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Abstract

Project Code: MRG4980088
Project Title: Biodiesel Production from Palm Oil by Immobilized Lipase :
Kinetic Modeling and Optimization
Investigator: Asst. Prof. Dr. Benjamas Cheirsilp
Department of Industrial Biotechnology,
Faculty of Agro-Industry, Prince of Songkla University
E-mail Address: benjamas.che@psu.ac.th

Project Period: 2 years

A commercial lipase from Pseudomonas sp. (lipase PS) was the suitable
enzyme for synthesis of fatty acid ethyl ester (FAEE) from palm oil. The optimum
condition for immobilization of lipase PS on Accurel was enzyme concentration of 50
U/ml and immobilization time for 30 min. The activity of immobilized lipase PS was
0.258 U/mg and immobilized yield was 83.79%. The optimum conditions for FAEE
production from palm oil were found to be 4% of immobilized lipase PS and at
temperature 45°C. The optimal water additions for FAEE production from refined,
crude and used palm oils were 10%, 2% and 0%, respectively, based on oil weight.
The molar ratio of ethanol to palm oil at 3:1 gave the highest FAEE yield of 97%,
94% and 96% for refined, crude and used palm oil, respectively, at 48 h. Moreover,
three-step addition of alcohol has improved the productivity of FAEE.

For kinetic study, three kinetic models of the transesterification of palm oil
fatty acids to ethanol using an immobilized lipase were developed. The models are
able to account for the effects of substrates and products involved in the
transesterification throughout the entire reaction. There was a good agreement
between experimental results and those predicted by the proposed model equations in
which ethanol was assumed to be involved directly in an alcoholysis reaction with
palm oil. From the proposed model equations, the simulation results show that
increasing the initial ethanol concentration produces an increase in the initial
production rate and yield of FAEE and lowers the final concentration of free fatty acid
whereas lower ethanol concentration led to a higher final concentration of free fatty

acid.



In the continuous production of FAEE in a packed-bed reactor, the yield of
FAEE increased with decreasing in the flow rate of substrate. At the substrate flow
rate of 0.29 g/min gave FAEE yield of 38.25 % and the highest productivity of FAEE
of 0.111 g/min. Furthermore, the long term operation of the continuous process gave
the average yield of FAEE at 34% for 90 h with the productivity of 142g FAEE/day.

Keywords: biodiesel, immobilized lipase, palm oil, modeling
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EXECUTIVE SUMMARY

Biodiesel-fatty acid alkyl esters of natural fats and oils have attracted much
research interest. They are renewable while the availability of petroleum chemicals is
finite. Fatty acid alkyl esters are produced by transesterification of triglycerides with
alcohols preferentially methanol and ethanol. Biodiesel from palm oil can be
domestically produced, offering the possibility of reducing petroleum imports.
Recently, utilization of lipase in the production of fatty acid alkyl esters has been
shown to be effective. Lipase-catalyzed synthesis reaction selectivity is high and
lipase can be immobilized in the support material, which will allow for its recovery
and reuse. Several researchers have investigated biodiesel production from palm oil
using immobilized Candida antarctica lipases. However, the bottleneck of lipase-
catalyzed biodiesel production is the high price of the enzyme. Since the price of
Candida antarctica lipase is relatively expensive and far from practical, the study of
other low-cost lipases for biodiesel production from palm oil is needed. In addition, in
order to identify the optimal conditions for the lipase catalyzed transesterification
reaction, it is essential to understand the kinetics of this reaction. Also the clarification
of the mechanisms and the corresponding rate expressions of the transesterification
reactions have not been conducted. To elucidate the mechanism of transesterification
of two substrates, namely triacylglycerol and alcohol, computer simulation could be a
useful tool to independently assess the effects of hypothetical changes in the
concentrations of each substrate.

The aim of this study was to employ enzymatic method in industrial
production of biodiesel from palm oil. Firstly, the synthesis of fatty acid ethyl esters
(FAEE) from palm oil by various lipases in solvent-free system was investigated.
Among four commercial lipases from Pseudomonas sp. (lipase PS), Pseudomonas
fluorescens (lipase AK), Candida rugosa (lipase AY) and Rhizopus delemar (lipase
D) were screened for production of fatty acid ethyl esters (FAEE) from palm olein.
Lipase PS was the only suitable enzyme for synthesis of FAEE from palm oil.

For industrial application, immobilization of lipase PS was optimized. Accurel
EP-200 was used as support to immobilize lipase PS. The optimum condition for
immobilization was enzyme concentration of 50 U/ml and immobilization time for 30
min. The activity of immobilized lipase PS was 0.258 U/mg and immobilized yield
was 83.79%.

vii



Optimal reaction parameters for synthesis of fatty acid alkyl esters from palm
oil were also determined. The optimum condition for FAEE production from 5 g of
palm olein was found to be 50U of immobilized lipase PS, 0.5 ml of water addition
and at temperature 45°C. The optimal molar ratios of palm olein to ethanol and
methanol for production of FAEE and fatty acid methyl esters (FAME), respectively,
were the same at 1:3. Under these conditions, the yields of 61% FAEE and 60%
FAME were obtained at 6 h. Moreover, three-step addition of alcohol has improved
yields of FAEE and FAME up to 76% and 75%, respectively.

The kinetics of transesterification of palm oil and ethanol for fatty acid ethyl
ester production was investigated. A simple model based on Ping-Pong Bi Bi was
proposed to describe the kinetics of the transesterification and hydrolysis reactions.
Three kinetic models of the transesterification of palm oil fatty acids to ethanol using
an immobilized lipase were developed. The models differ from one another with
respect to the rate-limiting step and the point at which the ethanol molecule becomes
involved in the reaction. The Kkinetic parameters were estimated by fitting
experimental data of the transesterification of palm oil with various ethanol
concentrations. The models are able to account for the effects of substrates and
products involved in the transesterification throughout the entire reaction. There was a
good agreement between experimental results and those predicted by the proposed
model equations in which ethanol was assumed to be involved directly in an
alcoholysis reaction with palm oil. Furthermore, the calculated results show that the
rate constants for alcoholysis of palm oil with ethanol are much higher than those for
the hydrolysis reaction. From the proposed model equations, the effects of ethanol
concentration on the initial production rates and yields of FAEE and free fatty acids
were simulated. The simulation results show that increasing the initial ethanol
concentration produces an increase in the initial production rate and yield of FAEE
and lowers the final concentration of free fatty acid whereas lower ethanol
concentration led to a higher final concentration of free fatty acid.

Finally, in the continuous production of FAEE in a packed-bed reactor, the
yield of FAEE increased with decreasing in the flow rate of substrate. At the substrate
flow rate of 0.29 g/min gave FAEE yield of 38.25 % and the highest productivity of
FAEE of 0.111 g/min. Furthermore, the long term operation of the continuous process
gave the average yield of FAEE at 34% for 90 h with the productivity of 142g
FAEE/day.
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CHAPTER 1 Introduction

1.1 Importance and Motivation of This Research

Biodiesel-fatty acid alkyl esters of natural fats and oils have attracted much
research interest. They are renewable while the availability of petroleum chemicals is
finite. Fatty acid alkyl esters are produced by transesterification of triglycerides with
alcohols preferentially methanol and ethanol. Biodiesel from palm oil can be
domestically produced, offering the possibility of reducing petroleum imports.
Industrial practice for production of biodiesel from palm oil is typically produced by
alkaline or acid catalyzed transesterification (Krisnangkura and Simamaharnnop,
1992; Crabbe et al., 2001; Kalam and Masjuki, 2002). However, the undesired side
reaction, saponification, occurs and an extra separation step to remove the
homogeneous catalysis is required, thus reflecting the high cost of production.

Recently, utilization of lipase in the production of fatty acid alkyl esters has
been shown to be effective. In the transesterification of soybean oil, 80-90%
conversion of esters was obtained using Rhizopus oryzae lipase solution (Kaieda et al.,
1999). Lipase-catalyzed synthesis reaction selectivity is high and lipase can be
immobilized in the support material, which will allow for its recovery and reuse.
Transesterifications of various plant oils using immobilizied lipases have been studied
(Dossat et al., 2002: Soumanou and Bornscheuer, 2003; Du et al., 2004; Noureddini et
al., 2005; Li et al., 2006). Several researchers have investigated biodiesel production
from palm oil using immobilized lipases. Abigor et al. (2000) studied the lipase-
catalyzed transesterification of palm kernel oil with different alcohols using lipase PS-
30. Talukder et al. (2006) used Candida antarctica lipase to produce methyl esters
from palm oil in presence and absence of organic solvent. However, the bottleneck of
lipase-catalyzed biodiesel production is the high price of the enzyme. Since the price
of Candida antarctica lipase is relatively expensive and far from practical, the study
of other low-cost lipases for biodiesel production from palm oil is needed. Kaieda et
al. (2001) reported that lipases from a number of microorganisms are able to catalyze
methanolysis with appropriate water and methanol contents in the reaction mixture.
Lipase that is relatively resistant to methanol, such as that from Pseudomonas cepacia,
will be advantageous in low water content, which is desirable to attain a high reaction

rate of transesterification.



In addition, in order to identify the optimal conditions for the lipase catalyzed
transesterification reaction, it is essential to understand the kinetics of this reaction.
Until now all kinetic mechanisms on lipase catalytic reactions have been mostly based
on the hydrolysis of triacylglycerol or the esterification of fatty acid (Taylor et al.,
1992; Padmini et al., 1994; Hermansyah et al., 2006; Lortie et al., 1993; Reyes and
Hill, 1994 ; Xu et al., 2005). Only a small number of kinetic studies on the

transesterification of oils by immobilized lipases have been found in the literature

(Cheirsilp et al., 2007; Al-Zuhair, 2005; Al-Zuhair et al., 2007). Also the clarification

of the mechanisms and the corresponding rate expressions of the transesterification
reactions have not been conducted. To elucidate the mechanism of transesterification
of two substrates, namely triacylglycerol and alcohol, computer simulation could be a
useful tool to independently assess the effects of hypothetical changes in the
concentrations of each substrate. Furthermore, it is important to emphasize the effect
of alcohol concentration on the mechanism of transesterification since it was reported
that alcohol had an inhibitory effect on fatty acid alkyl ester production (Shimada et
al., 1999; Chen and Wu, 2003). Although methanol is easily available as an absolute

alcohol, it is also involved in enzyme inactivation processes (Meher et al., 2006).

1.2 Objectives of This Research

The purpose of our research was to employ enzymatic method in industrial
production of biodiesel from palm oil.

Firstly, the synthesis of fatty acid ethyl esters (FAEE) from palm oil by
various lipases in solvent-free system was investigated. For industrial application,
immobilization of lipase was optimized. Optimal reaction parameters for synthesis of
fatty acid alkyl esters from palm oil were also determined: enzyme loading, water
addition, temperature, molar ratio of substrates and three-step addition of alcohols.

Secondly, the kinetics of transesterification of palm oil and ethanol for fatty
acid ethyl ester production was investigated. A simple model based on Ping-Pong Bi
Bi was proposed to describe the kinetics of the transesterification and hydrolysis
reactions. Then, the mathematical models for the reactions, taking into account the
effect of ethanol concentration, were considered. In addition, the effects of ethanol
concentrations on the production of fatty acid ethyl ester were incorporated into the

model.



Thirdly, the feasibility study of using crude and wasted palm oil in biodiesel
production by immobilized Lipase was also conducted compared to that of refined
palm oil.

Finally, the continuous production of biodiesel in a packed-bed reactor was

also studied.

1.3 Literature Review
Palm Olein

Palm oil gives a more valuable olein (an excellent frying oil) and a less
valuable stearin (used in part as a replacement for tallow in the oleochemical industry).
The oils and their fractions can be further modified by blending with other oils, by partial
hydrogenation, or by interesterification. Further fractionation of the palm oil fractions
yields an intermediate fraction (PMF, palm midfraction) that can be used as a cocoa
butter extender (Gunstone, 1997). Palm oil is characterized by high levels of carotene and
of tocopherols and tocotrienols (vitamin E), which can also be isolated or concentrated as
products of considerable value. Palm oil fatty acid distillate (PFAD), a by-product of the
principal refining procedure, is an important component of animal feed (Gunstone, 1997).

Palm oil is widely used as a food oil with limited non-food uses also. It differs
from other commercially available oils in its fatty acid and triacylglycerol (TAG)
composition. It contains almost equal amounts of saturated acids (mainly palmitic with
some stearic) and unsaturated acids (mainly oleic with some linoleic acid). The
proportion of palmitic and oleic acids in the major TAG leads to stability of the crystals.
These are very desirable in the production of margarines and shortenings, especially those
with high levels of unsaturated acids.
Lipases

Lipases or glycerol ester hydrolases (EC 3.1.1.3) were originally employed
for the hydrolysis of ester bonds of TAG to produce free fatty acid (FFA), glycerol
(G) and partial acylglycerols (monoacylglycerol, MAG and diacylglycerol, DAG).
Lipases occur widely in animals, plants and microorganisms. Numerous mammalian
tissues, organs and fluids, such as pancreas, kidney, adipose tissue, heart, brain,
muscle and serum, have been known to contain lipases. Among animal lipases
pancreatic lipase has been studied most extensively. The hog pancreatic lipase has
been studied most extensively, presumably because of its high concentration (2.5% of

the total protein in the pig pancreatic juice) and high turnover number. During recent



years considerable attention has been devoted to lipases produced by microorganisms,
presumably because of their stability and their practical medical and industrial
applications. Several microorganisms produce intracellular or extracellular lipases.
Especially, extracellular microbial lipases have high potential for application and are
appropriated for mass production. A variety of microorganisims produce lipases.
These include the genera of Candida yeast; Rhizopus, Penicillium, Aspergillus,
Geotrichium and Mucor molds; and Pseudomonas, Achromobacter, and
Staphylococcus bacteria (Godtfredsen, 1993).

Lipases catalyze three types of reaction. The catalytic action of lipases is
reversible. It catalyzes ester synthesis in a microageous system. However, in view of
biotransformation of oleochemical industry yielding value-added products, the
transesterification action seems more worthwhile than hydrolysis and ester synthesis.
The difference in free energy involved in TAG hydrolysis is quite small and the net
free energy of transesterification is zero. Gandhi (1997) suggested that lipase
catalyzed reaction has classically been divided into two main categories: (i) hydrolysis,
and (ii) synthesis. Reactions under synthesis category can be further separated:  (a)

esterification, (b) interesterification, (c) alcoholysis and (d) acidolysis (Figure 1-1).



(1) Hydrolysis
RCOOR + H,0 <—» RCOOH + ROH

(i1) Synthesis
(a) Esterification
RCOOH + ROH <— RCOOR + H,0
(b) Interesterification

RCOOR + R'COOR+—> RCOOR" + R'COOR

(c) Alcoholysis
RCOOR + ROH <— RCOOR + ROH
(d) Acidolysis

RCOOR + R'COOH<+— R'COOR + RCOOH

Figure 1-1 Types of reaction catalyzed by lipases.
Source : Gandhi (1997)

Lipases obtained from natural sources can be positionally nonspecific or
display one of two kinds of positional specificity: sn-1,3 specific or sn-2
specific. Non-specific lipases hydrolyse all three ester bonds of triglycerides equally
well. Nonspecificity has been observed for lipases from Chromobacterium viscosum,
Pseudomonas fluorescens, Candida cylindracea, Geotrichum candidum, and
Penicillium cyclopium, and also for hepatic lipase. Specificity of the sn-1,3 type is
associated with the preferential release of fatty acid residues from the terminal
positions of the glycerol backbone rather than from the central carbon atom, whereas
sn-2 specificity refers to preferential release from the central carbon atom. The sn-1,3
type of specificity has been observed for pancreatic and adipose tissue lipases and
lipase from microorganism such as Rhizopus arrhizus, Aspergillus niger, Rhizopus
delemar and Mucor miehei. The sn-2 specificity is extremely rare, and it has been
ascribed to a lipase from Geotrichum candidum which has a particular ability to
hydrolyse oleic and linoleic acids from the sn-2 location. A more general

classification states that the positional specificity of lipases is not divided clearly into
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the above categories; instead it changes continuously from highly specific an-1,3
activity to a very weakly specific or completely nonspecific activity (Malcata et
al.,1992).

