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Abstract Enzymatic epoxidation of vegetable oils using a
long chain fatty acid as an active oxygen carrier could
produce a desirable epoxy oxygen group content (EOC);
however, the acid value (AV) of final epoxidized oil is too
high. The present study was to investigate the effect of
different fatty acids with varying length of carbon chain on
EOC and AV of the final epoxidized soybean oil (ESO);
finding butyric acid was the choice of active oxygen carrier
when hydrogen peroxide was used as an oxygen donor in
the presence of lipase Novozyme 435. And in situ IR was
used to monitor the epoxidation process, which revealed
that the formation of perbutyric acid was the key step in the
whole reaction. The epoxidation process was optimized as
follows: molar ratio of butyric acid/C=C bonds of 0.19:1,
8% of immobilized lipase Novozyme 435 load (relative to
the weight of soybean oil) and molar ratio of H,O,/C=C
bonds of 3.5:1, reaction time of 4 h and reaction temper-
ature of 45 °C. Under these conditions, ESO with a high
EOC (7.62 +£0.20%) and a lower AV value
(8.53 + 0.18 mgKOH/g) was obtained. The oxriane con-
version degree was up to 97.94%.
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Abbreviations
AV Acid value

EOC Epoxy oxygen group content
ESO Epoxidized soybean oil
EVO Epoxidized vegetable oil

PV Peroxide value
RCO Relative conversion oxriane

Introduction

Epoxidized vegetable oil (EVO) is considered as environ-
mental-friendly, renewable, biodegradable and less-pollut-
ing oleo-chemicals, which have been widely used in
production of composites, bio-lubricants, functional fluids,
plasticizers and PVC (Crivello et al. 1997; Fantoni and
Simoneau 2004; Hwang and Erhan 2001; Salimon et al.
2014). In the traditional epoxidation method, using strong
mineral acids such as H,SO, and H;PO, as catalysts will
cause equipment corrosion and undesirable ring-opening
reactions of oxirane in the final EVO products (Gerbase
et al. 2002). Recently, enzymatic epoxidation of veg-
etable oil is more outstrip than the traditional chemical
techniques due to the mild reaction temperature
(40-50 °C), no strong mineral acids involving and much
higher epoxy oxygen content (Sun et al. 2011a, b, 2014; Lu
et al. 2010; Vlcek and Petrovic 2006; Daniel et al. 2014).
As shown in Scheme 1, the carbon—carbon double bonds of
fatty acid in vegetable oils are epoxidized by peroxy acid
(RCOOOH), which is produced by the reaction of a fatty
acid (RCOOH) with hydrogen peroxide (H,O,) in the
presence of enzyme catalyst (Sun et al. 2011a, b).
According to the previous reports, higher epoxy oxygen
content (EOC) can be obtained using long chain fatty acids
(e.g., stearic acid and lauric acid) as an active oxygen
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Scheme 1 The enzymatic epoxidation mechanism of vegetable oil in
the presence of saturated free fatty acid

carrier in enzymatic epoxidation (Sun et al. 2011a, b; Vlcek
and Petrovic 2006; Hosseini 2014). However, the acid
value (AV) of the ultimate epoxidized oil is much higher
after treatment of the final products washing with water
because it is difficult to remove the long-chain free fatty
acids from the final products due to their poor water sol-
ubility. In addition, introducing alkali refining (NaOH) to
the final products could also probably form a large amount
of soap (RCOONa), which is hard to separate from epox-
idized oils. The long-chain free fatty acid (inducing high
acid value) and soaps will seriously reduce the quality of
the epoxidized oil products and make the post-processing
unsustainable. Therefore, finding a suitable fatty acid as an
active oxygen carrier, which can be also removed easily
from the epoxidized oil, is highly desirable in the oleo
chemical industry.

In the previous reports, short-chain fatty acids such as
formic acid and acetic acid were mainly used in the pres-
ence of strong mineral acid-catalyzed epoxidation of veg-
etable oil. Soybean oil contains abundant unsaturated fatty
acids ranging from 75 to 93%, especially linoleic acid and
oleic acid, which are the excellent epoxidation materials
(Sun et al. 2011a, b; Petrovic et al. 2002). As our contin-
uing interest in enzymatic epoxidation of vegetable oils
(Liu et al. 2016), the present study was, therefore, (i) to
select the suitable fatty acid as an active oxygen carrier on
the epoxidation of soybean oil using immobilized lipase
Novozyme 435 as a catalyst; (ii) to confirm the rapid for-
mation of perbutyric acids in the presence of enzyme cat-
alyst; (iii) to investigate the effects of reaction time, H,O,,
enzyme load, reaction temperature and fatty acids on the
epoxy oxygen content (EOC) and acid value (AV) of the
epoxidized soybean oil (ESO).

