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as a novel biocatalyst to improve
benzyl cinnamate synthesis

Shangde Sun * and Liya Tian

Benzyl cinnamate is one of the derivatives of cinnamic acid, which can be used as the main constituent in

perfume, UV filters and medicines. In this work, several commercial immobilized lipases (Novozym 40086,

Novozym 435 and Lipozyme TLIM) and free lipases (lipase A and B from Candida sp., and lipozyme from

Thermomyces linuginosous) were used as catalysts for benzyl cinnamate preparation by the

esterification of benzyl alcohol with cinnamic acid. The effect of various esterification parameters

(reaction time, reaction temperature, lipase concentration and substrate ratio) on benzyl cinnamate yield

were also optimized and evaluated using response surface methodology (RSM). Among all tested lipases,

Novozym 40086, as a new commercial immobilized lipase from Rhizomucor miehei immobilized on

acrylic resin beads, showed the best activity for the esterification. Esterification parameters were

optimized as follows: reaction temperature 46.3 �C, substrate molar ratio 1 : 3 (cinnamic acid/benzyl

alcohol), Novozym 40086 concentration 23.1 mg mL�1, reaction time 11.3 h, and maximum benzyl

cinnamate yield (96.2 � 1.4%) were achieved under the optimal conditions. Novozym 40086 can be

reused 9 times without significant decrease in benzyl cinnamate yield (90.1% yield after nine times). The

activation energy for the Novozym 40086-catalyzed esterification was 14.96 � 0.25 kJ mol�1. These

results showed that Novozym 40086 was a novel and efficient biocatalyst for the esterification, which

can be used as a good alternative for benzyl cinnamate production.
1. Introduction

Cinnamic acid (3-phenylacrylic acid) is one kind of phenolic
acid widely present in plants, which can be used in avoring
materials and skin care products.1–3 However, the high melting
point (133 �C) and poor solubility of cinnamic acid limit its
application. Benzyl cinnamate (melting point 34.5 �C), one of
the derivatives of cinnamic acid, was oen used as a avoring
agent and antioxidant in the food, cosmetic and medicine
industries.4–11 Benzyl cinnamate has been approved as a avor
by the FDA and included by the Council of Europe in the list of
substances graded A.4 Therefore, the preparation of benzyl
cinnamate has been very interesting.10,12

Recently, benzyl cinnamate has been prepared by the ester-
ication of benzyl alcohol with cinnamic acid using enzymes or
chemicals as catalysts. Compared with chemical catalysts, due
to the thermal instability of cinnamic acid, biocatalysts have
attracted more attention for the esterication.13–16 For example,
in the reports of Wang et al. and Zhang et al.,10,12 lipozyme TLIM
was used as a biocatalyst to prepare benzyl cinnamate, and
a high yield (97%) can be obtained. For the immobilized
of Food Science and Engineering, Henan

0, Zhengzhou 450001, Henan Province,

l.com; 2284590412@qq.com; Fax: +86-

2

biocatalysts, the carrier features can affect the activity and
stability of immobilized enzymes.17–21 Because the carrier of
Lipozyme TLIM was silica gel, which can be easily destroyed
during the mechanical mixing process and in the presence of
by-product water formed in the esterication, the activity of
Lipozyme TLIM decreased to 63% aer reuse 3 times. There-
fore, more efficient biocatalysts, especially for the immobilized
enzymes, have been more popular alternative for benzyl cin-
namate preparation.

In this study, for enhancing benzyl cinnamate synthesis,
several commercial immobilized lipases (Novozym 40086,
Novozym 435, Lipozyme TLIM) and free lipases (lipase A and B
from Candida sp., and lipozyme from Thermomyces linugino-
sous) were used to catalyze the esterication. Effects of esteri-
cation parameters (reaction time, temperature, lipase
concentration and substrate ratio) on the reaction were evalu-
ated and optimized by RSM, and the lipase reusability was also
investigated. HPLC-UV and HPLC-ESI-MS were used to analyze
benzyl cinnamate synthesis. Thermodynamic and reaction
kinetic were investigated.
2. Materials and methods
2.1. Materials