Lipase can be employed in the production of pharmaceuticals, cosmetics,
leather, detergents, foods, perfumery, medical diagnostics, and other organic synthetic
materials (Gandhi, 1997). Moreover, lipases have found applications in various fields of
biotransformations. These can be classified according to the nature of the substrates into
three main categories: (i) modification of fats and oils, (ii) acylation/deacylation of
carbohydrates and protecting/deprotecting of peptides and (iii) synthesis of chiral
compounds. The major focus will be given to the first field. These can be classified
depending on the targeted product into the synthesis of MAG, an important class of
emulsifiers and the synthesis of structured triglycerides, which are used as, e.g., cocoa-
butter equivalents or in nutrition. Furthermore, lipases have found some special
applications such as in the selective enrichment of specific fatty acids.

Immobilized lipases

Lipases are normally used in an immobilized form in industry because
reuse or continuous use of the immobilized lipase is made possible and the separation
of the product from the enzyme is easy. The stability of lipase is often increased by
immobilization. The advantages of the various types of available enzyme reactors can
also be more readily exploited by using immobilized lipases, especially the use of
packed-bed reactors. Brady et al. (1988) searched for adsorbents suitable as supports
for lipases. Adsorbents, such as celite, cellulose, ethyl cellulose, silica gel, kieselguhr,
clay, alumina, CPG-100, carbon, Accurel, Celgard 2500, Profax PP, Microthene
HDPE, etc., were screened as possible immobilization supports. Most of hydrophilic
materials were found to decrease tremendously the lipase activity upon
immobilization. On the other hand, hydrophobic microporous materials such as
Accurel and Celgard 2500 were found to provide better performances (Brady et al.,
1988).

Transesterification by immobilized lipases

Recently, utilization of lipase in the production of fatty acid alkyl esters has
been shown to be effective. In the transesterification of soybean oil, 80-90%
conversion of esters was obtained using Rhizopus oryzae lipase solution (Kaieda et al.,
1999). Lipase-catalyzed synthesis reaction selectivity is high and lipase can be

immobilized in the support material, which will allow for its recovery and reuse.



Transesterifications of various plant oils using immobilizied lipases have been studied.
Dossat et al. (2002) and Soumanou and Bornscheuer (2003) both synthesized methyl
esters from sunflower oil in solvent-free system using immobilized Rhizomucor
miehei with conversion of 60% and 80%, respectively. Du et al. (2004) synthesized
methyl esters from soybean oil using immobilized Candida antarctica lipase B with
conversion higher than 80% by stepwise additions of methanol. Noureddini et al.
(2005) synthesized 67% of methyl ester and 65% of ethyl ester from soybean oil using
immobilized Pseudomonas cepacia lipase. Li et al. (2006) reported transesterification
of rapeseed oil using combination of immobilizied Thermomyces lanuginose lipase
and Candida antarctica lipase with 95% conversion of esters. Shimada et al. (1999)
and Watanabe et al. (2000) used immobilized Candida antarctica lipase (Novozym
435) for the conversion of vegetable oil to biodiesel. Results showed incomplete
methanolysis of vegetable oil which was attributed to the inactivation of the enzyme.
Stepwise addition of methanol prevented this inactivation and conversions in excess
of 98% were obtained.

Several researchers have investigated biodiesel production from palm oil using
immobilized lipases. Abigor et al. (2000) studied the lipase-catalyzed
transesterification of palm kernel oil with different alcohols using lipase PS-30.
Talukder et al. (2006) used Candida antarctica lipase to produce methyl esters from
palm oil in presence and absence of organic solvent. However, the bottleneck of
lipase-catalyzed biodiesel production is the high price of the enzyme. Since the price
of Candida antarctica lipase is relatively expensive and far from practical, the study
of other low-cost lipases for biodiesel production from palm oil is needed. Kaieda et
al. (2001) reported that lipases from a number of microorganisms are able to catalyze
methanolysis with appropriate water and methanol contents in the reaction mixture.
Lipase that is relatively resistant to methanol, such as that from Pseudomonas cepacia,
will be advantageous in low water content, which is desirable to attain a high reaction
rate of transesterification.

Kinetics of reaction catalysed by immobilized lipases

For a simple enzymatic reaction in soluble, the maximum intrinsic rate of
reaction is limited by the rate at which lipase and substrate come together in the
proper orientation. For the case of hydrolysis reaction, the substrate is often part of the
disperse phase of an emulsion, a micelle, or a monolayer which contacts water. These

structures may be orders of magnitude larger in size than the supported enzyme for



the case where the carrier exists in powdered form. Thus, the maximum attainable rate
is limited by the amount of lipase which can interact with the substrate continuum. In
the case of lipases immobilized on continuous supports, or on discrete supports larger
in size than the individual droplets of substrate, the above reasoning remains valid
provided that the spacing between neighboring molecules of immobilized lipase is
still larger than the area of contact between the droplet and the lipase carrier. For this
situation, in contrast to the classic Michaelis-Menten rate expression where the
reaction rate increases linearly with the total enzyme concentration, a limiting rate is
approached as the lipase concentration is increased. In the present case a balance on
the total number of adsorption sites is more relevant than a balance on the total
number of active sites. This approach leads one to the following rate expression:
-dCs = Vmax Cg
dt Kn + Cg

where the constants are defined as Viax = KeatCstoty and Km = Kges / Kadgs ,» and where the
physical interpretations of the constants are as follows: Vi is the rate when the
adsorption sites on the surface of the fat globule are saturated with lipase, and K, is a
pseudo-Michaelis-Menten constant for the above rate expression. When a lipase from
Candida rugosa was immobilized by adsorption on cellulose, values for Vp.x and Ky,
changed from ca. 6.48 to 2.92 mol/min, and from ca. 3.88 to 0.54 mg/mL,
respectively. The primary mechanistic distinction between this mechanism and the
simple Michaelis-Menten mechanism is that in the present case adsorption of lipase at
the fluid solid interface (i.e., contact with the substrate molecules) is independent of
catalysis in the interfacial plane. Observed Ky, values for lipases may thus reflect the
extent of adsorption of the lipase at the lipid/water interface rather than the affinity

between enzyme and substrate at the active site (Malcata et al., 1992).



CHAPTER 2 Materials and Methods

2.1 Materials

Lipase from Pseudomonas sp. (lipase PS), Pseudomonas fluorescens (lipase
AK), Candida rugosa (lipase AY) and Rhizopus delemar (lipase D) were gifts from
Amano Pharmaceutical Co. Ltd., Nagoya, Japan. The supports were hydrophobic
polypropylene powder EP200 (Accurel) was a gift from Akzo Nobel (Obernburg,
Germany). Palm olein was purchased from Morakot Industry Co. Ltd., Thailand. All

other chemicals were also obtained from commercial sources.

2.2 Immobilization

The supports in powdered form (0.2 g) was treated with ethanol before added
to 20 ml lipase solution and stirred with a magnetic bar at 100 rpm for 1 h. Afterwards,
the suspension was filtered through a Buchner funnel. The immobilized enzyme was
washed on the filter paper with another 5.0 ml of 0.1M phosphate buffer pH 7.0 and
dried in a vacuum desiccator for 12 h. For this immobilization study, the immobilized

yield was calculated using the following formula:

Immobilized yield (%) = — x100

0vo
where Cy is the initial activity of lipase solution (U ml™); Vq is the initial volume of
lipase solution (ml); C is the lipase activity of the filtrate (U ml"); and V is the

filtrate volume (ml).

2.3 Transesterification

Each lipase was investigated for its ability to catalyze transesterification of
palm oil. The substrate mixture consisted of 5 g palm oil, 3 molar equivalents of
ethanol to palm oil and 1 ml 0.1 M phosphate buffer pH 7.0 containing 30 U of

enzyme. The reaction was maintained at 45 °C.

2.4 Analysis

The course of transesterification was monitored by intermittent sampling (150
mg) followed by chloroform extraction. The extract was analyzed for FAEE, fatty
acid methyl esters (FAME), triacylglycerol (TAG), 1,3-diacylglycerol (1,3-DAG),
1,2-diacylglycerol (1,2-DAG), MAG and free fatty acid (FFA) using a thin-layer



chromatography/flame ionization detection (TLC/FID) (IATROSCAN MKS, Iatron
Laboratories Inc., Tokyo) (Rosu et al., 1997). In this paper, the percentage of peak
area was assumed as percentage content of the corresponding compound. Hydrolytic
activity of the lipase was assayed by a modified cupric acetate method (Lee and Rhee,
1993). One unit of hydrolytic activity is defined as the amount of the enzyme that
liberates 1umole equivalent of palmitic acid from palm olein in 1 min at 45°C.

All the data presented in this paper at various conditions were the mean of
three experiments. Appropriate tests of significance, analysis of variance (ANOVA)
and confident difference at 5% level were used in the data evaluations.

Ordinary differential equations were solved by the Runge-Kutta single-step
fourth-order method (Danby, 1997). The programs were coded in the Visual Basic
program ver. 6.0 (Microsoft Inc., USA).

2.5 Continuous transesterification

The reactor consisted of a glass cylinder with a working volume of 7.85 ml
(inside diameter 1 cm, height 10 cm). The immobilized lipase was packed into the
column. The temperature of the reactor was controlled by running water into the
jacket at 45°C. The substrate consisted of palm oil and alcohol in the molar ratio of

1:3.
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CHAPTER 3 Results and Discussion

3.1 Screening of lipase

In biodiesel production, the preliminary screening of lipases was carried out
with randomly chosen commercial available lipases. In a typical reaction, the same
amount of 30 U hydrolytic activity of each enzyme was evaluated in
transesterification of 5 g palm oil with 3 molar equivalents of ethanol. Four
commercial lipases were screened for their ability to produce FAEE from palm olein.
The screening results for the tested lipases are presented in Table 3-1. Reaction

products are presented as % FAEE content in the reaction mixture.

Table 3-1 FAEE production using commercial lipases

Lipase TAG (%) FFA (%) FAEE (%)
PS 0.68+0.63° 6.69+1.27° 56.6+2.56
AK 92.540.95 0.3440.13¢ 4.22+0.63°
AY 91.0+0.57° 1.98+0.38° 1.74+0.42°
D 93.4+0.23* 0.76+0.12° 1.46+0.16°

Mean £+ S.D. (n = 3).

Different letter in each column means statistically significant differences (p<0.05).

The formation of free fatty acids is also included in this table since the
presence of water in the reaction medium naturally promotes the competing
hydrolysis reaction. Among the tested lipases, lipase PS from Pseudomonas sp.
showed the highest activity toward the transesterification of palm oil with ethanol.
Other lipases showed very little activity toward the transesterification reaction. After
6 h of reaction with lipase PS, the product contained 57% FAEE, 6% of fatty acids,
24% of monoglycerides, 13% of diglyceride, and 0% of triglycerides. Therefore,
lipase from Pseudomonas sp. was the most promising one for the transesterification of
palm oil in this study as it was also reported in the transesterification of soybean oil
(Kaieda et al., 2001; Noureddini et al., 2005) and Jatropha oil (Shah and Gupta,
2007). It is likely that lipase from Pseudomonas sp. has much higher methanol
resistance than those from the others (Kaieda et al., 2001), this makes it more
attractive for use as an enzyme in alcoholysis reaction of palm oil.
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3.2 Optimal conditions for enzyme immobilization

By immobilizing the enzyme on support material, it is possible to reuse
enzyme and reduce the costs of the enzyme in industrial application. In this study,
selected lipase PS was immobilized on Accurel, hydrophobic polypropylene powder.
The immobilization mechanism of lipase on Accurel was simple adsorption, whereby
the enzyme adheres to the surface of the support particles by Van der Waals forces of
attraction (Murray et al., 1997). Many lipases display interfacial activation
phenomena in the presence of a hydrophobic surface. The activation has been related
to a conformational change of the lipase that exposes to the hydrophobic substrate a
wide hydrophobic surface surrounding the catalytic site (Brzozowski et al., 1991). For
the same reason, lipases are strongly adsorbed by hydrophobic surfaces. Hence, lipase
immobilization by adsorption may not only improve the stability and ease of product

separation, but also enzyme activity.

3.2.1 Effect of enzyme concentration

The effect of the enzyme concentration on immobilization of lipase PS with
Accurel was investigated as shown in Table 3-2. The activity of the immobilized
lipase increased with increasing enzyme concentration. This could be explained that
increasing the concentration of enzyme in solution increases the driving force for
adsorption. However, at enzyme concentration higher than 50 U ml™" all lipase
molecules could not load onto Accurel resulted in low immobilization yield. When
immobilized yield was considered, the concentration of enzyme with 50 U ml”, was

suitable for lipase PS immobilization on Accurel.

Table 3-2 Effect of enzyme loading on immobilization of lipase PS with Accurel

Enzyme concentration Immobilized yield Immobilized lipase activity
(Uml™) (%) (Umg™)
5 46.56+5.04° 0.045+0.015°
30 58.44+1.68° 0.082+0.002¢
50 83.79+2.27" 0.258+0.011°
100 71.86+1.51° 0.649+0.003"

Mean + S.D. (n = 3).

Different letter in each column means statistically significant differences (p<0.05).
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3.2.2 Effect of immobilization time
The effect of time on immobilization of lipase PS on Accurel was studied. The
immobilized lipase activity increased while the immobilized yield decreased when the

immobilization time increased (Table 3-3).

Table 3-3 Effect of time on immobilization of lipase PS with Accurel

Immobilization time Immobilized yield Immobilized lipase activity
(min) (%) (Umg™)
15 91.15+0.72° 0.101+0.003¢
30 83.79+2.27° 0.258+0.011°
60 81.24+1.04° 0.285+0.010°
90 73.93+0.80° 0.350+0.002°

Mean = S.D. (n = 3).

Different letter in each column means statistically significant differences (p<0.05).

Since Accurel is a hydrophobic polymer, a longer immobilization time was,
more floatation and separation of Accurel from lipase solution occurred and resulting
low immobilized yield. The immobilization time of 15 min gave highest immobilized
yield but much lower immobilized lipase activity compared to that of immobilization
time of 30 min. Thus, the immobilization time of 30 min, which gave high
immobilized yield and immobilized activity, was sufficient to immobilize lipase PS
on Accurel. According to Montero et al. (1993), Candida rugosa lipase was also
rapidly adsorbed on Accurel and more than 60% of the activity disappeared from

enzyme solution after 1 min of incubation.

3.3 Comparison of FAEE production by free and immobilized lipase PS

The immobilized lipase PS produced under the optimal immobilization
conditions established in this study was tested for FAEE production and compared
with free lipase. Figure 3-1 shows time course of FAEE production by immobilized

and free lipase PS.
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Figure 3-1 Time course of FAEE production by immobilized and free lipase PS.
Reaction condition; 5 g of palm oil; molar ratio of palm oil to ethanol of 1:3; 30 U of

immobilized and free lipase PS; 1.00 ml of water addition and at 45°C.

There was no significant difference in FAEE production by immobilized and
free lipase. Both free and immobilized lipase PS gave a maximum FAEE yield of 60%
at 6 h. This result suggests that the lipase is being adsorbed onto Accurel in such a
way as not to obscure the active site, resulting in remain of enzyme activity. The
result also shows that mass transfer limitation in Accurel porous supports could be
neglected as it was reported for other porous supports (Chen and Wang, 1998;
Romero et al., 2007). Salis et al. (2003) reported that the internal diffusion has seldom
been considered in much biocatalysis work in organic media, since the reactions are
usually not very fast. Shah and Gupta (2007) indicated that the immobilized
Pseudomonas cepacia lipase on celite gave higher yield of biodiesel from Jatropha
oil than free lipase. This is presumed to be because of larger surface area of the
biocatalyst preparation in the immobilized form. Therefore, the immobilized enzymes
give better catalytic performance in non-aqueous media. However, this property also
depends on type of the support. In this study, there was no significant difference in

activities of free lipase and immobilized lipase on Accurel.
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3.4 Optimization of biodiesel production from palm oil by immobilized lipase PS
3.4.1 Effect of immobilized lipase PS loading
The effect of immobilized lipase PS loading based on oil weight on FAEE

production from palm oil was presented in Figure 3-2.
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Figure 3-2 Effect of immobilized lipase PS loading on FAEE production from refined
palm oil. Reaction condition; 5 g of palm oil; molar ratio of palm oil to ethanol of 1:3;

water addition of 20% based on oil weight and at 45°C.

