (Pongamia glabra) with
acetic acid, hydrogen peroxide, and sulfuric acid as a cata-
lyst. Authors studied the molar ratio between reagents, and
they found that beyond 1500 rpm in mechanical stirring,
epoxidation reaction is free from mass transfer resistance,
and the kinetic regime controls the process.

Heterogeneous catalysis, frequently chosen due to the
simplicity of separation at the end of the reaction, involves
utilizing solid catalysts with acid groups on their surface.
One example is ion-exchange resins such as Amberlite
IR-120, which are hydrophilic in general, and allow only
small molecules to enter their pores but not the epoxidized
vegetable oil, avoiding oxirane ring-opening (Cooney 2009).
The pores’ size will dictate the ability to catalyze the epoxi-
dation reaction and the selectivity of the catalyst (Sinadi-
novic-Fiser et al. 2001).

Somidi et al. (2014) tested synthesized sulfated SnO, as a
catalyst for canola oil epoxidation. The optimized conditions
resulted in 100% conversion of double bonds and excellent
selectivity to oxirane of 97% in the conventional process
using acetic acid and hydrogen peroxide and a reaction time
of 6 h. A catalyst based on a molybdenum complex on mont-
morillonite K-10 was produced by Farias et al. (2011) in the
epoxidation of soybean and castor oils. Tert-butyl hydrop-
eroxide was used as the oxygen carrier, and reaction times
were varied from 2 to 24 h. With 4 h of reaction in castor oil
epoxidation, researchers obtained 82% conversion of double
bonds and 78% selectivity to oxirane. Jatropha curcas press
cake, residual biomass, was used to produce biochar applied
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in the epoxidation of cottonseed oil with acetic acid and
hydrogen peroxide in the study of Silva et al. (2017). In their
study, the maximum conversion of double bonds was 73%,
and the yield of epoxidation was 82% with biochar, although
catalytic activity decreased after the second cycle, which
may limit the application of the produced catalyst. Di Serio
et al. (2012) studied soybean epoxidation using hydrogen
peroxide and a heterogeneous catalyst composed of a mix-
ture of Nb,O5 and SiO,. However, researchers obtained at
most 30% of conversion of double bonds when 2.5% Nb,O5
catalyst was applied. More recently, Pérez-Sena et al. (2021)
studied methyl oleate’s epoxidation using direct oxidation
with hydrogen peroxide in a process assisted by AlO, cata-
lyst. The authors compared a batch and a semi-batch reactor,
and it was found that a continuous addition of H,0, in the
process can improve conversion to oxirane in 30%.

Microwave technology has already been proven as an effi-
cient method to decrease production times, applied in many
different processes, including transesterification to produce
biodiesel (Azcan and Yilmaz 2013; Rabelo et al. 2015), pro-
duction of activated carbon (Barbosa et al. 2015), and epoxy
curing (Maenz et al. 2015). Microwaves can fasten chemical
reactions due to both thermal and non-thermal effects. One
possible mechanism is the selective absorption of microwave
energy by polar molecules, while non-polar molecules are
transparent to microwaves (El Sherbiny et al. 2010). Micro-
waves can also increase the accessibility of the susceptible
bonds, promoting an efficient chemical reaction and reduced
by-products (Azcan et al. 2008). An essential drawback in
the epoxidation of vegetable oils using Prileschajew oxida-
tion is the reaction time; it may take up to 10 h for achieving
conversion levels of 80 to 90%, which allows epoxidation
intensification and a consequent reduction in reaction times
(Chavan et al. 2012). The use of microwaves in epoxidation
leads to a reduction in reaction times due to a higher inter-
facial mass transfer than the conventional heating process
(Aguilera et al. 2016). The microwave-assisted epoxidation
should be well controlled since ring-opening is accelerated
as well (Aguilera et al. 2016), and non-isothermal heating
could lead to a thermal runaway (Leveneur et al. 2014). Sev-
eral studies were published in the microwave-assisted epoxi-
dation of vegetable oils, but none of them study epoxidation
with citric acid as an oxygen carrier.

Leveneur et al. (2014) published a study in the epoxida-
tion of oleic acid with peroxypropionic acid and peroxy-
acetic acid formed in situ, and the microwave irradiation
provided a faster epoxide conversion. However, a 70%
conversion of oleic acid was attained in approximately
3 h, for an average absorbed power of 10 W. Saifuddin
et al. (2011) performed a heat-modeling of epoxidation
of palm oil using formic acid and an enzyme catalyst.
Results showed that the highest conversion to oxirane

oxygen was obtained in approximately 33 min, and the
optimum temperature was 75 °C. Other published papers
in microwave epoxidation technology involve oxirane ring-
opening and production of polyols (Dworakowska et al.
2012; Nikje et al. 2011; Saifuddin et al. 2010). Piccolo
et al. (2019) studied the effects of temperature and agita-
tion in microwave-assisted epoxidation, results showed a
reduction in epoxidation time from 3 h in conventional
heating to 1.5 h in microwave heating, with a similar yield
for both methods. More recently, Aguilera et al. (2016)
developed a new microwave irradiated epoxidation system
of oleic acid. Shortly, the system is comprised of a batch
microwave reactor with a loop, allowing recycling of the
products, which are then heated and mechanically stirred
before being fed once again to the microwave reactor. In
that system, acetic acid and hydrogen peroxide were used
to produce in situ peroxyacetic acid and then epoxidized
oleic acid. Best results under microwave irradiation are
obtained with an oleic acid: hydrogen peroxide: acetic acid
ratio of 1-4.5-2.4 in approximately 9 h. 98% of double
bonds were consumed by the peroxyacid.