Cinnamic acid was provided from Nanjing Zelang Chemical
Co., Ltd. (Nanjing China). Benzyl alcohol was purchased from
This journal is © The Royal Society of Chemistry 2018
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Maikelin Biochem. Technol. Co., Ltd. (Shanghai China). Three
commercial immobilized lipases (Novozym 40086, Novozym
435 and Lipozyme TLIM) and three free lipases (lipase A and B
from Candida sp., and lipozyme from Thermomyces linugino-
sous) were purchased from Novozymes A/S (Bagsvaerd,
Denmark).
2.2. Enzymatic esterication and immobilized enzyme
reusability

The esterication of cinnamic acid (0.1 mmol) with benzyl
alcohol (0.3 mmol) was carried out in 10 mL isooctane at
150 rpm and 40 �C. The esterication was initialized when
lipase was added. Samples (20 mL) were taken out for analysis at
specic time intervals.

To investigate the reusability of lipase, aer the esterication
nished, Novozym 40086 was rstly ltered, and then washed
using isooctane for 6 times. Finally, the lipase was dried for the
next use.
2.3. Analysis

Products were analyzed using HPLC with C18 column (250 mm
� 4.6 mm, 5 mm), which was eluted with solvent 10% A (0.5%, v/
v, glacial acetic acid/water) and solvent 90% B (methanol) at 0.5
mL min�1 at 35 �C and 280 nm.

In order to identify the product, the major ion ([M + Na]+) of
benzyl cinnamate detected by HPLC-ESI-MS was 261
(required M 238). The capillary, collision and cone voltages were
3.0 kV, 5 V and 30 V, respectively. The ion source and des-
olvation temperatures were 80 �C and 150 �C, respectively. The
ows of cone desolvation gas, desolvation gas and injection
were 40 L h�1, 350 L h�1 and 20 mL min�1, respectively.
Table 1 RSM design and results of Novozym 40086-catalyzed the este

Treatment no.a
Reaction time
A (h)

Novozym 4008
concentration

1 9 (0) 20 (0)
2 9 (0) 20 (0)
3 3 (�1) 20 (0)
4 3 (�1) 35 (1)
5 15 (1) 35 (1)
6 15 (1) 20 (0)
7 3 (�1) 5 (�1)
8 9 (0) 20 (0)
9 9 (0) 35 (1)
10 15 (1) 5 (�1)
11 3 (�1) 20 (0)
12 9 (0) 5 (�1)
13 9 (0) 5 (�1)
14 15 (1) 20 (0)
15 9 (0) 20 (0)
16 9 (0) 35 (1)
17 9 (0) 20 (0)

a Experiment numbers randomly.

This journal is © The Royal Society of Chemistry 2018
2.4. Experimental design for response surface methodology

A Box–Behnken design with 3 levels and 3 factors was used to
evaluate the interaction of factors on the esterication (Table 1).
Three factors and 3 levels were set as esterication temperature
(20 �C, 40 �C and 60 �C), esterication time (3 h, 9 h and 15 h),
and lipase concentration (5 mg mL�1, 20 mg mL�1 and 35 mg
mL�1), respectively.
2.5. Statistical analysis

From the RSM design, the mathematical relationship between
esterication parameters with benzyl cinnamate yield was as
follow:

Y ¼ b0 þ
X3

i¼1

biΧi þ
X3

i¼1

biiXi
2 þ

X2

i¼1

X3

j¼iþ1

bijΧiΧj

where Y is benzyl cinnamate yield, Xi and Xj represent reaction
parameters, and b0, bi, bii, and bij are the constants.
3. Results and discussion
3.1. Biocatalyst screening

Fig. 1 shows that, when the three free lipases were used as
biocatalysts for the esterication, the low benzyl cinnamate
yields were obtained, which were attributed to the aggregation
of free liquid lipases in isooctane system. Fig. 1 also shows that,
at 24 h, the maximum benzyl cinnamate yield (92.3� 2.3%) was
obtained using Novozym 40086 as biocatalyst, which was 1.7
times that (55.1 � 1.6%) of Lipozyme TLIM and 1.8 times that
(51.3 � 2.3%) of free lipozyme from Thermomyces linuginosous.
In the previous reports,10,12 immobilized lipase Lipozyme TLIM
was used to prepare benzyl cinnamate. However, the immobi-
lized carrier of Lipozyme TLIM was silica gel, which can be
easily destroyed during the mixing process by mechanical
rification for benzyl cinnamate preparation

