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Biodiesel or fatty acid methyl ester is a non-toxic, biodegradable and renewable energy 

source. Recently, biodiesel can be produced by lipase catalyzed transesterification and become more 

attractive since the by product, glycerol can be easily recovered and the purification process for 

biodiesel is simpler. Candida rugosa lipase (CRL) is one of the most frequently used enzymes. However, 

the cost of enzyme remains a barrier. To reduce the cost, CRL were immobilized on 7 types of 

hydrophobic supports and Sepabeads EC-OD was finally selected. Afterwards, various optimal 

conditions for the immobilization of CRL on Sepabeads EC-OD were investigated. The results were as 

follows; pH 6, 500 mM ionic strength, 8 mg/ml enzyme loading at 30°C for 30 min and t-butanol as the 

adjuvant. The immobilized lipase was later applied for the catalysiS of transesterification between palm 

oil and methanol. The optimal transesterification by the immobilized CRL on Sepabeads EC-OD were 

investigated. The results were as follows; 6-step addition mode of methanol, 3 to 1 molar ratio of 

methanol to palm oil, 30% enzyme loading by oil weight and 5% water content (vlw of oil) for12 hours at 

40°C. Then, 6 from 9 types of non-edible and waste plant oils were selected from standard physical 

properties to be used as the substrates for the production of biodiesel by transesteriification catalyzed 

by 2 commercial immobilized lipase and CRL on SepabeadsEC-OD in comparison. The results showed 

that seed oils of 3 species; papaya, rambutan and physic nuts could be highly converted to biodiesel in 

comparable yield when the reactions were catalyzed by all 3 types of enzymes (approximately 80 %). 

Finally, the enzymes were tested for reusability in both transesterification and hydrolysis. For the 

biodiesel production, the activity considerably decreased after the 2nd
_3rt! cycle. In contrast. the relative 

hydrolytiC activities of the immobilized lipase could be well maintained over ten repeated cycles. Overall 

results indicate that the obtained immobilized CRL on SepabeadsEC-OD can catalyze the 

transesterification for the production of biodiesel as efficiently as the commercial enzymes. 
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1.1 Statement of purpose 

CHAPTER I 

INTRODUCTION 

The growth in consumption of petroleum oil throughout the world has caused urgent 

economic, security, and environmental problems. One of the best ways to reduce our 

dependence on petroleum oil is to develop renewable fuels such as biodiesel (Guan et al., 

2008). Biodiesel is a natural substitute of diesel fuel that comes from renewable sources 

(Rosa et al., 2009), that can be produced from a range of organic feedstock including fresh 

or waste vegetable oils, animal fats, and oilseed plants (Jeong et al., 2009 and Patil and 

Deng, 2009). Biodiesel has significantly lower emissions than petroleum-based diesel when 

it is burned, whether used in its pure form or blended with petroleum diesel. It does not 

contribute to a net rise in the level of carbon dioxide in the atmosphere and leads to 

minimize the intensity of greenhouse effect (Antolin et ai., 2002 and Vicente et al., 2004). In 

addition, biodiesel is better than diesel fuel in terms of sulfur content, flash point, aromatic 

content and biodegradability. Vegetable oils are becoming promising alternative to diesel 

fuel because they are renewable in nature and can be produced locally and environmental 

friendly as well . Many researchers have been searching for cheaper plant oils to be used as 

alternative feedstock for biodiesel production. Few sources have been identified such as 

waste cooking oil (Wang et al., 2006) and oils from non-edible oil-producing plants such as 

physic nut (Modi et al., 2007 and Berchmans and Hirata, 2008), cotton seed (Kose et al., 

2002, Royon et al., 2007 and Demirbas A., 2008), rubber seeds (Ramadhas et al., 2005) 

and pumpkin (Schinas et al., 2009). 

The general method to produce biodiesel fuel is by transesterification of vegetable 

oil with methanol in the presence of either alkaline or strong acid catalysts. The 

transesterification reaction can be represented as 



CH2-OOC-R1 

I 
CH-OOC-~ + 3 R'OH 
I . 
CH2-00C-~ 

Triglyceride Alcohol 

Catalyst R1-COO-R' 

~ ~-COO-R' 

~-COO-R' 

Alkyl ester 

CH2-OH 
I 

+ CH-OH 
I 

CH2-OH 

Glycerol 

2 

The production of biodiesel by transesterification process employing alkali catalyst 

has been industrially accepted for its high conversion and reaction rate (Lu et al., 2007 and 

Shao et al., 2008). However, the reaction has several drawbacks. It is energy intensive and 

recovery of glycerol is difficult. The acidic or alkaline catalyst has to be removed from the 

product, alkaline wastewater requires treatment (Zeng et al., 2006), and free fatty acid and 

water interfere with the reaction. Recently, enzymatic transesterification has attracted much 

attention for biodiesel production as it produces high purity product and enables easy 

separation from the byproduct, glycerol (Ranganathan et al., 2007 and Dizge and Keskinler., 

2009) 

Lipases, known as glycerol ester hydrolases (EC. 3.1.1.3), is one of the most 

extensively used enzymes that catalyze the hydrolysis of triacylglycerol to glycerol and fatty 

acids (Chang et al., 2008 and Lei et al., 2009). Depending on the nature of substrate and 

reaction conditions, lipases can catalyze a wide range of enantio- and regioselective 

reactions such as hydrolysis, esterifications, transesterifications. aminolysis and 

ammoniolysis (Deng et al., 2005, Chang et al .• 2008, Dizge et al., 2008 and Lei et al., 2009). 

Lipases are widely spread in plants, animals and microorganisms (Cihangir and Sarikaya. 

2004 and Deng et al., 2005). Microbiallipases are most interesting and more useful than 

lipase derived from plants or animals because of the greater and available varieties of 

catalytic activities, the possible high yields, ease of genetic manipulation. regular supply 

due to absence of seasonal fluctuations. and rapid growth of microorganisms on 

inexpensive media (Ibrahim C.O., 2008 and Fang et al .• 2009). Lipases are produced by a 

widespread number of microorganisms. including bacteria such as Bacillus sp. 

Pseudomonas sp. fungi such as Aspergillus sp. Rhizopus sp. and yeast such as Candida 

sp. Among them. Candida rugosa lipase (CRL) is one of the most commonly used (Rahman 
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et a/., 2005) enzyme in organic solvent owing to its high activity in hydrolysis, esterification, 

transesterification and aminolysis. Due to the wide variety of environmental conditions, 

lipases are often easily inactivated, difficult to be separated from the reaction system for 

reuse and high cost. Utilization of lipase as a catalyst for biodiesel production is a clean 

technology due to its non-toxic and environmental friendly nature. Byproduct glycerol , can 

be easily recovered without complex processing and free fatty acid contained in waste oils 

and fats can be completely converted to methyl ester (Mamoru et a/., 2001 and Kosa et a/., 

2002) Only mild operating conditions are required compared with chemical method (Wang 

et a/., 2006). However, due to the wide variety of environmental conditions, lipases are often 

easily inactivated, difficult to be separated from the reaction system for reuse resulting in 

higher cost than alkaline or acidic catalysts. Consequently, the further industrial 

applications of lipases are limited. The synthetic utility of lipase can be greatly improved by 

immobilization which has become a widely used technique to overcome practical problem 

in the use of crude lipase (Lei et a/., 2009). Many methods have been developed for 

immobilization of enzymes onto supports. Physical methods, especially adsorption may 

have a higher commercial potential than other methods because adsorption is simple, less 

expensive, and high catalytic activity can still be retained (Gitlesen et a/., 1997, Xu et a/., 

2006 and Chang et a/. , 2007). From transesterification process, by product glycerol is 

hydrophilic and insoluble in the oil so it is easily adsorbed on to the surface of the 

immobilized lipase leading to negative effect on lipase activity and operational stability 

(Wang et a/., 2006). Therefore, one way to address this problem, the enzyme can be 

applied on hydrophobic carriers such as macroporous polymers by adsorption due to the 

special characteristics of lipases, for example, avoids product contamination and allows 

biocatalyst recovery, reuse and continuous operation, enzyme activity stability, thermal 

stability and operational lifetime of lipase can be enhanced (Yang et a/., 2006). One 

account of the relatively high surface hydrophobicity of lipase, simple adsorption of lipase 

on suitable hydrophobic support has been the more popular strategy over covalent 

conjugation methods (Petkar et a/. , 2006) . There are varieties of support materials such as 

chitosan (Amorim et a/., 2003, Feresti and Ferreira, 2007 and Ye et a/., 2007), silica (Blanco 
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et al., 2004 and Blanco et al., 2007), CaC03 (Rosu et al., 1998 and Ghamgui et al., 2004) 

that can be used for lipase immobilization and greatly improved the stability of enzyme. 

They also showed great potential for the production of biodiesel with the 70.2% conversion 

rate remained after 19 consecutive batches of reusages (Yang et al., 2006). When an 

immobilization of Candida rugosa lipase by adsorption on bentonite was studied (Ye~iloglu 

Y, 2005), the half -life of the immobilized enzyme was about 45 min, whereas for the soluble 

free lipase was 17 min at 50°C. Moreover, previous studies have shown that many factors 

can affect the activity recovery and reusability of enzymes in immobilization process. Some 

of the most important factors are the properties of the enzyme molecule, concentration of 

enzyme, temperature, ionic strength, pH, choice of support, the selection of an 

immobilization strategy, water and solutes present (Cruz et al., 2009). 

Since the immobilization efficiency of the enzyme depends on various factors, this 

study focussed on the optimal conditions for immobilization of lipase from Candida rugosa 

on hydrophobic supports for the transesterication of palm oil with methanol. Subsequently, 

the optimal conditions (addition mode, molar ratio of oil:methanol, enzyme loading, water 

content, time and temperature) by the optimized immobilized lipases for the conversion to 

biodiesel were investigated. 

1.2 Objectives of this research 

The aim of this study was to investigate the optimal conditions for immobilization of 

lipase from Candida rugosa on hydrophobic support for the production of biodiesel. 

1.3 Scopes of the investigation 

1.3.1 To select the appropriate hydrophobic support for the immobilization 

1.3.2 To determine the optimal conditions for the immobilization 

1 .3.3 To select the potential feedstocks from non-edible and waste plant oils to be 

used as the optimal substrates for the production of biodiesel by 

transesterification. 



1.3.4 To determine the optimal conditions for transesterification catalyzed by 

obtained immobilized lipase for the production of biodiesel 

1.3.5 To compare the yield of biodiesel from transesterification catalyzed by 2 

commerciallipases. Novozyme435 and Lipozyme RMIM with the obtained 

immobilized Candida rugosa lipase 

1.3.6 To determine the stability of immobilized lipase 

1.4 Expected results 

This research will provide potential feedstocks from non-edible and waste plant oils 

to be used as the optimal substrates for the production of biodiesel by transesterification. 

The present work also offers the type of hydrophobic support suitable for the optimal 

immobilization of lipase from Candida rugosa. The yield of biodiesel from optimized 

transesterification will also be compared with the commercial lipases. 

1.5 Thesis organization 

This thesis consists of five chapters as follows: Chapter 1 is the introduction. 

Chapter 2 gives the theoretical and literature reviews. Chapter 3 comprises material and 

methods. The results can be found in Chapter 4 and the final chapter contains the 

discussion and conclusion. 
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CHAPTER II 

THEORETICAL BACKGROUND AND LITERATURE REVIEWS 

2.1 BIODIESEl 

The raw materials for the production of biodiesel, fatty acid alkyl ester, include 

biological sources such as vegetable oil, animal fat and recycle cooking grease or oil. 

Biodiesel can be produced by several processes and the property is similar to petrodiesel 

as shown in Table 2-1. 

Table 2-1 . Comparative properties of diesel and biodiesel 

Fuel properties Diesel Biodiesel 

Fuel Standard ASTM D975 ASTM 06751 

lower Heating Value, Btu/gal -129,050 - 118,176 

Kinematic Viscosity, at 40°C 1.3 - 4.1 4.0-6.0 

Specific Gravity Kg/I, at 60°F 0.85 0.88 

Density, Ib/gal, at 15°C 7.079 7.328 

Water and Sediment, vol% 0.05 max 0.05 max 

Carbon, wt% 87 77 

Hydrogen, wt% 13 12 

Oxygen, by dif. wt% 0 11 

Sulfur, wt% 0.05 max 0.0 to 0.0024 

Boiling Point, °c 180 to·340 315 to 350 

Flash Point. °c 60 to 80 100 to 170 

Cloud Point, °c -15 to 5 -3 to 12 

Pour Point, °c -35 to -15 -15 to 10 

Cetane Number 40 - 55 48-65 

lubricity SLBOCLE, grams 2000-5000 >7,000 

Lubricity HFRR, microns 300 - 600 <300 

From Dwivedi et al., 2006 



2.1.1 Sources of raw materials 

The feedstocks employed in biodiesel production are generally classified 

into vegetable oils, animal fats, and waste oils (Jeong et al., 2009). Only oils from 

plants which are renewable, potentially inexhaustible source of energy and 

abundant or can be collected in a large amount with an appreciable quantity of oil 

are feasible to use for biodiesel preparation (Winayanuwattikun et al., 2008). 

Commonly accepted biodiesel raw materials include the oils from soybean 

(Watanabe et al., 2002, Noureddini et al., 2005 and Rosa et al., 2008), canola 

(Oizge and Keskinler, 2008), rapeseed (Kamini and Lefuji, 2001), sunflower (Antolin 

et al., 2002, Rashid et al., 2008 and Oizge et al., 2009) and palm oil. Moreover, 

there are several non- edible and waste plant oil seed species, such as physic nut 

(Tamalampudi et al., 2008, Tiwari et al., 2007 and Oliveira et al., 2009), cotton seed 

(Kose et al., 2002 and Qian et al., 2008), pumpkin (Winayanuwattikun et al., 2008 

and Schinas et al., 2009) etc., which could be utilized as sources for production of 

oil. 

2.1.2 The production of biodiesel 
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Previous studies have shown that triglycerides hold promise as alternative 

diesel engine fuels. Some natural glycerides contain higher levels of unsaturated 

and saturated fatty acids. They can not be used as fuel in a diesel engine in their 

original from. The high viscosity, acid composition, and free fatty acid content of 

such oil, as well as gum formation due to oxidation and polymerization during 

storage and combustion, carbon deposits, and lubricating oil thickening are some of 

the more obvious problems (Darnoko et al., 2000, Komers et al., 2001 and 

Oemirbas A., 2003). Consequently, considerable effort has gone into developing 

vegetable oil derivatives that approximate the properties and performance of 

hydrocarbon-based diesel fuels. Problems encountered in substituting triglycerides 

for diesel fuels are mostly associated with their high viscosity, low volatility and 



polyunsaturated character. There are various ways to produce biodiesel (Demirbas 

A. . 2009) as follows: 

2.1.2.1 Direct use and blending 

8 

Vegetable oil can be directly mixed with diesel fuel and may be used 

for running an engine. The blending of vegetable oil with diesel fuel were 

experimented successfully by various researchers. A diesel fleet was 

powered with a blend of 95% filtered used cooking oil and 5% diesel in 1982. 

A blend of 20% oil and 80% diesel was found to be successful (Narayan et 

al .• 1996). It has been proved that the use of 100% vegetable oil was also 

possible with some minor modifications in the fuel system. The high fuel 

caused the major problems associated with the use of pure vegetable oils 

as fuel viscosity in compression ignition engines. Micro-emulsification. 

pyrolysis and transesterification are the remedies used to solve the 

problems encountered due to high fuel viscosity (Ramadhas et al .• 2004). 

2.1.2.2 Pyrolysis 

Pyrolysis refers to chemical change caused by application of heat to 

get simpler compounds from a complex compound. The process is also 

known as cracking. Vegetable oils can be cracked to reduce viscosity and 

improve cetane number. The products of cracking include alkanes. alkenes. 

and carboxylic acids. Soyabean oil . cottonseed oil, rapeseed oil and other 

oils are successfully cracked with appropriate catalysts to get biodiesel (Ma 

and Hanna. 1999). By using this technique good flow characteristics were 

achieved due to reduction in viscosity. Disadvantages of this process 

include high equipment cost and need for separate distillation equipment for 

separation of various fractions . Also the product obtained was similar to 

gasoline containing sulfur which makes it less eco-friendly (Ma and Hanna. 

1999) 
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2.1.2.3 Microemulsion 

To solve the problem of high viscosity of vegetable oil, micro 

emulsions with solvents such as methanol, ethanol (Demirbas A., 2009), 

propanol (Ranganathan et a/., 2008) and butanol have been used. A micro 

emulsion is defined as the colloidal equilibrium dispersion of optically 

isotropic fluid microstructures with dimensions generally in the range of 1-

150 nm formed spontaneously from two normally immiscible liquids and one 

or more ionic or non-ionic amphiphiles. These can improve spray 

characteristics by explosive vaporization of the low boiling constituents in 

the micelles. All micro emulsions with butanol, hexanol and octanol will meet 

the maximum viscosity limitation for diesel engines. 

2.1 .2.4 Transesterification 

The most popular method of producing biodiesel is the 

transesterification of vegetable oils. Biodiesel obtained by transesterification 

process is a mixture of mono-alkyl esters of higher fatty acids. 

Transesterification is the alcoholysis of triglyceric esters resulting in a 

mixture of mono-alkyl esters and glycerol and the sequence of processes. 

The high viscosity component, glycerol, is removed and hence the product 

has low viscosity like the fossil fuels. The mixture of these mono-alkyl esters 

can therefore be used as a SUbstitute for fossil fuels. The transesterification 

process can be done in a number of ways such as using an alkali catalyst, 

acid catalyst. biocatalyst. heterogeneous catalyst or using alcohols in their 

supercritical state. In the alkali process, sodium hydroxide (NaOH) or 

potassium hydroxide (KOH) (Leung and Guo, 2006, Sharma and Singh, 

2008 and Tiwari et a/., 2007) is used as a catalyst along with methanol or 

ethanol. Initially, during the process, alcoxy is formed by reaction of the 

catalyst with alcohol and the alcoxy is then reacted with any vegetable oil to 

form biodiesel and glycerol. Glycerol, being denser settles at the bottom and 
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biodiesel can be decanted. This process is the most efficient and least 

corrosive of all the processes and the reaction rate is reasonably high even 

at a low temperature of 60°C. There may be risk of free acid or water 

contamination and soap formation is likely to take place which makes the 

separation process difficult (Ma and Hanna, 1999; Fukuda et al., 2001; 

Barnwal and Sharma, 2005). The second conventional way of producing 

biodiesel is the application of an acid catalyst instead of a base. Any mineral 

acid can be used to catalyze the process. The most commonly used acids 

are sulfuric acid (Ramadhas et al., 2004, Ghadge and Raheman, 2005, 

Tiwari et al., 2007 and Guan et al., 2009), sulfonic acid (Guerreiro et al., 

2006) and ferric sulfate (Wang et al., 2007). Although yield is high, the acids, 

being corrosive, may cause damage to the equipment and the reaction rate 

was also observed to be low. 

It has been recently found that enzymes such as lipase can be used to 

catalyze transesterification process by immobilizing them in a suitable support. The 

advantage of immobilization is that the enzyme can be reused without separation. 

Also, the operating temperature of the process is low (approximately 50°C) 

compared to other techniques as shown in Table 2-2. 
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Table 2-2. Comparison between alkali-catalyzed and lipase-catalyzed methods for 

biodiesel production 

Reaction temperature 

Free fatty acids in raw material 

Water in raw materials 

Yield of methyl esters 

Recovery of glycerol 

Purification of methyl esters 

Production cost of catalyst 

From Fukuda et a/., 2001 

2.2 Lipase 

alkali-catalyzed process 

60-70°C 

Saponified products 

Interference with the reaction 

Normal 

Difficult 

Repeated washing 

Cheap 

lipase-catalyzed process 

3O-40°C 

Methyl esters 

No influence 

Higher 

Easy 

None 

Relatively expensive 

Lipase, triacylglycerol acylhydrolases (EC 3.1.1.3), constitutes a group of enzyme 

whose natural catalytic function is to hydrolyze ester bonds in tri-, di-, and monoglycerides 

(Villeneuve et a/., 2000, Cihangir and Sarikaya, 2004 and Chaabouni et a/., 2008) and 

variety of compounds containing carboxylic ester moieties that are not acylglycerols. Lipase 

and phospholipase natural substrates are insoluble in water and their activity use maximum 

only at the lipid-water interface (Villeneuve et a/., 2000). This unique property known as 

interfacial activation may differ for each specific lipase. From the EC number of lipase, 

3.1.1.3, whose components indicate the following groups of enzymes: 

E.C.3. Hydrolases 

E.C.3.1. 

