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a b s t r a c t

The enzymatic esterification of glyceryl ferulate (FG) and oleic acid (OA) for feruloylated diacylglycerols
(FDAG) synthesis in a solvent-free system was studied in this work. The reactions were catalyzed by
different commercially available lipases, among which Novozym 435 was found to be the most active bio-
catalyst. The effects of glycerol in the reaction mixture and various synthesis parameters on yield of FDAG
and the initial reaction rate were studied. The optimum synthesis conditions were as follows: temperature,
65 ◦C; enzyme load, 7.5%; substrate ratio, 7.5:1 (OA/(FG + glycerol), w/w); and reaction time, 12 h. Under
the optimum conditions, the conversion of FG and yield of FDAG reached 98.0 ± 1.0% and 82.6 ± 2.2%,
eruloylated diacylglycerols (FDAG)
lyceryl ferulate (FG)
leic acid (OA)
ipase-catalyzed esterification
inetic model

respectively. A linear relationship was established between the initial reaction rate and enzyme load up
to 10%, which demonstrated that the influence of external mass transfer limitations on the reaction could
be eliminated. The relationship between initial reaction rate and temperature was also established, based
on the Arrhenius law. Novozym 435 in the present work can be used 18 times under the optimum condi-
tions without essential losses in activity. The reaction kinetics agrees with the Ping-Pong Bi-Bi mechanism
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characterized by Vm and K

. Introduction

Phenolic acids are natural hydrophilic antioxidants, which
biquitously occur in the plant kingdom. Ferulic acid (4-hydroxy-3-
ethoxy cinnamic acid, FA) is a phenolic acid widely distributed in
ost higher plant. FA has been reported to have many physiological

unctions, including antioxidant, antimicrobial, anti-inflammatory,
ntiallergic, antiviral, anticarcinogenic, free radical scavenging, and
V filter properties, which made FA widely used in the food, health,
osmetics, and pharmaceutical industries [1–5].

However, FA exhibits low solubility and stability in hydrophobic
edia, which limits its applications in oil-based food process-

ng, cosmetics, and other corresponding industries. Thus, lipophilic
erivatives of FA, as exemplified by feruloylated diacylglycerols
FDAG) [6–17], glycosylated, and alkylated derivatives [18,19], have
een reported. FA is heat- and oxidation-sensitive, which makes
nzymatic synthesis of FDAG an attractive alternative to chemical
ynthesis [9,10,12]. But previous reports regarding the enzymatic
ynthesis of FDAG have many disadvantages including low yields,

ong reaction time, solvent requirements, etc. Recently we have
eported a novel solvent-free enzymatic route for synthesis of FDAG
Fig. 1A), consisting of two consecutive steps, namely, transester-
fication of ethyl ferulate (EF) and excessive glycerol to produce

∗ Corresponding author. Tel.: +86 510 85876799; fax: +86 510 85876799.
E-mail address: wxg1002@hotmail.com (X. Wang).
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ues of 5.26 × 10−4 mol/(L min) and 0.26 mol/L, respectively.
© 2008 Elsevier B.V. All rights reserved.

lyceryl ferulate (FG) (Fig. 1B), followed by esterification of FG with
leic acid (OA) [20]. This route can produce higher yield of FDAG in a
horter reaction time. An alternative method to synthesize FG using
eruloyl esterase from Aspergillus niger catalyzed esterification of FA
ith glycerol has also been reported [21,22].

The purpose of the present study was to investigate the influence
f several synthesis parameters, including reaction time, reaction
emperature, enzyme load, and substrate ratio (OA/(FG + glycerol),
/w), on the percent molar yield of FDAG and the initial reaction

ate in the esterification of FG with OA. Enzyme screening, the
ffects of glycerol and the external mass transfer on the esterifi-
ation reaction, and enzyme durability were also evaluated. The
eaction kinetic was studied. Values of Vm and K ′

m were obtained.