In this study, citric acid is evaluated as an oxygen carrier
in both conventional and microwave-assisted epoxidation,
in which different catalysts were explored: sulfuric acid in
homogeneous catalysis and Amberlite IR-120 in heterogene-
ous catalysis, apart from citric acid itself. No studies have
been published in literature with citric acid as an oxygen
carrier in microwave epoxidation, and, as far as we know, no
study performed a comparison between citric acid and acetic
acid as oxygen carriers for epoxidation. This study investi-
gates citric acid epoxidation in the conventional heating pro-
cess, using a comparative evaluation of different catalysts,
investigates citric acid and acetic acid epoxidation under
microwave heating, and performs a preliminary evaluation
of energy consumption and reduction of reaction times by
using the microwaves.

Materials and methods
Materials

Soybean oil (LIZA, PR, Brazil) was purchased in local gro-
cery stores. Reagents glacial acetic acid (99,7%), anhydrous
citric acid, sulfuric acid 98%, iodine-monochloride Wijs
solution, potassium iodate, potassium iodide, hydrochloric
acid, sodium thiosulfate, soluble starch, chloroform, hydro-
bromic acid 48%, diethyl ether (99%) and gentian violet were
acquired from Synth (Sao Paulo, Brazil). Catalyst Amberlite
IR-120 (hydrogen form) was purchased from Sigma-Aldrich
(St. Louis, United States).
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Methods

In this section, methodologies for conventional and micro-
wave irradiated routes are described briefly.

Conventional routes

Conventional route epoxidation was performed adapted from
a previous study in our research group (Suzuki et al. 2018),
with slight modifications. In the heterogeneous catalyst
approach, fifty grams of soybean oil and catalyst Amber-
lite IR-120 H (22.1 g) were added to a semi-batch jacketed
reactor coupled with a thermostatic bath (Lucadema—SP,
Brazil) equipped with a mechanical stirrer and a reflux
condenser. A mixture of hydrogen peroxide 50% (wt/wt)
and anhydrous citric acid was added to the reactor when
the temperature reached a specified value. Fifteen differ-
ent tests were performed according to Table 1, varying the
unsaturation to citric acid to hydrogen peroxide molar ratio
(UNS:CA:HP), reaction times, and the temperatures. Time
zero was set when the specified temperature was reached,
which was about 60 min.

Three different kinetic epoxidation studies were per-
formed, using Amberlite IR-120 as the heterogeneous
catalyst, sulfuric acid as the homogeneous catalyst, and a
citric acid autocatalyzed process. Two hundred fifty grams
of soybean oil were used in each test. An unsaturation to
citric acid to hydrogen peroxide (UNS:CA:HP) molar ratio
of 1.0:0.5:2.2 was applied in all tests, the temperature was

Table 1 Reaction conditions in a base of 50 g of soybean oil in tests
with heterogeneous catalyst approach—conventional heating

Sample UNS:CA:HP ratio* Reaction time Tempera-
(h) ture (°C)

1 1:0.50:2.2 3 80

2 1:0.50:2.2 4 70

3 1:0.50:2.2 4 80

4 1:0.50:2.2 4 85

5 1:0.50:2.2 4.5 70

6 1:0.17:2.0 5 70

7 1:0.33:2.0 5 70

8 1.0:0.50:2.0 5 70

9 1.0:0.50:2.2 5 70

10 1.0:0.5:3.0 5 70

11 1.0:0.50:4.0 5 70

12 1.0:0.50:2.2 5 80

13 1.0:0.50:2.2 55 70

14 1.0:0.50:2.2 6 70

15 1.0:0.50:2.2 6 80

*UNS:CA:HP ratio: a ratio of moles of unsaturation in vegetable oil
to moles of citric acid to moles of hydrogen peroxide, according to
what was added to the reaction flask
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set to 80 °C, and the reaction mixtures were mechanically
stirred (500 rpm) in a semi-batch jacketed reactor coupled
to a thermostatic bath, equipped with a reflux condenser. In
the heterogeneous catalyst approach, 110.35 g of Amber-
lite IR-120 was used, and the reaction times ranged from
30 min to 5 h; in the homogeneous catalyst approach, 2700
pL of sulfuric acid 98% wt/wt was used, and the reaction
times were varied from 30 min to 2 h. Finally, in the process
with no external catalyst, reaction times ranged from 30 min
to 4.5 h. Aliquots of 10 mL were taken from the reactor
at the specified times; the samples were washed with dis-
tilled water, extracted with diethyl ether, roto-evaporated to
recover the solvent, and dried overnight at 50 °C.