Materials and methods
Materials
Soybean o0il (acid value = 0.14 mgKOH/g, iodine

value = 134 g 1,/100 g) was purchased from a local
supermarket (Zhengzhou, Henan, China). The fatty acid
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composition of the soybean oil was 51.79% of linoleic
acid, 25.75% of oleic acid, 5.16% of linolenic acid, 12.03%
of palmitic acid and 5.27% of stearic acid. Hydrogen per-
oxide (30% w/w solution) was purchased from Luoyang
Haohua Chemical Co., Ltd (Luoyang, Henan, China).
Acetic acid (purity >99%), butyric acid (purity >99%),
hexanoic acid (purity >98%), lauric acid (purity >99%)
were purchased from Sinopharm Chemical Reagent Co.,
Ltd (Shanghai, China). Stearic acid (purity >99%) was
purchased from Sigma-Aldrich Co. (St. Louis, MO, USA).
Immobilized lipase Novozyme 435 was purchased from
Novozymes A/S (Bagsvaerd, Denmark). All other reagents
were of analytical grade.

Preparation of epoxidized soybean oil

Soybean oil (5.0 g) was weighted into a three-neck round-
bottom 250-mL flask followed by the addition of calculated
amount of free fatty acid, lipase catalyst, and 30 mL of
benzene in the listed order. The mixture was then heated to
50 °C by the water bath stirring at a speed of 120 rpm.
Afterwards, 10 mL of hydrogen peroxide was added into
the mixture dropwise through a 50-mL funnel in 10 min.
The reaction was then continued to the designed time.

After the reaction was completed, Novozyme 435 was
removed by filtration. The filtrate was washed by saturated
salt solution and distilled hot water (70 £ 1 °C) three
times, respectively. Trace water was dried by anhydrous
sodium sulfate (Na,SOy) at the room temperature. Finally,
the solvent and remaining trace water were distilled using a
rotary evaporator and the epoxidized soybean oil (ESO)
was obtained.

Analytical techniques

Epoxy oxygen group content (EOC) of the products was
determined by titration method with hydrobromic acid
solution in acetic acid (Paquot and Hautfenne 1987; Paquot
1979). From the oxirane content, the relative conversion
percentage to oxirane was counted by the following

formula:
OOex
100
ooth) e

where OO, is the content of oxirane oxygen experimen-
tally determined, and OOy, is the theoretical maximum
oxirane oxygen content determined by the following
equation:

Relative conversion to oxirane (RCO) = <

V(24

OOth =
100+ (Voipy, ) 4o

x Ag x 100,
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where A; (126.9) and A( (16.0) are the atomic weights of
iodine and oxygen, respectively, and IV, is the initial
iodine value of the soybean oil. The theoretical maximum
oxirane oxygen content in 100 g of soybean oil (OOy,) is
7.78%.

Statistical analysis

Experimental results were obtained as the
value = standard deviation (SD) (n = 3).

mean

Results and discussion
Choice of fatty acids as an active oxygen carrier

Free fatty acids (mainly long chain fatty acid) in enzymatic
epoxidation of vegetable oil were to act as an active oxy-
gen carrier and to inhibit the hydrolysis of triglyceride.
However, the free fatty acid residue in the final epoxidized
oil products would influence theirs quality.

The first step of this study was to focus on the
selection of a fatty acid, which could induce the high
EOC and low AV of the epoxidation oil. The effect of
five fatty acids with different length of carbon chain
(acetic, butyric, hexanoic, lauric and steric acid) on the
enzymatic epoxidation is shown in Fig. 1. There was no
significant difference in the EOC values of epoxidized
soybean oil (ESO) when butyric acid, hexanoic acid,
lauric acid and stearic acid were as active oxygen carrier
(5.19 £ 0.10, 5.24 + 0.18, 5.29 +£0.12 and
5.32 + 0.10), while acetic acid could afford the lowest
EOC (0.83 £ 0.03). This was probably because acetic
acid was a relative strong organic acid which would
inactivate the enzyme. Notably, there was no significant
difference in AV values between acetic acid and butyric
acid (1.61 £0.15 vs 3.01 £0.12). But with the
increasing length of the carbon chain (from butyric acid
to stearic acid), the AV of epoxidation oil was increasing
rapidly (from 3.01 £ 0.12 to 31.31 + 0.23), which
might be related to the poor solubility of long-chain fatty
acids in water as it could not be easily removed from the
products by washing with water. The higher content of a
fatty acid in the final epoxidized soybean oil was
undesirable. Therefore, an extra step is needed to sepa-
rate fatty acid from the final products. In this regard,
butyric acid was selected as a suitable oxygen carrier in
the epoxidation of soybean oil while it could not only
improve EOC efficiently but also induce the lower AV.
The following experiments were to optimize the epoxi-
dation processing of soybean oil using butyric acid as
oxygen carrier.
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Fig. 1 Effect of fatty acids with different length of carbon chain on
EOC (a) and AV (b) values of enzymatic epoxidized soybean oil.
Reaction conditions: 5.0 g of soybean oil, 50 °C, 4 h, 3% of enzyme
load (related to oil), molar ratio of H,O,/C=C of 3.5:1, and molar
ratio of fatty acid/C=C of 0.12:1

