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 Biofuels has received significant attention recently as a biodegradable and 

nonpolluting fuel. In this study, butyloleate was prepared in solvent-free system by 

esterification of oleic acid with butanol using immobilized lipase Novozym 435 as 

biocatalyst in a batch system. The conversion of free fatty acid (FFA) could reach 

91.0% at reaction temperature of 45°C, oleic acid/butanol molar ratio of 1:2, 

Novozym 435 loading based on FFA weight of 5%, a shaking rate of 250 rpm, and 

a reaction period of 24 h. The removal of water that was produced during the 

enzymatic esterification by the addition of molecular sieves could enhance the 

FFA conversion  to 96.1%. Novozym 435 having been used for five cycles still 

remained active with only slightly loss of catalytic activity. From kinetic study of 

the reaction at temperatures of 35- 60°C, the reaction appeared to be second order, 

at which the activation energy (Ea) was 13.64 kJ/mol. This product could 

reasonable be used as biobased industrial material in biolubricants and diesel fuel 

additives. 
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CHAPTER I 

INTRODUCTION 

1.1 Motivation  

 Currently, energy problem is one of the most important issues and continually 

affects all human beings directly. In Thailand, fossil fuel resources such as oil, gas, 

and coal are limited. Therefore, the current research in chemical engineering is 

focused on developing alternative energy sources for the near future. Biodiesels and 

biolubricants from vegetable oils or waste oils are as parts of the research for the 

evolution of renewable energy sources in Thailand.  

 Biolubricants are environmentally compatible products due to their low 

toxicity and good biodegradability. Biolubricants are derived from vegetable oils such 

as palm oil, soy bean oil, sunflower oil, peanut oil, olive oil or animal fat with 

alcohols. The most commonly processes are performed by transesterification or 

esterification reaction. Many kinds of alcohols could be used, such as propanol, 

butanol, hexanol, octanol and 2-ethyl-1-hexanol. The biolubricant synthesis is 

classified as chemical or enzymatic production. The chemical processes are usually 

used alkaline (NaOH or KOH) or acid (H2SO4) as catalyst. For the enzymatic 

processes, lipase can be used as biocatalyst for transesterification or esterification. 

However, the high cost of enzymes often makes the enzymatic process economically 

unattractive (Noureddini et al., 2005). The use of immobilized enzyme has some 

industrial and economical advantages such as ease recovery and re-use, greater 

stability of the enzyme, and possibility of continuous operation (Oliveira et al., 

2000).  

 Application of butanol has been attempted to keep an option ready for ethanol 

substitution. Advantages of butanol over ethanol such as lower vapor pressure, higher 

miscibility with gasoline and diesel (lower affinity for water), and higher 

stoichiometric air/fuel ratio, thereby improving combustion and reducing CO 

emissions, are the driving forces for replacing ethanol with butanol (Mehta et 

al.,2010).  



2 
 

 This research focuses on the development of butyloleate production from oleic 

acid and butanol by using an immobilized enzyme, Novozym 435. 

1.2 Research objective 

 The purpose of this research work is to study butyloleate production from 

oleic acid and butanol catalysed by lipase (Novozym 435). 

1.3 Research scopes  

 In this research work, Novozym 435, which is Lipase B from Candida 

antarctica, EC 3.1.1.3 (S.M. Chemical Supplier Co., Lyd.) a nonspecific lipase 

immobilized on macroporous acrylic resin, was used as a biocatalyst. The optimal 

conditions for butyloleate production from oleic acid and butanol were determined. 

The range of the operating conditions were: reaction time at 0-48 h, stirring rate at  

200, 250, 300 and 350 rpm, molar ratio of free fatty acid and butanol at 1:1 to 1:4 and 

the operating temperature at 35-60°C. Further more, the reusability of  Novozym 435 

was investigated and the effect of water on butyloleate production was examined. 

1.4 Expected benefit  

The expected benefit of this study is to obtain useful information for better 

understanding of production of butyloleate from oleic acid and butanol by lipase-

catalysis. 

 

 

 

 

 



CHAPTER II 

BACKGROUND AND LITERATURE REVIEW 

2.1 Bio-lubricant 

 Pure, natural lubricants manufactured by environmental-safe processes have 

gained more and more attention recently, since they do not contain toxic compounds 

and are biological degradable (Dormo et al., 2004). Lubricant oil is used to reduce 

friction between two surfaces, for instance, in car engine. To apply for specific uses, 

lubricant oil properties were modified by certain techniques or methods, such as 

esterification, hydrolysis, ring-opening and epoxidation.  

2.2 Butanol 

Butanol (C4H9OH) is the primary alcohol with 4 carbons. It is now recognized 

as a solvent, an intermediate in chemical synthesis and important transport fuels. 

Butanol could be produced by solvent oganic clostridia via the Acetone-Butanol-

Ethanol (ABE) fermentation (Qureshi et al., 1999). The history of the ABE 

fermentation stretches back to the early 1900s and it was once only second to ethanol 

as the largest industrial fermentation. Its demise was ultimately triggered by the 

availability of cheaper alternatives from the petrochemical industry (Qureshi et al., 

2010). The search for a sustainable biofuel has now established biobutanol as an 

important alternative transportation fuel.  

2.3 Fatty acid 

 Fatty acids are molecules consisting of long chains of carboxylic acid, which 

is an organic acid consisting of carbon, oxygen, and hydrogen atoms. The "backbone" 

of the fatty acid chain is a string of carbon atoms; the oxygen and hydrogen atoms 

"protrude" out from the carbon backbone. Most fatty acids are chains of between four 

and 28 carbon atoms. Fatty acids are either saturated or unsaturated. Saturated fatty 

acids contain exclusively single bonds between carbon atoms; whereas unsaturated 

fatty acids contain some double bonds between the carbon atoms.  

http://www.napier.ac.uk/randkt/rktcentres/bfrc/Pages/ABEhistory.aspx
http://www.napier.ac.uk/randkt/rktcentres/bfrc/Pages/ABEhistory.aspx
http://www.napier.ac.uk/randkt/rktcentres/bfrc/Pages/ABEhistory.aspx
http://heartdisease.about.com/od/cholesteroltriglyceride1/g/Saturated-Fats.htm
http://heartdisease.about.com/od/cholesteroltriglyceride1/g/Unsaturated-Fats.htm
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For commercial use, it has been necessary to look for cheap raw materials to 

produce biofuel. The use of waste cooking oil to obtain biodiesel using a chemical 

catalyst was reported (Thanh et al., 2012). Waste cooking oils generally contain 

impurities, water and free fatty acids. However, it was shown that biodiesel from 

waste cooking oil could be used in different types of diesel engines with no loss of 

efficiency and significant reduction in the emissions of particulate matter, carbon 

monoxide and total hydrocarbons with respect to conventional diesel obtained from 

fossil fuel. An essential feature of biodiesel is that its fatty acid composition 

corresponds to that of its parent oil or fat. Thus, biodiesel fuels derived from different 

sources can have significantly varying fatty acid profiles and properties (Knothe, 

2005). 

There are several industrial application possibilities for fatty acid esters, as 

natural compounds. Oleic acid (cis-9-octadecenoic acid) is one of the most important 

fatty acids in nature from plant oils. Its esters produced by enzyme catalysis can be 

applied as lubricant (Dormoa et al., 2004). 

 

 

 

 

 

 

 

 

Figure2.1 The structures of fatty acid with a methyl end and a carboxyl 

(acidic) end (Rustan and Drevon, 2005). 
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Table 2.1 Common biological saturated fatty acid  

Symbol common name structure Source 

12:0 Lauric acid CH3(CH2)10COOH Palm kernel oil 

14:0 Myristic acid CH3(CH2)12COOH Oil of nutmeg 

16:0 Palmitic acid CH3(CH2)14COOH Palm oil 

18:0 Stearic acid CH3(CH2)16COOH Beef tallow 

20:0 Arachidic aicd CH3(CH2)18COOH acid Liver 

 

 

Table 2.2 Common biological unsaturated fatty acids 

Symbol common name structure Source 

16:1 Palmitoleic acid CH3(CH2)5CH=CH-

(CH2)7COOH 

Whale oil 

18:1 Oleic acid CH 3 (CH 2 ) 7 CH=CH

(CH 2 ) 7 COOH 

Olive oil 

18:2 Linoleic acid CH3(CH2)4(CH=CHC

H2)2(CH2)6COOH 

Soybean oil, safflower 

oil 

20:4 arachidonic acid CH3(CH2)4(CH=CHC

H2)4(CH2)2COOH 

Fish oils, linseed oil 

 

2.4 Enzymatic catalyst 

Enzymatic fuels production from raw vegetable oils has been extensively 

studied for many authors in the past years.  
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Different lipases, such as Candida antarctica, Pseudomonas cepacia and 

Thermomyces lanuginosus have been employed as biocatalysts in the production of 

biodiesel from vegetable oil. These enzymes can be used free or immobilized. Several 

researchers have reported that the commercially available Novozym 435 (C. 

antarctica lipase B immobilized on acrylic resin) was the most effective catalyst 

among tested lipases for biodiesel production (Maceiras et al., 2009). 

 

Table 2.3 Enzymatic and non-enzymatic methods for biodiesel fuel production 

(Fukuda et al., 2001).  