The FAEE yield was enhanced by increasing the amount of immobilized
lipase and it was highest at 4%. Therefore, immobilized lipase PS at 4% was used for
transesterification of 5 g of palm oil. Similar trends were observed for the
transesterification of various oils (Kaieda et al., 1999; Noureddini et al., 2005; Li et
al., 2006; Shah and Gupta, 2007).

3.4.2 Effect of free fatty acid

The cost of oil sources accounts for a large part in the biodiesel production, a
crude palm oil and a used palm oil sources were also explored for biodiesel
production with immobilized lipase. Since an enzymatic method have been sought to
produce methyl esters from acid oil (Ghosh and Bhattacharyya, 1995; Tueter et al.,
2004; Watanabe et al., 2007), the effect of fatty acid (oleic acid) on biodiesel

production by immobilized lipase was investigated (Figure 3-3).
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Figure 3-3 Effect of free fatty acid on FAEE production from refined palm oil.
Reaction condition; 5 g of palm oil; 4% of immobilized lipase; molar ratio of palm oil

to ethanol of 1:3; water addition of 20% based on oil weight and at 45°C.

The fatty acid content was varied from 0% to 20% (by weight of oil). Fatty
acid ethyl ester (FAEE) production increased with increasing amounts of fatty acid. It
was found that the range of fatty acid of 0-20% have no inhibition on the
transesterification reaction. Figure 3-3 indicated that higher initial concentrations lead
to a faster initial rate of FAEE production. In addition, the higher initial
concentrations result in greater extents of incorporation of fatty acid into oil at

equilibrium.

3.4.3 Effect of temperature

The effect of temperature on FAEE production was studied over the
temperature range of 30-55°C (Figure 3-4). The temperature effect is related to the
enzyme activity and stability. Increasing temperature from 30 to 45°C, FAEE
production increased from 52 to 61%. At higher temperature 55 °C, there was no
significant further increase in FAEE production compared to the temperature at 45°C.
Therefore, the temperature of 45°C was chosen for transesterification of palm oil from
the economical point of view. Most of lipase-catalyzed biodiesel productions have

also been tested at 45°C (Nelson et al., 1996).
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Figure 3-4 Effect of temperature on FAEE production from palm oil. Reaction
condition; 5 g of palm oil; 4% of immobilized lipase; molar ratio of palm oil to

ethanol of 1:3; water addition of 20% based on oil weight and at 45°C.

3.4.4 Comparison between methanol and ethanol as alcohol substrate

Experiments were performed to optimize the amount of fatty acid alkyl ester
production by varying the alcohol concentration. Optimum alcohol requirements were
determined for both ethanol and methanol as shown in Figure 3-5. The amount of
alcohol added was varied from 1 to 3 molar equivalents based on the moles of palm
oil. An increase in the number of moles of alcohol with respect to the palm oil
resulted in an increase in the production rates and yields of FAEE and FAME as
shown in Figure 3-5. The optimum alcohol concentration was determined at 3 molar
ratio of alcohol to palm oil for ethanol and methanol where about 61% of FAEE and
60% of FAME were formed, respectively at 6 h. At the same molar ratio of alcohol,
the production rate and yield of FAME were higher than that of FAEE. Similar results
were observed by Salis et al. (2005).

Although methanol is easily available as an absolute alcohol, it is involved in
enzyme inactivation processes (Meher et al., 2006). The formation of FAEE is
environmentally attractive because unlike methanol, ethanol is produced from
renewable resources. Also, ethanol has better solvent properties than methanol for
solubility of oil (Shimada et al., 2002). When 2 or 3 molar equivalents of alcohols

were added to the reaction mixture, the yields of esters were 52 and 60% for FAEE
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and 54 and 61% for FAME, although theoretically it should have reached 66 and
100%. This result indicates that the lipase was probably inactivated when the alcohol
content is high. Chen and Wu (2003) reported that when the lower alcohol in the
mixture was high, it caused deactivation of the enzyme due to the immiscibility

between triglycerides and alcohol.
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Figure 3-5 Effect of molar ratio of ethanol on FAEE production (a) and molar ratio
of methanol on FAME production (b). Reaction condition; 5 g of palm oil; 4% of
immobilized lipase PS; 20% of water addition at 45°C.

Therefore, to avoid lipase inactivation by ethanol and methanol a method of
adding stepwise was applied. The results are shown in Figure 3-6. When alcohol was
added to the reaction mixture, the FAEE and FAME yields increased. The FAEE and
FAME contents reached to 76 and 75%, respectively at 5 h with stepwise additions of
alcohols. It is remarkable that the stepwise addition of alcohol exhibits the highest
conversions of palm oil to biodiesel. Since alcohols were maintained at low
concentration in the reaction mixture during stepwise addition of alcohols, the effect
of deactivation by alcohols was softened and the reusability of immobilized lipase PS

could be improved.
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Figure 3-6 Effect of three-step addition of ethanol on FAEE production (a) and
methanol on FAME production (b) at 0, 2 and 4 h as arrows indicating. Reaction
condition; 5 g of palm oil; 4% of immobilized lipase PS; 20% of water addition; total

3 molar equivalents of alcohol; and at 45°C.

3.4.5 Effect of water addition

The important factor that affects the activity of lipase in microaqueous
reaction system is the amount of water in the reaction system. Most of enzymes
require a certain amount of water to maintain their active conformation
(Piyatheerawong et al., 2004). In many cases, the reaction rate is low at very low
water content, and increases when more water is present. Since, lipase activity
generally depends on the available interfacial area. With the increased addition of
water, the amount of water available for oil to form oil-water droplets increases,
thereby, increasing the available interfacial area. However, since lipases usually
catalyze hydrolysis in aqueous media, excess water may also stimulate the competing
hydrolysis reaction. The optimum water content is a compromise between minimizing
hydrolysis and maximizing enzyme activity for the transesterification reaction
(Noureddini et al., 2005). The water content was also reported that it could prevent
the inactivation of lipase by alcohol (Kaida et al., 2001). Since the composition of oil
in refined, crude and used palm oil are different as shown in Table 3-4 especially
water content, the effect of water addition on FAEE production from each oil were

determined as shown in Figure 3-7.
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Table 3-4 Composition of oils

Component (%) Refined palm oil Crude palm oil Used palm oil
TAG 98.34 85.93 93.82
DAG 1.66 2.28 4.90
MAG - 2.58 0.18
FFA - 9.21 1.1
Water content (%) 0.36 0.11 0.85
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Figure 3-7 Effect of water addition on FAEE production from refined palm oil (a),

crude palm oil (b) and used palm oil (c). Reaction condition; 5 g of palm oil; 4% of

immobilized lipase; molar ratio of palm oil to ethanol of 1:3 at 45°C.

The results show that increasing water addition led in higher conversion rate in

refined and crude palm oil. However, there was no significant difference on FAEE

production profile at the water addition beyond 10% in refined palm oil and 2% in

crude palm oil. In contrast, when the water addition in used palm oil increases the

FAEE synthesis rate decreases and the yield get lower. It was also found that the

effect of water addition in refined and crude palm oil has less pronounced on FAEE

yield compared to that of used palm oil. This might be due to high water content in

used palm oil (Table 3-4) could reduce the equilibrium conversion for reversible

reactions. Based on the above results, the transesterification of refined, crude and used

palm oil were conducted with water addition of 10%, 2% and 0%, respectively.
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3.4.6 Effect of molar ratio of ethanol on refined, crude and used palm oil
Experiments were performed to optimize the amount of FAEE production for
refined, crude and used palm oil by varying the ethanol concentration. The amount of
ethanol added was varied from 1 to 3 molar equivalents based on the moles of palm
oil. An increase in the number of moles of ethanol with respect to the palm oil
resulted in an increase in the production rate and yield of FAEE as shown in Figure 3-
8. The optimum ethanol concentration was determined at 3 molar ratio of ethanol to
palm oil for refined, crude and used palm oil where about 97%, 94% and 96% of
FAEE were formed, respectively at 48 h (Table 3-5). The initial production rates and
yields of FAEE for refined, crude and used palm oil were almost the same at each
molar ration of ethanol to palm oil. This result indicates that the different
compositions in refined, crude and used palm oil did not affect the FAEE production
at optimal water content for each. This phenomenon was contrast to the previous
report that the reaction rate of crude soybean oil was much lower than that with the
refined one due to the inhibitive effect on the enzymatic activity caused by lipids

existing in crude oil sources (Du et al., 2004).
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Figure 3-8 Effect of molar ratio of ethanol on FAEE production from refined palm oil
(a), crude palm oil (b) and used palm oil (c¢). Reaction condition; 5 g of palm oil; 4%

of immobilized lipase; molar ratio of palm oil to ethanol of 1:3 at 45°C.

To avoid lipase inactivation by ethanol a method of adding stepwise was
applied to each type of oils. The results are shown in Figure 3-9. When 3 molar ratio
of ethanol was stepwise added to the reaction mixture at 0, 2 and 4 h, the production
rate of FAEE increased and the FAEE contents reached to 94% for crude palm oil and
95% for refined and used palm oil within 24 h (Table 3-5) and reached equilibrium
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conversion of 99%, 98% and 96% at 48 h for refined, crude and used palm oil,
respectively. It is remarkable that the stepwise addition of ethanol could reduce the
inhibition and higher conversion rate of palm oil to biodiesel was obtained compared
to one-step addition. Since ethanol was maintained at low concentration in the
reaction mixture during stepwise addition, the effect of deactivation by ethanol was

softened and the reusability of immobilized lipase PS could be improved.
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Figure 3-9 Effect of three-step addition of ethanol on FAEE production (a) and
methanol on FAME production (b) at 0, 2 and 4 h as arrows indicating. Reaction
condition; 5 g of palm oil; 50 U of immobilized lipase PS; 0.50 ml of water addition;

total 3 molar equivalents of alcohol; and at 45°C.

Table 3-5 Conversion achieved for refined, crude and used palm oil with stepwise

addition of ethanol compared to one-step addition

One-step addition (%) Stepwise addition (%)
Different oil
12h 24 h 48 h 12h 24 h 48 h
Refine palm oil 69 85 97 81 95 99
Crude palm oil 73 85 94 90 94 98
Used palm oil 72 86 96 85 95 96

22



3.5 Modeling of lipase catalytic reaction

To elucidate the mechanism of transesterification of two substrates, namely
triacylglycerol and alcohol, computer simulation could be a useful tool to
independently assess the effects of hypothetical changes in the concentrations of each
substrate. Furthermore, it is important to emphasize the effect of alcohol concentration
on the mechanism of transesterification since it was reported that alcohol had an
inhibitory effect on fatty acid alkyl ester production (Shimada et al., 1999; Chen and
Wu, 2003). Although methanol is easily available as an absolute alcohol, it is also
involved in enzyme inactivation processes (Meher et al., 2006). Ethanol is
environmentally attractive because unlike methanol, ethanol could be produced from
renewable resources and used in biodiesel production (Yamada et al., 2007). Also,
ethanol is a better solvent than methanol for oil (Shimada et al., 2002). In this study,
palm oil and ethanol were used as reactants. The kinetics of transesterification of palm
oil and ethanol for fatty acid ethyl ester production was investigated. First, a simple
model based on Ping-Pong Bi Bi was proposed to describe the kinetics of the
transesterification and hydrolysis reactions. Then, the mathematical models for the
reactions, taking into account the effect of ethanol concentration, were considered.
Unlike previous reports in the literature, the present models are able to account for the
effects of the concentrations of all chemical species participating in the
transesterification reaction. In addition, the effects of ethanol concentrations on the

production of fatty acid ethyl ester were incorporated into the model.

3.5.1 Modeling of the lipase catalyzed transesterification reaction

Mechanisms of lipase catalyzed transesterification reaction based on
hydrolysis and esterification of triacylglycerol, diacylglycerol, monoacylglycerol, free
fatty acid and ethanol were considered. The starting point for the development of an
appropriate generic mechanism describing the transesterification reactions is the
mechanism of the ester bond hydrolysis reaction to produce free fatty acid, which
constitutes the first step. This ester hydrolysis step is followed by the esterification
step that produces a new ester bond by reacting the newly created free fatty acid with
the incoming alcohol group. Figure 3-10 shows the hydrolysis and esterification steps
with the free enzyme (E) reacting with triacylglycerol (T) to form the first complex
(E-T) and then T is hydrolyzed to diacylglycerol (D) and fatty acid (F).
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Figure 3-10 Schematic diagram of Ping Pong Bi Bi mechanisms for stepwise

transesterification of palm oil.

Subsequently, D is released from the second complex (E-D-F) to form the third
complex (E-F). This complex might react with alcohol (Al) through an alcoholysis
reaction to form an alkyl ester (Es) or with water (W) through a hydrolysis reaction to
form free F. The mechanisms for the hydrolysis of D and monoacylglycerol (M) are
also similar to that described above. However, the precise point in the kinetic cycle at
which the ethanol molecule enters the active site is unknown, therefore three
mechanisms were proposed. The models differ from one another with respect to the
rate-limiting step and the point at which the ethanol molecule enters the catalytic
cycle. Rate expressions corresponding to these mechanisms are developed and tested
for consistency with the experimental results with various ethanol concentrations.
Three mechanisms share three basic assumptions: (1) since preliminary experimental
data indicated that the reaction rate is sufficiently slow so that the mass transfer
limitations imposed by the porous support are negligible. This has been also reported
in the literature (Reyes and Hill, 1994; Chen and Wang, 1998; Romero et al., 2007),
the possible mass transfer limitations in this reaction system were ignored; (2) all the
fatty acids released from the triacylglycerol substrate may be lumped together and
treated as a single constituent (F); (3) the inhibition of enzyme activity by alcohol
follows a competitive inhibition mechanism. Then, three proposed kinetic models and
numerical determination of parameters were applied for simulating the effect of the
ethanol concentration on the kinetic reactions of transesterification of palm oil by the

immobilized lipase.
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Mechanism 1

In mechanism 1, starting with the reaction network shown in Figure 3-11, one
can derive many rate expressions for the various cases in which different steps are
taken as rate determining. All reactions for ester production were classed into two
groups: one was hydrolysis and another was esterification. Any hydrolysis reaction
that produced free fatty acid included a stepwise process of hydrolysis of
triacylglycerol, diacylglycerol and monoacylglycerol. The esterification reaction for
fatty acid ethyl ester with excess ethanol is a synthesis reaction. The
transesterification reaction therefore involves sequential execution of the hydrolysis
and esterification steps, and thus requires multiple entrances and exits of reactant and
product species in such a manner as to render the overall mechanism as the Ping-Pong
type. Alternatively, some lipases have been reported to exhibit a rate-determining step
at the point where the enzyme breaks the complex of enzyme and substrate (Reyes
and Hill, 1994). In this mechanism, the expressions for the rates of appearance of
hydrolyzed intermediates and synthesized fatty acid ethyl ester are assumed to be rate-

limiting steps and the remaining steps are assumed to be in rapid equilibrium.

Rate limiting Rate limiting
K
ET<——EDF E-M-F"—f;E-D
3 . 10 #1
k|| & 7K k|| k.
AL T[T —M D_|}.+P
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TR ’ .20
Ky ) K ‘~ W7k 4F 7
Al Es Al B kl?}G I | "
Rate limiting TE NN Tl M
G K L=
E-G-F"'T'E-M
16
Rate limiting

Figure 3-11 Conceptual scheme of overall reaction mechanism 1.

