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ABSTRACT

Biodiesel has attracted a great deal of attention worldwide because of its 

biodegradable, nontoxic, clean and renewable characteristics. Biodiesel is currently

produced by the homogeneous acid-base technology using different feedstocks. 

However, the heterogeneous catalysts have recently gained tremendous importance in 

view of the current economic climate e.g. increased competition, stringent pollution 

regulations etc.

In this study, the γ-Al2O3-MgO and γ-Al2O3-CeO2 mixed oxides supported

bifunctional heterogeneous catalysts with varying MgO and CeO2 loadings 

respectively were prepared by modifying the impregnation method. Molybdenum, tin, 

zinc and manganese (each with 5 wt% loading) were used as active metals in the 

formulation of the bifunctional heterogeneous catalysts. The prepared catalysts were 

characterized by various analytical techniques to explore their physicochemical 

properties. The physicochemical properties of the prepared catalysts were correlated 

with their catalytic activities and stabilities. The results show that the physicochemical 

properties of the synthesized catalysts strongly depend on their chemical compositions

which affect the metal-support interactions, and in turn influence the chemical 

stability of the catalysts.

The catalytic activity of the synthesized bifunctional catalysts was further 

evaluated in the biodiesel production from waste cooking oil (WCO) at the identified 

reaction conditions. It is observed that the monometallic Mo/γ-Al2O3-15 wt% MgO 

catalyst is the most active catalyst which gives the best biodiesel yield of 85.1% using 

27:1 methanol to oil molar ratio after 4 h at reaction temperature of 100 °C, catalyst 

loading of 5 wt% and agitation speed of 500 rpm. The Mo/γ-Al2O3-15 wt% MgO 

catalyst was further modified with different metal oxides such as Sn, Zn or Mn to 

design a bimetallic catalyst of suitable configuration and for proper operating 

conditions for efficient biodiesel production from the WCO. The results show that the 

Mo-Mn/γ-Al2O3-15 wt% MgO catalyst shows excellent performance in the
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simultaneous esterification-transesterification reactions with the best biodiesel yield

of 91.4% at the optimal process conditions. The improved catalytic activity of the 

bimetallic catalyst may be attributed to the presence of optimum strength of the active 

sites on the surface of the catalyst, which are sufficient to catalyze the simultaneous 

esterification-transesterification reactions efficiently. Reusability of the Mo-Mn/γ-

Al2O3-15 wt% MgO catalyst was also examined, where it shows that the Mn modified 

bimetallic catalyst can be repeatedly used for at least eight times with no apparent loss 

of activity. Moreover, the fuel properties of the prepared biodiesel from the WCO at 

the optimal process conditions have been found to comply with the ASTM and EN 

standard specifications.

The kinetics has been studied in the presence of Mo-Mn/γ-Al2O3-15 wt% MgO

bifunctional catalyst to investigate the feasibility of the biodiesel production from the 

WCO at the reasonable reaction conditions. The results show that the biodiesel 

production from the WCO in the presence of the selected bifunctional catalyst follows

the pseudo-first order kinetics with the activation energy (Ea) of 58.97 kJ/mol, 

frequency factor (A) of 1.88 x 106 min-1 and the rate constant (k) of 0.0104 min-1. It is 

observed that the activation energy required for the simultaneous esterification-

transesterification reactions in the WCO for the biodiesel production is reasonable;

therefore, this process can be very useful for the biodiesel production from the low 

cost feedstocks for low-cost biodiesel production in the near future.
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ABSTRAK

Biodiesel telah menarik banyak perhatian di seluruh dunia kerana ianya boleh 

dibiodegradasi, tidak toksik, bersih dan boleh diperbaharui. Buat masa ini, biodiesel 

dihasilkan melalui teknologi pemangkinan asid-bes homogen menggunakan sumber

yang berbeza. Walau bagaimanapun, sejak kebelakangan ini mangkin heterogen telah

mendapat perhatian yang besar disebabkan faktor iklim ekonomi semasa seperti 

persaingan yang meningkat, peraturan-peraturan yang semakin ketat dalam mengatasi 

masalah pencemaran.

Dalam kajian ini, mangkin heterogen dwifungsi berpenyokong oksida campuran 

γ-Al2O3-MgO dan γ-Al2O3-CeO2 masing-masing dengan pelbagai muatan MgO dan 

CeO2 telah disediakan dengan mengubah teknik pemuatan logam ke dalam 

penyokong. Molibdenum, timah, zink dan mangan (masing-masing dengan 5% berat 

muatan) telah digunakan sebagai logam aktif di dalam formulasi mangkin heterogen 

dwifungsi tersebut. Sifat-sifat fizikokimia mangkin yang disediakan telah dianalisis 

dengan menggunakan pelbagai teknik. Sifat-sifat fizikokimia mangkin yang 

disediakan didapati sangat berkait rapat dengan komposisi kimia mangkin tersebut 

dan sangat mempengaruhi interaksi di antara logam aktif dan penyokong dan 

seterusnya memmpengaruhi kestabilan kimia mangkin tersebut.

Keaktifan mangkin dwifungsi yang telah disediakan telah diuji di dalam tindak 

balas penghasilan biodiesel menggunakan minyak masak terbuang (WCO) pada 

keadaan tindak balas yang telah dikenal pasti. Mangkin monologam Mo/γ-Al2O3-15 

wt% MgO telah didapati sebagai mangkin yang paling aktif di mana sebanyak 85.1% 

biodiesel telah Berjaya dihasilkan menggunakan 27:1 nisbah metanol kepada minyak 

selepas 4 jam tindak balas pada suhu 100 oC dengan muatan mangkin sebanyak 5 %

jisim dan kelajuan pengadunan sebanyak 500 rpm. Mangkin Mo/γ-Al2O3-15 wt% 

MgO seterusnya telah diubahsuai dengan menambah logam oksida yang berbeza 

seperti Sn, Zn atau Mn untuk memformulasi mangkin dwilogam yang mempunyai 

konfigurasi yang sesuai dan dapat beroperasi pada keadaan tindak balas yang sesuai
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dengan cekap untuk penghasilan biodiesel dari WCO. Hasil kajian menunjukkan 

bahawa mangkin Mo-Mn/ γ-Al2O3-15 wt% MgO menunjukkan prestasi yang sangat 

baik di dalam tindak balas serentak esterifikasi-transesterifikasi dengan 91.4% 

biodiesel telah dihasilkan pada keadaan proses yang optimum. Peningkatan aktiviti 

pemangkinan oleh mangkin dwilogam ini boleh dikaitkan dengan kehadiran kekuatan 

tapak aktif yang optimum di permukaan mangkin, yang sesuai bagi tindak balas 

serentak esterifikasi-transesterifikasi dengan cekap. Kebolehgunaan mangkin 

dwilogam ini juga telah diperiksa dan didapati bahawa ianya boleh digunakan 

sehingga sekurang-kurangnya lapan kali tanpa penurunan ketara dari segi 

keaktifannya. Selain itu, biodiesel yang telah dihasilkan didapati mematuhi 

spesifikasi standard ASTM dan EN yang ditetapkan.

Kinetik tindak balas telah dijalankan dengan menggunakan mangkin dwilogam 

terpilih untuk mengkaji kecekapan mangkin tersebut di dalam penghasilan biodiesel 

dari WCO pada keadaan tindak balas yang optimum. Hasil kajian menunjukkan 

bahawa pengeluaran biodiesel dari WCO dengan menggunakan mangkin dwilogam 

tersebut kinetik tertib pseudo-pertama dengan tenaga pengaktifan (Ea) sebanyak

58.97 kJ / mol, faktor kekerapan (A) sebanyak 1.88 x 106 min-1 dan kadar tindak balas 

(k) berkelajuan 0.0104 min-1. Adalah diperhatikan bahawa tenaga pengaktifan yang 

diperlukan untuk penghasilan biodiesel melalui tindak balas serentak esterifikasi-

transesterifikasi menggunakan WCO adalah berpatutan, oleh itu, proses ini boleh 

digunakan untuk proses penghasilan biodiesel dengan kos rendah berasaskan minyak 

berkos rendah.
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CHAPTER 1

INTRODUCTION

1.1 Background 

Energy is one of the most important pre-requisites of life on the earth. Energy is vital 

to our entire civilization i.e. transports, industrial manufacturing, commercial 

activities and agriculture, and without proper energy supply all these sort of activities 

would come to standfall, thus making life uncomfortable and impossible (Chhatwal 

1998). Therefore, an adequate long-term energy supply is essential for mankind to 

preserve the economic growth and maintain the standard of living.

Currently, fossil fuels provide approximately 87% of the total world energy 

demand (Cunningham et al. 2009) and are still the main source of the global energy 

demand and supply scenario. Agarwal (2007) reported that under a business-as-usual 

scenario the reserves will last for 218 years for coal, 41 years for oil, and 63 years for 

natural gas. As the world has become more industrialized, and world’s population has 

increased several times, the demand for energy has increased dramatically over the 

last few decades (Sharma and Unit 1994). According to the EIA (2006d) report, it is 

estimated that the world’s total energy consumption will be increased by the 59% 

between 1999 and 2020. The same report predicts a 20-year increase of the carbon 

dioxide emission by 60% (Islam and Chhetri 2011). 

However, the reliance on the fossil fuel energies is unrealistic as man will 

continuously seek to secure the adequate supplies of the energy sources. The 

increasing trend in the dependency in the fossil fuels to meet the increasing energy 

demand will also cause an increase in the greenhouse gases emission into the 

atmosphere, which in turn will increase the severe environmental problems (Moan 

and Smith 2007). About 98% of carbon emissions result from the fossil fuel 

combustion (Balat 2011). It would not be wrong to say that if the world is



2

continue to use fossil fuels for the energy production at the present speed, a time will 

come in hand that this planet would not be a suitable place for living.

Therefore, it is essential to make some initiatives in order to save our environment 

for the future generations. Actual and projected growth in the world demand for 

primary energy sources is tabulated in Table 1.1.

Table 1.1. Actual and projected growth in world demand for primary energy sources 

1973-2030. (Supply, based on Mtoe for each fuel and given in percentage terms) 

(Rand et al. 2007).

Energy Supply Year
1973 2004 2030

Oil 45.1 34.3 34.1
Coal 24.8 25.1 22.9
Gas 16.2 20.9 24.2
Combustible renewables (biomass and waste) 11.1 10.6 –
Nuclear 0.9 6.5 4.7
Hydro 1.8 2.2 2.3
Renewables 0.1 0.4 11.8
Total (%) 100.0 100.0 100.0
Total (Mtoe) 6034 11059 16500
1 Mtoe = 4.18 x 104 TJ and 1 TJ = 1.0 × 1012 J

Sustainable development and the role of energy in the development process are 

vital issues which have gained considerable attention and concern over the last few 

decades. Due to the dwindling fossil fuel reservoirs with the rising of the crude oil 

price and relatively rapid growth in the global population, researchers and 

technologists are keenly interested to explore potential sustainable energy sources. 

The transition from the fossil fuels to sustainable energy systems that utilizes 

renewable energy sources has now become indispensable for sustainable 

environmental and economic growth. This transition would be a challenge not only 

for the researchers and technologists, but also includes the economic and 

environmental considerations. In addition, it is also important for the harmonious co-

existence of the human and environment as well as for the sustainable development 

(Lin et al. 2011). The looming global energy demand will be met by the 

diversification of the energy sources and global energy mix concept that is undergoing 

a transition from an energy portfolio dominated by the fossil fuels to an energy 

portfolio that covers a range of different fuels (Fanchi 2004).
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Biodiesel has gained a worldwide popularity as a renewable liquid fuel due to its 

clean combustion and renewability (Demirbas 2007b; Ma and Hanna 1999). In 

addition to being biodegradable and non-toxic, biodiesel is also essentially free of 

sulfur and aromatics, producing lower exhaust emissions and highly oxygenated than 

conventional petroleum-derived diesel, providing similar properties in terms of fuel 

efficiency (Demirbas 2009a). Biodiesel production is a very modern and fastest 

growing biofuel technology, because it offers a number of technical and 

environmental benefits over the conventional fossil-based fuels. Global biodiesel 

production increased from 15,000 barrel per day in 2000 to 289,000 barrel per day in 

2008 as shown in the Figure 1.1. The global biodiesel production is expected to reach 

24 billion liters by 2017  (Programme and Unesco 2009; Silitonga et al. 2011).

Biodiesel is produced from natural oils and fats, which can be used as a substitute for 

petroleum-derived diesel without any modification in the existing diesel engine.

Figure 1.1. Total world biodiesel productions (Thousand Barrels Per Day) between 

2000 and 2008 (Silitonga et al. 2011).

Four different methods are used for biodiesel production from the oils; 

pyrolysis/cracking, dilution with hydrocarbons blending, emulsification and 

transesterification. However, among them transesterification process is mainly used to 

produce biodiesel from different types of oils all over the world. Biodiesel production

by transesterification involves reaction of vegetable oils (both edible and non-edible), 

recycled waste vegetable oil or animal fats with alcohol in the presence of a suitable 
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catalyst to produce alkyl esters (biodiesel), and glycerol is formed as byproduct 

(Figure 1.2) (Meher et al. 2006). Generally, methanol is more preferred for 

transesterification reaction of triglycerides because it is less expensive and can react 

quickly with triglycerides due to its physical and chemical advantages (polar and 

shortest chain alcohol) (Demirbas 2009b).

The transesterification process consists of three consecutive reversible reactions 

which involves conversion of triglyceride to diglyceride, diglyceride to mono 

glyceride and finally monoglyceride to fatty ester and glycerol as presented in Eq. 

1.1-1.3 (Chouhan and Sarma 2011; Ma and Hanna 1999).  The glycerine so formed 

sinks to the bottom and biodiesel floats on the top and can be siphoned off. The 

overall transesterification reaction is depicted in Figure 1.2.

Where R', R'' and R''' are long chains containing carbon and hydrogen atoms

Figure 1.2. Biodiesel production from the transesterification of triglyceride.

            1

Catalyst

Triglyceride ROH Diglyceride RCOOR                           [Eq. 1.1]

           2

Catalyst

Diglyceride ROH Monoglyceride RCOOR                       [Eq. 1.2]

          3

Catalyst

Monoglyceride ROH Glycerol RCOOR                             [Eq. 1.3]

Biodiesel is a mixture of alkyl esters of fatty acids having no aromatics, almost no 

sulphur and contains 11% oxygen by weight, thus reduce the emission of carbon 

monoxide, hydrocarbons and particulate matters in the exhaust gas compared to the 

petroleum-based diesel fuels. In addition, the biodiesel can extend the life of the 

diesel engines because it has better lubricating properties than the petroleum-derived 

diesel (Demirbas 2007a). In general, biodiesel has similar composition and 

characteristics such as cetane number, energy content, viscosity and phase changes 

when compared with the petroleum-derived diesel (Lim and Teong 2010). Therefore, 

biodiesel has immense potential to be a part of the sustainable energy mix in the 
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future.

Biodiesel is compatible with the conventional petroleum-derived diesel and can be 

blended in any desired proportion to create a stable biodiesel blend. When blended 

with petroleum-derived diesel the designation indicates the amount of pure biodiesel

in the blend such as B20 contains 20% pure biodiesel and 80% petroleum diesel, 

while B5 used in the Europe contains 5% pure biodiesel in the petroleum diesel (Balat 

2011). Some biodiesel standards such as the European Standard for biodiesel (EN 

14214) and the American Standard Specification for biodiesel (ASTM 6751-02) have 

been developed to ensure the successful introduction and commercialization of the 

biodiesel fuels. These standards are used all over the world to check and control the 

characteristics and qualities such as the flash point, kinematic viscosity, specific 

gravity, free fatty acids and acid values of the biodiesel fuels to ensure the high 

product quality and user confidence (Silitonga et al. 2011). Table 1.2 shows the 

properties of the biodiesel as compared to petroleum diesel.

Table 1.2. Biodiesel and diesel ASTM standards (Liu 2007).

Property Diesel Methyl Ester (Biodiesel)

Standard ASTM D975 ASTM D6751

Composition HCa (C10-C21) FAMEb (C12-C22)

Kinematic viscosity (mm2/s) at 40 ºC 1.9-4.1 1.9-6.0

Specific gravity (g/mL) 0.85 0.88

Flash point (ºC) 60-80 100-170

Cloud point (ºC) -15 to 5 -3 to 12

Pour point (ºC) -35 to -15 -15 to 16

Water, % vol. 0.05 0.05
Carbon, wt% 87 77
Hydrogen, wt% 13 12

Oxygen, wt% 0 11

Sulfur, wt% 0.05 0.05

Cetane number 40-55 48-60
aHydrocarbons, bFatty Acid Methyl Esters.
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1.2 Problem Statement

Recently, the energy demand has increased to a great extent as a result of industrial 

development and population growth. Therefore, the development of new and 

renewable sources of energy has become a matter of priority in many countries for 

sustainable development and economic growth. Biodiesel has been attracting 

considerable interest all over the world which can significantly reduce the global 

warming and the dependence on conventional fossil fuels. Today, more than 95% of 

the biodiesel production comes from the edible vegetable oils. The use of the edible 

oils for biodiesel production between 2005 and 2017 is projected to account for more 

than a third of the expected growth in edible oil use (Balat 2011). The extensive use 

of the edible oils for biodiesel production can create several serious food problems 

such as starvation in the developing countries. Therefore, it is essential to search for 

alternative low-cost feedstock for low-cost biodiesel production for sustainable 

development. Waste cooking oil (WCO) can be a promising feedstock for low cost 

biodiesel production. Math et al. (2010) reported that the biodiesel production cost 

can be reduced effectively to 60 to 70% by using waste cooking oil. Moreover, the 

biodiesel production from the WCO will not only avoid the competition of the same 

oil resources for food and fuel but will also overcome the WCO disposal problems.

Generally, homogeneous acid/base catalysts are used in the commercial biodiesel 

production via transesterification process. Traditional homogeneous catalysts (basic 

or acid) possess several advantages including high activity (reaction complete within 

1 h) and mild reaction conditions (from 40 to 65 °C and atmospheric pressure). 

However, the use of homogeneous catalysts leads to several process problems such as

soap production, reactor corrosion, difficult to recover and produce large amounts of 

waste water, thus increases the overall biodiesel production cost. Moreover, the 

homogeneous base-catalyzed process encounters problems to handle the multiple 

feedstocks. 

Heterogeneous catalysts are promising candidates for the biodiesel production 

from different feedstocks to overcome the drawbacks associated with the traditional 

biodiesel production technology. Heterogeneous catalysts have many advantages in 

technical point of view: they are non-corrosive and environmentally friendly, carry 
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easy separation from the products and present fewer disposal problems than do 

homogeneous catalysts. However, the major challenges associated with the 

heterogeneous acid/base catalyzed biodiesel technologies are their inability to tolerate 

the high FFAs and water contents of the feedstocks, which in turn leads to 

deactivation. This drawback becomes the key driving force to design a catalyst of 

proper configuration and for proper operating conditions to achieve highly efficient 

biodiesel production from low-cost feedstocks for sustainable development.

In the present work, the bifunctional heterogeneous catalysts with suitable 

strengths of the active basic-acid sites are developed by using the modified 

impregnation method, which can catalyze simultaneous esterification-

transesterification reactions in the WCO for efficient biodiesel production. The basic-

acidic sites strengths on the surface of the catalysts were controlled by varying the 

MgO or CeO2 loadings in the supports. These bifunctional heterogeneous catalysts 

would have better tolerance to water and FFAs in the feedstocks to overcome the 

deactivation process. The biodiesel production from triglycerides in the presence of 

bifunctional heterogeneous catalyst is reported to be slow but produce biodiesel in a 

very feasible economic way due to the reusability of catalyst for both batch and 

continuous processes.

1.3 Research Objectives

Heterogeneous catalysts have attracted considerable attention in the biodiesel 

production technology due to the elimination of neutralization, lack of toxicity, ability 

to withstand high temperatures, and ease of recycling. The overall goal of this 

research work is to design a potential bifunctional heterogeneous catalyst for efficient

biodiesel production from low-cost feedstocks.

The main objectives of this research are:

 To develop a catalyst of proper configuration and for proper operating conditions

that can potentially catalyze simultaneous esterification-transesterification

reactions in the WCO for efficient biodiesel production.

 To study the physicochemical properties of the prepared catalysts with different 

analytical techniques such as thermogravimetric analysis (TGA), transmission 
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electron microscope (TEM), field emission scanning electron microscopy-energy 

dispersive X-ray analysis (FESEM-EDX), X-ray photoelectron spectroscopy 

(XPS), surface area and porosity analysis (BET), temperature programmed 

reduction (TPR), temperature programmed desorption (TPD) and X-ray 

diffraction (XRD).

 To correlate the physicochemical properties of the prepared catalysts with the 

catalytic activity and chemical stability.

 To investigate the effects of different reaction variables such as reaction time,

reaction temperature, molar ratio of methanol to oil, catalyst loading and agitation 

speed on the biodiesel yield to identify the optimal process conditions for efficient 

biodiesel production from the WCO.

 To study the reaction kinetics of a potential heterogeneous catalyst for

investigating the feasibility of the biodiesel production from the WCO at 

reasonable conditions.

1.4 Scope of Research

The main focus of this research work is to establish the method of biodiesel 

production from the WCO in the presence of a potential bifunctional heterogeneous

catalyst for sustainable energy production. 

In the present study, the bifunctional heterogeneous catalysts supported on γ-

Al2O3-MgO and γ-Al2O3-CeO2 with varying MgO and CeO2 loadings respectively

with active metals Mo, Sn, Zn or Mn will be prepared by modifying the existing

impregnation method. The physicochemical properties of the prepared catalysts will 

be investigated by various characterization techniques such as thermogravimetric 

analysis (TGA), transmission electron microscope (TEM), field emission scanning 

electron microscopy-energy dispersive X-ray spectroscopy (FESEM-EDX), X-ray 

photoelectron spectroscopy (XPS), surface area and porosity analysis, temperature 

programmed reduction (TPR), temperature programmed desorption (TPD) and X-ray 

diffraction (XRD). Moreover, the physicochemical properties of the prepared 

bifunctional catalysts will be correlated with their performance in the biodiesel 

production from the WCO to study their reusability and chemical stability in the 
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biodiesel reaction.

The synthesized catalysts will be tested in the simultaneous esterification-

transesterification reactions of the selected WCO with methanol for biodiesel 

production. A potential bifunctional catalyst will be identified for further investigation 

through catalyst screening. Moreover, the effects of different reaction variables such 

as such as reaction time, reaction temperature, molar ratio of methanol to oil, catalyst 

loading and agitation speed on biodiesel yield will be investigated to identify the 

optimal process conditions for efficient biodiesel production from the WCO.

In addition, the physicochemical properties of the biodiesel obtained from the 

WCO will be compared with the accepted international standard specifications to 

ensure the engine-fuel compatibility and reliability. The kinetics studies will be 

carried out for the selected potential catalyst to investigate the feasibility of biodiesel 

production from the WCO at reasonable reaction conditions.

1.5 Thesis Outline

This thesis consists of several chapters. The detail is given below:

 Chapter 1 is the introduction of the study where it includes the research

background, definition of the problem and current obstacles, research objectives,

scope of studies and outline of the thesis.

 Chapter 2 is the literature review section, contains definition of biodiesel, 

biodiesel production methods, parameters which affect the yield of biodiesel, 

heterogeneous catalysts used for biodiesel production. This chapter also includes

the detail discussion of what has been done so far for successful introduction 

and industrialization of biodiesel fuel.

 Chapter 3 is the research methodology, presents the experimental methods and 

materials. This chapter includes the comprehensive details of experimental 

procedure, characterization, instrumentations and equipments being used in this 

study to address the problem.

 Chapter 4 is the results and discussions, contains analysis of experimental data 

and discussion of results. This chapter includes the comprehensive detail of the 



10

findings and results obtained, followed by discussion and interpretation of the 

data.

 Chapter 5 is the final section of the thesis which includes summary of the thesis, 

results and findings and future recommendations and suggestion for further 

study.
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CHAPTER 2

LITERATURE REVIEW

2.1 Biodiesel

The increasing energy demand, the depletion of fossil fuels and the environmental 

problems caused by the use of fossil fuels are the major challenges for the scientific 

community worldwide. The present energy scenario has stimulated very active 

research interest in the non-petroleum, renewable, biodegradable, non-toxic and non-

polluting fuels. Biodiesel is considered as a technologically feasible alternative to 

petroleum-derived diesel in the near future due to its interesting characteristics. 

Biodiesel is composed of monoalkyl esters of long chain fatty acids derived from a 

renewable lipid feedstocks, such as vegetable oils or animal fats. Biodiesel is 

renewable, biodegradable, highly oxygenated, non toxic and essentially free of sulfur 

and aromatics, which give edge to the biodiesel over the conventional petroleum 

derived diesel (Fazal et al. 2011). Biodiesel has almost very similar properties to that 

of petroleum diesel fuel, therefore can be used in the existing diesel engine without 

any major modifications.

2.2 Brief History of Biodiesel

Chemically, biodiesel is a mixture of saturated and unsaturated long-chain fatty acids

monoalkyl esters derived from vegetable oils (edible and non-edible origin) or animal 

fats (Leung et al. 2010). Biodiesel is the name for a variety of ester-based oxygenated 

fuels derived from renewable biological sources (Demirbaş 2008). The energy content 

and the physicochemical properties of biodiesel are almost similar to conventional 

diesel fuel, therefore it can be used either as such on its own or mixed with the 

conventional diesel in existing conventional compression-ignition engines without the 

need for engine modifications (Robles-Medina et al. 2009).



12

Compared to petroleum-derived diesel fuel, biodiesel offers several advantages, 

including renewability, biodegradability, negligible toxicity, environmental friendly 

emission profile, higher combustion efficiency, higher cetane number, higher flash 

point, contains 10–11% oxygen by weigh which improves the combustion process, 

leading to a decreased level of tailpipe polluting emission and better lubrication 

(Demirbaş 2008; Fazal et al. 2011; Math et al. 2010; Shuit et al. 2012; Zabeti et al. 

2009). Moreover, the risks of handling, transporting, and storing biodiesel are much 

lower than those associated with fossil diesel (Demirbaş 2008).

Biodiesel is designated as “B100” according to the biodiesel standard ASTM 

D6751, with the European biodiesel standard EN 14214 referring to fatty acid methyl 

esters (FAME) as fuel (Knothe 2010). The blend biodiesels are the mixture of pure 

biodiesel and petroleum-based diesel, designated as Bx where x indicates the amount 

of pure biodiesel in the mixture. Blend biodiesel is efficient option to mitigate the 

high price of biodiesel however, more importantly the properties of blend biodiesel 

must fall within the limits prescribed by the international standard specifications 

(Zabeti et al. 2009). It has been found that by blending biodiesel in mineral diesel, on 

combustion, reduces the emission of particulate matters, hydrocarbons, and carbon 

monoxide to a substantial extent with only minor power loss (Nair et al. 2012).

The history of biodiesel started in 1900 when Rudolph Diesel, the inventor of 

compression ignition (CI) engine, used peanut oil as a fuel to run the diesel engine

(Sharma and Singh 2009). Rudolph concluded that the engines could be fed with 

vegetable oils as fuels. However, several problems are associated with the direct use 

of neat vegetable oils as fuel in diesel engine. The direct use of neat vegetable oils in 

the diesel engine is technically not good because of their high viscosity, low oxidation 

stability (and the subsequent polymerization reactions) and low volatility which leads 

to formation of a relatively high amount of ashes due to incomplete combustion. 

