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a b s t r a c t

The enzymatic synthesis of biodiesel from used palm oil and ethanol using immobilized lipases in a
solvent-free system was attempted. Five immobilized lipases, Lipase AK from Pseudomonas fluorescens,
Lipase PS from Pseudomonas cepacia, Lipase AY from Candida rugosa, Lipozyme TL IM from Thermomyces
lanuginosa and Novozym 435 from Candida antarctica, were screened based on their catalytic activities
vailable online 22 July 2010
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on reactions involved in biodiesel synthesis. The combined use of Lipase AY and Lipase AK gave a higher
yield of biodiesel than using Lipase AK alone. The optimal conditions for biodiesel synthesis using mixed
lipases in a batch system were: 2% water content, 10% enzyme dosage and 3:1 molar ratio of ethanol to
oil. The mixed lipases could be used in 15 replicates with retained relative activity higher than 50%. In a
continuous system using mixed lipases packed in packed-bed reactor, >67% of biodiesel was achieved.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

Biodiesel is renewable energy from transesterification of fat and
il with a short chain alcohol. A chemical catalysts process is the
ost available technique in biodiesel plants in many countries.
owever, one of major economic factors in this technique is the
urification of the product. Glycerol as a secondary product and

arge amounts of inorganic material are difficult to remove [1].
oreover, it has several drawbacks such as: being energy intensive;

he alkaline catalyst must be removed from the product; alka-
ine wastewater requires treatment; and free fatty acid and water
nterfere with the reaction [2]. Many techniques such as pyroly-
is, heterogeneous solid catalyst or supercritical fluid also improve
he production but it seemingly need more process development
3]. In contrast, lipase catalyst reaction is a biological reaction, and
s a green technology with shorter purification steps and easier to
erform [4]. The main cost of this process is the price of enzyme.
owever, with immobilization technique the enzyme can be reused
nd improved stability is also gained.
Since used palm oil is generated in large quantities after deep-
rying process in a seafood processing plant in Thailand. It has
herefore been considered as a cheap and renewable source for
onverting into biodiesel. The production of ethyl esters rather than

∗ Corresponding author. Tel.: +66 74 28 6374; fax: +66 74 44 6727.
E-mail address: benjamas.che@psu.ac.th (B. Cheirsilp).

381-1177/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcatb.2010.07.005
methyl esters is also of considerable interest, because the extra car-
bon atom brought by the ethanol molecule slightly increases the
heat content and the cetane number. Another important advantage
in the use of ethanol is that the ethyl esters have cloud and pour
points that are lower than the methyl esters. This fact improves
the cold start [5]. Also, ethanol, as extraction solvent, is preferable
to methanol because of its much higher dissolving power for oils.
This could thus enable the biodiesel production in a solvent-free
system. Furthermore, the transesterification of oil using bioethanol
from biomass is environmental friendly [6].

Although, the addition of organic solvents could improve the
mutual solubility of the substrates, the removal of organic sol-
vent could be difficult, increase costs and be time consuming [7].
Lipase-catalyzed biodiesel production in a solvent-free medium is
an alternative choice for industrial application. This is because the
system presents an enormous advantage by avoiding the problems
of separation, toxicity, and flammability of organic solvents. This
thus lowers the cost of the final product by permitting recovery of
product without a step for further organic solvent evaporation step
[8].

Transesterifications of various plant oils using immobilized
lipases in solvent-free system have been studied. Dossat et al. [9]
and Soumanou and Bornscheuer [10] synthesized methyl esters

60% and 80%, respectively, from sunflower oil in solvent-free
system using immobilized Rhizomucor miehei. Du et al. [11] syn-
thesized methyl esters from soybean oil in a solvent-free system
using immobilized Candida antarctica lipase B with a conversion

dx.doi.org/10.1016/j.molcatb.2010.07.005
http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:benjamas.che@psu.ac.th
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igher than 80% by stepwise addition of methanol. Noureddini et
l. [12] synthesized 67% of methyl esters and 65% of ethyl esters
rom soybean oil using immobilized Pseudomonas cepacia lipase.