E.C.3.1 .1. 

E.C.3.1 .1.3 

2.2.1 Source of lipase 

Acting on ester bonds 

Carboxylic ester hydrolases 

Triacylglycerollipases 

Lipases from a large number of plant, animal and microorganism (Villeneuve 

et a/., 2000, Deng et a/., 2005 and Ibrahim, C.O., 2008) sources have been purified 
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to homogeneity. Lipases isolated from different sources have a wide range of 

properties depending on their sources with respect to positional specificity, fatty 

acid specificity, thermostability, pH optimum, etc (Hasan et al., 2006). Microbial 

enzymes are often more useful than enzymes derived from plants or animals 

(Ibrahim, C.O., 2008) because of their production is more convenient and safer, the 

great variety of catalytic activities available, the high yields possible, tend to have 

neutral or alkaline pH optima, ease of genetic and environmental manipulation to 

increase the yield of cells, regular supply due to absence of seasonal fluctuations 

and rapid growth of microorganisms on inexpensive media (Hasan et al., 2006) . 

2.2.2 Lipase produced by microorganisms 

Both intracellular and extracellular lipases are produced by microorganism. 

Lipases are produced by a widespread number of microorganisms, bacteria, fungi 

and yeast. In particular, lipases produced by bacteria such as Pseudomonas sp 

(Karadzic et aI. , 2006). Burkholderia cepacia and fungi belonging to the genera 

Penicillium, Rhizopus and Rhizomucor and yeast such as Candida sp. are well­

known industrial lipase producers. 

The yeast Candida rugosa (previously named Candida cylindracea) is a 

major source of commercial lipase (CRL) broadly employed by various laboratories 

and industrial applications and classified as a non-specific lipase with respect to the 

position of the fatty acid chain released from the glycerol molecule. However, 

recently it has been recognised that CRL is indeed a heterogeneous mixture of 

different proteins since C. rugosa synthesises and secretes multiple lipase 

isoenzymes differing in biochemical properties and in substrate specificity (Maria 

and Gago, 1999). 

2.2 .3 Lipase property 

Lipolytic reactions occur at the lipid-water interface, implying that the 

kinetics cannot be described by Michaelis-Menten equations, as these are valid 
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only if the catalytic reaction takes place in one homogenous phase. Lipolytic 

substrates usually form equilibrium between monomeric, micellar and emulsified 

states, resulting in the need for a suitable model system to study lipase kinetics. The 

monolayer technique has been used extensively and, more recently, an oil-drop 

technology has been put forward in which lipase kinetics are monitored by 

automatic analysis of the profile of an oil drop hanging in water; the decrease in the 

interfacial tension between the oil and water caused by lipase hydrolysis is 

measured as a function of time. The best-known phenomenon emerging from early 

kinetic studies of lipolytic reactions became known as 'interfacial activation', 

describing the fact that the activity of lipases is enhanced towards insoluble 

substrates that form an emulsion. Lipases, in contrast to esterases, were therefore 

defined as carboxylesterases acting on emulsified substrates. 

2.2.4 Enzymatic reaction of lipase 

Lipases are ubiquitous enzymes of considerable physiological significance 

and industrial potential. Lipases catalyze the hydrolysis of triacylglycerols to glycerol 

and free fatty acids. In contrast to esterases, lipases are activated only when 

adsorbed to an oil-water interface and do not hydrolyze dissolved substrates in the 

bulk fluid (Vakhlu et a/., 2005). A true lipase will split emulsified esters of glycerine 

and long-chain fatty acids such as triolein and tripalmitin. Lipases are serine 

hydrolases. Lipases display little activity in aqueous solutions containing soluble 

substrates (Sharma et a/., 2001). 

Lipases have been used in numerous applications of which the most 

important one is in the production of fine chemicals and oleochemicals. The 

products include fatty acids from hydrolysis of lipids, esters or glycerides via 

esterification reactions and modified lipids and structural triglycerides via the 

transesterification reactions, namely acidolysis, alcoholysis and interesterification 

(Ibrahim C.O., 2008) (Figure 2-1). 



2.2.4.1 Hydrolysis 

o 

II 
o 

" 
R-C-O-R' + ~O R-C-OH + HO-R' 

2.2.4.2 Esterification 

o 
II 

o 

" 
R-C-O-R' + HO-R' ----+~ R-C-O-R' + ~O 

2.2.4.3 Transesterification 

2.2.4.3.1 Acidolysis 

o 0 0 

" " " 
R,-C-O-R,' + ~-C-OH ----+ ~-C-O-R,' + 

2.2.4.3.2 Alcoholysis 

o 

" 
R,-C-O-R,' + HO-~ 

2.2.4.3.3 Interesterification 

o 

R,-~-O-~' 

o 

" 
~-C-OH 

+ HO-R, 

o 0 0 0 

R,-~-O-R" + ~-~-O-~----+ R,-~-O-~' + ~-tO-R" 

2.2.4.3.4 Aminolysis 

o 

R,J-O-R" +~N-~----+ HO-R', 
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Figure 2-1 Different reactions catalyzed by lipase in aqueous and non-aqueous solutions. 

Due the wide variety of environmental condition, lipases are often easily 

inactivated and difficult to be separated from the reaction system for reuse. 

Consequently, the further industrial applications of lipase are limited. By an 

appropriate choice of the immobilization process, operational costs of industrial 



processes involving lipase can be significantly reduced (Hung et al., 2003 and 

Chang et al., 2008) 

2.2.5 Applications of lipases 

Lipases are widely used in the processing of fats and oils, detergents and 

degreasing formulations, food processing, the synthesis of fine chemicals and 

pharmaceuticals, paper manufacture, and production of cosmetics, and 

pharmaceuticals (Cihangir and Sarikaya, 2004, Dandavate and Madamwar, 2007 

and Rajendran et al., 2008). Lipase can be used to accelerate the degradation of 

fatty waste (Masse et al., 2001) and polyurethane. 

2.3 Immobilization 
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Research and development work provided a bewildering array of support materials 

and methods for immobilization. Much of the expansion may be attributed to developments 

provide specific improvements for a given application. Surprisingly, there have been few 

detailed and comprehensive comparative studies on immobilization methods and supports. 

Therefore, no ideal support material or method of immobilization has emerged to provide a 

standard for each type of immobilization. Selection of support material and method of 

immobilization is made by weighing the various characteristics and required features of the 

enzyme and cell application against the properties, limitations, characteristics of the 

combined immobilization support. A number of practical aspects should be considered 

before embarking on experimental work to ensure that the final immobilized enzyme or cell 

preparation is fit for the planned purpose or application and will operate at optimum 

effectiveness. This part provides some background to assist in choice evaluation for 

support and method of immobilization. 

2.3.1 Choice of support 

The characteristics of the matrix are of paramount importance in determining 

the performance of the immobilized enzyme system. Ideal support properties 
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include physical resistance to compression, hydrophilicity, inertness toward 

enzymes ease of derivatization, biocompatibility, resistance to microbial attack, and 

availability at low cost. 

Supports can be classified as inorganic and organic according to their 

chemical composition (Table 2-3). The organic supports can be subdivided into 

natural and synthetic polymer. 

Table 2-3. Classification of supports 

Organic 

Natural polymers 

- Polysaccharides: cellulose, dextrans, agar, agarose, chitin, alginate 

- Protein: collagen, albumin 

- Carbon 

Synthetic polymers 

- Polystyrene 

- Other polymer: polyacrylate polymethacrylates, polyacrylamide, polyamides, vinyl 

and allyl-polymers 

Inorganic 

Natural minerals: bentonite, silica 

Processed materials: glass (nonporous and controlled pore), metals, controlled pore metal 

oxides 

The physical characteristics of the matrices (such as mean particle diameter, 

swelling behavior, mechanical strength , and compression behavior) will be of major 

importance for the performance of the immobilized. In particular, pore parameters 
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and particle size determine the total surface area and thus critically affect the 

capacity for binding of enzymes. Nonporous supports show few diffusional 

limitations but have a low loading capacity (OztUrk et al., 2007). Therefore, porous 

supports are generally preferred because of the greater protection from the 

environment. Porous supports should have a controlled pore distribution in order to 

optimize capacity and flow properties. In spite of the many advantages of inorganic 

carriers (e.g., high stability against physical, chemical, and microbial degradation), 

most of the industrial applications are performed with organic matrices. 

2.3.2 Methods of enzyme immobilization 

Enzyme immobilization technology may be an effective means to perform 

enzyme reuse and to improve its activity and stability (Chang et al., 2008). A 

number of method for immobilization of enzymes have been reported in the 

literatures review such as adsorption onto an insoluble material, covalent linking to 

an insoluble carrier, entrapping enzymes within the matrix and encapsulation in gel 

bead. The relative merits each are discussed briefly below. 

2.3.2.1 Adsorption 

Immobilization by adsorption is the Simplest method and involves 

reversible surface interactions between enzyme/cell and support material. 

The forces involved are mostly electrostatic, such as Van der Waals 

interactions, hydrophobic interactions, hydrogen bonds, ionic bonds 

(Villeneuve et al., 2000 ), although hydrophobic bonding can be Significant. 

These forces are very weak, but sufficiently large in number to enable 

reasonable binding. For example, it is known that yeast cells have a surface 

chemistry that is substantially negatively charged so that use of a positively 

charged support will enable immobilization. Existing surface chemistry 

between the enzyme/cell and support is utilized so no chemical 

activation/modification is required and little damage is normally done to 



18 

enzyme or cells in this method of immobilization. The procedure consists of 

mixing together the biological components and a support with adsorption 

properties, under suitable conditions of pH, ionic strength and others, for the 

period of incubation, followed by collection of the immobilized material and 

extensive washing to remove nonbound biological components. 

2.3.2.2 Covalent .Iinkage 

This method of immobilization involves the formation of a covalent 

bond between the enzyme and support material. The bond is normally 

formed between functional groups present on the surface of the support and 

functional groups belonging to amino acid residues on the surface of the 

enzyme. A number of amino acid functional groups are suitable for 

participation in covalent bond formation. Those that are most often involved 

are the amino group (NH 2) of lysine or arginine, the carboxyl group (C02H) 

of aspartic acid or glutamic acid. the hydroxyl group (OH) of serine or 

threonine, and the sulfydryl group (SH) of cysteine. 

It is important to choose a method that will not inactivate the enzyme 

by reacting with amino acids at the active site. So. if an enzyme employs a 

carboxyl group at the active site for participation in catalysis, it is wise to 

choose a reaction that involves amino groups for the covalent bond with the 

support. Chemical methods of crosslinking normally involve covalent bond 

formation between the enzyme by means of a bi- or multifunctional reagent. 

such as glutaraldehyde toluene and diisocyanate. However, the toxicity of 

such reagents is a limiting factor in applying this method to living cell and 

many enzymes. 
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2.3.2.3 Entrapment 

Immobilization by entrapment differs from adsorption and covalent 

binding in that enzyme molecules are free in solution, but restricted in 

movement by the lattice structure of a gel. The porosity of the gel lattice is 

controlled to ensure that the structure is tight enough to prevent leakage of 

enzyme or cell, yet at the same time allow free movement of substrate and 

product. Inevitably, the support will act as a barrier to mass transfer, and 

although this can have serious implications for reaction kinetics, it can have 

useful advantages since harmful cells, protein and enzyme are prevented 

from interaction with the immobilization biocatalyst. Entrapment can be 

achieved by mixing an enzyme with a polyionic polymer material and then 

cross linking the polymer with multivalent cations in an ion-exchange 

reaction to from a lattice structure that traps the enzyme or cell (ionotropic 

gelation). Altematively, it is possible to mix the enzyme with chemical 

monomers that are then polymerized to from a cross linked polymeric 

network, trapping the enzyme in the interstitial spaces of the lattice. The 

latter method is more widely used, and a number of acrylic monomers are 

available for the formation of hydrophilic copolymers. 

2.3.2.4 Encapsulation 

Encapsulation of enzyme and or cell can be achieved by enveloping 

the biological components within various forms of semi permeable 

membranes. It is similar to entrapment in that the enzymes and cell are free 

in solution, but restricted in space. Large proteins or enzymes cannot pass 

out of or into the capsule, but small substrates and products can pass freely 

across the semipermeable membrane. Many materials have been used to 

construct microcapsules varying from 10-100 Jlm in diameter; for example, 

nylon and cellulose nitrate have proven popular. The problems associated 

with diffusion are more acute and many result in rupture of the membrane if 
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products from a reaction accumulate rapidly. A further problem is that the 

immobilized cell or enzyme particle may have a density fairly similar to that 

of the bulk solution with consequent problems in reactor configuration, flow 

dynamics, and so on . 

Since most enzymes applied for industrial uses need to be immobilized in 

order to be reusable and therefore reduce the cost of the operation, there are many 

methods to immobilize enzyme. Each method provides different advantages and 

disadvantages depending upon its nature as shown in Table 2-4. 

Table 2-4. Comparative methods for the immobilization of enzyme 

Characteristics Adsorption Covalent 

binding 

Entrapment Membrane 

confinement 

Preparation Simple Difficult Difficult Simple 

Cost Low High Moderate High 

Binding force Variable Strong Weak Strong 

Enzyme leakage Yes No Yes No 

Applicability Wide Selective Wide Vary wide 

Running problems High Low High High 

Matrix effects Yes Yes Yes No 

Large diffusional barriers No No Yes Yes 

Microbial protection No No Yes Yes 

Reference: http://www.org /ippagele/ipdate/2004105/file/e200405-11 01 .pdf 

After immobilization of lipase, changes were observed in enzyme activity, 

optimum pH, affinity to substrate and stability. 
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2.4 Literature reviews 

The extent of immobilization changes depended on the source of enzyme, the type 

of support and the method of immobilization. (Bayramoglu and Arica, 2008) 

2.4.1 Review of lipase immobilization 

From previous literature, studies on different support materials and protocols 

for lipase immobilization and the effects of operational conditions on the enzyme 

activity and enantioselectivity are also explored. 

Takac; and Bakkal immobilized Candida rugosa lipase on Amberlite XAD 7 

and immobilization under the best reaction conditions in achieving high activity. The 

authors found that pH 6 and 4SoC were obtained for immobilization C.rugosa lipase 

adsorbed on Amberlite XAD 7 was used in the hydrolysis of racemic Naproxen 

methyl ester (Takac; and 8akkal, 2007). 

Huang and Cheng immobilized alkali lipase from Penicillium expansum on 

biomodal ceramic foam and determined on the preferable immobilization conditions. 

The optimal conditions for immobilization of lipase were found at pH 8, 12 g lipase/g 

support, 4 hr immobilizing time and 20°C immobilizing temperature (Huang and 

Cheng, 2008). 

Chang et al. immobilized Candida rugosa lipase by adsorption on Celite. 

The immobilization conditions and characterization of the immobilized enzyme were 

investigated. The optimum immobilization conditions were as follows: immobilization 

time 59.1 min, immobilization temperature 10.7 °c and enzyme support ratio 0.5 

(w/w): the highest specific activity obtained was 18.16 U/mg-protein with activity 

yield of 34.1 % (Chang et al., 2007) . 

Ye~iloglu immobilized Candida rugosa lipase by non-covalently on bentonite. 

The authors found that the optimum pH of bentonite-immobilized lipase was 7.5, 

which is slightly higher than the free enzyme, the value of the pH 7.0 (Ye~iloglu Y., 

2005). 
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Gitlesen et al. immobilized different lipases by adsorption on polypropylene 

powder. The adsorption of lipase from Candida rugosa lipase was better than other 

sources of lipase. Adsorption of a crude lipase from Candida rugosa was fast and 

equilibrium was reached in 30 and 100 min for protein and lipase activity adsorption 

respectively (Gitlesen et al., 1997). 

Lei et al. immobilized porcine pancreas lipase by covalent on magnetic 

microspheres. The authors found that the activity yield was up to 63% (±2.3%) and 

enzyme loading of 39 (±0.5) mg/g support. The resulting immobilized lipase had 

higher optimum temperature compared with those of free lipase and exhibited better 

thermal, broader pH stability and excellent reusability (Lei et a/., 2009). 

Yang et al. immobilized lipase from Candida sp. 99-125 by physical 

adsorption onto macroporous resins (such as NKA-9, AB-B, H103 and 04020). They 

reported that NKA-9 was an appropriate support because 98.98% degree of 

immobilization was obtained. As lipase was adsorbed on NKA in heptane to 

produce biodiesel, the batch conversion rate reached 97.3% when the three step 

methanolysis protocol was used (Yang et a/., 2006). 

Ye et al. immobilized lipase from Candida rugosa by adsorption and 

chemical bonding onto chitosan-modified poly (acrylonitrile-co-maleic acid) 

membrane surface. The activity retention of the immobilized lipase on the chitosan­

tethered membrane by adsorption (54.1 %) is higher than that by chemical bonding 

(44.5%) (Ye et a/., 2006) . 

~eresti and Ferreira studied the immobilized lipase from Candida rugosa, 

Pseudomonas fluorescens and Candida antarctica B onto chitosan and 

glutaraldehyde pretreated chitosan powder. The prepared biocatalysts were 

assayed in the direct esterification of oleic acid and ethanol to produce the ethyl 

oleate. The immobilization of lipase from Candida antarctica B onto untreated 

chitosan powder led to 75% conversion of the fatty acid in 24 hr of reaction.They 

concluded that Candida antarctica B was the most active (Feresti and Ferreira, 

2007). 



2.4.2 Review of transesterification catalyzed by lipase 

Authors/year Oil/enzyme Acyl acceptor Conversion (%) Technique employed 

Watanabe et a/. (2000) Vegetable oil, Novozyme Methanol 90-93 Stepwise addition of methanol 

435 

Samukawa et a/. (2000) Soybean oil , Novozyme Methanol 97 Stepwise addition methanol and 

435 preincubation of enzyme in methyl oleate and 

soyabean oil 

Ban et a/. (2001) Vegetable oil , Rhizopus Methanol 90 Stepwise addition of methanol and 

oryzae application of glutaraldehyde for stability of 

enzyme 

Iso et a/. (2001) Triolein, Pseudomonas Butanol 90 Butanol was used as an acyl acceptor and no 

flourescens solvent was used 

Shimada et a/. (2002) Waste cooking oil, Methanol 90 Stepwise addition of methanol 

Novozyme 435 

Bako et a/. (2002) Sunflower oil , Novozyme Methanol 97 Stepwise addition of methanol and removal of 

435 glycerol by dialysis 

Du et al. (2004) Soy bean oil, Novozyme Methyl 92 A novel acyl acceptor, methyl acetate which 

435 acetate had no inhibitory effects was used 
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Authors/year Oil/enzyme Acyl acceptor Conversion (%) Technique employed 

Xu et al. (2004) Soy bean oil , Novozyme Methanol 98 Stepwise addition of methanol and removal of 

435 glycerol using the solvent, iso-propanol 

Li et al. (2006) Rapeseed oil, Novozyme Methanol 95 Combined use of Lipozyme TL 1M and 

435 & Lipozyme TL 1M Novozyme 435 along with tert-butanol as 

solvent 

Royon et al. (2007) Cotton seed oil, Methanol 97 tert-Butanol was used as a solvent 

Novozyme 435 

Modi et al. (2007) Jatropha oil , Novozyme Ethyl 91 .3 Ethyl acetate having no inhibitory effects was 

435 acetate used 

Hama et al. (2007) Soy bean oil, Rhizopus Methanol 90 Stepwise addition of methanol in a packed 

oryzae bed reactor 

Dizge and Keskinler Canola oil, Thermomyces Methanol 90 Stepwise addition of methanol 

(2009) lanuginosus 

Lu et al. (2008) Glycerol trioleate, Methanol & 90.58 Three step methanolysis in different solvents 

Candida sp. 99-125 CCI4 systems 

Dizge et al. (2009) Sunflower oil, Methanol 97 Stepwise addition of methanol and flow rate of 

Thermomyces substrate 

lanuginosus 
-_._--- ------ - ----
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Authors/year Oil/enzyme Acyl acceptor Conversion (%) Technique employed 

Halim, S.FA and Waste cooking palm oil, Methanol & 88 Optimal condition in batch system 

Kamaruddin, AH . (2008) Novozyme 435 tert-butanol 

Watanabe et a/. (2002) Soybean oil , Candida Methanol 93.8 Stepwise addition of methanol 

antarctica 

Lu et a/. (2007) Lard, Candida sp. 99- Methanol 87.4 n-hexane was used as a solvent 

125 

KOsa et a/. (2002) Cotton seed, Candida Isoamyl 94 New alcohol type on the alcoholysis 

antarctica alcohol 

Noureddini et a/. (2005) Soybean oil, Methanol & 67 & 65 

Pseudomonas cepacia Ethanol 

Kamini, N.R. and lefuji,H. Vegetable oil, Methanol 80.2 Amount of water in reaction 

(2001 ) Cryptococcus spp. S-2 

Nie et a/. (2006) Salad oil , Candida sp. Methanol 96 Optimal conditions in a fixed bed reaction 

99-125 

Gao et a/. (2009) Chinese tallow kernel oil, Methanol 93.86 

lipase 
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CHAPTER III 

MATERIALS AND METHODS 

3.1 Equipments 

Autoclave 

Balance 

Centrifuge tubes 

Digital Balance 

Desiccator 

Gas Chromatography 

Heater 

High performance liquid chromatography 

Magnetic stirrer 

Magnetic bar 

Microcentrifuge 

Microplate spectrometer 

Microrefrigerated centrifuge: model 5417 

pH meter 

Rotatory evaporator 

UV-VIS spectrophotometer 

Vacuum pump 

Vortex 

Whatman No.1 

Water bath 

3.2 Chemicals 

(Ta Chang Medical instrument, Taiwan) 

(Sartorius, Germany) 

(Oxygen scientific, U.S.A.) 