Vegetable oils have high viscosities usually in the range of 28–40 mm2/s, which lead 

to operational problems in the diesel engine including formation of deposits and 

injector coking due to the poor atomization upon injection into the combustion 

chamber (Demirbaş 2003; Knothe 2010). Therefore, the vegetable oils must be 

preceded properly to eliminate the afore-mentioned problems and acquire the desired 

fuel properties similar to that of petroleum-derived diesel.
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Table 2.1. Top 10 selected countries in terms of absolute biodiesel potential 

production (Sharma and Singh 2009).

Rank Country Volume Potential (L) Production ($/L)a

1 Malaysia 14,540,000,000 $0.53
2 Indonesia 7,595,000,000 $0.49
3 Argentina 5,255,000,000 $0.62
4 USA 3,212,000,000 $0.70
5 Brazil 2,567,000,000 $0.62
6 Netherlands 2,496,000,000 $0.75
7 Germany 2,024,000,000 $0.79
8 Philippines 1,234,000,000 $0.53
9 Belgium 1,213,000,000 $0.78
10 Spain 1,073,000,000 $1.71
a
Average production cost per liter is calculated from all available lipid feedstock prices, 

increased by a $0.12 refining cost and decreased by $0.04 for the sale of by-products.

Although the use of vegetable oils as engine fuels seems insignificant at that time, 

Rudolph put an important future idea that in the course of time, biodiesel will be as 

important as petroleum and coal (Meher et al. 2006), and it will be a reasonably 

available engine fuel in the near future (Demirbaş 2008). Since 1900s a great deal of 

research had taken place and biodiesel was getting increasing attention for its 

advantages, which are over the conventional petroleum-derived diesel fuel, while 

most of their properties are quite similar. Table 1.1 shows that the properties of 

biodiesel comply well with that of the standard diesel specifications. Biodiesel is 

superior to petroleum-derived diesel due to its renewability, high oxygen content, 

biodegradability, low toxicity, lower emissions of CO2, SO2, and nearly no particulate 

pollutants after combustion (Liu et al. 2009). In addition, biodiesel shows good 

intrinsic lubrication properties which increases an engine’s lifetime by reducing the 

engine wear, which in turn enhances the performance of the diesel engines (Atadashi 

et al. 2010; Hu et al. 2005).

Even though biodiesel, a biodegradable, renewable environmentally friendly form 

of energy, consisting of mono alkyl esters of fatty acids derived from renewable 

sources such as vegetable oils and animal fats, has a cardinal potential as alternative 

fuel. But still there are some hurdles in this area that must be solved to make biodiesel 

as sustainable energy source in the future.
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2.3 Feedstock for Biodiesel Production

Due to the limited traditional fossil energy resources and increased environmental 

concerns, a requirement for alternative energy sources has been paid a great attention 

in recent years. Among the various explored alternative energy sources, considerable 

attention has been paid to the biodiesel because it is widely available from 

inexhaustible and renewable feedstocks. However, compared to petroleum-derived 

diesel, the high cost of biodiesel is a major obstacle to its commercialization, which is 

1.5 to 3 times higher than petroleum derived diesel (Demirbaş 2008). Currently, 

biodiesel is produced from a wide variety of domestically available feedstocks. The 

feedstocks contribute to a major portion in the cost of biodiesel production. The 

choice of feedstocks for biodiesel production depends on two main factors such as its 

availability and cost (Sharma and Singh 2009). Biodiesel is produced from different 

biological raw materials such as vegetable oils (edible and non-edible oils), animal 

fats, algal lipids, waste cooking oil, etc. Edible vegetable oils such as canola oil and 

soybean oil in USA, palm oil in Malaysia, rapeseed oil in Europe and corn oil have 

been used as feedstocks for biodiesel production and found to be good diesel 

substitutes. Non-edible vegetable oils, such as Pongamia pinnata (Karanja or Honge)  

Jatrophacurcas (Jatropha or Ratanjyote)  and Madhuca iondica (Mahua) have also 

been found to be suitable feedstocks for biodiesel production (Yusuf et al. 2011). 

Similarly, algal lipids as feedstocks for biodiesel production also gaining interest 

all over the world (Sharma and Singh 2009). Algae convert carbon dioxide into sugar 

and proteins in the presence of sunlight. However, in the absence of nitrogen they 

mainly produced oil. A microalgae Chlorella protothecoides, has been grown under 

autotrophic and heterotrophic conditions to obtain lipid as raw material for biodiesel 

industries. Lipid content in the heterotrophic cells reached to 55.20% as compared to 

14.57 % in autotrophic cells.

Vegetable oils (edible and non-edible oils) are the predominant raw materials for 

the production of biodiesel, because they are renewable, potentially inexhaustible 

source of energy, possess environmentally friendly characters and can be produced on 

a large scale (Leung et al. 2010). Currently, more than 95% of the biodiesel 

production is made from edible oils. It has been reported that approximately 70-95% 

of the total biodiesel production cost is related to the cost of the raw materials 
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(vegetable oil or animal fats) (Azócar et al. 2010; Zhang et al. 2003b). According to 

Food and Agriculture Organization’s (FAO) reports, esculent plants containing oil are 

used for the production of biodiesel among which about 84% of the biodiesel is from 

rapeseed oil (RSO) and the remaining is from sunflower (13%), palm oil (1%), 

soybean and others (2%) (Endalew et al. 2011a).

Moreover, the use of edible oils for fuel production is puzzling as more and more 

of the global food demand rises. There are also issues of deforestation and ecological 

imbalance while diverting the virgin forests and arable lands to large scale biofuel 

production feedstocks (Endalew et al. 2011a). In other words, the sustainability of 

edible oils as biodiesel feed is under threat. Thus, the biodiesel production technology 

faces several challenges that must be overcome to make it sustainable.

The use of waste cooking oils for biodiesel production instead of edible oils can 

be a promising choice to enhance the economic viability of biodiesel production. It 

has been reported that the biodiesel production cost can be reduced effectively to 60 

to 70% by using waste cooking oil (Math et al. 2010). Since waste oil is easily 

available at a relatively low price, therefore can be a workable feedstock for biodiesel 

production to make the biodiesel competitive in price with petroleum based diesel.

Huge quantities of waste cooking oils are produced all over the world every day, 

especially in the developed countries. Such large amount of waste cooking oil 

production can create disposal problems and contamination to water and land 

resources if not disposed properly. The use of waste cooking oil as feedstock for 

biodiesel production can solve the problem of waste oil disposal (Zhang et al. 2003a). 

The estimated waste cooking oil production in the selected countries is depicted in 

Table 2.2. Recently, several studies have been made to investigate the biodiesel 

production from waste cooking oil. The details of these studies are given in Table 2.3.
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Table 2.2. Annual production of used waste cooking oil (WCO) in the selected 

countries (Berrios et al. 2010; Diya’uddeen et al. 2012).

Country Waste Cooking Oil Production (million tons/year)
United State 10.00
China 4.50
Europe 0.70-1.00
Japan 0.45-0.57
Malaysia 0.50
Canada 0.12
Taiwan 0.07
Ireland   0.153
Spain 0.75
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Table 2.3. Summary of the performance of various catalysts used in the transesterification reaction of waste cooking oil. 

Catalyst Time 
(min)

Temp.
(oC)

Catalyst conc. 
(wt%)

Alcohol:Oil 
ratio

Yield 
(%)

Comments Reference

Homogeneous base catalyst
KOH 30 25 1 6:1 92.4 The increase in the catalyst loading and 

the molar ratio does not contribute to 
the growth of the yield and the quality 
of the esters.

(Tomasevic and 
Siler-
Marinkovic 
2003)

KOH 90 25 1.26 3.48:1 94 Excess catalyst used led to soap 
formation.

(Dorado et al. 
2004)

NaOH 20 60 1.1 7:1 88.8 Excess catalyst used led to soap 
formation.

(Leung and Guo 
2006)

NaOH 60 65 0.6 4.8:1 92.7 Increase in the amount of methanol or 
catalyst quantity simplifies the 
separation/purification of the methyl 
esters with purity of 98%.

(Felizardo et al. 
2006)

KOH 120 78 1 12:1 94.5 Excess catalyst used led to soap 
formation.

(Encinar et al. 
2007)

KOH 80 30-50 0.75 7:1-8:1 88-90 The acid-catalyzed process using WCO
proved to be technically feasible with 
less complexity, thereby making it a 
competitive alternative to commercial 
biodiesel production.

(Phan and Phan 
2008)
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Table 2.3 Continued

NaOH 90 50 1 6:1 89.8 Through the feasible analysis of 
orthogonal test, biodiesel of good 
quality can be produced from the 
WCO.

(Meng et al. 
2008)

KOH 30 60 1 6:1 ~92 The properties of biodiesel fuel mainly 
correspond to the initial feedstock 
properties.

(Predojević 
2008)

KOH 120 87 6 9:1 87 Free fatty acids in the waste cooking oil 
are transesterified simultaneously in 
supercritical methanol method.

(Demirbas 
2009a)

KOH 60 30 1.3 9:1 94.6 Catalyst loading is the most important 
factor, having a positive influence on 
FAME purity, but a negative one on 
FAME yield due to the positive 
influences of the yield losses 
(triglyceride saponification and methyl 
ester dissolution in glycerol).

(Bautista et al. 
2009)

KOH 40 45 1 6:1 89.5 Excess catalyst used led to 
saponification.

(Hingu et al. 
2010)

KOH 0.93 45 1 4:1 93.8 The continuous ultrasonic reactor with 
a two-step process is a beneficial 
technique for the production of 
biodiesel from WCO.

(Thanh et al. 
2010)
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Table 2.3 Continued

NaOH 60 70 1 6:1 89 to 
94

The physical configuration affected the 
biodiesel yield/time in this work.

(Adeyemi et al. 
2011)

KOH 60 70 1 6:1 98.2 The increasing amount of catalyst led
to lower yield due to soap formation.

(Agarwal et al. 
2012)

CH3ONa 3 MVH 
750 W

0.75 6:1 97.9 The reaction time was reduced 
significantly and yield of biodiesel was 
improved due to the use of microwave 
heating.

(Chen et al. 
2012)

Homogeneous acid catalyst
H2SO4 /HCl 180 90 2.5 (M) 100 % 

Excess
~99 H2SO4 was superior to HCl commonly 

used as a catalyst for biodiesel 
production.

(Al-Widyan and 
Al-Shyoukh 
2002)

H2SO4 240 80 3.8 245:1 99±1 The acid-catalyzed transesterification 
reaction of oil was essentially a pseudo-
first-order reaction in excess of 
methanol which drove the reaction to 

completion (99±1% at 4 h).

(Zheng et al. 
2006)

H2SO4 600 95 4 20:1 ≥90 The more sulfur acid added, the more 
byproducts and acidic effluent 
produced.

(Wang et al. 
2006b)

Stearates as 
homogeneous Lewis 
acids

200 200 4 × 10−4:1 12:1 96 The activity of the best catalyst 
Pb(Ac)2 is lowered by the water formed 
during esterification of FFA, by using a 
low catalyst concentration.

(Di Serio et al. 
2005)
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Table 2.3 Continued

Barium and Calcium 
acetate (BA and CA) as 
homogeneous Lewis acids

180 200-
250

BA: 0.12
CA:0.34

0.38 (ratio 
of methanol 

to oil)

87–
94

High temperature (200–250 °C) and 
high pressure (400–600 psi) are 
required for the reaction. Also, barium 
compounds are toxic in nature.

(Enweremadu 
and Mbarawa 
2009)

Two-step acid-base catalysis

Acid: Ferric sulfate

Base: KOH

240

60

95

65

2

1

10:1

6:1
97.22

Ferric sulfate acted as heterogeneous 
acid catalyst shows good activity to 
catalyze the methanolysis of FFA in the 
WCO as compared with sulfur acid.

(Wang et al. 
2006b)

Acid: H2SO4

Base: KOH

300

60

60

30

2

1

4:1(Aprox.)

3:1

≥90%
Ethyl esters are better compared to 
methyl ester in terms of low 
temperature properties (cloud point and 
pour point).

(Issariyakul et 
al. 2007)

Acid: Polyferric sulfate

Base: KOH

360

60

80

40

3

1.2

30:1

6:1

98.32

Free fatty acid (FFA) of the WCO with 
an acid value of 66.40 ± 1.08 mg 
KOH/g was esterified with methanol 
catalyzed by polyferric sulfate 
(PFS). The crude biodiesel was purified 
by molecular distillation to produce 
purified biodiesel.

(Wang et al. 
2010)
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Table 2.3 Continued

Acid: H2SO4

Base: KOH

8

5

RFH

RFH

3

0.91

0.8:1

14:1
98.8 
±1

Radio frequency heating (RFH) was 
more effective to produce efficient 
biodiesel from the WCO.

(Liu et al. 2010)

Acid: H2SO4

Base: NaOH

120

60

≤ 45

60

≤ 0.1

5g

0.4

150/1000
(v/v)

≥90
The biodiesel emulsions suggested by 

this study, WME 74.5%, methanol 5%, 

water 20%, and Span–Tween 

composite surfactant 0.5% significantly 
decreased NOx emissions.

(Lin and Lin 
2010)

Acid: H2SO4

Base: NaOH
180
60

65
50

1
1

3:7 (v/v)
3:7 (v/v)

90.6 Waste cooking oil can be a promising 
feedstock for biodiesel production.

(Jain et al. 
2011)

Acid: SiO2 (HF)

Base: NaOH

240

120

70

60

4

1

30:1

6:1
96

The SiO2 (HF) HF solid heterogeneous 
acid catalyst was more effective in the
esterification of FFA in the WCO. 

(Corro et al. 
2011)

Heterogeneous base catalyst

CaO 120 65 0.78 12:1 ≥ 99 Calcium soap was detected (Kouzu et al. 
2008)

Oil Palm Ash (K2O is 
major component)

30 60 5.35 18:1 71.74 Response surface methodology (RSM) 
was used to optimize the biodiesel 
yield from the WCO.

(Chin et al. 
2009)

Quick Lime Bit (Solid 
base catalyst)

120 60 1.3 150:300 
(v/v)

96.5 The deactivation of the catalyst derived 
from quick lime bit was not only due 
its hydration but also its slight 
agglomeration.

(Kouzu et al. 
2009)
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Table 2.3 Continued
CaO 180 60 2 7:1 ≥80.0 The predicted biodiesel yield (92.2) had 

close agreement with the experimental 
value (96.89).

(Omar et al. 
2009)

CaO-La2O3 180 58 5 20:1 ~96.0 Mixed CaO-La2O3 catalyst showed a 
high tolerance to water and FFA 
present in the feedstock.

(Yan et al. 
2009a)

Mg-Al layered double 
hydroxide

360 120 6 24:1 ≥90 The biodiesel yield decreased in the 
repeated usage of catalyst. 

(Brito et al. 
2009)

Mg-Al hydrotalcite or
Mg-MCM-41

300 60 0.5 65 mL 
methanol 

and 5 g oil

97 or 
87

Ultrasounds significantly accelerated 
the transesterification reaction 
compared to mechanical stirring (5 h 
vs. 24 h).

(Georgogianni 
et al. 2009b)

ZnO-La2O3 180 200 3 180:126 
(wt/wt)

96 A strong interaction between Zn and La 
species was observed with enhanced 
catalyst activities.

(Yan et al. 
2009b)

K3PO4 (Tri-potassium 
phosphate)

120 60 4 6:1 97.3 Transesterification of waste cooking oil 
required approximately two times more 
solid catalyst than transesterification of 
sunflower oil.

(Guan et al. 
2009)

Zn3La1(Lanthanum 
modified ZnO)

180 200 2.4 26:1 92.3 The low level of Zn and La in FAME 
and glycerine products was detected.

(Yan et al. 
2010)

CaO 120 80 3 wt% 6:1 ≥84 The FAME yields of SFO were higher 
than that of WCO under the same 
conditions, due to the presence of 
free fatty acids in the WCO.

(Son et al. 
2010)
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Table 2.3 Continued

Na-Mg-Al hydrotalcite
(HT-Na)

480 60 7 9:1 67 No soap was formed in the case of used 
oil with high acid index.

(del Remedio 
Hernández et al. 
2010)

Mg1−x Zn1+xO2 255 188 2.5 9:1 ≥80 The catalyst was recycled for four 
times without any major deactivation.

(Olutoye and 
Hameed 2011b)

SrO 0.67 MWH 0.276 6:1 99.8 Combining effective microwave 
irradiation with a base catalyst offers a 
fast and qualitative method for efficient
biodiesel production from WCO.

(Koberg et al. 
2011)

Mg-Al hydrotalcite (2:1) 240 65 2.5 9:1 77.2 The catalyst showed reusability upto 
two times usage. 

(Gomes et al. 
2011)

Hydrated lime 120 60 3.6 0.17 (vol) 100 Hydrated lime is cheap and readily 
available, therefore can be a promising 
catalyst for biodiesel production. 

(Sánchez-Cantú 
et al. 2011)

CaO-ZrO2 120 65 10 30 :1 92.1 The stability of catalysts decreases with 
increasing the Ca-to-Zr molar ratio 
such that catalysts prepared with low 
amount of CaO have high stability.

(Molaei 
Dehkordi and 
Ghasemi 2012)

CaO (Clamshell) 180 60 3 6.03:1 >89 Clamshell calcination for 3.5 h at
1173 K resulted in a catalyst of higher 
activity and reduced transesterification 
reaction time.

(Nair et al. 
2012)

KOH/Al2O3 120 70 5 9:1 96.8 Reusability test of KOH/Al2O3 catalyst 
gave reasonable yield up to 3 cycles.

(Agarwal et al. 
2012)
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Table 2.3 Continued
Calcined snail shell  
(CaO is major component)

480 65 2.0 6.03:1 87.28 Studies on leaching of the catalyst and 
its reuse still need to be carried out.

(Birla et al. 
2012)

CaAl2-CLDH 
(hydrocalumite)

300 65 5 ≤ 6:1 ≥ 95 The catalyst was successfully reused in 
up to four cycles.

(Sankaranaraya
nan et al. 2012)

Calcined Eggshell Waste
(99.2 wt%  CaO)

4 900 W 15 18:1 96.7 The activated eggshell catalyst showed 
good reusability and had high potential 
to be used as biodiesel production 
catalyst.

(Khemthong et 
al. 2012)

Waste mud Crab Shells + 
Cockleshells + Boiler Ash

30 65 3 15:1 99 The addition of 3 wt% BA to mixed 
CaO managed to shorten the reaction 
time considerably from 3 h to 0.5 h to 
achieve 99% methyl esters conversion.

(Boey et al. 
2012)

Heterogeneous acid catalyst
K4Zn4[Fe(CN)6]3·6H2O·2(
t-BuOH)
[Fe–Zn double-metal 
cyanide (DMC) 

480 170 3 15:1 98.0 Leaching or dissolution of Fe and Zn 
into the biodiesel was not detected.

(Sreeprasanth et 
al. 2006)

D-glucose derived solid 
acid

720 80 0.5 5.54:5 
(wt/wt)

≥ 90 The sugar derived catalyst carried out 
esterification/transesterification 
reactions effectively for efficient 
biodiesel production from waste oils.

(Zong et al. 
2007)

SO4
2−/TiO2–SiO2 120 200 3 9:1 92 The catalyst showed good stability for 

long-term use.
(Peng et al. 
2008)
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Table 2.3 Continued
Zinc stearate/SiO2 600 200 3 18:1 98 Negligible leaching or dissolution of 

zinc into the liquid portion was 
detected by ICP-MS analysis.

(Jacobson et al. 
2008)

Carbohydrate-derived 
solid acid

600 80 10 30:1 92 The starch-derived catalyst was highly 
effective, recyclable, eco-friendly and 
promising solid acid catalyst that could
produce biodiesel from waste oils 
containing high FFAs.

(Lou et al. 
2008)

H3PW12O40.6H2O
(Heteropolyacid)

840 65 0.0375 70:1 97 Biodiesel from the WCO was obtained 
at 65 oC, and 4 Å zeolite was used to 
absorb water from the reaction mixture.

(Cao et al. 
2008)

Al0.9H0.3PW12O40

(Aluminum 
dodecatungstophosphate)

840 65 3 34:1 96.1 These catalysts are described as green 
double acids, as they combine both 
Bronsted and Lewis acid sites.

(Wang et al. 
2009)

Zn1.2H0.6PW12O40

(ZnPW)
720 65 2.5 28:1 97.2 The ZnPW nanocatalyst was prepared 

using cellulose fibers as templates. The 
catalyst could be used five times for 
biodiesel production from WCO. 

(Li et al. 2009)

Zr0.7H0.2PW12O40

(Heteropolyacid, ZrHPW)
320 65 2.1 20:1 96.7 Nanostructured catalyst contains

double acid sites, therefore show higher 
efficiency, and reusable catalytic 
activity in biodiesel production from 
low-quality feedstocks.

(Zhang et al. 
2009)
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Table 2.3 Continued
WOx/Al2O3 120 110 1 0.3 (wt/wt) 97.5 The catalyst stability was found to be

reusable with consistency in activity up 
to three times.

(Komintarachat 
and Chuepeng 
2009)

SO4
2−/SnO2-SiO2 180 150 3 15:1 92.3 By adding appropriate amount of 

SiO2 or Al2O3 to SO4
2−/SnO2 will 

eventually enhance the catalytic 
activity of the catalyst in biodiesel 
production.

(Lam et al. 
2009)

SO4
2−/ZrO2 240 120 3 9:1 93.6 The presence of sulfate ions was 

checked with BaCl2 and KOH titration,
and no sulfate ions were found in the 
biodiesel produced from the WCO.

(Fu et al. 2008)

Fe2(SO4)3/C 180 95.15 3.5 18:1 98 The free fatty acids (FFA) in waste 
cooking oil (WCO) were effectively 
eliminated by esterification with
methanol using a 3.5% Fe2(SO4)3/C.

(Gan et al. 
2009)

12-Tungstophosphoric 
acid (TPA)/Nb2O5

1200 200 3 18:1 92 The 25 wt % TPA/Nb2O5 was the most 
promising one with the highest ester 
yield and having the ability to catalyze 
transesterification and esterification 
reactions simultaneously.

(Srilatha et al. 
2010)

SO4
2−/SnO2-SiO2 90 150 6 15:1 88.2 High FAME yield was achieved in a 

shorter reaction time when biodiesel 
was used as co-solvent (almost 30% 
higher than without using co-solvent).

(Lam and Lee 
2010)
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Vegetable Oil Asphalt-
based solid acid

270 220 0.2 16.8:1 94.8 The hydrophobicity of carbon-based 
catalyst is mainly due to carbon sheets

that prevented the hydration of –OH. 

(Shu et al. 
2010)

Al(HSO4)3 50 220 0.5 16:1 81 The catalyst was able to catalyze the 
transesterification reaction for two 
cycles without any treatment.

(Ramachandran 
et al. 2011)

Arenesulfonic acid-
functionalized SBA-15

120 160 8 30:1 ~80 The main catalyst deactivation cause 
was the strong interaction of 
unsaponifiable matter with the acid 
sites.

(Morales et al. 
2011)

SO4
2−/SnO2-SiO2 60 150 6 15:1 81.4 Mixed methanol–ethanol technology 

was utilized as an alternative way to 
produce greener biodiesel.

(Lam and Lee 
2011)

Silica-Sulfuric acid 30 60 1.5 6:1 90 The silica sulfuric acid catalyst was 
more efficient to reduce the free fatty 
acids contents in the WCO as compared 
to conventional acids.

(Otadi et al. 
2011)

Al2O7Si2.2H2O 
(Kaolinite)

120 160 3 31:1 92.4 Commercial kaolinite was thermally 
activated (solid acid) for biodiesel 
production from used frying oil.

(Ramírez-Ortiz 
et al. 2011)

SO4
2−/ZrO2-Al2O3 240 200 0.3 67.9:1 94.8  WCO with a high acid value was 

esterified with crude glycerol catalyzed 
by solid super acid.

(Wang et al. 
2012)

H3PW12O40·6H2O 60 30 10 67.9:1 93.98 Response surface methodology (RSM) 
was used to optimize the biodiesel.

(Noshadi et al. 
2012)
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Cs2.5PW12O40

[Cs-doped heteropoly 
Acid]

40 260 3 40:1 92 The catalyst exhibited the highest 
stability in the supercritical methanol.

(Shin et al. 
2012)

Bifunctional Catalyst
KF/C 60 175 3 8.85:1 83 The reactor was pressurized up to 

10 bar using nitrogen gas.
(Hameed et al. 
2009)

ZnO-La2O3 180 220 2.38 42:1 96 Leaching or dissolution of La and Zn 
into the biodiesel was not detected.

(Yan et al. 
2009b)

TiO2–MgO mixed oxides 360 160 10 50:1 92.3 Titanium improved the stability of the 
catalyst because of the defects induced 
by the substitution of Ti ions for Mg 
ions in the magnesia lattice.

(Wen et al. 
2010)

K-ITQ-6 1440 180 5 20:1 87 No soap was detected. (Macario et al. 
2010)

Quintinite-3T 360 75 10 12:1 97.72 The catalyst successfully converted 
both FFA and TGs in a single step 
batch reactor. The structural integrity of 
the catalyst remained intact even after 5 
successive runs.

(Kondamudi et 
al. 2011)

Sr/ZrO2 169 115.5 2.7 29:1 79.7 Catalyst regeneration and reusability 
needs to be carried-out to expand the 
research for commercialization 
purposes.

(Wan Omar and 
Amin 2011)

K-Pumice 240 60 20 21:1 90.9 The preparation of the catalyst is 
simple, inexpensive and noncorrosive.

(Borges et al. 
2011a)
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2.4 Biodiesel Production Methods

Biodiesel production is a very modern technology for researchers since its production 

and uses are increasing significantly all over the world. Vegetable oils have too high 

viscosity for use in the existing ignition diesel engines as a straight replacement fuel 

oil. A number of methods are currently used for biodiesel production from different 

feedstocks to overcome the high viscosity of the vegetable oils as fuel. However, 

there are four main processes employed for biodiesel production: direct use and 

blending of raw oils, micro-emulsions, thermal cracking and transesterification.

Among them, the most commonly used method for converting oils to biodiesel and to 

solve the problems encountered with the high fuel viscosity is called 

transesterification, where vegetable oils or animal fats are chemical converted into 

their corresponding fatty acid esters (Demirbaş 2008).  These methods are discussed 

in detail in the following section.

2.4.1 Direct Use and Blending

Vegetable oils are renewable and inexhaustible, non toxic, emit fewer amounts of 

green house gases and other harmful emissions than do other fossil fuels upon 

combustion, therefore make them more attractive for use as biofuel (Attaphong et al. 

2012). Several attempts have been made to use straight vegetable oils as alternative 

fuels in the diesel engine (Altın et al. 2001; Franco and Nguyen 2011). These studies 

showed that although vegetable oils are promising liquid fuels to substitute diesel 

fuels, however several problems are associated with when used directly in diesel 

engine for longer periods of time especially with direct injection engine (Meher et al. 

2006). The high viscosity may lead to blockage of fuel lines, filters, high nozzle valve 

opening pressures and poor atomization, therefore long-term use of neat vegetable oils 

in direct-injection diesel engines causes engine durability problems (Nwafor 2004).

These problems include (Ma and Hanna 1999):

 Coking and trumpet formation on the injectors to such an extent that fuel 

atomization does not take place properly or even prevented as a result of plugged 

orifices.
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 Significant carbon deposits.

 Oil ring sticking.

 Thickening or gelling of the lubricating oil due to vegetable oils contamination.