Several researchers have reported that C. antarctica lipase gave
he highest yield of esters more than 95% [13,14]. However, the
rawback of lipase-catalyzed biodiesel production is the high price
f the enzyme. Since the price of C. antarctica lipase is relatively
xpensive and its use far from practicable, the study of low-cost
ipases for biodiesel production is preferable. Kaieda et al. [15]
eported that lipases from a number of microorganisms are able
o catalyze methanolysis with appropriate water and methanol
ontent in the reaction mixture.

Lipases from different sources show different substrate speci-
city. Specificity of lipases used for biodiesel synthesis refers to
heir regiospecificity and specificity with respect to the length of
he hydrocarbon chain of fatty acid. Most of lipases are classified
nto two groups: sn-1,3-specific, which hydrolyze ester bonds at
n-1 and sn-3 positions; and non-regiospecific or random, which
ct on all three positions [16]. Lipases with narrow regiospecificity
re believed to be inapplicable to biodiesel production. However,
ome sn-1,3-specific lipases, like those from Thermomyces lanugi-
osa efficiently catalyze transesterifications and their yield exceeds
he maximum theoretical yield of 66% under appropriate conditions
y increasing the migration of acyl residue from position 2 [17].

The biodiesel synthesis by lipase was assumed to take place in
ither one-step of transesterification or two consecutive hydroly-
is and esterification steps [18–20]. Using the combination of two
ipases that one could hydrolyze oil to free fatty acid and another
ne could produce ester from free fatty acid would improve the
roduction of biodiesel. Talukder et al. [21] studied the two-step

ipase catalysis for production of biodiesel using isooctane as a sol-
ent, since the activity of lipase is negatively affected by methanol.
he crude palm oil was first hydrolyzed to fatty acids (FA), which
as then esterified to biodiesel. It is also necessary to consider

hat the used oils have properties different from those of refined
nd crude oils. The high temperatures of cooking processes and
he water from the foods accelerate the hydrolysis of triglycerides
nd increase the free fatty acid, di- and mono-glycerides [5]. In
his study, five immobilized lipases were tested for their specifici-
ies on catalytic reactions including hydrolysis, transesterification,
nd esterification reactions. Combinations of lipases were tested for
iodiesel (fatty acid ethyl ester) synthesis from used palm oil and
thanol. The factors influencing biodiesel synthesis by the mixed
ipases were optimized in a batch system. The continuous biodiesel
ynthesis in packed-bed reactor by the mixed lipases was also per-
ormed.

. Materials and methods

.1. Materials

Used palm oil was obtained from Sea Wealth Frozen Food Co.
td. (Songkhla, Thailand). Lipase AK from Pseudomonas fluorescens,
ipase PS from P. cepacia, and Lipase AY from Candida rugosa,
ere obtained from Amano (Nagoya, Japan). Lipozyme TL IM from

. lanuginosa and Novozym 435 from C. antarctica were supplied
y Novozyme (Bagsvaerd, Denmark). Microporous polypropylene
owder, Accurel EP-100 (particle size < 400 �m), was a gift from
kzo Nobel Membrana (Obernburg, Germany). All other chemicals
sed were of reagent or analytical grade.
.2. Lipase immobilization

The lipase immobilization method was modified from
oumanou and Bornscheuer [10]. Before immobilization, a
atalysis B: Enzymatic 67 (2010) 52–59 53

pretreatment of the carrier (0.5 g of Accurel EP-100) was done by
adding 2 mL of absolute ethanol for a few minutes. Then, 0.5 g of
lipase dissolved in 20 mL potassium phosphate buffer (pH 7, 0.1 M)
was added to the wet support. The suspension was then shaken
for 30 min at room temperature. The immobilized lipase was
collected by filtration, washed twice with 20 mL phosphate buffer
followed by distilled water (20 mL), and dried overnight under
vacuum.