. Materials and methods

.1. Biological and chemical materials

Immobilized lipase Lipozyme RM IM (from Rhizomucor miehei,
ML, 25 BIU/g), Lipozyme TL IM (from Thermomyces lanugi-
osus, TLL, 175 IUN/g), and Novozym 435 (lipase B from Candida
ntarctica, CAL, 10,000 PLU/g) were purchased from Novozymes

/S (Bagsvaerd, Denmark). Lipase (from Candida lipolytica,
000 units/g) powder was purchased from Xueyan Enzyme Com-
any (Wuxi, China). Pancreatin (Porcine pancreas, 141 IU/g) powder
as purchased from Sigma Corporation (USA). Ethyl ferulate (purity

99%) was purchased from Suzhou Changtong Chemical Co., Ltd.

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:wxg1002@hotmail.com
dx.doi.org/10.1016/j.molcatb.2008.07.010
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Table 1
Enzymatic esterification of FG and OA for FDAG synthesis catalyzed by different
biocatalystsa

Enzyme Activity (�mol/(min g))b Yield of FDAG (%)

Novozym 435 1.53 ± 0.02 84.0 ± 1.8
Lipozyme RM IM 1.48 ± 0.03 67.0 ± 2.0
Lipozyme TL IM 0.41 ± 0.03 trc

Candida lipolytica lipase 0.32 ± 0.03 ndd

Pancreatin 0.35 ± 0.03 13.6 ± 1.1

a Esterifications were performed using different biocatalysts at 65 ◦C,
1.33 × 103 Pa, and OA/(FG + glycerol) 7.5:1 (w/w) for 12 h. Reactions were carried
out in 25 mL round-bottom flasks on a rotary evaporator rotating at 100 rpm.

b Enzyme activities (�mol/(min g)) were defined as millimoles of FG converted
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Experiments at six different temperatures were carried out to
Fig. 1. Chemical structures of FDAG and FG.

Suzhou, China). Glycerol (purity >99%) and oleic acid (purity
65%) were purchased from Sinopharm Chemical Reagent Co., Ltd.
Shanghai, China). OA was fractionated before use to a purity of
90% (GC results: OA 91.2 ± 1.0%, linoleic acid 5.7 ± 1.2%, palmitoleic
cid 2.1 ± 0.6%, other fatty acids 1.0 ± 0.5%). Methanol and glacial
cetic acid were of HPLC purity. All other reagents were of analytical
rade.

.2. General procedure for the enzymatic synthesis

Transesterification was conducted as described previously [23]:
.5 mmol EF was reacted with 15 mmol glycerol and 170 mg
ovozym 435 at 60 ◦C and 1.33 × 103 Pa for 10 h in 25 mL round-
ottom flasks on a vacuum-rotary evaporator rotating at 100 rpm.

Esterification was performed in 25 mL round-bottom flasks
n a vacuum-rotary evaporator rotating at 100 rpm using the
ollowing conditions: 0.30 g (glyceryl ferulate + glycerol, glycerol
olution of FG obtained after transesterification) or 0.075 g chro-
atographically purified FG, 2.22 g OA, 0.25 g Novozym 435, 65 ◦C,

.33 × 103 Pa.

.3. HPLC analysis and structural identification of the reaction
roducts

Reactants and products were analyzed as described previously
20]. The products were isolated and identified as described previ-
usly [23,24].

. Results and discussion

.1. Enzyme screening

The esterification of OA with FG in a solvent-free system, respec-
ively, by five lipases is compared in Table 1. These lipases catalyzed
A incorporation into FG to various extents. Lipozyme TL IM and
andida lipolytica lipase had nearly no activity on FDAG synthe-
is, and pancreatin could give lower activity of FDAG yield; and
hese lipases could only give lower activities of FG conversion.

ipozyme RM IM gave higher activity of FG conversion and FDAG
ield. Novozym 435 gave the highest activity of FG conversion and
DAG yield, and thus was selected for use in subsequent experi-
ents.

a
T
t
t

o FMAG and FDAG combined per minute per gram at the assay conditions stated
bove.

c tr = trace (<0.02).
d nd = not detected.