Microwave-assisted epoxidation

Epoxidized soybean oil with citric acid was produced in this
study under different processing conditions, namely time,
temperature, and nominal power. Proportions between rea-
gents were the same as the conventional route. Citric acid
epoxidation was performed in a multimode microwave-
assisted reactor StartSYNTH (Milestone Inc., United States)
equipped with a quartz magnetic stirrer, a reflux condenser,
and temperature control. Stirring was defined in 69% of
equipment maximum capacity or about 600 rpm. Twenty-
five grams of soybean oil was added to the reactor, and after
5 min, the time needed to reach the target temperature, a
catalytic mixture comprised of citric acid (12.31 g), hydro-
gen peroxide (16.0 mL), and concentrated sulfuric acid (270
pL, 2% wt/wt) was added slowly to the reactor, which is
equivalent to a UNS:CA:HP molar ratio of 1:0.5:2.2. The
temperature was adjusted to 80 °C, reaction times were
varied from 5 to 17.5 min, and nominal powers of 200 W,
300 W, and 400 W were tested. The system was then cooled
with air for 10 min before washing with water. At the end
of the process, 200 mL of distilled water was added to the
system the reaction to halt any reaction that might be still
occurring. To study the effect of forced cooling in epoxida-
tion, several tests were done with the addition of distilled
water immediately after reaction time was completed.

Acetic acid (AA) epoxidation was adapted from literature
studies (Boyaca and Beltran 2010; Perez et al. 2009). 4.5 mL
of glacial acetic acid and 16 mL of hydrogen peroxide 50%
wt/wt were used in the processes with sulfuric acid used for
homogeneous catalysis (equivalent to an UNS:AA:HP molar
ratio of 1:0.67:2.2) and Amberlite IR-120 (hydrogen form)
ion-exchange resin was used for heterogeneous catalysis.
Amounts of sulfuric acid (98% wt/wt) and Amberlite IR-120
were 270 pL and 5.28 g, respectively. Nominal power was
200 W in all experiments. Times ranged from 5 to 15 min for
homogenous catalysis and from 5 to 25 min for heterogene-
ous catalysis, respectively.
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Purification steps were performed exactly as in the con-
ventional route, i.e., by washing the organic layer with
distilled water until the pH of residual water was neutral,
extracting with diethyl ether, roto-evaporating the solvent,
and drying overnight at 50 °C in an oven.

Characterization of produced epoxidized vegetable oils

Samples were characterized employing iodine value deter-
mination according to ASTM Standard D5554-15 (ASTM
2015). Soybean oil iodine value is used to calculate theo-
retical maximum oxirane oxygen content, according to
Eq. (1):

v,
24,

1V,
100+ (22 -4,

Oy (%) = <Ay - 100 ¢))

In Eq. (1), IV, is the vegetable oil iodine value, A; is
the iodine atomic number, and A is the atomic number
of oxygen.

Equation (2) was used to calculate the percentage con-
version of double bonds, in which IV, represents soybean
oil iodine value and IV, represents epoxidized soybean
oil iodine value.

2

Vo—1V,,
DBC(%) = 100% - <—>

v,

Oxirane oxygen content was determined according to
AOCS Standard Cd9-57 (AOCS 2009). Oxirane oxygen

content analysis indicates the experimental procedure’s
efficiency by comparing the results with the theoretical
maximum value. Equation (3) was used to calculate rela-
tive conversion to oxirane oxygen, in which O, is the
experimental value and Oy, is the maximum theoretical

value.

exp

0,
RCO(%) = 100% - 5 3

™

All the characterization analyses were performed in
triplicate, and mean values and standard deviations were
calculated.

Results and discussion
Conventional epoxidation: heterogeneous catalyst

The experimentally determined iodine value of soybean oil
was 131.8 +£0.4, like the one obtained by Perez et al. (2009),
133.6 +0.3. Theoretical maximum oxirane oxygen content,
determined by Eq. (1), was 7.67% wt.

Iodine value, double-bond conversion, oxirane oxygen
content, and relative conversion to oxirane results are sum-
marized in Table 2. Maximum oxirane oxygen content,
5.26%, was obtained in sample 3, with unsaturation to cit-
ric acid to hydrogen peroxide molar ratio (UNS:CA:HP)
of 1:0.5:2.2, a temperature of 80 °C, and reaction time of
4 h. It was observed that higher reaction times increased

Table 2 Results from

. X Sample UNS:CA:HP ratio* Reaction Temperature Conversion of dou- Relative conver-
COHVf:Iltlf)Ilal h.eatn.lg . . time (h) °O) ble bonds (%) sion to oxirane
epoxldatlon.wnh citric acid (%)
and Amberlite IR-120 H as a
catalyst 1 1:0.50:2.2 3 80 722408 62.5+0.5

2 1:0.50:2.2 4 70 43.6+0.8 23.1+0.2
3 1:0.50 2.2 4 80 83+2 68.6+0.3
4 1:0.50:2.2 4 85 71.8+0.2 57.0+0.2
5 1:0.50:2.2 4.5 70 443+04 33.4+0.1
6 1:0.17:2.0 5 70 50.0+0.5 13.44+0.02
7 1:0.33:2.0 5 70 51+1 23.1+0.2
8 1.0:0.50:2.0 5 70 51.9+0.5 44.6+0.2
9 1.0:0.50:2.2 5 70 66.1+0.4 58.7+0.7
10 1.0:0.5:3.0 5 70 52.3+0.2 45.5+0.3
11 1.0:0.50:4.0 5 70 44.1+0.5 25.7+0.1
12 1.0:0.50:2.2 5 80 90.6+0.5 66.5+0.4
13 1.0:0.50:2.2 5.5 70 70.4+0.5 32.96+0.04
14 1.0:0.50:2.2 6 70 73.7+0.7 56.2+0.8
15 1.0:0.50:2.2 6 80 93+1 56.2+0.8

*UNS:CA:HP ratio: ratio of moles of unsaturation in vegetable oil to moles of citric acid to moles of
hydrogen peroxide, according to what was added to the reaction flask
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double-bond conversion but did not increase oxirane oxy-
gen content (samples 12 and 15), which is a sign of oxirane
ring-opening. When the time reached more than 6 h, the
reaction mixture started to increase viscosity and solidify,
which might be due to epoxy polymerization with citric acid,
as studied by some researchers (Altuna et al. 2013; Gogoi
et al. 2015a, b).