2.3. Screening of lipases

The hydrolysis of used palm oil, transesterification of used palm
oil with ethanol, and esterification of palmitic acid with ethanol
using each immobilized lipase were investigated. In the hydrolysis
reaction, a mixture of 0.168 g used palm oil and 10% water content
was used as substrates. The amount of free fatty acid was deter-
mined as a product. In the transesterification reaction, a mixture of
0.168 g used palm oil and 0.029 g ethanol was used as substrates.
The amount of fatty acid ethyl ester was determined as a product. In
the esterification reaction, 0.168 g palmitic acid in 1 mL n-hexane
was used instead of used palm oil and mixed with 0.029 g ethanol.
The amount of palmitic acid ethyl ester was determined as a prod-
uct. All reactions were prepared in eppendorf tubes and 10% (based
on oil weight) of immobilized lipase was added as a catalyst. The
reaction mixtures was incubated at 45 ◦C and shaken at 500 rpm
in an eppendorf thermomixer (Eppendorf, Germany). For the time
course studies, 5 �L of reaction medium was taken at various time
intervals and was diluted in 50 �L of chloroform for analysis of the
composition of the product.

2.4. Optimization of biodiesel production

The effect of mixed enzyme, water content, enzyme dosage,
molar ratio of ethanol to oil on biodiesel synthesis from used
palm oil and ethanol were investigated. A reaction mixture con-
sisted of 0.168 g of used palm oil, ethanol, water and immobilized
lipase were prepared in eppendorf tubes, incubated at 45 ◦C and
shaken at 500 rpm in an eppendorf thermomixer. The reusabil-
ity of immobilized lipase was tested by removing products and
the reaction medium after 12 h of reaction. The new substrates
were added for the next reaction. The biodiesel synthesis in
the first run was defined as 100% initial activity. In continuous
biodiesel synthesis, the immobilized lipase (1 g) was packed in a
packed-bed column (1.0 cm i.d., 10 cm long). The substrate mixture
consisted of ethanol and used palm oil was fed into the bottom
of the column by peristaltic pump with a controlled flow rate at
0.25 mL/min.

2.5. Analytical methods

The chemical properties of used palm oil were determined
according to the method of AOAC [22]. The components of oil
phase were analyzed for triacylglycerol, diacylglycerol, monoa-
cylglycerol, free fatty acid and fatty acid ethyl ester using
a thin-layer chromatography with flame ionization detection
(TLC/FID) (IATROSCAN MK5, Iatron Laboratories Inc., Tokyo) [23]. In
this experiment, the percent of the peak area was assumed as the
percent content of the corresponding compound. Water content
in oil was determined by Karl Fischer Titrator (831 KF Coulome-
ter, Metrohm, Switzerland). The average molecular weight of used

palm oil was determined by the saponification value as 910 with
an acid value of 1.24. The compositions of used palm oil were tri-
acylglycerol 93.54%, diacylglycerol 4.82%, monoacylglycerol 1.42%
and free fatty acid 0.23%. The water content in used palm oil and
ethanol were 0.86% and 5%, respectively.
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ig. 1. Comparison of five immobilized lipases catalyzed hydrolysis (A), transester
open circle); PS: Lipase PS (open triangle); TLIM: Lipozyme TL IM (filled triangle);

. Results and discussion

.1. Screening of lipase

In this study, the non-specific immobilized lipases, including
ipase AK from P. fluorescens, Lipase PS from P. cepacia, Lipase
Y from C. rugosa, Novozym 435 from C. antarctica, and the sn-
,3-specific Lipozyme TL IM from T. lanuginosa were screened for
iodiesel synthesis from used palm oil and ethanol. The catalytic
ctivities of five immobilized lipases on hydrolysis, transesterifica-
ion, and esterification reactions were compared (Fig. 1). Fig. 1A
hows the hydrolysis of used palm oil with 10% of water con-
ent using 10% of each immobilized lipase. The non-specific lipases
ydrolyzed used palm oil and gave free fatty acid higher than the

n-1,3- specific lipase. Lipase AY was the most suitable lipase for
ydrolysis reaction which could produce free fatty acid fastest and
ighest followed by Lipase AK and Lipase PS. The values obtained
howed that the rate catalyzed by Lipase AY was 1.6 and 2 times
aster than that for Lipase AK and Lipase PS, respectively.