.2. The effect of glycerol on the esterification

The transesterification product (FG + glycerol) was approxi-
ately composed of 75% glycerol and 25% FG. During the early

hase of the esterification (∼2 h), it was observed that FDAG
ormation rate (3.2 × 10−5 mol/h) in the presence of glycerol in
he reaction mixture was approximately 10-fold faster than that
2.9 × 10−6 mol/h) in the absence of glycerol, and the conversion of
G (98.1 ± 1.5%) and yield of FDAG (84.0 ± 1.8%) in the presence of
lycerol were higher than that (79.2 ± 2.0% and 50.1 ± 2.3%) in the
bsence of glycerol after 12 h. There are two major reasons for this
henomenon: (i) glycerol in larger amounts can provide enough
olvents for FG solids; and (ii) excess of glycerol reacts with OA
o produce monoacylglycerols (MAG) and diacylglycerols (DAG),
hich was, e.g., quantified by HPLC profile as 30 ± 3.2% DAG and

5 ± 1.8% MAG at 12 h. Both MAG and DAG are good emulsifiers
hat led to emulsification phenomena and thus can make the reac-
ants (FG and OA) mix well. Both reasons improve the accessibility
f FG to OA and hence facilitate the reaction process. Similar results
hat glycerol can enhance production of feruloylated species have
lso been reported [24,25]. Thus, residual glycerol was maintained
n the transesterification product when esterification of FG and OA
as performed in the following experiments.

.3. Effect of reaction time

Time course studies are useful in identifying product (FDAG) for-
ation and reactant (FG) disappearance. Fig. 2 shows the reaction

rogress versus the reaction time. The conversion of FG showed
harp increase until 2 h to reach 94.5 ± 1.5%, and then maintained
ssentially constant until 16 h. The yield of FMAG showed an
ncreasing–decreasing pattern, while that of FDAG showed an ever
ncreasing one, both with the increasing of reaction time. The
esults indicate that more amounts of fatty acyls have been trans-
erred to FG with the increasing of reaction time. The FDAG yield
ncreased significantly with increases in reaction time until 12 h to
each 83.5 ± 2.0%, and then maintained essentially constant until
6 h. The reaction time of the present study is thus chosen as 12 h,
hich guarantee both better FDAG yield and time efficiency than

eported results [9,10,12].

.4. Effect of reaction temperature
ssess the influence of temperature on the esterification reaction.
he lowest temperature chosen was fixed at 55 ◦C, below which
he stirring of the reaction mixture becomes difficult because of
he high melting point of FG. Fig. 3A shows the yield of FDAG ver-
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Fig. 2. Effect of reaction time on conversion of FG and yields of FDAG and FMAG.
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Fig. 3. (A) Effect of reaction temperature on the yield of FDAG. Esterifications were
performed at different temperature, 1.33 × 103 Pa, enzyme load (relative to the
weight of total substrates) 10%, and OA/(FG + glycerol) 7.5:1 (w/w). Reactions were
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sterifications were performed at 60 ◦C, 1.33 × 103 Pa, enzyme load (relative to the
eight of total substrates) 10%, and OA/(FG + glycerol) 7.5:1 (w/w). Reactions were

arried out in 25 mL round-bottom flasks on a rotary evaporator rotating at 100 rpm.
onversion of FG (�), yield of FMAG (�), yield of FDAG (�).

us reaction time at the six temperatures studied. It is obvious that
he temperature has a considerable influence on the yield of FDAG;
n fact, the reaction time required to reach 76% yield of FDAG was
educed from 16 to 4 h when the temperature rises from 55 ◦C to
0 ◦C, which is the result of increasing fatty acyls transfer at high
emperature. Similar results have also been reported [26,27]. How-
ver, too high temperatures will lead to higher lipase deactivation
ates. To obtain good reaction rates and equilibrium yield without
hermally deactivating the lipase in reuses, the temperature should
e kept around 65 ◦C.

The initial reaction rates, defined as the initial FDAG yield per
nit time (V0, mol/(L min)), were calculated from six experimental
oints of the yield–time profile corresponding to the first 0.5 h of
he reaction (15.0% or less FDAG yield), where the profiles were
ound to be approximately linear. So the Arrhenius law can be
escribed as follows:

nV0 = ln A − Ea

RT
(1)

here A = the Arrhenius constant, Ea = the activation energy, R = the
as constant, and T = absolute temperature (K). Fig. 3B shows the
alues of ln V0 versus the reciprocal of the absolute temperature T.
rom the slope of a straight line passing through these points, it is
ossible to calculate the activation energy. The value of Ea obtained
y means of the above-mentioned Eq. (1) is 67.4 kJ/mol, which
s higher than other Ea values (0.97–34.5 kJ/mol) determined for
ther lipase-catalyzed esterification reactions [28]. This difference
an be attributed to that the feruloyl of FG has electron-donating
nd steric hindrance effects, which lead to lower reaction rate than
ther lipase-catalyzed esterification reactions.