Similarly, higher viscosities and lower volatilities of vegetable oils (especially 

animal fats ) limit their applications as an alternative liquid fuels, resulting in 

formation of deposits in the engine due to incomplete combustion and improper 

vaporization characteristics (Meher et al. 2006). Usually, the viscosities of vegetable 

oils fall in the range of 27.2–53.6 mm2/s, which are 11–17 times higher than the 

viscosity of diesel fuel (Meher et al. 2006). Table 2.4 presents the comparative study 

of kinematic viscosities of various vegetable oils and their derived fatty acid methyl 

esters. The viscosity problems are associated with the large triglyceride molecules and 

its higher molecular mass, which are usually avoided by modifying the engine less or 

more according with the conditions and type of oil involved (Meher et al. 2006). In 

addition, acid composition, free fatty-acid content, gum formation due to oxidation, 

polymerization during storage and combustion, are the obvious problems associated 

with direct used of vegetable oils as an alternative fuel in the engine. 

Table 2.4. Kinematic viscosities (mm2/s) of some vegetable oils and their respective 

methyl ester (ME) obtained from methanolysis determined at 38 oC (Demirbaş 

2003).

Sample Vegetable Oil Methyl Esters
Cottonseed 33.7 3.1
Hazelnut kernel 24.0 2.8
Poppyseed 42.4 3.5
Rapeseed 37.3 3.3
Safflowerseed 31.6 2.9
Sunflowerseed 34.4 3.2

The idea of blending of vegetable oils with petroleum-derived fuel (in any

proportion) was first documented in the early 1980s to improve the fuel quality (Ma 

and Hanna 1999). Biodiesel blends are represented as Bxx, where xx is the vol % 

vegetable oils mixed in the fuel. Since vegetable oils are completely miscible with 

petroleum-derived diesel, the problems of viscosity, flash point, and volatility can be 

eliminated by blending vegetable oils and fats with conventional petroleum-derived 
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diesel in any desired proportion (Ma and Hanna 1999).

For instance, canola oil is comparatively much more viscous than the other 

common vegetable oils. At 40 °C, 75/25 canola oil-diesel blend has a viscosity of 40 

mm2/s; and for a 50/50 blend the viscosity is found to be 19 mm2/s (Strayer et al. 

1983); where the maximum specified ASTM D6751 (D445 based method) and EN 

14214 (ISO 3104 based method) values for viscosity are in the ranges of 1.9–6.0 

mm2/s and 3.5–5.0 mm2/s, respectively (Knothe 2006).

Similarly, Yuan et al. (2005) made an attempt to study the effect of blending on 

the viscosity of fuel. They reported that a 75% blend of soybean oil with no.2 diesel 

fuel has a viscosity of 3.78 mm2/s at 40 °C, with a 50% blend the viscosity is reduced 

to 3.41 mm2/s, while a 25% blend has 3.11 mm2/s at the same temperature. (Strayer et 

al. 1983) made a comparison between different oils blend with petrodiesel. A 75/25 

blend of canola oil and fossil fuel has a lower viscosity of 40 mm2/s compared to 60 

mm2/s of pure canola oil blend of 50/50.

In 1980, Caterpillar Brazil Company used pre-combustion chamber engines with a 

mixture of 10% vegetable oil to maintain total power without any modification to the 

engine. As a result, a blend of 20% oil and 80% diesel was found to be successful, 

offering a reasonable substitute for petroleum diesel (Yusuf et al. 2011).

Nwafor and Rice (1996) also reported that blends of rapeseed oil and diesel were 

comparable in engine performance to diesel alone. The 50/50 blend showed 

significant improvement in thermal efficiency and hydrocarbon emissions, compared 

with diesel fuel, when running on vegetable oil fuels. Pramanik (2003) recommended 

50% Jatropha oil- diesel blend as an alternative fuel in diesel engines without any 

major operational difficulties.

The vegetable oil-diesel blends in different proportions has been recommended as 

promising alternative liquid fuels and shown enhancement in terms of the vegetable 

oils physicochemical properties. However, the long term period of usage in diesel 

engine has been found to be unsatisfactory and impractical, decreasing the power 

output and thermal efficiency by carbon deposits and lubricating oil fouling (Engler et 

al. 1983; Schlautman et al. 1986; Srivastava and Prasad 2000). Therefore, vegetable 
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oils must be processed properly so as to acquire the properties necessary for direct use

in the current diesel engines.

2.4.2 Thermal Cracking and Pyrolysis

Pyrolysis is the process in which one substance is converted into another by means of 

heat or by heat in the presence of a suitable catalyst. It involves heating in the absence 

of air or oxygen and cleavage of chemical bonds to produce smaller molecules (Ma 

and Hanna 1999).The pyrolyzed material can be vegetable oils, animal fats, natural 

fatty acids and methyl esters of fatty acids. The pyrolysis of fats has been investigated 

for more than 100 years, especially in those areas of the world that lack petroleum 

deposits (Ma and Hanna 1999). The pyrolysis and cracking of oils and fats yield 

compounds that are smaller in size than the respective triglyceride (TG) and therefore, 

suitable to be used as an alternative engine fuel. Depending on the TG source and the 

pyrolytic method employed, alkanes, alkenes, aromatic compounds, esters, CO2, CO, 

water, and H2 are produced in varying proportions (Helwani et al. 2009). The 

mechanism for the thermal decomposition of a triglyceride molecule is depicted in 

Eq. 2.1(Ma and Hanna 1999).

                                                                                          

    [Eq. 2.1]

A number of researchers have investigated the pyrolysis of vegetable oils to obtain 

products suitable for diesel engines. The first pyrolyzed vegetable oil, before the 

World War I, was aimed to synthesize petroleum products from vegetable oil suitable 

for diesel engine.
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The pyrolysis process for biodiesel production from fats has been known for more 

than 100 years, especially in countries where there is a lack of petroleum deposits 

(Demirbaş 2003; Ma and Hanna 1999). However, in 1947, the tung oil was saponified 

with lime, pyrolyzed and then refined to yield diesel fuel and small amounts of 

gasoline and kerosene (Ma and Hanna 1999).

Schwab et al. (1988) compared pyrolyzed soybean oil with the pure oil, having 

79% carbon and 12% hydrogen. The pyrolyzed soybean oil showed a lower viscosity 

and higher cetane number comparatively. Chang and Wan (1947) carried out thermal 

cracking of Tung oil to yield a crude oil, which was refined to produce diesel fuel and 

small amounts of gasoline and kerosene. Similarly, Crossley et al. (1962) studied the 

effect of temperature on the type of products obtained from cracked glycerides.

Even though pyrolysis is among the processes which were employed to introduce 

sustainable liquid fuels, but unfortunately pyrolysis is not very selective and a wide 

range of compounds such as alkanes, alkenes, alkadienes, aromatics and carboxylic 

acids are obtained as by products, depending on the TG source and the pyrolytic 

method employed (Canakci et al. 2009; Pramanik 2003). Oxygen removal from 

substrate molecules is another drawback of pyrolytic production methods.

The fuels obtained by pyrolysis of triglycerides are less environmentally friendly 

than petroleum-derived fuels in terms of oxygen content, where oxygen is removed 

during the thermal processing of feedstocks. In addition, solid residues of ash and 

carbon that are created during TG pyrolysis require additional separation steps. 

Therefore, catalytic cracking of vegetable oils has been studied to control the 

undesirable products generated during cracking. These studies involve vast variety of 

catalysts such as SiO2/Al2O3 (Pioch et al. 1993), NiMo/γ-Al2O3 (da Rocha Filho et al. 

1993), NiSiO2 (Gusmão et al. 1989), Al2O3 (Dos Anjos et al. 1983), MgO (Dos Anjos 

et al. 1983), composites of zeolites (Twaiq et al. 2004), and Al-MCM-41 (Twaiq et al. 

2003). However, it has been found that a gasoline-like fuel is more likely to be 

formed rather than a diesel fuel during catalytic cracking (Schwab et al. 1988).
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2.4.3 Microemulsion

Technically microemulsion is an isotropic, transparent, thermodynamically stable 

dispersion system of oil, water, and a suitable surfactant frequently in combination 

with a co-surfactant such as an aliphatic alcohol under appropriate conditions

(Burguera and Burguera 2012). The name “microemulsion” derives from the fact that 

oil droplets in O/W systems or water droplets in W/O systems are very small (sizes 

ranging from 5 to 10 nm).The microemulsions with liquids, such as methanol, 

ethanol, and ionic or non-ionic amphiphiles have been studied to overcome the 

problem of high viscosity of vegetable oil. Use of diesel microemulsions has been 

shown to give several interesting effects, such as (i) reduced nitrogen oxides (NOx) 

emission and also lower soot and particulate contents in the exhaust, and (ii) improved 

combustion efficiency (Lif and Holmberg 2006).

Ma and Hanna (1999) reported that the short term performances of 

microemulsions of aqueous ethanol in soybean oil were nearly as good as that of No.2 

diesel, in spite of the lower cetane number and less energy content. Similarly, 

microemulsion of 53% (v/v) alkali-refined and winterized sunflower oil, 13.3% (v/v) 

190-proof ethanol and 33.4% (v/v) 1-butanol have been reported  to have lower 

viscosity of 6.31 cSt at 40 °C, a higher cetane number of 25 and ash content of less 

than 0.01% (Ziejewski et al. 1984).

Microemulsions of vegetable oils have shown good performance and effective in 

lowering the viscosity of vegetable oils to meet the requirements; however, the 

following undesirable processes happen while using vegetable oils microemulsions in 

the diesel engine in long term run.  

 Significant irregular injector needle sticking (Ma and Hanna 1999; Sharma et al. 

2008).

 Heavy carbon deposit on piston and head of engine (Ziejewski et al. 1984).

 Incomplete combustion, which leads to more injector needle blocking and in-take 

valve sticking (Fukuda et al. 2001; Goering and Fry 1984; Ziejewski et al. 1984).

 Lubrication oil contamination, due to formation of polymers, which increases the 

viscosity of the lubricating oil (Fukuda et al. 2001).
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 The microemulsion is comparatively too costly for a very large scale application, 

such as fuels for vehicles (Lif and Holmberg 2006).

2.4.4 Transesterification (Alcoholysis)

In the transesterification reaction, the triglyceride molecules react with an alcohol in 

the presence of a suitable catalyst to produce three moles of fatty acid alkyl esters and 

one mole of glycerol. The transesterification reaction proceeds with primary or 

secondary monohydric aliphatic alcohols having 1–8 carbon atoms. However, 

methanol and ethanol are widely used for transesterification reaction because of their 

low cost and physical and chemical advantages. A suitable catalyst is used to improve 

the reaction rate and yield during the transesterification of triglycerides. Because the 

transesterification reaction is reversible, excess alcohol is used to shift the equilibrium 

to the product side (ester formation). Transesterification reaction method is preferred 

over other biofuels preparation methods since it can utilize a wide variety of 

feedstocks to produce good quality biodiesel. In addition, transesterification reaction 

has the potential to reduce the biodiesel cost, which is the major barrier for its 

commercialization for sustainable development (Atapour and Kariminia 2011).

Theoretically, three moles of alcohol are required for one mole of triglycerides. 

However, an excess alcohol is used for the transesterification of vegetable oils to shift 

the equilibrium to the product due to its reversible nature. Transesterification reaction 

consists of three consecutive reversible steps, where triglyceride is converted to 

diglyceride, monoglyceride and finally glycerol respectively as shown in Eq. 2.2.

From each step of transesterification reaction one molecule of alkyl ester is formed 

(Fonseca et al. 2010).  The overall reaction of triglyceride with alcohol in the presence 

of a catalyst producing biodiesel (mixture of alkyl esters) is depicted in Eq. 2.3

(Helwani et al. 2009). The formation of alkyl esters from monoglycerides is 

considered to be the reaction rate determining step, as monoglycerides are the most 

stable intermediate compound (Demirbas 2008).
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                                [Eq. 2.2]

Where R1, R2 and R3 represents alkyl groups.

[Eq. 2.3]

                                                                                                                    

Transesterification, has been known for around 150 years, introduced by the 

scientists Duffy and Patrick in 1853 (Demirbas 2005). Even though vegetable oils 

have been recognized as promising alternative liquid fuels, but they have very high 

viscosity to be used in the most existing diesel engines as a straight replacement fuel 

oil.  In the past few years, alcoholysis method has been extensively studied in order to 

solve the problems encountered with the high fuel viscosity (Canoira et al. 2006; 

Čerče et al. 2005). Transesterification has been known to reduce the viscosity of 

triglycerides, thereby enhance the physical properties of renewable fuels, which in 

turn improve the engine performance (Clark et al. 1984; Fukuda et al. 2001). Table 

2.5 presents the comparative studies of some properties of VOs biodiesel fuel and 

diesel fuel. 
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Table 2.5. Physical and chemical properties of alkali-transesterified some vegetable 

oils (Srivastava and Prasad 2000).

VO Esters KV(mm2/s) CN LHV (MJ/l) CP (ºC) FP (ºC) D (g/ml)
Peanut 4.9 54 33.6 5 176 0.883
Soybean 4.5 45 33.5 1 178 0.885
Babassu 3.6 63 31.8 4 127 0.879
Sunflower 4.6 49 33.5 1 183 0.860
Tallow –       – – 12 96 –
Rapeseed 4.2 51-59.5 32.8 – – 0.882
Diesel fuel 1.2-3.5 51 35.5 – – 0.83–0.84

VO stands for Vegetable oil, KV for Kinematic viscosity ( at 37.8 oC), CN for 
Cetane number, LHV for Lower heating value, CP for Cloud point, FP for Flash 
point and D for Density (at 15 oC).

As shown, biodiesel produced from vegetable oils have viscosities much closer to 

diesel viscosity. Their cetane numbers and flash points are higher, but they have, to 

some extent, lower volumetric heating values. Thus, the biodiesel has the immense 

potential to replace the diesel, since their characteristics are quite similar. The 

advantages of biodiesel produced by transesterification method are:

 It can be produced from a wide variety of domestically available sources, thereby 

reducing the dependence on foreign sources of transportation fuels which are 

becoming expensive day by day due to reserve depletion (Gerpen 2005; Wang et 

al. 2007b).

 It is a renewable resource (Demirbaş 2003).

 It possesses eco-friendly characteristics and emits less environmental pollutants 

since biodiesel has been found to be biodegradable like sugar (Demirbas 2005)

and greatly biodegradable in fresh water as well as soil environments (Sharma et 

al. 2008).

 It helps to prevent depletion of the ozone layer and acid rain since it reduces the 

net level of pollutants such as carbon monoxide (CO), carbon dioxide (CO2), 

sulfur dioxide (SO2) particulate matters, and other unburned hydrocarbons 

(Agarwal 2007; Antolı́n et al. 2002; Song et al. 2008). However, only a minor 

increase in the nitrogen oxides (NOx) generation has been reported. Various 

strategies have been suggested to eliminate the NOx emission of biodiesel 

(Sharma et al. 2008; Sun et al. 2010; Szybist et al. 2005).
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 Since biodiesel is oxygenated, resulting in engine combustion that is more 

complete than petroleum (Jaichandar and Annamalai 2011).

 It can be blended in any proportion with petroleum diesel fuel without any 

chemical process (Agarwal 2007).

The transesterification reaction proceeds well in the presence of some 

homogeneous catalysts such as potassium hydroxide (KOH)/sodium hydroxide 

(NaOH) and sulfuric acid, heterogeneous catalysts such as metal oxides or carbonates 

and enzymes (Demirbas 2008). Normally, homogeneous bases or acids are used for 

transesterification of triglycerides for biodiesel production; however, alkali catalyzed 

transesterification reactions are faster than acid catalyzed transesterification (Tang et 

al. 2013).

2.5 Factors Affecting the Transesterification Reaction

Transesterification reaction is affected by various parameters depending upon the 

reaction conditions. The reaction is either incomplete or the yield is reduced to a 

significant extent if the parameters are not optimized. Each parameter is equally 

important to achieve a high quality biodiesel which meets the regulatory standards. 

The most important variables affecting the transesterification reaction are molar ratio 

of alcohol to vegetable oil, reaction temperature catalyst amount, agitation speed, FFA 

and water content (Demirbaş 2003; Leung and Guo 2006; Ramadhas et al. 2005). 

(Leung and Guo 2006). The effects of these reaction parameters are discussed in 

detail as follow:

2.5.1 The Effect of Alcohol to Oil Molar Ratio

The methanol to oil molar ratio is considered one of the most important factors 

affecting the biodiesel yield during the transesterification reaction of triglyceride. 

(Atapour and Kariminia 2011; Banerjee and Chakraborty 2009). The alcohol to oil 

molar ratio plays a key role to increase the reaction rates for the generation of more 

methoxide anions, which then attack the carbonyl carbons of the triglycerides to form

ester molecules. Stoichiometrically, three moles of alcohol are required for complete 
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transesterification reaction of each 1 mole of triglyceride to yield three moles of fatty 

acid alkyl esters and one mole of glycerol as presented in Eq. 2.4 (Demirbas 2009a; 

Wang et al. 2007a). However, an extra amount of alcohol is generally required to shift 

the equilibrium to the product side in order to produce more biodiesel and avoid the 

re-formation of mono-, di- or tri-glyceride (Lam and Lee 2011).

3 3
Catalyst

Triglyceride Alcohol Glycerol Fatty Acid Alkyl esters  [Eq. 2.4]

The amount of methanol depends on the type of catalyst used in the 

transesterification reaction of the triglycerides. In general, homogeneously catalyzed 

transesterification reactions require less amount of alcohol to drive the equilibrium to 

the right side to produce maximum biodiesel yield as compared to the 

heterogeneously catalyzed transesterification reactions (Tomes et al. 2010).

Many attempts have been made to study the effects of alcohol to oil molar ratio on 

the biodiesel yield during the transesterification reaction of triglyceride so as to 

optimize the biodiesel production process. Atapour and Kariminia (2011) investigated 

the effect of methanol to oil molar ratio on the biodiesel purity and biodiesel yield 

using methanol to oil molar ratio in the range of 3:1 to 11:1 with 0.9% w/w KOH 

catalyst at reaction temperature 50 °C. The authors reported that increasing the 

methanol to oil molar ratio from 3:1 to 7:1, the product yield also increased from 91.8 

to 97.2, where the biodiesel purity and yield increased from 74.6 to 92.7 and from 

68.4 to 90.9, respectively. They further noticed that maximum biodiesel yield was 

obtained at optimum methanol to oil ratio of 7:1 for the given transesterification 

reaction.

Demirbas (2009a) made an attempt to investigate the effect of alcohol/oil ratio on 

the biodiesel conversion during the transesterification reaction in the presence of

KOH as a catalyst at reaction temperature of 360 K. They pointed out that 

methanol/oil molar ratio was one of the important factors affecting the biodiesel yield. 

Maximum biodiesel yield was achieved at higher methanol to oil molar ratio. Lee et 

al. (2010) studied the optimization of reaction variables during the biodiesel 

production from canola oil in the presence of alkali catalyst. They varied the 

oil/methanol molar ratio from 1:4 to 1:9. The authors noted that maximum biodiesel 
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yield was obtained at optimum molar ratio of 1:6.

Similarly, Alamu et al. (2008) also investigated the effect of alcohol on the 

biodiesel yield during the transesterification of palm kernel oil. They found that 

biodiesel yield increased as the methanol-PKO molar ratio increased, and maximum 

yield 96% was achieved with ethanol/oil ratio of 20:1. Moreover, the results showed 

that there was no significant increase in the biodiesel yield when the methanol/oil 

ratio was increased beyond this optimum molar ratio. Gan et al. (2009) studied the 

esterification of free fatty acids in waste cooking oil in the presence of Fe2(SO4)3/C 

catalyst with methanol. They reported that the larger amount of methanol significantly 

favored the esterification of FFA in waste cooking oil to drive the reaction to the right 

side. Further, the results showed that the efficient FFA conversion was obtained at 

methanol/WCO molar ratio at 18:1.

Hoque et al. (2011) investigated the effect of methanol amount on biodiesel yield 

from transesterification reaction of low cost feedstocks such as such as used cooking 

oil (WCO) and animal fat (AF) using alkali catalyst and methanol. They reported that 

biodiesel yield increased as the methanol molar ratio was increased beyond the 

theoretical molar ratio (3:1), and maximum yield was obtained at 6:1 molar ratio from 

the transesterification of each feedstock. Birla et al. (2012) studied the effect of 

different variables on the biodiesel production from the waste frying oil using a 

heterogeneous catalyst. They found that maximum biodiesel yield (87.59%) was 

obtained at optimum molar ratio of 6.03:1. Further, it was observed that biodiesel 

yield remained constant when methanol molar ratio was further increased beyond the 

optimum methanol to oil molar ratio. 

Phan and Phan (2008) observed that methyl ester yield increased when the 

methanol to oil molar ratio was increased from 3:1 to 12:1 in the KOH catalyzed 

transesterification reaction of WCO.  They reported that a maximum biodiesel yield 

of approximately 88–90% was achieved at optimum methanol/WCO molar ratio of 

7:1–8:1 in 80 min. However, further increase in the methanol ratio above 9:1 caused 

decrease in the product yield at the same reaction conditions. The decrease in the 

biodiesel yield was attributed to the fact that at higher methanol to oil molar ratio the 

separation of glycerol becomes difficult and the apparent yield of esters decreases

because a part of the glycerol remains in the biodiesel phase.
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Meng et al. (2008) also made attempt to investigate the effect of amount of 

methanol on the WCO conversion efficiency in the NaOH catalyzed 

transesterification reaction. The authors noted that maximum conversion efficiency 

(88.9%) was achieved at 7:1 methanol to oil molar ratio. However, when the molar 

ratio was further increased above the optimum ratio the change in the conversion 

efficiency was insignificant and remained almost the same.

Similarly, Lam and Lee (2011) and  Patil et al. (2010) also conducted the 

transesterification reaction of waste cooking oil with methanol and determined the 

effects of methanol amount on final biodiesel yield. They found from their 

experimental results that biodiesel yield increased significantly as the methanol ratio 

was increased with respect to oil. However, beyond the optimum molar ratio of 

methanol to oil the effect became insignificant where the yield more or less remained 

the same.

In the view of the existing literature, it can be concluded that alcohol to oil ratio is 

one of the most important variables that affect the biodiesel yield during the 

transesterification of triglycerides. Although an excess alcohol is recommended to 

push the equilibrium to the product side to yield more biodiesel; however, too much 

an excess alcohol can lead to several process problems. It has been reported that high 

molar ratio of alcohol to oil interferes the separation of glycerol because there is an 

increase in solubility of glycerol in ester phase. When glycerol remains in ester 

solution, it helps to shift the equilibrium the reactants side, lowering the yield of esters

(Lee and Saka 2010). Therefore, it needs to be optimized for the transesterification of 

selected feedstock to get maximum biodiesel yield and lower the biodiesel production 

cost.

2.5.2 The Effects of Moisture and FFA Contents

The moisture contents and free fatty acid are key parameters for determining the 

viability of the feedstocks for transesterification (Goodrum 2002). The high FFA 

content (>1% (w/w) will result in soap formation and the separation of products will 

be more difficult, which in turn lowers the biodiesel yield and greatly increases the 
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product separation cost (M.J.Haas 2004). In similar way, water also causes soap 

formation by promoting the hydrolysis of the alkyl esters to FFAs, consuming the 

catalyst and reduces catalyst efficiency (Ma and Hanna 1999). Therefore, for the 

selectivity of alcoholysis catalyst, the feedstocks must follow certain specifications to 

produce biodiesel (Ma and Hanna 1999). The glyceride should have an acid value not 

exceeding 0.5 wt% and all materials should be substantially anhydrous i.e. total water 

content must be 0.1-0.3 wt% or less (Lotero et al. 2005). As presented in the reaction 

(Eq. 2.5), the presence of moisture and high FFA in the feedstock can easily react 

with an alkali catalyst producing soaps and water. The resulting soaps cause an 

increase in viscosity, formation of gels and make the separation of glycerol difficult.

Moreover, the water present in the reaction mixture may promote the formation of 

FFAs in the presence of base catalyst (Eq. 2.6). As a consequence, the downstream 

recovery and purification of the product is made more complicated by the formation 

of soaps, which resulted from the reaction between the FFA and the catalyst (Wang et 

al. 2007b; Zhang et al. 2003b).

2( ) ( )
FFA Soap

RCOOH NaOH or MeONa RCOONa H O or MeOH          [Eq. 2.5]

          2
Base catalystRCOOMe H O RCOOH MeOH                                [Eq. 2.6]

Several studies have been made to investigate the effects of FFA and water

contents on the biodiesel yield during the transesterification reaction (Marchetti et al. 

2007; Naik et al. 2008; Ramadhas et al. 2005). It has been reported that both FFA and 

water contents have negative effect on the biodiesel yield during the 

transesterification reaction. To overcome this problem two-step process is suggested, 

where acid esterification is followed by a base catalyzed transesterification or using 

heterogeneous catalysts (Di Serio et al. 2005; Ghadge and Raheman 2005; Olutoye 

and Hameed 2011a; Veljković et al. 2006). However, more recently, Intensive 

research has been undertaken to develop a suitably efficient catalyst with better ability 

to tolerate the high FFAs and water contents of the feedstocks, and can perform

simultaneous esterification-transesterification reactions in a single step during the 

biodiesel production.
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2.5.3 The Effect of Reaction Time

Reaction time plays a crucial role in the transesterification reaction of triglyceride,

especially reaction catalyzed by the heterogeneous catalyst due to the mass transfer 

limitation in the three-phase system (oil-methanol-catalyst). Therefore, certain period 

of time is required for the transesterification reaction of triglyceride to complete. At 

the beginning, the reaction is slow due to the mixing and dispersion of 

alcohol/catalyst/oil phases. The conversion rate increases with the time due to the 

minimization of the mass transfer between the oil-alcohol-catalyst, and completes in a 

specific time period. However, an excess reaction time beyond the optimum value 

may lead to a reduction in the biodiesel yield due to the backward transesterification 

reaction, which in turn lowers the ester contents (Eevera et al. 2009; Leung et al. 

2010; Meher et al. 2006).

The reaction time is one of the integral factors affecting the biodiesel yield in the

transesterification reaction of triglycerides; therefore, several attempts have been 

made to investigate the effects of reaction time on the biodiesel yield, and to get the 

optimum time for the transesterification reaction. Freedman et al. (1984) made an 

attempt to study the effect of reaction time of the biodiesel yield during the 

transesterification of peanut, cottonseed, sunflower, and soybean oils at methanol to 

oil ratio of 6:1, 0.5% sodium methoxide catalyst, and reaction temperature of 60 ºC. 

They reported that a yield of 80% was obtained after 1 min for soybean and sunflower 

oils. Moreover, they observed that after 1 h, the conversions for all four oils were 

almost constant (93–98%).

Similarly, Ma et al. (1999) also investigated the effect of reaction time on the 

biodiesel yield during the transesterification of beef tallow with methanol. The 

authors noted that initially during the first minute the reaction was very slow, which 

was attributed to the mixing and dispersion of methanol into beef tallow. However, 

they found that after one minute the reaction started to proceed very fast and reached 

the maximum yield at about 15 min.

Lam and Lee (2011) also reported the effect of reaction time on the biodiesel yield 

from the waste cooking oil in the presence of sulfated tin oxide catalyst and mixed 

methanol-ethanol. They found that the optimum yield of 81.4% biodiesel was 
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obtained at methanol to ethanol to oil molar ratio of 9:6:1, reaction temperature of 150 

°C, 6 wt% of catalyst and reaction time of 1 h. The author also noticed that lowest 

biodiesel yield of 65% was acheived with solely ethanol even longer reaction time of 

3 h was used.

In addition, the reaction temperature is directly influenced by the reaction time, 

where higher reaction temperature will help to shorten the reaction time to complete 

for biodiesel production and vice versa (Antolı́n et al. 2002; Wang et al. 2007c). Fu et 

al. (2008) made an attempt to study the effect of temperature on reaction time during 

the transesterification reaction of waste cooking oil with methanol. The authors 

reported that 80 % FAME yield was achieved in 11 h at 65 oC, whereas the same 

FAME yield was obtained in only 2 h reaction time at 120 oC. Moreover, they found 

that FAME yield increased to 95.2 % when the reaction time was extended to 5 h. 