The appearance rates of hydrolyzed intermediates including triacylglycerol (T),
diacylglycerol (D), monoacylglycerol (M) and glycerol (G) are expressed as in Egs.
(1-4). The appearance rates of free fatty acid (F), water (W), fatty acid ethyl ester (ES)
and ethanol (Al) from the hydrolysis and esterification steps are presented in Egs. (5-

7).
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where E is the free enzyme concentration and E-T, E:D, E-M, E-F, E-Al, E-D-F, E-M-F
and E-G-F are different complexes between the enzyme and the species defined above.
The concentrations of the different enzymatic complexes can be expressed in terms of

the free enzyme concentration by means of the following pseudoequilibrium

relationships:

(E-T1= " e (8)
k

[E-D]= I [E][D] ©)

(E-M]= e rE)M] (10)

[E.F]:ME][]F] a1
k
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[D] (13)

[M] (14)

k
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The total enzyme concentration (Er) is given by
E,=E+E-T+E-D+E-M+E-F+E-D-F+E-M-F+E-G-F+E-Al (16)
By substitution of Egs. (8-16) into Egs. (1-7), and algebraic manipulation of the

resulting equations, the following rate expressions were obtained:

drm] [FIID]
S = o T1v, e (17)
dibl_, .\ LFIDI_ [FIM],. . y
it = VT 1=Ver E VD1, E S (18)
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= Va1, e (20)
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= = VTV, DTV, M1 L0, 1D+, [M 1V, [G1+V,, [ATDE
@) ES] —d[d‘t\']=<vcEs[[\AFl]][Al]>[ . (22).

The [E"] in Egs. (17-22) is
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1

(23)

where Viur, Vinp and Vi are rate constants for hydrolysis of T, D and M, respectively.

VeEs 1s the rate constant for esterification of fatty acid ethyl ester. These are defined as:

_ ﬁ _ ﬁ _ k15k1 _ k19k20

v L,V Vo > and V.

mT — mD H eEs
k2 k8 k14 k21
Vir, Vip and Vyy are rate constants for re-esterification of D, M and G, respectively

and defined as:
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K, Kmp, Kiv, Kk, Kmpr, Kmvr and Kipgr are equilibrium constants for T, D, M, F,
D-F, M-F and G-F , respectively and defined as:
k_ kl k20
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K; is the inhibition constant for ethanol inhibition which is defined as:

k23

K, =-2
I k22
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Eventually, in this mechanism there are 15 unknown parameters. These parameters
were estimated by fitting the model equations with the experimental data obtained

with various ethanol concentrations.

Mechanism 2

Mechanism 2 differs from mechanism 1 with respect to the step involving the
decomplexation of the enzyme and intermediates after the hydrolysis reaction. It is
generally accepted that when the substrate is bound to the active site, the crucial
catalytic step is the hydrolysis of the ester bond and forms a mixed acyl complex of
liberated fatty acid and enzyme. Once this mixed acyl complex is formed, the
hydrolyzed intermediate is released (Malcata et al., 1992). Accordingly, to simplify
the mechanism, the decomplexation of intermediates from the mixed acyl complex
after the hydrolysis step was assumed to occur rapidly. Subsequently, the rate
expressions for producing intermediates were simplified and the rate constants
involving the model could be reduced. Similar rate expressions have been
successfully applied in the hydrolysis reaction of triolein (Hermansyah et al., 2006)
but not yet applied in the transesterification reaction. The conceptual scheme of the

overall reaction mechanism is shown in Figure 3-12.

E-Al

M =, ,
“EM

Figure 3-12 Conceptual scheme of overall reaction mechanism 2.
The development of the rate expressions for mechanism 2 follows the same

general procedure as that for mechanism 1. The resultant rate expressions for

mechanism 2 are:
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where Viur, Vi, Vv and Vegs are defined as:

V.= sk, AV Keks , Vo = Koks and V =k, .
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Ve and V,r are rate constants of hydrolysis and re-esterification, respectively, for E-F.
They are defined as:

V =k, andV =Kk,.
KT, Kmp, Kmm and Kj are

KmT = kl > KmD =L7 KmM = k7 and KI :ﬁ'
k, +k, K, +k, K, +K, Ki;

In this mechanism there are 10 unknown parameters so fewer than those in
mechanism 1. These parameters were estimated by fitting the model equations with
the experimental data obtained with various ethanol concentrations as parameters in

mechanism 1.

Mechanism 3

Mechanism 3 differs from mechanisms 1 and 2 at the point in the kinetic
reactions at which the molecule of ethanol engages. Since it was reported that it was
more accurate to assume that transesterification takes place by direct alcoholysis of
the triacylglycerols than two consecutive steps of hydrolysis and esterification (Al-
Zuhair et al., 2007), in mechanism 3 the catalytic reaction was divided into two
patterns of reaction; one represents the hydrolysis step to produce free fatty acid prior
to the esterification step and another represents the ethanolysis reaction to directly

produce the fatty acid ethyl ester. In practice, these two steps occur simultaneously.
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Thus, the reaction network consists of a combination of a series of parallel reactions

for each acylglycerol complex (E:T, E:D and E:M). The conceptual scheme of the

overall reaction mechanism is shown in Figure 3-13.
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Figure 3-13 Conceptual scheme of overall reaction mechanism 3.

The development of the rate expressions for mechanism 3 also follows the

same general procedure as that for mechanisms 1 and 2. The resultant rate expressions

for mechanism 3 are:
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V :ﬁ, V. = KK Vo, = i1k and V= Kiskis ,
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while V.r, Vep and V. are rate constants for ethanolysis of T, D and M, respectively.
They are defined as:
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In this mechanism there are 12 unknown parameters. These parameters were
estimated by fitting the model equations with the experimental data obtained under
various ethanol concentrations just as was done for the parameters in mechanisms 1

and 2.

3.5.2 Determination of kinetic parameters

The concentrations of triacylglycerol, diacylglycerol, monoacylglycerol, free
fatty acid and fatty acid ethyl ester at different times were obtained experimentally
starting with 5 g of palm oil and various ethanol amounts of 0.29, 0.58 and 0.86 g to
obtain molar ratios of ethanol to palm oil of 1, 2 and 3, respectively. The amounts of
enzyme and water were 0.2 g and 10% based on the palm oil weight, respectively.
The nonlinear curve fitting by Simplex’s method (Nelder and Mead, 1964) was used
for fitting the system of the differential equations for each mechanism into the
experimental data. Simplex’s method minimizes the sum of the squares of the
difference between the experimental and calculated values. By fitting the above
differential equations to the experimental data, the parameters involved in each model
were estimated and are listed in Table 3-6.

Based upon these determined parameters and the kinetic scheme, the
concentrations of each component in the different reactions could be calculated.
Comparisons between the calculated and experimental data are presented in Figures 3-
14, 3-15 and 3-16. To evaluate the suitability of the model, the sum of squares of the
residuals in each model at the convergence step has been calculated as presented in
Table 3-7. The consistently lowest values of the sum of squares of the residuals for
each component in mechanism 3 reveal that the mechanism 3 is the most suitable one

to be applied in simulation study than the other mechanisms.
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Table 3-6 Parameters in the models

Mechanism 2

Mechanism 3

Parameters Mechanism 1
Rate constants (mmol! h')
Vo 4221
VA 3.783
VA 3.504
V.. 22731
V. 14.157
Vo 11313
V., 9.126
V. i

V., ]

VeT -

v, ]

Vo, ]

Equilibrium constants (g mmol!)

K . 9.115% 10?2
Ko 7.134% 10?2
K.\ 6.088x 107
K, 5.632x 10
K, o 7.109x 102
K. e 5.989% 10°
K. e 3.431% 102

Inhibition constant (mmol g')

K

: 0.924

(g'hh)

8.863
6.492
3.078
5.594

5.172x 1072
2.281

9.120x 1072
8.532x 1072
7.425% 1072

0.894

(mmol! h'l)

7.619x 1072
8.128x 1072
1.951x 107!
1.383

2.891x 1072
2.322x 1072
1.974x 1072
1.121x 1072

0.882
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Figure 3-14 Comparison between calculated (lines) and experimental results

(symbols) of intermediates changes including triacylglycerol (TAG), diacylglycerol
(DAG), monoacylglycerol (MAG), free fatty acid (FA) and fatty acid ethyl ester

(Ester) and calculated ethanol (Alcohol) concentrations in the transesterification

reaction with ethanol to palm oil molar ratios of 1:1. Mechanism 1:—— ; Mechanism

2 - - = ; Mechanism 3:
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Figure 3-15 Comparison between calculated (lines) and experimental results

(symbols) of intermediates changes including triacylglycerol (TAG), diacylglycerol

(DAG), monoacylglycerol (MAG), free fatty acid (FA) and fatty acid ethyl ester

(Ester) and calculated ethanol (Alcohol) concentrations in the transesterification

reaction with ethanol to palm oil molar ratios of 2:1. Mechanism 1: ——; Mechanism
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Figure 3-16 Comparison between calculated (lines) and experimental results
(symbols) of intermediates changes including triacylglycerol (TAG), diacylglycerol
(DAG), monoacylglycerol (MAG), free fatty acid (FA) and fatty acid ethyl ester
(Ester) and calculated ethanol (Alcohol) concentrations in the transesterification

reaction with ethanol to palm oil molar ratios of 3:1. Mechanism 1: —— Mechanism

2:- - - ; Mechanism 3:
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Table 3-7 Comparison of the sum of squares of the residuals in each model

Sum of squares of the residuals

Component
Mechanism 1 Mechanism 2 Mechanism 3

TAG 7.45 9.80 6.37

DAG 7.54 8.35 5.73

MAG 19.12 17.31 11.55

FA 13.09 9.03 8.14

Ester 3.84 10.20 2.59

Total sum of squares 51.03 54.69 34.39

TAG: triacylglycerol, DAG: diacylglycerol, MAG: monoacylglycerol, FA: free fatty acid,
Ester: fatty acid ethyl ester.

A visual inspection of Figures 3-14, 3-15 and 3-16 also indicates that the
mechanism 3 model provides a good approximation to most of the data sets. At a low
ethanol concentration the simulated results of mechanisms 1 and 2 did not fit well to
the experimental data especially for the monoacylglycerol concentration while at high
ethanol concentrations both these mechanisms did not explain well the determined
concentrations of the fatty acid ethyl ester. Thus, the concept that the two reactions of
hydrolysis and transesterification occur simultaneously is more acceptable than the
concept that acylglycerols are hydrolyzed and fatty acids become free prior to ethyl
ester synthesis. This was confirmed by the experimental results that showed that the
concentration of the measurable free fatty acid was always low during the time course
of the reaction at a high initial ethanol concentration (Figure 3-16) indicating that in
the presence of ethanol, the fatty acid in acylglycerol was directly used in ethanolysis
reaction, rather than being released as a free fatty acid by the hydrolysis reaction.

In terms of the reaction rate constants of mechanism 3 in Table 3-6, the rate
constants of triacylglycerol, diacylglycerol and monoacylglycerol in the hydrolysis
reaction (Vinr = 0.07619 mmol'h™", Vip = 0.08128 mmol'h™, Vium = 0.1951 mmol™'h”
1) were much lower than those in the ethanolysis reaction (Ver = 2.751 mmol'lh'l, Vep
=1.176 mmol'h™" and Vey= 0.965 mmol'h™"). This indicated that in the presence of
ethanol the acylglycerols were more easily converted to fatty acid ethyl ester through
ethanolysis reaction rather than to free fatty acid through hydrolysis reaction. This
result also supports the assumption that transesterification of triacylglycerol occurs

directly by the alcoholysis reaction as has been reported in the literature (Al-Zuhair et
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al., 2007). However, in those studies, the behavior of the substrates and intermediates,
namely acylglycerols and free fatty acids were not considered. The results presented
in this paper also showed that the concentration of measurable intermediate free fatty
acid was low during the time course of the reaction at high ethanol concentrations
(Figure 3-16). This result implied that the ethanolysis reaction is dominant over the
hydrolysis reaction at a high initial ethanol concentration. On the other hand, the
hydrolysis reaction might require higher concentrations of water to increase the
hydrolysis reaction rate. For a further study, the estimated parameters of mechanism 3
in Table 3-6 were used in computer simulations to investigate the sensitivity of the
model and the impact of the ethanol concentration on the transesterification reaction

of palm oil by the immobilized lipase.

3.5.3 Sensitivity of the model

A sensitivity analysis of the parameters in the model was carried out by
calculating the initial production rates of fatty acid ethyl ester and free fatty acid
under condition where the value of one parameter was changed without changing any
other parameter. Table 3-8 shows the effects of parameters on the predicted initial
production rates of fatty acid ethyl ester and free fatty acid by increasing or
decreasing the parameter values by 50%. The results show that the changes of V.r, Vep
and Vey produced larger differences (2-31%) on the production rates of fatty acid
ethyl ester than did Vi, Vinp, and Vinm (0.01-0.35%). As the values of Ver, Vep, Veum,
and Vg, increased by 50% the production rates of fatty acid ethyl ester also increased
0.88-19.4%, however, the concentration of fatty acid ethyl ester at equilibrium was
not affected (data not shown). On the other hand, as the values of Vi, Vinp, and Vi
increased by 50%, the production rates of free fatty acid increased 12-15%. This result
confirmed that the parameters involved in the ethanolysis reaction (V.r, Vep and Veym)
had the most important role on the prediction of fatty acid ethyl ester production
whereas the parameters involved in the hydrolysis reaction (Viyr, Vmp and Vi) had
the biggest effect on the prediction of free fatty acid production. In addition, the
reaction rates increased when Kur, Kup, Kuv and Kyur were decreased. However,
among the equilibrium constants, K; produced the largest difference (20-46%) to the
reaction rates. This confirmed that the model could be applied to predict the impact of

the ethanol concentration on biodiesel production by the immobilized lipase.
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Table 3-8 Sensitivity of kinetic parameters on initial production rates of fatty acid
ethyl ester (1) and free fatty acid (ry)

Initial Parameter
rate  change

Deviation of initial rate with parameter change (%)

VmT VmD VmM VeEs VeT VeD VeM KmT KmD KmM KmF KI
M +50%  +0.35 +0.24 +0.01 +0.88 +194 +895 +1.81 -0.17 -0.13 -0.05 -0.01 +20.8
-50% -035 -025 -0.01 -1.14 -314 -12.1 -2.11 +0.17 +0.13 +0.03 +0.01 -34.2
I +50%  +14.3 +21.2 +12.7 -144 +25.1 +6.22 -1.68 -0.28 -023 -0.05 -0.01 +38.6
-50% -149 -223 -13.8 +18.8 -233 -7.09 +1.87 +028 +0.22 +0.04 +0.01 -46.7

+, - : The values increase or decrease from the values without parameter change.

3.5.4 Simulations

Because no solvent was used in this system, it was physically impossible to
change the concentration of one reactant without changing that of the others. However,
computer simulations allow one to independently assess the effects of hypothetical
changes in the concentrations of each substrate and intermediate. Furthermore, the
computer simulations also permit one to examine the dynamics and equilibria of the
transesterification reaction that cannot be investigated experimentally. Beyond these
limitations, the model based on mechanism 3 provides a useful description of the
transesterification of palm oil with ethanol by immobilized lipase. The estimated
parameters were considered to be the most representative of the palm oil data. The
effects of changes in the value of the initial concentrations of alcohol were
investigated in a series of simulations. The calculated results using the model of
mechanism 3 are shown in Figure 3-17. The initial ethanol concentration was varied
to obtain molar ratios of ethanol to palm oil in the range of 0.5 to 6 while all other
initial conditions (water 10% based on oil weight and enzyme amount 0.2 g) were

held constant.
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Figure 3-17 Simulation results of the effects of molar ratio of ethanol on the initial
production rates (a) and final concentrations (b) of fatty acid ethyl ester (Ester) and

free fatty acid (FA).