6
B (mg mL�1)

Temperature
C (�C)

Benzyl cinnamate
yield (%)

40 (0) 89.2 � 1.20
40 (0) 91.0 � 0.82
20 (�1) 24.1 � 1.61
40 (0) 64.3 � 0.60
40(0) 91.4 � 0.42
20(-1) 88.6 � 1.12
40 (0) 67.9 � 0.63
40 (0) 92.0 � 1.56
60 (1) 92.3 � 0.61
40 (0) 74.0 � 0.31
60 (1) 94.2 � 1.46
20 (�1) 28.0 � 1.62
60 (1) 93.0 � 1.19
60 (1) 90.8 � 2.19
40 (0) 88.8 � 0.52
20 (�1) 75.2 � 1.78
40 (0) 85.8 � 1.19

RSC Adv., 2018, 8, 37184–37192 | 37185
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agitation and the presence of water formed in the esterica-
tion.22,23 These resulted in the decrease of benzyl cinnamate
yield to 63% at three times reuse of Lipozyme TLIM.10,12 Novo-
zym 40086 was a new commercial lipase from Rhizomucor miehei
immobilized on acrylic resin beads, which was very stable and
easily separated from the esterication, and the maximum
benzyl cinnamate yield (92.3 � 2.3%) was achieved using
Novozym 40086 as biocatalyst. Therefore, compared with other
commercial immobilized lipases and free lipases used in the
work, Novozym 40086 was the best alternative for the esteri-
cation, which was ascribed to the interfacial activation of the
immobilized hydrophobic carrier (acrylic resin beads) and
stabilization of open form of lipase by the immobilization.
Similar effect of hydrophobic supports on the immobilized
enzyme activity can also be found in other lipases.19,20,24,25

3.2. Selection of solvent

Fig. 2 shows that, among the tested ve solvents, high benzyl
cinnamate yields can be obtained using isooctane (log P, 4.5),
heptane (log P, 4.0) and hexane (log P, 3.5) as solvents. These
were attributed to the presence of non-polar solvents with high
log P (>3.0). Similar the enhancement of immobilized enzyme
activity in non-polar solvent can also be found in other reac-
tions.26–29 However, when heptane, hexane and toluene were
used as solvents, the maximum benzyl cinnamate yields were
obtained at 12 h, and with further increase of reaction time to
24 h, benzyl cinnamate yield decreased, which may be attrib-
uted to the dilution of cinnamic acid with reaction progress and
more water into the reaction system from the atmosphere.
Similar effect can also be found in other enzymatic
esterication.22,23
Fig. 1 Effect of different lipases on benzyl cinnamate yield. Reaction c
mol�1), lipase concentration 30 mg mL�1 at 150 rpm and 40 �C in isooc

37186 | RSC Adv., 2018, 8, 37184–37192
From Fig. 2, we can found that the maximum benzyl cinna-
mate yield (97.1 � 1.38%) was successfully achieved using
isooctane as solvent, which was attributed the high boiling
point (99 �C) and log P (4.5) of isooctane. However, for the polar
chloroform (log P, 2.0), the lowest benzyl cinnamate yield (less
than 70%) was obtained, which was due to the fact that the
essential water on the surface of immobilized enzyme was
deprived by the polar chloroform. Similar immobilized enzyme
activity decreased in polar solvents can also be found in many
reactions.30–32
3.3. Effect of substrate ratio

Varying substrate ratio from 1 : 1 (cinnamic acid to benzyl
alcohol, mol mol�1) to 1 : 3, benzyl cinnamate yield increased
from 83.2 � 2.19% to 93.5 � 1.29% at 24 h (Fig. 3). However,
with the substrate molar ratio ranging from 1 : 4 to 1 : 6, the
yield of benzyl cinnamate decreased from 87.4 � 2.06% to 86.3
� 2.0% at 24 h, which were attributed to the decrease of the
concentration of cinnamic acid and more dead end enzyme-
benzyl alcohol complex formation with the increase of benzyl
alcohol concentration. These indicated that, at high benzyl
alcohol concentration, the inhibition of benzyl alcohol on the
immobilized lipase-catalyzed esterication was signicant.
Similar inhibition of alcohol on lipase activity can also be found
in another reaction.33–36
3.4. Effect of Novozym 40086 concentration