Similarly,  Kapilakarn and Peugtong (2007) also found that biodiesel yield of 96.62 % 

was achieved at 55 oC within the time duration of 50 min, while the same amount of 

biodiesel yield could be obtained in time duration of 20 min at 70 oC.

Thus, in the light of above literature reviews, it can be concluded that reaction 

time plays a key role in the biodiesel production from the transesterification reaction 

of triglycerides. Since the transesterification reaction of triglyceride is reversible in 

nature, therefore reaction time must be optimized to avoid the backward reaction and 

obtain the best biodiesel yield for sustainable energy production. 

2.5.4 The Effect of Reaction Temperature

Temperature is one of the most important reaction variables affecting the biodiesel 

yield and reaction rate during the transesterification of triglyceride. Although, 

trasesterification reaction can take place at different temperature, however higher 

reaction temperature favours the forward reaction to the product side because of its 

endothermic nature. A higher reaction temperature reduces the viscosities of oils and 

mass transfer limitations between the phases, which in turn increases the reaction rate 

and shorten the reaction time. Several researchers have studied the effect of 

temperature on conversion of oils and fats into the biodiesel. Freedman et al. (1984)
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studied the transesterification of refined soybean oil using methanol/oil molar ratio of 

6:1 and 1% NaOH catalyst at three different temperatures 60, 45 and 32 °C. They 

found that after 0.1 h, ester yields were 94%, 87% and 64% for 60, 45 and 32 °C, 

respectively. Similarly, after 1 h, ester formation was same for 60 and 45 °C reaction 

temperature and only slightly lower for 32 °C. 

In general, base catalyzed transesterification reactions require lower temperature 

as compared to the homogeneous acid or heterogeneous catalyzed transesterification 

reactions of triglyceride (Leung et al. 2010). In addition, transesterification occurs 

approximately 4000 times faster in the presence of alkaline catalyst than the same 

amount of acid catalyst (Sivakumar et al. 2011).  Miao et al. (2009) studied the acid-

catalyzed transesterification for biodiesel production from soybean oil at four different 

temperatures 100 oC, 120 oC, 150 oC and 200 °C. The authors noted that the methyl 

ester contents increased as the temperature was increased, and the methyl ester 

contents reached to maximum value of 98.4% at 120 oC.

Phan and Phan (2008) investigated the biodiesel production from waste cooking 

oil in the temperature range of 30-70 °C in the presence of KOH catalyst. The 

experimental results showed that the conversion increased as the temperature was 

increased from 30 to 70 °C. However, the conversion decreased as the temperature 

was increased to 70 °C. This is because high temperature enhances both 

transesterification and saponification reactions. Similarly, heterogeneous catalyzed 

transesterification reactions also favour high reaction temperatures due to the 

existence of three-phase system (oil-alcohol-catalyst) which causes poor miscibility 

and mass transfer between the phases. Several researchers have studied the effect of 

temperature on conversion of oils and fats into biodiesel using heterogeneous 

catalysts.

Lam and Lee (2011) studied the effect of reaction temperature on the biodiesel 

yield in the presence of SO4
2−/SnO2–SiO2 heterogeneous catalyst by conducting the 

transesterification reaction of waste cooking oil with methanol-ethanol mixture. The 

authors found that temperature significantly affected the biodiesel yield. The biodiesel 

yield increased as the reaction temperature was increased, and optimum biodiesel 

yield of 81.4% was obtained at 150 oC with methanol to ethanol to ratio of 9:6:1 and 
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reaction time of 1 hour. Similarly, Park et al. (2010) and Peng et al. (2008) also 

investigated the effect of temperature on the biodiesel yield in the presence of 

tungsten oxide zirconia and SO4
2−/TiO2–SiO2 heterogeneous catalysts respectively

from the waste cooking oil. The authors found that biodiesel increased significantly as 

the temperature was increased.

Generally, the rate of transesterification reaction of triglyceride increases as the

reaction temperature increases due to its endothermic nature.  High temperature is 

required to accelerate the mass transfer between the phases and miscibility, however 

as the temperature goes up beyond the optimum temperature biodiesel yield may 

decrease because a higher reaction temperature accelerates the saponification reaction 

of triglycerides (Encinar et al. 2012). Therefore, it is essential to optimize the reaction 

temperature to make the biodiesel process more economic for the sustainable energy 

production.

2.5.5 The Effect of Catalyst Loading

Catalyst plays a vital role to determine the overall biodiesel yield in transesterification 

reaction of triglyceride. The function of a catalyst is to provide the active sites for the 

reactants in the transesterification reaction, and thus lower the overall reaction 

activation energy. The conversion efficiency of triglyceride in transesterification 

reaction is greatly influenced by the catalyst loading; therefore, it is essential to 

investigate the optimum amount of catalyst for the transesterification of triglyceride to 

make the biodiesel process economical. 

Many researchers have studied the effect of catalyst loading on the biodiesel yield 

during the transesterification reaction of triglyceride. Agarwal et al. (2012)

investigated the effect of catalyst loading on the biodiesel yield from the waste 

cooking oil. They performed transesterification reaction of waste cooking oil with 

methanol using homogeneous KOH and heterogeneous KOH/Al2O3 catalysts for the 

biodiesel production. The authors reported that biodiesel yield increased considerably 

as the loading of homogeneous KOH catalyst or heterogeneous KOH/Al2O3 catalyst 

was increased with respect to oil. However, the yield started to decrease when the 
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either catalyst amount was increased above certain value. They explained that the 

decrease in the ester yield associated with homogeneous KOH catalyst could be due 

to the soap formation that hindered the separation of the methyl ester phase during the 

washing step. However, in the case of heterogeneous KOH/Al2O3 catalyst the 

decrease in the yield was attributed to the improper mixing of the reaction mixture at 

higher catalyst loading. They reported that KOH and KOH/Al2O3 catalysts produced 

maximum biodiesel yields of 98.7% and 96.8% at 1wt% and 5wt % optimum catalyst 

loadings respectively.

Bhatti et al. (2008) reported that the biodiesel yield was highly dependent on the 

amount of H2SO4 catalyst in the transesterification of chicken and mutton fats. They 

found that the biodiesel yield increased in case of both chicken and mutton tallow fats 

as the quantity of H2SO4 was increased from 1 to 3 g. However, it was noted that 

further increase in the catalyst quantity above 3 g resulted in decrease in the biodiesel 

yield. They demonstrated that the most suitable catalyst quantity for biodiesel 

production was 1.25 and 2.5 g (on tallow weight basis) at 50 °C and 60 °C for chicken 

and mutton tallow respectively.

del Remedio Hernández et al. (2010) investigated the effect of catalyst amount on 

the conversion efficiency of sunflower oil and waste cooking oil in the presence of 

sodium modified hydrotalcite as a heterogeneous catalyst and methanol. They found 

that the conversion efficiency substantially increased when the catalyst amount was 

increased from 1-9 wt% for both raw materials; however, the maximum conversion 

efficiency was achieved at 7 wt% catalyst loading in the transesterification of 

sunflower and used frying oil The authors suggested that low concentration of catalyst 

provides insufficient number of active sites to catalyze the reaction for completion. 

Wen et al. (2010) conducted transesterification of waste cooking oil with TiO2-MgO 

mixed oxides and methanol. They investigated the effect of catalyst loading on the 

FAME yield in the range of 5–15 wt%. The authors observed that the FAME yield 

increased with an increase in the catalyst amount from 5 to 10 wt%. However, there 

was no further increase in the FAME yield as the catalyst amount was increased 

above 10 wt%. Hence, a catalyst amount of 10 wt% was selected as optimum catalyst 

amount for the transesterification reaction of WCO with TiO2-MgO mixed oxides.
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Lam and Lee (2011) found in their studies, carried out for transesterification of 

waste cooking oil in the presence of SO4
2−/SnO2–SiO2 catalyst and methanol-ethanol 

mixture, that biodiesel yield increased as the catalyst loading was increased. They 

explained that at higher catalyst loading, more active sites and contact surface area are 

available to facilitate the transesterification reaction to occur. The optimum biodiesel 

yield of 81.4% was obtained at methanol-ethanol-oil molar ratio of 9:6:1, reaction 

temperature of 150 °C, catalyst loading of 6 wt% (based on weight of oil) and 1 h 

reaction time.

In the same way, many investigators have reported increasing trend in the 

biodiesel yield with an increasing catalyst loading in the transesterification reaction of 

waste cooking oils in the presence of different heterogeneous catalysts and methanol. 

They reported that catalyst loading is very effective below certain value to get 

maximum biodiesel; however, when the loading exceed above the optimum catalyst 

loading, biodiesel yield decreased. The decrease in the biodiesel yield was attributed 

to the poor diffusion between the methanol–oil–catalyst systems since the mixture 

became more viscous at higher catalyst loading (Birla et al. 2012; Jacobson et al. 

2008; Lam and Lee 2011; Molaei Dehkordi and Ghasemi 2012; Nair et al. 2012; 

Ramachandran et al. 2011; Wen et al. 2010). Moreover, the decreasing trend is due to 

the saponification in presence of high amount of catalysts, which increases the 

viscosity of the reactants and lowers the yield of FAME.

Thus, in the view of reported literatures it can be said that the catalyst loading is 

one of the most important reaction parameters affecting the biodiesel yield during the 

transesterification reaction of triglyceride. Since only a specific amount of catalyst is 

required to initiate the transesterification reaction and subsequently increase in the 

catalyst amount have insignificant effect on biodiesel yield. Therefore, it is essential 

to optimize the catalyst amount for the transesterification reaction of triglycerides for 

more economical biodiesel production.

2.5.6 The Effect of Mixing Intensity

Mixing speed is also very important variable in the transesterification of triglyceride 
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due to the existence of immiscible phases in the reaction mixture. Agitation speed is 

used to reduce the mass transfer limitations between the phases present in the reaction 

mixture.  In general, low molecular weight alcohols such as methanol and ethanol are 

employed in the transesterification of triglyceride for biodiesel production. However, 

they are immiscible with the oil at room temperature. Therefore, mixing is very 

important to such reactions to enhance the homogenization of the reactants and mass 

transfer. Moreover, in the case of heterogeneous catalyst the reaction mixture form 

three phase system i.e. alcohol-oil-catalyst, which in turn results in the poor diffusion 

between the phases and slow reaction rate. Therefore, the reaction mixture is agitated 

vigorously to minimize the mass diffusion limitations and enhance the contact 

between the reactants and catalyst.

A few attempts have been made to investigate the effect of agitation speed on the 

biodiesel yield during the transesterification reaction of triglyceride. Ma et al. (1999)

and Noureddini and Zhu (1997) studied the effect of mixing speed on the 

transesterification of beef tallow and found that agitation speed had a significant 

effect on the methanolysis of beef tallow. The experimental results showed that 

without mixing, the reaction occurred only at the interface of the layers. However, 

when methanol and catalyst was added to melted beef tallow with high mixing speed, 

the reaction between the melted beef tallow and methanol increased significantly and 

thus indicated that the reaction was facilitated. Stamenković et al. (2007) investigated 

the effect of agitation intensity on the alkali catalyzed methanolysis of sunflower oil. 

The authors reported that by using the microphotographic technique, drop size 

distributions became narrower and shift to smaller sizes with increasing agitation 

speed as well as with the progress of the methanolysis reaction at a constant agitation 

speed.

In the same way, during the methanolysis of soybean, used frying and tallow oils, 

Alcantara et al. (2000) noticed that the agitation speed had a significant effect on the 

alcoholysis of soybean oil, used frying oil and tallow. It was observed that a higher oil 

conversion could be achieved at higher agitation speed in a shorter time. Vicente et al.

(1998) also investigated the effect of agitation speed on the transesterification reaction 

of sunflower oil. They pointed out that the agitation speed of 600 rpm was sufficient 

to overcome the mass transfer limitation during the biodiesel production to get the 
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best biodiesel yield.

Thitsartarn and Kawi (2011) studied the transesterification reaction of palm oil in

the presence of CaO-CeO2 heterogeneous catalyst and investigated the effect of 

mixing speed on the biodiesel yield. The authors observed that the biodiesel yield 

increased as the mixing speed was increased up to 1200 rpm. However, no significant 

increase was observed when the mixing speed was increased to 1500 rpm. Therefore, 

1500 rpm was chosen as the standard mixing speed for the transesterification of palm 

oil. Xie et al. (2006a) also reported that efficient agitation speed is essential to achieve 

high oil conversion. They further demonstrated that the oil conversion was high at 600 

rpm as compared to 100 rpm during the methanolysis of soybean oil with Mg-Al 

hydrotalcites heterogeneous catalyst.

Ramachandran et al. (2011) investigated the effect of stirring speed on the solid 

acid catalyzed transesterification of waste cooking oil with methanol. The authors 

observed that at lower stirring speed of 150 rpm the reaction rate was very slow due to 

the strong mass transfer limitations, which in turn lowered the yield of methyl ester. 

However, the conversion of triglyceride was found to increase significantly with 

increase in the stirring speed. The maximum conversion of 81% was obtained above 

250 rpm then increased and at the end reached constant as equilibrium had 

approached. They suggested 300 rpm was the appropriate agitation speed for the 

transesterification of waste cooking oil.

Thus, the literature presented above, clearly indicates that mixing speed plays a 

vital role in the enhancement of the mass transfer between the phases during the 

transesterification reaction of triglyceride. Therefore, to overcome the problem of 

mass transfer limitations and increase the diffusion between the phases, it is essential 

to optimize the agitation speed to improve the biodiesel yield from the 

transesterification reaction of triglyceride. 

2.6 Types of Catalyst Used for Biodiesel Production

Biodiesel is produced by the transesterification of long chain fatty acids derived from 

vegetable oils and animal fats (triglycerides) with aliphatic alcohols (methanol or 



51

ethanol) in presence of an appropriate catalyst to form esters of long chain fatty acid 

(biodiesel) and glycerol (glycerin). A catalyst plays a crucial role in the 

transesterification reaction, where it provides active sites for the reactants and lowers 

down the overall activation energy of the reaction. The catalysts used for the 

transesterification of triglycerides are broadly classified into three main categories: 

homogeneous catalyst, biocatalyst and heterogeneous catalyst (Figure 2.1).

Figure 2.1. Classification of catalysts used for biodiesel production. 

2.6.1 Homogeneous Catalysts

Homogeneous catalysts are conventionally used for biodiesel production from 

different oils.  Homogeneous catalysts act in the same liquid phase as the reaction 

mixture. Homogeneous catalysts are further divided into following two categories.

2.6.1.1 Homogeneous Base Catalysts

Homogeneous base catalysts are most widely used in industrial methods for the 

commercial production of biodiesel from vegetable oils and animal fats. The 

homogeneous base catalysts are sodium hydroxide (Arzamendi et al. 2007), potassium 

hydroxide (Arzamendi et al. 2007), sodium methoxide (Demirbas 2008), potassium 

methoxide (Vicente et al. 2004), barium hydroxide (Akgün and İşcan 2007), calcium 

oxide (Kouzu et al. 2008), calcium hydroxide (Kazembe-Phiri et al. 2010), 
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magnesium hydroxide (Dossin et al. 2006), calcium methoxide and magnesium 

methoxide (Martyanov and Sayari 2008), sodium amide, potassium amide sodium 

hydride, potassium hydride (Ma and Hanna 1999), sodium peroxide, sodium ethoxide 

and sodium propoxide (Freedman et al. 1984; Lang et al. 2001), sodium butoxide 

(Fukuda et al. 2001; Ma and Hanna 1999). However, the most common homogeneous 

base catalysts are NaOH and KOH, which are easily soluble in methanol, forming 

sodium and potassium methoxide, respectively. The methoxide species are strongly 

basic and possess high catalytic activity in the transesterification reaction, which then

attack the carbonyl groups of the triglyceride to form alkyl esters and glycerol (Lam et 

al. 2010; Nakagaki et al. 2008). The general homogeneous base-catalyzed mechanism 

is shown in Figure 2.2.

Figure 2.2. Homogeneous base-catalyzed mechanism for the transesterification of 

triglycerides (1) production of the active species, RO− (2) nucleophilic attack of RO− 

to carbonyl group on triglycerides, forming a tetrahedral intermediate (3) intermediate 

breakdown (4) regeneration of the RO− active species. The sequence is repeated twice 

for R2 and R3 (Lam et al. 2010).

1 2 3

4

:

, , :

:

B Basecatalyst

R R R Carbon chainof fattyacid

R Alkyl groupof alcohol
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The homogeneous base catalyzed transesterification reactions of triglyceride have 

been studied by many investigators. Rashid and Anwar (2008) studied the 

transesterification of rapeseed oil in the presence of KOH catalysts. The authors found 

that the maximum methyl esters yield (96%) was achieved for catalyst concentration 

of 1 wt%. Similarly, Rashid et al.(2008) also performed the transesterification of 

sunflower oil with varying NaOH catalyst concentrations from 0.25-1.5% (w/w). The 

authors found that NaOH showed excellent performance in the transesterification of 

oil and optimum yield (97.1%) was achieved with a concentration of 1.0%.

Encinar et al. (2005) also observed that the best biodiesel yield of good properties 

was obtained at potassium hydroxide loading of 1wt% from the transesterification of 

used frying oil with methanol. Phan and Phan (2008) employed KOH in the range of 

0.5–1.5 wt% for the transesterification of WCO. The authors noted that KOH showed 

good performance, giving best conversion of 90% at 0.75 wt% catalyst loading. 

However, the conversion reduced to 75% when the catalyst loading was increased to 

1.5 wt% KOH. The reason for this decreasing trend is due to the saponification in 

presence of high amount of catalysts, which increases the viscosity of the reactants 

and lowers the yield of FAME.

Kafuku and Mbarawa (2010) investigated the biodiesel yield by transesterifying

the non-edible croton megalocarpus oil with different concentrations of KOH as 

catalyst. The authors observed that using a lower concentration of 0.5 wt% led to an 

incomplete reaction and resulted in a lower methyl esters yield. However, the yield 

increased significantly and reached to a maximum value of 88% at a catalyst

concentration of 1.0 wt%. Moreover, they found that the yield decreased when the 

catalyst amount was increased above the optimum catalyst amount and more soap was 

observed owing to the excess catalyst favouring the process of saponification.

Similarly, Sivakumar et al. (2011) made an attempt to investigate the biodiesel 

yield from the transesterification of dairy waste scum in the presence of KOH as 

catalyst. They reported that the KOH showed good performance in the 

transesterification of waste scum, producing maximum biodiesel yield of 96.7% at 1.2 

wt% of potassium hydroxide, reaction temperature of 75 oC, reaction time of 30 min, 

6:1 methanol oil ratio and mixing speed of 350 rpm.
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Meng et al. (2008) investigated the biodiesel production from the WCO using 

KOH as catalyst. The authors investigated the effect of reaction conditions such as 

methanol/oil molar ratio, alkaline catalyst amount, reaction time and reaction 

temperature on the reaction conversion efficiency. The authors observed that the 

biodiesel yield of 89.8% of good quality can be produced from the WCO at 

methanol/oil of 9:1 molar ratio, with1.0 wt% sodium hydroxide, temperature of 50 °C 

in 90 min.. Chen et al. (2012) made an attempt to improve the biodiesel yield from the 

WCO using sodium methoxide and sodium hydroxide as catalysts and a microwave 

heating system. The authors reported that both NaOH and CH3ONa showed excellent 

conversion efficiency, however CH3ONa was comparatively more effective in the 

transesterification of WCO, producing higher biodiesel yield at optimized reaction 

conditions.

These homogeneous base catalysts are commonly used in the industries for 

biodiesel production due to several reasons: (: (i) catalyze the transesterification 

reaction under mild conditions (low reaction temperature and atmospheric pressure); 

(ii) high conversion can be achieved in a short time, (iii) widely available and 

economical (Lam et al. 2010; Lotero et al. 2005). However, homogeneous base 

catalysts offer several process disadvantages including the waste water produced 

during the product cleaning, no opportunity to operate a continuous process, corrosive 

to equipment and also react with free fatty acid to form unwanted soap by-products 

that require expensive separation. Thus, homogeneous base catalyzed 

transesterification reactions require a high purity feedstock with less than 0.5 wt% 

FFA (Wang et al. 2006b) or acid value less than 1 mg KOH/g (Felizardo et al. 2006)

to prevent the soap formation. Similarly, the alcohol, triglycerides as well as the 

catalyst must be essentially anhydrous (total water content must be 0.1-0.3 wt% or 

less) (Borges and Díaz 2012).

Some researchers have reported that homogeneous base catalysts can tolerate 

higher contents of FFA in the feedstocks as shown in Table 2.6. However, it is 

essential that the FFA content in the oil feedstock should be as low as possible 

(ranging from less than 0.5 wt% to less than 2 wt%) for base-catalyzed 

transesterification reaction to get high biodiesel yield. In general, waste cooking oils

contain high FFA contents; therefore, base catalyst is definitely not suitable to be used 
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for its transesterification (Lotero et al. 2005). The water content present in the 

reactants causes hydrolysis of the triglycerides to form FFA and subsequently 

saponification reaction, which in turn lowers the biodiesel production efficiency by 

increasing the mixture viscosity. As a result, the separation of esters from glycerol 

becomes very difficult. Moreover, during alcoholysis, undesired water may produce, 

thus hinder the transesterification reaction (Eq. 2.7).

    2
Sodium hydroxide Alcohol Methoxide ion Sodium ionWater

Na OH ROH H O RO Na                                         [Eq. 2.7]

Table 2.6. Level of FFA recommended for homogeneous base catalyst 

transesterification (Lam et al. 2010).

Author/Reference Recommended FFA (wt%)
Ma and Hanna (1999) < 1
Ramadhas et al. (2005) ≤ 2
Zhang et al. (2003a) < 0.5
Freedman et al. (1984) < 1
Kumar Tiwari et al. (2007) < 1
Sahoo et al. (2007) ≤ 2

In addition, the use of homogeneous base catalysts requires neutralization and 

difficult separation from the final reaction mixture leading to a series of 

environmental problems related to the use of high amounts of solvents and energy 

(Fukuda et al. 2001; Yang and Xie 2007). In general, it pursues high cost to separate 

homogeneous catalyst from the products as the process involve washing and 

purification steps in order to meet the stipulated biodiesel quality, and it is quite 

difficult to remove K/Na traces remaining in the biodiesel product (Borges and Díaz 

2012; Georgogianni et al. 2009a).

Therefore, it is essential to investigate the possibility of replacing the 

homogeneous base catalysts by some other suitable catalysts for the transesterification 

reactions to establish an environmental-friendly and cheaper biodiesel production 

process.
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2.6.1.2 Homogeneous Acid Catalyst

Acid-catalyzed transesterification reaction holds an important advantage with respect 

to base-catalyzed transesterification process; because homogeneous acid catalyst is 

insensitive to the presence of FFAs in the feedstock (Aksoy et al. 1988; Kulkarni and 

Dalai 2006). Homogeneous acid catalysts can catalyze both esterification and 

transesterification simultaneously and allow the biodiesel production without 

formation of by-products. The great advantage of homogeneous acid catalysts is that 

they can directly produce biodiesel from low cost feedstocks by transesterification 

reaction. It has been reported by some researchers that acid-catalyzed 

transesterification is more effective when the amount of FFA in the feedstock exceeds 

1 wt% (Freedman et al. 1984; Liu 1994; Zhang et al. 2003b). Canakci et al. (1999)

investigated that ester content decreased to below 90 % when more than 0.5% water 

contents were present in the feedstock. The authors concluded that for acid catalyzed 

transesterification the water concentration should be less than 0.5% while water 

formed during the FFA esterification limit their presence in the feedstock to 5%. 

Acid catalyzed transesterification is carried out in one step; therefore, it is 

considered more economical than the base-catalyzed process which requires an extra 

step to convert FFA to methyl esters (Zhang et al. 2003a; Zhang et al. 2003b). To 

date, the most investigated catalysts for acid-catalyzed transesterification reactions of 

triglycerides are sulfuric acid, hydrochloric acid, sulfonic acid, phosphoric acid 

(Georgogianni et al. 2009a). The mechanism of homogeneous acid-catalyzed 

transesterification of triglycerides is shown below.
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Figure 2.3. Homogeneous acid-catalyzed reaction mechanism for the 

transesterification of triglycerides (Lam et al. 2010).

Several researchers have made attempts to investigate the homogeneous acid 

catalyzed transesterification of triglycerides to optimize the biodiesel production. 

Freedman et al. (1984) studied the transesterification of sunflower oil in the presence 

of sulfuric acid and reported 99% oil conversion at 1 mol% of H2SO4, methanol to oil 

ratio of 30:1 for 69 h reaction time. Al-Widyan and Al-Shyoukh (2002) investigated 

the transesterification of waste fried vegetable oils with H2SO4 and HCl in the 

presence of excess amount of alcohol. Their results showed that the H2SO4 was more 

superior to HCl used as a catalyst with an excess of alcohol.  Similarly, Meneghetti et 

al. (2006) transesterified castor oil with 2% concentrated H2SO4 and HCl in the 

presence of methanol and ethanol. The authors obtained almost similar FAME yields 

using either methanol or ethanol as transesterification agent, however they noted that 

the reaction proceeded very fast in the presence of methanol. Moreover, it was 

observed that after 5 hours of reaction time, the FAME yield started to increase with 

H2SO4 but decreased while in the case of HCl. Nye et al. (1983) carried out the 
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transesterification of waste frying oil with 0.1% sulphuric acid and different linear 

alcohols (from methanol to butanol) at reflux temperatures. The authors found that 

butanol ehibited the highest reaction rates and conversion followed by 1-propanol and 

then ethanol. Moreover, they reported that acid-catalyzed reaction carried out with 

methanol was slowest, and the reverse was true for the base-catalyzed process.

Dholakiya (2012) used super phosphoric acid for biodiesel production from low 

cost feedstock (crude degummed cotton seed oil). The authors reported that SPA 

catalyzed process was more effective to produce biodiesel from low cost feedstock at 

optimized reaction conditions. Similarly, Crabbe et al. (2001) studied the biodiesel 

production by transesterifying crude palm oil with varied H2SO4 concentrations 

ranging from 1-5%. The authors reported that acid catalyzed methylation was very 

effective for obtaining high yield of CPOE biodiesel. The authors noted that 

maximum biodiesel yield (99.7%) was obtained at methanol to oil molar ratio of 40:1, 

H2SO4 loading of 5% (vol/wt%) and reaction temperature of 95°C for 9 h.

Wang et al. (2006b) found during the transesterification of WCO with sulfuric 

acid that FAME yield significantly increased when longer reaction time, higher 

methanol to oil molar ratio and higher catalyst loading were employed. The authors 

noted that conversion of waste cooking oil was more than 90% at a reaction time of 

10 h, methanol to oil molar ratio of 20:1 and H2SO4 loading of 4 wt%. Zheng et al.

(2006) investigated the biodiesel production in the transesterification of waste frying 

oil using sulfuric acid as transesterification agent with an excess amount of methanol. 

The authors found that oil:methanol:acid molar ratios and temperature had a 

significant affect on the yield of FAME. They reported that maximum FAME yield 

was obtained at feed molar ratio oil:methanol:acid of 1:245:3.8 at both 70 and 80 oC, 

and a stirring rate of 400 rpm.

Although homogeneous acidic catalysis has proved to be efficient for 

transesterification of feedstocks having high FFA contents, however can’t be a 

promising choice for biodiesel production on commercial scale due to several major 

problems associated with it such as lower reaction rate, high catalyst amount and 

temperature, high molar ratio of alcohol to oil, separation of the catalyst, serious 

environmental and corrosion related problem, require expensive equipment 
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(Enweremadu and Mbarawa 2009).  High molar ratio of alcohol to oil requires large 

reactor size, and necessitates extensive conditioning and purification steps for alcohol 

recovery, and catalyst removal from the reaction products, i.e. esters and byproduct. 