Figure 3-17a indicates that higher initial concentration of ethanol lead to a
faster initial rate of fatty acid ethyl ester production. The result is expected from a
kinetic point of view, because a higher concentration of ethanol could enhance the
production rate of the fatty acid ethyl ester. Hence, much higher ethanol
concentrations would be required for inhibition to take place in a solvent free system.
By comparing the initial rates of fatty acid ethyl ester and free fatty acid production as
shown in Figure 3-17a, the initial rates of fatty acid ethyl ester production were found
to be much higher than those of free fatty acid production. This indicated that ethanol
is incorporated faster than is water as was also indicated by the higher values of the
rate constants involving the ethanolysis reaction than those in the hydrolysis reaction
(Table 3-6). It was also found that the production rates of free fatty acid also increased

with increasing ethanol concentrations. This might be due to the thermodynamic shift
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from monoacylglycerol to free fatty acid when a high concentration of
monoacylglycerol was obtained from the ethanolysis reaction.

In addition, the higher initial concentrations of ethanol resulted in greater
amounts of ethanol being incorporated into the fatty acid of palm oil (at equilibrium)
as shown in Figure 3-17b. From a thermodynamic standpoint, a greater incorporation
of ethanol is expected because a higher concentration of this ethanol should shift the
equilibrium toward greater transesterification. However, a molar ratio of ethanol to
palm oil higher than 4, resulted only a slight increase in the final concentration of
fatty acid ethyl ester. Theoretically transesterification of one mole of triacylglycerol
needs 3 moles of ethanol, however the yields of fatty acid ethyl ester depend on the
preferred equilibrium in various conditions. The simulation results also show that
increasing the initial ethanol concentration produces a lowering of the final
concentration of fatty acid due to the thermodynamic equilibrium shift to
transesterification. On the other hand, higher yield of free fatty acid was produced at a

lower ethanol concentration.
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3.6 Continuous transesterification of oil to ethanol

Continuous transesterification of palm oil on a packed bed reactor was also
investigated. The optimal flow rate was determined using the refined palm oil and the
continuous transesterification of refined, crude and used palm oil were compared.
3.6.1 Effect of flow rate

The flow rate of oil is an important parameter in continuous reaction in the
packed bed reactor. If the flow rate is too high, the contact time of oil on immobilized
lipase will be too short and the reaction will be incomplete. On the other hand, if the
flow rate is too low, the productivity will be too low. The effect of flow rate on
conversion of FAEE from refined palm oil was summarized in Table 3-9. The mixture
of oil and ethanol were contained in a screw-top bottle and stirred magnetically at
45°C in a water bath and circulated using a peristaltic pump through a column (inside
diameter 1 cm, height 10 cm) containing immobilized lipase on Accurel EP-100.
When only the immobilized lipase on small particle Accurel EP-100 (<400 um) was
packed into the column, the column clogging was observed in 8 h of running time. In
order to solve this problem, the immobilized lipase was mixed with the larger size of
Accurel EP-100 (1000-1500 pum) in a 2:1 ratio before filling a column so as to
increase the system porosity (H-Kittikun et al., 2000). From Table 3-9, it was found
that when the flow rate of substrate increased the conversion of FAEE decreased. The
optimal flow rate which gave the highest productivity of 0.111 g/min and comparable

high conversion of FAEE 38.25 % was at 0.29 g/min.

Table 3-9 Effect of flow rate on conversion of FAEE and productivity

Flow rate (g/min) Conversion of FAEE (%)  Productivity of FAEE® (g/min)

0.19 42.47 0.081
0.24 40.77 0.098
0.29 38.25 0.111
0.33 33.49 0.111

* — Productivity of FAEE = conversion of FAEE x flow rate.
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3.6.2 Long-term operation

The optimal substrate flow rate for FAEE production was 0.29 g/min. This
flow rate was used for long-term continuous FAEE production in the packed-bed
reactor. The results are shown in Figure 3-18. It was found that the reactor could be
successfully operated and maintained at average 34% yield of FAEE for 90 h without
pressure drops problem. The highest FAEE yield of 37% was obtained at 18 h and
nearly stable for 32 h. Subsequently, the FAEE yield was slowly decreased with
increasing the operation time. On the other hand, FFA yield was nearly 0% through
out the operation. A productivity of 142 g FAEE/day was obtained for continuous

operation.
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Figure 3-18 Long-term operation of continuous FAEE production in a packed-bed

reactor.
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CHAPTER 4 Conclusions and Suggestions

The findings of this study have shown that lipases from Pseudomonas sp.
(lipase PS) immobilized on Accurel are able to catalyze transesterification of palm oil
with appropriated ethanol and methanol for FAEE and FAME production,
respectively. The kinetics of a lipase-catalyzed transesterification of triacylglycerol
with ethanol for biodiesel production were successfully modeled using rate
expressions requiring adjustable parameters. The mechanism for transesterification by
the immobilized lipase was determined by the construction of various mechanisms in
the models and then fitted to the experimental data. The simulation results indicated
that the two reactions of hydrolysis and ethanolysis occurred simultaneously rather
than by the stepwise hydrolysis followed by esterification. Furthermore, unlike
previous reports in the literature, the present model was able to account for the effects
of concentrations of all chemical species participating in the transesterification
reaction throughout the entire reaction especially the impact of the ethanol
concentration. From a thermodynamic standpoint, a greater incorporation of ethanol is
expected because a higher concentration of this acyl acceptor should shift the
equilibrium towards a faster transesterification reaction. However, higher ethanol
concentrations could inhibit the reaction. Hence, the model that included the
inhibition by ethanol could predict the appropriate conditions for the efficient
production of the fatty acid ethyl ester. In the continuous production of FAEE in a
packed-bed reactor, the yield of FAEE increased with decreasing in the flow rate of
substrate. At the substrate flow rate of 0.29 g/min gave FAEE yield of 38.25 % and
the highest productivity of FAEE of 0.111 g/min. Furthermore, the long term
operation of the continuous process gave the average yield of FAEE at 34% for 90 h
with the productivity of 142g FAEE/day. However, further study on the improvement
of FAEE yield in the continuous process and the stability of immobilized lipase and

scale-up of continuous FAEE production is necessary.
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Three kinetic models of the transesterification of palm oil fatty acids to ethanol using an immobilized lipase
were developed. The models differ from one another with respect to the rate-limiting step and the point
at which the ethanol molecule becomes involved in the reaction. The kinetic parameters were estimated
by fitting experimental data of the transesterification of palm oil with various ethanol concentrations. The
models are able to account for the effects of substrates and products involved in the transesterification
throughout the entire reaction. There was a good agreement between experimental results and those
predicted by the proposed model equations in which ethanol was assumed to be involved directly in an
alcoholysis reaction with palm oil. Furthermore, the calculated results show that the rate constants for
alcoholysis of palm oil with ethanol are much higher than those for the hydrolysis reaction. From the
proposed model equations, the effects of ethanol concentration on the initial production rates and yields
of fatty acid ethyl ester and free fatty acids were simulated. The simulation results show that increasing
the initial ethanol concentration produces an increase in the initial production rate and yield of fatty acid
ethyl ester and lowers the final concentration of free fatty acid whereas lower ethanol concentration led

to a higher final concentration of free fatty acid.

© 2008 Published by Elsevier B.V.

1. Introduction

Fatty acid alkyl esters derived from natural fats and oils have
recently attracted much research interest because of their value
as a source of biodiesel. They are a renewable source while the
availability of petroleum chemicals is finite. Fatty acid alkyl esters
are produced by the transesterification of triglycerides to alcohols
preferentially methanol and ethanol. Biodiesel from palm oil can
be domestically produced in Thailand, offering the possibility of
reducing petroleum imports. The preferred industrial process for
producing biodiesel from palm oil typically uses an alkaline or acid
catalyzed transesterification reaction [1-3]. However, the unde-
sired side reaction, saponification, occurs and an extra separation
step is required to remove the homogeneous catalysts, thus inflat-
ing the cost of production.

Recently, utilization of a lipase to produce these fatty acid alkyl
esters has been shown to be effective [4-9]. Several researchers
have investigated biodiesel production from palm oil using immo-
bilized lipases [10,11]. However, these studies focused on a series
of experiments to optimize production while the dynamics and

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

1369-703X/$ - see front matter © 2008 Published by Elsevier B.V.
doi:10.1016/j.bej.2008.07.006

equilibrium of the enzymatic reaction could not be investigated
experimentally. In order to identify the optimal conditions for the
lipase catalyzed transesterification reaction, it is essential to under-
stand the kinetics of this reaction. Until now all kinetic mechanisms
on lipase catalytic reactions have been mostly based on the hydrol-
ysis of triacylglycerol or the esterification of fatty acid [12-17].
Only a small number of kinetic studies on the transesterification
of oils by immobilized lipases have been found in the litera-
ture [18-20]. In addition, the transesterification by immobilized
lipase was assumed to take place in two consecutive hydrolysis
and esterification steps [18-19]. In this two-step process, triacyl-
glycerols were first hydrolyzed to produce free fatty acids and
then the free fatty acids were esterified to produce new esters.
Some authors however have assumed that the transesterification
takes place by direct alcoholysis of the triglycerides [20]. Unfor-
tunately, clarification of the mechanisms and the corresponding
rate expressions of the transesterification reactions have not been
conducted.

To elucidate the mechanism of transesterification of two sub-
strates, namely triacylglycerol and alcohol, computer simulation
could be a useful tool to independently assess the effects of
hypothetical changes in the concentrations of each substrate.
Furthermore, it is important to emphasize the effect of alcohol
concentration on the mechanism of transesterification since it was
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reported that alcohol had an inhibitory effect on fatty acid alkyl
ester production [4,21]. Although methanol is easily available as
an absolute alcohol, it is also involved in enzyme inactivation pro-
cesses [22]. Ethanol is environmentally attractive because unlike
methanol, ethanol could be produced from renewable resources
and used in biodiesel production [23]. Also, ethanol is a better sol-
vent than methanol for oil [5]. In this study, palm oil and ethanol
were used as reactants. The kinetics of transesterification of palm
oil and ethanol for fatty acid ethyl ester production was investi-
gated. First, a simple model based on Ping-Pong Bi Bi was proposed
to describe the kinetics of the transesterification and hydrolysis
reactions. Then, the mathematical models for the reactions, taking
into account the effect of ethanol concentration, were considered.
Unlike previous reports in the literature, the present models are
able to account for the effects of the concentrations of all chemical
species participating in the transesterification reaction. In addition,
the effects of ethanol concentrations on the production of fatty acid
ethyl ester were incorporated into the model.

2. Materials and methods
2.1. Materials

Lipase PS (Pseudomonas sp.) was a gift from Amano Pharmaceu-
tical Co. Ltd., Japan. Microporous polypropylene powder; Accurel
EP-100 (particle size 200-400 pm) was a gift from Akzo Nobel
(Obermburg, Germany). Palm oil was purchased from Morakot
Industry Co. Ltd., Thailand and it contained 96.07% of triacylglyc-
erol and 3.93% of diacylglycerol. The composition of fatty acids in
palm oil was 43.70% of palmitic acid, 45.76% of oleic acid, 8.35% of
linoleic acid and 2.19% of palmitoleic acid. All other chemicals were
analytical grade reagents obtained from commercial sources.

2.2. Immobilization

The procedure for immobilizing the enzyme was as described in
the previous report [24]. Accurel EP-100 (0.2 g) was added to 20 ml
of 0.1 M phosphate buffer (pH 7) containing approximately 50 U/ml
lipase PS and the reaction mixture was stirred with a magnetic bar
at 100 rpm for 30 min. Then, the suspension was filtered through a
filter paper by vacuum. The immobilized enzyme was washed on
the filter paper with 5 ml of 0.1 M phosphate buffer (pH 7) to remove
soluble enzyme and dried in a vacuum desiccator. The immobilized
lipase PS on Accurel EP-100 (250 U/g) was stored at 4 °C for further
studies. The stability of the immobilized lipase PS has been studied
in a previous report [24]. It was found that more than 80% of the
hydrolytic activity remained after being incubated at 45 °C for 24 h.

2.3. Transesterification of palm oil for fatty acid ethyl ester
production

The transesterification reactions were carried out in a batch sys-
tem. The reaction mixture consisted of palm oil, enzyme, water and
various ethanol concentrations. The ethanol was first mixed with
palm oil to avoid the denaturation of the immobilized lipase by
ethanol. The temperature was controlled at 45 °C. The reaction mix-
ture was stirred at 500 rpm. Samples of the reaction mixture were
centrifuged to remove immobilized lipase before analysis.

2.4. Analytical method

The components of the oil phase were analyzed for fatty acid
ethyl ester, triacylglycerol, diacylglycerol, monoacylglycerol and
free fatty acid using thin-layer chromatography with a flame
ionization detection system (TLC/FID) (IATROSCAN MKS5, latron
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Fig. 1. Schematic diagram of Ping Pong Bi Bi mechanisms for stepwise transesteri-
fication of palm oil.

Laboratories Inc. Tokyo, Japan) [25]. In this experiment, the per-
centage of the peak area was assumed to be the percent content
of the corresponding compound [26]. The fatty acid compositions
of triacylglycerols were determined by converting all fatty acids of
triacylglycerols into the corresponding fatty acid methyl esters fol-
lowed by gas chromatography (GC) analysis [27]. The lipase activity
was determined by the modified cupric acetate method [28]. One
unit of hydrolytic activity was defined as the amount of the enzyme,
that liberated 1 pmol equivalent of palmitic acid from palm oil in
1 min at 45°C.

All the data presented in this paper for reactant and product
concentrations under various conditions were the means of two
experiments with <10% deviation.

Ordinary differential equations were solved by the Runge-Kutta
single-step fourth-order method [29]. The programs were coded in
the Visual Basic program ver. 6.0 (Microsoft Inc., USA).

3. Results and discussion
3.1. Modeling of the lipase catalyzed transesterification reaction

Mechanisms of lipase catalyzed transesterification reaction
based on hydrolysis and esterification of triacylglycerol, dia-
cylglycerol, monoacylglycerol, free fatty acid and ethanol were
considered. The starting point for the development of an appropri-
ate generic mechanism describing the transesterification reactions
is the mechanism of the ester bond hydrolysis reaction to pro-
duce free fatty acid, which constitutes the first step. This ester
hydrolysis step is followed by the esterification step that pro-
duces a new ester bond by reacting the newly created free fatty
acid with the incoming alcohol group. Fig. 1 shows the hydrol-
ysis and esterification steps with the free enzyme (E) reacting
with triacylglycerol (T) to form the first complex (E-T) and then
T is hydrolyzed to diacylglycerol (D) and fatty acid (F). Subse-
quently, D is released from the second complex (E-D-F) to form
the third complex (E-F). This complex might react with alcohol
(Al) through an alcoholysis reaction to form an alkyl ester (Es) or
with water (W) through a hydrolysis reaction to form free F. The
mechanisms for the hydrolysis of D and monoacylglycerol (M) are
also similar to that described above. However, the precise point in
the kinetic cycle at which the ethanol molecule enters the active
site is unknown, therefore three mechanisms were proposed. The
models differ from one another with respect to the rate-limiting
step and the point at which the ethanol molecule enters the cat-
alytic cycle. Rate expressions corresponding to these mechanisms
are developed and tested for consistency with the experimental
results with various ethanol concentrations. Three mechanisms
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Fig. 2. Conceptual scheme of overall reaction mechanism 1.

share three basic assumptions: (1) since preliminary experimen-
tal data indicated that the reaction rate is sufficiently slow so that
the mass transfer limitations imposed by the porous support are
negligible. This has been also reported in the literature [16,30,31],
the possible mass transfer limitations in this reaction system were
ignored; (2) all the fatty acids released from the triacylglycerol
substrate may be lumped together and treated as a single con-
stituent (F); (3) the inhibition of enzyme activity by alcohol follows
a competitive inhibition mechanism. Then, three proposed kinetic
models and numerical determination of parameters were applied
for simulating the effect of the ethanol concentration on the kinetic
reactions of transesterification of palm oil by the immobilized
lipase.