ig. 2. Comparison of biodiesel synthesis from used palm oil and ethanol by combined l
K in two-step reaction, (B) combined 5% Lipase AY with 5% Novozym 435 in two-step r
ne-step reaction, (E) combined 5% Lipase AY with 5% Novozym 435 in one-step reactio
riacylglycerol (open circle); diacylglycerol (open diamond); monoacylglycerol (open tria
on (B), and esterification (C) reactions. AY: Lipase AY (filled circle); AK: Lipase AK
ovozym 435 (open diamond).

For the transesterification of used palm oil and ethanol to
biodiesel, Lipase AK and Lipase PS showed comparable high cat-
alytic activity, while Novozym 435 and Lipozyme TL IM showed
lower catalytic activity and the Lipase AY was almost inactivated
(Fig. 1B). It was reported that the transesterification of several
vegetable oils by bacterial lipases, including Pseudomonas lipase,
showed a stronger preference, compared to fungal lipases such
as Lipozyme TL IM [24]. Moreira et al. [2] studied the enzymatic
transesterification of palm oil with ethanol using various lipases.
They also found that Lipase AK gave the highest yield of ethyl
ester followed by Lipase PS. In addition, they also concluded that
Lipase AK is less susceptible to the inhibition effects compared with
lipases from other sources such as Lipase AY and porcine pancre-
atic lipase in highly polar reaction media constituted with ethanol.

While Kumari et al. [25] screened the lipase for transesterification
of Mahua oil and ethanol and found that Lipase PS gave higher yield
of biodiesel (80%) than did Lipase AK (62%). In this study, since the
final yield of biodiesel produced by Lipase AK was higher than that
by Lipase PS, Lipase AK was considered as the most suitable lipase

ipases compared with Lipase AK alone. (A) Combined 5% Lipase AY with 5% Lipase
eaction, (C) 10% Lipase AK alone, (D) combined 5% Lipase AY with 5% Lipase AK in
n, (F) 5% Lipase AK alone. Arrows separate the hydrolysis and esterification steps.
ngle); free fatty acid (star); fatty acid ethyl ester (filled circle).
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ig. 3. Effect of water content on biodiesel synthesis. (A) 2%, (B) 5%, (C) 10% and (
open triangle); free fatty acid (star); fatty acid ethyl ester (filled circle).

or the transesterification reaction of used palm oil and ethanol to
iodiesel.

In the case of the esterification reaction of palmitic acid and
thanol to palmitic acid ethyl ester, Novozym 435 gave the highest
ield of palmitic acid ethyl ester followed by Lipase PS, Lipozyme
L IM and Lipase AK (Fig. 1C). The inactivation of Lipase AY was also
bserved in the esterification reaction. It is noted here that although
ipase AY showed high catalytic activity on the hydrolysis reaction,
he catalytic activity on transesterification and esterification was
ery low compared to the others. This could be due the inhibitory
ffect of ethanol on Lipase AY. In the study of Kaieda et al. [15],
hey also found that C. rugosa lipase (Lipase AY) gave the highest
atalytic activity on hydrolysis reaction. However, in the study of
hao et al. [4], they reported that Lipase AY could produce methyl
sters with the conversion of 63.6% at the molar ratio of methanol
o oil of 4:1, and an enzyme amount of 8% and water content
f 6%.