Thus the Arrhenius law equation about the initial reaction rate
nd the reaction temperature (55–80 ◦C) can be written into Eq. (2):

nV0 = 15.415 − 8109
T

. (2)

.5. Effect of enzyme load
Fig. 4 shows the dependency between the FDAG yield and
nzyme load. The FDAG yield increased with enzyme loads between
.5% and 10%; and then decreased with enzyme loads exceeding
0%, which could be due to biocatalyst agglomeration and possible

3

i

arried out in 25 mL round-bottom flasks on a rotary evaporator rotating at 100 rpm.
5 ◦C (�), 60 ◦C (�), 65 ◦C (�), 70 ◦C (�), 75 ◦C (©), 80 ◦C (�). (B) Relationship between
he initial reaction rate and reaction temperature (K) during the esterification of OA
nd FG. Reaction conditions see (A).

iffusional problems. Similar results that excess enzyme present in
he reaction decreases the efficiency per mass unit of biocatalyst
n other enzymatic reactions have also been reported [29,30]. The
quilibrium FDAG yield (83.5 ± 2.0%) at 10% enzyme load is close to
hat (82.6 ± 2.2%) at 7.5%. Considering the efficiency of biocatalyst,
.5% enzyme load was selected for the next experiments.

As shown in Fig. 4, the initial reaction rate was drastically
aised with the increasing of the enzyme load. The relationship
etween initial reaction rate and enzyme load (<10%) shows linear
ehavior, apparently indicating a kinetically controlled enzymatic
eaction without external mass transfer limitations. The rotation
peed between 20 rpm and 115 rpm had little effects on the con-
ersion of FG and yield of FDAG (data not shown), again indicating
hat external mass transfer limitations is eliminated in this reac-
ion strategy. Similar reaction characteristics have been observed
n other lipase-catalyzed esterification systems [29,31–33].
.6. Effect of substrate ratio

The yield of FDAG showed an increasing pattern with increas-
ng of substrate ratio (OA/(FG + glycerol), w/w) (Fig. 5A). The FDAG
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Fig. 4. Effect of enzyme load (relative to the weight of total substrates) on the yield of
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Fig. 5. (A) Effect of substrate ratio (OA/(FG + glycerol), (w/w)) on the yield of FDAG.
Esterifications were performed at 65 ◦C, 1.33 × 103 Pa, and enzyme load (relative to
the weight of total substrates) 7.5%. Reactions were carried out in 25 mL round-
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DAG. Esterifications were performed at 65 ◦C, 1.33 × 103 Pa, and OA/(FG + glycerol)
.5:1 (w/w). Reactions were carried out in 25 mL round-bottom flasks on a rotary
vaporator rotating at 100 rpm. 2.5% (�), 5.0% (�), 7.5% (�), 10% (�), 12.5% (©), 15%
�).

ield reached its peak (83.4 ± 2.1%) at a 12.5:1 substrate ratio 12 h,
hich is close to that (82.6 ± 2.2%) at 7.5:1, 12 h. The initial reaction

ate shows increasing–decreasing patterns with the increasing of
G mass concentration (FG/OA, w/w) (Fig. 5B). The maximum ini-
ial reaction rate was obtained at a FG mass concentration of 0.04
FG/OA, w/w) corresponding to a substrate ratio of 6.25:1. Higher FG
oncentration could cause higher viscosity of the reaction mixture
nd in turn a considerable mass transfer resistance; besides, due
o its electron-donating and steric hindrance, FG at too high con-
entrations prevents itself from entering the active site of lipases to
ct as acyl acceptors. Both effects combined account for the overall
sterification reaction rate. Similar inhibiting and steric hindrance
ffects of the electron-donating substituent conjugated to the car-
oxylic group in phenolic acids have also been reported [6,9,13].
rom the standpoint of reaction efficiency, the ideal substrate ratio
or the higher FDAG yield was 7.5:1 for this synthesis conditions,
lthough the highest initial reaction rate was obtained at a substrate
atio of 6.25:1.