According to the previous methods,34,37,38 the initial reaction
rates, dened as the initial benzyl cinnamate yield (#15.0%
benzyl cinnamate yield) per unit time (V0, mol (L�1 min�1)),
onditions: substrate ratio 1 : 3 (cinnamic acid to benzyl alcohol, mol
tane.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Effect of solvents on benzyl cinnamate yield. Reaction conditions: substrate ratio 1 : 3, Novozym 40086 concentration 30 mg mL�1 at
150 rpm and 40 �C.
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were calculated from six experimental points of the yield–time
prole, where the proles were found to be approximately
linear. Fig. 4 shows that, with the increase of Novozym 40086
concentration, the time to achieve equilibrium was shortened
from >24 h (5 mg mL�1) to 9 h (30 mg mL�1), and the initial
formation rate of benzyl cinnamate linearly increased from 1.8
� 10�3 mol (L�1 min�1) to 8.8 � 10�3 mol (L�1 min�1). These
results indicated that, at lower Novozym 40086 concentration
(<30 mg mL�1), the effect of external mass transfer can be
neglected, and similar effect can also be conrmed by the effect
of rotation rate (Fig. 5). However, at higher Novozym 40086
Fig. 3 Effect of substrate ratio on benzyl cinnamate yield. Reaction
conditions: Novozym 40086 concentration 30 mg mL�1 at 150 rpm
and 40 �C in isooctane.

This journal is © The Royal Society of Chemistry 2018
concentration, the presence of more solid immobilized lipase
resulted in the diffusional limitation and the water in the
reaction system wasn't enough for the immobilized lipase
activity, which can slightly decrease benzyl cinnamate yield.
Similar results of immobilized biocatalysts on the mass transfer
can also be found in other studies.10,34,36,37,39,40

Fig. 5 shows that there was not signicant inuence of
rotation rate on the reaction, which indicated that the esteri-
cation wasn't controlled by external mass transfer. These were
agreed with the results of lipase concentration. Similar effect of
the excess immobilized biocatalysts on the mass transfer can
also be found in other reactions.17,34,36,37,40,41
Fig. 4 Effect of Novozym 40086 concentration on benzyl cinnamate
yield. Reaction conditions: substrate ratio 1 : 3 at 150 rpm and 40 �C in
isooctane.

RSC Adv., 2018, 8, 37184–37192 | 37187
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Fig. 5 Effect of rotation rate on benzyl cinnamate yield. Reaction
conditions: substrate ratio 1 : 3 and Novozym 40086 concentration
30 mg mL�1 at 40 �C in isooctane.

Fig. 7 Relationship between initial esterification rate with tempera-
ture. Reaction conditions: substrate ratio 1 : 3, Novozym 40086
concentration 30 mg mL�1 at 150 rpm in isooctane.
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3.5. Effect of esterication temperature

Due to the low boiling point (99 �C) of isooctane as reaction
solvent and the volatility of benzyl alcohol (ash point, 100 �C),
the highest reaction temperature was set as 70 �C.

Fig. 6 shows that, as the temperature increases from 20 �C to
60 �C, the formation rate of benzyl cinnamate rapidly increased,
for example, initial esterication rate increased from 5.8 �
10�3 mol (L�1 min�1) of 20 �C to 1.54 � 10�2 mol (L�1 min�1) of
70 �C, and time to achieve equilibrium was shortened from
>24 h (at 20 �C) to 3 h (at 70 �C). These indicated that the high
thermodynamic stability of the immobilized Novozym 40086.
Fig. 6 also shows that, as the temperature increases, the
maximum benzyl cinnamate yield increased from 77.5 � 2.3%
of 20 �C to 92.6� 2.06% of 70 �C. These results was attributed to
that, the esterication is an endothermic reaction, and the
increase of temperature can increase the active molecules of the
substrates and decrease the viscosity of reaction system, which
Fig. 6 Effect of esterification temperature on benzyl cinnamate yield.
Reaction conditions: substrate ratio 1 : 3, Novozym 40086 concen-
tration 30 mg mL�1 at 150 rpm in isooctane.