Moreover, in case of excess amount of alcohol the separation of glycerol from 

biodiesel becomes difficult due to increasing solubility of glycerol, hence decrease 

biodiesel yield (Lam and Lee 2011).

Al-Widyan and Al-Shyoukh (2002) and Tashtoush et al.(2004) have reported that 

the biodiesel yield deceases unexpectedly during the transesterification of 

triglycerides when more superior acidic catalyst such as sulfuric acid is employed for 

transesterification of triglycerides. Another major problem associated with the use of 

acid catalyst is the formation of water which stays in the reaction mixture and finally 

stops the reaction before completion, which in turn lowers the conversion rate (Math 

et al. 2010).

                      ' '
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                        [Eq. 2.8]

Therefore, to overcome the problems associated with the homogeneous base and 

acid-catalyzed trasesterification reactions, some researchers have suggested the 

combination of both catalysts to synthesize biodiesel from low grade feedstocks 

effectively (Berrios et al. 2010; Charoenchaitrakool and Thienmethangkoon 2011; 

Jain et al. 2011; Meng et al. 2008; Patil and Deng 2009). This type of 

transesterification reaction is known as two-step acid-base catalyzed 

transesterification. In this type of process the feedstock is first esterified with suitable 

concentration of acid to reduce the FFA contents in the feedstock (0.5–1 wt%) by 

converting into esters. In the second step, the esterified product is further 

transesterified with a bas catalyst to get the maximum biodiesel yield.

The acid-catalyzed biodiesel production process is effective to convert the low 

grade feedstock into biodiesel, but not so much economical due to the long operation 

and consumption of high catalyst amounts. Therefore, it is necessary to search for a 

catalyst which has the potential to overcome the problems associated with the 

homogeneous catalyst biodiesel production industry for sustainable energy process in 

the future. 
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2.6.2 Biocatalyst

Biocatalyst based biodiesel production has attracted considerable attention in the 

recent years, because biocatalyst tolerates free fatty acid and water contents in the oil 

to avoid the soap formation, and thus purification of biodiesel and glycerol is easier. 

Biocatalyst based biodiesel production technology offers many advantages that can 

help to overcome the problems associated with the conventional acid and base 

catalyzed biodiesel production technologies (Arai et al. 2010; Fukuda et al. 2008). 

Moreover, the preparation of biocatalyst is a facile procedure requiring no complex 

purification process, and the prepared catalyst can be directly used for biodiesel 

production. Besides, the bioconversion processes work in more gentle conditions 

(which implies less energy consumption), with oils from different origins, including 

waste oils with a high acidity because the lipases catalyze the transesterification of 

both triacylglycerols and free fatty acids to yield monoalkyl-esters (Robles-Medina et 

al. 2009).

Recently, several efforts have been made to utilize biocatalysts for bioconversion 

processes in attempts to improve the cost effectiveness of the biodiesel fuel 

production. Xie and Ma (2009) investigated the transesterification reaction of soybean 

oil with lipase (Lipozyme-TL) immobilized on Fe3O4 nanoparticles as biocatalyst for 

biodiesel production. The author’s fond that the synthesized biocatalyst showed 

excellent performance and oil conversion exceeded 90% when 60% immobilized 

lipase was employed. Similarly, Selmi and Thomas (1998) reported a conversion of 

83% when sunflower oil was transesterified with ethanol catalyzed by Lipozyme, a 

1,3-specific lipase from Mucor miehei, immobilized on a macroporous anion 

exchange resin, without any solvent.

Park et al. (2008) produced fatty acid methyl esters from waste activated 

bleaching earth (ABE) discarded by the crude oil refining industry (containing 35–

40% palm or rapeseed oils by weight) using lipase from Candida cylindracea in a 50-

L pilot plant. They used diesel oil or kerosene as an organic solvent for the 

transesterification of triglycerides. The authors reported that FAME content reached 

97% (w/w) when 1% (w/w) lipase was added to the waste (ABE) after reaction time 

of 12 h at 25 °C with an agitation rate of 30 rpm. Moreover, the FAME production 
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rate was strongly dependent upon the amount of enzyme added to the reaction 

mixture.

Similarly, Koda et al. (2010) carried out successful transesterification of rapeseed 

oil with Fusarium heterosporum lipase (r-FHL) and Rhizopus oryzae lipase (w-ROL) 

using ethanol. Their results showed that both w-ROL and r-FHL successfully 

catalyzed the ethanolysis of rapeseed oil, and the maximum fatty acid ethyl ester 

(FAEE) yield was 79% and 94% respectively. In addition, r-FHL showed substantial 

reusability for the ethanolysis of rapeseed oil, retaining over 85% fatty acid ethyl ester 

yield even in the fifth cycle.

Even though biodiesel production using biocatalyst process have gained 

considerable popularity worldwide, however there are still some hurdles in this area 

that must be solved in order to make it feasible for biodiesel production. These 

disadvantages include; slower reaction rate, deactivation of enzymes due to methanol, 

the risk that glycerol inhibits the lipase by covering it due to its accumulation in the 

reaction mixture, high cost of enzymes (Robles-Medina et al. 2009). The afore-

mentioned problems together make this process cost-prohibitive for most commercial 

applications.

2.6.3 Heterogeneous Catalyst

The use of heterogeneous catalysts to replace homogeneous ones can be expected to 

eliminate the problems associated with homogeneous catalysts. Heterogeneous 

catalysts act in a different phase from the reaction mixture, usually as a solid. 

Heterogeneous catalysts offer several advantages over homogeneous catalysts such as 

elimination of washing step (and associated contaminated waste water) to isolate the 

products, easy regeneration, less corrosive, safer, cheaper and more environment-

friendly(Agarwal et al. 2012). Heterogeneous catalysts can easily be tuned to include 

desired catalyst properties so that the presence of FFAs or water does not adversely 

affect the reaction steps and biodiesel yield during the transesterification of 

triglycerides. 

Heterogeneous catalysts have the ability to transesterify multiple feedstocks in a 
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single step. The use of heterogeneous catalysts does not lead to the formation of soaps 

through neutralization of FFAs or saponification of triglycerides. Although, 

heterogeneous catalysts convert the triglycerides into esters slowly but produce 

biodiesel in a very feasible economic way, because the catalyst can be regenerated in 

both batch and continuous processes (Chouhan and Sarma 2011; Marchetti and Errazu 

2008; Sakai et al. 2009).

The activity and selectivity properties of the heterogeneous catalysts generally 

depend on the amount and the optimum strength of the active sites available for the 

reaction (Macario et al. 2010). Peterson and Scarrah (1984) first introduced the 

concept of heterogeneous catalysis by transesterifying rapeseed oil with different 

heterogeneous catalysts such as CaO, K2CO3, Na2CO3, Fe2O3, NaAlO2, Zn, Cu, Sn, 

Pb, ZnO and anion exchange resin Dowex 2XS as catalysts and methanol at 60-63 oC 

reaction temperature. They reported that the most promising catalyst among those 

tested were CaO and MgO.

The first commercialized solid catalyst is (Al2O3/ZnAl2O4/ZnO), developed by the 

Institute Francais du Petrole, for transesterification of refined oil (Lee and Saka 2010). 

Similarly, Dossin et al. (2006) introduced the first heterogeneous catalytic 

transesterification pilot plant for the industrial production of fine-chemicals as well as 

for the biodiesel production using MgO as catalyst, ethyl acetate or triolein with 

methanol as feedstock in the transesterification reaction with a production capacity of 

1,00,000 tonnes per year. An ideal heterogeneous catalyst has enough large pore size 

to minimize the diffusion problems, possesses optimum strength of active sites, 

possesses high catalytic stability against leaching and poisoning effects and 

possibilities to tune the hydrophobicity of the surface to promote the preferential 

adsorption of reactants and repulsion of highly polar molecules which can cause 

deactivation (Chouhan and Sarma 2011; Miao and Shanks 2009).

The conventional homogeneous catalysts are expected to be replaced by eco-

friendly heterogeneous catalysts in the near future owing to the ease of catalyst 

recovery and simplifications in product purification. Thus, the development of solid 

catalysts has recently gained tremendous importance in view of the current economic 

climate e.g. increased competition, stringent pollution regulations (Chakraborty et al. 
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2011). Heterogeneous catalysts are further subdivided into three categories: acidic 

character, basic character and bifunctional (acidic–basic character) solids.

2.6.3.1 Heterogeneous Base Catalyst

Heterogeneous base catalysts, which exhibit alkaline properties on its surface, are 

strong candidates to replace the homogeneous base catalyst for biodiesel productions. 

Heterogeneous basic catalysts have the immense potential to solve the several major 

problems associated with the biodiesel production industries. They can be easily 

separated from the reaction mixture by simple filtration, without the use of solvent, 

can easily be regenerated and have a less corrosive character, leading to safer, cheaper 

and more environment-friendly operations (Georgogianni et al. 2009a). Moreover, 

small amount of waste water can be generated during the heterogeneous base 

catalyzed transesterification reaction. They are in general much more tolerant to water 

and FFAs in the feedstock as compared to homogeneous base catalysts.

The history of heterogeneous base catalyzed transesterification for biodiesel 

production emerged in the late 1990s (Lee et al. 2009).The heterogeneous solid base 

catalysts are classified into the following six categories: single metal oxides, mixed 

metal oxides, zeolites, supported alkali/alkaline earth metals, clay minerals 

(hydrotalcites), and non-oxides (organic solid bases) (Lee et al. 2009). The general 

heterogeneous bas catalyzed mechanism is given in Figure 2.4.
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Figure 2.4. Mechanism of a general heterogeneous base catalyst for transesterification 

of triglycerides (Chouhan and Sarma 2011).

Several attempts have been made to investigate the heterogeneous base-catalyzed 

transesterification reactions of triglycerides for biodiesel production over the last 

decade. Kim et al. (2004) transesterified the soybean oil using Na/NaOH/γ-Al2O3

heterogeneous base catalyst and methanol. The authors observed that the Na/NaOH/γ-

Al2O3 catalyst showed excellent transesterification performance almost equal to the 

conventional homogeneous NaOH catalyst, where maximum biodiesel yield of 94% 

was achieved at methanol to oil molar ratio of 9:1, catalyst loading of 1g, reaction 

temperature of 60 oC, reaction time of 2 h and mixing speed of 300 rpm. Xie et al. 

(2006b) conducted the transesterification of soybean oil in the presence of solid-base 

heterogeneous catalyst of potassium loaded on alumina with methanol. They reported 

maximum conversions of 87% at optimized reaction conditions. Moreover, they 

demonstrated that catalyst loaded with 35 wt% KNO3 on Al2O3 and calcined at 773 K 

for 5 h was more effective to give the highest basicity and the best catalytic activity 

(87%) for this reaction at methanol to soybean oil molar ratio of 15:1, a reaction time 
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of 7 h, and a catalyst amount of 6.5%.

Di Serio et al. (2007) reported 92% biodiesel yield from the transesterification of 

soybean oil with MgO at methanol to oil molar ratio of 12:1, catalyst loading of 5 

wt%, reaction temperature of 180 oC and reaction time of 1h. Similarly, Dossin et al.

(2006) also investigated the transesterification activity of MgO using rapeseed oil 

with methanol as feedstock for the industrial production of biodiesel. Their results 

showed that MgO had good potential and could be used as a heterogeneous bas 

catalyst for the biodiesel production at ambient temperature conditions.

Kouzu et al. (2008) investigated the transesterification activity of CaO in using 

refined soybean oil and methanol. The authors found that the FAME yield was 93% 

after 1 h reaction time at methanol reflux temperature and methanol to oil ratio of 

12:1. However, the yield of FAME dropped to 66% when CaO was used for waste 

cooking oil with FFA content of 2.6 wt% at the same reaction conditions. They 

concluded that the basic sites of CaO were poisoned by strong adsorption of FFAs on 

the surface of the catalyst. Liu et al. (2008) also carried out transesterification reaction 

of soybean oil in the presence of CaO as solid heterogeneous base catalyst with 

methanol. They reported that the biodiesel yield exceeded 95% when methanol to oil 

molar ratio of 12:1, catalyst amount of 8%, reaction temperature of 65 °C and reaction 

time of 3 h were used as optimum reaction conditions.

del Remedio Hernández et al. (2010) investigated the biodiesel production from 

the transesterification reaction of vegetal and used frying oil using methanol and 

sodium modified hydrotalcite (Na/Mg-Al) as heterogeneous bas catalyst. The authors 

observed that sodium modified hydrotalcite showed improved catalytic activity in the 

transesterification reaction of waste cooking oil without soap production. The 

modified catalyst showed highest methyl ester yields of 88% and 67% for sunflower 

oil and waste cooking oil respectively at the optimized reaction conditions. Similarly, 

Olutoye and Hameed (2011b) also studied the biodiesel production from the waste 

cooking oil in the presence of Mg1-xZn1+xO2 heterogeneous bas catalyst. The 

experimental results showed that the Mg1-xZn1+xO2 catalyst had excellent catalytic 

performance and provided maximum methyl ester yield of 80% with methanol to oil 

ratio of 9:1, catalyst loading of 2.55 wt%, reaction temperature of 188 oC in reaction 
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time of 255 min.

Similarly, Molaei Dehkordi and Ghasemi (2012) used waste cooking oil for 

biodiesel production in the presence of CaO-ZrO2 heterogeneous base catalyst. They 

reported that the activity of the synthesized catalysts increased significantly with 

increasing the Ca-to-Zr molar ratio; however, the stability of the catalysts decreased. 

The synthesized catalyst showed excellent performance and provided maximum 

biodiesel yield of 92.1% at catalyst loading of 10 wt%, methanol-to-oil molar ratio of 

30:1, reaction temperature of oC and reaction time of 2 h.

Nair et al. (2012) used powdered calcined clamshell as a heterogeneous base 

catalyst for transesterification of waste frying oil for biodiesel production. They 

reported that the synthesized catalyst could be a promising catalyst for biodiesel 

production from the low grade feedstocks. The maximum biodiesel yield exceeded 89 

% when methanol to oil molar ratio of 6.03:1 catalyst amount of 3 g, reaction 

temperature of 333k and reaction time of 3 h were employed.  Similar study was 

carried out by Birla et al for biodiesel production from waste cooking oil by 

transesterifying waste frying oil with heterogeneous base catalyst derived from snail 

shell. They reported that the synthesized heterogeneous base catalyst derived from 

snail shell successfully transesterified the waste cooking oil. The maximum biodiesel 

yield of 87.28% was achieved at a catalyst amount of 2.0 wt%, at methanol/oil molar 

ratio of 6.03:1, reaction temperature of 60 oC in reaction time of 8 h.

Thus, in the view of the literature presented above, it is said that heterogeneous 

base-catalyzed process is an effective biodiesel production method with low cost and 

negligible environmental impacts by simplifying the production and purification 

processes. However, this process is still sensitive to FFAs contents of the feedstocks 

used for biodiesel production. Therefore, the major challenges associated with the 

heterogeneous bas catalysts development are their inability to tolerate the high FFAs 

contents of the feedstocks at a mild reaction conditions and their reusability.
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2.6.3.2 Heterogeneous Acid Catalyst

Heterogeneous acid catalyst is an ecologically important area in catalysis for biodiesel 

production. Heterogeneous acid catalysts have immense potential to carry out both

esterification of FFAs and transesterification of triglycerides simultaneously using 

low grade feedstocks generally with high FFAs concentration, thereby lowering the 

overall biodiesel production costs. The solid acid catalysts tolerate feedstocks with 

higher levels of FFAs and needs no pretreatment or removal of FFAs, therefore they 

have strong potential to replace liquid acid catalysts. Heterogeneous solid acid 

catalysts offer several advantages such as:

 The heterogeneous solid acid-catalyzed transesterification reaction is not 

affected by water content and high FFAs content of the feedstock (Lotero et al. 

2005).

 Carry simple purification process by eliminating the washing step of biodiesel 

(Jitputti et al. 2006).

 Carry easy separation from the reaction mixture since they are not consumed 

or dissolved in the reaction mixture (Zabeti et al. 2009).

 Reduces the corrosion problems even with the presence of acid species (Lam 

et al. 2010).

 The heterogeneous acid catalysts can be regenerated and reused without 

affecting its transesterification activity (Lam et al. 2010).

 The heterogeneous acid catalysts have the potential to proceed with both 

esterification and transesterification simultaneously (Di Serio et al. 2007).

 The heterogeneous acid-catalyzed process is more environmentally benign 

since there is no need for acid or water treatment in the separation step (Zabeti 

et al. 2009)

The ideal solid heterogeneous acid catalyst for transesterification reaction should 

have characteristics such as an interconnected system of large pores, a moderate to 

high concentration of strong acid sites, and a hydrophobic surface (Chouhan and 

Sarma 2011). The proposed mechanism for heterogeneous acid catalysis is depicted in 

Figure 2.5.
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Figure 2.5. General mechanism of heterogeneous acid-catalyzed transesterification 

reaction of triglyceride (Di Serio et al. 2007; Endalew et al. 2011b).

Several studies have been made to investigate the catalytic efficiency of the solid 

heterogeneous catalysts in the transesterification reactions of triglycerides for 

biodiesel production. Shu et al. (2009)  used carbon-based solid acid catalyst for 

biodiesel production from cottonseed oil and obtained very satisfactory results from 

their experiments. The catalyst was prepared by the sulfonation of carbonized 

vegetable oil asphalt. It was observed that solid acid catalysts showed good 

transesterification activity and met the requirements of the acid catalyzed 

transesterification process for biodiesel production. The maximum oil conversion of 

89.93% was obtained (using the asphalt-based catalyst) at methanol/cottonseed oil 

molar ratio of 18.2:1, reaction temperature of 260 °C, reaction time of 3.0 h and 

catalyst/cottonseed oil mass ratio of 0.2%. Moreover, the catalyst showed substantial 

reusability and chemical stability.

Baig and Ng (2010) carried out single step transesterification of high free acid 
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feedstocks with solid acid catalyst based on a supported heteropolyacid catalyst (PSA) 

for biodiesel production. The authors demonstrated that the solid acid catalyst (PSA) 

showed good transesterification activity and provided maximum ester content of 

93.95% at 200 oC, 1:27 oil/alcohol molar ratio, and 3 wt% catalyst loading. They 

concluded that this single-step solid acid-catalyzed process has the potential to 

produce biodiesel on industrial scale from high FFA feedstocks.  Similarly, 

Ramachandran et al. (2011) used Al(HSO4)3 heterogeneous acid catalyst in the 

transesterification of mixed vegetable oil feedstock for biodiesel production. The 

authors noted that Al(HSO4)3 heterogeneous acid catalyst was very effective in 

conversion of mixed waste oil feedstock into biodiesel. They demonstrated that the 

high activity of the catalyst was due to the high acid site density and the bonded 

hydrophilic functional groups (–SO3H) that allowed more methanol to contact with 

the carbonyl group of triglyceride. Moreover, the maximum biodiesel was achieved at 

reaction temperature of 220 oC, 16:1 methanol to oil molar ratio, catalyst loading of 

0.5 wt% and 50 min reaction.

The raw materials for biodiesel production account for almost 75% of the total 

biodiesel cost (Guo et al. 2011); therefore, several studies have been carried out to 

produce biodiesel from the waste cooking oil to make the biodiesel production more 

economical. Jacobson et al. (2008) investigated the biodiesel production from the 

waste cooking oil using different solid heterogeneous catalysts and methanol. They 

reported that among the solid acid catalysts tested in the transesterification reaction of 

waste cooking oil, zinc stearate immobilized on silica gel showed the high catalytic 

activity and stability. In addition, this catalyst provided a maximum ester content of 

98 wt% at the reaction temperature of 200 °C, stirring speed of 600 rpm, 1:18 molar 

ratio of oil to alcohol, and 3% w/w catalyst loading. Gan et al. (2009) also produced

biodiesel from the waste cooking oil using Fe2(SO4)3/C solid acid catalyst for 

transesterification reaction with methanol. They found that the synthesized 

Fe2(SO4)3/C catalyst showed higher oil conversion of 96% as compared to 

conventional sulfuric acid catalyst.

Komintarachat and Chuepeng (2009) made an attempt to investigate the biodiesel 

production from low cost waste cooking oil using WOx/Al2O3 solid heterogeneous 

catalyst by varying the reaction temperature and time. They reported that the 
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synthesized tungsten on alumina supported catalyst was suitable for biodiesel 

production from the waste cooking oil with high FFA (15% w/w). Moreover, the 

authors found that the maximum FAME yield of 97.5% was achieved at 

methanol/WCO ratio of 0.3, catalyst/WCO ratio of 1.0%, reaction temperature of 383 

K in 2 h.

Lam and Lee (2010) studied the transesterification reaction of waste cooking oil in 

the presence of 2-
4 2 2SO /SnO -SiO solid heterogeneous acid catalyst for biodiesel 

production. The authors found that a high FAME yield of 88.2% was achieved with 

the use of biodiesel as co-solvent (almost 30% higher than without using co-solvent) 

in a shorter reaction time (1.5 h) at optimum reaction conditions. They concluded that 

the solid acid sulfated tin oxide catalyst have the potential for using industrial scale 

production of biodiesel.

In similar way, Otadi et al. (2011) prepared silica sulfuric acid heterogeneous 

solid catalyst and used for the esterification of free fatty acids in the waste cooking 

oil. They found that the silica sulfuric acid catalysts showed excellent performance 

and the FFA content was decreased to less than 1% in the waste cooking oil. In 

addition, the methyl ester production reached to 90% under methanol to oil molar 

ratio of 6:1, reaction temperature of 60 oC, catalyst loading of 1.5 wt% and reaction 

time of 30 min. Noshadi et al. (2012) studied the continuous production of biodiesel 

from the waste cooking oil esterification in the presence of 12-Tungstophosphoric 

acid solid heterogeneous catalyst in a reactive distillation column. The author used 

response surface methodology (RSM) based on the central composite design (CCD) 

to optimize the reaction parameters for the best biodiesel yield. From the results, they 

found that optimum FAME yield of 93.98%  was obtained at 116.23 (mol/h) total feed 

flow, 29.9 °C feed temperature, 1.3 kW reboiler duty, and 67.9 methanol/oil ratio.

In summary, heterogeneous solid acid-catalyzed process is efficient technology to 

produce biodiesel directly from the low cost feedstocks. However, the water present 

or generated during the FFA conversion into biodiesel results in leaching and 

deactivation, which in turn causes the contamination of the product (da Silva et al. 

2011).
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2.6.3.3 Bifunctional Heterogeneous Catalyst

Currently, new trends are oriented toward the search for new solid heterogeneous 

catalysts that can simultaneously carry out esterification of FFA and 

transesterification of triglycerides more efficiently for sustainable development and 

economic growth. Heterogeneous catalysts having both acidic and basic sites may be 

a promising alternative to overcome the problems encountered with the other

biodiesel catalysts. The bifunctional catalysts acts as acids and bases at the same time 

hence carry out simultaneously the esterification and transesterification reaction. The 

general mechanism for bifunctional heterogeneous catalysts is presented in Figure 2.6. 
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Figure 2.6. General mechanism for simultaneous esterification and transesterification 

reactions on bifunctional heterogeneous catalyst (Wan Omar and Amin 2011).
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Several attempts have been made to investigate the catalytic activity of this type 

of catalysts in the transesterification reaction of low grade feedstocks for biodiesel 

production (Hameed et al. 2009; Wan Omar and Amin 2011; Wen et al. 2010). These 

catalysts show good catalytic performance during the biodiesel production process. 

The serious problem associated with the heterogeneous catalyst is its deactivation, 

which in turn reduce the catalyst reusability and chemical stability. These two factors 

play a key role in the biodiesel cost, which is the main hurdle for its 

commercialization. In the view of the literature presented, it shows that the biodiesel 

technology is still not so mature to contribute more for overcoming the energy needs. 

Therefore, still efforts are in progress all over the world to develop a catalyst which 

has the potential to avoid the serious disadvantages associated with the present 

biodiesel production technology. The present study is focused on the development of 

a catalyst of proper configuration and for proper operating conditions to overcome the 

disadvantages of the catalysts used in the biodiesel production. The bifunctional 

catalysts are designed with proper acidic and basic sites which can carry simultaneous 

esterification-transesterification reactions in the WCO, and possess substantial 

reusability to achieve efficient biodiesel production for sustainable development. 

2.7 Biodiesel Standards

Biodiesel has received considerable attention for its potential use as an augmenting 

fuel to petroleum diesel. With the increasing interest and use of the biodiesel, the 

development of reliable standards of biodiesel properties and quality has become very 

essential to facilitate its successful commercialization and market acceptance. These 

standards are used throughout the world for biofuel quality control to ensure the 

engine fuel compatibility and reliability. There are two well known standards for 

biodiesel fuel; the American ASTM D6751 standard and the European Union 

Standard EN 14214. These standards control two types of biodiesel characteristics: (i) 

properties which are directly affected by the fatty acid profile of the biodiesel (ii) 

parameters related to the production and storage (Vertès et al. 2010).

The European biodiesel standard, DIN EN 14214 was first approved in 2003. The 

American ASTM D6751 was first adopted in the United States (US) in 2002, and has 
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been revised a number of times to address the different fuel quality related issues such 

as oxidation stability. In the year 2006, the ASTM standard was finalized and updated 

to ASTM D6751-03, in which the acid value standard, which measures the free fatty 

acid content, was reduced from 0.8 to 0.5 mg KOH/g (see Table 2.10). The ASTM 

D6751 and EN 14214 standards have almost similar requirements in order to control 

the levels of contaminations and the effect of different source materials on the fuel 

quality for its successful commercialization.

The properties of biodiesel depend very much on the nature of its feedstock and 

the technology or process used in its production; therefore, several countries have 

developed their own standard specifications similar to, or refer to, the American 

ASTM D6751 and the European Union EN 14214 standards to ensure the high 

biodiesel quality. The pure biodiesel (B100) properties must be satisfied and generally 

conformed to the international specifications for alternative fuels prior to use or 

blending with the diesel fuel, shown in Table 2.7 and 2.8, without compromising on 

the durability of engine parts (Demirbaş 2003; Sharma et al. 2008).
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Table 2.7. European standards for pure (100%) biodiesel for vehicle use (Knothe 

2006; Silitonga et al. 2011).

Property Limit Units Test Method

Density; 15º C 860–900 kg/m3 EN ISO 3675, EN ISO 

Kinematic viscosity; 40º C 3.5–5.0 mm2/s EN ISO 3104, ISO 3105

Flash point ≥120 ºC EN ISO 3679

Sulfur content ≤10.0 mg/kg EN ISO 20884

Carbon residue
(10% residue) ≤0.30 %(mol/mol) EN ISO 10370

Cetane number ≥51 – EN ISO 5165

Sulfated ash ≤0.02 %(mol/mol) ISO 3987

Water content ≤500 mg/kg EN ISO 12937

Total contamination ≤24 mg/kg EN ISO 12662

Oxidative stability, 110ºC ≥6.0 h EN 14112

Acid value ≤0.5 mg KOH/g EN 14104

Iodine value ≤120 g I2/100 g EN 14111

Linolenic acid content ≤12.0 %(mol/mol) EN 14103

Methanol content ≤0.20 %(mol/mol) EN 14110

MAG content ≤0.8 %(mol/mol) EN 14105

DAG content ≤0.8 %(mol/mol) EN 14105

TAG content ≤0.2 %(mol/mol) EN 14105

Free glycerine ≤0.02 %(mol/mol) EN 14105, EN14106

Total glycerine ≤0.25 %(mol/mol) EN 14105

Group I metals (Na + K) ≤5.0 mg/kg EN 14108, EN14109

Group II metals (Ca+Mg) ≤5.0 mg/kg prEN 14538

Phosphorus content ≤10.0 mg/kg EN 14107

Pour point – ºC ISO 3016

Heating value – MJ/kg DIN 51900-2
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Table 2.8. ASTM standards for pure biodiesel (Knothe 2006; Silitonga et al. 2011).