For Novozym 435 it showed low catalytic activity on the hydrol-
sis and the transesterification reactions (Fig. 1A and B). However,
n the esterification reaction it gave highest production rate and
ield of palmitic acid ethyl ester (Fig. 1C). One possible explana-

ion could be due to the low catalytic activity of Novozym 435 to
ydrolyze an ester bond in triacylglycerol. Therefore, once free fatty
cid was used it showed the high catalytic activity. In the case of
ipase AK compared with Novozym 435, Lipase AK showed higher
atalytic activity on the transesterification, but lower catalytic
%. Triacylglycerol (open circle); diacylglycerol (open diamond); monoacylglycerol

activity on the esterification. The poor esterification efficiency of
Lipase AK was also reported by other researchers [26].

3.2. Combined use of lipases

Considering the production of free fatty acid during the transes-
terification reaction, it is likely that successive reactions may occur
(data not shown). That is, oil is first hydrolyzed to partial acylglyc-
erols and free fatty acid, and then biodiesel are produced by the
esterification of the free fatty acid and ethanol. Since Lipase AY
exhibited a particularly high catalytic activity to hydrolyze used
palm oil into free fatty acid (Fig. 1A), the combined use of Lipase AY
with other lipases would improve the hydrolysis of triacylglycerol
into free fatty acid and enhance the esterification of free fatty acid
to biodiesel.

Lipase AK and Novozym 435 which showed the highest cat-
alytic activity on the transesterification and esterification reactions,
respectively, were selected for combined use with Lipase AY. The
results of the combined use of Lipase AY with Lipase AK in the ratio
of 1:1 (5% of each lipase) in two-step reaction, in which oil was first
hydrolyzed and the free fatty acid product was esterified, and one-

step reaction are shown in Fig. 2A and D, respectively. The free fatty
acids were rapidly produced within 30 min by Lipase AY. Although
the reaction was continued until 2 h, there was only little increase
in the free fatty acid product. This could be due to either insuffi-
cient amount of water or the equilibrium of the reaction. In this
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ig. 4. Effect of enzyme dosage on biodiesel synthesis. (A) 1%, (B) 5%, (C) 10% and
open triangle); free fatty acid (star); fatty acid ethyl ester (filled circle).

tudy, the one-step reaction by the combined use of Lipase AY with
ipase AK (Fig. 2D) took shorter time to reach the maximum yield of
iodiesel compared with the two-step reaction (Fig. 2A). This could
e due to the synergic effect of the mixed lipases which Lipase AY
ydrolyzed triacylglycerol into free fatty acid and Lipase AK fur-
her converted free fatty acid and ethanol to biodiesel. Since the
onversion of ethanol to biodiesel also simultaneously occurred in
he mixed lipases system the inhibitory effect of ethanol on Lipase
Y could be alleviated. To improve the performance of the two-step
eaction, the addition of high amount of water and solvent is needed
s it was reported by Talukder et al. [21]. Since we proposed the
olvent-free system, the one-step reaction that could give higher
ield of biodiesel without the addition of solvent was the better
hoice than the two-step.

The results of the combined use of Lipase AY with Novozym 435
n the ratio of 1:1 (5% of each lipase) in the two-step and one-step
eactions are shown in Fig. 2B and E, respectively. In the two-step
eaction, although Novozym 435 was most selective for esterifica-
ion of free fatty acid, the combined use of Lipase AY with Lipase AK
ave higher yield of biodiesel. Additionally, there was an increase
n oil during the esterification step by Novozym 435 (Fig. 2B). These

esults suggested that the presence of by-product from hydrolysis
tep, glycerol, might promote the esterification of free fatty acid to
il instead of that to biodiesel. This phenomenon was more obvi-
us in the one-step reaction (Fig. 2E). Therefore, in case of using
ovozym 435 after the hydrolysis step not only residual water but
%. Triacylglycerol (open circle); diacylglycerol (open diamond); monoacylglycerol

also the by-product, glycerol, have to be removed prior to the fur-
ther esterification. Contrast to the combined use of Lipase AY with
Novozym 435, the combined use of Lipase AY with Lipase AK in
one-step gave higher biodiesel yield in shorter time and without
additional purification steps. Therefore, in this study it was con-
cluded that the mixed Lipase AY with Lipase AK in one-step was
suitable for producing biodiesel from used palm oil.