.7. Stability of enzyme

Fig. 6 shows the reusability and stability of Novozym 435 under
he above-mentioned optimum conditions. The immobilized lipase
an be used at least 18 times without essential loss of activity.
he FDAG yield was slightly decreased to 74.0 ± 2.0%, and the FG
onversion was still maintained above 98.0% at 19 times. Excellent
erformance of Novozym 435 might benefit from immobilization
f lipase and the relatively mild reaction conditions used. The
ccurrence of OA in the solvent-free system and co-product water-
eprived reaction media seem to help the enzyme to retain its
ctivity.

.8. Kinetic model

Most of the kinetic studies on lipase-catalyzed synthesis of
sters have considered the direct esterification of short-chain alco-

ols with acids using a Ping-Pong Bi-Bi kinetic mechanism with

nhibition by substrates, and the corresponding expression for ini-
ial reaction rate in the reaction has been proposed assuming rather
ow product concentrations and removal of the minor amount of
ater formed in the lipase-catalyzed esterification [34–36]. The

L
r
F
o
K

ottom flasks on a rotary evaporator rotating at 100 rpm. 2.5:1 (�), 5.0:1 (�), 6.25:1
�), 7.5:1 (�), and 12.5:1 (�). (B) Relationship between the initial reaction rate and
G mass concentration (FG/OA, w/w) during the esterification of OA and FG. Reaction
onditions were same as (A).

xpression for initial reaction rate in the case of this study, following
he Ping-Pong Bi-Bi kinetic mechanism as proposed, is described

0 = Vm

1 + KA/[A] + KB/[B](1 + [A]/KIA)
(3)

here V0 is the initial reaction rate, Vm the maximum reaction rate,
A] and [B] are the concentrations of FG and OA, KA and KB the Ping-
ong constants for FG and OA, KIA is the inhibition constant for FG
37]. Since OA in the reaction system are in significant excess, its
oncentration can be regarded as a constant. So the initial reaction
ate equation can be expressed simply as

0 = Vm[A]
[A] + K ′

m
(4)

here V0 is the initial reaction rate, Vm the maximum ini-
ial reaction rate, K ′

m the apparent Michaelis constant. The

ineweaver–Burk plot of the reciprocal initial rate versus the
eciprocal concentration of FG shows good linearity at lower
G concentration (Fig. 7). The values for Vm and K ′

m are
btained by non-linear regression: Vm = 5.26 × 10−4 mol/(L min),
′
m = 0.26 mol/L.
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Fig. 6. Effect of enzyme reuses on conversion of FG and yields of FDAG and FMAG.
Esterifications were performed at 65 ◦C, 1.33 × 103 Pa, enzyme load (relative to the
weight of total substrates) 7.5%, and OA/(FG + glycerol) 7.5:1 (w/w) for 12 h. Reactions
were carried out in 25 mL round-bottom flasks on a rotary evaporator rotating at
100 rpm. Conversion of FG (�), yield of FDAG ( ), and yield of FMAG ( ).
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ig. 7. Reciprocal initial reaction rate versus reciprocal FG concentration at lower
G concentrations. Reaction conditions were same as Fig. 5(A).

. Conclusion

Esterification of FG and OA for FDAG synthesis was conducted by
mploying different lipases, among which Novozym 435 was found
o be the most active biocatalyst. The presence of glycerol in the
eaction mixture can enhance the initial reaction rate and the yield
f FDAG. The optimum conditions were as following: temperature,

◦
5 C; enzyme load, 7.5%; substrate ratio, 7.5:1 (OA/(FG + glycerol),
/w), and reaction time, 12 h. Under the optimum conditions,

he conversion of FG and yield of FDAG reached 98.8 ± 1.0% and
2.6 ± 2.2%, respectively, and the external mass transfer limitations
an be eliminated in this reaction strategy. Novozym 435 in the

[
[

[

is B: Enzymatic 57 (2009) 104–108

resent work can be used 18 times. The reaction kinetic was agreed
ith Ping-Pong mechanism, and the constants values of the kinetic
odel were obtained.
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