(Satorious, Germany) 

(Sigma-Aldrich, U.S.A.) 

(Shimadzu, Japan) 

(Chatcharee holding, Thailand) 

(Shimudzu, Japan) 

(KIKA Labortechnik, Malaysia) 

(Lio Lab Limited Partnership) 

(Global Medical Instrumentation, USA) 

(BMG Labtech, Germany) 

(Eppendrof, UK) 

(Model 250, Denver Instrument) 

(B OCH I Labortechnik AG, SWitzerland) 

(Thermo scientific, UK) 

(SCientific industries, USA) 

(Scientific industries,) 

(Whatman, England) 

(T.S. Instrument, Thailand) 

Acetone (Cano erba, Italy) 

Acylglycerols standard (triolein, diolein and monoolein) (Sigma, USA) 

Amberlite XAD 2 (Rohm and Haas company, U.S.A.) 

Amberlite XAD 4 

Amberlite XAD 7 

(Rohm and Haas company, U.S.A.) 

(Rohm and Haas company, U.S.A.) 



Amberlite XAD 16 

Amberlite XAD 761 

Bovine serum albumin, BSA 

Bradford's reagent 

Butanol 

Candida rugosa lipase type VII 

Di-potassium hydrogen phosphate 

Eicosane 

Ethanol 

Ethyl acetate 

Ethylene glycol 

Formic acid 

Glacial acetic acid 

Hexane 

Isopropanol: CH 3CHOH 

Lipozyme RM 1M 

Methanol 

Novozym 435 

Oleic acid 

Oleic acid methyl ester (oleate) 

Palm oil 

Potassium di-hydrogen phosphate (KHP04) 

p-nitrophenyl palmitate: 

Sepabeads EC-BU 

Sepabeads EC-OD 

Silica gel plate (silica gel 60 F254) 

Sodium carbonate 

Sodium dodecyl sulfate, SDS 

Sodium hydroxide 

Sulfuric acid 

Tris (hydroxymethyl) aminomethane 

(Rohm and Haas company, U.S.A) 

(Rohm and Haas company, U.S.A) 

(Merck, Germany) 

(Biorad,U.S.A) 

(Carlo erba, Italy) 

(Sigma, U.S.A.) 

(Scharlau, Spain) 

(Aldrich, Germany) 

(Lab scan, Thailand) 

(Carlo erba, Italy) 

(Lab scan, Thailand) 

(Lab scan, Thailand) 

(Labscan, Thailand) 

(Labscan, Thailand) 

(Lab scan,Thailand) 

(Novo Nordisk, Denmark) 

(Labscan, Thailand) 

(Novo Nordisk, Denmark) 

(Sigma, USA) 

(Sigma, USA) 

(Morakot industry, Thailand) 

(Merck, Germany) 

(Sigma, U.S.A.) 

(Mitsubishi chemical corporation, Italy) 

(Mitsubishi chemical corporation, Italy) 

(Merck, Germany) 

(Scharlau,Spain) 

(Sigma, U.S.A.) 

(Merck, Germany) 

(RIEDEL-DE-HAEN, Germany) 

(Scharlau, Spain) 
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Triton x-100 

t-butanol 

Tween-80 

3.3 Data analysis 

Statistical analysis program 

Graph analysis program 

GC data analysis program 

HPLC data analysis program 

3.4 Research methodology 

(Scharlau,Spain) 

(Carlo erba, Italy) 

(Lab scan, Thailand) 

(Graph Pad InStat3) 

(Graph Pad Prism4) 

(GC-solution solfware version 2.30.00 su6) 

(LC solution software) 
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All experiments were performed at least in triplicates and the results were presented as 

mean values. The research methodology is as follows: 

3.4.1 Immobilization of Candida rugosa lipase 

3.4.1.1 Preparation of supports 

Supports were prepared by suspending 1 g of support powder in 3 ml 

methanol. The suspension was kept stirred at 350 rpm at room temperature. 

After 30 min, methanol was removed from the reaction and supports were 

washed with 20 mM phosphate buffer pH 7.5 and kept stirred at 350 rpm at 

room temperature for 30 min 3 times. Then, the supports were separated into 2 

groups, namely, one group was pretreated by drying at 45°C and the other was 

immediately used for Immobilization. 

3.4.1.2 Immobilization of enzyme 

The enzyme solution was prepared by dissolving 200 mg crude 

Candida rugosa lipase in 3 ml 20 mM phosphate buffer solution, pH 7.5. The 

solution was centrifuged at 5,000 rpm, 4°C for 15 min to remove insoluble 

components. After centrifugation, supematant was removed and the protein 

content of Candida rugosa lipase was determined by Bradford method. Protein 

content was compared with standard curve of BSA shown in Appendix C. 

Finally, the volume of lipase solution was calculated for 3 mg/ml of protein. The 
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supematant was then brought in contact with 1 g of support The lipase­

support was stirred at 350 rpm for 6 hr at room temperature. After incubation, 

the solution was removed from immobilized enzyme and washed with 3 ml of 20 

mM phosphate buffer pH 7.5 for 5 min until no enzyme was detected. The 

protein content in the solution was then measured. 

The amount of adsorbed protein was calculated from the difference in 

protein content before and after adsorption. All solutions were quantitated for 

protein contents by Bradford method as described in section 3.4.5.2. Then, the 

immobilized lipases were dried at room temperature in desiccators and the 

enzyme was finally assayed for activities as described in section 3.4.5.1. 

For industrial applications, enzymes have always been immobilized onto 

insoluble or solid supports, it is important to choose proper support for enzyme 

immobilization, since its interaction with enzyme may have remarkable influence on the 

stability and activity of the enzyme. 

3.4.2 Support selection 

In order to select a support that is suitable for hydrolytic activity, 7 types of 

supports were used as follows: Amber1ite XAD 2, Ambenite XAD 4, Amber1ite XAD 7, 

Amberlite XAD 16, Amberlite XAD 761, SepabeadsEC-OD and Sepabeads EC-BU . 

3.4.3 Optimal condition for the immobilization 

There are many factors affecting the activity recovery and reusability of 

enzymes in immobilization process. Some of the most ir:nportant factors are the 

properties of the enzyme molecule, choice of support, concentration of enzyme, 

temperature and other. In addition, the factors studied were as follows: pH, ionic 

strength, protein loading, time of immobilization, temperature and adjuvant. 
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3.4.3.1 Effect of pH on immobilization 

The effect of pH on the immobilization of lipase was studied at different 

pH values of buffer ranging from 4.0 to 10.0. The stock solution of buffer was 

prepared as 1 M buffer solution. All these buffer solutions were diluted to 20 

mM before use which were used to dissolve crude lipase for immobilization 

method. The immobilized lipase was assayed by the method described in 

section 3.4.5. The result was expressed as immobilization efficiency. 

3.4.3.2 Effect of ionic strength on immobilization 

After the optimal pH was obtained. the following concentrations of 

buffer at that pH were prepared: 10.50. 100.250. 500.750 and 1000 mM from 

the 1 M stock solution to dissolve crude lipase. The immobilized lipase was 

assayed by the method described in section 3.4.5. The result was expressed 

as immobilization efficiency. 

3.4.3.3 Effect of protein loading on immobilization 

The effect of protein loading on the immobilization lipase was assayed 

by adjusting protein loading values such as 1, 3. 6. 8 and 10 mg/ml. Amount of 

proteins in lipase solution were prepared by dissolving commercial crude 

Candida rugosa lipase in the proper buffer solution from section 3.4.3.1 and 

ionic strength from section 3.4.3.2. The immobilized lipase was assayed by the 

method described in section 3.4.5. The result was expressed as immobilization 

efficiency. 

3.4.3.4 Effect of time and temperature on immobilization 

After the optimal pH. ionic strength and enzyme loading were obtained 

as described in section 3.4.3.1-3.4.3.3. the effect of time and temperature were 

investigated. The times of immobilization were performed by checking the 

residual activity of lipase solution as follows: 100 t-tJ of lipase solution was taken 

for each time of immobilization for 10 hours at various temperatures namely. 10. 



20. 25. 30. 40. 50 and 60 DC. The results were expressed as the percentage 

of the residual activity of the activity at room temperature (25°C). 
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From the experiment described above. after the optimal period of time 

for the i.mmobilization of was obtained. the effect of temperature on activity of 

Immobilized lipase was examined by checking activity of immobilized lipase 

from each temperature of the immobilization. The assay methods for the free 

and immobilized lipase are described in section 3.4.5. The result was 

expressed as immobilization efficiency. 

3.4.3.5 Effect of adjuvants on immobilization 

After the optimal pH. ionic strength. enzyme loading. time and 

temperature were obtained as described in section 3.4.3.1-3.4.3.4. the effect of 

adjuvants was investigated. 

3.4.3.5.1 Screening of adjlNant concentration 

Adjuvants were divided into 2 groups namely. alcohol and 

detergents. The alcohol group consisted of methanol. ethanol. iso­

propanol. n-butanol and t-butanol whereas the detergents were as 

follows: SOS. tween-80. ethylene glycol and triton X-100. In addition. the 

effect of type and concentration of adjuvants were also studied. The 

concentration of alcohols used were O. 1.2.5. 5. 10. 20 and 30 %(vlv) 

and those of detergents were O. 0.1. 0.25. 0.5. 0.75. 1. 2.5. 5. 10 and 20 

% (v/v). The experimental procedure to determine catalytic activity of 

enzyme solutions containing adjuvants were as follows: 200 ~ soluble 

lipase from section 3.4.1.2 containing the corresponding amount of 

adjuvants were incubated at temperatures for the period of optimal 

times described in section 3.4.3.4 and was assayed according to the 

protocol described about hydrolysis of pNPP as described in section 

3.4.5.1. 
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3.4.3.5.2 Screening of adjlNant types 

When the proper concentration of each adjuvant from the 

method described above was obtained, the effect of the type of 

adjuvant on the immobilization of Candida rugosa lipase was then 

determined. The suitable concentrations of adjuvants were added in to 

the enzyme solution for 2 min before contact with support and 

expressed as immobilization efficiency of lipase. Transesterification was 

performed to confirm the activity of immobilized lipase .The yield of fatty 

acid methyl ester was determined by high performance liquid 

chromatography as described in section 3.4.11.3. 

3.4.4 Transesterification and hydrolysis catalyzed by immobilized Candida rugosa 

lipase 

After the optimal conditions for immobilization of Candida rugosa lipase were 

obtained as described section 3.4.3.1- 3.4.3.5, the activity of immobilized lipase was 

investigated. The lipase activities were determined by using immobilized lipase 

catalyzed transesterification and hydrolysis. The conditions for transesterification were 

as follows; 20 % (w/w of oil) enzyme, one to three mole ratio of oil to methanol, three 

addition steps of methanol at 0, 3, and 6 hours in 20 ml screw-capped vial. The 

reactions were carried out at 40 °C for 24 hours by magnetic stirrer. The conditions for 

hydrolysis were as follows; 20 % (w/w of oil) enzyme and 100 % (w/w of oil) water were 

mixed well in the reaction at 40 °C for 9 hours by magnetic stirrer. The yields of fatty 

acid methyl ester and fatty acid were determined by HPLC analysis as described in 

3.4.11 .3. 

3.4.5 Enzyme activity and protein assay 

3.4.5.1 Enzyme activity assay 

Activity of the free and immobilized lipase was assayed using 0.5% 

(w/v) ~nitrophenyl palmitate (PNPP) in ethanol as substrate. The reaction 

mixture consisting of 0.25 ml of 50 mM Tris-Hel buffer, pH 8 containing 

immobilized lipase or 25 ~ of free lipase was initiated by adding 0.25 ml of 
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substrate and mixed for 5 min at room temperature. The reaction was 

terminated by adding 0.5 ml Of 0.25 M Na2C03 followed by centrifugation at 

14,000 rpm at 4°C for 5 min. The increase in the absorbance at 410 nm 

produced by the release of p-nitrophenol in the enzymatic hydrolysis of p-NPP 

was then measured. 

One international unit (IU) of lipase was defined as the amount of 

enzyme needed to liberate 1 ~mol of p-nitrophenol per minute using p­

nitrophenyl palmitate as substrate. Calculation for the unit of enzyme activity 

was described in Appendix D. 

3.4.5.2 Protein assay 

The amount of protein content before and after immobilization was 

determined by Bradford protein assay method. The reaction mixture consi sted 

of 5 Jll of sample containing 300 Jll of Bradford reagent in 96 well plates and 

was incubated at room temperature for 5 min, and later measured for the 

absorbance at 595 nm. Standard curve was prepared to determine 

concentration of protein using bovine serum albumin (BSA) at the concentration 

of 0.1-0.6 mg/ml. The amount of protein bound to the enzyme carriers was 

determined as the difference between the initial and residual protein 

concentrations in the supernatants. The calculation method was shown in 

Appendix C. 

3.4.5.3 Immobilization efficiency 

The efficiency of immobilization was calculated in terms of lipase 

activity, specific activity, protein loading and activity yields . The calculation 

method was shown in Appendix D. 
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3.4.6 Screening of raw materials for feedstock 

3.4.6.1 Extraction of seed oil samples 

Prior to the extraction process, plant seeds were dried ovemight at 100 

°c in an oven to remove excess moisture. The dried seeds were then weighed 

and ground into fine particles of small size. The oil was then extracted using 

soxhlet extraction procedure. 15 g of plant seeds were packed in a thimble and 

the oil was extracted with 250 ml n-hexane for 6 hr. After extraction, the solvent 

was removed in a rotary evaporator at 60 °C, under moderate vacuum. The 

extracted oil was then measured to calculate the content of oil in the plant 

seeds. Yield was calculated on dry weight basis. The calculation method was 

shown in Appendix E. 

3.4.6.2 Fatty acid composition analysis 

3.4.6.2.1 Transesterification of plant oil by chemical catalysis 

The direct trans esterification of plant oils triglycerides was 

performed. One gram of oil was used in the trans esterification 

experiments. Sodium hydroxide (final concentration of 10% w/w based 

on the mass of oil) was used as an alkaline catalyst Methanol was 

employed in a 3: 1 alcohol to oil molar ratio. The transesterification 

reactions were performed in 20 ml screw-capped vials, mechanically 

stirred and heated in a water bath for 24 hours at 55°C. After completion 

of reaction, samples were taken from the reaction and centrifuged at 

12,000 rpm 30 min to separate upper ester layer and a lower glycerol 

layer. The upper layer was analyzed by gas chromatography to 

determine the yield of fatty acid alkyl esters as described in section 

3.4.11 .1. All transesterification tests were conducted in triplicates. 
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3.4.6.2.2 Characterization of oil 

The quality of oil is expressed in terms of the physicochemical 

properties such as saponification value, iodine value, cetane number 

and viscosity (,,) by equation shown in Appendix E. 

3.4.7 Transesterification catalyzed by immobilized Candida rugosa lipase 

Transesterification reactions were carried out in 20 ml screw-capped vial 

containing 1 g of palm oil and 20% by weight of the immobilized lipase and later added 

with 3: 1 mole ratio of methanol using 3-steps addition mode of methanol at 0, 3 and 6 

hours. The reactions were magnetically stirred in a water bath for 24 hours at 40°C. 

After completion of reaction, samples were taken from the reaction and analyzed by 

HPLC as described in section 3.4.11 .2. 

3.4.8 Optimization of the transesterification catalyzed by immobilized Candida rugosa 

lipase 

After the optimal conditons for immobilization of enzyme were obtained, the 

optim ized conditions for transesterification were determined as follows: addition mode 

of methanol, oil :methanol ratio, amount of enzyme, water content and reaction time and 

temperature. 

3.4.8.1 Effect of addition mode of methanol 

Starting mixture of 1 g palm oil and methanol was prepared in 20 ml 

sc rew-cap bottles containing 0.3 g immobilized lipase. Then, 3 moles of 

methanol (71 .1 ~) were added using 1, 2, 3, 4, 5, 6 and 7 steps. The reactions 

were magnetica lly stirred in a water bath for 24 hours at 40°C. 

3.4.8.2 Effect of oil: methanol molar ratio 

When the proper addition mode of methanol from the method 

described above was obtained, the effect of oil :methanol molar ratio on 

biodiesel production from palm oil was studied at different ratios of 1 :3, 1:4, 

1 :5, 1 :6, 1 :7, 1:8 and 1 :9. In this study, 20% (wlw of oil ) of the immobilized 
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lipase and .5 g palm oil were mixed and different ratios methanol were 

added into the reaction using the obtained optimal addition mode of methanol 

from section 3.4.8.1. Experiments were carried out for the reaction periods of 

24 hours and stirred in a water bath at 40°C. 

3.4.8.3 Effect of Enzyme loading 

When the proper addition mode of methanol, oil:methanol molar ratio 

from the method described above were obtained, the effect of enzyme loading 

of 10%,20% and 30% (w/w of oil) on biodiesel production from palm oil was 

studied. This experiment was studied by adding 0.5 g of oil with each amount 

of the immobilized lipase for transesterification. Then, methanol was added into­

the reaction using the addition mode of methanol, and ratio of oil and methanol 

obtained from section 3.4.8.1 and 3.4.8.2, respectively. The reactions were 

magnetically stirred in a water bath for 24 hours at 40°C. 

3.4.8.4 Effect of water content 

When the proper addition mode of methanol, oil:methanol molar ratio 

and enzyme loading from the method described above were obtained, the 

effect of water content on lipase activity in transesterification reaction was 

examined at 0,0.5, 1.0,2.0,5.0,7.0 and 10.0 % (v/v) of the oil. The reaction 

mixtures were magnetically stirred in a water bath for 24 hours at 40°C. 

3.4.8.5 Effect of reaction time and temperature 

After the reaction mixtures were mixed using the optimized conditions 

from section 3.4.8.1-3.4.8.4, the reaction was incubated at different 

temperature 30, 40, 50, and 60 °C and stirred in a water bath for 48 hours to 

obtain the optimal time and temperature for the transesterification. Then, 100 ~I 

of samples were taken from the reaction mixtures at 3,6,9, 12,24, 36 and 48 

hours. 
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rugosa lipase with Novozyme® 435 and Lipozyme® RM 1M 
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After the optimal conditions for transesterification catalyzed by immobilized 

Candida rugosa lipase were obtained from section 3.4.8. 1-3.4.8.5., lipase activities of 

immobilized Candida rugosa were tested. The selected non-edible and waste plant oils 

from section 3.4.6 were used as substrates for transesterification catalyzed by the 

optimized immobilized Candida rugosa lipase compared with Novozyme® 435 and 

Lipozyme® RM 1M. Transesterification catalyzed by immobilized Candida rugosa lipase 

was carried out as follows; 0.5 9 of oils were added with 30% (w/w of oil) of the 

immobilized Candida rugosa lipase with 1:3 mole ratio of methanol. The addition of 

methanol was performed at 0, 2, 4, 6, 8 and 10 hours and continuously stirred at 40°C 

for 12 hours. Transesteriflcatlon catalyzed by commercial Immobilized IIpases were 

carried out as follows; one gram of oil was added with 20% (w/w of oil) of the 

Novozyme® 435 and Lipozyme® RM 1M and later mixed with 1:3 mole ratio of methanol. 