3.1.1. Mechanism 1

In mechanism 1, starting with the reaction network shown
in Fig. 2, one can derive many rate expressions for the vari-
ous cases in which different steps are taken as rate determining.
All reactions for ester production were classed into two groups:
one was hydrolysis and another was esterification. Any hydrol-
ysis reaction that produced free fatty acid included a stepwise
process of hydrolysis of triacylglycerol, diacylglycerol and monoa-
cylglycerol. The esterification reaction for fatty acid ethyl ester
with excess ethanol is a synthesis reaction. The transesterification
reaction therefore involves sequential execution of the hydrolysis
and esterification steps, and thus requires multiple entrances and
exits of reactant and product species in such a manner as to ren-
der the overall mechanism as the Ping-Pong type. Alternatively,
some lipases have been reported to exhibit a rate-determining
step at the point where the enzyme breaks the complex of
enzyme and substrate [16]. In this mechanism, the expressions
for the rates of appearance of hydrolyzed intermediates and syn-
thesized fatty acid ethyl ester are assumed to be rate-limiting
steps and the remaining steps are assumed to be in rapid equi-
librium.

The appearance rates of hydrolyzed intermediates including
triacylglycerol (T), diacylglycerol (D), monoacylglycerol (M) and
glycerol (G) are expressed as in Egs. (1)-(4). The appearance rates of
free fatty acid (F), water (W), fatty acid ethyl ester (Es) and ethanol
(Al) from the hydrolysis and esterification steps are presented in
Egs. (5)-(7).

@=—’<3[E-T]+I<4[E»Dv1-‘] (1)
dt

% =ks3[E-T] = ka[E-D-F] — ko[E - D] + k1o[E - M - F] (2)
% = ko[E - D] — kyo[E - M - F] — kq5[E - M] + kyg[E - G - F] 3)

where E is the free enzyme concentration and E-T, E-D, E-M, E-F, E-Al,
E-D-F, E-M-F and E-G-F are different complexes between the enzyme
and the species defined above. The concentrations of the different
enzymatic complexes can be expressed in terms of the free enzyme
concentration by means of the following pseudoequilibrium rela-
tionships:

(£-7] = LIENT] (8)
[£-D] = {ZIE][D] (9
(£-M1 = {2 £ M) (10)
g7 = 2 (11)
£ A1l = (2 {E]IA (12)
[E-DF|= "6[5 Fip) = e ) (13)
£-M-Fl = {21 Py = 2220 LR iy (14)
£-6Fl= 2 (e Fic) = 22 Bl (15)

ki7ko1 [W]

The total enzyme concentration (Et) is given by

Er=E+E-T+E-D+E-M+E-F+E-D-F
6+E-M-F+E-G-F+E-Al (16)

By substitution of Eqgs. (8)-(16) into Egs. (1)-(7), and algebraic
manipulation of the resulting equations, the following rate expres-
sions were obtained:

d[T] [FIIDI\ .

S = Va1 + Ve e (a7)
S = VnrlT] = Ver ] = ViplD] + Voo L DIET] (19)
i} [FM] [FIiG] 1.

T = (VmD[D] - Vip [W] - VmM[M] + Vim [ ] )[E ] (19)
dc] [FIGI ..

T = (VmM[M] = Vim [W] )[E ] (20)
A IV _ (Vo7 + Vi D] + Vi M]

—%wﬁ[o] + VioIM] 4 Ve [G] + Vers AIDE"]

(21)
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d[Es] _ d[Al]

d = dr - (Vess

(F]
(W]

[AIDIE"] £22)

Jhe [E']in Egs. (17)-(22) is
[Er]

involving the model could be reduced. Similar rate expressions
have been successfully applied in the hydrolysis reaction of tri-
olein [14] but not yet applied in the transesterification reaction.
The conceptual scheme of the overall reaction mechanism is shown
in Fig. 3. The development of the rate expressions for mechanism

[E*] =

where Vi1, Vip and Vi are rate constants for hydrolysis of T, D
and M, respectively. Vegs is the rate constant for esterification of
fatty acid ethyl ester. These are defined as:

Ve — k3kq _ kok7 _ kiskis
mT = 7,(2 ) AmD = 7k8 ) mM = k14
and Vegs = M.
ko

Vi1, Vip and Vi are rate constants for re-esterification of D, M and
G, respectively and defined as:

kisk1gkao

Vor — k4k6k20 Vs — k10k12k20
! k17k21

k5k2] ’ /\rD ](11 k21

Kint, Kby Kmms K Kinpr, Kmvr and Kinr are equilibrium constants
for T, D, M, F, D-F, M-F and G-F, respectively and defined as:

/and Vim =

k k k k
KmT:é, AmD:év mM:kﬁv rnF:%v
- k(.;kzo - ](]2’(20 - klgkzo
Kinpr = k5k21 ’ mMF = 1(11k21 and Kingr = k17]<21

Kj is the inhibition constant for ethanol inhibition which is defined
as:

](23

K;
Tk

Eventually, in this mechanism there are 15 unknown parameters.
These parameters were estimated by fitting the model equations
with the experimental data obtained with various ethanol concen-
trations.

3.1.2. Mechanism 2

Mechanism 2 differs from mechanism 1 with respect to the step
involving the decomplexation of the enzyme and intermediates
after the hydrolysis reaction. It is generally accepted that when the
substrate is bound to the active site, the crucial catalytic step is the
hydrolysis of the ester bond and forms a mixed acyl complex of
liberated fatty acid and enzyme. Once this mixed acyl complex is
formed, the hydrolyzed intermediate is released [32]. Accordingly,
to simplify the mechanism, the decomplexation of intermedi-
ates from the mixed acyl complex after the hydrolysis step was
assumed to occur rapidly. Subsequently, the rate expressions for
producing intermediates were simplified and the rate constants

-
g

ET
ﬁ& g

Fig. 3. Conceptual scheme of overall reaction mechanism 2.

1+ Ki1[T] + Kip[D] + Km[M] + Kmp([F1/[W1)(1 + Kinpp[D] + Knme[M] + KimgrlG]) +

(AL/K)) (23)

2 follows the same general procedure as that for mechanism 1. The
resultant rate expressions for mechanism 2 are:

R (24)
APV — Vit~ Vi IDDIE"] (25)
% = (VapID] - Vi [ MDIE'] (26)
diF] _ diw]
dt Tdr
= (Vo T+ Vo D1+ Vina[ MmO
FVielF] (Ww‘gs[m] - 1) E"] (27)

d[Es]  d[Al]

dt — dt

= (Vint[T] + Vinp[D] + Viam[M] + V([ F])
VeEs[Al]
" Ve W] + Vers [AT]
The /{E*] in Egs. (24)-(28) is
[Er]
Vint/Vipe[W] + Vegs[Al]))

VmD
+1D] (Ko + Venr [ W] + veEs[Au)

VmM )
VmF[W] + VeEs[Al]

(E*] (28)

B = T o = ¢

+[M] (KmM +
Vie[F] Al
n + 2 29
Vb W]+ Vers AT+ K
where Vi, Vinp, Vv and Vegs are defined as:

V. _ ’(3]{1 _ ](6k4 _ k9k7
mT = ko + k3 ’ /\mD n ks + kg ’ mM = ks + kg

and VeEs = k]().

Vmr and Vi are rate constants of hydrolysis and re-esterification,
respectively, for E-F. They are defined as:

Vinr = k12 /Qﬂd Vie = kq1.

Kt Kmp, Kmv and Kj are

kq kq k7
Kmr= 7——+— KD = ———— Ko =
mT kz T ](3 5 /(mD kS T kG 5 mM kg T kg
and K = ;<14
<13

In this mechanism there are 10 unknown parameters so fewer
than those in mechanism 1. These parameters were estimated by
fitting the model equations with the experimental data obtained
with various ethanol concentrations as parameters in mechanism
1.
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Al T W_k, F
EA L A o >"1 spr DO e M) (VoW1 + Ve AIDID] ~ (Vaa W] + Vesa AIDIMDE'
<
Kig )d 7 kAl o D F (32)
Ky K
/| M\
Es w
Al kis 4Es ¥ Esp ks Al d
G
EF E < —F—ED B _ (Vg W1 + Vel ADIMIIE] (33)
Es
k ks ([ 4 d[F
JE ¢ e Di . AL (Yot T1+ Vi D] + Ve MDIW] — Ve FIAIDIE']  (34)
Al M
F kﬁ/w Ko diw
E SFEuGE=E IV Vot {1+ Vi ID] -+ Vinsa MDIWIIE] (35)
M
i i i d[Es] _ d[Al
Fig. 4. Conceptual scheme of overall reaction mechanism 3. [dt ] - [dt ] (VeT[T] + VeD[D] + VeM[M] + VeES[F])[Al][E*]
(36)
3.1.3. Mechanism 3 The [E] in Egs. (30)—(36) is
Mechanism 3 differs from mechanisms 1 and 2 at the point in
the kinetic reactions at which the molecule of ethanol engages. [E*] = (Ex] (37)

Since it was reported that it was more accurate to assume that
transesterification takes place by direct alcoholysis of the triacyl-
glycerols than two consecutive steps of hydrolysis and esterification
[20], in mechanism 3 the catalytic reaction was divided into two
patterns of reaction; one represents the hydrolysis step to pro-
duce free fatty acid prior to the esterification step and another
represents the ethanolysis reaction to directly produce the fatty
acid ethyl ester. In practice, these two steps occur simultaneously.
Thus, the reaction network consists of a combination of a series
of parallel reactions for each acylglycerol complex (E-T, E-D and
E-M). The conceptual scheme of the overall reaction mechanism
is shown in Fig. 4. The development of the rate expressions for
mechanism 3 also follows the same general procedure as that for
mechanisms 1 and 2. The resultant rate expressions for mechanism
3 are:

AT VoW1 + Vel ADITIE] (30)
dio] :

9O (Vont W1 + Verl AIDIT] - (Ve[ W] + Veo[AIDIDDIE'] (31)
Table 1

Parameters in the models

1+ Km1[T] + Kmp[D] + Kmm[M] + Kmp[F] + (Al/K;)

where Vi1, Vinp, Vimm and Vegs are defined as:

V. _ ’(3](1 - ]{7]{5 - k]]kg
mT k2 s AmD = kG s mM = k10
k1sk
and. Vegs = qlf:a

while Ver, Vep and Ve are rate constants for ethanolysis of T, D and
M, respectively. They are defined as:

k4 kl kg k5 k] 2 kg
Ver = — = — d Vem= .
eT ](2 ) AeD k6 an eM klO
Kty Kmp» KmM, Kmp and K are
l<1 k5 ko ](]3
Kmt = +— == = =B
mT ](2 s AmD kG ’ mM ’<1o s mF k14
and K = kj
k]@

Parameters Mechanism 1 (mmol-' h-1)

Mechanism 2 (g1 h™1) Mechanism 3 (mmol-'h1)

Rate constants

VmT 4.221

Vb 3.783

Vim 3.504

Veks 22.731

Vit 14.157

Vip 11.313

Vim 9.126

VmF -

VrF -

VeT -

VeD -

VeM -
Equilibrium constants (g mmol~1)

Kt 9.111 x 102

Kmp 4134 x 102

Kmm 6.088 x 102

K 5.632 x 102

Kmpr 7.109 x 102

Kmmr 5.989 x 102

Kmcr 3.431x 102

Inhibition constant (mmolg-1)
Ki 0.924

8.863 7.619 x 102
6.492 8.128 x 102
3.078 1.951 x 10!
5.594 1.383

5.172 x 102 -

2.281 -

- 2.751

- 1176

- 0.965

9.120 x 102 2.891 x 102
8.532 x 102 2.322 x 1072
7.425 x 102 1.974 x 102
- 1121 x 102
0.894 0.882
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Fig. 5. Comparison between calculated (lines) and experimental results (symbols) of intermediates changes including triacylglycerol (TAG), diacylglycerol (DAG), monoacyl-
glycerol (MAG), free fatty acid (FA) and fatty acid ethyl ester&ster) and calculated ethanol (alcohol) concentrations in the transesterification reaction with ethanol to palm

oil molar ratios of 1:1. Mechanism 1:—; Mechanism 2:- - —; echanism 3:—.

In this mechanism there are 12 unknown parameters. These param-
eters were estimated by fitting the model equations with the
experimental data obtained under various ethanol concentrations
just as was done for the parameters in mechanisms 1 and 2.

3.2. Determination of kinetic parameters

The concentrations of triacylglycerol, diacylglycerol, monoacyl-
glycerol, free fatty acid and fatty acid ethyl ester at different times
were obtained experimentally starting with 5 g of palm oil and var-
ious ethanol amounts of 0.29, 0.58 and 0.86 g to obtain molar ratios
of ethanol to palm oil of 1, 2 and 3, respectively. The amounts of
enzyme and water were 0.2 g and 10% based on the palm oil weight,
respectively. The nonlinear curve fitting by Simplex’s method [33]
was used for fitting the system of the differential equations for
each mechanism into the experimental data. Simplex’s method
minimizes the sum of the squares of the difference between the
experimental and calculated values. By fitting the above differen-
tial equations to the experimental data, the parameters involved in

Table 2
Comparision of the sum of squares of the residuals in each model

Component Sum of squares of the residuals
Mechanism 1 Mechanism 2 Mechanism 3

TAG 7.45 9.80 6.37
DAG 7.54 8.35 5.73
MAG 19.12 17.31 11.55
FA 13.09 9.03 8.14
Ester 3.84 10.20 2.59
Total sum of squares 51.03 54.69 34.39

TAG: triacylglycerol, DAG: diacylglycerol, MAG: monoacylglycerol, FA: free fatty acid,
Ester: fatty acid ethyl ester.

each model were estimated and are listed in Table 1. Based upon
these determined parameters and the kinetic scheme, the con-
centrations of each component in the different reactions could be
calculated. Comparisons between the calculated and experimental
data are presented in Figs. 5-7. To evaluate the suitability of the
model, the sum of squares of the residuals in each model at the

(a)2.0 ; . . (b) 2.0 (c)2.0 .
B1s cedemnendennidenneend 2 161 D45... S . -
[] . o =) :
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Fig. 6. Comparison between the calculated (lines) and experimental results (symbols) of intermediates changes including triacylglycerol (TAG), diacylglycerol (DAG), monoa-

cylglycerol (MAG), free fatty acid (FA) and fatty acid ethyl ester (Ester) and calculated ethanol (Alcohol)/c\oncentration in the transesterification reaction with ethanol to palm

oil molar ratio of 2:1. Mechanism 1:—; Mechanism 2:- - —; Mechanism 3:—.
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Fig. 7. Comparison between calculated (lines) and experimental results (symbols) of intermediates changes including triacylglycerol (TAG), diacylglycerol (DAG), monoacyl-
glycerol (MAG), free fatty acid (FA) and fatty acid ethyl este%ster) and calculated ethanol alcohol)/c\oncentrations in the transesterification reaction with ethanol to palm

oil molar ratio of 3:1. Mechanism 1:—; Mechanism 2:- - —; Méchanism 3:—.
convergence step has been calculated as presented in Table 2. The
consistently lowest values of the sum of squares of the residuals for
each component in mechanism 3 reveal that the mechanism 3 is the
most suitable one to be applied in simulation study than the other
mechanisms. A visual inspection of Figs. 5-7 also indicates that
the mechanism 3 model provides a good approximation to most of
the data sets. At a low ethanol concentration the simulated results
of mechanisms 1 and 2 did not fit well to the experimental data
especially for the monoacylglycerol concentration while at high
ethanol concentrations both these mechanisms did not explain well
the determined concentrations of the fatty acid ethyl ester. Thus,
the concept that the two reactions of hydrolysis and transesterifi-
cation occur simultaneously is more acceptable than the concept
that acylglycerols are hydrolyzed and fatty acids become free prior
to ethyl ester synthesis. This was confirmed by the experimental
results that showed that the concentration of the measurable free
fatty acid was always low during the time course of the reaction at
a high initial ethanol concentration (Fig. 7) indicating that in the
presence of ethanol, the fatty acid in acylglycerol was directly used
in ethanolysis reaction, rather than being released as a free fatty
acid by the hydrolysis reaction.