Conditions Alkali-catalysis 

process 

Lipase-catalysis process  

Reaction temperature 60-70°C 30-40°C  

Free fatty acids in raw 

material 

Saponified products Methyl esters  

Water in raw materials Interference with the 

reaction 

No influence  

Yield of methyl esters Normal Higher  

Recovery of glycerol Difficult Easy  

Purification of methyl esters Repeated washing None  

Production cost of catalyst Cheap Relatively expensive  

 

2.5 Immobilized enzyme  

 Currently Immobilized enzymes are the object of interest. The number of 

applications of immobilized enzymes is increasing (Katchalski-Katzir et al., 1993). 

However, experimental investigations have produced unexpected results such as a 

significant reduction or even an increase in activity compared with soluble enzymes. 

Immobilization of macromolecules can be generally defined as a procedure leading to 

their restricted mobility. A classification of immobilization methods according to 

different chemical and physical principles is shown in Figure 2.2 
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 2.5.1 Advantages of immobilized enzymes 

      1) The enzyme can be packed into columns and used over a long period. 

      2) The enzyme is easily removed. 

      3) The products can be easily separated and the feedback inhibition can be 

reduced. 

2.6 Esterification Reaction 

 The classic synthesis the esterification, which carboxylic acids (RCOOH) and 

alcohols (R’OH) react together to form compounds known as esters and water. 

RCOOH + R'OH ↔ RCOOR' + H2O    (2.1) 

 The biolubricant synthesis is classified as chemical or enzymatic production. 

The chemical processes are usually used alkaline (NaOH or KOH) or acid (H2SO4) as 

catalyst, whereas in bioprocesses, lipases are used as enzyme (biocatalyst) to catalyze 

transesterification or esterification. Although transesterification using an alkaline as 

catalyst may give high productivity of biolubricant, the reaction has several 

 

 

 

 

 

 

 

. 

  

 

 

  

 

Figure 2.2 Classification of immobilization methods (Tischer et al.,1999). 
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drawbacks. It is energy intensive and difficult to recovery glycerol. On the other hand, 

no removal of glycerol is required under biolubricant synthesis by esterification of 

free fatty acids. Moreover, free fatty acids, which are byproducts of refining of crude 

plant oil products, are cheaper raw materials for the synthesis of biolubricant than 

refined or crude oils. 

2.7 Kinetic of reaction 

 2.7.1 The reaction rate constant 

 In the chemical reaction, one of the reactants that is disappearing  as a result of 

the reaction is the basic of calculation a species A. Usually chosen the limiting 

reactant is basic for calculation. The rate of a reaction can be expressed in terms of the 

concentrations of the various species.  

 For a general reaction rate form: A + B → C + D, where substance A and B 

are reacting to produce C + D. 

Rate = k(T)[A]
m

[B]
n
                                     

In this equation, k is the rate constant for the reaction; [A], [B] is the concentration of 

A, B; m is the order of the reaction with respect to A and n is the order of the reaction 

with respect to B 

 2.7.2 The Arrhenius equation 

 Quantitatively the relationship between the temperature term and the rate of 

reaction term is determined by the Arrhenius Equation.  

k(T) = Ae
-Ea/RT

  

Where,  A =  pre-exponential factor or frequency factor 

  Ea = activation energy, J/mol or cal/mol 

  R  = gas constant = 8.314 J/mol.K = 1.987 cal/mol.K 

  T  = absolute temperature, K 

The activation energy is determined experimentally by carrying out the reaction at 

several different temperatures. After taking the natural logarithm of the Arrhenius 

equation, the modified equation is usually of the form: 

ln k = ln A - 
𝐸𝑎

𝑅𝑇
 

The activation energy can be determined from a straight line whose slope from a plot 

of  ln k versus 1/T. 

http://en.wikipedia.org/wiki/Natural_logarithm
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2.8 Optimization of the enzymatic esterification reaction 

 2.8.1 The effect of reaction time 

 The effect of reaction time, time course of methanolysis reaction of waste 

frying oil (WFO) in series of experiments involving different methanol to oil molar 

ratio have been carried out. It indicates that the optimum reaction time is 4 h since 

after that time there is no change in the methyl esters yield (Maceiras et al., 2009). 

Under the study of effect of reaction time of esterification of palm fatty acid 

distillation (PFAD) in supercritical methanol, the yield increased steadily with 

increased reaction time up to 30 min, providing the yield of 95%. After that, the 

conversions remained nearly constant (Yujareon et al., 2009).  

 2.8.2 The effect of enzyme loading 

Under the study of effect of lipase loading on the esterification, Initial rate 

increased with increasing the lipase concentration till 12% (w/w of substrates), and 

with further increase of biocatalyst concentration, a decrease in initial rate was 

observed (Sabeder et al., 2006). Under the study of enzymatic production of biodiesel 

from waste frying oil with methanol, it was found that methyl esters content was 

increased by increasing lipase loading for lipase concentrations below 10%, and then 

was decreased for the higher lipase loading concentrations more than 10% (Maceiras 

et al., 2009).   

 2.8.3 The effect of molar ratios of oil/alcohol 

It is well known that one of the most important parameters in enzymatic 

esterifications is acid/alcohol molar ratio. The optimal molar ratio of acid/alcohol for 

esterification has been determined. The highest acid conversion of ester by lipase 

enzyme was achieved at 1:2 molar ratio (Dormo et al., 2004). The effect of PFAD to 

methanol molar ratio varied from 1:1 to 1:12 under the condition: reaction time of 30 

min and temperature of 250°C and 300°C was investigated. The maximum yield of 

FAMEs was 74% and 95% with molar ratio 1:6 at 250°C and 300°C, respectively 

(Yujareon et al.,2009). 
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 2.8.4 The effect of temperature 

 To study the effect of temperature on lipase activity, reaction was performed 

at temperature from 30°C to 110°C. The conversion after 72 h increased with 

increasing temperature to 60°C (78%) (Sabeder et al., 2006). The studied in series of 

experiments in the range of 30 °C to 60°C, the concentration of product increased in 

higher temperatures (Dormo et al., 2004). The effect of reaction temperature of inlet 

PFAD to methanol was carried out between 250 to 300 °C.  The yield of FAMEs 

slightly increased when the system temperature increased (from 64% to 73%) 

(Yujareon et al., 2011). 

 

2.9 Literature review 

 There are many researches for the development of suitable technologies for 

biodiesel production. Varieties of oil, alcohols, catalysts and reaction conditions have 

been used for the research studies. 

 Kose et al.,(2002) studies immobilized Candida antractica lipase-catalyzed 

alcoholysis of cotton seed oil in a solvent-free medium. The refined cotton seed oil of 

Turkish origin with primary and secondary alcohols was investigated in the presence 

of an immobilized enzyme form Candida antractica, commercially called 

Novozym.435. The optimum conditions of Methanolysis were as follow: 30% enzyme 

based on oil weight; oil/alcohol molar ratio 1:4; temperature: 50°C and reaction time: 

7 h. Maximum methyl esters (ME) yield at 91.5% was obtained. At the same 

conditions, cotton seed oil could be converted with short-chain primary and secondary 

alcohols to its corresponding ester with conversions between 72% and 94%. The 

results indicated that alcoholysis products of cotton seed oil could be used as valuable 

intermediates in oleochemistry 

 Koszorz et al.,(2004) studied enzymatic esterification of oleic-acid and i-amyl 

alcohol using a pervaporation membrane reactor with immobilized lipase enzyme, 

Novozym 435. Computer calculations performed with the use of this model showed 
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that there exists a range of pervaporation process parameters which prohibits the 

reaction from proceeding. 

Dormo et al.,(2004) studied the manufacture of an environmental-safe 

biolubricant from fusel oil by enzymatic esterification in solvent-free system. 

Experiments were carried out, and the effects of water content, temperature, substrate 

concentration and the molar ratio of oleic acid and alcohols were investigated. To 

eliminate the negative effect of the water produced in the reaction, an integrated 

system constructed with a pervaporation unit for water removal was used. The 99.8% 

conversion was achieved under optimal conditions.   

 Li et al.,(2006) studied lipase-catalyzed transesterification of rapeseed oils for 

biodiesel production with a novel organic solvent as the reaction medium. Combined 

use of Lipozyme TL IM and Novozym 435 was proposed further to catalyze the 

methanolysis and the highest biodiesel yield of 95% could be achieved under the 

optimum conditions (tert-butanol /oil volume ratio 1:1; methanol/oil molar ratio 4:1; 

3% Lipozyme TL IM and 1% Novozym 435 based on the oil weight; temperature 

35
o
C; 130 rpm, 12 h). There was no obvious loss in lipase activity even after being 

repeatedly used for 200 cycles with tert-butanol as the reaction medium.  

 Berrios et al.,(2007) studied the kinetics of the esterification of free fatty acids 

(in sunflower oil) with methanol. The results showed the first-order kinetic law for the 

forward reaction and a second-order one for the reverse reaction. The energy of 

activation for the forward reaction decreased with increasing catalyst concentration 

from 50,745 to 44,559 J/mol. FFA can be effectively removed by esterification which 

using a 5% sulphuric acid concentration relative to FFA, a methanol oleic acid mole 

ratio of 60:1, speed of rotation 250 RPM, 60°C. 