Property Limit Units Test Method

Flash point ≥130 ºC D 93

Water and sediment ≤0.05 %volume D 2709

Kinematic viscosity, 40 ºC 1.9–6.0 mm2/s D 445

Sulfated ash ≤0.02 %mass D 874

Sulfur(S15)  ≤0.0015 %mass (ppm) D 5453

Copper strip corrosion ≤No. 3 – D 130

Cetane number ≥47 – D 613

Cloud point Reported value ºC D 2500

Carbon residue ≤0.05 % mass D 4530

Acid number ≤0.5 mg KOH/g D 664

Free glycerin 0.02 % mass D 6584

Total glycerin 0.24 % mass D 6584

Phosphorus content ≤0.001 % mass D 4951

Distillation temperature, 
atmospheric equivalent 
temperature, 90% recovered

≤360 ºC D 1160

2.8 Summary

Over the last few decades, biodiesel use and production has increased significantly 

due to its environmentally friendly characters and renewability. However, its high 

cost of production is the main hurdle in its commercialization. Biodiesel is produced 

from triglycerides of vegetable oils (edible and non edible) and animal fats. About 

70–95% of the total biodiesel production costs are related to the raw materials. At 

present, more than 95% of the world’s biodiesel is mainly produced from edible 

vegetable oils (Balat 2011). It is believed that the high cost of biodiesel is mainly due 

to the use of costly neat vegetable oils in the production process (Zhang et al. 2003a).

Therefore, the use of low cost feedstocks such as waste cooking oil (WCO) can play 

crucial role to reduce the biodiesel production cost, making it competitive in price to 

petroleum-derived diesel. In addition, the use of WCO as feedstock in the biodiesel 
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production technology can solve the problems of waste oil disposals.

Commercially, biodiesel is mainly produced from the transesterification of 

triglycerides in the presence of alcohol using homogeneous (acid/base) catalysts. 

However, the problems associated with this technology (mainly in product 

purification and residues generation) have stimulated very active research in the field 

of heterogeneous catalysis for the biodiesel production to find a suitable solid catalyst 

with high catalytic activity and chemical stability. The heterogeneous solid acid/base

catalysts hold several advantages over the conventional homogeneous acid/base

catalysts such as easier catalyst removal, simple purification process, elimination of 

washing step, reusability of the catalyst, less corrosive and eco-friendly characters. 

Moreover, they can also be designed to give higher activity, selectivity and longer 

catalyst lifetimes. However, the catalytic activity of these catalysts is affected 

significantly by the nature of the feedstock used for biodiesel production, thus 

limiting the application of the heterogeneous catalysts.

In order to avoid these problems and to utilize the main advantage of the solid 

acid catalysts (its ability for free fatty acids esterification) and the main advantage of 

the solid basic catalysts (its ability to carry out the transesterification of triglycerides),

researchers are interested to find a solid heterogeneous catalyst which acts as an acid 

and a base at the same time. A suitable bifunctional heterogeneous solid catalysts 

combines the advantages of both solid acid/base heterogeneous catalysts, therefore 

has immense potential to carry out simultaneously the esterification and 

transesterification reactions using low cost feedstocks for biodiesel production. It is 

expected that the bifunctional heterogeneous solid catalyst will contribute a major to 

make biodiesel low cost alternative to the petroleum-derived diesel in a very near 

future.
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CHAPTER 3

METHODOLOGY 

3.1 Chapter Overview

This chapter provides an overview of the research methodology designed to achieve 

the research objectives. It explains all the investigations and observations undertaken 

to complete the objectives of research. This chapter is divided into four major 

sections; experimental design, preparation of support and bifunctional catalysts, 

analytical techniques used in determination of physiochemical properties of support 

and catalysts and testing of the catalysts activity in transesterification of waste 

cooking oil to produce biodiesel.

3.2 Experimental Design

The main objective of this research work is to prepare potential bifunctional catalysts

suitable for transesterification of low-cost feedstocks for production of biodiesel as a 

sustainable energy source. To achieve the afore-mentioned objective, mixed oxides γ-

Al2O3-MgO and γ-Al2O3-CeO2 with varying MgO and CeO2 loadings respectively 

were prepared as supports. The physiochemical properties of these synthesized

supports were studied to understand metal-support interaction which plays a key role 

in stabilization of both metal and support in catalyst structure. These mixed oxides 

were then modified with different transition metal oxides to prepare potential 

bifunctional catalysts for biodiesel production from waste cooking oil at optimized 

reaction conditions.

The strategy adopted in this work was to study the effects of MgO and CeO2

loadings on the physiochemical properties of γ-Al2O3 in mixed oxides by varying
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the MgO and CeO2 loadings ( 5, 10, 15, 20 wt% with respect to γ-Al2O3) to develop 

mixed oxides with desired Al/Mg and Al/Ce ratios and properties as catalyst support. 

Based on the results, a series of bifunctional catalysts were developed by further 

modifying these supports with different transition metals such as Mo, Sn, Zn and Mn. 

The synthesized catalysts were characterized by various analytical techniques and 

then tested in transesterification of waste cooking oil (WCO) in a three-necked glass 

reactor to identify the best catalyst for biodiesel production. The effect of various 

reaction parameters such as reaction temperature, reaction time, catalyst loading,

quantity of alcohol and agitation speed on biodiesel yield were also investigated 

during the transesterification of WCO to find a set of optimum parameters for 

biodiesel production. The reusability and chemical stability of synthesized 

heterogeneous catalysts was studied by reusing the catalyst in transesterification

reaction for several times with new reactants at optimized reaction conditions. The 

kinetics of transesterification reaction was carried out using selected catalyst to 

determine the activation energy and rate of reaction.

Figure 3.1. Schematic diagram of experimental design.
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3.3 Chemicals

All chemicals used in this research work are given in Table 3.1. These chemical were 

used without any purification.

Table 3.1. List of chemicals used in the preparation of supports and catalysts.

Chemicals Purity Brand

γ-Al2O3 99.99% Merck

Ce(NO3)3·6H2O 99.0% Sigma-Aldrich

CeO2 99.99% Sigma-Aldrich

Diethyl ether ≥98.0% Sigma Aldrich

Diolein (analytical  standard) 5000ug/L Sigma Fluka

Ethyl acetate ≥99.5% Merck

Hexane 98.5% Merck

HNO3 65.0% Merck

KOH 28-30% Merck

Mg(NO3)2·6H2O 99.9% Merck

MgO 99.99% Sigma-Aldrich

Methanol anhydrous, 
≥99.8%

Merck

Mn(NO3)2·6H2O ≥98.0% Merck

Monoolein (analytical standard) 5000ug/L Sigma Fluka

NaNO3 ≥99.0% Merck

(NH4)6 Mo7O24·4H2O 99.0% Merck

N-methyl-N-
trimethylsilyltrifluoroacetamide 
(MSTFA)

Merck

Pyridine GR grade Merck

SnCl2·2H2O ≥98.0% Merck

(S)-(-)-1,2,4-Butanetriol 98% Sigma Aldrich

Tricaprin  analytical standard 8000ug/L Merck

Triolein  analytical standard 5000ug/L Sigma Aldrich

Zn(NO3)2·6H2O ≥98.0% Merck
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3.4 Catalyst Preparation

3.4.1 Preparation of Mixed Oxide Supports

γ-Al2O3-MgO mixed oxide supports containing different MgO loadings (5, 10, 15 and 

20 wt% with respect to γ-Al2O3) were prepared by wet impregnation method (Perego 

and Villa 1997; Pinna 1998). In this method, required amount of Mg(NO3)2·6H2O was 

first dissolved in distilled water in order to obtain the required loading of MgO in γ-

Al2O3-MgO mixed oxides. Required amount of γ-Al2O3 pre-calcined at 500 oC was 

then added slowly under constant stirring into the solution, slightly in excess to fill the 

pores of γ-Al2O3 and avoid the formation of a thick paste. This mixture was stirred for 

3h at room temperature after which water was slowly evaporated by heating at 70 oC. 

The solid samples were then dried at 110 oC for 12h in oven and subsequently 

calcined at 500 oC for 5h in muffle furnace to yield γ-Al2O3-MgO mixed oxides with 

different MgO loadings (5, 10, 15, 20 wt% with respect to γ-Al2O3).

Similarly, γ-Al2O3-CeO2 mixed oxides with different CeO2 loadings (5, 10, 15 and 

20 wt% with respect to γ-Al2O3) were also prepared by impregnation of γ-Al2O3 with 

slightly excess volume of aqueous solution of Ce(NO3)3·6H2O to obtain the required 

loading of CeO2 in γ-Al2O3-CeO2 mixed oxides. The water was slowly evaporated by 

heating the mixture at 70 oC. The mixture was then dried in oven at 110 oC for 12h 

and later calcined at 500 oC in muffle furnace for 5h.

3.4.2 Determination of Point Zero Charge (PZC)

3.4.2.1 Salt Addition Method

The PZCs of all samples (γ-Al2O3, MgO, CeO2 and their mixed oxides γ-Al2O3-MgO 

and γ-Al2O3-CeO2 loaded with different MgO and CeO2 amounts respectively) were 

determined using salt addition method (Mustafa et al. 2002). In this method 0.01M 

NaNO3 solution was prepared in preboiled de-ionized water to eliminate CO2. About 

40 mL of 0.01 M NaNO3 solution was transferred into different titration flasks. The 
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pH of these solutions were then adjusted to 2, 3, 4, 5, 6, 7, 8, 9, 10, 11 and 12 using 

standardized 0.01 M HNO3 or 0.01 M NaOH solutions. The initial pH was recorded 

with pH meter (BOECO BT-600, Germany) with temperature probe and pH electrode. 

About 0.2 g of given sample was then added to each flask and shaken for 48h in a 

shaker bath at 25 oC. After 48h, final pH of each sample was recorded and then 

differences between initial and final pH (∆pH) values were plotted against the initial 

pH values. The PZC values were calculated from ∆pH verses pHinitial plots, which is 

the pH at which ∆pH is zero i.e. pHinitial = pHfinal. 

3.4.2.2 Fast Titration Method (Potentiometric Method)

The point zero charge of oxides/mixed oxides was also determined by potentiometric 

titration method (Davis et al. 1978). Potentiometric titrations were conducted in 

thermo stated double walled Pyrex cell of 100 mL capacity, maintained at constant 

temperature using thermo stated water bath via a circulating pump and using magnetic 

stirrer with Teflon coated stirring bars. About 30 mL of 0.01 M NaNO3 solution 

containing 0.2 g sample was equilibrated for 40 min with continuous magnetic stirring 

at room temperature. About 2 mL of 0.01 M HNO3 was then added and the 

suspension was agitated for another 20 min. The new pH value of the suspension was 

recorded as initial pH with pH meter (BOECO BT-600, Germany) with temperature 

probe and pH electrode. The suspension was then titrated with 0.01 M NaOH by 

addition of 0.2 mL from a micro burette of a very fine tip. Following each addition of 

the titrant, pH of the suspension was recorded at every two-min interval. The surface 

charge density o (·Cm-2) was calculated as follows:

                       

[ ] [ ]A BC C OH H
Q

m

   
                                     [Eq. 3.1]

                                   1
oσ QFS                                                     [Eq. 3.2]

Where CA and CB are the concentrations (mol dm-3) of acid and base added to the 

suspension, [OH-] and [H+] are the concentrations of OH- and H+ ions as measured 

from the pH of the suspension, F is Faraday constant (96500 C·mol-1), m is the mass 

of sample (g), and S is the specific surface area (m2·g-1) of the given sample.
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3.4.3 Preparation of Bifunctional Catalysts

The bifunctional catalysts were prepared by modifying the existing wet impregnation

procedure. First, the support (γ-Al2O3, γ-Al2O3-MgO or γ-Al2O3-CeO2 mixed oxides) 

was impregnated with slightly in excess volume of aqueous solution of (NH4)6

Mo7O24·4H2O to fill the pore volume of the support, with constant stirring to avoid 

the formation of a thick paste. During the impregnation, few drops of 0.01 M HNO3

solution were added to attain maximum adsorption of 6-
7 24Mo O ions on support. At pH 

below the PZC value, the protonated hydroxyl groups on the surface of the support 

increase i.e. the concentration of the adsorption sites for negative species ( +
2Al-OH ) 

increases and hence the adsorption of 6-
7 24Mo O ions is favored. This can be explained 

by Eq. 3.3 (Delmon 1987).

         
6-

7 24Mo O+ + + 6-
2 2 6 7 24Al-OH + H Al-OH (Al-OH )  Mo O                       [Eq. 3.3]

This mixture was stirred for 5h at room temperature after which water was slowly 

evaporated by heating at 70 oC. The catalyst sample was then dried at 110 oC for 12h 

and finally calcined at 500 oC for 5h in muffle furnace in the presence of air. The so 

synthesized catalysts were further modified with different promoters (Sn, Zn and Mn)

using wet impregnation method whereby they were impregnated with aqueous 

solution of SnCl2·2H2O, Zn(NO3)2·6H2O or Mn(NO3)2·6H2O to prepare their 

respective bifunctional bimetallic catalysts. However, the impregnation of 

bifunctional bimetallic catalysts was carried out in slightly basic medium using KOH 

solution to achieve the maximum adsorption of Sn, Zn or Mn onto supports. At pH 

above the PZC the surface hydroxyl groups are ionized, hence adorption of positive 

species (Sn2+, Zn2+ or Mn2+) is favoured as shown in Eq. 3.4 (Delmon 1987).

      
2+M - - 2+

2 2Al-OH + OH (Al-O)  M + H O                                      [Eq. 3.4]

Where M2+ = Sn2+, Zn2+ or Mn2+

The mixture was stirred for 5h at room temperature. After removal of water by

heating at 70 oC, the as prepared samples were then dried at 110 oC for 12h. 

Subsequently, the catalysts were calcined at 500 oC for 5h in muffle furnace in the 

presence of air. Finally, the catalysts were stored in desiccators prior to catalyst

testing.
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Figure 3.2. Schematic flow chart of bifunctional catalysts preparation.

3.5 Characterization of Catalysts

The chemistry of a catalyst is strongly related to its physicochemical properties, 

therefore only through a proper characterization it is possible to explain and predict 

the complete behaviors such as activity, selectivity and stability of the catalyst in a 

given catalytic process.

Characterization is an integral tool to prepare a potential catalyst of desired 

structure and chemical characteristics for a given reaction. The elucidation of the 

structures, compositions, and chemical properties of the solids used in heterogeneous 

catalysis, the adsorbates as well as the intermediates present on the surfaces of the 

catalysts during reaction is essential for a better understanding of the relationship 

between catalyst properties and catalytic performance (Richards 2006). Thus the 
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knowledge of analytical techniques plays a vital role to develop more active, 

selective, and durable catalysts. The physicochemical properties of bifunctional 

catalysts were investigated using following analytical techniques 

3.5.1 Thermogravimetry and Thermal Analysis

In the present work, thermogravimetry and derivative of thermogravimetry (TG-DTG) 

was performed on Perkin Elmer Pyris V-3.81from room temperature to 800 oC at a 

heating rate of 10 oC min-1 and N2 gas flow of 20 mL min-1.

3.5.2 N2 Adsorption-Desorption Analysis

N2 adsorption-desorption was performed on Micromeritics ASAP 2020 at -196 oC. 

The samples were degassed at 200 oC for 4h prior the measurement. Surface area is 

calculated using Multi-Point Brunnauer-Emmet-Teller method (BET) when

monomolecular layer is established over the entire sample surface. Pore volume was 

calculated at a relative pressure P/Po = 0.99, assuming full surface saturation with 

nitrogen. The average pore size diameter and the pore size distribution of catalysts 

were calculated from the desorption isotherms data using Barret-Joyner-Halenda 

(BJH) method.

3.5.3 X-ray Diffraction Analysis

X-ray diffractions (XRD) were performed on Bruker AXS D8 Advance 

Diffractometer with Mn filtered Cu-Kα radiations. Most patterns covered the 2θ angle 

range of 15-80o. The XRD patterns were compared with the diffraction files (ICDD-

FDP database) for identification.

3.5.4 Electron Microscopy Analysis

In this work, the morphology and elemental composition of synthesized catalysts were 

studied by field emission scanning electron microscopy-energy dispersive X-ray 
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(FESEM-EDX) using Ziess Supra 55 VP model. Similarly, transmission electron 

microscopy (TEM) images were recorded by Ziess Libra 200FE-TEM transmission 

electron microscope.

3.5.5 Temperature Programme Reduction Analysis

The TPR experiments were conducted on a Thermo Scientific TPDRO 1100 with a 

TCD detector. About 100 mg of a given sample was placed in a U-shaped quart tube 

with ID = 4 mm. The catalysts was then reduced in a flow of a mixed gas having 5% 

H2/N2 ratio with a flow rate of  20 cm3 min-1, controlled by a mass flow controller. 

The TPR experiments were carried out in the temperature range of 25-1050 oC with a 

heating rate of 10 oC min-1. The extent of reduction of a catalyst was then measured 

by comparing the theoretical hydrogen consumption to the actual hydrogen 

consumption, calibrated by the TCD peak area of a standard H2 volume injected. The 

change of the concentration of H2 with temperature is recorded as a TPR profile. 

3.5.6 Temperature Programme Desorption of CO2 and NH3 Analysis

In this study, Ammonia and carbon dioxide temperature-programmed desorption 

(NH3-TPD and CO2-TPD) measurements were carried out on the same apparatus as 

described for H2-TPR. The sample (150 mg) was pretreated at 300 °C for 2h in a He 

stream (100 mL/min). After being cooled down to 20 °C, the pretreated sample was 

exposed to NH3 or pure CO2 (99.999%) for 30 min. Then the sample was purged with 

He airstream at 20 °C until the baseline of NH3 or CO2 in the mass spectrum was 

steady. Finally, the NH3-TPD and CO2-TPD were performed at the rate of 10 °C/min 

in He flow from 30 °C to the needed temperature.

3.5.7 X-ray Photoelectron Spectroscopy Analysis

In the present study, Thermo Scientific X-ray Photoelectron Spectroscopy (XPS)

equipment with Mg Kα X-ray radiation source (E =1253.6 eV) was used to analyze 

the surface composition and chemical state of each element present in the catalyst 
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structure. The line C1s with a binding energy of 284.6 eV was used as a reference. 

Similarly, the atomic concentration ratios in the outer layers of the samples were 

determined from the corresponding XPS area ratios by using the effective ionization 

cross section of the ejected electrons.

3.5.8 X-ray Fluorescence Analysis

X-ray fluorescence (XRF) analyses were performed on the Bruker S4 PIONEER X-

ray Fluorescence Spectrum using Ru target and 4 kW maximum power. For analysis, 

a sample of catalyst was powdered and formed into a glass with, for example, sodium 

borate, in order to form a disc with a flat surface that can be inserted in a standard 

XRF instrument. The resultant peaks were then compared with those of standard 

mixtures of the various components prepared in the same way to enable the 

composition to be determined. The intensity of emitted X-rays of a particular energy 

was measured to determine the abundance of that particular element.

3.6 Biodiesel Production Process from Waste Cooking Oil

3.6.1 Characterization of Feedstock

The waste cooking oil (WCO) was collected from the residential area in Tronoh 

where the waste cooking oil was used for frying purpose. Prior to use, the waste 

cooking oil was filtered using a fine screen cloth and filter paper to remove the

insoluble impurities and washed several times with hot distilled water to remove salt 

and other soluble materials. Water was removed by mixing WCO with 10 wt% silica 

gel followed by stirring the mixture and vacuum filtration using Whatman filter paper 

(No. 40 Quantitative) for the removal of silica gel (Issariyakul et al. 2007). This step 

was performed three times to decrease the amount of water present in the WCO.  The 

oil was dried at 110 oC for 24h in oven and then stored in air tight bottle for further 

studies. 

The key physical and chemical properties of waste cooking oil such as acid value,
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saponification value, specific gravity, kinematic viscosity, and calorific value were 

determined experimentally following standard test methods.

3.6.1.1 Determination of Acid Value 

The acid value (AV) of the WCO was determined using the European standard 

EN14104 method (Olutoye and Hameed 2011a). According to this method, 10 g of oil 

placed in a 250 mL conical flask was weighed accurately. A 50 mL solvent mixture of 

1:1 dehydrated ethanol and diethyl ether was added into the flask and slightly agitated 

to dissolve the oil sample in the solvent mixture completely. A few drops of 

phenolphthalein indicator (1%) were added to the mixture of flask and then titrated 

against 0.1 N standard aqueous solution of KOH with vigorous stirring until a definite 

pink colour persisted for 10 sec. The acid value (mg KOH per g of oil sample) was 

calculated according to the following formula:

       

56.1
Acid value (mg KOH/g of oil) 

A N

W

 
                            [Eq. 3.9]

Where,

56.1 = Molecular weight of KOH (g/mol)

N  Normality of KOH (mEq/mL)

A  Volume of the KOH (mL) used for titration 

W = Mass of the oil sample (g).

3.6.1.2 Determination of Peroxide Value

Peroxides are unstable radicals formed from triglycerides. Peroxide value is an index 

of the oxidative stability of the vegetable oils. Peroxide value can be defined as the 

milliequivalents of peroxide per kilogram of fat to measure the amount of peroxide or 

hydroperoxide groups (Nielsen 2003). The peroxide value of waste cooking oil was 

determined according to the AOCS standard method (Cd 8b-90) (Farooq et al. 2011). 

According to this method, about 2.5 g of the desired oil sample was mixed with 20 

cm3 of a solvent mixture, containing acetic acid and chloroform in the 3:2 ratio using 

250 cm3 titration flask. To this mixture, 1cm3 of the aqueous saturated solution of 
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Potassium Iodide KI and 35 cm3 distilled water were added with constant stirring. 

When contents of the flask mixed well, few drops of starch indicator were added to 

this reaction mixture and then titrated against 0.01 N standard aqueous solution of 

Na2S2O3·5H2O till the disappearance of the yellow coloration of the mixture. Another 

experiment was also performed under the same conditions without adding the oil 

sample to the mixture. The peroxide value was calculated according to the following 

formula:

              

1 ( ) 1000
( )

Vs Vb N
Peroxidevalue mEq kg

W
   

                        [Eq. 3.10]

Where,

Vs = Volume of Na2S2O3·5H2O (mL) used in the presence of oil sample.

Vb = Volume of Na2S2O3·5H2O (mL) used in the absence of oil sample.

N = Normality of Na2S2O3·5H2O (mEq/mL) solution used for titration.

1000 = conversion of units (g/kg)

W = Mass of the oil sample (g).

In this method, the potassium iodide added to the oil sample, reacts with peroxides 

and thus liberates iodine (Eq. 3.11). The iodine so librated is then titrated with 

standardized Na2S2O3·5H2O solution using starch indicator (Eq. 3.12). The calculated 

amount of potassium iodide required to react with the peroxides present in the sample 

is used to determine the peroxide value (Nollet 2009).  

             2 22 2 2ROOH H KI I ROH H O K                             [Eq. 3.11]

             
2 2 2 3 2 4 62 2

blue colorless
I starch Na S O Na S O starch NaI                    [Eq. 3.12]

3.6.1.3 Determination of Saponification Value

Saponification value is one of the physiochemical properties that affect the quality of 

oil. Saponification number is defined as the amount of alkali required to saponify a 

definite quantity of the oil sample. It is expressed as the milligrams of KOH required 

to saponify 1 g of the oil sample (Nielsen 2010). Saponification process involves the 

breaking down of oil with alkali into glycerol and fatty acids as represented in Eq.

3.13 (Chauhan and Varma 2009).



89

HeatTriacylglycerol+3KOH Glycerol+3Potassiumsalt of fattyacids       [Eq. 3.13]

Saponification value (SV) was determined using the AOCS method Cd 3a-94

(Sward 1972). According to this method, 2 g of the oil was weighed accurately in a 

250 mL conical flask. About 25 mL of ethanolic solution of KOH (0.5 N) was added 

into the flask with constant stirring. About 4 mL of a solvent mixture of 1:1 

dehydrated ethanol and diethyl ether was later added into the flask and slightly 

agitated to dissolve the oil sample in the solvent mixture. The mixture was heated 

gently for 1 h to saponify the oil according to Eq. 3.13. The mixture was cooled down 

to room temperature. A few drops of phenolphthalein indicator (1%) were added to 

the cooled mixture and then titrated against standardized (0.5 N) HCl with vigorous 

stirring till the pink colour disappeared for at least 30 s. Another experiment was 

performed under similar conditions without adding the oil sample to the mixture. The 

SV was then calculated according to the following formula.

( ) 56.1
Saponification value (mg KOH/g of oil) 

B S N

W

  
         [Eq. 3.14]

Where,

B  Volume of titrant (mL) used for blank sample (Oil free mixture)  

S = Volume of titrant (mL) used for sample

N  Normality of HCl (mEq/mL)

56.1  Molecular weight of KOH (g/mol)

W = Mass of the oil sample (g).

The average molecular weight of the selected WCO was calculated from the 

saponification value using following Eq. 3.15 (Zhu et al. 2006).

3
56.1 1000Average molecular weight

SV AV
 


                      [Eq. 3.15]

Where,

SV = Saponification value (AOCS method Cd 3a-94)

AV = Acid value (European Standard EN 14104)
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3.6.1.4 Determination of Kinematic Viscosity

Viscosity is one of the key properties that affect the quality of fuel oil. The kinematic 

viscosity (cSt) was measured by using an automated Anton Paar instrument (model 

SVM3000, ASTM D-7042) at temperature of 40 oC. The temperature was controlled 

within the range of ± 0.01 oC. The experiment was repeated three times to calculate 

the average value. 

3.6.1.5 Determination of Density and Specific Gravity

Density is another key property of oil that influences the quality of oil. Density is the 

mass per unit volume of a substance at a given temperature while specific gravity is 

the ratio of the density of a substance to the density of a reference substance (usually 

water). The density of WCO was measured at 30 °C using Anton Paar instrument 

(model SVM3000, ASTM D-7042) instrument. The temperature was controlled 

within the range of ± 0.01 oC. The density was measured three times and the reported 

value is the average of the individual runs. The specific gravity value was calculated 

using Eq. 3.16;

                    

Sample density
SG

Water density
                                                 [Eq. 3.16]

3.6.1.6 Determination of Water Contents

Water content is classified as one of the physicochemical properties which may affect 

the transesterification reaction and hence biodiesel yield. The feedstock with high 

water content may result in side reaction of hydrolysis of oil to form free fatty acids, 

which then leads to saponification reaction in the presence of a base catalyst, hence 

producing soap (Tan et al. 2010). Therefore, in order to avoid the side reaction, the 

feedstock used for biodiesel production should be water free or having water content

lower than 0.3 wt% (Kusdiana and Saka 2004; Lotero et al. 2005).

The Karl-Fischer titration method was used to determine the water content of the 

oil sample. The analysis was performed using a coulometric Karl Fischer titrator, DL 
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39 (Mettler Toledo, meet ASTM D6304-07) with Hydranal coulomat AG reagent 

(Riedel-de Haen). The oil sample was dried in a vacuum oven for 24 h at 80 oC prior 

to measurement of water content, after which about 3 g oil sample was injected into 

the instrument. The measurements were taken in triplicate, and the average value was 

reported.