One can also compare samples 2 and 3, in which the same
reaction time (4 h) and the same amounts of reagents were
added to the reaction flask, but temperature changed from 70
to 80 °C. Conversion of double bonds increased from 43.6%
to 82.6%, and the average conversion to oxirane oxygen
increased from 23 to 68%. Specifically, 80 °C tends to favor
epoxidation reaction at the expense of other reactions, such
as oxirane ring-opening reaction, for example. An increase
in temperature to 85 °C (sample 4) did not favor either the
epoxy group production or the conversion of double bonds.

It is possible to compare samples 6, 7, and 8, in which
reaction time was 5 h, the temperature was 70 °C, and the
unsaturation to citric acid to hydrogen peroxide molar ratios
were 1:0.17:2.0, 1:0.33:2.0, and 1:0.5:2.0). Higher amounts
of citric acid favored epoxidation reaction and the conver-
sion of double bonds. This result agrees with pKa values for
citric acid: 3.15, 4.76, and 6.40 (Haynes and Lide 2012).
Although citric acid displays three carboxylic groups in its
structure, just one is reactive enough to contribute signifi-
cantly to Prileschajew oxidation.

Finally, one can compare samples 9, 10, and 11, in which
the only difference was the amount of hydrogen peroxide
(H,0,). In sample 9, 2.2 mol of H,O, per mole of unsatura-
tion was enough to quickly dissolve the desired amount of
citric acid. When the volume of H,0, was increased further

Fig.3 Conversion of double 100
bonds and relative conver-

sion to oxirane for citric acid 90
conventional epoxidation x
with Amberlite IR-120 as the - 80
catalyst. Operating conditions: °
Unsaturation: CA:HP ratio c% 70
1:0.5:2.2 and temperature of v ¢
80 °C o

3

a 50

G

O 40

c

.0

v 30

g

c 20

o

(@)

10
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(samples 10 and 11) neither the conversion of double bonds
nor the relative conversion to oxirane increased.

The kinetic profile for conventional epoxidation assisted
by Amberlite IR-120 is plotted in Fig. 3. The maximum
relative conversion to oxirane was 68% in a reaction time
of 4 h. If the reaction can continue far from this point, the
conversion of double bonds increases but the conversion
to oxirane decreases, which is evidence of the epoxy ring-
opening process.

Conventional epoxidation: no catalyst

According to a previous study, conventional epoxidation
with citric acid can be performed without a catalyst (Suzuki
et al. 2018). A preliminary kinetic study was performed to
better understand how time influences the epoxidation pro-
cess without the ion-exchange resin due to citric acid’s abil-
ity to auto-catalyze the perhydrolysis reaction to produce
the peroxycitric acid, which favors the epoxidation process.
This ability is associated in part with its lower value of first
pKa (pKa; =3.13) compared to acetic acid (pKa=4.756)
(Haynes and Lide 2012). Formic acid (pKa=3.75) (Haynes
and Lide 2012) is able to autocatalyze perhydrolysis reac-
tion as well (Bhalerao et al. 2016; Campanella et al. 2008;
Wau et al. 2016).

Peroxycitric acid (PCA) synthesis studies in the literature
are not frequently found. Ferdousi et al. (2006) synthesized
PCA using citric acid and hydrogen peroxide with sulfuric
acid as catalyst and without a catalyst. The final concentra-
tion of PCA was significantly lower when no catalyst was
used. This is evidence that autocatalysis of PCA production
by citric can also be explained by chemical equilibrium con-
siderations and Le Chatelier principle. In our process, PCA

80
70
60
50

40

30
—e—Conversion of Double

Bonds (Amberlite) 20
—e—Relative Conversion to

Oxirane (Amberlite)

Relative Conversion to Oxirane /
Selectivity to Oxirane (%)
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15 2 2.5 3 3.5 4 4.5 5
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is produced in the perhydrolysis reaction (Fig. 1), catalyzed
by citric acid itself. Once PCA is produced, it is consumed
quickly in epoxidation reaction, which shifts the equilib-
rium on the perhydrolysis reaction to the right according
to Le Chatelier’s Principle, contributing to the process’s
continuity.

Results from iodine value and oxirane oxygen content
determination are shown graphically in Fig. 4.