The addition of methanol was performed at 0, 8 and 16 hours and continuously stirred 

with magnetic stirrer at 55°C for 24 hours. Samples were taken from the reaction 

mixture and later analyzed for the products by H PLC as described in 3.4.11 .2. 

3.4.10 Stability of immobilized lipase 

3.4.10.1 Thermal stability 

The thermal stability of immobilized enzyme was tested by incubating 2 

mg of immobilized lipase at various temperatures from 30 to 80 °C in the 

temperature controlled heating block for 15 min. Then, the residual activities 

were determined to obtain proper temperature for the half life of the 

immobilized lipase. Then. the thermal stability of immobilized enzyme was 

tested by incubating 2 mg of immobilized lipase at that proper temperature as 

described above until none of the remained activities was detected. Then, the 

residual activities were determined as the percentage yield of activity 

compared to the activity at the optimum conditions and the half life time (t ,,) 



were calcu ated as shown in Appendix D. The results were expressed as the 

percentage of relative of the residual activity and half life time. 

3.4.10.2 Repeated use of the immobilized Candida rugosa lipase 

3.4.10.2.1 Repeated use on transesterffication 
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The reusability of immobilized enzyme was tested by triplicate 

trials of reactions under optimum conditions. The optimum conditions 

determined in the present study were 2 g of palm oil, immobilized 

lipase content of 30% (w/w of oil), 1:3 oil:methanol ratio and water 

content of 5% (v/w of oil) and magnetically stirred in a water bath for 12 

hours. In the present study, the immobilized lipase was rinsed with 

water, t-butanol and hexane after each batch reaction to remove 

glycerol and oil. The immobilized lipase was dried in desiccator at room 

temperature. The dried immobilized lipase was used in the next batch 

reaction composed of new substrates. The residual activity determined 

after complete reaction was expressed as relative conversion. The 

conversion achieved in the first batch was set to 100. 

3.4.10.2.2 Repeated use on hydrolysis 

The reusability of immobilized enzyme was tested by triplicate 

trials of reactions under optimum conditions . The optimum conditions in 

the present study were 3 g of palm oil, immobilized lipase content of 

20% (w/w of oil) ,water content of 100% (v/w of oil) and magnetically 

stirred in a water bath at 40°C for 9 hours. In the present study, the 

immobilized lipase was rinsed with water after each batch reaction to 

remove glycerol and oil. The immobilized lipase was dried in desiccator 

at room temperature. The dried immobilized lipase was used in the next 

batch reaction with new substrates. The residual activity determined 

after complete reaction was expressed as relative conversion to the first 

batch set at 100. 



3.4.11 Analysis of the fatty acid methyl ester (Biodiesel) 

The biodiesel content in the reaction mixture was analyzed using a gas 

chromatography and high performance liquid chromatography. 

3.4.11.1 Analysis of the fatty acid methyl ester by GC 

3.4.11.1.1 Preparation of sample 
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Samples were taken from the reaction mixture at speCified time 

and centrifuged at 12,000 rpm 30 min to obtain the upper layer. The 1 

III upper layer, 489 J1I chloroform and internal standard 10 J1I were 

precisely weighed into 1.5 ml vial. 

3.4.11.1.2 Preparation of GC 

FAME or biodiesel analysis was performed using gas 

chromatography (GC) (Shimadzu, GC 2010 series, Japan). Sample 

analysis was carried out on a DB-WAX fused silica capillary column 

(30m x 0.53mm i.d., 0.25 !!ffi film thickness, J&W Scientific, Folsom, CA, 

USA). Acquisition and processing of data were obtained using the GC­

solution software version 2.30.00 SU6 (Shimadzu, Japan). 

Sample (1 Ill) was injected into GC column by an auto-sampler 

injector. The temperature program was set as follows: an isothermal 

period of 1 min at 70°C, then, the GC oven was heated at 20 °C/min to 

180°C, then at 3°C/min to 220°C and hold for 15 min. The temperature 

of injector and FlO detector were set up for 250 °C and 300 °c, 

respectively. The fatty acids of plants seed oil were identified in 

Appendix E. 

3.4.11.2 Analysis of the fatty acid methyl ester by HPLC 

3.4.11.2.1 Preparation of sample 

Samples were taken from the reaction mixture at specified time 

and centrifuged at 12,000 rpm 30 min to obtain the upper layer. The 10 

!!I upper layer, 490 III chloroform and internal standard 10 J1I were 

precisely weighed into 1.5 ml vial. 
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3.4.1122 Preparation of HPLC 

Reaction products were analyzed by normal phase HPLC to 

separate and quantify the FAME, free fatty acid and acylglycerols. The 

LC-20A HPLC apparatus (Shimadzu Corp., Kyoto) was equipped with 

Apollo Silica 5U column (250 m x 4.6 mm x 5 J..UT1) from Alltech 

(Deerfield, IL) and ELSD-LT Evaporative Light Scattering Detector 

(Shimadzu Corp., Kyoto). Two mobile phases were employed: phase A 

consisted of hexane, 2-propanol, ethyl acetate and formic acid 

(80:10:10:0.1 v/v) and phase B consisted of hexane and formic acid 

(100:0.05 v/v). The flow rate was 1.5 ml/min and the injection volume 

was 20 J.Ll. The protocol employed for the mobile phase involved a linear 

elution gradient of 1% (v/v) phase A increasing to 98% (v/v) in 20 min. 

The final mixture (AB, 98:2 v/v) was employed for 3 min. Next. the 

system was restored to its initial condition by passing the AB, 1 :99 (v/v) 

mixture through the column for 15 min. 

3.4.11.3 Calculation of biodiesel 

Biodiesel yield was calculated as the percentage of the actual amount 

of methyl ester detected in the reaction process divided by the theoretical 

quantity of methyl ester. Calculation of the biodiesel yield was described in 

Appendix F. 



4.1 Support selection 

CHAPTER IV 

RESULTS 

Candida rugosa lipases were immobilized on 7 types of commercial hydrophobic 

supports namely Amberlite XAD 2, Amberlite XAD 4, Amberlite XAD 7, Amberlite XAD 16, 

Amberlite XAD 761 , Sepabeads EC-8U and Sepabeads EC-OD. Lipases were adsorbed on 

each type of support under the same conditions and the activity was measured by the 

method described in 3.4.1 and 3.4.5. 

Supports were prepared by suspending 1 g of support powder in 3 ml methanol. 

The suspension was kept stirred at 350 rpm at room temperature. After 30 min, methanol 

was removed from the reaction and supports were washed with 20 mM phosphate buffer 

pH 7.5 and kept stirred at 350 rpm at room temperature for 30 min 3 times. After that, the 

supports were separated into 2 groups. The first group was pretreated by drying at 45°C 

and the other was immediately used for immobilization. Then, crude Candida rugosa lipase 

was dissolved in 20 mM phosphate buffer solution, pH 7.5 and the solution was centrifuged 

to remove insoluble components. The supernatant was then brought in contact with 1 g of 

support and magnetically stirred at 350 rpm for 6 hours at room temperature. After 

incubation, the solution was removed from immobilized enzyme and washed with buffer. 

Then, the immobilized lipases were dried at room temperature in desiccator and the 

enzyme was finally assayed for activities as described in section 3.4.5 
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c::I Dried at 45°C 

_Non-dried 

Figure 4-1. Yield of activity of the immobilization of lipase on hydrophobic supports. The 

reactions were carried out in a mixture of 3 mg/ml lipase solution prepared by dissolving 

crude lipase in 20 mM phosphate buffer solution pH7.S and added with 1 g of support and 

magnetically stirred for 6 hr at room temperature (2SoC). 

Figure 4-1 showed the activity yields of the lipase from 7 types of hydrophobic 

supports. From the graph, it was found that even the same support gave different results if 

they were prepared from different methods. When the dried supports were used, the result 

showed that Ambe~ite XAD 7, Amberlite XAD 761 and Sepabeads EC-BU gave higher 

activity yield than the wet supports. When the wet supports were used, the resulted showed 

that Amberlite XAD 2, Amberlite XAD 4, Amberlite XAD 16 and Sepabeads EC-OD gave 

higher activity yield than the dried supports. So, from these results, more than 20% activity 

yield were obtained when dried Amberlite XAD 7 and Amberlite XAD 761 as well as wet 

Amberlite XAD 16 and Sepabeads EC-OD were selected for subsequent experiment. 
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Next, the immobilized enzymes with these supports were used to catalyze 

transesterification for the selection of the appropriate support. The conditions were 20 % 

(wlw of oil) immobilized lipase, the ratio of oil to methanol was one to three and three 

addition steps of methanol. The reactions were carried out at 40°C for 24 hours with 

continuous stirring by magnetic stirrer. The results were illustrated in Figure 4- 2 and the 

production of biodiesel obtained was expressed as percent conversion. It could be seen 

that Sepabeads EC-OD gave the highest % conversion approximately, 34%. Therefore, wet 

Sepabeads EC-OD was selected as the optimal support for the subsequent immobilization. 

36-

30-

25-

20-

15-

1()' 

5- I I I I 0 • • • • • • • 

Figure 4-2. Support screening on transesterification of palm oil, a loading of 0.20 g 

immobilized lipase, 1 g oil , ratio of oil to methanol was one to three and added into reaction 

using 3 steps and continuously stirring for 24 hr at 40°C 

4.2 Optimization of immobilization of lipase 

The effect of pH , ionic strength, protein loading, immobilization time, temperature 

and adjuvants for the immobilization of Candida rugosa lipase onto Sepabeads EC-OD 

were investigated. The result for each factor was illustrated in Figure 4-3 to Figure 4-9. 
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4.2.1 Effect of pH on immobilization 
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Figure 4-3. The effect of pH on the lipase activity and activity yield (%) of lipase 

immobilization. The enzyme solution was prepared by dissolving crude Candida 

rugosa lipase in 3 ml 20 mM buffer solution at various pH. Then, 2.5 mllipase 

solution (3mg/ml) was added to 1 g of Sepabeads EC-OD and magnetically stirred 

for 5 hours at room temperature (25°C). Activities shown on the y-axis are the means 

± SD of three individual experiments. 

The activities of lipase and the activity yields at various reaction pH were 

studied and the results were shown in Figure 4-3. It can be seen that maximal 

activity was obtained when pH of the system reached pH 6 and started to decrease 

by nearly 3 folds when the pH subsequently rose to 10 since denaturation tend to 

increase under high pH values. The highest activity of lipase (0.93 (±0.02) 

umollmin/g-support) and activity yield (7.5 (±0.06) percent) were obtained at pH 6 in 

phosphate buffer (20 mM). As can be seen from the figure, the activity of lipase and 

activity yield increased from 0.80 (±0.04) to 0.93 (±0.02) umol/min/g-support and 

2.71 (±0.14) to 7.5 (±0.06) percent when pH equaled to 4 and 6 respectively. From 

pH 6 to pH 10, the activity of lipase and activity yield dramatically decreased from 

0.93 (±0.02) to 0.37 (±0.02) umollmin/g-support and 7.5 (±0.06) to 3.81 (±O.01 ) 
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percent respectively. The results indicated that immobilized lipase from Candida 

rugosa appeared more stable in acidic environments. The optimum pH for the 

maximum of activity of lipase was therefore fixed as 6. 

4.2.2 Effect of ionic strength on immobilization 
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Figure 4-4. The effect of ionic strength on the lipase activity and activity yield (%) of 

lipase immobilization. 3 mg/ml lipase solution prepared by dissolving crude lipase in 

buffer solution pH6 at various concentrations was added to 1 g of Sepabeads EC-

00 and magnetically stirred for 5 hr at room temperature (25°C). Activities shown on 

the y-axis are the means ± SO of three individual experiments. 

When the optimal pH for immobilization was obtained at 6, the phosphate 

buffer, pH 6 <3t various concentrations from 10 mM to 1 M were therefore prepared 

to study the effect of ionic strength on activity of immobilized Candida rugosa 

lipase. The effect of the ionic strength of enzyme solution on the adsorbed amount 

of protein was investigated and these results were shown in Figure 4-4. It can be 

seen that the activity of lipase increased from 0.61 (±0.09) to 1.50 (±0.13) 

umollmin/g-support with increasing ionic strength from 10 mM to 500 mM and 

percentage of activity yield increased from 2.46 (±0.53) to 9.62 (±0.38). On the 

other hand, when the ionic strength was elevated from 500 mM to 1 M, the activity of 

. 
I 



lipase was decreased from 1.50 (±0.13) umol/min/g-support to 0.93 (±0.13) 

umol/min/g-support and percentage of activity yield was rather stabilized at 

approximately 10 percents. Therefore, the optimal concentration (500mM) of 

phosphate buffer pH 6 was used as immobilization of Candida rugosa lipase to 

study the effect of protein loading on activity of immobilized lipase. 

4.2.3 Effect of protein loading on immobilization 
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Figure 4-5. The effect of protein loading on (a) lipase activity and (b) % activity yield 

of lipase immobilization. Crude lipase was dissolved in 500 mM phosphate buffer, 

pH 6.0. The various quantities of enzyme were added to 1 9 of Sepabeads EC-OO 

and magnetically stirred for 5 hr at room temperature (25°C). Activities shown on the 

y-axis are the means ± SO of three individual experiments. 

When the suitable pH and ionic strength (500 mM phosphate buffer, pH 6.0) 

were obtained, the effect of protein loading was later studied. In this study, different 

quantities of enzyme were immobilized on the support from 1 to 10 mg/ml and the 

results were shown in Figure 4-5. It can be seen that the activity significantly 

increased from 0.49 (±0.01) to 3.18 (±0.26) umol/min/g-support when the protein 

loading was increased from 1 to 6 mg/ml and the maximal activity (5.93 (±0.48) 

umol/min/g-support) was obtained at approximately 10 mg/ml of protein (20 folds 

higher compared to 1 mg/ml of enzyme). However, when the activity of enzyme 

reached 8 mg/ml, the activity was not much different from 10 mg/ml of the enzyme. 

Therefore, in order to reduce the cost for further applications, 8 mg/ml was finally 

used as optimal amount of protein loading. Hence, the optimal condition was 

selected as described in section 4.2.1-4.2.3 to study the effect of time of 

immobilization. 
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4.2.4 Effect of immobilization time 
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Figure 4-6. The effect of immobilization time on the residual activity of lipase. 8 

mg/ml of crude Candida rugosa lipase solution were incubated at various 

temperatures. Residual activities on the y-axis are the means ± SD of three 

individual experiments. 

The effect of time of immobilization on activity of immobilized Candida 

rugosa lipase was studied by using optimal conditions from the results described 

above. The residual activity of lipase solution was checked for each time of 

immobilization at various temperatures as described in 3.4.5.1 . The relationship of 

the residual activity with immobilization time at various temperatures was shown in 

Figure 4-6. The results were expressed as the percentage of the residual activity at 

room temperature (25°C). When lipase was incubated at 10°C for 180 min, the 

residual activity of lipase appeared unchanged at 10.12 (±0.03) %. Furthermore, 

when incubation of lipase solution at 20°C and room temperature (around 25°C), the 

results showed that the residual activity leveled off in both temperatures at 6.50 

(±0.11) and 7.67 (±0.16) % respectively until 120 min. At 30,40,50 and 60°C, the 

residual activity of lipase solution gave the similar pattem that they Significantly 
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decreased from initial time of the incubation to around 20-30 minutes and stayed 

unchanged to 60 minutes. Therefore. the optimal time for immobilization was 3 hr, 

2hr. 1 hr and 20- 30 min at 10. 20. 25 (RT) and 30-60 °c respectively and 

subsequently selected for the next experiment namely. optimal condition for the 

temperature. 

4.2.5 Effect of temperature on immobilization 
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Figure 4-7. The effect of temperature on the lipase activity and % activity yield of 

lipase immobilization. The immobilization was performed in 500 mM phosphate 

buffer pH 6.0 and 8 mg/ml lipase solution at specific time for each temperature. 

Activities shown on the y-axis are the means ± SD of three individual experiments. 

Lipase was immobilized on Sepabeads EC-OD at different temperatures 

from 10 to 60°C.The immobilization reaction was carried out under the optimal 

conditions obtained from all 4 previous sections. In this experiment, the 

immobilization of Candida rugosa lipase was determined by checking the activity of 

immobilized lipase. From Figure 4-7. it was shown that when 10°C was used for 

immobilization. the activity of lipase and activity yield were 2.09 (±0.12) umollmin/g­

support and 6.62 (±0.34) respectively. They considerably increased to 3.47 (±0.37) 
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umol/min/g-support and 7.93 % (±0.79) respectively, when temperature rose to 

30°C. However, when temperature was increased to 40, 50 and 60°C, the lipase 

activity and activity yield decreased dramatically from 2.34 (±0.01) to 1.17 (±0.04) 

umol/min/g-support and 5.07 (±0.15) to 3.57 (±0.01) percent, respectively. From the 

above 4 optimal conditions, the activities of the immobilized lipase was increased 

approximately 3 folds higher from 0.93 (±0.02) to 3.47 (±0.37) umol/min/g-support. 

From these results, 30°C was the optimal temperature for Candida rugosa lipase 

immobilization. Therefore, the optimal conditions from described 4.2.1 to 4.2.5 were 

subsequently selected for the next experiment namely, adjuvant. 

4.2.6 Effect of adjuvant on immobilization 

Once the optimal conditions of 500 mM phosphate buffer, pH 6, 8 mg/ml of 

Candida rugosa lipase solution for immobilization at 30°C for 30 min were obtained, 

the effect of adjuvant on the activity of immobilized Candida rugosa lipase was 

examined by using two types of adjuvants as described in section 3.4.3.5. 
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4.2.6.1 Effect of concentration of adjuvant 

Table 4-1. The concentrations of various adjuvants with the highest activities 

of Candida rugosa lipase solution. 

Type of adjuvants Concentration of adjuvants (%v/v) 

Methanol 5 

Ethanol 5 

Isopropanol 20 

Butanol 5 

t-butanol 5 

SDS 0.75 

Tween- 80 2.50 

Ethylene glycol 2.50 

Triton X-100 1 

From Table 4-1, the effect of concentration of adjuvant on activity of 

Candida rugosa lipase solution was studied by using optimal conditions 

from the results described above. The activities of lipase solution were 

examined by using two types of adjuvants with various different 

concentrations as described section 3.4.3.5.1. The results were expressed 

as the percentage of the activity of untreated lipase solution . Then, the 

various concentrations of each adjuvants were selected from the highest 

activity of lipase. Table 4-1 showed the highest activity of each type of 

adjuvant. Therefore, the concentration of each adjuvant was used for the 

immobilization of lipase to further select the type of adjuvant. 



4.2.6.2 Effect of the type of adjuvant 
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Figure 4-8. The effect of adjuvant types on the lipase activity (a) and % 

activity yield (b) of lipase immobilization. The suitable concentration of each 



adjuvant was added in to the enzyme solution (8 mg/ml) for 2 min before 

contact with support. The reaction was magnetically stirred for 30 min at 
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When the proper concentration of each adjuvant from the method 

described above was obtained, the effect of the type of adjuvant on the 

immobilization of Candida rugosa lipase was then determined as described 

in 3.4.5.1 . The relationship between the lipase activity and the % activity 

yield with type of adjuvant were shown in Figure 4-8a and Figure 4-8b. 

From Figure 4-8a, the result showed that the highest lipase activity 

(4.99 (±0.16) umollmin/g-support) was achieved when butanol was used as 

adjuvant. However, from Figure 4-8b, the result showed that the highest % 

activity yield {13.55 % (±0.16» was obtained when methanol was used. 

Since both results were inconsistent, the immobilized lipases were therefore 

tested again for transesterification to determine the selection of the optimal 

type of adjuvant by the method described in section 3.4.7 
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Figure 4-9. The effect of immobilized lipase with added various adjuvants on 

transesterification reaction. The reactions were carried out in a mixture of 0.5 

g of palm oil, 1:3 oil:methanol ratio, 3 step addition mode of methanol and 

20% (w/w of oil) immobilized lipase magnetically stirred in a water bath for 

24 hr at 40°C. Percent conversion shown on the y-axis are the means ± SO 

of three individual experiments. 

From Figure4-9, the results showed that %conversion was highest 

when butanol, t-butanol and triton-X 100 were used as adjuvants. So, 

t-butanol was selected as the optimal adjuvant for the Candida rugosa 

lipase immobilization and subsequently selected for the next experiment. 