 Dizge et al.,(2008) reported that the optimum pH for immobilized T. 

lanuginosus enzyme (with 80% immobilization yield) was 6.0, which was the same 

pH as for the free enzyme. The optimal conditions for processing 20 g of refined 

canola oil with methanol were: 430mg lipase, 1:6oil/methanol molar ratio, 0.1g water 

and 40°C. Maximum methylesters yield was 90% of which enzymatic activity 

remained after 10 batches, when tert-butanol was adopted to remove by-product 
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glycerol during repeated use of the lipase. The immobilized lipase was stable and 

maintained catalytic activity during the repeated uses.  

 Hernandez-Martın and Otero,(2008) studies different enzyme requirements for 

the synthesis of biodiesel: Novozym
®
435 and Lipozyme

®
TL IM. Loss of lipase 

activity induced by the nucleophile was found greater with methanol than ethanol, and 

was greater for Lipozyme
®
TL IM than for Novozym

®
435. The optimum volume of 

ethanol depended on the loading of solid biocatalyst and was higher for preparations 

of Novozym
®
435 than for Lipozyme

®
TL IM. Quantitative conversions to biodiesel 

could be obtained in only 7 h at 25 °C with 50% (w/w) Novozym
®
435 in a single-step 

process. Under such conditions, Novozym
®
435 retains 85% of its initial activity after 

nine cycles of reaction under optimum conditions in a batch reactor. 

 Jeong and Park,(2008) studied lipase-catalyzed transesterification of rapeseed 

oils for biodiesel production with tert-butanol. The application if Novozym 435 was 

determined to catalyze the transesterification process and a conversion of 76.1% was 

achieved at the selected conditions (reaction temperature 40
o
C, methanol/oil molar 

ratio 3:1, 5% (w/w) Novozym 435 based on the oil weight, water content 1% (w/w), 

and reaction time of 24 h). Under these reaction conditions, a conversion of 

approximately 76.1% was achieved. It has also been determined that rapeseed oil can 

be converted to fatty acid methyl ester using this system and the results of this study 

contribute to the basic data relevant to the development of continuous enzymatic 

process 

Liu et al.,(2009) studies the effect of two crucial parameters, type of 

biocatalysts (Novozym 435, Lipozyme TLIM and Lipozyme RMIM), and different 

alcohols (methanol, ethanol, propanol, isopropanol, isobutanol, isoamyl alcohol and 

fusel oil-like alcohol mixture), on conversion rate. The results showed that each lipase 

presented a different kinetic pattern depending on the monohydric alcohols in solvent-

free and tert-butanol systems. It was indicated that a possible use of fusel oil-like 

mixture as a raw material for biodiesel production was a promising procedure. In 

addition, a reaction kinetics model was developed for the methanolysis of waste 

baked duck oil using combined lipases of Novozym 435 and Lipozyme TLIM in 
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solvent-free system. The kinetic parameters were estimated by fitting experimental 

data and deduced to be a pseudo-third-order reaction and the activation energy was 

31.65 kJ/mol. 

Maceiras et al.,(2009) studied the enzymatic reaction of waste frying oil with 

methanol using Novozym 435 as catalyst. The reaction parameters such as the molar 

ratio of alcohol to oil, enzyme loading and reaction time were investigated. The 

optimum reaction conditions were at the molar ratio of 25:1 (methanol to oil), 10% 

(based on oil weight) enzyme loading and reaction time of 4 h at 50°C with  biodiesel 

yield of 89.1%. 

 Sonare and Rathod,(2010) showed that the highest activity of Lipozyme RM 

IM for transesterification was at mild reaction temperature of 45 °C. In solvent free 

system, inactivation of enzyme by methanol and glycerol was observed. Tertiary 

butanol was found to be a good solvent which solubilized both triglycerides and 

glycerol. The activity of immobilized lipase was highly increased in comparison with 

that of the solvent free system because its activity sites became more effective. 

Immobilized enzyme could be repeatedly used without troublesome method of 

separation and the decrease in its activity was not largely observed. 

 Pinnarat and Savage,(2010) studies the esterification of excess ethanol with 

oleic acid at sub- and supercritical reaction conditions.  The ethyl esterification of 

oleic acid without added catalyst can be done at mild subcritical reaction conditions. 

Moreover, the reaction does not require the excess of ethanol, and it can work in the 

presence of modest amounts of water in the feed stream. The kinetics of esterification  

were determined: the forward and reverse rate constants at five different temperatures 

and the corresponding Arrhenius parameters. 

 Alenezi et al., (2010) studied non-catalytic esterification of free fatty acids 

(FFA) with supercritical methanol. Effects of temperature, stirring rate and reaction 

time intervals were investigated. The yield of FAME was found to increase with an 

increase in temperature, and with an increase in the molar ratio of methanol to FFA. 

The yield of FAME was not affected by the increase of stirring rate more than 850 

rpm. The activation energy value for the forward reaction was 72 kJ/mol.  
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 Zhang et al.,(2010) studies biodiesel from palm oil and dimethyl carbonate 

catalyzed by immobilized-lipase in solvent-free system. The effects of the reaction 

conditions (type of lipases, molar ratio of DMC and palm oil, amount of catalyst, 

reaction temperature and time) on the yield of FAMEs were investigated. The yield of 

FAMEs could reach 90.5% at 55°C for 24 h with the molar ratio of DMC to oil 10:1 

and the catalyst amount of 20% Novozym 435 (based on the oil weight). There was 

no obvious loss in the FAMEs yield after Novozym 435 having been used for eight 

cycles. 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER III 

EXPERIMENTS 

 This chapter consists of experimental systems and procedures used in this 

research, which is divided into 5 main parts: 

 1. Materials and chemicals 

 2. Enzymatic esterification  

  3. Equipments 

 4. Optimization of process parameter 

 5. Butyoleate Analysis 

3.1 Materials and chemicals 

 Novozym 435 (Lipase B from C. antractica, EC 3.1.1.3, a nonspecific lipase 

immobilized on macroporous acrylic resin) used as biocatalyst was purchase from 

S.M. Chemical suppliers Co., Ltd. Molecular sieve was used in this study purchased 

from local suppliers in Thailand. 

 All chemicals used in this work (n-butanol, isobutanol, n-propanol, oleic fatty 

acid) were analytical grade, and were purchased from local suppliers in Thailand.   

 

3.2 Enzymatic esterification reaction 

 The esterification was carried out in 250 mL Erlenmayer flasks. The  reaction 

containing of 40 g of oleic fatty acid and butanol at  a molar ratio of 1:1, 1:2, 1:3 or 

1:4. The reaction was catalyzed by Novozym 435 at 2.5%, 5% or 10% (w/w of oil). 

The mixtures were incubated at 35, 45, 55 or 60°C under a constant shaking at 200, 

250, 300 or 350 rpm. Samples of 6 mL were taken from the reaction mixture at 1, 3, 

6, 9, 12 and 24 h of the reaction. The residual alcohol and water were removed from 

the sample by evaporation before the FFA concentration analysis. For the examination 

of the repeated uses of Novozym 435, after 24 h of the reaction, the products and the 
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remaining substrates were removed from the flask and the fresh substrates were added 

to the flask. The reaction was then performed at the optimal conditions to examine the 

enzymatic activity of the reused Novozym 435.  

 

3.3 Equipments 

 3.3.1. Sciencetific balance 

 3.3.2. Micropipette 

 3.3.3. Heater 

 3.3.4. Burette 

 3.3.5. Incubator shaker (Innova 4000, ALT, Connecticut, USA ) 

 3.3.6. Centrifuge (5100,  Kubota, Fujioka, Japan) 

 

3.4 Optimization of process parameter 

 To study the optimal conditions for enzymatic esterification of oleic acid with 

butyl alcohol, effects of the following conditions and kinetics of the reaction were 

investigated. 

  3.4.1. Effect of temperature  

 3.4.2. Effect of stirring rate 

     3.4.3. Effect of molar ratio of oleic acid/butanol  

 3.4.4. Effect of enzyme loading 

 3.4.5. Effect of water removal 

 3.4.6. Repeated use of the immobilized Novozym 435 

 3.4.7. Kinetics of esterification reaction. 

 

3.5 Butyoleate Analysis 

 The content of fatty acid was obtained by titration. Percentage of oleic acid 

conversion was determined by the titration with 0.025M KOH solution using 

phenolphthalein as the indicator. Concentration of oleic acid could be calculated from 

the titration volume of the KOH solution. The data was used to calculate the FFA 

conversion. The accuracy of data from the titration method was confirmed by data 

from NMR analysis.  
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NMR is a useful method for determining the molecular structure of a chemical 

as a whole. The result of merging data from infrared spectroscopy (to determine the 

function of a compound) and NMR (provides information on the number of each type 

of hydrogen) is sufficient to determine concentrations of known compounds and to 

investigate unknown structure as well (Arbain and Salimon, 2010). 



CHAPTER IV 

RESULTS AND DISCUSSION 

 

 Experimental results were obtained from the esterification of oleic acid with 

butanol by the Candida antractica B lipase, commercially known as Novozym 435. 