Results exhibited in Fig. 4 demonstrate that the highest
relative conversion to oxirane was obtained in 4.5 h, 57%,
which represents a significant reduction compared to pre-
vious tests, in which ion-exchange resin Amberlite IR-120
(hydrogen form) was used (sample 3 in Table 2). Although

Fig.4 Conversion of Double 90
Bonds and Relative Conver-

sion to Oxirane for citric acid 80
conventional epoxidation with X
no catalyst. Operating condi- v 70
tions: Unsaturation:CA:HP ratio e
1:0.5:2.2 and temperature of c% 60
80 °C k9]
o
5 50
a
« 40
(o]
c
S 30
2
20
c
o
© 10
0
0 1
Fig.5 Conversion of double 90
bonds and relative conversion to
oxirane for citric acid conven- 80

tional epoxidation with sulfuric
acid as catalyst. Operating con-
ditions: Unsaturation: CA:HP
ratio 1:0.5:2.2 and temperature
of 80 °C

70
60
50
40
30
20

Conversion of Double Bonds (%)

10

epoxide content decreased by eliminating catalyst, the pro-
duction cost was also decreased, as the residue production.
For instance, there is a reduction in water consumption dur-
ing the washing steps compared to acid-catalyzed processes.
If the reaction continues after 4.5 h, a reduction in oxirane
oxygen content and selectivity, probably due to epoxide
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Conventional epoxidation: homogeneous catalyst

Conventional heating epoxidation with citric acid and sulfu-
ric acid as catalyst results are plotted in Fig. 5.

Results in Fig. 5 show that with sulfuric acid as the cata-
lyst, reaction times can be decreased significantly compared
to heterogeneous catalysis and the process without the cata-
lyst discussed previously. A relatively high oxirane oxygen
content was obtained in 2 h, 5.15% wt/wt, which is 4% lower
than the maximum value obtained with heterogeneous cat-
alyst Amberlite IR-120 H, which is more expensive than
sulfuric acid in the international market. However, reaction
time was reduced by 56%. The maximum value in homo-
geneous catalysis is 15% greater than the maximum value
without the catalyst, which was 4.38% wt/wt. The reaction
is faster when sulfuric acid catalysis is used, compared to
the other approaches. A similar trend was shown in the study
of Kuranska et al. (2019). That can be associated with the
strength of the acid catalyst (Dinda et al. 2008) and also with
the concentration of the catalyst in the system (Abolins et al.
2020). In our study, due to stirring speed, we can infer that
process is controlled by mass transfer (Goud et al. 2006), in
which a homogeneous catalyst is more effective in reducing
mass transfer restrictions. When reaction time surpasses 2 h,
the viscosity started to increase quickly, leading to solidifica-
tion of the mixture.

Boyaca and Beltran (2010) studied epoxidation with sul-
furic acid and acetic acid, obtaining a 6.4% wt/wt oxirane
oxygen content in 2.3 h. The oxirane oxygen content for
citric acid epoxidation was also lower than the values
obtained in other studies when acetic (Kim and Sharma
2012; Lage et al. 2014; Perez et al. 2009) and formic (Galli
et al. 2014; Meadows et al. 2018; Musik et al. 2018) acids
are employed as oxygen carriers, probably due to steric hin-
drance restrictions.

One can compare kinetic profiles shown in Figs. 3, 4, 5.
Amberlite IR-120 was the most selective catalyst and also
the one which led to a higher relative conversion to oxirane.
That may be in part due to acid-catalyzed reactions occur-
ring just in the pores of ion exchange resin, and it is more
difficult for epoxidized soybean oil to enter these pores.
Then, once the epoxy group is formed, its ring-opening will
be more difficult to occur in heterogeneous catalysis. When
no catalyst was used, relative conversion to oxirane was at
most 57%, which is lower than relative conversions obtained
with acid-catalyzed processes, in which conversions near
70% were obtained.

The epoxidation with acetic acid and formic acid results
in higher oxirane oxygen contents and higher conversions
to oxirane than the process with citric acid. When acetic
acid is used as an oxygen carrier for the production of epox-
idized soybean oil, relative conversions to oxirane in the
range of 80-93% were reported (Boyacé and Beltran 2010;
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Kim and Sharma 2012; Lage et al. 2014; Perez et al. 2009;
Sinadinovic-Fiser et al. 2001); when formic acid is applied,
relative conversions to oxirane are beyond 80% (Campanella
et al. 2008; Mushtaq et al. 2011). However, citric acid can
auto catalyze epoxidation reaction in the same way as formic
acid and differently from acetic acid and propionic acid. The
ability of autocatalysis in epoxidation reaction for an oxygen
carrier depends on dissociation constant (pKa), as citric acid
first pKa is 3.13 and pKa for formic acid is 3.75. Both dem-
onstrated to be able to auto catalyze epoxidation reaction.
In contrast, neither acetic acid nor propionic acid acts in the
same way, as pKa values for these carboxylic acids are 4.756
and 4.87, respectively (Haynes and Lide 2012).

Microwave-assisted epoxidation

Differently from the conventional route, epoxidation with
citric acid without a catalyst was not successful in our micro-
wave system, probably due to mass transfer limitations.
Aguilera et al. (2016) claimed that speed stirring is essen-
tial to epoxidation as a complete emulsion must be formed
to reduce mass transfer restrictions. Piccolo et al. (2019)
showed that the threshold stirring speed for epoxidation is
about 250-300 rpm; below 250 rpm the organic and aque-
ous phases are entirely segregated, and epoxidation yields
are very low. However, the actual threshold stirring speed
depends on some factors such as impeller diameter and the
volume of the reacting mixture. Indeed, citric acid is highly
soluble in water, and then it tends to remain in the aque-
ous phase, not in the oil phase. Probably, peroxycitric acid
formed in situ in the homogeneous catalysis is more soluble
in the oil; thus, epoxidation is facilitated. Microwave equip-
ment used in our study includes a magnetic stirring system,
which is not as efficient as the mechanical stirrer used in the
conventional heating process, especially when the viscosity
increases as the epoxidation reaction continues.