From overall results, the optimal conditions of lipase immobilization were obtained 

and summarized in Table 4-2. Under these conditions, the lipase activity of the immobilized 

lipase was 4.41 umol/min/g-support, specific activity was 0.15 umol/min/mg-protein, activity 

yield was 10.89 percent and with a protein loading of 83.81 percent. 

Table 4-2. Optimal conditions of lipase immobilization 

pH 6 

Ionic strength (mM) 500 

Protein loading (mg/ml) 8 

Time (min) 30 

Temperature (C) 30 

Type of adjuvant t-butanol 



4.3 Transesterification and hydrolysis catalyzed by immobilized Candida rugosa lipase 
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Figure 4-10. Transesterification and hydrolysis catalyzed by immobilized lipase. The 

transesterification reactions were carried out in a mixture of 0.5 g of palm oil, 1:3 

oil :methanol ratio, 3 step addition mode of methanol and 20% (w/w of oil) 

immobilized lipase and magnetically stirred for 24 hr at 40°C. The hydrolysis 

reaction was carried out in a mixture of 20 % (w/w of oil) enzyme and 100 % (w/w of 

oil) water were magnetically stirred at 40°C for 9 hours at 40°C. Percent conversion 

shown on the y-axis are the means ± SO of three individual experiments. 

After the optimal conditions for immobilization of Candida rugosa lipase from section 

4.2.1-4.2.6 were obtained, the activity of immobilized lipase was investigated on 

transesterification and hydrolysis. The transesterification reactions were carried out in a 

mixture of 0.5 g of palm oil, 1:3 oil:methanol ratio, 3 step addition mode of methanol and 

20% (w/w of oil) immobilized lipase magnetically stirred in a water bath for 24 hr at 40°C. 

The hydrolysis reactions were carried out in a mixture of 20 % (w/w of oil) enzyme and 100 

% (w/w of oil) water and mixed well at 40°C for 9 hours by magnetic stirrer in a water bath. 

From Figure 4-10, it was shown that 45.23 % (±2.43) biodiesel and 97.21 % (±0.69) free 

fatty acid were obtained from transesterification and hydrolysis, respectively. 
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4.4 Screening of raw materials for feedstock 

Biodiesel can be produced from any vegetable oil such as rapeseed, soybean, 

cottonseed, physic nut. rubber seed and others. Oils are primarily composed of 

triacylglycerols (TAGs), a form of lipid comprised of three fatly acid molecules attached to a 

glycerol backbone. 

4.4.1 Extraction of seed oil 

Table 4-3. Oil content of non-edible and waste plant seeds 

Common name Scientific Name % oil content 

Papaya Carica papaya Linn. 25.00 

Physic nut Jatropha curcas L. 43.75 

Pomelo Citrus maxima (Burm.) Merr. 42.78 

Pumpkin Cucurbita moschata Duchesne 38.12 

Rambutan NepheJium lappaceum L. 41 .25 

Rubber Dipterocarpus alatus Roxb.ex GDon 38.77 

Tangerine Citrus reticulate Blan co 29.10 

White silk cotton Ceiba pentandra (L.)Gaertn. 29.21 

Wild almond Irvingia malayana Oliv. ex A.W. Benn. 72:06 

The oil of non-edible and waste plant seeds was extracted using soxhlet 

method. 15 g of plant seeds were packed in a thimble and the oil was extracted with 

250 ml n-hexane for 6 hr. The extracted oil was then measured to calculate the 

content of oil in the plant seeds shown in Table 4-3. The %oil content from non-



edible and waste plant seed oils were in the range of 25 in papaya seeds to 

approximately 72 dry weight in wild almond seeds, 

4.4.2 Fatty acid composition analysis 
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Seed oil from nine types of non-edible and waste plants commonly found in 

Thailand with oil contents ~ 30% (dry weight) were analyzed for their fatty acid 

composition using chemical transesterification. One gram of oil sample was added 

with 1:3 molar ratio of methanol. The reaction was catalyzed with 10% by oil weight 

of NaOH at 55°C. Then, the fatty acid composition of obtained methyl esters was 

quantitated by GC. 

The composition for various types of waste and non-edible oils is shown in 

Table 4-4. From this table, it was observed that the major oil composition in both 

non-edible and waste plant oils is generally similar. The major fatty acids content in 

both non-edible and waste plant oils are oleic, linoleic and palmitic acid, while the 

latter include lauric, myristic, palmitoleic, stearic, linolenic, arachidic and behenic 

acid. Noticeably, the major content in wild almond were found to be saturated fatty 

acids, lauric and myristic acids. White silk cotton and pomelo had high content of 

linolenic acid with > 40% while physic nut, papaya, rambutan, and pumpkin 

contained similar high content of oleic acid. The obtained fatty acid composition of 

each non-edible and waste plant oils was then later used to calculate their 

saponification number (SN), iodine value (IV), cetane number (CN) and viscosity 

4.4.3 Characterization of oil 

The quality of oil is expressed in terms of the physicochemical properties 

such as saponification value, iodine value, cetane number and viscosity (1]) by 

equation shown in Appendix E. These values established their suitability for used as 
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substrates as shown in Table 4-4. From the results, it was shown that the calculated 

saponification number (SN), iodine value (IV) ranged from 195 to 204 and 3 to 147, 

respectively. Cetane number (CN) and viscosity ('l> values among the species 

varied from 40 to 66 and 2.29 to 3.95, respectively. The values obtained were used 

to predict the quality of oil for use as biodiesel. It was found that biodiesel obtained 

from 6 plant species such as white silk cotton, physic nut, pamela, papaya, 

rambutan and pumpkin met the major specification of biodiesel standards of USA, 

and European Standard Organization. All of the non-edible and waste plant oils 

were then used as substrates for transesterification catalyzed by immobilized 

Candida rugosa lipase, Novozyme® 435 and Lipozyme® RM 1M in comparison. 



Table 4-4. Fatty acid composition, Saponification number (SN), Iodine value (IV), Cetane number (CN) and viscosity (1J) of fatty 

acid methyl ester of non-edible and waste plant oils 

No. Common Name Scientific Name SN IV CN 17 Fatty Acid Composition (%) 

Wild almond Irvingia ma/ayana Oliv. ex 204 3.60 66.13 2.29 12:0(55.55),14:0(38.19),16:0(2.55), 16:1(0.44), 18:0(0.22), 

A.w. Benn 18:1(2.63),18:2(0.44) 

2 White Silk Cotton Ceiba pentandra (L.) 204 104.70 49.52 3.41 12:0(0.06),14:0(0.16),16:0(24.19), 16:1(0.21),18:0(4.15), 

Gaertn. 18: 1 (26.30), 18:2(42.03), 18:3(1 .73), 20:0(0.39), 22:0(0.69) 

3 Rubber Dipterocarpus 202 146.90 40.29 3.24 12:0(0.30), 14:0(0.42), 16:0(9.87), 16: 1 (0.22), 18:0(5.28), 

a/atus Roxb. ex G. Don 18:1(21 .76),18:2(45.82),18:3(16.12), 20:0(0.14), 22:0(0.09) 

4 Physic Nut Jatropha curcas L. 202 108.40 48.91 3.46 12:0(0.14),14:0(0.17),16:0(14.82), 16:1(0.81),18:0(4.15), 

18:1(40.98),18:2(38.61),18:3(0.27),20:0(0.06) 

5 Pomelo Citrus maxima (Burm.) 203 106.20 49.29 3.40 12:0(0.01),14:0(0.14),16:0(25.24), 16:1(0.17),18:0(4.25), 

Merr. 18:1(24.53),18:2(43.32),18:3(2.00), 20:0(0.27), 22:0(0.11) 

6 Papaya Carica papaya Linn. 202 75.60 56.27 3.69 12:0(0.26),14:0(0.46),16:0(17.12), 16:1(0.45), 18:0(2.98), 

18: 1 (72.91), 18:2(4.83), 18:3(0.29), 20:0(0.67), 22:0(0.07) 

7 Rambutan NepheJium lappaceum L. 195 58.13 61 .17 3.95 12:0(0.08),14:0(0.11),16:0(8.77), 16:1(0.96),18:0(7.25), 

18:1(55.25),18:2(3.72),18:3(0.26), 20:0(22.05), 22:0(1.34) 

8 Pumpkin Cuc urb ita 202 95.19 51.87 3.52 12:0(0.01 ),14:0(0.18),16:0(20.53), 16:1(0.07),18:0(6.51) , 

moschata Duchesne 18: 1 (38.68), 18:2(32.96), 18:3(0.22), 20:0(0.28), 22:0(0.60) 

9 Tangerine Citrus reticulate Blan co 203 118.40 46.48 3.34 12:0(0.01),14:0(0.03),16:0(21.67), 16:1(0.39), 18:0(4.03), 

18:1(20.99).18:2(48.00),18:3(4.45),20:0(0.24),22:0(0.05) 
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4.5 Optimization of the transesterification reaction 

This work purported to study the ability of the immobilized Candida rugosa lipase 

preparation to catalyze the synthesis Qf fatty acid methyl ester (biodisel). The following six 

main variables: addition mode of methanol, oil :methanol molar ratio, amount of lipase, 

water content, time and temperature were investigated. 

4.5.1 Effect of addition mode of methanol on transesterification 
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Figure 4-11 . The effect of addition mode on percentage of conversion to biodiesel. 

The reactions were carried out in a mixture of 0.5 g of palm oil, 1:3 oil:methanol 

ratio with 20% (w/w of oil) immobilized lipase and continuously stirred at 40°C for 

24 hr. Percent conversion shown on the y-axis are the means ± SO of three 

individual experiments. 

The effect of addition mode of methanol from once to seven steps on 

transesterification was studied using the conditions as follows; 0.5 g of oil, 20% 

(w/w of oil) immobilized lipase and 1:3 mole ratio of oil:methanol. From Figure 4-

11, it was found that when three mole of methanol were added at once and two 

steps, 3.16 % (±2.46) and 4.12 % (±3.95) biodiesel were obtained, respectively. 

The yield suddenly rose from 4.12 % (±3.95) to 31.88% (±3.48) when the adding 

step of methanol increased from two to three steps and increased further from 
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31.88% (±3.48) to 53.90 % (±0.86) from three to six steps and declined lightly to 

50% at 7 steps. The optimal addition mode of methanol for the maximum yield of 

biodiesel was therefore fixed at 6 steps and subsequently selected for the next 

experiment namely: optimal condition for the oil to methanol molar ratio. 

4.5.2 Effect of oil to methanol molar ratio on transesterification 
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Figure 4-12. The effect of oil to methanol ratio on percentage of conversion to 

biodiesel. The reactions were carried out with 0.5 g of palm oil. 20% (w/w of oil) 

immobilized lipase and 6 steps addition mode of methanol and continuously 

stirred at 40°C for 24 hr. Percent conversion shown on the y-axis are the means ± 

SO of three individual experiments. 

The effect of oil to methanol molar ratio on the conversion was performed 

at 40 ·C. immobilized lipase concentration of 20 % (w/w of oil). and varying the oil 

to methanol molar ratio at the values of 1 :3. 1 :4. 1 :5. 1 :6. 1 :7.1:8 and 1 :9. Figure 4-

12 showed the fatty acid methyl esters conversion obtained. As can be seen from 

this figure. the highest conversion (50.24%) was achieved at the molar ratio of 1 to 

7. From the figure. the percent conversion from 1:3 to 1:7 was approximately 48% 

which was not much different. However. when the ratio was increased to 1 :8. the 

yield of biodiesel was dramatically decreased nearly 6 folds to approximately 8%. 
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Moreover, when the ratio was increased to 1 :9, the yield of biodiesel was 

continuously decreased for 24 folds to 2%. Therefore, in order to reduce the cost 

for further applications, 1 to 3 ratio was subsequently used as optimal oil to 

methanol ratio from this study. As a result, 6 addition mode of methanol and 1 to 3 

molar ratio of oil to methanol were used as optimal conditions for 

transesterification to further study the effect of amount of enzyme on conversion. 

4.5.3 Effect of amount of enzyme on transesterification 
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Figure 4-13. The effect of amount of enzyme on percentage of conversion to 

biodiesel. The reactions were carried out in a mixture of 0.5 g of palm oil, 1:3 

oil :methanol ratio, 6 step addition mode of methanol and magnetically stirred in a 

water bath at 40°C for 24 hr. Percent conversion shown on the y-axis are the 

means ± SD of three individual experiments. 

Since the optimal mode of methanol addition and the ratio of oil to 

methanol were 6 steps and 1 to 3 respectively, the effect of immobilized lipase 

concentration on conversion was performed with enzyme concentrations of 10%, 



63 

20% and 30% w/w of oil at 40 ·C. Figure 4-13 illustrated the conversion of 

biodiesel when va.rious amounts of immobilized lipase were used. From this 

Figure, it can be observed that the maximal yield of FAME at 72.3% was achieved 

from 30% immobilized lipase. When 10 and 20 % immobilized enzyme were used, 

the % conversion of fatty acid methyl ester increased from 50 - 60%. Therefore, 

the optimal conditions were as follows: 6 step of addition mode of methanol, 1 to 3 

oil to methanol ratio and 30% amount of enzyme were subsequently selected for 

the next optimal condition namely; water content. 

4.5.4 Effect of water content ontransesterification 

Water content (%v/v) 

Figure 4-14. The effect of water content on percentage of conversion to biodiesel. 

The reactions were carried out in a mixture of 0.5 g of palm oil, 30% (w/w of oil) 

immobilized lipase, 1:3 oil :methanol ratio , 6 steps addition mode of methanol and 

continuously stirred at 40°C for 24 hr. Percent conversion shown on the y-axis are 

the means ± SO of three individual experiments. 

The reaction was carried out by adding water ranging from 0.5% to 10% 

(%v/w) of the oil with 30% (w/w of oil) immobilized Candida rugosa lipase. The 



reactions were carried out in mixtures of 0.5 g palm oil , 0.15 g of immobilized 

lipase, 71 ~I of methanol (added at six steps, each 11 .9 ~) and magnetically 

stirred in a water bath for 24 hr at 40°C. The results were shown in Figure 4-14 . 
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As indicated in Figure 4-14, the fatty acid methyl ester content gradually 

rose from 52- 78% as water content increased from 0.5% to 5.0% (vlw) of oil, and 

then declined from 78% to 60% as water content rose from 5% to 10%. It can be 

seen that the FAME content reached its maximum at water content of 5% (vlw of 

oil) which was about 78.50% conversion higher than that in absence of water. 

From previous optimal conditions, the % conversion was increased from 50% to 

80%, approximately 30 % higher. 

4.5.5 Effect of time and temperature on transesterification 
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Figure 4-15. The effect of time and temperature on percentage of conversion to 

biodiesel. The reactions were carried out in a mixture of 2 g of palm oil, 30% (w/w 

of oil) immobilized lipase, 1:3 oil:methanol ratio, 6 steps addition mode of 

methanol, 5% (v/w of oil) water and magnetically stirred in a water bath at each 



temperature for 48 hr. Percent conversion shown on the y-axis are the means ± 

SO of three individual experiments. 

To study the effect of reaction temperature on fatty acid methyl esters 

fonnation, the transesterification reaction was carried out under the optimal 

conditions obtained from all 4 previous sections. The experiments were 

conducted at temperature ranging from 30 to 60°C shown in Figure 4-15. 
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Experimental results showed that the transesterification reaction could 

proceed within the temperature range studied but the reaction time to complete 

the reaction varied significantly with reaction temperature. It can be seen that 

highest yield of 91 % of biodiesel was obtained at 40°C for the period of 24 hours 

whereas 87% conversion at 12 hours. The results in Figure 4-15 showed that the 

percentage yield of biodiesel suddenly rose when the reaction time was increased 

from 0 to 12 hours. After 12 hours, it was seen that increase in the reaction time 

did not have the effect on the production of biodiesel. When the reaction 

temperature increased to 50°C and 60°C, it was found that the product yield 

started to decrease since the enzyme lost its activity dramatically. From previous 

optimal conditions, the % conversion was increased from 50 to 90%. 

4.6 Comparative studies of transesterification catalyzed by immobilized Candida rugosa 

lipase with Novozyme~ 435 and lipozymefi) RM 1M 

The immobilized Candida rugosa lipase was used to catalyze the 

transesterification at the optimal conditions using six non-edible and waste oils compared 

with 2 commerciallipases. Transesterifications were carried out as described in section 

3.4.9. The conversion of fatty acid methyl esters from these non-edible and waste plant 

oils were illustrated in Figure 4-16. From the results, it was shown that the production of 

biodiesel obtained from catalysis of three types of immobilized lipases in 6 types of plant 

seeds were approximately at 70-80 %. However, rambutan oil gave 90% of biodiesel 
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when catalyzed by both commerciallipases but only 60% was obtained by the 

immobilized Candida rugosa lipase. On the other hand, 80% of biodiesel from papaya oil 

was obtained when catalyzed by the immobilized Candida rugosa lipase when only 60% 

was obtained from Lipozyme ® RM 

.-
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Figure 4-16. The percentage conversion of biodiesel from non-edible and waste oils catalyzed by 30% (w/w of oil) immobilized Candida 

rugosa lipase; grey column and later mixed with 1:3 mole ratio of methanol. The addition of methanol was performed using 6 steps at 0, 2, 

4, 6,6 and 10 hours by stirring the mixtures with magnetic stirrer for 12 hours at 40°C. The percentage conversion of biodiesel form non­

edible and waste oils catalyzed by 20% (w/w of oil) Novozyme® 435; white column and Lipozyme® RM 1M; black column and later mixed 

with 1:3 mole ratio of methanol . The addition of methanol was performed using 3 steps at 0, 8 and 16 hours by stirring the mixtures with 

magnetic stirrer for 24 hours at 55°C. Samples were taken from the reaction mixture and later analyzed for the products by high­

performance liquid chromatography. The experiment was performed in triplicates, and the data are mean ± S.D. 
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4.7 Stability of immobilized andida rugosa lipase 

4.7.1 Thermal stability 
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Figure 4-17. Effect of temperature on therrnostability of immobilized Candida 

rugosa lipase. 2 mg of immobilized lipase were incubated at various temperatures 

from 30 to 80°C in the temperature controlled heating block for 15 min. The 

results were average values of triplicate experiments. 

500 M phosphate buffer, pH 6, 8 mg/ml of lipase solution , 30 min time of 

immobilization at 30°C with t-butanol as adjuvant were selected as the optimal 

conditions for immobilization of Candida rugosa lipase to study the thermostability 

on residual activities of immobilized lipase using the method described in 

3.4.10.1 . The optimal temperature for therrnostability study was screened by 

incubating 2 mg of immobilized lipase at various temperatures from 30 to 80°C in 

the temperature controlled heating block for 15 min. Then, the residual activities 

were determined as percentage yield of activity at different temperatures 

compared to the activity at the optimal conditions. The results were shown in 

Figure 4-17. 
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Since the optimal temperature for the immobilization was found to be 30 

°C, therefore, the selected temperature for this experiment was initially started at 

30°C. From Figure 4-17, the results showed that the percentage of remaining 

activity significantly decreased from 100% to 15% when the temperature was 

increased from 30°C to 80°C and at 60°C, 50% of the activity was retained. 

Hence, the optimal temperature to study the thermal stability of immobilized 
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Candida rugosa lipase was selected at this temperature. Then, the thermal 

stability of immobilized lipase was carried out by incubating 2 mg of immobilized 

lipase at 60°C. Later, the samples were periodically taken and the residual 

activities were determined as the percentage yield of activity compared to the 

activity at the optimum conditions. Then, the half life time (t 112) were calculated as 

shown in Appendix D. The results were expressed as the percentage of relative of 

the residual activity and half life time as shown in Figure 4-18. It was shown that, 

half-lives of the immobilized Candida rugosa lipase, Novozyme 435 and Lipozyme 

RM 1M at 60°C was 14.35, 316.67 and 59.45 min respectively. 
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Figure 4-18. Half-life time (t 112) of immobilized Candida rugosa lipase, Novozyme 435 and 

Lipozyme RM 1M. 2 mg of immobilized enzyme was incubated at 60 °e. The 

results were average values of triplicate experiments. 
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4.7.2 Repeated use of the immobilized Candida rugosa lipase 
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4.7.2.1 Repeated use on transesterification 
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Figure 4-19. Operational stability of immobilized Candida rugosa lipase 

catalysis for transesterification. The reactions were carried out in a mixture 

of 2 g of palm oil, 1:3 oil:methanol ratio, six steps addition mode of 

methanol, 20% (w/w of oil) immobilized lipase, 5% (v/w of oil) water and 

continuously stirred at 40°C for 12 hr. The lipase was transferred into the 

same system for a new cycle after completion of the former reaction in 12 

hours. Percent conversion shown on the y-axis are the means ± SO of 

three individual experiments. 