Effects of reaction time, temperature, enzyme loading, molar ratio of acid to butanol, 

speed of agitation and kinetic of esterification reaction in solvent free system were 

determined. Results and discussions are presented in 3 parts: 

 4.1 Butyloleate production using immobilized lipase 

 4.2 Effects of reaction conditions on esterification reaction 

  4.2.1 Effect of reaction time 

  4.2.2  Effect of enzyme loading  

  4.2.3 Effect of acid/alcohol molar ratio 

  4.2.4 Effect of speed of agitation 

  4.2.5  Effect of reaction temperature 

  4.2.6 Effect of alcohol type 

  4.2.7 Effect of water removal 

 4.3 Reusability of enzyme 

 4.4 Kinetics of enzymatic esterification of reaction 
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4.1 Butyloleate production using immobilized lipase 

 In this study, the immobilized lipase, Novozym 435 was applied for the 

butyloleate production. The reaction of oleic acid and butanol at a molar ratio of 1:2 

was carried out in 250 mL Erlenmayer flasks. The reaction was catalyzed by 5% 

lipase (by weight of oleic acid). The mixtures were incubated at 45°C under constant 

shaking at 250 rpm. Butanol was evaporated from the samples followed by 

centrifuging to separate the product for analysis. 

4.2 Effects of reaction conditions on esterification reaction 

 4.2.1 Effect of reaction time 

 The effect of reaction time on the esterification of oleic acid and butanol 

catalyzed by immobilized lipase Novozym 435 was determined under the reaction 

conditions: molar ratio of oleic acid/butanol molar ratio, 1:2; Novozym 435 based on 

acid weight, 5%; reaction temperature, 45°C and a stirring rate of 250 rpm. From 

Figure 4.1, it was found that the conversion of FFA was increased quickly with 

increasing reaction time during 0-6 h and it was then gradually increased until it 

reached the maximum at 24 h. The maximal conversion at 91.0% was obtained. 

 

 Figure 4.1 Effect of reaction time on the conversion of FFA. Reaction 

conditions: molar  ratio of  butanol/oleic acid molar ratio, 2:1; Novozym 435 based on 

acid weight, 5%; reaction temperature, 45°C; a stirring rate of 250 rpm, and reaction 

period of 48 h. 
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 4.2.2 Effect of enzyme loading  

 The catalyst loading is an essential economical factor for industrial 

application. Thus, the effect of enzyme loading was examined. To study this effect, 

the percentage of enzyme loading was varied from 2.5% to 10% (w/w) with respect to 

fatty acid weight.  Reaction temperature was fixed at 45°C and oleic acid to butanol 

molar ratio was 1:2. From Figure 4.2, it was found that the conversion of FFA 

increased with increasing of enzyme loading and reached the maximum of about 

91.0% when the concentration of catalyst was 5-10%.   

 

 Figure 4.2 Effect of enzyme loading on the conversion of FFA. Reaction 

conditions: molar  ratio of  butanol/oleic acid molar ratio, 2:1; Temperature 45°C; a 

stirring rate of 250 rpm, and reaction period of 24 hr. (□) 10% ; (♦) 5%; (Δ) 2.5%  

(w/w) of fatty acid. 

 In general, initial rate increased with increasing biocatalyst concentration. 

However, extra loading of lipase beyond the maximal level could cause a decrease in 

the initial rate (Sabeder et al., 2006). Maceiras et al. (2009) reported that methyl esters 

yield increased with lipase concentrations up to 10% (w/w) of oil, after that the yield 

decreased. Similarly, Zhang et al. (2010) reported that the FAMEs yield increased 
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with increasing catalyst amount. The maximum FAMEs yield was 90.2% at 20% 

(w/w) enzyme loading.  However, FAMEs yield was not increased with the addition 

of enzyme loading further than 20% (w/w). It was suggested that too much catalyst 

loading could cause the mixture too viscous, leading to a problem of mixing (Zhang, 

2010). In this work, slightly increase of FFA conversion was observed with the 

increase of enzyme loading from 5 to 10% (w/w) of oleic acid. Considering the 

economical point of view, the enzyme loading at 5% (w/w) of oleic acid was used in 

the further study.  

 4.2.3 Effect of fatty acid/alcohol molar ratio 

 One of the most important parameters in enzymatic esterification is the molar 

ratio of fatty acid/alcohol. Therefore, it is necessary to find the optimum proportion 

for maximum production. In this study, the reaction was carried out with various 

molar ratio of oleic acid to butanol (1:1, 1:2, 1:3, 1:4) with 5% (w/w) enzyme loading 

at reaction temperature of 45°C.  

 

 Figure 4.3 Effect of oleic acid / butanol molar ratio on the conversion of FFA. 

Reaction conditions: 5% (w/w) enzyme loading; temperature of 45°C; stirring rate of 

250 rpm, and reaction period of 24 h. (x) 1:1; (໐)1:2; (Δ) 1:3; (□) 1:4 acid/alcohol 

molar ratio. 
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 As seen in Figure 4.3, the conversion yield of FFA increased as the oleic acid 

to butanol molar ratio increased from 1:1 to 1:2. The maximum ester conversion 

(91.0%) was obtained at the molar ratio of 1:2. After that, the additional increase of 

butanol caused slightly decrease of the conversion. The similar result has been 

reported by Dormo et al. in 2004. The higher ester conversion was obtained in shorter 

period of time at the molar ratios of acid to alcohol in the range of 1:2 to1:5 compared 

to 1:1 and the highest acid conversion was achieved at the molar ratio of 1:2. In 2010, 

Pinnarat and Savage also reported that the highest conversion yield of ethyl ester was 

obtained at the 1:3 ratio of oleic acid to ethanol. Further increasing of alcohol than 

that, the conversion yield was found slightly decreased. Furthermore, from the report 

of Alenezi et al. in 2010, the optimal molar ratio of methanol to FFA for esterification 

was 1.6:1 with the maximum yield of 97%. Since esterification reaction is reversible 

reaction, increasing alcohol concentration is one way to shift the reaction toward the 

ester synthesis. However, the use of too high amount of alcohol might slow down 

reaction rates due to inhibition effect of alcohol on enzyme activity. 

 4.2.4 Effect of speed of agitation 

 

 Figure 4.4 Effect of speed of agitation on the conversion of FFA using 

immobilized lipases with the molar ratio of oleic acid to butanol of 1:2, reaction 

temperature of 45°C and reaction time of 24 h. 

0

10

20

30

40

50

60

70

80

90

100

150 200 250 300 350 400

%
 c

o
n

v
er

si
o
n

 F
F

A

Agitation speed (rpm)



23 
 

 The effect of speed of agitation on the conversion was examined by using 

immobilized enzyme (Novozym 435) as biocatalysts in esterification of oleic acid and 

butanol at the reaction temperature of 45°C, oleic acid/butanol molar ratio (w/w) of 

1:2 with 5% enzyme loading. Tests were conducted at various agitation speeds from 

200-350 rpm. As shown in Figure 4.4, the highest ester conversion of 91.0% was 

obtained at the speed of agitation of 250 rpm. The final FFA conversion relatively 

decreased with the increase of agitation speeds higher than 250 rpm. Generally, the 

overall rate of reaction is dependent on mixing behavior of the system and catalytic 

activity as well. Since lipase is a biocatalyst, shearing force at too high agitation speed 

could considerably cause the loss of catalytic activity.  

 

 4.2.5 Effect of reaction temperature 

 As enzymes are very sensitive to temperature, the effect of temperature on 

conversion of FFA was determined at the system temperature between 35 to 60 °C 

with the oleic acid to butanol molar ratio of 1:2, 5% (w/w) of Novozym 435 and 

reaction time of 24 h. As shown in Figure 4.5, the FFA conversion increased with 

increasing temperature. The initial rates at reaction temperature of 45-60°C were 

significantly higher than the rate at 35°C. The final highest percentage conversion of 

FFA (91.0%) was obtained at 60°C. However, only slightly differences in FFA 

conversion and reaction rate were observed when the reaction temperature was varied 

from 45 to 60 °C.  

 Dormo et al. (2004) previously reported the influence of reaction temperature 

on the synthesis of isoamyl-oleate. The final concentration of isoamyl-oleate was 

increased with increasing temperature. According to the study of an environmental-

safe biolubricant from fusel oil by enzymatic esterification in solvent-free system by 

Garcia’s group in 2000, it was reported that the conversion could be increased with 

increasing temperature. The further study of temperature effect on biodiesel 

conversion rate showed that the conversion increased rapidly within first 5 h, and 

slightly increased with temperature (Liu et al., 2010).  
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 Figure 4.5 Effect of reaction temperature on the conversion of FFA. Reaction 

conditions: molar  ratio of  oleic acid/butanol molar ratio, 1:2; Novozym 435 based on 

acid weight, 5%; a stirring rate of 250 rpm, and reaction  period of 24 h. (◊) 35°C; (໐) 

45°C; (∆) 55°C; (□) 60°C. 

 

 4.2.6 Effect of alcohol type 

In order to investigate the effect of alcohol structure on butyloleate conversion 

by Novozym 435, the esterification reaction of oleic acid and n-butanol (straight 

chain) was performed in comparison to that of iso-butanol (branch chain) under the 

optimal controlled conditions: reaction temperature of 45°C, 5% (w/w) enzyme 

loading, 250 rpm of stirring rate, and acid to alcohol molar ratio of 1:2. 

 The esterification reaction by Novozym 435 with the branch chain alcohol 

(iso-butanol) showed slightly higher initial rate than that using the straight chain 

alcohol (n-butanol). However, the final conversion yields of the 1
st
 run by using iso-

butanol and n-butanol were about at the same level (91.0%). For the 2
nd

, 3
rd

, 4
th

 and 

5
th

 run, the FFA conversions of both systems slightly decreased. No difference in 

conversions was observed with the different chemical structures of alcohols.  
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 Dormo et al. (2004) studied the effect of chain length of alcohols in fusel oil 

on the esterification reaction and reported that the ester rates of oleic acid with 

isoamyl alcohol were larger than that with ethanol, indicating the influence of the 

structure and length of the alcohol molecule on the reaction rate. Variation in results 

should depend upon the types of substrates, catalysts and operating conditions. 