3.6.1.7 Determination of Flash Point

Flash point is one of the most important physicochemical properties that establish the 

potential for fire and explosion of combustible/flammable material such as a fuel

(Carareto et al. 2012). Therefore, the knowledge of flash point is necessary for the 

handling, storage, and safety of fuels and flammable liquids and limits the level of 

unreacted alcohol content in the finished fuel (Benjumea et al. 2008; Rashid et al. 

2009). The flash point is related to the vapor pressure of a flammable liquid and is 

defined as the lowest temperature at which it can form a combustible mixture with air

(Crowl and Louvar 2002). A sample is heated and a flame is passed over it. If the 

temperature is at or above the flash point, the vapors of fuel will ignite with detectable 

flame. The flash point of biodiesel is substantially higher than the petroleum derived 

diesel, therefore is safer to transport (Sørensen and Breeze 2008). The flash point was 

measured using Pensk-Martens automatic flash point analyzer (FP93-5G2, ISL, 

France, ASTM D93).

3.6.2 Reaction Procedure 

3.6.2.1 Transesterification Reaction of Waste Cooking Oil

The transesterification reaction of waste cooking (WCO) was performed in a 250 mL

three-necked round bottom flask fitted with a water-cooled condenser and 

thermometer. The transesterification reaction was performed using waste cooking oil, 

methanol and different bifunctional heterogeneous catalysts under different reaction 

conditions such as reaction time, reaction temperature, catalyst amount, methanol to 

oil molar ratio and agitation speed to obtain optimum reaction conditions for 
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maximum biodiesel production. The selected WCO was heated at 100 oC for 12 h to 

remove water as a part of pretreatment. Prior to oil addition into the reactor, catalyst 

was dried in oven at 100 °C for 2 h and then activated by dispersing it with methanol 

at 50 °C under constant stirring for 30 min. Then, the required amount of WCO 

(heated at 100 oC for 12 h) was added into the reactor and reaction was carried out 

under identified reaction conditions.

After reaction completion, the reaction mixture was filtered using a Whatman 42 

filter paper (125 mm diameter and a pore size of 2.5µm) and centrifuged to separate 

the catalyst. The mixture was then transferred to a separating funnel and allowed to 

stand for approximately 24 h. The bottom layer (glycerol) was drained out and 

methanol was recovered via rotary evaporation. The biodiesel (methyl esters) was

collected carefully and washed with hot deionized water. Finally, the biodiesel was 

dried using anhydrous sodium sulfate and then kept at 80 oC in vacuum oven for 24h

to remove any traces of water. The synthesized biodiesel was then stored in air tight 

bottle for further studies. 

Figure 3.3. Schematic diagram of biodiesel production from WCO using bifunctional 

heterogeneous catalyst.

Based on the experimental results (biodiesel yield) and catalytic performance, a 

best catalyst was selected for further studies in the transesterification reaction of 

WCO to optimize the other reaction conditions for sustainable biodiesel production.  

The biodiesel yield was calculated using Eq. 3.17 (Birla et al. 2012; Boro et al. 2011; 
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Leung and Guo 2006; Umdu et al. 2009):

(%) 100
Weight of biodiesel

Biodiesel yield
Weight of oil

                           Eq. 3.17]

3.6.2.2 Product Analysis

The biodiesel produced from the transesterification reaction of WCO was analyzed 

for FAME composition with gas chromatography (GC-MS, Agilent Technologies 

7890A equipped with 5975 C mass spectrometer) fitted with BPX5-1227032 capillary 

column of 30 m length, film thickness of 0.25 μm and internal diameter of 0.25 mm.

GC with Flame Ionization Detector (FID) (Agilent 6890) fitted with HT 5 column of

diameter of 0.32 mm, column thickness of 0.1 μm and 30 m length was used to 

determine the ester content, monoglyceride, diglyceride and triglyceride compositions 

in the biodiesel sample following the EN standard method (EN14105:2003).

The biodiesel sample was first silyated with N-methyl-N-

trimethylsilyltrifluoracetamide (MSTFA) prior to the GC analysis. Two internal 

standards and four reference materials were used to create the calibration curves. MG, 

DG and TG were determined by comparing with monooleine, dioleine and trioleine, 

respectively. The operating temperature of the column was set at initial temperature of 

50 °C for 1 min, then increased to 150 °C at a rate of 15 °C per minute and later

decreased to 7 °C/min until it reached 230 °C and increased again to 30 °C/min to 

reach 380 °C and maintained at this temperature for 10 min. Helium was used as a 

carrier gas with a flow rate of 3 mL/min in which the FID was set at 380 °C. 

The various physicochemical properties such as acid value, saponification value, 

flash point, specific gravity cetane number and viscosity of biodiesel so produced 

were determined experimentally following standard test methods.

As a supplement to GC analysis, thin layer chromatography (TLC) was performed

for qualitative analysis to detect the presence of ester, free fatty acid, mono-, di- and 

triglyceride in the biodiesel obtained from the WCO. TLC was performed using 

mixture of hexane, diethyl ether and acetic acid with ratio of 80:20:1 (v/v) as 

developing solvent (Golay et al. 2007). The oil sample was first diluted in ethyl 
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acetate in 1:3 (v/v) ratio, and then spotted on the TLC silica plate. Iodine chamber 

was used for visualization of spots. The retention factor (Rf) is calculated according to 

Eq. 3.18. The larger the Rf value of a compound, the larger the distance covered by 

the compound on the TLC plate, indicating less polar behaviours.

                Distance traveled by the compound

Distance traveled by the solventfR                                   [Eq. 3.18]

Moreover, the 1H NMR (JEOL JNM-ECA 500 MHz) was used to analyze the 

methyl ester contents in the synthesized biodiesel. Deuteriated chloroform (CDCl3) 

was used as the solvent. The methyl ester contents in the synthesized biodiesel were 

determined by using the following Eq. 3.19 (Birla et al. 2012; Borges et al. 2011b).

                            
2

2
(%) ( ) 100

3
ME

CH

A
ME content

A

                                [Eq. 3.19]

Where AME and Aα-CH2 are the areas of the methoxy and the methylene protons, 

respectively. These relevant signals chosen for integration are those of methoxy 

groups in the methyl esters at 3.7 ppm and of the α-carbonyl methylene groups 

present in all fatty ester derivatives at 2.3 ppm. Similarly, the thermogravimetric 

analysis (TGA) and fourier transform infrared spectroscopy (FT-IR) were also used to 

study the physicochemical properties of the synthesized biodiesel in detail.
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Figure 3.4. Biodiesel production from waste cooking oil (a) three-necked glass 

reactor(b) separation of biodiesel (c) washed biodiesel (d) thin layer chromatograph of 

biodiesel produced.

3.7 Chapter Summary

This chapter contains all the investigations and observations undertaken to fulfill the

research objectives.  Different types of solid bifunctional catalysts were developed

using different transition metal oxides as active metals and supports. The

physiochemical properties of the synthesized catalysts were studied using various

analytical techniques in order to correlate them with the catalytic efficiency in 

transesterification reaction under identified reaction conditions. Moreover, the 

identification of a potential bifunctional catalyst for biodiesel production from WCO

has been discussed in detail. In short, all the experimental procedures followed and 

equipments used in the present research work have been discussed in details.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Characterization of Prepared Supports

Support plays a vital role in the performance of a catalyst in a given chemical 

reaction. Support characterization is considered an important element for the process 

of catalyst development, catalyst production and application. Therefore, it is 

important materials to be characterized using different analytical techniques to 

explore their physiochemical properties for wide range of applications. In this 

research work, γ-Al2O3-MgO and γ-Al2O3-CeO2 mixed oxides containing different 

loadings of MgO and CeO2 (5-20 wt% with respect to γ-Al2O3) respectively were 

prepared by modified wet impregnation method. These mixed oxide supports were 

then characterized for their physiochemical properties. 

4.1.1 Thermogravimetry and Thermal Analysis

Thermogravimetry and thermal analysis is an important tool commonly used during 

the preparation of catalysts. The representative thermogravimetric and derivatives of 

thermogravimetric (TG–DTG) curves for samples loaded with Mg(NO3)2.6H2O and 

Ce(NO3)2.6H2O to synthesis mixed oxides of γ-Al2O3-20 wt% MgO and γ-Al2O3-20 

wt% CeO2 are shown in Figures 4.1 and 4.2 respectively. The TG–DTG curves for 

sample loaded with Mg(NO3)2.6H2O showed three endothermic peaks at 135 oC, 208
oC and 430 oC, which are attributed to the evaporation of absorbed water, removal of 

water of crystallization and decomposition of nitrates molecules respectively. Along 

with the loss of water of crystallization some nitrate anions also undergo partial 

decomposition (Dou et al. 2011; El-Shobaky et al. 1999; Madarász et al. 2007).
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However, the decomposition of nitrate molecules completed at about 500 oC, and 

above 500 oC there was no significant weight loss in the sample. On the other hand, 

TG–DTG curves of the sample loaded with Ce(NO3)2·6H2O exhibited two 

endothermic peaks at about 73 oC and 239 oC (Figure 4.2). The endothermic peak at 

73 oC is assigned to evaporation of absorbed water in the sample, whereas the 

endothermic peak at 239 oC is attributed to the removal of water of crystallization and

decomposition of nitrate molecules in the sample (Alves et al. 2009). In addition, 

there is a small endothermic peak at 409 oC, which could be attributed to the 

decomposition of remaining Ce(NO3)2.6H2O molecules in the sample (Miguel-García 

et al. 2010). The TG–DTG curves further show that there was no significant weight 

loss above 500 oC, showing that the decomposition of Ce(NO3)2·6H2O has completed 

at 500 oC temperature. Therefore, based on the TG–DTG results, all the synthesized γ-

Al2O3-MgO and γ-Al2O3-CeO2 were calcined at 500 oC in muffle furnace for 5 h to 

prepare respective bifunctional mixed oxides for use as catalyst support throughout 

this research.

Figure 4.1. Representative TG-DTG curves of γ-Al2O3-20 wt% MgO mixed oxide. 
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Figure 4.2. Representitive TG-DTG curves of γ-Al2O3-20 wt% CeO2 mixed oxide. 

4.1.2 N2 Adsorption-Desorption Analysis

Generally, chemical reactions catalyzed by solid heterogeneous materials take place at 

the exterior and interior surfaces of the porous catalyst. The rate of reaction depends 

on the available surface area for adsorption of the reactants. The size of the pores may

influence the order and the activation energy of the catalytic reaction as well as the 

poisoning characteristics (Brunauer 1976). Therefore, it is important to know how the 

total surface and the total pore volume are distributed in the pores of different sizes. 

Figures 4.3, 4.4 and 4.5 represent the N2 adsorption-desorption isothermal plots of γ-

Al2O3, γ-Al2O3-MgO and γ-Al2O3-CeO2 mixed oxides with varying MgO and CeO2

loadings respectively, whereby these samples have been calcined at 500 oC. It can be 

seen from the results that all analyzed catalyst samples show type IV isotherms 

according to the IUPAC classification, which is the characteristics of the mesoporous 

materials (Yu et al. 2011a).
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Figure 4.3. N2 adsorption-desorption isotherms of γ-Al2O3.

Figure 4.4. N2 adsorption-desorption isotherms of (a) γ-Al2O3-5 wt% MgO (b) γ-

Al2O3-10 wt% MgO (c) γ-Al2O3-15 wt% MgO (d) γ-Al2O3-20 wt% MgO mixed 

oxides.
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Figure 4.5. N2 adsorption-desorption isotherms of (a) γ-Al2O3-5 wt% CeO2 (b) γ-

Al2O3-10 wt% CeO2 (c) γ-Al2O3-15 wt% CeO (d) γ-Al2O3-20 wt% CeO2 γ-Al2O3-

CeO2 mixed oxides.

Table 4.1. Effect of MgO loading on the textural properties; specific surface area (SA), 

total pore volume (VP) and average pore diameter (DP) of γ-Al2O3-MgO mixed 

oxides.

Textural Properties MgO Contents (wt%)
0 5 10 15 20

SA (m2/g) 186 167 151 142 134
VP (cm3/g) 0.241 0.179 0.161 0.158 0.142
DP (Å) 78.43 72.40 67.31 59.63 49.36

Table 4.2. Effect of CeO2 loading on the textural properties; specific surface area 

(SA), total pore volume (VP) and average pore diameter (DP) of γ-Al2O3-CeO2

mixed oxides.

Textural Properties CeO2 Contents (wt%)
0 5 10 15 20

SA (m2/g) 186 171 155 146 140
VP (cm3/g) 0.241 0.187 0.174 0.160 0.148
DP (Å) 78.43 77.52 69.01 62.59 53.46



102

Similarly, the N2-adsorption-desorption isotherms show a well defined H2 type 

hysteresis loops according to the IUPAC classification with a sloping adsorption 

branch and desorption branch at high relative pressure range (P/P0). The type H2

hysteresis loops are typically associated with the mesoporous materials, resulting 

from nitrogen gas condensation within the mesopores (Duarte et al. 2011; 

Hassanzadeh-Tabrizi and Taheri-Nassaj 2011; Zou et al. 2009). The specific surface 

area (SA), total pore volume (VP) and average pore diameter (DP) of γ-Al2O3-MgO

mixed oxide samples loaded with different MgO contents are given in Table 4.1. It

can be seen from the results that the surface area, pore volume, and average pore 

diameter decrease with increasing of magnesia contents in the γ-Al2O3. The same 

trend was also observed for γ-Al2O3-CeO2 mixed oxides as the CeO2 loading was 

increased (Table 4.2). The decrease in the surface area, pore volume and pore 

diameter is expected as the MgO and CeO2 added have occupied some of the area in 

the pores of alumina during the preparation and formation of some complex oxides on 

the surface as a result of oxides reaction during calcination.

However, it can be seen from the results that the reduction in the surface area of γ-

Al2O3 as a result of CeO2 addition is comparatively small as compared to MgO. Thus 

CeO2 may be acting as a textural stabilizing agent for γ-Al2O3 as compared to MgO 

which is in agreement with the results reported by Piras et al. (2000).  This stabilizing 

effect may be attributed to the fact that cerium cations occupied the vacant octahedral 

coordinated sites on the surface of γ-Al2O3 and thus prevented the transformation of 

γ-Al2O3 to α-Al2O3, which is associated with a loss in the surface area (Damyanova et 

al. 2002). Furthermore, the pore size distributions determined by the BJH method 

show that all samples possess uniform mesopore size distributions (Appedix, Figure 

B.2 and B.3).

4.1.3 X-ray Diffraction Analysis

X-ray diffraction (XRD) is an important characterization technique commonly used to 

determine the chemical composition and structure of different phases present in a 

heterogeneous catalyst with crystalline structures. Figure 4.6 illustrate the XRD 

patterns for γ-Al2O3-MgO mixed oxides with different MgO loadings. The XRD 
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patterns of γ-Al2O3-MgO mixed oxides exhibited characteristic peaks of γ-Al2O3 at 2θ 

= 37.3o, 45.55o, 66.8o, and MgO at 2θ = 42.7o, 62.15o and 78.64o respectively (Wang 

et al. 2008b). Further it can be seen from the XRD patterns that samples loaded with 5 

and 10 wt% MgO do not exhibit characteristic peaks of crystalline MgO phase which 

may be attributed to the well dispersion of MgO, leading to formation of monolayer 

or sub-monolayer of MgO on the surface of γ-Al2O3. 

However, as the MgO loading was increased, the XRD patterns show the 

appearance of new peaks at 2θ = 42.7o, 62.15o and 78.64o corresponding to crystalline 

MgO (Priecel et al. 2011; Wang et al. 2008a). This shows that the addition of MgO at 

lower loading does not affect the structure of γ-Al2O3 however, high loading of MgO 

affect the phase and structure of γ-Al2O3 which is in agreement with the results 

reported by Koo et al. (2009) and Jiang et al. (2001). The average particle sizes of γ-

Al2O3-MgO mixed oxides, calculated from the Debye-Scherrer equation, are 

presented in Table 4.3.

Figure 4.6. XRD patterns of (a) MgO (b) γ-Al2O3 (c) γ-Al2O3-5 wt% MgO (d) γ-

Al2O3-10 wt% MgO (e) γ-Al2O3-15 wt% MgO (f) γ-Al2O3-20 wt% MgO.
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Table 4.3. Crystal size of synthesized γ-Al2O3-MgO mixed oxide supports.

Catalyst Crystallite Size (nm)
MgO 12.5
γ-Al2O3 21.9
γ-Al2O3-5 wt% MgO 22.5
γ-Al2O3-10 wt% MgO 25.1
γ-Al2O3-15 wt% MgO 27.3
γ-Al2O3-20 wt% MgO 29.8

Similarly, Figure 4.7 shows the XRD patterns for γ-Al2O3-CeO2 mixed oxides 

with varying loadings of CeO2. The characteristic peaks observed at 2θ = 28.76o, 

33.22o, 47.67o, 56.46o, 59.29o, 69.56o, 76.86o and 79.25o are corresponding to 

crystalline CeO2 phase in the samples with different CeO2 contents (Del Angel et al. 

2008). It is clear that the intensity of the peaks corresponding to CeO2 increases as the 

CeO2 loading was increased, indicating an increase in the CeO2 crystalinity. On the 

other hand, intensity of the peaks corresponding to γ-Al2O3 decreases with increasing 

of CeO2 loading, showing that CeO2 modified the textural properties of the γ-Al2O3. 

The results clearly suggest that higher loading of MgO and CeO2 leading to formation 

of polycrystalline particles on the surface of γ-Al2O3 instead of monolayer formation 

(Wang et al. 1999). More importantly, the absence of XRD diffraction peaks of MgO 

and CeO2 in the γ-Al2O3-MgO and γ-Al2O3-CeO2 mixed oxides at lower MgO and 

CeO2 loadings respectively demonstrate that no solid-state reactions occur between γ-

Al2O3 and MgO or CeO2 to form Mg–Al and Ce–Al spinels at the calcination 

temperature of 500 oC. The Mg–Al and Ce–Al spinels formation have been reported 

to occur at higher temperatures i.e. 670 oC and above. Furthermore, at calcination 

temperature of 500 oC MgO and CeO2 do not dissolve in the support to give solid 

solutions (Wang et al. 2006a). The average particle sizes of γ-Al2O3-MgO mixed 

oxides, calculated from the Debye-Scherrer equation, are presented in Table 4.4.
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Figure 4.7. XRD patterns of (a) CeO2 (b) γ-Al2O3 (c) γ-Al2O3-5 wt% CeO2 (d) γ-

Al2O3-10 wt% CeO2 (e) ) γ-Al2O3-15 wt% CeO2 (f) ) γ-Al2O3-20 wt% CeO2.

Table 4.4. Crystal size of synthesized γ-Al2O3-CeO2 mixed oxide supports.

Catalyst Crystallite Size (nm)
CeO2 15.3
γ-Al2O3 21.9
γ-Al2O3-5 wt% CeO2 25.1
γ-Al2O3-10 wt% CeO2 26.9
γ-Al2O3-15 wt% CeO2 29.3
γ-Al2O3-20 wt% CeO2 31.9

4.1.4 Electron Microscopy Analysis

The surface morphology and the elemental composition of γ-Al2O3-MgO and γ-

Al2O3-CeO2 mixed oxides were studied by field emission scanning electron 

microscopy-energy dispersive X-rays analysis (FESEM-EDX). The micrographs 

depicted in Figure 4.8 shows that γ-Al2O3-MgO samples do not possess definite shape 

and slightly change in the morphology was observed as the MgO loading was 

increased with the appearance of crystalline MgO on the surface of γ-Al2O3. 

Furthermore, the elemental mapping was obtained to measure the concentration of a 
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specific element as a function of position in the sample as depicted in Figure 4.9. The

results of elemental mapping of γ-Al2O3-MgO mixed oxides confirmed the presence 

of each element and suggest that MgO is well dispersed on the surface of γ-Al2O3.

Figure 4.8. FESEM images of (a) γ-Al2O3-5 wt% MgO (b) γ-Al2O3-10 wt% MgO (c) 

γ-Al2O3-15 wt% MgO (d) γ-Al2O3-20 wt% MgO mixed oxides.

Figure 4.9. Elemental mapping of γ-Al2O3-MgO mixed oxides with varying loading 

of MgO.
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However, in the case of γ-Al2O3-CeO2 mixed oxide samples, uniformly distributed 

spherical shaped particles were found with little agglomeration of CeO2 particles on 

the surface of γ-Al2O3 as shown in Figure 4.10. The micrographs further show that

polycrystalline particles of CeO2 are formed on the surface of γ-Al2O3 at higher 

loading of CeO2 which is in agreement with the XRD results (Figure 4.7). These 

polycrystalline spherical structures were formed from primary crystallites which fused 

together to make large sized spheres with polycrystalline substructures (Hassanzadeh-

Tabrizi and Taheri-Nassaj 2010). Similarly, the results of elemental mapping for 

various γ-Al2O3-CeO2 mixed oxides with varying loadings of CeO2 confirmed the 

presence of different elements and well dispersion of CeO2 on the surface of γ-Al2O3 

as shown in the Figure 4.11.

Figure 4.10. FESEM images of (a) γ-Al2O3-5 wt% CeO2 (b) γ-Al2O3-10 wt% CeO2

(c) γ-Al2O3-15 wt% CeO2 (d) γ-Al2O3-20 wt% CeO2 mixed oxides.
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Figure 4.11. Elemental mapping of γ-Al2O3-CeO2 mixed oxides with varying loading 

of CeO2.

The homogeneous distribution of MgO and CeO2 over the surface of γ-Al2O3 was 

further conformed by the energy dispersive X-rays analysis (EDX). The EDX spectra 

of γ-Al2O3-MgO and γ-Al2O3-CeO2 mixed oxides are presented in Figure 4.12 and 

4.13 and the elemental composition determined by the EDX is given in Table 4.5 and 

4.6 respectively. The results show close agreement with the values determined by 

XRF and calculated values. This shows that γ-Al2O3-MgO and γ-Al2O3-CeO2 mixed 

oxides were successfully prepared and contain as much MgO and CeO2 loadings in 

their respective mixed oxides as loaded.
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Figure 4.12. EDX spectrums of (a) γ-Al2O3-5 wt% MgO (b) γ-Al2O3-10 wt% MgO (c) 

γ-Al2O3-15 wt% MgO (d) γ-Al2O3-20 wt% MgO mixed oxides.

Table 4.5. Mg/Al ratio in the γ-Al2O3-MgO mixed oxides determined by EDX, XRF 

and theoretically.

MgO Contents (wt%) Mg/Al atomic ratio in the γ-Al2O3-MgO mixed oxides 
with different MgO loading

Calculated Value EDX XRF
5 0.0600 0.0493 ± 0.04 0.059
10 0.1265 0.1152 ± 0.04 0.127
15 0.2010 0.1954 ± 0.04 0.213
20 0.2846 0.2301 ± 0.04 0.279
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Figure 4.13. EDX spectrums of (a) γ-Al2O3-5 wt% MgO (b) γ-Al2O3-10 wt% MgO (c) 

γ-Al2O3-15 wt% MgO (d) γ-Al2O3-20 wt% MgO mixed oxides.

Table 4.6. Ce/Al ratio in the γ-Al2O3-CeO2 mixed oxides determined by EDX, XRF 

and theoretically.

CeO2 Contents (wt%) Ce/Al atomic ratio in the γ-Al2O3-CeO2 mixed oxides 
with different CeO2 loading

Calculated Value EDX XRF
5 0.0600 0.0513 ± 0.05 0.059
10 0.1265 0.1602 ± 0.05 0.127
15 0.2010 0.2154 ± 0.05 0.213
20 0.2846 0.2621 ±  0.05 0.265

4.1.5 X-ray Photoelectron Spectroscopy Analysis

X-ray photoelectron spectroscopy (XPS) is a useful characterization technique to 

determine the elemental composition of the surface of a catalyst and the oxidation 

state and chemical environment of each element present in the catalyst. The XPS 

profiles for Al 2p Mg 2p of γ-Al2O3-MgO mixed oxides are shown in Figures 4.14 

and 4.15 respectively and the results are presented in Table 4.7. Similarly, the 

representative XPS survey spectrum of the γ-Al2O3-15 wt% MgO is presented in
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Figure 4.16.

Figure 4.14. XPS profiles of Al 2p for (a) γ-Al2O3 (b) γ-Al2O3-5 wt% MgO (c) γ-

Al2O3-10 wt% Mg (d) γ-Al2O3-15 wt% MgO (e) γ-Al2O3-20 wt% MgO.

Figure 4.15. XPS profiles of Mg 2p for (a) γ-Al2O3-5 wt% MgO (b) γ-Al2O3-10 wt% 

MgO (c) γ-Al2O3-15 wt% MgO (d) γ-Al2O3-20 wt% MgO (e) MgO.
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Figure 4.16. Representative XPS survey spectrum of γ-Al2O3-15 wt% MgO mixed 

oxide. 

Table 4.7. Variation of binding energies and Mg/Al ratio of mixed oxides with 

different MgO contents.

MgO Contents (wt%) Binding Energy (eV) Mg/Al
(XPS)

Mg/Al
(Calculated Value)Al 2p Mg 2p

0 74.87 n.d. n.d. n.d.
5 74.73 50.74 0.198 0.0600
10 74.54 50.60 0.239 0.1265
15 74.35 50.45 0.402 0.2010
20 74.29 50.30 0.523 0.2846
n.d = not detected

It can be seen from the results that binding energies of Al 2p, Mg 2p and Ce 3d 

slightly decrease with increasing the MgO loading in γ-Al2O3. The difference in the 

binding energies is attributed to the change in the coordination number of Mg and Al 

atoms, which may be due to different interaction of MgO with γ-Al2O3 depending on 

the MgO loading on the surface of γ-Al2O3 (Damyanova et al. 2002). Stronger the 

interaction between the components, greater will be the binding energies. The binding 

energies of Al 2p, Mg 2p depends on the chemical environment of Al and Mg atoms. 
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At lower MgO loadings, MgO disperse as monolayer or sub-monolayer on the surface 

of γ-Al2O3, therefore results in stronger interaction and higher binding energies. 

However, at higher loading, MgO form polycrystalline particles on the surface of γ-

Al2O3 which show comparatively weak interactions. Thus, results in lower binding 

energies of the elements present in the mixed oxides. Moreover, the increase in the 

binding energies with lower loading of MgO is due to the stronger interaction 

between γ-Al2O3 and MgO in γ-Al2O3-MgO oxides. The Mg2+ cations occupy the 

surface vacant sites of γ-Al2O3 with monolayer formation, generating a new structure 

of Mg–O–Al in γ-Al2O3-MgO mixed oxides. Therefore, the binding energies of the 

Mg 2p in the dispersed phase of MgO are quite different from that of their crystalline 

species (Gomez et al. 1997; Wang et al. 2006a).

Similarly, Figure 4.17 and 4.18 compile the XPS profiles for Al 2p and Ce 3d in

the γ-Al2O3-CeO2 mixed oxides. The representative XPS survey spectrum of the γ-

Al2O3-20 wt% CeO2 is depicted in Figure 4.19. The XPS analysis results for γ-Al2O3-

CeO2 mixed oxides are further simplified in Table 4.8. The results show that the 

binding energies of Al 2p and Ce 3d slightly decrease as the CeO2 loading increases 

in the γ-Al2O3. At lower loading, CeO2 disperse as monolayer or sub-monolayer on 

the surface of γ-Al2O3, therefore results in the stronger interaction between CeO2 and 

γ-Al2O3 which results in the higher binding energies. However, at higher loading,

CeO2 form polycrystalline particles on the surface of γ-Al2O3 which show 

comparatively weak interactions. This weak interaction results in the lower binding 

energies of elements.
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Figure 4.17. XPS profiles of Al 2p for (a) γ-Al2O3-5 wt% CeO2 (b) γ-Al2O3-10 wt% 

CeO2 (c) γ-Al2O3-15 wt% CeO2 (d) γ-Al2O3-20 wt% CeO2 mixed oxides.