The immobilized Candida rugosa lipases were used consecutively 

in a series for biodiesel production. The optimal conditions applied in this 

reusability study were 2 g of palm oil, 30% (w/w of oil) of immobilized 

lipase, 1:3 oil:methanol ratio and water content of 5% (v/w of oil) and 

magnetically stirred in a water bath at 12 hr. Under these conditions , 

approximately 90% of FAME content were obtained. The immobilized 

lipase was rinsed with water, t-butanol and hexane after each batch 

reaction to select the optimal washing solution and to remove glycerol and 



oil in carriers. The dried immobilized lipase was dried in the desiccators 

and later used in the next batch reaction composed of new substrates. 

The results of each batch for the production of FAME content were 
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graphically shown in Figure 4-19. The % conversion in every condition 

decreased in the second and third cycles of use with the first cycle set at 

100%. After 3 uses, it can be seen that immobilized lipases washed with 

water could retain approximately 45% of its initial activity after 4 more 

cycles. The immobilized lipases washed with hexane could only retain 

about 15% of its initial activity after 3 more cycles. On the other hand, 

when the enzymes were washed with t-butanol, 15% of its initial activity 

was retained while the enzyme with no washing lost all of its activity after 5 

and 6 cycles. 

4.7.2.2 Repeated use on hydrolysis 
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Figure 4-20. Operational stability of immobilized Candida rugosa lipase 

catalysis for hydrolysis. The reactions were carried out in a mixture of 3 g 

of palm oil, 20% (wlw of oil) immobilized lipase, 100% (v/w of oil) water 

and continuously stirred at 40°C for 9 hours. The lipase was transferred 
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into the same system for a new cycle after completion of the former 

reaction in 9 hours. Percent conversion shown on the y-axis is the mean ± 

SD of three individual experiments. 

The immobilized Candida rugosa lipases were used consecutively 

in a series for hydrolysis. The optimal conditions applied in this reusability 

study were 3 g of palm oil, immobilized lipase content of 20% (w/w of oil) 

and water content of 100% (v/w of oil) and magnetically stirred in a water 

bath at 40°C for 9 hours. Under these conditions, approximately 97% of 

FFA content were obtained. The immobilized lipase was rinsed with water 

after each batch reaction and to remove glycerol and oil in carriers. The 

dried immobilized lipase was dried in the desiccators and later used in the 

next batch reaction composed of new substrates. The results of each 

batch for the production of FFA content were graphically shown in Figure 

4-20. From the results, it was shown that no evident decrease of the lipase 

activity was observed during the first cycle. Additionally, immobilized 

lipase could be used at least 10 repeated times without important loss of 

activity. 



5.1 Selection of support 

CHAPTER V 

DISCUSSION 

Lipases may exist in two different structural forms, the closed one where a 

polypeptide chain (tid or flat) isolates the active center from the medium, and the open form 

where this lid moves and the active center is exposed. This equilibrium is shifted towards 

the open form in the presence of hydrophobic surfaces, where the lipase becomes 

adsorbed by the large hydrophobic pocket around their active center and the intemal face 

of the lid. Moreover, lipases may become adsorbed to other hydrophobic surfaces following 

a similar mechanism (Scheme1): droplets of oils, hydrophobic proteins, or on the surface of 

hydrophobic supports. The immobilization of lipases by their interfacial activation on 

hydrophobic supports may be suitable and simple method (Cabrera et al., 2009) . 

Hydrophobic intermc{l 
.---------, 

- Hydrophobic zone 
,,""'. Hydrophilic zone 

Scheme1 . Mechanism of lipase in aqueous medium (Palomo et al., 2002) 

Obviously, the characteristics of immobilized enzyme preparations are govemed by 

the properties of both the enzyme and the carrier material. Numerous supports for the 

immobilization of lipases have been used. There are varieties of support materials such as 

chitosan (Feresti et al., 2007, Ye et al., 2007 and Amorim et al., 2003), silica (Blanco et al., 

2004 and Blanco et al., 2007) and CaC03 (Ghamgui et al., 2004 and Rosu et al., 1998) . 
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In this study. Candida rugosa lipases were immobilized on 7 types of commercial 

hydrophobic supports namely Amber/ite XAD 2, Amber/ite XAD 4. Amberlite XAD 7, 

Amberlite XAD 16. Amberlite XAD 761, Sepabeads EC-BU and Sepabeads EC-OD. 

Comparative studies indicated that dramatic differences exist in the activity of lipases 

supported on different materials. Figure 4-1 showed lipase activity of the 7 types of 

hydrophobic supports. From the graph, more than 20% activity yield were obtained when 

dried Amber/ite XAD 7 and Amber/ite XAD 761 as well as wet Amber/ite XAD 16 and 

Sepabeads EC-OD were used. The choice of supports is often limited by some other factors 

related to their structure. such as the specific surface area. pore shape and particle size 

(Lei et a/ .• 2004. Panzavolta et a/ .• 2005, Blanco et a/ .• 2007 and Ghiaci et a/ .• 2009). 

Supports used in this work with pore diameter of around 10-60 nm. allow only the 

immobilization of small enzymes within the pores. In contrast, the larger enzymes can only 

be adsorbed on the external surfaces of the particles. Bosley and Clayton studied the 

adsorption of lipase from Mucor miehei on controlled pore glass of eight different pore sizes. 

They concluded that the larger the pore diameter. the faster the adsorption rate (Bosley and 

Clayton. 1994). For instance. the internal surface may not be fully used to adsorb enzyme 

molecules. even when pore sizes are wide enough (Blanco et al., 2007). Another key factor 

is the specific surface area. There is probably Significant contribution of the micropore 

regions in the immobilization of the enzyme (Table A-1) and the external surface area of the 

support is also accessible to the enzyme molecules. The support can affect the partitioning 

of substrates. products. and water in the reaction mixture. and thereby. can influence the 

catalytic properties of the enzyme (Palomo et al .. 2002). 

The immobilized enzymes with these supports were used to catalyze 

transesterification for the selection of the appropriate support. The conditions were 20 % 

(w/w of oil) immobilized lipase, the ratio of oil to methanol was one to three and three 

addition steps of methanol. The reactions were carried out at 40°C for 24 hours with 

continuous stirring by magnetic stirrer. The results were illustrated in Figure 4- 2 and the 

production of biodiesel obtained was expressed as percent conversion. It could be seen 
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that Sepabeads EC-OD gave the highest conversion approximately, 34%. Therefore, 

Sepabeads EC-OD was selected as the optimal support for the subsequent immobilization. 

Sepabeads EC-OD which was selected as the carrier materials for optimal 

immobilization of Candida rugosa lipase are highly porous methacrylic polymer matrix 

spherical beads, with a high hydrophobicity for enzyme immobilization, low swelling 

tendency in high molar solutions. The support is resistant in common solvents and shows 

high resistance to microbial attack. The immobilization by physical adsorption on 

hydrophobic support, Sepabeads EC-QD is suitable to stabilize this enzyme. This result is 

consistent with other results concerning the immobilization of lipases on this kind of support. 

From the literature, immobilized lipase QL from Alcaligenes sp. by adsorption on octadecyl­

sepabeads was studied. This immobilization technique improved the enzyme properties. 

The immobilized preparation exhibits a 135% of catalytic activity for hydrolysis of p­

nitrophenyl propionate as compared to the soluble enzyme. The thermal stability of the 

immobilized enzyme is highly improved, a half-life time of 12 hr when incubated at 80°C and 

the optimal temperature was increased from 50°C (soluble enzyme) up to 70°C (immobilized 

enzyme) (Wilson et al., 2006). Moreover, using this kind of carrier presents an additional 

advantage which is the possibility of reuse of the support due to the reversible adsorption of 

the enzyme on the support (Palomo et al., 2003). 

5.2 Optimization of immobilization of lipase 

When the Sepabeads EC-OD were selected, they were then prepared for the 

. studies of the optimized immobilization of Candida rugosa lipase. Previous studies have 

shown that many factors can affect the activity recovery and reusability of enzymes in 

immobilization process. Some of the most important factors are the properties of the 

enzyme molecule, concentration of enzyme, temperature, ionic strength, pH, water and 

solutes present. Hence, the effect of immobilization parameters, i.e. pH, ionic strength, 

protein loading, immobilization time, immobilization temperature and adjuvant were 

investigated. 
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5.2.1 Effect of pH on immobilization 

The optimum pH for lipase activity varies with the enzyme species. From the 

results, the effect of changing pH and the percent lipase activity and activity yield of 

immobilized lipase were shown in Figure 4-3. It could be seen that the shape of the 

graph is bell-shaped curve which the maximum activity of immobilized lipase was 

obtained at pH 6.0. The activity of lipase increased with the increment of pH values. 

This result suggested that electrostatic forces are important for the adsorption ; 

changes in pH over the isoelectric point of the protein will have a large impact on 

the protein binding constant. The protonation and deprotonation of the charged 

functional groups were dependent upon the pH of the solution (Lei et al., 2009). 

Since isoelectric point of lipase from Candida rugosa is 4.6, overall net charge is 

close to O. The lipase can be easily adsorbed to the non ionic or hydrophobic 

support by hydrophobic interaction. Moreover Candida rugosa is quite stable in 

acidic environments and the optimum pH values of Candida rugosa are between 

6.0 and 7.0 which are correlated to the best pH during the enzyme immobilization 

process. It has been reported that the optimum of immobilized Candida rugosa 

lipase is slightly higher and lower than the free enzyme (Pereira et al. , 2001, Blanco 

et a/., 2004 and Ye$loglu Y, 2005). However, the lipase activity started to decrease 

when the pH subsequently rose to more than 10. At more acidic or alkali pH, the 

denaturation of lipase tends to be increasing, like other proteins, which was in most 

cases greatly depended on the pH of the solution. 

5.2.2 Effect of ionic strength on immobilization 

The effect of ionic strength on immobilization was investigated and the 

results were shown in Figure 4-4. It could be seen that both lipase activity and 

activity yield of immobilized lipase were highest in 500 mM phosphate buffer pH 6.0. 

The activity of lipase and percentage of activity yield increased dependent on 
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increasing ionic strength from 10 mM to 500 mM. Conventionally, adsorption of 

proteins by hydrophobic interaction is stronger when the ionic strength is increased 

(Bastida et a/., 1998). Since at pH 6, lipase will exhibit net negative charge, 

therefore, the increase of ionic strength will gradually decrease the charges on 

enzyme molecules until the net charge reached near zero resulting in more 

pronounced hydrophobic interaction between enzyme and the support. In contrast, 

when the ionic strength was elevated from 500 mM to 1 M, the activity of lipase and 

percentage of activity yield were decreased indicating that the higher ionic strength 

initiates more hydrophobic environment around the active sites. Accordingly, the 

numbers of active enzyme was further reduced. 

5.2.3 Effect of protein loading on immobilization 

The amount of enzyme loaded on the surface has a large effect on the 

performance of biocatalytic surface. In this study, different amount of enzymes were 

immobilized on the supports, by varying the protein loading (mg/ml) of enzyme 

solution from 1 to 10 mg/ml. The effect of protein loading on activities of lipase was 

shown in Figure 4-5. It could be seen that the activity of lipase significantly 

increased when the protein loading was increased. The highest activity of lipase 

was achieved when protein loading at 10 mg/ml was used. It is considered that the 

higher lipase loading makes the lipase form an intermolecular steric hindrance, 

which restrains the diffusion of the substrate and product. The similar phenomena 

were also observed in the previous studies. It was found that the activity of 12 g 

immobilized lipase/g ceramic from Penicillium expansum reached the maximum 

(Huang and Cheng, 2008). It is reasonable to conclude that the binding site on the 

surface areas of the support are limited (Jiang et 81., 2008 and Chang et 81., 2008) 

and the enzyme molecules need enough space for catalyzing the reaction of the 

substrate (Lei et a/., 2009). As could be seen from the figure, the activity of enzyme 

at 8 mg/ml was not much different from the activity obtained from 10mg/ml of the 
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enzyme. Therefore, in order to reduce the cost for further applications, 8 mg/ml was 

finally used as optimal amount of protein loading from this study. 

5.2.4 Effect of immobilization times 

The residual activity of lipase solution was checked for each time of 

immobilization at various temperatures as described in 3.4.3.4. The relationship of 

the residual activity with immobilization time at various temperatures was shown in 

Figure 4-6. The amount of soluble protein was rapidly decreased with the increment 

of the immobilization time. When lipase was incubated at 10°C for 180 min, the 

residual activity of lipase appeared unchanged. Furthermore, when lipase solutions 

were incubated at 20°C and room temperature (around 25 °C), the results showed 

that the residual activity leveled off until 120 min in both temperatures. At 30, 40, 50 

and 60°C. the residual activity of lipase solution gave the similar pattern that they 

significantly decreased from initial time of the incubation to around 20-30 minutes 

and stayed unchanged to 60 minutes. An extra incubation time of the 

immobilization leads to a plateau value . As long as the immobilization process 

continues, the lipase activity will decline. The protein conformation of lipase might 

be denatured leading to the limitation of immobilization processes from the effect of 

longer coupling reaction time. This result was similar to the immobilization studied 

by Chang et a/. The immobilization time of Candida rugosa lipase on poly (alpha­

glutamiC acid) was varied from 1 to 18 hours. They found that the optimal 

immobilization time was less Significantly effective after more than 6 hours (Chang et 

al., 2008). Similarly. Lei et al. studied the immobilization time of porcine pancreas 

lipase for 2 to 10 hours. The result indicated that the highest activity was obtained 

under immobilization time of 8 hours. After 8 hours of immobilization, the activity of 

immobilized enzyme was decreased (Lei et al., 2009). Therefore, the optimal time 

for immobilization was 3hr, 2hr, 1 hr and 20-30 min at 10, 20, 25 (RT) and 30-60 °c 



respectively and subsequently selected for the next experiment namely, optimal 

condition for the temperature. 

5.2.5 Effect of temperature on immobilization 
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Lipase was immobilized on Sepabeads EC-OD at different temperatures; 10, 

20,25,30,40, 50 and 60°C. The results in Figure 4-7 showed that the activity of 

lipase was initially increased under the temperatures from 10 to 30°C and the 

highest activity and activity yield were obtained when the temperature of 

immobilization reached 30 °C. As shown in Figure 4-7, this result is consistent with 

the optimal temperature of the free Candida rugosa lipases obtained from other 

previous studies (Hung et al., 2003). Hung et al. reported that the optimum 

temperature of the lipase was not altered by immobilization. The activity of both free 

and immobilized lipases of Candida rugosa on chitosan were highest at 30°C. In 

contrast to Hung et al , Wilson et al. reported that the optimum temperatures of 

immobilized lipase QL from Alcaligenes sp. on octadecyl-sepabeads were altered 

from 50 to 70°C (Wilson et al., 2006). The alteration of optimum temperature of 

immobilized enzyme might be depending on type of enzymes and nature of 

supports. On the other hand, when the temperatures were elevated from 40 to 60 

°C, the activities were reduced . This can be simply explained that the excessive 

temperature provided to the immobilization system would inhibit the activity of the 

free lipase, because lipase might be inactivated by thermal denaturation. From the 

optimal immobilization time obtained in section 4.2.4, the activity of immobilized 

lipase was found to be suitable at 30°C. Therefore, the optimal immobilization time 

was 30 minutes at 30 °c and subsequently selected for the next experiment. 
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5.2.6 Effect of adjuvant on immobilization 

Once the optimal conditions of 500 mM phosphate buffer, pH 6, 8 mg/ml of 

Candida rugosa lipase solution for immobilization at 30°C for 30 min were obtained. 

the effect of adjuvant on the activity of immobilized Candida rugosa lipase were 

examined by using two categories of adjuvants namely; alcohol and detergents. 

5.2.6.1 Effect of concentration of adjuvant 

The concentrations of each type of adjuvant necessary to obtain the 

desired effect of the highest concentration of each type of adjuvant with no 

damage of the enzyme activity had to be determined. From Table 4-1. it 

was shown that the concentrations of various adjuvants with the activities of 

Candida rugosa lipase solution. The highest concentration of each adjuvant 

with maximum of lipase activity was selected and later used for 

immobilization. 

5.2.6.2 Effect of the type of adjuvant 

The relationship between the lipase activity and adjuvant was shown 

in Figure 4-8A. The activity and the ability to be non-covalently immobilized 

on hydrophobic supports are known to be closely related to the 

hydrophobicity environment. Thus, the presence of hydrophobic adjuvant 

possibly contributes to a rearrangement of the tertiary structure involving a 

higher accessibility of some hydrophobic side chains of amino acids, which 

in such less polar medium become more to the surface of the protein. Only 

small-size of hydrophobic adjuvant necessary to obtain the desired effect of 

decreasing the hydrophobicity of the pore channels for the enzyme was 

adsorbed (Blanco et a/., 2007). Moreover, two forms of lipase show very 

different activity; closed form (inactive form) and open form (active form) . If 

.. j 
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the enzyme was able to fix with higher activity, the final immobilized 

preparation may be more active than the native one (Mateo et al., 2007). 

Hydrophobic and small substrate such as detergent and short chain alcohol 

have been described to promote the interfacial activation of the lipase 

yielding the stabilization of the open form of the lipase (Femfmdez-Lorente et 

al., 2006). From these features, strategies to get immobilized lipases 

molecules with improved activity have been developed, trying to fix the open 

form of the lipase. This assumption has been supported by Lopez-Serreno at 

al. that improvement of lipase activity was found when the enzyme was 

prepared in the presence of SDS (Lopez-Serreno et al., 2002). Furthermore, 

the stabilization of the fully open forms of lipases adsorbed to supports is 

extremely essential especially using immobilized lipase as catalyst in 

biodiesel production. To this goal, immobilized lipase was incubated in the 

presence of adjuvants such as methanol, ethanol, iso-propanol, butanol, t­

butanol, SDS, ethylene glycol, tween 80 and triton X-100. The result showed 

that highest lipase activity with p-NPP was obtained when t-butanol was 

used that the activity of lipase was increased approximately 45%. In 

addition, increase of the conversion of biodiesel synthesis was about 43%, 

44% and 46% when the lipase was immobilized in the presence of butanol, 

t-butanol and triton X-100, respectively (Figure 4-88). 

5.3 Transesterification and hydrolysis catalyzed by immobilized Candida rugosa lipase 

After the optimal conditions for immobilization of Candida rugosa lipase from section 

4.2.1-4.2.6 were obtained, the activity of immobilized lipase was investigated on 

transesterification and hydrolysis. The transesterification and hydrolysis reactions were 

conducted as described in section 3.4.4. From Figure 4-10, it was shown that 45.23 % 

(±2.43) biodiesel and 97.21 % (±0.69) free fatty acids were obtained from transesterification 

and hydrolysis, respectively. From the results, it could be seen that hydrolysis may be more 
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preferable than transesterifi ation for the catalytic properties of lipase. Obviously, lipase is 

generally categorized as hydro lases which catalyze the hydrolysis of triacylglycerols to 

glycerol and free fatty acids (Hung et al., 2003). Consistent to this study, it was the 

hydrolytic activities of Candida rugosa which was higher than synthetic activity (Teng et al., 

2009). 

5.4 Screening of raw materials for feedstock 

5.4.1 Extraction of seed oil 

The oil of non-edible and waste plant seeds was extracted by using soxhlet 

extraction method. 15 g of plant seeds were packed in a thimble and the oil was 

extracted with 250 ml n-hexane for 6 hr. The extracted oil was then measured to 

calculate the content of oil in the plant seeds shown in Table 4-3. The %oil content 

from non-edible and waste plant seed oils were in the range of 25 % to 

approximately 72 % dry weight seeds. The oil yield from the non-edible and waste 

plant oils itself is always the key factor to decide the suitability of a feedstock for 

biodiesel production. From Table 4-3, it can be seen that wild almond was the plant 

yielding the highest oil (72%). On the other hand. among the various non-edible oils 

shown in Table 4-3. physic nut was found to give the high yield (43%). However. the 

oil yield depends on many factors such as plantation and oil extraction techniques 

(Gui et a/., 2008). 