37188 | RSC Adv., 2018, 8, 37184–37192
is benecial to more energetic collisions of the substrates to
form benzyl cinnamate. Similar effect of temperature can also
be found in other enzyme-catalyzed reactions.42–46
3.6. Reaction thermodynamics and kinetics

Fig. 7 shows that initial reaction rate linearly increased with
temperature ranging from 20 �C to 70 �C. Ea of Novozym 40086-
catalyzed the reaction was 14.96 � 0.25 kJ mol�1, which was
higher than that (12.8 � 0.1 kJ mol�1) of the benzyl propionate
preparation using immobilized lipase as catalyst and lower than
that (16.6 � 0.7 kJ mol�1) of free lipase.34 The highest Ea of free
lipase was due to the agglomerate in hydrophobic solvent and
great mass transfer of reaction system. The higher Ea of benzyl
cinnamate preparation using immobilized Novozym 40086 was
Fig. 8 Non-linear fitting curves between initial esterification rate with
the concentration of benzyl alcohol at different cinnamic acid
concentrations (0.01 mol L�1, 0.015 mol L�1, 0.02 mol L�1,
0.025 mol L�1). Reaction conditions: benzyl alcohol concentrations
ranging from 0.01 mol L�1 to 0.06 mol L�1 at 150 rpm and 40 �C in
isooctane.

This journal is © The Royal Society of Chemistry 2018
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Table 2 ANOVA analysis for response surface models of benzyl cinnamate yield

Sources Sum of squares Freedom Mean square F Value Prob > F

Model 7266.35 9 807.37 21.36 0.0003
Residual 264.57 7 37.80
Lack of t 241.93 3 80.64 14.25 0.0133
Pure error 22.64 4 5.66
Cor. total 7530.93 16
R2 ¼ 0.9649
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attributed to the greater stearic hindrance of cinnamic acid
than that of vinyl propionate. Arrhenius equation of benzyl
cinnamate formation was ln V0 ¼ 1.0787 � 1799/T.

According to the previous methods,47,48 non-linear tting
curves at different concentrations of cinnamic acid were ach-
ieved (Fig. 8), and initial reaction rate was described as follows:
Fig. 9 3D graphs between two parameters for benzyl cinnamate form
40086 concentration; (b) Novozym 40086 concentration and time at 4

This journal is © The Royal Society of Chemistry 2018
V ¼ Vmax½A�½B�
kmB½A� þ KmA½B� þ ½A�½B�

where V and Vmax are initial and maximum esterication rates,
respectively; [A], [B], KmA and KmB are the concentrations and
apparent Michaelis constants of cinnamic acid and benzyl
alcohol, respectively.
ation: (a) reaction time and temperature with 20 mg mL�1 Novozym
0 �C; (c) Novozym 40086 concentration and temperature at 9 h.

RSC Adv., 2018, 8, 37184–37192 | 37189

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra08433e


Fig. 10 Reusability of Novozym 40086 in the esterification. Reaction conditions: substrate ratio 1 : 3, Novozym 40086 concentration 23.1 mg
mL�1 at 150 rpm and 46.3 �C in isooctane.
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From Fig. 8, Vmax, KmA and KmB can be calculated as 9.0 �
10�3 mol (L�1 min�1), 3.2 � 10�3 mol L�1 and 1.2 �
10�3 mol L�1, respectively.
3.7. Model tting

RSM is an empirical modeling technique used to evaluate the
relationship between a set of controllable experimental factors
and observed results. Modeling of esterication variables and
benzyl cinnamate yield was performed by RSM to predict the
highest possible yield of benzyl cinnamate. The results obtained
for the models are listed in Tables 1 and 2. For benzyl cinna-
mate formation, the coefficient of the RSM model was 0.9649
(Table 2), which indicated that the model for benzyl cinnamate
formation can successfully predict the relationship between
benzyl cinnamate yield with reaction variables. Therefore, the
quadratic polynomial model can be obtained from RSM as
follows:

Benzyl cinnamate yield (%)¼ 89.18 + 11.97X1 + 7.54X2 + 19.30X3

+ 5.25X1X2 � 16.98X1X3 � 11.98X2X3 � 6.24X1
2 � 8.54X2

2

� 8.51X3
2

The mutual interactions of three reaction factors on benzyl
cinnamate yield were shown in Fig. 9. Benzyl cinnamate yield
increased with the increases of reaction variables, and the
maximal benzyl cinnamate yield appeared at 40–50 �C, 9–12 h,
and >20 mg mL�1 Novozym 40086 concentration. For benzyl
cinnamate formation, the effect of esterication parameters
was temperature > reaction time > Novozym 40086 concentra-
tion (Fig. 9).
37190 | RSC Adv., 2018, 8, 37184–37192
3.8. Optimum esterication parameters and model
verication

In order to test the reliability of the optimization results, the
verication experiments were carried out. Result shows that
there was no signicant difference between the experimental
yield (96.2 � 1.4%) with the theoretical predicted yield
(96.9%), which conrms the validity of the prediction model.
Under the optimal conditions: temperature 46.3 �C, Novozym
40086 concentration 23.1 mg mL�1, molar ratio 1 : 3, reaction
time 11.3 h, the yield of benzyl cinnamate reached 96.2 �
1.4%, which was similar with the benzyl cinnamate yields
(97%) in the previous reports.10,12 However, the time to achieve
the maximum yield in our work (11.3 h) was less than half of
the previous reports ($24 h).10,12 And the Novozym 40086
concentration (23.1 mg mL�1) used in the work was lower than
the previous reports (31 mg mL�1).10,12
3.9. Reusability of Novozym 40086 in isooctane

Fig. 10 shows that, under the optimized esterication condi-
tions by RSM, Novozym 40086 can be reused 9 times without
obvious benzyl cinnamate yield decrease, and benzyl cinnamate
yield (90.1 � 1.2%) was still higher than 90% at ninth time. The
reuse time (9 times) of Novozym 40086 and benzyl cinnamate
yield (90% at ninth time) in our work were great higher than
that of Lipozyme TLIM (61.3% benzyl cinnamate yield at third
time).10 The good reusability of Novozym 40086 was ascribed to
the interfacial activation of the immobilized hydrophobic
support (acrylic resin beads). Similar inuence of hydrophobic
support on the lipase activity can also be found in the immo-
bilization of other lipases.19,20,24
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra08433e


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
N

ov
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 2

/7
/2

02
6 

5:
15

:0
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
4. Conclusions

In this paper, Novozym 40086 was successfully used as a novel
biocatalyst to catalyze the esterication for benzyl cinnamate
preparation. High yield of benzyl cinnamate (96.2 � 1.4%) was
achieved under the optimized conditions: temperature 46.3 �C,
Novozym 40086 concentration 23.1 mg mL�1, molar ratio 1 : 3,
reaction time 11.3 h. Under these conditions, Novozym 40086
can be used 9 times without obvious benzyl cinnamate
decrease. Ea of benzyl cinnamate formation was 14.96 �
0.25 kJ mol�1. These indicated Novozym 40086 is a good alter-
native for benzyl cinnamate preparation.
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26 M. Pöhnlein, R. Hausmann, S. Lang and C. Syldatk, Eur. J.
Lipid Sci. Technol., 2015, 117, 145–155.

27 Z. Yang, Z. Guo and X. Xu, Food Chem., 2012, 132, 1311–1315.
28 M. D. Romero, L. Calvo, C. Alba and A. Daneshfar, J.

Biotechnol., 2007, 127, 269–277.
29 Y. Zheng, X. M. Wu, C. Branford-White, X. Ning, J. Quan and

L. M. Zhu, J. Mol. Catal. B: Enzym., 2009, 58, 65–71.
30 Z. T. Alismaeel, A. S. Abbas, T. M. Albayati and A. M. Doyle,

Fuel, 2018, 234, 170–176.
31 R. C. Rodrigues andM. A. Z. Ayub, Process Biochem., 2011, 46,

682–688.
32 M. A. Amani, M. S. Davoudi, K. Tahvildari, S. M. Nabavi and

M. S. Davoudi, Ind. Crops Prod., 2013, 43, 40–43.
33 K. S. Hari and N. G. Karanth, Biochim. Biophys. Acta,

Biomembr., 2001, 1547, 262–267.
34 K. C. Badgujar and B. M. Bhanage, Ind. Eng. Chem. Res., 2014,

53, 18806–18815.
35 C. Kuo, G. Chen, C. Chen, Y. Liu and C. Shiehd, Process

Biochem., 2014, 49, 437–444.
36 S. D. Shinde and G. D. Yadav, Ind. Eng. Chem. Res., 2014, 53,

8706–8713.
37 S. Sun, L. Shan, Y. Liu, Q. Jin, Y. Song and X. Wang, J. Mol.