 Figure 4.6 The effect of alcohol type. Reaction conditions: oleic acid/alcohol 

molar ratio, 1:2; Novozym 435 based on acid weight, 5%; a stirring rate of 250 rpm; 

temperature of 45°C and reaction period of 24 h. Various type of alcohol (□) iso-

butanol; (∆) butanol. 

 

 4.2.7 Effect of water removal 

 Fatty acid butyl ester and water are the products, generated during the 

reversible esterification reaction. In order to enhance the equilibrium conversion of 

ester synthesis, water should be removed from the system during the reaction. 

Therefore, in this work, 40% (w/w) alkali alumino silicate (molecular sieve type 4A) 

based on fatty acid weight was added into the system to adsorb water during the 

reaction. The specifications of the molecular sieve type 4A is shown in Appendix C. 
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The reaction was conducted for 24 h at 45°C with the enzyme loading of 5% (w/w), 

oleic acid to butanol molar ratio of 1:2 and the speed of agitation of 250 rpm.  

 

 Figure 4.7 Effect of molecular sieve on FFA conversion in 24 h of the 

reaction. Reaction conditions : 5% enzyme loading, 250 rpm of stirring rate, 1:2 of 

molar ratio of oleic acid to butanol at 45°C ; (□) with molecular sieve; (໐) without 

molecular sieve. 

Figure 4.7 illustrates the influence of water removal on the FFA conversion. It 

was found that with the addition of molecular sieve during the reaction, about 5.0% 

butyloleate increased compared to that of the system without the molecular sieve 

addition. The similar result has been reported by Jeong and Park in 2004 on the study 

of the effect of molecular sieves as water absorbers on enzyme-catalyzed rapeseed oil 

methanolysis. The removal of water with molecular sieves during the reaction could 

raise the enzymatic synthesis of sorbitan acrylate using Novozym 435, with the 

exception of the inherent water content of the enzymes (Subkerd, 2008).  
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4.3 Reusability of enzyme 

 

Figure 4.8 Repeated use of  Novozym 435; Reaction conditions: molar  ratio 

of  oleic acid/butanol molar ratio, 1:2; Novozym 435 based on acid weight, 5%; a 

stirring rate of 250 rpm; cycle times 24 h; variable temperature from (□)35°C; 

(∆)45°C; and (໐)55°C. 

  

 In order to reduce the cost of the enzyme utilization, which would help lower 

the production cost, the repeated use of the immobilized enzyme is required. In this 

research, the repeated use of Novozym 435 was determined by varying at three 

different temperatures (35°C, 45°C, 55°C) while keeping the speed of agitation at 250 

rpm, enzyme loading at 5% (w/w), oleic acid to butanol molar ratio of 1:2 and cycle 

time of 24 h. 

As shown in Figure 4.8, on the 1
st
 run, the final conversion yield increased 

with increasing temperature. The initial rates of the reactions at the temperatures of 
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45°C and 55°C were significantly higher than that of 35°C. Overall, after the rapid 

increase of conversion in the initial 6 h, the butyloleate conversion slowly increased 

and reached the equilibrium within 24 h. In consideration of the FFA conversion for 

the production of oleic acid butyl ester under the repeated use of Novozym 435 for 

five cycles, it was found that the catalytic activity of Novozym 435 was greatly 

reduced under the controlled reaction temperature of 55°C compared to that of 35°C 

and 45°C. The final FFA conversion of the 5
th

 run of 55°C was reduced to about 

87.3% of the initial one. On the other hand, under the operated temperature at 35°C 

and 45°C, it was found that the catalytic activity of Novozym 435 remained almost 

unchanged after the five repeated uses, in which less than 3.0% of the FFA conversion 

was loss. Therefore, Novozym 435 was stable under the esterification at controlled 

temperature of 35-45°C.  

 According to Shah’s study on stability of immobilized lipase (Pseudomonas 

cepacia from Amano Enzyme Inc. (Nagoya, Japan) in 2007, after four times of the 

repeated uses, the rapid decline in activity was observed. Maceiras et al. (2009) 

reported the recycle of  Novozyme 435 for four times without loss of any activity on 

the synthesis of methyl ester. On the other hand, Zhang et al. (2010) reported the 

decrease of yield of FAMEs after the lipase (Novozym435) was used for eight cycles. 

Mengyu et al. (2009) also reported that the catalyst (Fe2(SO4)3/C) showed a 

significant loss of activity with the first recycling, and then showed a slower gradual 

loss after that. Therefore, the reusability of immobilized lipase was not only 

dependent on the type of enzymes but also depending on operating conditions. 

 

4.4 Kinetics of enzymatic esterification of reaction 

 The esterification reaction of oleic acid and butanol can be represented by the 

following equation: 

C4H10O + C18H34O2   →   C22H42O2 +  H2O 

  Butanol     Oleic acid         Butyl Oleate  Water 

 The rate equation for second order reaction, is given by  

      R = 
−d[Oleic  â]

dt
  =  k [Oleic â] [Butanol]                                 (1) 
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 Since                   [Oleic â] = [Oleic â]0 
2
(1-Xoleic â)

2
                                        (2) 

Where [Oleic â] denotes the concentration of oleic acid; [Oleic â]0 is the initial 

concentration of oleic acid and XOleic â is   conversion of oleic acid.          

                    [Butanol] = [Butanol]0 (1-XButanol)                                        (3) 

                                        [Butanol] = [Oleic â]0 (M-Xoleic â)                                        (4) 

Where, M is molar ratio of butanol/oleic acid.  

By substitution of oleic acid concentration and butanol concentration in Eq. (2) and 

Eq. (4) into Eq. (1) and integration, the rate constant (k) for the second order reaction 

could be determined from Eq.(5) 

                                      Ln 
 M−Xoleic  â 

M 1−Xoleic  â 
 = [Oleic a]0 (M-1)k t                                     (5) 

Where, k is the rate constant of the reaction.  

 4.4.1 Kinetics of the repeated use of Novozym 435  

 The kinetic rates of the repeated use of Novozym 435 obtained from the 

experimental data at oleic acid/butanol molar ratio of 1:2, 5% Novozym 435 and at 

the operating temperature of 45°C,  were correlated with Eq.(5). The rate constant (k) 

of esterification reaction could be determined based on decreased amount of fatty 

acid. Figure 4.9 shows the plot of the rate constants (k) for the reaction. 

 The result illustrated in Fig. 4.9 demonstrates that Novozym 435 was quite 

stable and effective in the esterification reaction. The operational stability of the 

enzyme was maintained at >90% yield up to 5 cycles. It was found that the k values 

were gradually decreased with the repeated use. 
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 Figure 4.9 The rate constants (k) of the repeated use of Novozym 435. 

Reaction conditions: molar ratio of butanol/oleic acid, 2:1; Novozym 435 based on 

acid weight, 5%; reaction temperature, 45°C and a stirring rate of 250 rpm. 

  

 4.4.2 Effect of temperature on kinetic constants  

 Figure 4.10 illustrates the increase of rate constant of the reaction (k) with the 

temperature as shown in Figure 4.10. The influence of temperature on the reaction 

rates could be described by the Arrhenius equation (Eq. 6).  

                                                       k = k0e−Ea/RT                          (6) 

   or                                              ln(k)=ln(k0) –Ea/RT                                              (7) 

 The Arrhenius plot of ln(k) versus the inverse temperature, 1/T is shown in 

Figure 4.11. The negative slope from the Arrhenius plot can be used to determine the 

activation energy, Ea. The activity energy of enzymatic esterification reaction of oleic 

acid was found to be 13.64 kJ/mol. 
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 Figure 4.10 The rate constants (k) of the enzymatic esterification as a function 

of reaction temperature. Reaction conditions: Oleic acid to butanol molar ratio 1:2, 

5% Novozym 435, 250 rpm and temperature 35, 45, 55 and 60°C. 

   

  

 

 Figure  4.11 Temperature dependence of rate constants (k) of the enzymatic 

esterification catalyzed by Novozyme 435. Reaction conditions: Oleic acid to butanol 

molar ratio 1:2, 5% Novozym 435, 250 rpm and  temperature 35, 45, 55 and 60 °C. 
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 Under noncatalytic esterification with ethanol at subcritical reaction 

conditions, the activation energy (Ea) for  forward reaction (k1) and reverse reaction 

(k-1) were reported at 56±2 kJ/mol and 66±14 kJ/mol, respectively (Pinnarat and 

Savage, 2010). The Ea values of 25–60 kJ/mol was reported for sulfuric acid-

catalyzed esterification of FFA with methanol (Berrios et al., 2007 and Aranda et al., 

2008). The further study of the esterification of myristic acid with methanol in 

presence of triglycerides using sulfated zirconia prepared by solvent-free method as 

the heterogeneous catalyst reported the activation energy of reaction at 22.51 kJ/mol 

(Rattanaphra et al., 2011). The Ea value obtained from the enzymatic esterification 

catalyzed by Novozyme 435 in this study was lower compared to those of 

esterification using chemical catalysts. 

 

 4.4.3 Determination of the kinetic constants in the repeated use of 

Novozym 435 at different temperatures.  