Based on the enzymatic epoxidation mechanism pro-
posed in Scheme 1, it is concluded that the most important
step in enzymatic epoxidation of vegetable oils is the first
step: fatty acid reacting with H,O, to generate perfatty acid
in situ in the presence of enzyme. Therefore, in situ IR
which can directly detect unstable reaction intermediates in
real time is used to confirm the mechanism of the reaction
(Leadbeater 2010; Fukui et al. 2012; De Souza and Cajaiba
da Silva 2013). The mixture of butyric acid, HO, and
Novozyme 435 was monitored by in situ IR to observe the
formation of perfatty acid (Fig. 2). Butyric acid (peak at
1710 cm™") was consumed rapidly as soon as the addition
of H,0, and perbutyric acid (peak at 1636 cm™') was
produced, suggesting that perbutyric acid indeed could
generate rapidly in situ and would participate in the next
step reaction immediately. So the formation of perbutyric
acid was the key step in the whole reaction which decides
the reaction rate.
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Fig. 3 Effect of reaction time on EOC and AV values of enzymatic
epoxidation of soybean oil. Reaction conditions: 5.0 g of soybean oil,
;:; 50 °C, 3% of enzyme load (related to oil), molar ratio of H,O,/C=C
of 3.5:1, and molar ratio of butyric acid/C=C of 0.12:1
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Fig. 2 a The 2D-kinetic profile of the reaction of butyric acid, H,O,,
and Novozyme 435 catalyst at 50 °C; the reaction was monitored by
operando IR. b 3D-FTIR profiles of the mentioned reaction

Optimization epoxidation of soybean oil

Effect of reaction time on the enzymatic epoxidation
of soybean oil

The effect of reaction time on the enzymatic epoxidation of
soybean oil was examined (Fig. 3). The results showed that
the EOC value reached the highest when the reaction time
was lasting to 4 h (5.19 £ 0.10). However, the EOC of
epoxidized soybean oil began to decrease with the
increasing reaction time (6—12 h), which was ascribed to
the formation of more by-products water inducing the
hydrolysis of epoxy group (Sun et al. 2011a, b; Hosseini
2014). Meanwhile, the AV had an unremarkable increase
before 6 h, increased rapidly thereafter and reached the
highest at 12 h, probably because the fatty acid content
from the hydrolysis of triglyceride was increased with the
increasing reaction time. Furthermore, the side reactions
between water and epoxidized soybean oil would generate
dihydric alcohol which could induce the emulsification of
epoxidized soybean oil (ESO). Therefore, 4 h was selected
in the following experiments.

@ Springer

The effect of H,O, was also investigated and the results are
presented in Fig. 4. The highest EOC (5.19 £ 0.10) was
obtained at molar ratio of H,O,/C=C of 3.5:1, because
perbutyric acid was produced. But the further increase of
H,O, (>3.5:1) would decrease the EOC of epoxidized
soybean oil. This was probably because hydrogen peroxide
was a kind of strong oxidant, which would inactivate the
enzyme. Besides, extra H,O, would bring much water into
the reaction mixture and dilute the substrates. This phe-
nomenon was consistent with the previous study reported
by Sun et al. (2011a, b) and Rafiee-mongaddam et al.
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Fig. 4 Effect of hydrogen peroxide (H,O,) on EOC and AV values
of enzymatic epoxidation of soybean oil. Reaction conditions: 5.0 g
of soybean oil, 50 °C, 4 h, 3% of enzyme load (related to oil), and
molar ratio of butyric acid/C=C of 0.12:1
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(Hosseini 2014). However, the hydrogen peroxide had little
effect on AV (Fig. 4b). So molar ratio of H,O,/C=C of
3.5:1 was the optimal amount of active oxygen donor in
this study.