Catal. B: Enzym., 2009, 57, 104–108.
38 D. L. Purich, Contemporary enzyme kinetics and mechanism,

Elsevier Science Publishing Co. Inc, San Diego, 3rd edn,
2010.

39 S. Sun and B. Hu, Food Chem., 2017, 214, 192–198.
RSC Adv., 2018, 8, 37184–37192 | 37191

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra08433e


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
N

ov
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 2

/7
/2

02
6 

5:
15

:0
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
40 S. Sun, S. Zhu and Y. Bi, Food Chem., 2014, 158, 292–295.
41 Z. Guo and Y. Sun, Food Chem., 2007, 100, 1076–1084.
42 R. Yuryev, V. Kasche, Z. Ignatova and B. Galunsky, Protein J.,

2010, 29, 181–187.
43 W. N. Li, B. Q. Chen and T. W. Tan, Appl. Biochem.

Biotechnol., 2011, 163, 102–111.
44 W. J. Sun, H. X. Zhao, F. J. Cui, Y. H. Li, S. L. Yu, Q. Zhou,

J. Y. Qian and Y. Dong, Chem. Cent. J., 2013, 7, 1–13.
37192 | RSC Adv., 2018, 8, 37184–37192
45 G. D. Yadav and S. B. Dhoot, J. Mol. Catal. B: Enzym., 2009,
57, 34–39.

46 Y. Wang, D. H. Zhang, J. Y. Zhang, N. Chen and G. Y. Zhi,
Food Chem., 2016, 190, 629–633.

47 A. Cornish-Bowden and J. T. Wong, Biochem. J., 1978, 175,
969–976.

48 A. Cornish-Bowden, Fundamentals of Enzyme Kinetics,
Butterworth & Co. (Publishers) Ltd., Southampton, 1979.
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra08433e

	Novozym 40086 as a novel biocatalyst to improve benzyl cinnamate synthesis
	Novozym 40086 as a novel biocatalyst to improve benzyl cinnamate synthesis
	Novozym 40086 as a novel biocatalyst to improve benzyl cinnamate synthesis
	Novozym 40086 as a novel biocatalyst to improve benzyl cinnamate synthesis
	Novozym 40086 as a novel biocatalyst to improve benzyl cinnamate synthesis
	Novozym 40086 as a novel biocatalyst to improve benzyl cinnamate synthesis
	Novozym 40086 as a novel biocatalyst to improve benzyl cinnamate synthesis
	Novozym 40086 as a novel biocatalyst to improve benzyl cinnamate synthesis

	Novozym 40086 as a novel biocatalyst to improve benzyl cinnamate synthesis
	Novozym 40086 as a novel biocatalyst to improve benzyl cinnamate synthesis
	Novozym 40086 as a novel biocatalyst to improve benzyl cinnamate synthesis
	Novozym 40086 as a novel biocatalyst to improve benzyl cinnamate synthesis
	Novozym 40086 as a novel biocatalyst to improve benzyl cinnamate synthesis
	Novozym 40086 as a novel biocatalyst to improve benzyl cinnamate synthesis
	Novozym 40086 as a novel biocatalyst to improve benzyl cinnamate synthesis
	Novozym 40086 as a novel biocatalyst to improve benzyl cinnamate synthesis
	Novozym 40086 as a novel biocatalyst to improve benzyl cinnamate synthesis
	Novozym 40086 as a novel biocatalyst to improve benzyl cinnamate synthesis

	Novozym 40086 as a novel biocatalyst to improve benzyl cinnamate synthesis
	Novozym 40086 as a novel biocatalyst to improve benzyl cinnamate synthesis
	Novozym 40086 as a novel biocatalyst to improve benzyl cinnamate synthesis