 

 

 Figure 4.12 The rate constants (k) of the enzymatic esterification on the 

repeated use of Novozym 435 at different reaction temperatures. Reaction conditions: 

Oleic acid to butanol molar ratio 1:2, 5% Novozym 435, 250 rpm and  reaction 

temperature at (□) 35 °C, (∆) 45 °C and (໐) 55 °C. 
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 Figure 4.12 demonstrates the kinetic constants (k) on reusability of the enzyme 

Novozym 435 by varying at three different temperatures (35°C, 45°C, 55°C), under 

the speed of agitation of 250 rpm, enzyme loading 5% (w/w), oleic acid to butanol 

molar ratio of 1:2 and cycle time 24 h. The highest decline of k with the number of 

the repeated use was observed at 55°C, whereas, the k values at 35°C and 45°C was 

gradually decreased with the number of the repeated use. The k values at 45°C was 

considerably higher than the k values at 35°C from the 1
st
 run to the 5

th
 run and higher 

than the k values at 55 °C from the 2
nd

 run to the 5
th

 run. Therefore the optimal 

temperature for the repeated use of Novozym 435 in this reaction was 45°C. 

 

 



CHAPTER V 

CONCLUSION AND RECOMMENDATIONS 
 

5.1 Conclusion 

 This study described the development of the butyloleate production from oleic 

acid and butanol catalysed by Novozym 435, a nonspecific lipase immobilized on 

macroporous acrylic resin. The optimal conditions and reusability of Novozym 435 

for the esterification are investigated.  

 For the butyloleate production, the optimal conditions and kinetics of 

esterification reaction using Novozym 435 could be concluded as follows: 

1)  The butyloleate could be produced by esterification reaction from oleic fatty acid 

with butanol using Novozym 435 as catalyst. 

2) The optimal conditions for the esterification reaction were: the reaction 

temperature of 45°C, the oleic / butanol molar ratio of 1:2, 5% enzyme loading, 250 

rpm of stirring rate and 10-24 h of reaction time.  The maximum butyloleate 

concentration at 91.0% conversion was obtained. 

3)  The removal of water generated during the enzymatic esterification reaction by 

adding molecular sieves could enhance the conversion yield. 

4)  Novozym 435 was stable and effective in the esterification reaction at 45°C. The 

operational stability of the enzyme was maintained >87% yield up to 5 cycles. The 

repeated use of Novozym 435 on the esterification at 55°C - 60°C resulted in the 

significant reduction of catalytic activity of the enzyme. 

5)  The reaction kinetics of enzymatic esterification of oleic acid with butanol agrees 

with second order reaction. The activation energy of enzymatic reaction was 

approximately 13.64   kJ/mol. 

 

5.2 Recommendation 

 Although the effects of enzyme loading, the reaction temperature, the stirring 

rate, the molar ratio of acid to alcohol have been studied in this research, some other 

interesting points still could be further investigated. These are some 

recommendations: 
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1)    The study to develop the process of esterification reaction from batch mode to 

continuous mode. 

2)    The study of reused immobilized lipase should be taken to investigate the cause 

of the loss in the enzymatic activity. 
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APPENDIX A 

CALCULATION 

Table A-1 Properties of materials 

Reactants Molar mass(g/g mol) Density (g/cm
3
) 

Oleic acid 282.40 0.895 

Butanol 74.12 0.81 

Isobutanol 74.12 0.802 

 

A-1 Calculated molar ratio of butanol to oleic acid 

  

              Molecular ratio of butanol to oleic acid = NBuOH 

                                                                                                                         Noleic ȃ   

  

  Mass (g) of oleic ȃ               =       Mass (g) of butanol       

            Mw (g/g mol) of oleic ȃ                Mw (g/g mol) of butanol 

 

 

 Mass of butanol(g) =      Mass (g) of oleic ȃ      × Mw (g/g mol) of butanol 

                                    Mw (g/g mol) of oleic ȃ 

 

 

  Volume of butanol =     Mass (g) of butanol       

                                   Density of butanol (g/cm
3
) 

 

 

A-2 Calculated mass of catalyst  

Mass of catalyst = Mass of oleic acid × % enzyme loading (base on oleic ȃ wt) 

                                      100 
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A-3 Analyzed product from esterification 

 A.3.1. Calculated weight of oleic acid 

 Weight of oleic acid = Volume of KOH x Concentration of KOH x 0.2824 

 

 A.3.2. Calculated % conversion of free fatty acid 

 % conversion of free fatty acid = Initial acid value – Acid value at time  x 100 

                                                                                 Initial acid value 

 

A-4 Calculated activation energy (Ea) 

Example 

 

Figure A-1  Second order reaction rate in Arrhenius plot during the esterification of 

butanol of oleic acid at various temperatures. 

 

 From lnk = lnk0 – Ea/RT   

  lnk0 = 3.275 

  k0 = 26.44 

  slope is – Ea/R = -1,641 h
-1

(kmol/m
3
)
-1

 

           k =        slope 

                 [Oleic ȃ]0 (M-1) 

  

  Ea = (-1,641) (-8.314) =13,643.27 J/mol = 13.64 kJ/mol  

y = -1,641x + 3.275

-2.5

-2

-1.5

-1

-0.5

0

0.00294 0.00301 0.00308 0.00315 0.00322 0.00329

ln
k

1/T (1/K)
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 where  Ea is the activation energy  

    R is the molar gas constant (8.314 J/mol K)  

    A is the frequency factor 
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APPENDIX B 

EXPERIMENTAL DATA ANALYSIS 

 

B-1 Experimental data of enzymatic esterification reaction time 

Table B.1.1 % conversion FFA at molar  ratio of  oleic acid/butanol molar ratio, 1:2; 

Novozym 435 based on acid weight, 5%; reaction temperature, 45°C; a stirring rate of 

250 rpm, and reaction period of 48 h. 

 

Time (h) % conversion FFA 

0 0 

1 83.00 

3 86.22 

6 87.13 

12 89.08 

24 90.97 

36 90.97 

48 90.92 
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Table B.1.2 % conversion FFA at molar  ratio of  oleic acid/butanol molar ratio, 1:2; 

Novozym 435 based on acid weight, 2.5%; a stirring rate of 250 rpm; reaction 

temperature, 45°C and reaction period of 24 h. 

Sample 

No. 

Time 

(h) 

% conversion FFA S.D. 

Ex1 Ex2 Ex3 Average 

1 0 0 0 0 0 0 

2 1 48.19 48.46 49.11 48.59 0.47 

3 3 81.57 81.34 80.82 81.25 0.38 

4 6 85.53 85.55 85.68 85.59 0.09 

5 9 86.20 86.53 86.33 86.35 0.17 

6 12 86.49 87.07 86.77 86.78 0.29 

7 24 86.62 87.07 86.82 86.84 0.23 

 

Table B.1.3 % conversion FFA (1
st
 of cycles) at molar  ratio of  oleic acid/butanol 

molar ratio, 1:2; Novozym 435 based on acid weight, 5%; a stirring rate of 250 rpm; 

reaction temperature, 45°C and reaction period of 24 h.  

Sample 

No. 

Time (h) % conversion FFA S.D. 

Ex1 Ex2 Ex3 Average 

1 0 0 0 0 0 0 

2 1 83.36 83.50 82.14 83.00  0.74 

3 3 85.45 86.70 86.51 86.22  0.68 

4 6 87.27 86.72 87.41 87.13  0.36 

5 9 87.91 88.27 88.26 88.15 0.21 

6 12 88.97 89.18 89.08 89.08  0.10 

7 24 90.76 91.67 90.50 90.97  0.61 
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Table B.1.4 % conversion FFA at molar  ratio of  oleic acid/butanol molar ratio, 1:2; 

Novozym 435 based on acid weight, 10%; a stirring rate of 250 rpm; reaction 

temperature, 45°C and reaction period of 24 h. 

Sample 

No. 

Time (h) % conversion FFA S.D. 

Ex1 Ex2 Ex3 Average 

1 0 0 0 0 0 0 

2 1 80.38 81.43 80.09 80.63   0.70 

3 3 83.23 84.13 82.88 83.41   0.64 

4 6 86.18 88.04 87.57 87.26   0.97 

5 9 87.86 88.60 88.08 88.18  0.38 

6 12 88.14 88.76 88.61 88.50   0.32 

7 24 91.09 90.96 91.18 91.07    0.11 

 

Table B.1.5 % conversion FFA (1
st
 cycles) at molar  ratio of  oleic acid/butanol molar 

ratio, 1:2; Novozym 435 based on acid weight, 5%; a stirring rate of 250 rpm; 

reaction temperature, 35°C and reaction period of 24 h.  

Sample 

No. 

Time (h) % conversion FFA S.D. 

Ex1 Ex2 Ex3 Average 

1 0 0 0 0 0 0 

2 1 63.50 61.97 62.75 62.74 0.76 

3 3 79.05 79.58 79.01 79.21 0.32 

4 6 82.96 81.97 82.91 82.62 0.56 

5 9 84.02 83.96 84.75 84.24 0.44 

6 12 86.23 87.22 87.01 86.82 0.52 

7 24 88.40 87.79 88.36 88.18 0.34 
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Table B.1.6 % conversion FFA (1
st
 cycles) at molar  ratio of  oleic acid/butanol molar 

ratio, 1:2; Novozym 435 based on acid weight, 5%; a stirring rate of 250 rpm; 

reaction temperature, 55°C and reaction period of 24 h.  