5.4.2 Fatty acid composition analysis 

Another important criterion to determine the suitability of oil as a raw material 

for the production of biodiesel is the composition of the oil itself. The composition of 

oil will subsequently determine the properties of the biodiesel obtained. The effect of 

oil composition on the properties of the biodiesel produced will be discussed in the 
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subsequent section. The composition for various types of non-edible and waste oils 

was shown in Table 4-4. From this table, the major oil compositions in both non­

edible and waste plant oils were tabulated. The major fatty acids content in both 

non-edible and waste oils are oleic, linoleic and palmitic acid, while the latter 

include lauric, myristic, palmitoleic, stearic, linolenic, arachidic and behenic acid. 

Furthermore, the fatty acids in the oils are further categorized into saturated and 

unsaturated fatty acids which are also an important for the storage stability of 

biodiesel. In this concept. the oxidative stability is obtained based on the relative 

rates of oxidation of these positions in unsaturated fatty acid as well as their 

amounts. Bouaid et al. reported that the oxidative stability of the oil may be more 

strongly influenced by the presence of small amounts of highly unsaturated fatty. 

Two important factors affecting the degradation of biodiesel were also observed in 

their study, which are water content and air exposure (Bouaid et al., 2007). 

However, the effect of the presence of unsaturated fatty acid on the storage stability 

of biodiesel can be avoided by taking proper precaution during the storage such as 

limiting contact to oxygen and exposure to light and moisture. 

5.4.3 Characterization of oil 

Apart from the oil yield of the raw materials, the properties of biodiesel vary 

accordingly to the fatty acid composition in the feedstock oil which is used to 

produce biodiesel. The properties include saponification number, iodine value, 

cetane number, and viscosity. Among all the properties listed in Table 4-4. it was 

shown that the calculated saponification number (SN), iodine value (IV) ranged from 

195 to 204 and 3 to 147. respectively. Cetane number (CN) and viscosity ('I> values 

among the species varied from 40 to 66 and 2.29 to 3.95. respectively. 

CN is a significant expression of diesel fuel quality among a number of other 

measurements that determine overall diesel fuel quality. CN is actually a measure of 

a fuel's ignition delay. the time period between the start of injection and start of 
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combustion Of the fuel. Fuels with higher eN, which have shorter ignition delays, 

provide more time for the fuel combustion process to be completed. Hence, higher 

speed diesels operate more effectively with higher eN fuels. This is one of the 

. important parameters which are considered during the selection of FAMEs for use 

as biodiesel. The different countries or organizations have specified different 

minimal values. Biodiesel standards of Thailand (2007), USA (ASTM 06751-07a) 

and European Standards Organization (EN 14214:2003) have set value as 51, 47 

and 51, respectively. Among the FAMEs of 9 species, 7 species (No.1-2, 4-8) have 

eN value higher than 51 (±2.5), which is the highest minimal value among the three 

biodiesel standards (Winayanuwatlikun et al., 2008). 

The degree of unsaturation, which is measured as IV, is an important 

considerable factor for the selection of FAMEs. The unsaturated fatty acid 

component in FAMEs is required as it restricts the FAMEs from solidification . 

However, the higher degree of unsaturated FAMEs is not suitable for biodiesel. The 

unsaturated molecules react with atmospheric oxygen and are converted to 

peroxide, crosslin king with the other unsaturated molecules. The material may be 

come polymerized into a plastic like body. It makes an internal combustion engine 

quickly gummed up with the polymerized FAMEs. To avoid this situation, biodiesel 

standards have set a maximum limit of IV in their specifications. All of 7 species, 

which qualify the specification of eN, also meet the specification of IV. All of them 

have IV less than 120, the lowest maximum limit among the three biodiesel 

standards (Winayanuwattikun et al., 2008). 

Another important criterion for the selection of FAMEs is viscosity. The fuel 

viscosity significantly affects the atomization process that is the initial stage of 

combustion in a diesel engine. High viscosity interferes with injector operation, 

resulting in poorer atomization of the fuel spray, leading to the fuel injector operation 

problems such as injector coking, oil ring sticking and thickening and increased 

carbon deposits. The conversion of vegetable oil to their FAMEs results in a marked 

reduction in viscosity (Winayanuwatlikun et al., 2008). 
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The values obtained were used to predict the quality of oil for use as 

biodiesel. It was found that biodiesel obtained from 6 plant species; white silk 

cotton, physic nut, pomelo, papaya, rambutan and pumpkin met the major 

specification of biodiesel standards of USA, and European Standard Organization. 

All of the non-edible and waste plant oils were then used as substrates for 

transesterification catalyzed by immobilized Candida rugosa lipase, Novozyme ® 435 

and Lipozyme® RM 1M in comparison. 

f 

5.5 Optimization of the transesterification reaction 

In this study, the effects of various factors on the transesterification catalyzed by 

Candida rogosa lipase immobilized onto Sepabeads EC-OD were investigated. Biodiesel 

yield was increased significantly by each sequential variable, namely, addition mode of 

methanol, molar ratio of oil:methanol, enzyme loading, water content, reaction time and 

temperature. 

5.5.1 Effect of addition mode on transesterification 

Watanabe et al. reported that more than 1/2 molar equivalent of methanol is 

insoluble in vegetable oils and immobilized lipases are easily inactivated by 

contacting with insoluble methanol (Watanabe et a/., 2002). It is also known that 

lipase from Candida antarctica are deactivated when exposed to high concentration 

of methanol >0.5 M equivalent of MeOH for the stoichiometric amount (Shimada et 

al., 2002). Hence, addition mode has been suggested as a means of circumventing 

the deactivation problem. Lu et al. studied the number of added times for methanol 

ranging from 1 to 6 and reported that the conversion was about 88% by more than 

three successive additions of methanol. So three-step methanolysis was sufficient to 

convert lard to FAME (Lu et al., 2007). Furthermore, Nie et al. also studied the effect 

of methanol addition to the reaction . Methanol addition was performed from 1 to 10 
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times and they reported that when the methanol was stepwisely added more than 

three times, the conversion could be increased to 95% (Nie et a/., 2006). The effect 

of addition mode of methanol from one to seven steps on transesterification was 

studied. From Figure 7, very sma" conversion of3.16 % (±2.46) and 4.12% (±3.95) 

% were obtained when three moles of methanol were added at once and two steps 

respectively. The yield suddenly rose from 4.12 % (±3.95) to 31.88 % (±3.48) when 

the adding step of methanol increased from two to three steps and increased further 

from 31.88 % (±3.48) to 53.90 % (±0.86) from three to six steps. Therefore , six step 

addition mode of methanol was most effective for the production of biodiesel, 

approximately 50% of fatty acid methyl ester were obtained. 

5.5.2 Effect of oil: methanol molar ratio on transesterification 

The molar excess of alcohol over fatty acids contained in TAG always 

increases transesterification yield but it can also inactivate the enzyme. In particular, 

when the alcohol is insoluble in reaction mixture, it forms emulsion and the size of 

droplets depends on intensity of stirring (Antczak et a/., 2009). However, at least 

three molar equivalents of methanol are required for the complete conversion of the 

oil to FAME. Dizge and Keskinler studied the oil:methanol ratio from 1:1 to 1 :10. 

They reported that the highest methyl ester yield could be obtained at the 

oil :methanol molar ratio of 1:6 and the higher methanol concentration (1:10 molar 

ratio) would decrease the methyl ester yield (Dizge and Keskinler .. 2008). In 

addition, Liu et a/. reported that the biodiesel yield was decreased when the 

oil :methanol was over 1 :15. Additionally, when the amount of oil:methanol ratio was 

excessive, the glycerol separation becomes more difficult (Liu et a/., 2007) . 

Therefore, the effect of oil: methanol molar ratio was studied at different ratios from 

1:3 to 1:9 and the results were shown in Figure 8. The yield obtained for FAME was 

approximately 48% when the oil: methanol molar ratio increased from 1:3 to 1 :7. 

However, when the ratio was increased to 1:8 and 1 :9, the FAME yield was 
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decreased to 8.27 and 2.75 %. respectively. Therefore. in order to reduce the cost 

for further applications. 1 to 3 oil:methanol ratio was subsequently used as optimal 

oil:methanol ratio from this study. 

5.5.3 Effect of enzyme loading on transesterification 

The effect of immobilized lipase concentration on conversion was performed 

with enzyme concentrations of 10%.20% and 30% w/w of oil. From Figure 9. it was 

shown that the FAME yield increased rapidly to 72% when the amount of lipase was 

increased up to 30% (w/w of oil). Obviously. more lipase showed abundant 

activated sites and sufficient mass contact. consequently the FAME yields were 

higher (Ghamgui et al .. 2004. Rosa et al .. 2008. Chen et al .. 2009 and Dizge et al., 

2009). In addition. the FAME content increased along with the increase in enzyme 

content because the more lipase available. the more substrate molecules can be 

adsorbed onto the active center of the lipase (Chen et al .. 2009). Therefore. there 

exists an optimum enzyme loading leading to high conversion rate. The 

phenomenon has also been found by some other researchers. This result is in good 

agreement with results obtained by Lu et at. The synthesis of FAME from lard 

catalyzed by immobilized Candida sp. 99-125 was found to increase rapidly when 

the amount of lipase was increased to 20% (w/w) (Lu et at., 2007). Furthermore, 

Kose et al. studied the effect of immobilized Candida antarctica lipase quantity on 

alcoholysis of cotton seed. It was found that the FAME content was increased by 

increasing lipase quantity up to 30%. It was also seen that the highest FAME 

formation (83.6%) was observed with the reaction using 30% lipase based on oil 

weight (Kose et al., 2002). So from this study. the immobilized lipase at 30 % by 

weight of oil was selected for the optimal condition of transesterification. 



88 

5.5.4 Effect of wate content on tansesterification 

Water plays an important role in enzyme structure and function (Ghamgui et 

a/., 2004). It is well known that lipase, as a form of protein, requires the presence of 

water to maintain its active three dimensional structures. The activity of the enzyme 

in non-aqueous media is affected by the water content. In this study, the effect of 

water content on the transesterification of palm oil is presented in Figure10. From 

the result, it was shown that the FAME content rose gradually from 53 to 78% as 

water content increased from 0.5% to 5% (vlw) of the oil. Similar results had been 

reported in the previous studies. Lu et al. studied the effect of water on methanolysis 

of glycerol trioleate catalyzed by immobilized lipase Candida sp. 99-125. It was 

found that the biodiesel yield was increased from 35 to 85 % when the amount of 

water increased from 0 to 20 wt% (Lu et al., 2009). Moreover, the effect of water 

content on transesterification catalyzed by immobilized lipase from Candida sp. 99-

125 was tested with increasing water content to 15% (w/w) of oil. The conversion 

obtained was 98% (Yang et a/., 2006). This effect could strongly confirm the 

hypothesis that the necessary quantities of water to stabilize the hydrophilic groups 

located on the surface of the enzyme molecule. This results in the changing of 

topology of active site and lid leading to an active conformation of lipase. 

Furthermore, activation of the enzyme involves in unmasking and restructuring of the 

active site through conformational changes of the lipase molecules, which also 

requires the presence of oil-water interface. Lipase activity generally depends on 

the available interface area. With the increasing of additional water, the amount of 

water available for oil to form oil-water droplets were increased, consequently 

increasing the available interfacial areas (Noureddini et ai, 2005). The results 

presented in Figure 10 indicated that the FAME content reached its maximum with 

the water content of 5 wt% which was about 78% higher than that in absence of 

water. This supports the fact that amount of water is required to activate the enzyme. 

However, the amount of FAME was decreased when more than 5% (v/w of oil) of 
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water was added. In this case, the yield reduction might be caused by the reduced 

homogeneity of substrate mixtures owing to immiscibility between water and oil 

compounds (Lu et al., 2007). This result suggests that excessive water content 

affects the mass transfer of the oil phase of the reaction product, and inhibits 

transesterification (Hama et ai, 2006 and Chen et al., 2009). 

5.5.5 Effect of times and temperatures on transesterification 

Temperature can influence the reaction rate and biodiesel yield . Figure 11 

showed the transesterification activity of the immobilized enzyme with variations in 

temperature at specific times. The experiments were conducted at temperature 

ranging from 30 to 60°C illustrated in Figure. 11 . The optimum temperature was 

40°C after 12 hours and approximately 87.08 % of fatty acid methyl ester was 

obtained. This result is in agreement with results obtained by Nie et al. who 

conducted the methanolysis of salad oil using the immobilized Candida sp. 99-125 

lipase from 27 ·C to 50·C. The highest yield (87%) was observed at 40 ·C when the 

reaction time was extended to 30 hours (Nie et al. , 2006). Furthermore, Lu et al. 

studied the transesterification of lard using the immobilized Candida sp. 99-125 

lipase at various reaction temperatures from 40°C, 50°C and 60°C. It was found that 

the highest fatty acid methyl ester at 40°C was obtained and selected as the optimal 

reaction temperature. Devanesan et al. studied the effect of temperature on 

biodiesel production from Jatropha oil using immobilized cell of P.fluorescens at 30, 

35,40,45 and 50°C. It was found that the maximum yield 70%of biodiesel at 40°C 

was obtained (Devanesan et al., 2007). In addition, the effect of temperature on 

transesterification of canola oil catalyzed by immobilized Thermomyces /anuginosus 

lipase was studied and 40°C was found to be optimal temperature for biodiesel 

production (85.8%) (Dizge and Keskinler, 2008). From Figure 11, it was shown that 

when the reaction temperature increased to 50°C and 60°C, the product started to 

decrease, which is in agreement with the previous literature report (Dizge et al., 
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2009 and Rashid et al., 2008). A similar result was obtained by Yang et al. They 

studied the reaction temperature on transesterification of soybean oil catalyzed by 

Candida sp 99-125 and reported that the optimum temperature of the reaction was 

40°C. Beyond 45°C, the relative conversion rate of biodiesel declined from 98% to 

40% (Yang et al., 2006). The advantage of higher temperature is a shorter reaction 

time. However, if the reaction temperature exceeds the boiling point of methanol 

(65°C), the methanol will vaporize from the reaction (Chen et a/., 2009) and high 

temperature certainly causes enzyme denaturation (Yang et a/., 2006, Devanesan at 

a/., 2007 and Dizge and Keskinler, 2009). Moreover, the results showed that when 

increasing the reaction time, the percentage yield of biodiesel was increased up to 

12 hours. Thereafter, increase in the reaction time did not have the effect on the 

production of biodiesel. The phenomenon has also been observed by other 

researchers. Kose et a/. studied the reaction time ranges from 2 to 24 hours on 

methanolysis of cotton seed oil. It was found that the methyl ester conversion was 

practically constant over reaction time ranges between 7 and 24 hours, indicating 

optimum reaction time could be 7 hours (KOse et a/., 2002) . 

5.6 Comparative studies of transesterification catalyzed by immobilized Candida rugosa 

lipase with Novozyme
il 

435 and Lipozyme
il 

RM 1M 

It is well known that the ability of lipase is highly dependent on sources of lipase, 

substrates and reaction condition. Thus three different immobilized lipases and non-edible 

and waste oils were screened for FAME production. Transesterifications were carried out as 

described in section 3.4.7. The conversion of fatty acid methyl esters from these non-edible 

and waste plant oils were illustrated in Figure 4-16. From the results, it was shown that the 

efficiency of biodiesel production was different from the catalysis of Novozyme ® 435, 

Lipozyme® RM 1M and immobilized Candida rugosa depending on the types of feedstocks. 

The production of biodiesel obtained from catalysis of three types of immobilized lipases in 

6 types of plant seeds were approximately at 70-80 %. However, rambutan oil gave 90% of 



biodiesel when catalyzed b both commercial lipases but only 60% was obtained by the 

immobilized Candida rugosa lipase. On the other hand, 80% of biodiesel from papaya oil 

was obtained when catalyzed by the immobilized Candida rugosa lipase when only 60% 

was obtained from Lipozyme® RMIM. 
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Six out of nine plant oils being surveyed had suitable physical property as feedstock 

for biodiesel production catalyzed by lipase. Even though white silk cotton, pomelo and 

pumpkin seeds are agricultural waste but they could not be collected in large quantities. 

Hence, there is a limitation on the use of these oils for production of biodiesel. Under 

Thailand condition, physic nut, papaya and rambutan appear to be potential raw materials 

for the development of oils as diesel fuels. The cultivation and climatic conditions required 

for plantation of these four species are described here: 

Physic nuts or Jatropha curcas produce non-edible oil in appreciable quantity and 

can be grown in large scale on non-cropped marginal lands and wastelands. It is well 

adapted in arid and semi-arid conditions and has low fertility and moisture demand. It can 

also grow on moderately sodic and saline, degraded and eroded soil. The ideal density of 

plants/hectare is 2500. It reaches maximum productivity by five years and can live up to 50 

years. There are reports of oil yields of as high as 50% from the seed. Typically, the seed 

production would be 3.75 tontha, with oil yield of 30-35%, giving net oil yield of about 1.2 

ton/ha. Although Jatropha oil seed is not yet cultivated on a large scale in Thailand, 

Jatropha oil is the major feedstock of the biodiesel program. The projection for plantation of 

this species was started in 2008 to supplement the utilized edible palm oil for production of 

biodiesel. 

Papaya is a tropical or near tropical species, sensitive to frost and limited to the 

region between 32° north and 32° south of the equator. It needs plentiful rainfall or irrigation 

but must have good drainage. While dOing best in -light. porous soils rich in organic matter, 

the plant will grow in scarified limestone, marl, or various other soils if it is given adequate 

care. Optimum pH ranges from 5.5 to 6.7. Papaya plants bear well for 2 years and then 

productivity declines and commercial plantings are generally replaced after 3-4 years. The 

papaya black seeds contain 25-48% oil (w/w). 
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Rambutan is adapted to warm tropical climates and is sensitive to temperatures 

below 10 cc, and is grown commercially within 15° of the equator. Rambutan flourishes from 

sea-level to 1,600 or even 1,800 ft (500-600 m), in tropical, humid regions having well­

distributed rainfall. The dry season should not last much over 3 months. The tree does best 

on deep, clay-loam or rich sandy loam rich in organic matter and thrive on hilly terrain as 

they require good drainage. Optimum pH ranges from 5.0 to 5.7. Rambutan trees may fruit 

after 2-3 years with optimum production occurring after 8-10 years. The seed kernel yield 

37 -43% oil (w/w). Both rambutan and papaya are food industrial waste products which can 

be collected in a large amount. Thus, they might be suitable for use as starting material for 

the production of biodiesel. 

5.7 Stability of immobilized Candida rugosa lipase 

5.7.1 Thermal stability 

The resistance of immobilized lipase to temperature is an important potential 

advantage for practical applications of this enzyme. The residual activities of 

immobilized lipase on thermo stability were tested as described in 3.4.10.1. The 

optimal temperature for thermal stability was studied at various temperatures from 

30 to 80°C. Then, the residual activities were determined as percentage yield of 

activity at different temperatures compared to the activity at the optimal conditions. 

The results in Figure 4-17 revealed that the percentage of remaining activity 

significantly decreased from 100% to 15% when the temperature was increased 

from 30°C to 80°C. However, 50% of the activity was still retained at 60°C. 

According to Hung et aI, they reported that the inactivation of the enzyme occurred 

when they were treated at high temperature. Free lipase remained stable only up to 

39°C. At 60 DC, the residual activity of immobilized Candida rugosa lipase on 

chitosan was 23 % compared to 12 % for free lipase. Then, the thermal stability of 

immobilized lipase was carried out by incubating 2 mg of immobilized lipase at 60 

°C. Later, the samples were periodically taken and the residual activities were 
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determined as the percentage yield of activity compared to the activity at the 

optimum conditions. Then, the half life time (t 112) were calculated as shown in 

Appendix O. The results were expressed as the percentage of relative of the 

residual activity and half life time as shown in Figure 4-18. It was shown that, half­

lives of the immobilized Candida rugosa lipase at 60°C was 14.35 min. When an 

immobilization of Candida rugosa lipase by adsorption on bentonite was studied 

(Yesiloglu Y, 2005), the half -life of the immobilized enzyme was about 45 min, 

whereas for the soluble free lipase was 17 min at 50°C. Evidently, the immobilization 

has considerably increased the thermal stability of lipase. This result supported the 

fact that the strong hydrophobic interaction between the lipase and the hydrophobic 

carriers enhances the stability of the molecular conformation of the immobilized 

enzyme. This therefore will increase the thermal stability of the immobilized lipase 

(Huang and Cheng, 2008). The results indicated that immobilization helps preserve 

the enzyme structure from thermal inactivation. 