In the first tests in microwave epoxidation, samples were
forced to cool down immediately with the addition of dis-
tilled water to the system. Any reactions that might still be
in progress in the reactor were halted. Different nominal
powers were tested, and results are summarized in Table 3.

The best result obtained in terms of oxirane oxygen and
double bonds conversion was in 24 min for the power of
200 W. In this case, energy consumption is at most 288 kJ.
Clearly, the longer the reaction time, the greater the double
bond conversion and the greater the relative conversion to
oxirane. However, there is no clear pattern comparing the
same times and different powers, particularly when power is
increased to 400 W. This behavior is due to this microwave
equipment works with a temperature curve. When the tem-
perature reaches a specified value, in this case, 80 °C, actual
power is gradually decreased to keep the temperature around
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Table 3 Global results for microwave-assisted epoxidation with citric acid, sulfuric acid homogeneous catalysis, with immediate cooling with

water
Nominal Time (min) Maximum energy Todine value (g Average oxirane oxy- Conversion of dou- Relative conver-
Power (W) consumption 1,/100 g sample) gen content (%) ble bonds (%) sion to oxirane
(%)
200 15 50 W h (180 kJ) 87.7+0.4 2.355+0.005 33.4+0.3 30.73+0.03
200 18 60 W h (216 kJ) 78.3+0.3 2.882+0.008 40.5+0.2 37.62+0.05
200 21 70 W h (252 KJ) 70.4+0.3 3.320+0.007 46.6+0.2 43.32+0.04
200 24 80 W h (288 kJ) 39.3+0.3 4.24+0.01 70.1+0.2 55.25+0.08
300 15 75 W h (270 KJ) 73.3+0.1 3.13+0.02 44.36+0.09 40.7+0.1
300 18 90 W h (324 KJ) 70.0+0.1 3.286+0.008 46.8+0.1 42.81+0.05
300 21 105 W h (378 kJ) 66.8+0.4 3.46+0.06 49.3+0.3 45.3+0.4
300 24 120 W h (432 kJ) 60+3 3.653+0.003 54+2 47.62+0.02
400 15 100 W h (360 kJ) 92.3+0.6 1.99+0.02 29.9+0.4 25.9+0.1
400 18 120 W h (432 kJ) 78.3+0.3 2.735+0.007 40.5+0.2 35.69+.04
400 21 140 W h (504 kJ) 54.2+0.3 3.951+0.009 58.9+0.2 51.48+0.06
400 24 160 W h (576 kJ) 459+04 4.169 +0.004 65.2+0.3 54.39+0.03

Table 4 Global results for

X . T Time (min) Maximum energy
microwave-assisted epoxidation

Todine value

Average oxirane  Double-bond  Relative conver-

e . consumption (g,/100 g oxygen content conversion sion to oxirane
with citric acid, using sample) (%) (%) (%)
homogeneous catalysis with
sulfuric acid, a nominal power 5 16.7 W h (60.0kJ) 73.09+0.08 2.82+0.06 44.53+0.06  35.9+0.4
?(;210(? rma“d forced air-cooling 33.3 (120 kJ) 39.7940.09 3.92+0.03 69.80£0.07 51502

12.5 41.7 (150 kJ) 34.9+0.1 4.621+0.001 73.5+0.1 60.24+0.01
15 50.0 (180 kJ) 30.1+0.3 4.848 +0.006 77.2+0.3 63.31+0.04
17.5 58.3 (210 kJ) 25.6+0.7 3.604 +0.007 80.6+0.6 46.90+0.05

the set point. Nominal power of 200 W was enough to heat
the reaction mixture to 80 °C, and because of that, 200 W
was selected as default to the following tests.

Table 4 presents microwave-assisted citric acid epoxi-
dation results with homogeneous catalysis and cooling
time of 10 min with air inside the equipment. During this
time, magnetic stirring continued. Epoxidation reaction
clearly continues during these 10 min.

In the experiment group presented in Table 4, the best
result was obtained in 15 min, with an oxirane oxygen
content equal to 4848%. Energy consumption is estimated
to be at most 180 kJ, representing a significant reduction
compared to the conventional route. For comparison pur-
poses, our thermostatic bath heats 13 L of water from 25
to 80 °C. Considering water heat capacity of 4.186 kl/kg K
and water density 1000 kg/m> by simplicity, energy con-
sumption only to heat the referred amount of water is esti-
mated at almost 3000 kJ, or 833.3 W h. These calculations
do not consider the energy required to keep microwave
equipment switched on; however, as no external heat-
ing is required, saving the amount of energy employed to
heat thermostatic baths and other instruments is possible.
Therefore, apart from significantly reducing reaction time,

energy consumption using microwave-assisted epoxidation
is about 94%. Oxirane ring polymerization, a side reaction,
possibly occurs with citric acid in an aqueous solution,
as it was demonstrated (Altuna et al. 2013; Gogoi et al.
2015a, b). That explains in part why the latter produced
resin did not dissolve in any of the common organic sol-
vents, i.e., chloroform, diethyl ether, acetone, cyclohexane,
etc.