Li et al. [13] reported the transesterification of rapeseed oil by a
combination of Lipozyme TI LM and Novozym 435 in a suitable ratio
of 3:1. Although, Novozym 435 is an excellent lipase that is capable
of efficient biodiesel synthesis at high conversion rate, the cost of
it is much more expensive than the others. The use of Lipozyme TL
IM reduced the necessary portion of Novozym 435 and then thus
reduced the cost of the enzyme. However, the biodiesel synthe-
sis using the cheaper lipases such as Lipase AY and Lipase AK is
preferable. The improvement by the combined use of 5% Lipase AY
and 5% Lipase AK in the one-step reaction (Fig. 2D) was obvious
when compared with the use of Lipase AK alone at 5% (Fig. 2F).
Although, this was not significantly different from the use of Lipase
AK alone at 10% (Fig. 2C), the combined use of Lipase AK with Lipase
AY could reduce the necessary amount of Lipase AK by half. Con-

sidering the lower cost of Lipase AY compared with the cost of
Lipase AK, the combined use with Lipase AY thus makes the syn-
thesis of biodiesel more cost-effective. In this study, the ratio of
Lipase AK was further reduced to 3:1 (7.5% of Lipase AY and 2.5% of
Lipase AK). However, the yield of biodiesel was reduced to 67% at
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AK was 4%. The water content higher than the optimal level resulted
in lower ester production. In this study, mixed lipases of Lipase AY
and Lipase AK required lower water content of 2%. Li et al. [13] also
found that the transesterification of rapeseed oils by Novozym 435
ig. 5. Effect of molar ratio of ethanol to oil on biodiesel synthesis. (A) 1:1, (B)
onoacylglycerol (open triangle); free fatty acid (star); fatty acid ethyl ester (filled

2 h. Therefore, the amount of each Lipase AY and Lipase AK of 5%
as chosen for further optimization of the conditions for biodiesel

ynthesis.

.3. Biodiesel production by mixed lipases in a batch system

.3.1. Effect of water content
In solvent-free system water is partitioned at a different extent

mong the substrates, the enzyme and the support. Lipase activity
enerally depends on the available interfacial area. The addition of
ater increases the amount of water available for oil to form an

il–water interfacial area. However, excess water may also stim-
late the competing hydrolysis reaction. In practice it is more
onvenient to express the water content in percentage rather than
n water activity because to work on a large scale the control of

ater activity is slightly more complicated in design and may not be
onvenient. Therefore, the effect of water was optimized by adding
ifferent amounts of water into the reaction media. The control was
he reaction mixture without water addition which contained 2%
f water content.

Generally, the transesterification of triacylglycerol yields partial
cylglycerols including di- and mono-acylglycerols, free fatty acid
nd a final product of ester. The time courses of each composition

re shown in Fig. 3. It was found that an increment in the water con-
ent from 2% to 20% increased concentration of free fatty acids and
ence decreased the synthesis of biodiesel. This could be because
he catalytic activity of lipases, especially Lipase AY, on hydroly-
is reaction was increased when the water content increased. The
C) 3:1 and (D) 4:1. Triacylglycerol (open circle); diacylglycerol (open diamond);
).

equilibrium was then shifted to the production of free fatty acid.
Kaieda et al. [15] reported the effect of water on the transester-
ification reaction by Lipase AK and Lipase PS. In their study, the
optimal water content for Lipase PS was 2% while that for Lipase
Fig. 6. Reusability of mixed lipases for biodiesel synthesis.
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ig. 7. Time courses of continuous biodiesel synthesis by mixed lipases. (A) Well
.25 mL/min. Triacylglycerol (open circle); diacylglycerol (open diamond); monoac

nd Lipozyme TL IM decreased when increased water higher than
%.