In terms of the reaction rate constants of mechanism 3 in Table 1,
the rate constants of triacylglycerol, diacylglycerol and monoacyl-
glycerol in the hydrolysis reaction (Vmpp=0.07619mmol-'h-1,
Vmp =0.08128 mmol-1 h-1, Vmm =0.1951 mmol~-1h-1)
were much lower than those in the ethanolysis reac-
tion (Ver=2.751mmol-'h-!, V.p=1176mmol-'h-! and
Vem =0.965mmol-1h-1). This indicated that in the presence
of ethanol the acylglycerols were more easily converted to fatty
acid ethyl ester through ethanolysis reaction rather than to free
fatty acid through hydrolysis reaction. This result also supports

Table 3

the assumption that transesterification of triacylglycerol occurs
directly by the alcoholysis reaction as has been reported in the
literature [20]. However, in those studies, the behavior of the
substrates and intermediates, namely acylglycerols and free fatty
acids were not considered. The results presented in this paper
also showed that the concentration of measurable intermediate
free fatty acid was low during the time course of the reaction
at high ethanol concentrations (Fig. 7). This result implied that
the ethanolysis reaction is dominant over the hydrolysis reaction
at a high initial ethanol concentration. On the other hand, the
hydrolysis reaction might require higher concentrations of water
to increase the hydrolysis reaction rate. For a further study, the
estimated parameters of mechanism 3 in Table 1 were used in com-
puter simulations to investigate the sensitivity of the model and
the impact of the ethanol concentration on the transesterification
reaction of palm oil by the immobilized lipase.

3.3. Sensitivity of the model

A sensitivity analysis of the parameters in the model was carried
out by calculating the initial production rates of fatty acid ethyl
ester and free fatty acid under condition where the value of one
parameter was changed without changing any other parameter.
Table 3 shows the effects of parameters on the predicted initial
production rates of fatty acid ethyl ester and free fatty acid by
increasing or decreasing the parameter values by 50%. The results
show that the changes of Ver, Vep and Vep produced larger differ-
ences (2-31%) on the production rates of fatty acid ethyl ester than
did VmT,/\/mD, and Vv (0.01-0.35%). As the values of Ver, Vep, Vem,
and Vegs increased by 50% the production rates of fatty acid ethyl
ester also increased 0.88-19.4%, however, the concentration of fatty

Sensitivity of kinetic parameters on initial production rates of fatty acid ethyl ester (1) and free fatty acid (r¢)

Initial rate Parameter change

Deviation of initial rate with parameter change (%)

VmT VmD VmM VeEs VeT VeD VeM KmT KmD KmM K mF K]
TEs +50% +0.35 +0.24 +0.01 +0.88 +19.4 +8.95 +1.81 —0.17 -0.13 —0.05 —-0.01 +20.8
—50% -0.35 -0.25 —-0.01 -1.14 -314 -12.1 -2.11 +0.17 +0.13 +0.03 +0.01 34.2
TE +50% +14.3 +21.2 +12.7 -14.4 +25.1 +6.22 —1.68 —0.28 -0.23 —0.05 —0.01 +38.6
—50% -14.9 —22.3 13.8 +18.8 -233 —7.08 +1.87 +0.28 0.22 +0.04 +0.01 —46.7

+, —: The values increase or decrease from the values without parameter change.

Please cite this article in press as: B. Cheirsilp, et al., Impact of transesterification mechanisms on the kinetic modeling of biodiesel production
by immobilized lipase, Biochem. Eng. J. (2008), doi:10.1016/j.bej.2008.07.006

411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426

427

428
429
430
431
432
433
434
435
436
437
438
439


dx.doi.org/10.1016/j.bej.2008.07.006
Original text:
Inserted Text
(Ester) 

Original text:
Inserted Text
(Alcohol) 

Original text:
Inserted Text
concentration in the transesterification 

Original text:
Inserted Text
(2-31%) 


440
441
442
443
444
445
446
447
448
449
450
451
452
453

454

455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471

473

G Model
BE]48081-9

8 B. Cheirsilp et al. / Biochemical Engineering Journal xxx (2008) XxX—xXx

—~
[y
~

0.30 - sversduarasnadiinacaharennadonenss

0.251- ===

0.20Fecaanedeonrean snncsadacsannihananead

duee -*-n- -.}--

0.15Feernes

:
0.10 4o fve devvnens R ER S

vesvrvesvIvesenvrr s

v
.

.

>

[y

.

.

»
vosemmn
’

.

.

.

»

I3

.

.

0.05 4+canae

Initial production rate
(mmol/g/h)

aareaslesananchoscscafecaanncks
: :

- ""Q'""}'"

0.00

—~
T

) 5.00

4.004: v~

vvsessvgesvvvs ~veoon

3.00 F+eanne

ansean

asnveand

vesevdrssvvodivross
. .

2,004+ 02

aansead

1.004..xn

Final concentration
(mmol/g)

v
’
’
.
sgreesare
»
.
v
.
rs
U

0.00

S deeves g Neroffencccndesenardocnres
Cr—fesvveassvrvronrvessvarlevveqsvvres

N Fessvefovess

w
N

Molar ratio of ethanol

Fig. 8. Simulation results of the effects of molar ratio of ethanol on the initial pro-
duction rates (a) and final concentrations (b) of fatty acid ethyl estel}\ester) and free
fatty acid (FA).

acid ethyl ester at equilibrium was not affected (data not shown).
On the other hand, as the values of Vi1, Vimp, and Vi increased
by 50%, the production rates of free fatty acid increased 12-15%.
This result confirmed that the parameters involved in the ethanol-
ysis reaction (Ver, Vep and Vep) had the most important role on the
prediction of fatty acid ethyl ester production whereas the parame-
ters involved in the hydrolysis reaction (Viyt, Vinp and Vi) had the
biggest effect on the prediction of free fatty acid production. In addi-
tion, the reactionrates increased when Ky, 1, Kinp, Kmy and Ky were
decreased. However, among the equilibrium constants, K; produced
the largest difference (20-46%) to the reaction rates. This con-
firmed that the model could be applied to predict the impact of the
ethanol concentration on biodiesel production by the immobilized
lipase.

3.4. Simulations

Because no solvent was used in this system, it was physically
impossible to change the concentration of one reactant without
changing that of the others. However, computer simulations allow
one to independently assess the effects of hypothetical changes
in the concentrations of each substrate and intermediate. Further-
more, the computer simulations also permit one to examine the
dynamics and equilibria of the transesterification reaction that
cannot be investigated experimentally. Beyond these limitations,
the model based on mechanism 3 provides a useful description
of the transesterification of palm oil with ethanol by immobilized
lipase. The estimated parameters were considered to be the most
representative of the palm oil data. The effects of changes in the
value of the initial concentrations of alcohol were investigated in
a series of simulations. The calculated results using the model of
mechanism 3 are shown in Fig. 8. The initial ethanol concentra-
tion was varied to obtain molar ratios of ethanol to palm oil in
the range of 0.5-6 while all other initial conditions (water 10%
based on oil Weié\ht and enzyme amount 0.2 g) were held constant.
Fig. 8a indicates that higher initial concentration of ethanol lead to

a faster initial rate of fatty acid ethyl ester production. The result
is expected from a kinetic point of view, because a higher concen-
tration of ethanol could enhance the production rate of the fatty
acid ethyl ester. Hence, much higher ethanol concentrations would
be required for inhibition to take place in a solvent free system. By
comparing the initial rates of fatty acid ethyl ester and free fatty
acid production as shown in Fig. 8a, the initial rates of fatty acid
ethyl ester production were found to be much higher than those
of free fatty acid production. This indicated that ethanol is incor-
porated faster than is water as was also indicated by the higher
values of the rate constants involving the ethanolysis reaction than
those in the hydrolysis reaction (Table 1). It was also found that the
production rates of free fatty acid also increased with increasing
ethanol concentrations. This might be due to the thermodynamic
shift from monoacylglycerol to free fatty acid when a high con-
centration of monoacylglycerol was obtained from the ethanolysis
reaction.

In addition, the higher initial concentrations of ethanol resulted
in greater amounts of ethanol being incorporated into the fatty acid
of palm oil (at equilibrium) as shown in Fig. 8b. From a thermody-
namic standpoint, a greater incorporation of ethanol is expected
because a higher concentration of this ethanol should shift the
equilibrium toward greater transesterification. However, a molar
ratio of ethanol to palm oil higher than 4, resulted only a slight
increase in the final concentration of fatty acid ethyl ester. The-
oretically transesterification of one mole of triacylglycerol needs
3 mol of ethanol, however the yields of fatty acid ethyl ester depend
on the preferred equilibrium in various conditions. The simulation
results also show that increasing the initial ethanol concentration
produces a lowering of the final concentration of fatty acid due to
the thermodynamic equilibrium shift to transesterification. On the
other hand, higher yield of free fatty acid was produced at a lower
ethanol concentration.

4. Conclusions

The kinetics of a lipase-catalyzed transesterification of triacyl-
glycerol with ethanol for biodiesel production were successfully
modeled using rate expressions requiring adjustable parameters.
The mechanism for transesterification by the immobilized lipase
was determined by the construction of various mechanisms in
the models and then fitted to the experimental data. The simu-
lation results indicated that the two reactions of hydrolysis and
ethanolysis occurred simultaneously rather than by the stepwise
hydrolysis followed by esterification. Furthermore, unlike previous
reports in the literature, the present model was able to account
for the effects of concentrations of all chemical species partici-
pating in the transesterification reaction throughout the entire
reaction especially the impact of the ethanol concentration. From
a thermodynamic standpoint, a greater incorporation of ethanol
is expected because a higher concentration of this acyl acceptor
should shift the equilibrium towards a faster transesterification
reaction. However, higher ethanol concentrations could inhibit
the reaction. Hence, the model that included the inhibition by
ethanol could predict the appropriate conditions for the efficient
production of the fatty acid ethyl ester.
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Synthesis of Fatty Acid Alkyl Esters from Palm Olein Using

Immobilized Lipase
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Four commercial lipases from Pseudomonas sp. (lipase PS), Pseudomonas
fluorescens (lipase AK), Candida rugosa (lipase AY) and Rhizopus delemar (lipase D) were
screened for production of fatty acid ethyl esters (FAEE) from palm olein. Lipase PS was
the only suitable enzyme for synthesis of FAEE from palm oil. Accurel EP-200 was used as
support to immobilize lipase PS. The optimum condition for immobilization was enzyme
concentration of 50 U/ml and immobilization time for 30 min. The activity of immobilized
lipase PS was 0.258 U/mg and immobilized yield was 83.79%. The optimum condition for
FAEE production from 5 g of palm olein was found to be 50U of immobilized lipase PS, 0.5
ml of water addition and at temperature 45°C. The optimal molar ratios of palm olein to
ethanol and methanol for production of FAEE and fatty acid methyl esters (FAME),
respectively, were the same at 1:3. Under these conditions, the yields of 61% FAEE and
60% FAME were obtained at 6 h. Moreover, three-step addition of alcohol has improved
yields of FAEE and FAME up to 76% and 75%, respectively.

Keywords: fatty acid alkyl ester, immobilized lipase, palm oil, transesterification

Introduction

Biodiesel-fatty acid alkyl esters of
natural fats and oils have attracted much
research interest. They are renewable while
the availability of petroleum chemicals is

finite. Fatty acid alkyl esters are produced
by transesterification of triglycerides with
alcohols preferentially methanol and ethanol.
Biodiesel from palm oil can be domestically
produced, offering the possibility of
reducing petroleum imports. Industrial



practice for production of biodiesel from
palm oil is typically produced by alkaline or
acid catalyzed transesterification
(Krisnangkura and Simamaharnnop, 1992;
Crabbe et al., 2001; Kalam and Masjuki,
2002). However, the undesired side reaction,
saponification, occurs and an extra
separation step to remove the homogeneous
catalysis is required, thus reflecting the high
cost of production.

Recently, utilization of lipase in the
production of fatty acid alkyl esters has been
shown to be effective. In the
transesterification of soybean oil, 80-90%
conversion of esters was obtained using
Rhizopus oryzae lipase solution (Kaieda et
al., 1999). Lipase-catalyzed synthesis
reaction selectivity is high and lipase can be
immobilized in the support material, which
will allow for its recovery and reuse.
Transesterifications of various plant oils
using immobilizied lipases have been
studied. Dossat et al. (2002) and Soumanou
and Bornscheuer (2003) both synthesized
methyl esters from sunflower oil in solvent-
free system using immobilized Rhizomucor
miehei with conversion of 60% and 80%,
respectively. Du et al. (2004) synthesized
methyl esters from soybean oil using
immobilized Candida antarctica lipase B
with conversion higher than 80% by
stepwise additions of methanol. Noureddini
et al. (2005) synthesized 67% of methyl
ester and 65% of ethyl ester from soybean
oil using immobilized Pseudomonas cepacia
lipase. Li et al. (2006) reported
transesterification of rapeseed oil using
combination of immobilizied Thermomyces
lanuginose lipase and Candida antarctica
lipase with 95% conversion of esters.
Shimada et al. (1999) and Watanabe et al.
(2000)  used immobilized  Candida
antarctica lipase (Novozym 435) for the
conversion of vegetable oil to biodiesel.
Results showed incomplete methanolysis of
vegetable oil which was attributed to the

inactivation of the enzyme. Stepwise
addition of methanol prevented this
inactivation and conversions in excess of
98% were obtained.

Several researchers have investigated
biodiesel production from palm oil using
immobilized lipases. Abigor et al. (2000)
studied the lipase-catalyzed
transesterification of palm kernel oil with
different alcohols wusing lipase PS-30.
Talukder et al. (2006) used Candida
antarctica lipase to produce methyl esters
from palm oil in presence and absence of
organic solvent. However, the bottleneck of
lipase-catalyzed biodiesel production is the
high price of the enzyme. Since the price of
Candida antarctica lipase is relatively
expensive and far from practical, the study
of other low-cost lipases for biodiesel
production from palm oil is needed. Kaieda
et al. (2001) reported that lipases from a
number of microorganisms are able to
catalyze methanolysis with appropriate
water and methanol contents in the reaction
mixture. Lipase that is relatively resistant to
methanol, such as that from Pseudomonas
cepacia, will be advantageous in low water
content, which is desirable to attain a high
reaction rate of transesterification.

The purpose of our research was to
employ enzymatic method in industrial
production of biodiesel from palm oil. The
first step in present study was to investigate
synthesis of fatty acid ethyl esters (FAEE)
from palm oil by various lipases in solvent-
free system. For industrial application,
immobilization of lipase was optimized.
Optimal reaction parameters for synthesis of
fatty acid alkyl esters from palm oil were
also determined: enzyme loading, water
addition, temperature, molar ratio of
substrates and three-step addition of alcohols.