Comparing Tables 3 and 4, it is possible to observe that
cooling with air inside the microwave reactor plays a vital
role in epoxidation, as oxirane oxygen content was decreased
from 485% to 424% wt/wt, corresponding to a 12.5% reduc-
tion. Forced cooling inside the equipment increases conver-
sion to oxirane, increases the conversion of double bonds
and allows a 37% reduction in microwave energy consump-
tion. More studies are needed to better understand this
effect, with different air-cooling times. In part, that behavior
can be explained by additional time in the target reaction
temperature.

The results from a preliminary study with soybean oil
epoxidation with acetic acid and sulfuric acid as the catalyst
are presented in Table 5.
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Table 5 Global results

for microwave-assisted
epoxidation with acetic acid and
homogeneous catalysis with

Test Estimated maximum

Time (min) Temperature (°C) Oxirane oxygen Relative conver-

concentrated sulfuric acid, a 1 16.7 W h (60 kJ)
nominal power of 200 W, and
forced air-cooling of 10 min

energy consumption content (%) sion to oxirane
(%)
5 70+£2 6.00+0.04 78.2+0.5
33.3 W.h (120 kJ) 10 70+2 6.578 +£0.001 85.8+0.02
3 50 W h (180 kJ) 15 70+2 5.53+0.01 72.1£0.1

Analyzing results from Table 5, 10 min is enough
to promote a high epoxide formation, as the maximum
oxirane oxygen content is greater than that obtained in
Boyaca and Beltran study (2010). The theoretical oxirane
oxygen content of 7.67% is not attainable by this homoge-
neous catalysis approach, which may be in part because of
reduced control and selectivity of homogeneous catalysis
compared to heterogeneous catalysis. If the reaction can
continue, other secondary compounds are probably formed
by side reactions, as oxirane oxygen content is reduced to
5.5% after 15 min. Reaction time compared to the con-
ventional heating process (Boyaca and Beltran 2010) was
reduced from 2.3 h to just 10 min. Energy consumption
in this microwave process is estimated to be 120 kJ. In
Leveneur et al. study (2014), which involves oleic acid
epoxidation with acetic acid, an 80% conversion of oleic
acid was obtained after 5 h under microwave irradiation
with an average 10 W of absorbed power. Thus, we can
estimate total microwave energy consumption in 180 kJ.

Results from a preliminary study with soybean oil
epoxidation with acetic acid and Amberlite IR-120 H as a
catalyst are presented in Table 6.

Results from Table 6 show that epoxidation with acetic
acid and with heterogeneous catalyst occurs slower than
with homogeneous catalyst, as expected. This result is
coherent with the literature, as Pérez et al. (2009) obtained
the highest conversion with heterogeneous catalysis in
5 h and Boyacé and Beltran (2010) obtained the highest
conversion in 2.3 h when sulfuric acid was employed as
catalyst.

In heterogeneous catalysis, after 25 min of microwave
irradiation, 6.59% wt/wt oxirane oxygen content is obtained,
which represents a high conversion to oxirane. If more time

is given to the system, probably oxirane oxygen content will
be increased, but it is important to consider the cost and
energy consumption of this additional time to the process.
An important advantage of heterogeneous catalysis com-
pared to homogeneous catalysis is the reduction of cost in
separation steps and greater selectivity (Cooney 2009). How-
ever, a mineral acid is often cheaper than an ion-exchange
resin, being in general preferred in an industrial scale (Boy-
aca and Beltran 2010; Danov et al. 2017).

Figure 6 shows a comparison between citric acid and
acetic acid epoxidation under microwave irradiation. It can
be observed that oxirane oxygen content is greater when
acetic acid is used, which is desirable for applications such
as structural composite materials that require more rigidity
after the curing process (Espinoza-Perez et al. 2011; Suzuki
et al. 2016). However, for applications in the food industry,
for example, oxirane oxygen and rigidity may not be the
most critical parameters, but it is crucial to decrease toxicity
final product’s toxicity. Bueno-Ferrer et al. (2010) published
a study in which epoxidized soybean oil is used to stabilize
polyvinyl chloride (PVC) in the production of films for the
food industry. Another application for epoxy resins is as a
plasticizer. Yang et al. (2014) demonstrated the feasibility of
applying epoxidized soybean oil to produce films with ethyl
cellulose. Waste cooking epoxidized soybean oil was applied
as a plasticizer in Suzuki and coworkers’ study (Suzuki et al.
2018), to produce PVC films.

A comparison with other studies involving microwave-
assisted epoxidation is shown in Table 7.