5.7.2 Repeated use of the immobilized Candida rugosa lipase 

The most important advantage of immobilization is the repetitive use of 

enzyme. The catalyst reusability was carried out to determine the stability of the 

immobilized lipase. The short operational life of the enzyme is normally caused by 

the negative effects of excessive methanol and by product glycerol. This 

phenomenon may be clarified by two explanations. Firstly, the glycerol adsorbed on 

the surface of immobilized lipase constrains the contact of substrate and enzyme 

molecules. This can be resolved by washing with a solvent such as acetone and t­

butanol (Oizge et a/., 2008). Secondly, the lipase was inactivated or desorbed from 

carriers during repeated uses. 
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5.7.2.1 Repeated use on transesterification 

It has been demonstrated that the cost of lipase accounts for a large 

part in the total cost of biodiesel production. One of the main advantages of 

an immobilized lipase is that it can be used repeatedly over an extended 

period of time (Ghamgui et al., 2004 and Lu et al., 2007). The byproduct; 

glycerol is the main problem of reusable of immobilized lipase in 

transesterification because it can deactivate enzymes, particularly in 

continuous and repeated-batch processes (Antczak et al., 2009). The 

glycerol molecules were adsorbed on the surface of these carriers thereby 

forming the hydrophilic coating which made enzyme molecules inaccessible 

to substrates. Addition of another hydrophilic substance like acetone to the 

reaction system partially removed glycerol from the lipase environment 

(Dossat et al., 1999). Du et al. also washed the immobilized lipase with iso­

propanol for restoring its activity (Du et al., 2003). In addition, to increase the 

operational stability of the lipases, washing of used Candida antarctica 

immobilized lipase with t-butanol or 2-propanol can be an efficient method of 

regeneration of immobilized lipase (Chen and Wu, 2003). To investigate the 

stability of the immobilized lipase, the optimal conditions for 

transesterification were conducted to obtain the production of biodiesel and 

repeated every 12 hours. Under these conditions, approximately 90% of 

FAME content was obtained. After completion of the reaction for 12 hours of 

each cycle, the immobilized lipase was rinsed with water, t-butanol, hexane 

and acetone in comparison .The purpose was to select the best washing 

solution for the removal of glycerol and oil from the carriers. The immobilized 

lipase was dried in the desiccator and later used in the next batch reaction 

composed of new substrates. The results demonstrated that the % 

production of FAME in each batch was reduced. After three or four times of 

uses, immobilized lipase retained approximately 45% of its initial activity 
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when washe with water. On the other hand, enzyme lost all of its activity 

after 5 cycles with t-butanol, hexane and acetone as the washing solutions. 

From the results, water is selected as the best washing solution for cleaning 

the lipase immobilized on hydrophobic support. It appears that the 

immobilized lipase on Sepabeads EC-GO was inactivated by methanol or 

desorbed from carriers during repeated use. Therefore, the reusability of 

immobilized lipase in hydrolysis of palm oil was examined. 

5.7.2.2 Repeated use on hydrolysis 

Repeated use of the immobilized lipase in batch hydrofysis of palm 

oil was tested as described in section 3.4.10.2.2. Under these conditions, 

approximately 97% of FFA content was obtained. The immobilized lipase 

was rinsed with water after each batch reaction to remove glycerol and oil in 

carriers. From the results, it was shown that stability of the lipase activity was 

evidently observed as in the first cycle. Additionally, immobilized lipase 

could be used at least 10 repeated times without significant loss of activity. 

From this result, it strongly confirmed that immobilized lipase on Sepabeads 

EC-OO was inactivated by methanol. This problem can be reduced by the 

modification of the enzyme with chemical and genetic techniques for more 

tolerance ability in the organic solvents. Otherwise, the alternative method is 

to apply a novel technology for the immobilization of the enzyme. 
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CONCLUSION 

In this research, lipase from Candida rogusa was successfully immobilized on 

selected Sepabeads EC-OD by adsorption. The optimal conditions for the immobilization 

obtained were as follows: pH 6,500 mM ionic strength, 8 mg/ml enzyme loading at 30°C for 

30 min and t-butanol as the adjuvant. When the immobilized lipase- catalyzed 

transesterification was carried out for the production of biodiesel, the maximal yield of 87% 

was finally achieved under the following optimal parameters: six step addition mode, 1 to 3 

molar ratio of oil: methanol, 30% (w/v) of oil enzyme loading at 40°C for 12 hours. Potential 

feedstocks from non-edible and waste plant seed oils including physic nut, papaya and 

rambutan could be highly converted to biodiesel when the reactions were comparatively 

catalyzed by immobilized Candida rugosa lipase and commercial lipases; Novozyme 435 

and Lipozyme RMIM. Finally, the enzyme could be reused for three cycles for the 

production of biodiesel whereas approximately 95% relative hydrolytic activities could be 

well maintained over ten repeated cycles. Therefore, it can be concluded that the 

immobilized Candida rugosa lipase on Sepabeads EC-OD can catalyze the 

transesterification for the production of biodiesel as efficiently as the commercial enzymes. 
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APPENDIX A 

Properties of enzyme carrier 

Table A-1 . Details of seven types of hydrophobic support for immobilization of Candida rugosa lipase 

Type of support Polymer base Functional group 
2 

Spec. surface area (m /g) Pore diameter 

Amberlite XAD 2 styrene DVB 300 90A 

Amberlite XAD 4 Polystyrene DVB 750 100 A 

Amberlite XAD 7 Aliphatic ester 2: 380 450 A 

Amberlite XAD 16 Polystyrene DVB 2: 800 150 A 

Amberlite XAD 761 Formophenolic Phenol 150-250 600 A 

Sepabeads EC-BU Acrylic Butyl 30-40 nm 

Sepabeads EC-OD Acrylic Octadecyl 30-40 nm 

Particle size (mm) 

490-690 

560-710 

560-710 

560-760 

150-300 

150-300 

.->. 

.->. 
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APPENDIX B 

Hydrolysis assays 

Preparation of solutions for hydrolysis assays 

1 Tris buffer solution (Tris Hel) 

1 M Tris buffer, pH 8.0 

Tris base 

Distilled water 

121 

800 

9 

ml 

117 

Tris base was dissolved and pH was adjusted to 8 with HCI. Then, solution 

was adjusted to 1 L with distilled water. Tris buffer solution was later steriled at 121 

°C, pressure15 psi for 15 min. The buffer solution was kept at 4 °c 

50 mM Tris buffer, pH 8.0 

1 M Tris buffer, pH 8.0 

Distilled water 

buffer solution was kept at 4 °c 

2 p-nitrophenyl palmitate solution 

p-nitrophenyl palmitate 

Absolute ethanol 

25 

475 

50 

10 

ml 

ml 

mg 

ml 

p-nitrophenyl palmitate was dissolved with absolute ethanol. Then, the 

solution was mixed well and kept in the brown bottle. (This solution was prepared 

before use) 



APPENDIX C 

Protein detennination 

1. Preparation of solutions for protein assays 
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The assay reagent is prepared by diluting 1 volume of the dye stock with 4 volumes 

of distilled H20. Then solution was filtered by filter paper, Whatman No.1. The solution 

should appear brown, and have a pH of 1.1. It is stable for 4 weeks in a brown bottle at 4°C. 

2. Standard curve of BSA 

Protein standards should be prepared in the same buffer as the samples to be 

assayed. A convenient standard curve can be made using bovine serum albumin (BSA) 

with concentrations of 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 mg/ml. The method is as follows; 

1. Prepare stock bovine serum albumin with concentration 20 mg/ml. 

2. 20 mg/ml BSA was diluted with distilled water as 0.1-0.6 mg/ml (Table C-1) 

Table C-1 Composition for standard BSA 

BSA Reagent volume (J..tI) 

(mg) stock of BSA dH20 

0 - 1000 

0.1 5 995 

0.2 10 990 

0.3 15 985 

0.4 20 980 

0.5 25 975 

0.6 30 970 

2. Pipet 5 J.l1 of each standard from stock solution was into 96 wells microplate. 

Protein solutions are normally assayed in duplicate. 
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3. Add 300 J.l1 f diluted dye reagent to each well and incubated at room 

temperature for 5 minutes. 

4. The product was measured by an increase in the absorbance at 595 nm with 

micro plate reader. 

." 
CJ) 
." 

~ 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 
0 0.1 

y = 0.9796x + 0.0015 
R2 = 0.9988 

0.2 0.3 0.4 

Protein concentration (mglml) 

0.5 0.6 

Figure C-1 . Calibration curve for protein determination by Bradford's method 

3. Calculation of total protein 

The absorbance value at 595 nm was calculated by: 

Where 

Y = aX + b 

Value X axis = Standard protein concentration (mg/ml) 

Value Y axis = Absorbance at 595 nm 

The amount of bound protein on the support was calculated from the difference 

between the amount of protein introduced into the reaction mixture and the amount of 

0.7 

protein present in the filtrate and washing solutions after immobilization. Amount of bound 

enzyme onto support (mg/g) was calculated from the following formula: 



p 

p = Amount of bound enzyme onto support (mg/g) 

C; = Initial protein concentration (mg/ml) 

Cf = Protein concentration of filtrate (mg/ml) 

Cw= Protein concentration of washing solution (mg/ml) 

VI = Initial volume of enzyme solution (ml) 

Vf = Volume of filtrate (ml) 

Vw = Volume of washing solution (ml) 

ms = Weight of the support (g) 

120 
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APPENDIX D 

Calculation of the lipase activity 

1. Calculation of enzyme immobilization 

The efficiency of immobilization was evaluated in terms of lipase activity. specific 

activity. protein loading and activity yields as follows: 

Equation 0 1 .1 

Where 

A410 = Absorbance at 410 nm 

£410 = Molar extinction coefficient of p-nitrophenol at 410 nm 
-1 - 1 = 15.000 M cm 

b = 1cm 

c = Concentration of p -nitrophenyl palmitate 

One unit (1 U) was defined as that amount of enzyme that liberated 1 ~mol of pNPP 

per minute under the test conditions. Lipase activity was calculated from 

Lipase activity (U/g-support) = Activity of immobilized lipase 

Amount of immobilized lipase 

Specific activity (U/mg-protein) = Activity of immobilized lipase 

Amount of protein loading 

Protein loading yield (%) = Amount of protein loading 

Amount of protein introduced 
x 100 
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Activity yield (%) = Specific activity of immobilized lipase 

Specific activity of free lipase 
x 100 

(Chang et al., 2007) 

2. Calculation of thermal stability 

Thermal stability was calculated according to equation (1) and (2) 

(Santos et al., 2008) 

where 

• • 

control 

O.91+-----,r----""'T"---...---..., 
o 10 20 

Time (min.) 
30 40 

Figure D-1 Thermostability of untreated immobilized enzyme 

.. ...... .... ... ... ........ (1 ) 

.. ..... . ...... ... .... ... .. (2) 

A in = the hydrolytic activity at given time 

~no = the initial hydrolytic activity at given time 

Kd = thermal deactivation constant 

= the incubation time 

• # 1 
T #2 
• #3 



Since, 

So, 

slope = Kd (From Fig 0-1) 

2.3 

t 112 = 0.693 

2.3 x slope 

untreated immobilized enzyme 
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1. Calculation of oil content 

APPENDIX E 

Properties of plant oil 
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In oil extraction, the thimbles were weighed before and after addition of the ground 

plant seed including the flask before and after extraction. 

Calculation method was as follows; 

% Oil content = (W4 - W3 ) X 100 w/w of seed 

(W2- W1 ) 

W1 = weight of thimble before paked (g) 

W2 = weight of thimble include plant seed (g) 

W3 = flask (500 ml) + boiling chip (g) 

W4 = flask (500 ml) + boiling chip (g) + oil 

2. Calculation of each fatty acid composition in oil 

Fatty acid composition of plants oil (Table E-1) was determined by GC 

analysis. The chromatogram of fatty acid methyl ester as shows in Figure E-1: The 

percentage of each fatty acid in oil was calculated as follows: 

Percentage of fatty acid (%) = Peak area of fatty acid 
x 100 

Total peak area of fatty acids 

The example of fatty acid composition in palm oil 

155596 Palmitic acid (%) = ___________________________ x 101 

1075+3021+155596+3156+367686+39777+723745+40218+1692+1673 

11 .63 % 
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Figure E-1 . Chromatogram of methyl ester from transesterification of the 1 g of palm oil with 

10% (w/w of oil) sodium hydroxide at 550C, 350 rpm at 24 hr. 
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Table E-1 . Retention time, peak area and peak height of standard fatty acid methyl ester, 

used in the calculation of fatty acid composition in oil. 

Peak Compound name RT Area Height 

1 Methyl Laurate 7.486 1075 477 

2 Methyl Myristate 9.041 3021 962 

3 Methyl Palmitate 11.176 155596 37879 

4 Methyl Palmitoleate 11.423 3156 916 

5 Methyl Standard 12.573 367686 76057 

6 Methyl Stearate 14.198 39777 7310 

7 Methyl Oleate 14.417 723745 127619 

8 Methyl Linoleate 15.089 40218 7002 

9 Methyl Linolenate 16.139 1692 289 

10 Methyl Arachidate 21.898 1673 217 



2. Molecular weight of palm iI 

Triglyceride (TAG) is the major composition in oil. Therefore, the molecular 

weight of triglyceride represents the molecular weight of oil. To calculate the molecular 

weight of TAG (i.e. molecular weight of oil), equation E-1 was use. 

Triacylglyceride 
o H 

II I 

~~:-O- CI- H 

II C-O-C-H 
~~o I 

II 
c-o-c- H 

/~A~I 
3 fatty ac:1dl5 H 

Glycerol 

Figure E-2 Molecular structure of triglyceride 
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= 173 equation E-1 

= 

Where, 

MWTG = Molecular weight of triglyceride = Molecular weight of palm oil 

RAver = Mass of three fatty acid esterified with glycerol 

(minus molecular weight of COOH) 

%FA, = Percentage of each fatty acid in oil 

MW n = Molecular weight of three fatty acid - COOH 

= MWFA - 45 (from main structure of triglyceride) (Fig E-2) 
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Table E-2 Fatty acid composition of palm oil 

Common name Abbreviation % Fatty acid 

Lauric acid (C12H2402) 12: 0 0.59 

Myristic acid (C14H2fj02) 14: 0 0.96 

Palmitic acid (C1sH320 2) 16: 0 38.67 

Palmitoleic acid (C1SH3Q02) 16: 1 0.11 

Stearic acid (C18H360 2) 18: 0 3.32 

Oleic acid (C18H340 2) 18:1 45.45 

Linoleic acid (C18H320 2) 18:2 10.87 

Linolenic acid (C18H3)02) 18: 3 0.20 

Arachidic acid (C2QH400 2) 20: 0 0.23 

Behenic acid (C22H440 2) 22: 0 0.02 

The example of triglyceride in used palm oil calculation 

RAve = 
(0.59 x 155) +(0.96 x 183) +C8

.
67 

x 211)+( 0.11 x 209) +C·32 x 239) 
100 100 100 100 100 

+ (45.45 x 237)+(10.87 x 235)+(°·20 x 233)+(°·23 x 267)+( 0.02 x 295) 
. 100 100 100 100 100 

= 0.915 + 1.757 + 81 .594 + 0.221 + 7.935 + 107.717 + 25.545 + 0.466 

+ 0.614 + 0.059 

= 226.823 

MWTG = (3 x 226.823) + 173 

= 853.469 

Therefore molecular weight of palm oil is equal to 853.4 7 
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Table E-3. Molecular weight of non-edible and waste plant oil 

Common name MW 

Papaya Carica papaya Linn. 871.18 

Physic nut Jatropha curcas l. 870.41 

Pomelo Citrus maxima (Burm.) Merr. 860.27 

Pumpkin Cucurbita moschata Duchesne 867.38 

Rambutan Nephe/ium lappaceum l. 899.13 

Rubber Dipterocarpus alatus Roxb.ex G.Oon 872.15 

Tangerine Citrus reticulate Blan co 901.66 

White silk cotton Ceiba pentandra (l.)Gaertn. 865.65 

Wild almond Irvingia malayana Oliv. ex A.W. Benn. 748.51 

3. Calculation SN,IV, CN and7]values 

Calculation IV of plant seed oils were calculated from their fatty acid methyl ester 

compositions as Equation E-2, SN were calculated from the equation E-3 and CN of fatty 

acid methyl ester were calculated from Equation E-4. Also, the mass fraction was used in 

preference to the mole fraction to conform to the mass unit that is implicit in the units for 

viscosity used in this study. With these two modifications, Equation E-5 was used to predict 

the viscosity of biodiesel fuels based on their fatty acid composition 

Where. 

IV = I(254 x 0 x A) / MWi, 

SN = I(560 x A) / MW,-, 

CN = 46.3 + 5458 / SN - 0.225 x IV 

In 17m = IZi In 17i 

Equation E-2 

Equation E-3 

Equation E-4 

Equation E-5 

Ai = Percentage of each component in the chromatogram 

MW, = Molecular mass 



Wild almond 

Rubber 

Rambutan 

D = Number of double bonds 

Zj = Mass fraction 

Physic Nut 

Pamela 

Pumpkin 

Figure E-3. Non-edible and waste plant oil 
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White Silk Cotton 

Papaya 

Tangerine 
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APPENDIX F 

Calculation of transesterification reaction 

1. Volume of methanol 

The stoichiometry of this reaction requires 3 mol methanol per mol triglyceride to 

yield 3 mol fatty acid methyl ester or biodiesel and 1 mol glycerol. The biodiesel yield could 

be elevated by introducing an excess amount of methanol to shift the equilibrium to the 

right-hand side. So, the ratio of oil and methanol is 1:3 according to the equation in Fig 0-3. 

The applied volume of methanol was determined by using the molecular weight of palm oil 

from section 4 equal to 853.47. 

o 
II 

H2C-O "'-Rl 

I 9 
HC-O-C-R 

21 a 2 
II 

He-O-C-R 2 3 

Palm oil 

+ 

Methanol 

o 
II 

H C-O-C-R 3
0

1 

II Catalyst 

..... --......... H C-O-C-R 
3 0 2 

II 

H3G-O-C-R3 

FAME 

Figure F-1 Transesterification of palm oil and methanol 

So, palm oil 1 g = 1/853.47 

-3 
-= 1.171 x 10 mole 

-3 
= 3 x 1.171 x 10 Thus, the volume of methanol 

-3 
= 3.513 x 10 mole 

Since molecular weight of methanol is equal to 32 

+ 

Glycerol 

-3 
So, methanol 3.513 x 10 mole = -3 

3.513 x 10 x 32 = 0.1124 9 

From O=M 

V 

o = Density of methanol (0 .792) 



M = Mass of methanol 

v = Volume of methanol 

(0.1124g) 

(ml) 

V= 0.1124 

0.792 

So, the volume of methanol is equal to 0.140 ml. 

2. %conversion yield from HPLC analysis 

A" FAME were assumed by HPLC can be calculated as follows; 

% FAME = 

OD 

FAME 
x 100 

{FAME + FFA + (TAG x 3) + (1,3 DAG x 2) + (1,2 DAG x 2) + MAG} 

2.5 

FAME = Concentration of methyl ester 

FFA = Concentration of free fatty acid 

TAG = Concentration of triglyceride 

DAG = Concentration of diglyceride 

MAG = Concentration of monoglyceride 

Moxlnlonoly: 111 9 493 
me 1 .1 hlen. 47 
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Figure F-2 Chromatogram of methyl ester from transesterification catalyzed by immobilized 

lipase and analyzed by high performance liquid chromatography 



Where 

Peak 1 = Eicosane 

Peak 2 = Fatty acid methyl ester (FAME or Biodiesel) 

Peak 3 = Triglyceride (TAG) 

Peak 4 = Free fatty acid (FFA) 

Peak 5 = 1,3 Diglyceride (1,3 DAG) 

Peak 6 = 1,2 Diglyceride (1,2 DAG) 

Peak 7 = Monoglyceride (MAG) 
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Property 

Microorganism 

Type of support 

Specificity 

APPENDIX G 

Property of commercial lipase 

Novozyme® 435 

Candida antarctica fraction B 

Macroporous resin 

Non-specific 

References: Martin. E. H. and Otero. C., 2007 
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Lipozyme® RM 1M 

Rhizomucor miehei 

Acrylic resin 

1,3-specific 
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