.3.2. Effect of enzyme dosage
As the cost of lipase contributes significantly to the total cost

f biodiesel production, the enzyme dosage should be minimized
s much as possible. The effect of enzyme dosage on the synthesis
f biodiesel from used palm oil and ethanol is shown in Fig. 4. The
lopes of the initial part of the curves of biodiesel are proportional to
he catalytic activity of the mixed lipases. The yield and initial pro-
uction rate of biodiesel increased with increasing enzyme dosage.
owever, the biodiesel yield at the highest dosage of 15% (Fig. 4D)
as similar to that of 10% (Fig. 4C). Several researchers also found

hat increasing of lipase dosage can improve initial production rate
nd yield in limited amounts because if too much enzyme is present
n the reaction, especially immobilized enzyme, this could decrease
he product yield. This was presumably due to the increase in the
iscosity which reduced the reaction rate to the extent that an addi-
ional amount of enzyme did not help [27–29]. To minimize the
ost of biodiesel synthesis an enzyme dosage of 10% was chosen
or further study.

.3.3. Effect of molar ratio of ethanol
Experiments were performed to optimize the synthesis of

iodiesel by varying the molar ratio of ethanol. Optimum ethanol
equirements are determined as shown in Fig. 5. The amount of

thanol added was varied from 1 to 4 molar equivalents to used
alm oil. An increase in the molar ratio of ethanol from 1 to 2
esulted in an increase in the initial production rate and yield of
iodiesel. The yield of biodiesel at 1 and 2 molar ratio reached stoi-
hiometric ratio of 33% and 67%, respectively. The further increase

ig. 8. Time courses of continuous biodiesel synthesis by mixed lipases in dual well-m
he second column. The substrate flow rate was 0.25 mL/min. Triacylglycerol (open circle
star); fatty acid ethyl ester (filled circle).
d packed column and (B) separately packed column. The substrate flow rate was
erol (open triangle); free fatty acid (star); fatty acid ethyl ester (filled circle).

of ethanol to 3 molar ratio increased the yield of biodiesel up to 89%,
however, this was lower than the stoichiometric ratio (100%). The
yield of biodiesel at 4 molar ratio was lower than that at 3 molar
ratio. This could be due to the inhibitory effect of high amount of
ethanol on the activity of the enzyme. It was reported that lipases
can catalyze the reactions as well as the high solubility of substrates
emulsion. Fatty alcohols, in which the carbon lengths are more than
3, completely dissolve in the oil in a stoichiometric amount, but the
solubility of methanol and ethanol was only 1/2 and 2/3 of the sto-
ichiometric amount, respectively [30]. Therefore, lipases could be
deactivated by insoluble ethanol, which exists as drops in the oil.
Soumanou and Bornscheuer [10] reported that some Pseudomonas
strains developed substantial methanol resistance and which may
be tolerant to ethanol also. Although, the mixed lipases in this study
gave especially high conversion with three molar equivalents of
ethanol, the stepwise addition of ethanol was also attempted. It
was observed that the difference of biodiesel of which the whole of
the ethanol was added in a single step (89%) and the equal amounts
were added in three steps (91%) was only 2%. In this respect, the sin-
gle step is a good choice since stepwise addition of the substrate
does complicate the process design. In further study, the ethanol
of the stoichiometric ratio of 3:1 was used to ensure higher reac-
tion rates and minimize the diffusion limitations as ethanol could
perform the solvent properties well.