It can be depicted from Table 7 that the results are com-
patible with other studies published in the literature, espe-
cially in the case of acetic acid epoxidation, and the reaction
time is significantly reduced when microwave irradiation is

Table 6 Global results

. L Test Maximum power Time (min) Temperature (°C) Oxirane oxygen Relative conver-
for rglcr(.)wave.—asslste.d . consumption content (%) sion to oxirane
epoxidation with acetic acid and (%)
heterogeneous catalysis with
Amberlite IR-120 (hydrogen 1 16.7 W h (60 kJ) 5 70+2 2.49+0.02 32.5+0.3
form), a nominal power of 2 333Wh(120K)) 10 70+2 4.53+0.01 59.1+0.1
200 W, and cooling time of
10 min 3 50 W h (180 kJ) 15 70+2 5.43+0.03 70.8+0.4

4 66.7 W h (240 kJ) 20 70+2 6.045+0.001 78.83+0.01
5 83.3 W h (300 kI) 25 70+2 6.59+0.01 85.9+0.2
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Fig.6 Oxirane oxygen content 7
versus time under different
processing conditions (forced
cooling)

Oxirane Oxygen Content (%)

—e— Acetic Acid - Amberlite

—e— Acetic Acid - Sulfuric Acid

Citric Acid - Sulfuric Acid

10 15 20 25
Time (minutes)

Table 7 Comparative evaluation with other microwave-assisted epoxidation studies published in the literature

Raw material Oxygen carrier/ Reaction time/power/  Relative conversion Toxicity (qual.) Estimated References
catalyst temperature to oxirane (or selec- microwave energy
tivity to oxirane) consumption (kJ)
(%)
Soybean oil  Citric acid/H,SO, MW— 63% Low 180 kJ This study
15 min/200 W/80 °C
Soybean oil  Acetic acid/Amber- MW— 85,9% High 300 kJ This study
lite IR-120 H 25 min/200 W/70 °C
Soybean oil  Acetic acid/H,SO, MW— 85.8% High 120 kJ This study
10 min/200 W/70 °C
Soybean oil  Acetic acid/H,SO, MW—90 min/ 90% High Piccolo et al. (2019)
NM/70 °C
Soybean oil  Acetic acid/H,SO, MW— 100% (estimated) ~ High 263 kJ Vianello et al. (2018)
210 min/20.9 W/60 °C
Oleic acid Acetic acid/H,SO, MW— 85% (*) High 180 kJ Leveneur et al.
300 min/10 W/70 °C (2014)
Oleic acid Propionic acid/ MW— 80% (*) High 180 kJ Leveneur et al.
H,SO, 300 min/10 W/70 °C (2014)
Oleic acid Acetic acid/Amber- MW—360 min/ 55% High - Aguilera et al. (2018)
lite IR-120 H NM/50 °C

(*): Conversion of double bonds

(**) Estimated maximum microwave energy consumption is based on initial power of the equipment

NM not mentioned

used. Leveneur et al. (2014) reached an 85% conversion of
oxirane using sulfuric acid as a catalyst and acetic acid as an
oxygen carrier. In the latter study, reaction time was 300 min
for an average absorbed power of 10 W; thus, we can esti-
mate energy consumption of 180 kJ. Although oxirane oxy-
gen content is lower than other epoxidation methods when
citric acid is used, it is essential to consider time reduction
and energy consumption with a microwave and a possible

reduction of cost by eliminating a catalyst in purification
steps for conventional epoxidation. Besides, citric acid is
less toxic than other common oxygen carriers such as for-
mic acid and acetic acid. Oxirane oxygen content can be
increased with the addition of Amberlite IR-120 H catalyst,
even though the catalyst cost should be considered according
to the final application. The major drawback of epoxidation
with citric acid without a catalyst is mass transfer restriction
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due to the presence of an aqueous and an oil phase, which
can be addressed with an effective catalyst or a robust agita-
tion system.

In terms of the catalyst, sulfuric acid is cheaper than
Amberlite IR 120 H and is easier to purchase with local rea-
gents vendors, and industrial epoxidized soybean oil is in gen-
eral produced with sulfuric acid (Danov et al. 2017). However,
sulfuric acid is corrosive to iron-based equipment. Hence, it
requires more expensive reactor constructive materials (Boy-
aca and Beltran 2010; Danov et al. 2017).

When cross-linked with a hardener, epoxidized vegetable
oils produced with citric acid tend to be more flexible than the
ones produced with formic acid and acetic acid due to a lower
crosslink density (Sue et al. 2000) which leads to more linear
and flexible chains. However, the most common application
for epoxidized vegetable oils is in surface coating, especially
in the production of polyurethanes and polyols (Suzuki et al.
2016), in which rigidity is not the most important parameter.

Conclusion

Citric acid was demonstrated as an efficient oxygen carrier
for epoxidation. In the conventional route, an appreciable
conversion was obtained without the need to add an acid
catalyst, thus allowing process cost reduction. This ability
of citric acid is due to its lower pKa comparing to acetic
acid, allowing, however, steric hindrance and the possibil-
ity of cross-linking limit conversion to oxirane oxygen. In
this regard, epoxidation with no catalyst allows a significant
reduction in water consumption during washing steps. Ther-
mal runaway risks can also be reduced by replacing acetic
acid or formic acid by citric acid, which is less volatile and
less reactive due to steric hindrance. Microwave technology
was applied successfully to reduce epoxidation time, and
reaction times were decreased from 4 h to just 15 min in
epoxidation with citric acid and from 2.3 h to 10 min for
epoxidation with acetic acid using a homogeneous cataly-
sis. Also, microwave heating allowed a significant reduction
in energy consumption in the epoxidation of soybean oil,
estimated at up to 94%. It was demonstrated that forced air
cooling after ceasing the microwave irradiation until room
temperature was a critical controlling parameter to increase
conversion to epoxide.
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