Sample 

No. 

Time (h) % conversion FFA S.D. 

Ex1 Ex2 Ex3 Average 

1 0 0 0 0 0 0 

2 1 83.51 84.34 84.51 84.12 0.53 

3 3 86.74 86.09 85.31 86.05 0.72 

4 6 86.33 86.86 85.90 86.34 0.48 

5 9 87.36 88.14 87.66 87.72 0.39 

6 12 88.58 89.66 88.82 89.02 0.57 

7 24 92.09 92.18 92.07 92.11 0.06 

 

Table B.1.7 % conversion FFA (1
st
 cycles) at molar  ratio of  oleic acid/butanol molar 

ratio, 1:2; Novozym 435 based on acid weight, 5%; a stirring rate of 250 rpm; 

reaction temperature, 60°C and reaction period of 24 h.  

Sample 

No. 

Time (h) % conversion FFA S.D. 

Ex1 Ex2 Ex3 Average 

1 0 0 0 0 0 0 

2 1 85.13 85.53 85.07 85.24 0.25 

3 3 87.70 87.23 87.20 87.37 0.28 

4 6 88.43 88.45 88.04 88.31 0.23 

5 9 88.98 89.89 89.60 89.49 0.46 

6 12 91.29 91.49 91.76 91.52 0.24 

7 24 94.61 94.92 93.96 94.50 0.49 
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Table B.1.8 % conversion FFA at molar  ratio of oleic acid/butanol molar ratio, 1:2; 

Novozym 435 based on acid weight, 5%; a stirring rate of 200 rpm; reaction 

temperature, 45°C and reaction period of 24 h.  

Sample 

No. 

Time (h) % conversion FFA S.D. 

Ex1 Ex2 Ex3 Average 

1 0 0 0 0 0 0 

2 1 73.70 73.47 74.69 73.95 0.65 

3 3 86.75 86.80 85.70 86.42 0.62 

4 6 86.97 87.34 86.36 86.89 0.49 

5 9 87.55 87.73 86.89 87.39 0.44 

6 12 89.01 89.11 89.96 89.36 0.52 

7 24 89.03 89.19 89.93 89.38 0.48 

 

Table B.1.9 % conversion FFA at molar  ratio of  oleic acid/butanol molar ratio, 1:2; 

Novozym 435 based on acid weight, 5%; a stirring rate of 300 rpm; reaction 

temperature, 45°C and reaction period of 24 h.  

Sample 

No. 

Time (h) % conversion FFA S.D. 

Ex1 Ex2 Ex3 Average 

1 0 0 0 0 0 0 

2 1 75.59 75.06 75.25 75.30 0.27 

3 3 87.15 86.42 86.94 86.84 0.37 

4 6 87.28 87.54 87.70 87.51 0.22 

5 9 87.13 87.49 88.34 87.67 0.64 

6 12 87.67 87.60 87.78 87.68 0.09 

7 24 87.76 87.44 87.85 87.68 0.22 
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Table B.1.10 % conversion FFA at molar  ratio of  oleic acid/butanol molar ratio, 1:2; 

Novozym 435 based on acid weight, 5%; a stirring rate of 350 rpm; reaction 

temperature, 45°C and reaction period of 24 h.  

Sample 

No. 

Time (h) % conversion FFA S.D. 

Ex1 Ex2 Ex3 Average 

1 0 0 0 0 0 0 

2 1 72.93 74.02 73.57 73.51 0.55 

3 3 82.41 83.02 82.59 82.67 0.31 

4 6 83.16 84.89 84.58 84.21 0.92 

5 9 83.76 84.73 84.60 84.37 0.53 

6 12 84.23 85.03 84.96 84.74 0.44 

7 24 85.23 86.90 86.06 86.07 0.84 

 

Table B.1.11 % conversion FFA at molar  ratio of  oleic acid/butanol molar ratio, 1:1; 

Novozym 435 based on acid weight, 5%; a stirring rate of 250 rpm; reaction 

temperature, 45°C and reaction period of 24 h.  

Sample 

No. 

Time (h) % conversion FFA S.D. 

Ex1 Ex2 Ex3 Average 

1 0 0 0 0 0 0 

2 1 72.62 72.90 72.14 72.56 0.39 

3 3 78.35 77.66 78.14 78.05 0.36 

4 6 79.24 78.86 79.75 79.28 0.45 

5 9 79.44 79.19 80.06 79.57 0.44 

6 12 79.70 80.53 79.89 80.04 0.43 

7 24 80.71 80.92 81.01 80.88 0.15 
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Table B.1.12 % conversion FFA at molar  ratio of  oleic acid/butanol molar ratio, 1:3; 

Novozym 435 based on acid weight, 5%; a stirring rate of 250 rpm; reaction 

temperature, 45°C and reaction period of 24 h.  

Sample 

No. 

Time (h) % conversion FFA S.D. 

Ex1 Ex2 Ex3 Average 

1 0 0 0 0 0 0 

2 1 57.07 57.53 57.29 57.30 0.23 

3 3 80.69 81.62 80.86 81.06 0.50 

4 6 81.27 82.14 82.11 81.84 0.49 

5 9 85.05 83.94 85.33 84.77 0.74 

6 12 85.59 84.53 85.89 85.34 0.71 

7 24 87.70 87.63 88.45 87.92 0.46 

 

 

Table B.1.13 % conversion FFA at molar  ratio of  oleic acid/butanol molar ratio, 1:4; 

Novozym 435 based on acid weight, 5%; a stirring rate of 250 rpm; reaction 

temperature, 45°C and reaction period of 24 h.  

Sample 

No. 

Time (h) % conversion FFA S.D. 

Ex1 Ex2 Ex3 Average 

1 0 0 0 0 0 0 

2 1 43.89 45.05 45.41 44.78 0.80 

3 3 77.80 78.89 78.59 78.42 0.57 

4 6 84.19 83.79 83.92 83.92 0.23 

5 9 85.14 85.66 85.37 85.37 0.27 

6 12 85.92 86.16 85.97 85.97 0.17 

7 24 87.48 87.42 87.60 87.50 0.26 
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Table B.1.14 % conversion FFA for reusability of enzyme (2
nd

 cycles) at molar  ratio 

of  oleic acid/butanol molar ratio, 1:2; Novozym 435 based on acid weight, 5%; a 

stirring rate of 250 rpm; reaction temperature, 35°C and reaction period of 24 h.  

Sample 

No. 

Time (h) % conversion FFA S.D. 

Ex1 Ex2 Ex3 Average 

1 0 0 0 0 0 0 

2 1 60.53 59.87 60.68 60.36 0.43 

3 3 76.73 77.46 78.21 77.47 0.74 

4 6 83.03 83.16 83.22 83.14 0.09 

5 9 83.81 83.67 83.47 83.65 0.17 

6 12 86.64 86.23 86.40 86.42 0.21 

7 24 87.72 88.37 87.31 87.80 0.53 

 

Table B.1.15 % conversion FFA for reusability of enzyme (3
rd

 cycles) at molar  ratio 

of  oleic acid/butanol molar ratio, 1:2; Novozym 435 based on acid weight, 5%; a 

stirring rate of 250 rpm; reaction temperature, 35°C and reaction period of 24 h.  

Sample 

No. 

Time (h) % conversion FFA S.D. 

Ex1 Ex2 Ex3 Average 

1 0 0 0 0 0 0 

2 1 60.60 59.99 60.48 60.35 0.32 

3 3 77.75 76.66 77.89 77.43 0.67 

4 6 82.78 83.02 83.56 83.12 0.40 

5 9 83.58 83.67 83.31 83.52 0.19 

6 12 86.68 86.68 83.48 86.28 0.69 

7 24 87.43 87.50 87.85 87.59 0.23 
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Table B.1.16 % conversion FFA for reusability of enzyme (4
th

 cycles) at molar  ratio 

of  oleic acid/butanol molar ratio, 1:2; Novozym 435 based on acid weight, 5%; a 

stirring rate of 250 rpm; reaction temperature, 35°C and reaction period of 24 h.  

Sample 

No. 

Time (h) % conversion FFA S.D. 

Ex1 Ex2 Ex3 Average 

1 0 0 0 0 0 0 

2 1 58.22 57.99 58.77 58.33 0.40 

3 3 76.84 77.79 77.50 77.37 0.50 

4 6 83.35 83.02 82.56 82.97 0.40 

5 9 82.59 83.42 83.23 83.08 0.43 

6 12 84.49 84.66 84.85 84.66 0.18 

7 24 87.93 86.93 86.69 87.18 0.65 

 

Table B.1.17 % conversion FFA for reusability of enzyme (5
th

 cycles) at molar  ratio 

of  oleic acid/butanol molar ratio, 1:2; Novozym 435 based on acid weight, 5%; a 

stirring rate of 250 rpm; reaction temperature, 35°C and reaction period of 24 h.  

Sample 

No. 

Time (h) % conversion FFA S.D. 

Ex1 Ex2 Ex3 Average 

1 0 0 0 0 0 0 

2 1 54.72 54.88 53.65 54.42 0.67 

3 3 77.48 77.28 76.68 77.15 0.42 

4 6 82.38 82.78 83.85 83.01 0.76 

5 9 84.48 82.82 82.85 83.39 0.95 

6 12 84.76 84.97 83.64 84.46 0.72 

7 24 85.30 85.31 84.71 85.11 0.34 
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Table B.1.18 % conversion FFA for reusability of enzyme (2
nd

 cycles) at molar  ratio 

of  oleic acid/butanol molar ratio, 1:2; Novozym 435 based on acid weight, 5%; a 

stirring rate of 250 rpm; reaction temperature, 45°C and reaction period of 24 h.  