3.3.4. Reusability of mixed lipases

The mixed lipases were reused in biodiesel synthesis from used

palm oil and ethanol under optimum condition as described above.
The reaction continued for 12 h in each batch. The relative conver-
sion to biodiesel was determined. Fig. 6 shows the relative activity
in each cycle. The activity of mixed lipases remained 90% after 3

ixed packed-bed column. (A) The reaction in the first column. (B) The reaction in
); diacylglycerol (open diamond); monoacylglycerol (open triangle); free fatty acid
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ycles and decreased to 80% after 7 cycles. However, the activity
f the mixed lipases remained higher than 50% after 15 cycles. A
ecrease of biodiesel production during the reusing of the enzymes
ay have been caused by glycerol accumulation to the enzyme car-

ier. Li et al. [13] reported that in enzymatic biodiesel production
ith solvent-free or hydrophobic reaction medium, much glycerol
as been found to be adsorbed on to the surface of the immobilized

ipase which led to the quite short operational life of the lipases.
lthough, the use of the solvent was proposed in their study, the
olvent-free system is more advantageous considering the cost of
olvent removal after the reaction.

.4. Biodiesel production in packed-bed reactor

Continuous biodiesel synthesis using mixed lipases was per-
ormed on a packed-bed reactor. Compared with reaction in batches
he packed-bed reactor enhanced repeated use of lipases by pro-
ecting enzymes from the physical damage that an excess amount
f alcohol caused. In this study, two lipases were packed in the col-
mn in two patterns. One was a well-mixed pack and another was
separate pack with Lipase AY in the bottom and Lipase AK in the

op of the column. A substrate mixture of used palm oil and 3 molar
quivalent of ethanol were fed into the bottom of the column at a
onstant flow rate of 0.25 mL/min. The temperature was controlled
t 45 ◦C by circulating water. The results are shown in Fig. 7. The
verage conversion of used palm oil to biodiesel in the separately
acked column was only 14% and the average residual triacylglyc-
rol was 35% (Fig. 7B). This could be due to the inhibitory effect of
thanol on the activity of Lipase AY, because when Lipase AY was
eparately packed in the bottom of the column, it was faced with
high concentration of ethanol. While the well-mixed packed col-
mn showed higher average biodiesel production of 22% and the
verage residual triacylglycerol was 17% (Fig. 7A).

To further increase the conversion of used palm oil to biodiesel,
he retention time should be increased either by decreasing the
ubstrate flow rate or increasing the length of the column. How-
ver, since the viscosity of the substrate in solvent-free system was
igh, decreasing the substrate flow rate caused the separation of
he oil and ethanol layer. Therefore, the length of the column was
ncreased by increasing the number of the column. The results of
iodiesel synthesis in dual well-mixed packed-bed columns are
hown in Fig. 8. The biodiesel content from the second column
eached maximum value of 67% at 8 h, but it decreased to 59%
nd 49% after 12 h and 22 h, respectively. This could be due to the
rreversible inactivation of the lipases. This discrepancy may be
xplained by the effect of by-product of ethanolysis, glycerol. In
he flow reaction, the glycerol might remain in the bottom of the
olumn because of its high viscosity. The glycerol could disturb the
iffusion of substrates to lipase molecule, and the decrease in reac-
ion efficiency gradually increases the unreacted alcohol [31]. In
epeated batch system, several methods for glycerol removal were
ttempted such as dialysis [32], and absorption on silica gel [27]. In
ontinuous system, the use of solvent in which glycerol was well
issolved and therefore it did not form films on the carrier, was
roposed [13].
. Conclusions

In this study, the used palm oil was found to be an effective
aw material for the enzymatic synthesis of biodiesel fuel using

[

[

[

atalysis B: Enzymatic 67 (2010) 52–59 59

cheap lipases in a solvent-free system. The highest biodiesel yield
could be achieved using the combination of Lipase AK and Lipase
AY. The optimum conditions for biodiesel synthesis using mixed
lipases were determined. The mixed lipases could be repeatedly
used under the optimal conditions for 15 times with a relative activ-
ity higher than 50%. The mixed lipases also showed the possibility
for their use in continuous biodiesel synthesis without the addition
of solvent.
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