Materials and Methods
Materials Lipase from Pseudomonas sp.
(lipase PS), Pseudomonas fluorescens



(lipase AK), Candida rugosa (lipase AY)
and Rhizopus delemar (lipase D) were gifts
from Amano Pharmaceutical Co. Ltd.,
Nagoya, Japan. The supports were
hydrophobic polypropylene powder EP200
(Accurel) was a gift from Akzo Nobel
(Obernburg, Germany). Palm olein was
purchased from Morakot Industry Co. Ltd.,
Thailand. All other chemicals were also
obtained from commercial sources.
Immobilization The supports in powdered
form (0.2 g) was treated with ethanol before
added to 20 ml lipase solution and stirred
with a magnetic bar at 100 rpm for 1 h.
Afterwards, the suspension was filtered
through a Buchner funnel. The immobilized
enzyme was washed on the filter paper with
another 5.0 ml of 0.1M phosphate buffer pH
7.0 and dried in a vacuum desiccator for 12
h. For this immobilization study, the
immobilized yield was calculated using the
following formula:
. : CoVo —CVy
Immobilized yield (%) = ———x
COVO

where Cp is the initial activity of lipase
solution (U ml™); Vy is the initial volume of
lipase solution (ml); C+ is the lipase activity
of the filtrate (U ml™); and V; is the filtrate
volume (ml).
Transesterification Each lipase was
investigated for its ability to catalyze
transesterification of palm oil. The substrate
mixture consisted of 5 g palm oil, 3 molar
equivalents of ethanol to palm oil and 1 ml
0.1 M phosphate buffer pH 7.0 containing
30 U of enzyme. The reaction was
maintained at 45 °C.
Analysis The course of transesterification
was monitored by intermittent sampling
(150 mg) followed by chloroform extraction.
The extract was analyzed for FAEE, fatty
acid methyl esters (FAME), triacylglycerol
(TAG), 1,3-diacylglycerol (1,3-DAG), 1,2-
diacylglycerol (1,2-DAG), MAG and free
fatty acid (FFA) wusing a thin-layer
chromatography/flame ionization detection

100

(TLC/FID) (IATROSCAN MKS, Iatron
Laboratories Inc., Tokyo) (Rosu et al., 1997).
In this paper, the percentage of peak area
was assumed as percentage content of the
corresponding ~ compound. Hydrolytic
activity of the lipase was assayed by a
modified cupric acetate method (Lee and
Rhee, 1993). One unit of hydrolytic activity
is defined as the amount of the enzyme that
liberates 1pumole equivalent of palmitic acid
from palm olein in 1 min at 30°C.

All the data presented in this paper at
various conditions were the mean of three
experiments. Appropriate tests of
significance, analysis of variance (ANOVA)
and confident difference at 5% level were
used in the data evaluations.

Results

Screening of lipase In a typical reaction, the
same amount of 30 U hydrolytic activity of
each enzyme  was  evaluated in
transesterification of 5 g palm oil with 3
molar equivalents of ethanol. Four
commercial lipases were screened for their
ability to produce FAEE from palm olein.
The screening results for the tested lipases
are presented in Table 1. Reaction products
are presented as % FAEE content in the
reaction mixture. The formation of free fatty
acids is also included in this table since the
presence of water in the reaction medium
naturally promotes the competing hydrolysis
reaction. Among the tested lipases, lipase PS
from Pseudomonas sp. showed the highest
activity toward the transesterification of
palm oil with ethanol. Other lipases showed
very little activity toward the
transesterification reaction. After 6 h of
reaction with lipase PS, the product
contained 57% FAEE, 6% of fatty acids,
24% of monoglycerides, 13% of diglyceride,
and 0% of triglycerides.

Optimal conditions for enzyme
immobilization The effect of the enzyme
concentration on immobilization of lipase



PS with Accurel was investigated as shown
in Table 2. The activity of the immobilized
lipase increased with increasing enzyme
concentration. ~ However, at enzyme
concentration higher than 50 U ml" all
lipase molecules could not load onto

Accurel resulted in low immobilization yield.

When immobilized yield was considered,
the concentration of enzyme with 50 U ml”,
was suitable for lipase PS immobilization on
Accurel.

The effect of time on immobilization
of lipase PS on Accurel was studied. The
immobilized lipase activity increased while
the immobilized yield decreased when the
immobilization time increased (Table 3).
Since Accurel is a hydrophobic polymer, a
longer immobilization time was, more
floatation and separation of Accurel from
lipase solution occurred and resulting low
immobilized yield. The immobilization time
of 15 min gave highest immobilized yield
but much lower immobilized lipase activity
compared to that of immobilization time of
30 min. Thus, the immobilization time of 30
min, which gave high immobilized yield and
immobilized activity, was sufficient to
immobilize lipase PS on Accurel.

FAEE production from palm oil by
immobilized lipase PS The immobilized
lipase PS produced under the optimal
immobilization conditions established in this
study was tested for FAEE production and
compared with free lipase. Fig. 1 shows time
course of FAEE production by immobilized
and free lipase PS. There was no
significant difference in FAEE production
by immobilized and free lipase. Both free
and immobilized lipase PS gave a maximum
FAEE yield of 60% at 6 h.

Effect of immobilized lipase PS loading
The effect of immobilized lipase PS loading
(U of immobilized lipase per 5 g of palm oil)
on FAEE production from palm oil was
presented in Fig. 2. The FAEE yield was
enhanced by increasing the amount of

immobilized lipase and it was highest at 50
U. Therefore, immobilized lipase PS at 50 U
was used for transesterification of 5 g of
palm oil.

Effect of water addition The effect of water
addition on FAEE production was
determined as shown in Fig. 3. The results
show that increasing water addition led in
higher conversion rate. However, the effect
of water addition has less pronounced on
FAEE yield. And there was no significant
difference on FAEE production profile at the
water addition beyond 0.50 ml.

Effect of temperature The effect of
temperature on FAEE production was
investigated. Fig. 4 shows slight changes in
the transesterification activity of the
immobilized lipase PS with variations in
temperature. FAEE yield increased with
increasing the temperature. Since there was
no significant difference between
transesterification activity of  the
immobilized lipase PS at 45 and 55°C, lower
temperature at 45°C might be suitable from
the economical point of view.

Effect of molar ratio of palm oil to alcohol
Experiments were performed to optimize the
amount of fatty acid alkyl ester production
by varying the alcohol concentration.
Optimum  alcohol requirements were
determined for both ethanol and methanol as
shown in Fig. 5. The amount of alcohol
added was varied from 1 to 3 molar
equivalents based on the moles of palm oil.
An increase in the number of moles of
alcohol with respect to the palm oil resulted
in an increase in the production rates and
yields of FAEE and FAME as shown in Fig.
5. The optimum alcohol concentration was
determined at 3 molar ratio of alcohol to
palm oil for ethanol and methanol where
about 61% of FAEE and 60% of FAME
were formed, respectively at 6 h.

Stepwise alcoholysis of palm oil It is
widely known that some enzymes are
deactivated when exposed to high



concentrations of alcohol. Therefore, to
avoid lipase inactivation by ethanol and
methanol a method of adding stepwise was
applied. The results are shown in Fig. 6.
When alcohol was added to the reaction
mixture, the FAEE and FAME yields
increased. The FAEE and FAME contents
reached to 76 and 75%, respectively at 5 h
with stepwise additions of alcohols. It is
remarkable that the stepwise addition of
alcohol exhibits the highest conversions of
palm oil to biodiesel. Since alcohols were
maintained at low concentration in the
reaction mixture during stepwise addition of
alcohols, the effect of deactivation by
alcohols was softened and the reusability of
immobilized lipase PS could be improved.

Discussion and Conclusion

In  biodiesel production, the
preliminary screening of lipases was carried
out with randomly chosen commercial
available lipases. Lipase from Pseudomonas
sp. was the most promising one for the
transesterification of palm oil in this study
(Table 1) as it was also reported in the
transesterification of soybean oil (Kaieda et
al., 2001; Noureddini et al., 2005) and
Jatropha oil (Shah and Gupta, 2007). It is
likely that lipase from Pseudomonas sp. has
much higher methanol resistance than those
from the others (Kaieda et al., 2001), this
makes it more attractive for use as an
enzyme in alcoholysis reaction of palm oil.

By immobilizing the enzyme on
support material, it is possible to reuse
enzyme and reduce the costs of the enzyme
in industrial application. In this study,
selected lipase PS was immobilized on

Accurel, hydrophobic polypropylene powder.

The immobilization mechanism of lipase on
Accurel was simple adsorption, whereby the
enzyme adheres to the surface of the support
particles by Van der Waals forces of
attraction (Murray et al., 1997). Many
lipases  display interfacial  activation
phenomena in the presence of a hydrophobic

surface. The activation has been related to a
conformational change of the lipase that
exposes to the hydrophobic substrate a wide
hydrophobic  surface surrounding the
catalytic site (Brzozowski et al., 1991). For
the same reason, lipases are strongly
adsorbed by hydrophobic surfaces. Hence,
lipase immobilization by adsorption may not
only improve the stability and ease of
product separation, but also enzyme activity.

The effects of enzyme concentration
and immobilization time on immobilized
yield and immobilized activity were
investigated. At high enzyme concentration,
immobilized lipase displayed high activity
(Table 2). This could be explained that
increasing the concentration of enzyme in
solution increases the driving force for
adsorption. The immobilization time of 30
min was enough for enzyme adsorption on
Accurel (Table 3). According to Montero et
al. (1993), Candida rugosa lipase was also
rapidly adsorbed on Accurel and more than
60% of the activity disappeared from
enzyme solution after 1 min of incubation. It
was found that the FAEE production using
immobilized lipase PS performed the same
as free lipase PS under the same condition
(Fig. 1). This result suggests that the lipase
is being adsorbed onto Accurel in such a
way as not to obscure the active site,
resulting in remain of enzyme activity. The
result also shows that mass transfer
limitation in Accurel porous supports could
be neglected as it was reported for other
porous supports (Chen and Wang, 1998;
Romero et al., 2007). Salis et al. (2003)
reported that the internal diffusion has
seldlom been considered in  much
biocatalysis work in organic media, since the
reactions are usually not very fast. Shah and
Gupta (2007) indicated that the immobilized
Pseudomonas cepacia lipase on celite gave
higher yield of biodiesel from Jatropha oil
than free lipase. This is presumed to be
because of larger surface area of the



biocatalyst preparation in the immobilized
form. Therefore, the immobilized enzymes
give better catalytic performance in non-
aqueous media. However, this property also
depends on type of the support. In this study,
there was no significant difference in
activities of free lipase and immobilized
lipase on Accurel.

Experiments were performed to
determine the effect of immobilized lipase
PS loading on the extent of the
transesterification reaction. As the amount
of immobilized lipase was increased there
was a sudden surge in the formation of
FAEE (Fig. 2). Similar trends were observed
for the transesterification of various oils
(Kaieda et al., 1999; Noureddini et al., 2005;
Li et al., 2006; Shah and Gupta, 2007). Then,
the effect of water addition was investigated
(Fig. 3). Lipase activity generally depends
on the available interfacial area. With the
increased addition of water, the amount of
water available for oil to form oil-water
droplets increases, thereby, increasing the
available interfacial area. However, since
lipases usually catalyze hydrolysis in
aqueous media, excess water may also
stimulate the competing hydrolysis reaction.
The optimum water content is a compromise
between minimizing hydrolysis and
maximizing enzyme activity for the
transesterification reaction (Noureddini et al.,
2005). In this study, 0.5 ml of water addition
was thought to be the most balanced amount
for hydrolysis and enzyme activity in
transesterification of 5 g palm oil using 50 U
of immobilized lipase PS.

The effect of temperature on FAEE
production was studied over the temperature
range of 30-55°C (Fig. 4). The temperature
effect is related to the enzyme activity and
stability. Increasing temperature from 30 to
45°C, FAEE production increased from 52
to 61%. At higher temperature 55 °C, there
was no significant further increase in FAEE
production compared to the temperature at

45°C. Therefore, the temperature of 45°C
was chosen for transesterification of palm
oil from the economical point of view. Most
of lipase-catalyzed biodiesel productions
have also been tested at 45°C (Nelson et al.,
1996).

The alcohol concentrations for FAEE
and FAME production were optimized (Fig.
5). At the same molar ratio of alcohol, the
production rate and yield of FAME were
higher than that of FAEE. Similar results
were observed by Salis et al. (2005).
Although methanol is easily available as an
absolute alcohol, it is involved in enzyme
inactivation processes (Meher et al., 2006).
The formation of FAEE is environmentally
attractive because unlike methanol, ethanol
is produced from renewable resources. Also,
ethanol has better solvent properties than
methanol for solubility of oil (Shimada et al.,
2002). When 2 or 3 molar equivalents of
alcohols were added to the reaction mixture,
the yields of esters were 52 and 60% for
FAEE and 54 and 61% for FAME, although
theoretically it should have reached 66 and
100%. This result indicates that the lipase
was probably inactivated when the alcohol
content is high. Chen and Wu (2003)
reported that when the lower alcohol in the
mixture was high, it caused deactivation of
the enzyme due to the immiscibility between
triglycerides and alcohol. In order to
overcome these drawbacks, stepwise
additions of alcohols to the reaction mixture
have been proposed (Shimada et al., 1999;
Watanabe et al., 2000; Shimada, et al.,
2002; Soumanou and Bornscheuer, 2003).
Stepwise addition of alcohols was applied in
transesterification of palm oil to reduce the
negative effect of alcohols on lipase activity.
The results show that the yield of FAEE and
FAME increased significantly from 61 to
76% and 60 to 75%, respectively using
stepwise addition of alcohols.

The findings of this study have
shown that lipases from Pseudomonas sp.



(lipase PS) immobilized on Accurel are able
to catalyze transesterification of palm oil
with appropriated ethanol and methanol for
FAEE and FAME production, respectively.
However, further study on the stability and

reusability of immobilized lipase is
necessary.
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Table 1

FAEE production using commercial lipases

Lipase TAG (%) FFA (%) FAEE (%)
PS 0.68+0.63° 6.69+1.27° 56.6+2.56°
AK 92.540.95*  0.34+0.13¢ 4.2240.63°
AY 91.040.57° 1.98+0.38° 1.74+0.42°
D 93.4+0.23* 0.76£0.12° 1.46+0.16°

Mean = S.D. (n = 3).

Different letter in each column means statistically significant differences (p<0.05).

Table 2

Effect of enzyme loading on immobilization of lipase PS with Accurel
Enzyme Immobilized Immobilized

concentration  yield lipase activity

(Uml") (%) (Umg")

5 46.56+5.04°  0.045+0.015°

30 58.44+1.68°  0.082+0.002°

50 83.79+£2.27°  0.258+0.011°

100 71.86£1.51°  0.649+0.003"

Mean = S.D. (n = 3).

Different letter in each column means statistically significant differences (p<0.05).

Table 3

Effect of time on immobilization of lipase PS with Accurel
Immobilization Immobilized Immobilized

time yield lipase activity

(min) (%) (Umgh

15 91.15£0.72*  0.101%0.003¢

30 83.79+2.27°  0.258+0.011°

60 81.24+1.04"  0.285+0.010°

90 73.93+0.80° 0.350+0.002%

Mean + S.D. (n = 3).

Different letter in each column means statistically significant differences (p<0.05).
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Fig. 1 Time course of FAEE production by immobilized and free lipase PS. Reaction condition; 5 g
of palm oil; molar ratio of palm oil to ethanol of 1:3; 30 U of immobilized and free lipase PS; 1.00
ml of water addition and at 45°C.
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Fig. 2 Effect of immobilized lipase PS loading on FAEE production from palm oil. Reaction
condition; 5 g of palm oil; molar ratio of palm oil to ethanol of 1:3; 1.00 ml of water addition and at
45°C.
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Fig. 3 Effect of water addition on FAEE production from palm oil. Reaction condition; 5 g of palm
oil; 50 U of immobilized lipase PS; molar ratio of palm oil to ethanol of 1:3; and at 45°C.
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Fig. 4 Effect of temperature on FAEE production from palm oil. Reaction condition; 5 g of palm oil;
50 U of immobilized lipase PS; 0.50 ml of water addition; and molar ratio of palm oil to ethanol of
1:3.
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Fig. 5 Effect of molar ratio of ethanol on FAEE production (a) and molar ratio of methanol on
FAME production (b). Reaction condition; 5 g of palm oil; 50 U of immobilized lipase PS; 0.50 ml
of water addition; and at 45°C.
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Fig. 6 Effect of three-step addition of ethanol on FAEE production (a) and methanol on FAME
production (b) at 0, 2 and 4 h as arrows indicating. Reaction condition; 5 g of palm oil; 50 U of
immobilized lipase PS; 0.50 ml of water addition; total 3 molar equivalents of alcohol; and at 45°C.
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