Sample 

No. 

Time (h) % conversion FFA S.D. 

Ex1 Ex2 Ex3 Average 

1 0 0 0 0 0 0 

2 1 75.08 75.82 75.76 75.55 0.41 

3 3 85.82 86.39 86.32 86.17 0.31 

4 6 86.15 86.59 86.48 86.41 0.23 

5 9 86.77 87.04 87.14 86.98 0.19 

6 12 87.18 87.59 87.70 87.49 0.28 

7 24 87.91 87.74 88.17 87.94 0.21 

 

Table B.1.19 % conversion FFA for reusability of enzyme (3
rd

 cycles) at molar  ratio 

of  oleic acid/butanol molar ratio, 1:2; Novozym 435 based on acid weight, 5%; a 

stirring rate of 250 rpm; reaction temperature, 45°C and reaction period of 24 h.  

Sample 

No. 

Time (h) % conversion FFA S.D. 

Ex1 Ex2 Ex3 Average 

1 0 0 0 0 0 0 

2 1 72.89 72.20 72.26 72.45 0.38 

3 3 84.62 84.98 84.92 84.84 0.19 

4 6 85.96 86.70 86.56 86.41 0.39 

5 9 87.07 86.52 87.41 87.00 0.45 

6 12 86.85 87.53 87.62 87.33 0.42 

7 24 87.67 87.94 87.96 87.85 0.16 
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Table B.1.20 % conversion FFA for reusability of enzyme (4
th

 cycles) at molar  ratio 

of  oleic acid/butanol molar ratio, 1:2; Novozym 435 based on acid weight, 5%; a 

stirring rate of 250 rpm; reaction temperature, 45°C and reaction period of 24 h.  

Sample 

No. 

Time (h) % conversion FFA S.D. 

Ex1 Ex2 Ex3 Average 

1 0 0 0 0 0 0 

2 1 70.98 69.88 71.28 70.71 0.74 

3 3 84.12 84.05 84.14 84.10 0.05 

4 6 86.51 87.15 87.13 86.93 0.37 

5 9 87.46 86.27 86.88 86.87 0.60 

6 12 87.14 87.20 87.00 87.11 0.10 

7 24 87.40 87.14 88.39 87.64 0.66 

 

Table B.1.21 % conversion FFA for reusability of enzyme (5
th

 cycles) at molar  ratio 

of  oleic acid/butanol molar ratio, 1:2; Novozym 435 based on acid weight, 5%; a 

stirring rate of 250 rpm; reaction temperature, 45°C and reaction period of 24 h.  

Sample 

No. 

Time (h) % conversion FFA S.D. 

Ex1 Ex2 Ex3 Average 

1 0 0 0 0 0 0 

2 1 69.19 69.03 69.02 69.08 0.10 

3 3 84.38 84.42 83.85 84.22 0.32 

4 6 85.68 85.55 85.48 85.57 0.10 

5 9 86.04 85.97 85.58 85.86 0.25 

6 12 85.74 86.96 86.21 86.31 0.62 

7 24 86.92 87.97 87.48 87.46 0.53 
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Table B.1.22 % conversion FFA for reusability of enzyme (2
nd

 cycles) at molar  ratio 

of  oleic acid/butanol molar ratio, 1:2; Novozym 435 based on acid weight, 5%; a 

stirring rate of 250 rpm; reaction temperature, 55°C and reaction period of 24 h.  

Sample 

No. 

Time (h) % conversion FFA S.D. 

Ex1 Ex2 Ex3 Average 

1 0 0 0 0 0 0 

2 1 69.86 70.59 69.04 69.83 0.78 

3 3 85.05 85.89 85.41 85.45 0.42 

4 6 84.97 85.92 85.26 85.39 0.49 

5 9 84.88 85.98 85.46 85.44 0.55 

6 12 85.40 85.82 85.19 85.47 0.32 

7 24 86.56 86.03 86.52 86.37 0.30 

 

Table B.1.23 % conversion FFA for reusability of enzyme (3
rd

 cycles) at molar  ratio 

of  oleic acid/butanol molar ratio, 1:2; Novozym 435 based on acid weight, 5%; a 

stirring rate of 250 rpm; reaction temperature, 55°C and reaction period of 24 h. 

Sample 

No. 

Time (h) % conversion FFA S.D. 

Ex1 Ex2 Ex3 Average 

1 0 0 0 0 0 0 

2 1 58.24 57.42 56.47 57.38 0.89 

3 3 81.40 83.10 81.43 81.98 0.97 

4 6 83.69 83.08 83.04 83.27 0.36 

5 9 84.15 84.95 84.36 84.49 0.41 

6 12 84.52 84.77 84.46 84.59 0.16 

7 24 84.74 85.14 84.61 84.83 0.27 
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Table B.1.24 % conversion FFA for reusability of enzyme (4
th

 cycles) at molar  ratio 

of  oleic acid/butanol molar ratio, 1:2; Novozym 435 based on acid weight, 5%; a 

stirring rate of 250 rpm; reaction temperature, 55°C and reaction period of 24 h.  

Sample 

No. 

Time (h) % conversion FFA S.D. 

Ex1 Ex2 Ex3 Average 

1 0 0 0 0 0 0 

2 1 15.27 17.11 15.54 15.98 0.99 

3 3 54.03 53.20 53.11 53.45 0.51 

4 6 71.13 70.25 69.63 70.34 0.76 

5 9 79.62 78.10 77.77 78.50 0.98 

6 12 81.86 80.28 80.32 80.82 0.90 

7 24 84.41 82.93 83.65 83.67 0.74 

 

Table B.1.25 % conversion FFA for reusability of enzyme (5
th

 cycles) at molar  ratio 

of  oleic acid/butanol molar ratio, 1:2; Novozym 435 based on acid weight, 5%; a 

stirring rate of 250 rpm; reaction temperature, 55°C and reaction period of 24 h.  

Sample 

No. 

Time (h) % conversion FFA S.D. 

Ex1 Ex2 Ex3 Average 

1 0 0 0 0 0 0 

2 1 15.09 15.02 14.21 14.77 0.49 

3 3 32.49 31.65 31.84 31.99 0.44 

4 6 63.77 63.89 63.03 63.56 0.47 

5 9 71.11 69.51 69.63 70.08 0.89 

6 12 77.20 77.99 78.27 77.82 0.55 

7 24 80.80 79.57 81.00 80.46 0.78 
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Table B.1.26 % conversion FFA for adding molecular sieve at molar  ratio of  oleic 

acid/butanol molar ratio, 1:2; Novozym 435 based on acid weight, 5%; a stirring rate 

of 250 rpm; reaction temperature, 45°C and reaction period of 24 h.  

Sample 

No. 

Time (h) % conversion FFA S.D. 

Ex1 Ex2 Ex3 Average 

1 0 0 0 0 0 0 

2 1 84.00 83.79 83.95 83.91 0.11 

3 3 91.19 91.30 91.10 91.19 0.10 

4 6 94.09 93.74 92.48 93.44 0.85 

5 9 94.82 94.58 94.67 94.69 0.12 

6 12 95.86 96.55 95.11 95.84 0.72 

7 24 95.79 96.83 95.64 96.09 0.65 

 

Table B.1.27 % conversion FFA at molar  ratio of  oleic acid/butanol molar ratio, 1:2; 

Novozym 435 based on acid weight, 5%; a stirring rate of 250 rpm; reaction 

temperature, 45°C and reaction period of 24 h.  

 

Sample 

No. 

 

Time (h) 

% conversion FFA 

Cycle 

1 2 3 4 5 

1 0 0 0 0 0 0 

2 1 84.43 78.95 72.04 71.23 70.68 

3 3 88.51 86.55 84.81 84.78 84.27 

4 6 88.97 86.61 86.65 86.75 85.68 

5 9 89.31 86.71 86.87 86.92 85.94 

6 12 89.85 87.68 87.04 87.36 86.33 

7 24 91.01 88.00 87.87 87.65 87.47 
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Table B.1.28 % conversion FFA (a) Titration (b) H-NMR 

 

Condition 

% conversion FFA  

Titration
a
 H’NMR

b
 

 

Molar ratio, 1:2; 2.5% 

enzyme loading; 250 rpm; 

45°C  

86.84 ± 0.23 86.84 

molar ratio, 1:2; 10% 

enzyme loading; 250 rpm; 

45°C 

86.84 ± 0.23 86.96 

molar  ratio, 1:2; 5% 

enzyme loading; 250 rpm; 

35°C 

88.18 ± 0.34 88.50 

molar  ratio, 1:1; 5% 

enzyme  loading; 250 

rpm; 45°C 

80.88 ± 0.15 78.74 

(5
th

 cycles) molar  ratio, 

1:2; 5% enzyme loading; 

250 rpm; 45°C 

87.46 ± 0.53 86.96 

(5
th

 cycles) molar  ratio 

1:2; 5% enzyme loading; 

250 rpm; 55°C 

80.46 ± 0.78 80.65 
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APPENDIX C 

 

C-1 Data sheet of Novozym 435 
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C-2 Data sheet of Molecular sieve 4A 
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