Effect of enzyme load on the enzymatic epoxidation
of soybean oil

The effect of enzyme load (immobilized lipase Novozyme
435) was also studied in the range of 0-12% relative to the
weight of soybean oil (Fig. 5). The maximum EOC
(6.39 £ 0.16) could be achieved at 8% of enzyme load. Fur-
ther increase in the enzyme (8—12%) caused a decline of EOC
(from 6.39 4 0.16 to 4.47 £ 0.20) because excess enzyme
load could accelerate the hydrolysis of the epoxy oil. The AV
of epoxidation soybean oil was increasing rapidly (from
3.01 £ 0.12 to 11.54 £ 0.35) with the increasing immobi-
lized lipase Novozyme 435 (2-12%). This was because the
enzyme could catalyze the hydrolysis of triglycerides.
Therefore, 8% of enzyme load was considered optimum.

Effect of reaction temperature on the enzymatic
epoxidation of soybean oil

Figure 6 shows the effect of reaction temperature on the
EOC and AV of epoxidation soybean oil. The maximum
EOC was obtained at 50 °C (6.39 + 0.16). When the
temperature was over 50 °C, the EOC of soybean oil was
declined, probably because the higher temperature would
induce the enzyme inactivation and ring opening reaction
of the epoxides (Campanella and Baltanas 2005; Tornvall
et al. 2007). There was no significant difference in AV
value of epoxidation products at temperatures of 40-50 °C
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Fig. 5 Effect of enzyme load on the EOC and AV of enzymatic
epoxidation of soybean oil. Reaction conditions: 5.0 g of soybean oil,
50 °C, 4 h, molar ratio of H,O,/C=C of 3.5:1, and molar ratio of
butyric acid/C=C of 0.12:1
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Fig. 6 Effect of temperature on the EOC and AV values of
enzymatic epoxidation of soybean oil. Reaction conditions: 5.0 g of
soybean oil, 4 h, molar ratio of H;O,/C=C of 3.5:1, 8% of enzyme
load (related to oil), and molar ratio of butyric acid/C=C of 0.12:1

(8.77 £ 0.23, 7.98 £ 0.15, 8.46 £ 0.06). However, AV
value was lower at 30 °C (6.00 £ 0.21) primarily because
the hydrolysis of triglyceride was low at lower temperature.
It was interesting that AV value of the products began to
decrease when the temperature was over 50 °C, which
might be due to the partial inactivation of enzyme and poor
triglyceride hydrolysis. Considering that AV would affect
the quality of epoxidized soybean oil, 45 °C was consid-
ered an optimal reaction temperature.

Effect of butyric acid concentration on the enzymatic
epoxidation of soybean oil

In the last step, different molar ratios of butyric acid/C=C
bonds from 0.04:1 to 0.31:1 on the EOC and AV values of
enzymatic epoxidation were examined (Fig. 7). EOC of
epoxidized soybean oil was increased with the increasing
molar ratio of butyric acid/C=C bonds (<0.19:1) (from
5.89 + 0.38 to 7.62 £ 0.20). However, EOC value of
epoxidized soybean oil was declined slightly when the
molar ratio of butyric acid/C=C bonds increased further
(0.23:1, 7.48 + 0.30; 0.31:1, 6.57 &+ 0.30). This could be
explained that H,O was also produced with the formation
of perbutyric (Scheme 1), thus inducing the ring opening of
the oxirane and the decrease of EOC of the epoxidized
soybean oil. The AV was increased slightly with the
increasing molar ratio of butyric acid/C=C (0.04:1,
7.16 & 0.04; 0.31:1, 9.50 & 0.12). So 0.19:1 was consid-
ered as the optimal molar ratio of butyric acid/C=C bonds.
Notably, under the optimal conditions, the epoxidized
soybean oil with higher EOC (7.62 + 0.28) and lower acid
value (8.53 £ 0.18 mgKOH/g) was achieved. And the
oxriane conversion degree was up to 97.94%.
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Fig. 7 Effect of butyric acid concentrations on EOC and AV values
of enzymatic epoxidation of soybean oil. Reaction conditions: 5.0 g
of soybean oil, 4 h, 45 °C, molar ratio of H,O,/C=C of 3.5:1, 8% of
enzyme load

Conclusions

The epoxidized soybean oil with excellent epoxy oxygen
content (EOC) and much lower AV was achieved when
butyric acid was chosen as an oxygen carrier and immobi-
lized lipase Novozyme 435 was the catalyst. And in situ IR
was used to monitor the epoxidation process, which revealed
that the formation of perbutyric acid was the key step in the
whole reaction. The optimal epoxidation conditions were
offset at 45 °C, molar ratio of butyric acid: C=C bonds of
0.19:1, molar ratio of H,O,:C=C bonds of 3.5:1, 8% of
immobilized lipase Novozyme 435 load and 4 h of reaction
time. Under these conditions, EOC was up to 7.62 + 0.20
while AV was 8.53 £ 0.18 mgKOH/g. Moreover, the oxri-
ane conversion degree was up to 97.94%.
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