Figure 4.18. XPS profiles of Ce 3d for (a) γ-Al2O3-5 wt% CeO2 (b) γ-Al2O3-10 wt% 

CeO2 (c) γ-Al2O3-15 wt% CeO2 (d) γ-Al2O3-20 wt% CeO2 (e) CeO2.
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Figure 4.19. Representative XPS survey spectrum of γ-Al2O3-20 wt% CeO2 mixed 

oxide. 

Table 4.8. Variation of binding energies and Ce/Al ratio of mixed oxides with 

different CeO2 contents.

CeO2 Contents (wt%) Binding Energy (eV) Ce/Al
(XPS)

Ce/Al
(Calculated Value)Al 2p Ce 3d

0 74.87 n.d. n.d. n.d.
5 74.80 883.51 0.210 0.0600
10 74.64 883.40 0.242 0.1265
15 74.48 883.23 0.411 0.2010
20 74.32 883.05 0.509 0.2846
n.d = not detected

The XPS spectra of Ce 3d for γ-Al2O3-CeO2 mixed oxides exhibited different 

characteristic peaks, which were represented by symbols u and v. The peaks 

represented by u and v are referred to the 3d3/2 and 3d5/2 spin orbit components 

respectively (Damyanova and Bueno 2003; Damyanova et al. 2002). The XPS 

profiles display six peaks where the characteristic of Ce4+ ( CeO2) are represented as 

u, u1, u11, and v, v1, v11 for the 3d3/2 and 3d5/2 peaks respectively (Li et al. 2010). In the 

XPS profiles, the binding energies at 883.12, 889.01 and 899.11 eV are corresponding

to v, v1, and v11 components respectively whereas, the binding energies at 901.3, 
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907.4 and 916.74 eV are corresponding to u, u1 and u11 components respectively. 

Furthermore, it is noted from the XPS results that the peaks at 903.8 eV and 885.6 eV, 

corresponding to Ce3+ species, are absent in the Ce 3d spectra of different γ-Al2O3-

CeO2 mixed oxide samples (Damyanova and Bueno 2003; Li et al. 2010). This 

indicates that there is no Ce3+ species in the oxide/mixed oxide samples.

The results show that as the CeO2 loading in γ-Al2O3 was increased, the peak 

position corresponding to v shifted slightly to lower electron binding energy. 

However, the electron binding energy of all samples is close to that of CeO2 oxide. 

This shows that the Ce species in the samples mainly exist in the form of CeO2, and 

the Ce–O bonds are further strengthened gradually (Li et al. 2010).  The changes in 

the binding energies is attributed to the interaction between CeO2 and γ-Al2O3 in γ-

Al2O3-CeO2 mixed oxides (Damyanova et al. 2002). This interaction varies upon 

changing the CeO2 loading into the support. At lower CeO2 loading, cerium oxide 

particles atomically disperse on γ-Al2O3 surface with monolayer formation probably,

due to the strong Ce–O–Al bond which stabilizes cerium in a lower oxidation state of 

Ce (III) (Damyanova and Bueno 2003).

Similarly, Shyu and Otto (1989) reported that the strong interaction between the 

dispersed Ce and γ-Al2O3 may result in the formation of a surface CeAlO3 species by 

occupation of the vacant octahedral sites on alumina surface by Ce3+ cations. The 

occupation of octahedral sites by cerium cations may block the transition of Al3+

species from tetrahedral to octahedral sites during high-temperature treatment, which 

is the cause of the loss of the surface area of alumina. As a result, the surface area of 

γ-Al2O3-CeO2 mixed oxides with lower CeO2 loading is stabilized by  preventing 

transformation of γ-Al2O3 to α-Al2O3 (Damyanova et al. 2002).

In addition, some partial reduction of Ce (IV) also occur during the XPS 

measurements under vacuum, due to the progressive elimination of surface hydroxyl 

groups and oxygen in the CeO2 surface (Fierro et al. 1987). However, the oxidation 

state of cerium increased as the CeO2 loading was increased into the γ-Al2O3. This is 

attributed to the growth of CeO2 crystallites at higher loading of CeO2 on the surface 

of γ-Al2O3 as previously reported by Damyanova and Bueno (2003).

Similarly, it was further observed that the Mg/Al and Ce/Al ratios recorded by the 
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XPS are higher than those of EDX, XRF and calculated values.  XPS is a surface 

chemical analysis technique that can be used to analyze the surface chemistry of a 

material and contains the characteristics of a surface layer. Therefore, the Mg/Al and 

Ce/Al ratios given by the XPS indicate the Mg and Ce enrichment with spontaneous 

dispersion to form a monolayer on the surface of γ-Al2O3 even with the samples 

having lower loadings of MgO and CeO2 (Eley et al. 1990; Gomez et al. 1997; Huang 

et al. 2002). In addition, the Mg/Al and Ce/Al ratios determined by the XRF 

technique are close to the calculated values, showing that the prepared γ-Al2O3-MgO 

and γ-Al2O3-CeO2 mixed oxides were successfully prepared.

4.1.6 Determination of Point Zero Charge (PZC)

The surface science of mixed metal oxides has received great attention in this modern 

age of industrialization to explore their applications in various areas. The textural and 

surface properties of the mixed oxides as well as their activity can be controlled by 

the selection of an appropriate chemical combination and preparation method 

(Buckley and Benito 2007). An oxide surface contains terminal hydroxyl groups that 

protonate or deprotonate depending of the acidity of the solution.

The pH at which the hydroxyl groups are neutral is termed as point of zero charge 

(PZC). Below this pH, the hydroxyl groups protonate and become positively charged, 

hence the surface adsorbs anionic metal complexes. Above the PZC, the hydroxyl 

groups deprotonate and become negatively charged, thus adsorbs cations (Hao et al. 

2004). This can easily be demonstrated by a model shown in Figure 4.20.
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Figure 4.20. The point zero charge model (Hao et al. 2004).

                           + +
2M-OH + H M-OH       pH<PZC                    [Eq. 4.1]

                       - -
2M-OH + OH M-O H O      pH>PZC              [Eq. 4.2]

The point zero charge (PZC) of γ-Al2O3-MgO and γ-Al2O3-CeO2 mixed oxides 

containing different MgO and CeO2 loadings respectively was determined by titration 

method. Moreover, the point zero charge (PZC) of pure γ-Al2O3, MgO and CeO2

oxides was also determined for comparison. The PZC values of γ-Al2O3-MgO mixed 

oxides and pure γ-Al2O3 and MgO oxides are shown in Figure 4.21. The experimental 

results show (Table 4.9) that the addition of MgO to γ-Al2O3 causes change in the pH 

values. When ∆pH is plotted against initial pH values, PZC is obtained for γ-Al2O3, 

MgO and γ-Al2O3-MgO mixed oxides having different percentage of MgO. The PZC 

of the pure commercial γ-Al2O3 is found to be 8.2 and that of pure commercial MgO 

is 11.6. However, the PZC values for the γ-Al2O3-MgO mixed oxides with different 

loading of MgO are found to vary between the PZCs of pure oxides of γ-Al2O3 and 

MgO as reported elsewhere (Reymond and Kolenda 1999; Viganoò et al. 1985).

Furthermore, the results show that the addition of MgO to γ-Al2O3 cause gradual 

increase in the surface charge of these mixed oxides. MgO exhibited basic behavior in 

the aqueous solution with point zero charge of 11.6. As the MgO loading is increased,

the MgO surface charge become predominant. Therefore the oxide mixture PZC value 

moves towards the MgO PZC.
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Figure 4.21. Plots of ∆pH vs initial pH for γ-Al2O3, MgO and γ-Al2O3-MgO mixed 

oxides.

Table 4.9. Variation of PZC of γ-Al2O3 vs MgO contents.

Sample MgO Contents (wt%) PZC
γ-Al2O3 0 8.2
γ-Al2O3-MgO 5 8.4
γ-Al2O3-MgO 10 8.7
γ-Al2O3-MgO 15 8.9
γ-Al2O3-MgO 20 9.3
MgO 99.98 11.6

Similarly, the PZC values of CeO2 and γ-Al2O3-CeO2 mixed oxides with different 

CeO2 contents are found to be 8.1 and 8.1 ± 0.2 respectively (Figure 4.22). The point

zero charge values for CeO2 and γ-Al2O3-CeO2 mixed oxides are close to that of pure 

γ-Al2O3. This is attributed to the weak basic characteristics of CeO2.

Thus, the results show that γ-Al2O3 sustained its properties at lower loading of 

MgO however, at higher loading of MgO the solid show basic properties due to high 

contents of MgO in the mixed oxide samples.  But in the case of CeO2 due to its poor 

basic behavior, the point zero charge of γ-Al2O3 do not change and the surface charge 

of mixed oxides remain close to the PZC value of γ-Al2O3.

2 4 6 8 10 12

-2

-1

0

1

2

3

4

5

6

7

8

9

d
p

H

pH initial

-Al
2
O

3

 MgO 
-Al

2
O

3
-5 wt% MgO

-Al
2
O

3
-10 wt% MgO

-Al
2
O

3
-15 wt% MgO

-Al
2
O

3
-20 wt% MgO



120

Figure 4.22. Plots of ∆pH vs initial pH for γ-Al2O3, CeO2 and γ-Al2O3-CeO2 mixed 

oxides.

Figure 4.23 shows the variation of surface charge density (ðo) vs pH values for γ-

Al2O3-MgO and pure γ-Al2O3 and MgO oxides. Similarly, the variation of surface 

charge density (ðo) vs pH values for γ-Al2O3-CeO2 mixed oxides and corresponding 

pure γ-Al2O3 and CeO2 oxides are also given in Figure 4.24.  The surface charge 

density ðo (µC cm-2) for oxides/mixed oxides was calculated by Eq. 4.3 (Mustafa et al. 

1998):

              
0

[ [ ] [ ]]A BC C OH H F

mS


   
                                         [Eq. 4.3]

Where CA and CB are the concentrations (mol dm-3) of acid and base added to the 

suspension, [OH-] and [H+] are the concentrations of OH- and H+ ions as measured 

from the pH of the solution, F is the faraday constant (C mol-1), m is the mass of 

oxides/mixed oxides (g), and S is the specific surface area (m2 g-1) of the given 

sample.

It can be seen from the results presented in Figures 4.21 and 4.22 that the surface 

charge densities at room temperature cross the pH line at the points corresponding to 

the PZCs of respective oxides. The PZC values for γ-Al2O3, MgO oxides are found to 

be found to be 11.4, 8.2 and the PZC values for representative γ-Al2O3-10 wt% MgO 
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and γ-Al2O3-20 wt% MgO mixed oxides are found to be 8.7, and 9.2 respectively. In 

the same way, the PZC values for CeO2 is 8.1 and that for representative γ-Al2O3-10 

wt% CeO2 and γ-Al2O3-20 wt% CeO2 mixed oxides are 8.2, and 8.19 respectively. 

The PZC values determined for various oxides/mixed oxides from the titration curves 

has close agreement with the values calculated by salt addition method.

Figure 4.23. Variation of surface charge density (ðo) of γ-Al2O3, MgO and γ-Al2O3-

MgO mixed oxides vs pH at room temperature.

Figure 4.24. Variation of surface charge density (ðo) of γ-Al2O3, CeO2 and γ-Al2O3-

CeO2 mixed oxides vs pH at room temperature.
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4.2 γ-Al2O3-MgO Supported Monometallic Bifunctional Catalysts.

4.2.1 Characterization Methods

Heterogeneous catalysts play an essential role in several valuable industrial processes 

in the present modern days. The catalytic properties of a given heterogeneous catalyst 

in a specified chemical process depend on its physiochemical properties. The 

physiochemical properties of a catalyst can be studied by using various 

characterization techniques. The main objectives of catalyst characterization are to 

provide useful information about catalyst properties and their relation to catalytic 

performance. Therefore, a number of characterization techniques were used to explore 

the physiochemical properties of synthesized heterogeneous catalysts for their useful 

applications in various industrial reactions.

4.2.1.1 Thermogravimetry and Thermal Analysis

Figure 4.25 displays the thermogravimetric and derivative of thermogravimetric (TG-

DTG) curves of Mo/γ-Al2O3 catalyst from room temperature to 700 oC at heating rate 

of 10 oC min-1 in nitrogen gas flow of 20 mL min-1. The TG–DTG curves for Mo/γ-

Al2O3 catalyst (containing 5 wt% Mo) shows a single broad endothermic peak at 70 
oC which is attributed to evaporation of absorbed water, removal of water of 

crystallization and decomposition of (NH4)6Mo7O24·4H2O molecules (Said and 

Halawy 1994; Sharma and Batra 1988). 

Furthermore, it can be seen from the TG–DTG curves that the decomposition of 

(NH4)6 Mo7O24·4H2O molecules completed at about 350 oC, and above 400 oC there 

was no significant weight loss, indicating formation of crystalline MoO3 species 

according to following reaction depicted in Eq. 4.4.

     4 6 7 24 2 3 2 3( ) .4 7 7 6HeatNH Mo O H O MoO H O NH                        [Eq. 4.4]
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Figure 4.25. TG-DTG curves of Mo/γ-Al2O3 catalyst.

On the other hand, the representative TG–DTG curves for Mo/γ-Al2O3-20 wt% 

MgO catalyst exhibit three endothermic peaks at about 70 oC, 274 oC and 445 oC as 

presented in Figure 4.26. The endothermic peak at 70 oC is assigned to evaporation of 

absorbed water in the sample, while the endothermic peak at 274 oC is attributed to 

the removal of water of crystallization and decomposition of (NH4)6Mo7O24·4H2O

molecules in the sample. The peak appeared at 445 oC is attributed to the 

decomposition of remaining (NH4)6Mo7O24·4H2O molecules to form crystalline 

MoO3 species in the catalyst. The TG–DTG curve of Mo/γ-Al2O3-20 wt% MgO 

catalyst shows that above 500 oC the weight loss in the sample is almost negligible,

which indicates the high thermal stability of the catalyst. On the basis of TG-DTG 

results shown in Figures 4.25 and 4.26, all catalyst samples were calcined at 500 oC 

for 5 h in the presence of air in muffle furnace.
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Figure 4.26. Representative TG-DTG curves of Mo/γ-Al2O3-20 wt% MgO catalyst.

4.2.1.2 N2 Adsorption-Desorption Analysis

The surface area, pore volume and average pore diameter of different Mo catalysts 

are reported in Table 4.10. From the data presented, it can be observed that surface 

area, pore volume and average pore diameter decrease slightly when MoO3 was

loaded on supports. The decrease in the surface area, pore volume and average pore 

diameter is attributed to the fact that the addition of metal oxide species blocks some 

of the pores of the support during preparation. However, the decrease in the surface 

area is very small, suggesting that the active metal species are highly dispersed on the 

surface of the supports.

Table 4.10. Textural properties; specific surface area (SA), pore volume (VP) and 

average pore diameter (DP) of γ-Al2O3-MgO supported monometallic catalysts.

Catalyst Textural Properties
SA (m2/g) Vp (cm3/g) DP (Å)

γ-Al2O3 186 0.241 78.43
Mo/γ-Al2O3 181 0.197 77.05
Mo/γ-Al2O3-5 wt% MgO 165 0.169 70.62
Mo/γ-Al2O3-10 wt% MgO 149 0.160 65.87
Mo/γ-Al2O3-15 wt% MgO 140 0.149 58.95
Mo/γ-Al2O3-20 wt% MgO 131 0.138 48.12
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Similarly, N2 adsorption-desorption isotherms of Mo/γ-Al2O3 and Mo/γ-Al2O3-

MgO catalysts with different MgO loadings are presented in Figures. 4.27 and 4.28

respectively. According to the IUPAC classification, the N2 adsorption-desorption 

isothermal plots of different synthesized Mo catalysts show type IV isotherms,

indicating the characteristics of mesoporous materials (Yu et al. 2011a). Moreover, 

the isotherms exhibit a well developed type H2 hysteresis loops according to the 

IUPAC classification. The type H2 hysteresis loops is typically associated with 

mesoporous materials with uniform pores, resulting from the capillary condensation 

of gas within the mesopores (Duarte et al. 2011; Hassanzadeh-Tabrizi and Taheri-

Nassaj 2011; Yao et al. 2007; Zou et al. 2009). The isotherms of all catalysts are 

similar in shape, however as the MgO loading is increased slightly change is observed 

in the steepness of isotherms. This suggests that Mo loading on support with higher 

MgO loadings slightly changes the channel shapes or creates small defects on the pore 

walls of the mesoporous support (Newnham et al. 2012).

In addition, the pore size distribution graphs obtained from BJH model shows that 

all samples possess uniform pore size distributions in the mesoporous region with

unimodal curve (Appendix, Figure B.4 and B.5).

Figure 4.27. N2 adsorption-desorption isotherms of Mo/γ-Al2O3 catalyst.
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Figure 4.28. N2 adsorption-desorption isotherms of (a) Mo/γ-Al2O3-5 wt% MgO (b) 

Mo/γ-Al2O3-10 wt% MgO (c) Mo/γ-Al2O3-15 wt% MgO (d) Mo/γ-Al2O3-20 wt% 

MgO catalysts.

4.2.1.3 X-ray Diffraction Analysis

The XRD patterns of Mo/γ-Al2O3 and Mo/γ-Al2O3-MgO catalysts with different MgO 

loadings are presented in Figure 4.29. The results show that the samples with lower 

loading of MgO displayed the characteristics peaks at 2θ = 32.62o, 37.53o, 45.58o and 

67o which are attributed to γ-Al2O3 phase (Priecel et al. 2011) and no clear diffraction 

peaks corresponding to MgO are detected. This suggests that the structure of γ-Al2O3

remains intact at lower MgO loading as previously reported by the Carvalho et al. 

(2009). However, the characteristics diffraction peaks which are attributed to the 

MgO phase are observed at 2θ = 42.75o and 62.11o in the catalysts with higher loading 

of MgO.

In addition, no reflection of diffraction peaks attributed to the MoO3 is detected in 

all synthesized catalyst samples. This indicates that the MoO3 is highly dispersed on
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the surface of all catalyst supports, forming very small size crystallites which do not 

give clear diffraction peaks due to the lack of sufficient degree of crystalline order 

(Batista et al. 2001; Cuevas et al. 2003; Li et al. 2007; Wattoo et al. 2008; Youn et al. 

2007). The average particle sizes of γ-Al2O3-MgO supported monometallic catalysts, 

calculated from the Debye-Scherrer equation, are presented in Table 4.11.

Figure 4.29. XRD patterns of (a) Mo/γ-Al2O3 (b) Mo/γ-Al2O3-5 wt% MgO (c) Mo/γ-

Al2O3-10 wt% MgO (d) Mo/γ-Al2O3-15 wt% MgO (e) Mo/γ-Al2O3-20 wt% MgO

catalysts.

Table 4.11. Crystal size of different synthesized catalysts.

Catalyst Crystallite Size (nm)
Mo/γ-Al2O3 22.5
Mo/γ-Al2O3-5 wt% MgO 23.1
Mo/γ-Al2O3-10 wt% MgO 25.9
Mo/γ-Al2O3-15 wt% MgO 28.8
Mo/γ-Al2O3-20 wt% MgO 31.4

4.2.1.4 Temperature-Programmed Reduction Analysis

The TPR profiles of Mo/γ-Al2O3 and Mo/γ-Al2O3-MgO catalysts with different MgO 

loadings are shown in Figure 4.30, where Mo/γ-Al2O3 catalyst displayed two 
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reduction peaks with temperature maxima (Tmax) = 529 oC and 971oC (where Tmax is 

the temperature at which the H2 consumption is at maximum). The first peak appeared 

at Tmax = 529 oC is attributed to the reduction of Mo6+ to Mo4+ species in the dispersed 

polymeric Mo structures (Benitez et al. 2003; Lian et al. 2009; López Cordero and 

López Agudo 2000). Less polarized poly-molybdate species are more easily reduced, 

hence lower reduction temperature is required than that of the species directly bonded 

to the γ-Al2O3 (Damyanova et al. 1995; Scheffer et al. 1989). The second peak which 

appears at Tmax= 971 oC is attributed to the further reduction of the Mo species 

produced during the reduction in the first stage, together with the partial reduction of 

the support and strongly interacting tetrahedrally coordinated Mo species (Mo4+ to 

Mo2+) (Domínguez-Crespo et al. 2007). In addition, the Mo tetrahedral species 

corresponding to Mo4+ are also reduced to Mo metal at high temperature (Kumar et al. 

2004b). 

Table 4.12 shows that the reduction temperature peak maxima increase with 

increasing of the MgO loading in the support. This increase in the Tmax shows the 

presence of strong metal-support interaction and higher degree of dispersion of Mo 

metal particles on the surface of γ-Al2O3-MgO mixed oxide supports as compared to

that of γ-Al2O3. It has been reported that types of Mo6+ species in molybdenum (Mo)

catalysts depends on the chemical composition of the support and the metal-support 

interaction (Damyanova et al. 1995).

The strong metal-support interaction may be attributed to the poor 

electronegativity of the Mg2+ ions in the γ-Al2O3-MgO mixed oxides, leading to weak 

Mg-O bond. As a result, the coordination ability of the oxygen present in the γ-Al2O3-

MgO support to Mo metal becomes higher, resulting in a strong metal-support 

interaction. However, in the case of γ-Al2O3, the electronegativity of the metal ions is 

greater, therefore causing weak metal-support interaction as compared to that of the γ-

Al2O3-MgO supports (Kumar et al. 2004b). Among different catalysts, Mo/γ-Al2O3-

20 wt% MgO catalyst shows the highest Tmax, indicating a strong Mo-support 

interaction. 
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Figure 4.30. TPR profiles of (a) Mo/γ-Al2O3 (b) Mo/γ-Al2O3-5 wt% MgO (c) Mo/γ-

Al2O3-10 wt% MgO (d) Mo/γ-Al2O3-15 wt% MgO (e) Mo/γ-Al2O3-20 wt% MgO

catalysts.

Table 4.12. H2-TPR data of different monometallic catalysts.

Catalyst Reduction Temperature (oC)
Peak 1 Peak 2

Mo/γ-Al2O3 529 971
Mo/γ-Al2O3-5 wt% MgO 596 975
Mo/γ-Al2O3-10 wt% MgO 626 987
Mo/γ-Al2O3-15 wt% MgO 642 995
Mo/γ-Al2O3-20 wt% MgO 662 1002

4.2.1.5 Temperature Programmed Desorption of CO2 and NH3 Analysis

CO2 and NH3 temperature programmed desorption (TPD) measurements were utilized 

to study the basic and acidic properties of the prepared catalysts respectively. The 

CO2-TPD patterns of monometallic catalysts are depicted in Figure 4.31. The CO2-

TPD patterns of γ-Al2O3, MgO and Mo/γ-Al2O3 are also shown for comparison. The 

results demonstrate that the MgO possesses only strong basic sites at 525 oC and with 

a small shoulder peak at 447 oC. The strong basic sites are related to the presence of 

O2− ions associated with the cationic vacancies (Gac 2011). The CO2-TPD results of 
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γ-Al2O3 and Mo/γ-Al2O3 catalysts show the presence of only weak basic sites at about 

135 oC. Weak basic sites are attributed to the presence of OH- groups on the surface 

of catalyst (Gac 2011). On the other hand, Mo/γ-Al2O3-MgO catalysts show basic 

sites of different strengths. The peaks in temperature range of 40 oC-227 oC are

attributed to the weak basic sites, whereas the broad peaks in the temperature range of

220 oC-410 oC are ascribed to the basic sites of medium strength. The medium 

strength basic sites are related to oxygen in both Mg2+–O2− and Al3+–O2− pairs in γ-

Al2O3-MgO mixed oxides (Bolognini et al. 2002; Gac 2011).

Figure 4.31. CO2-TPD patterns of (a) MgO (b) γ-Al2O3 (c) Mo/γ-Al2O3 (d) Mo/γ-

Al2O3-5 wt% MgO (e) Mo/γ-Al2O3-10 wt% MgO (f) Mo/γ-Al2O3-15 wt% MgO (g) 

Mo/γ-Al2O3-20 wt% MgO catalysts.

However, Mo/Al2O3-20 wt% MgO catalyst shows an additional small shoulder 

peak at 424 oC, which is attributed to the strong basic sites on the surface of catalyst. 

The results clearly demonstrate that the number of weak basic sites decreases whereby 
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the number of medium basic sites increases upon addition of MgO into γ-Al2O3. 

Moreover, the intensity of the peaks corresponding to medium basic sites in the γ-

Al2O3-MgO supported catalysts increases with increasing of MgO loading into γ-

Al2O3 (Table 4.13).

Table 4.13. Density of basic sites of prepared catalysts.

Catalyst Density of Basic Sites (mmol/g)

Weak Medium Strong
MgO n.d. n.d. 4.64
γ-Al2O3 0.56 n.d. n.d.
Mo/γ-Al2O3 0.64 n.d. n.d.
Mo/γ-Al2O3-5 wt% MgO 0.57 0.15 n.d.
Mo/γ-Al2O3-10 wt% MgO 0.36 0.29 n.d.
Mo/γ-Al2O3-15 wt% MgO 0.11 0.46 n.d.
Mo/γ-Al2O3-20 wt% MgO 0.08 0.52 0.04
n.d = not detected

This shows that the strong basic sites are neutralized first when an acidic support 

is mixed chemically with the basic one, generating medium sites on the surface. The 

disappearance of the strong basic sites of MgO and generation of medium sites in the 

MgO-γ-Al2O3 mixed oxide may be due to the redistribution of the charges which 

depends upon the structure of mixed oxide as reported by the Kumar et al. (2004b).

Similarly, Bolognini et al. (2002) also reported that the presence of medium basic

sites is favored in the γ-Al2O3-MgO mixed oxides due to the higher electronegativity 

of Al3+ as compared to Mg2+, which decreases the electron density and thus the 

nucleophilicity of the neighboring oxygen anions. Thus, the coexistence of the basic 

sites of different strengths on the surface of prepared catalysts plays an important role 

to provide optimum active sites for the transesterification reaction of oil for biodiesel 

production.

NH3-TPD patterns of γ-Al2O3-MgO supported monometallic Mo catalysts are 

depicted in Figure 4.32, and the results are further summarized in Table 4.14. The 

NH3-TPD patterns of γ-Al2O3 and Mo/γ-Al2O3 catalysts are also shown for 

comparison. As expected, γ-Al2O3 shows acid sites of different strength. The peak at 

100 oC is attributed to the weak acid sites and the small peak at 257 oC is attributed to 

the acid sites of medium strength. The peak at high temperature of 450 oC is ascribed 
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to the strong acid sites. On the other hand, when γ-Al2O3 is impregnated with 

molybdenum the strong acid sites of γ-Al2O3 disappear whereby increases the 

intensity of the peak corresponding to the medium acid sites. Pitkäaho et al. (2012)

reported that the addition of an active phase into support have significant influence on 

the acidity.

Figure 4.32. NH3-TPD patterns of (a) γ-Al2O3 (b) Mo/γ-Al2O3 (c) Mo/γ-Al2O3-5 wt% 

MgO (d) Mo/γ-Al2O3-10 wt% MgO (e) Mo/γ-Al2O3-15 wt% MgO (f) Mo/γ-Al2O3-20 

wt% MgO catalysts.

Table 4.14. Density of acid sites of prepared catalysts.

Catalyst Density of Acid Sites (mmol/g)
Weak Medium Strong

γ-Al2O3 0.61 0.01 0.09
Mo/γ-Al2O3 0.73 0.07 n.d.
Mo/γ-Al2O3-5 wt% MgO 0.71 0.04 n.d.
Mo/γ-Al2O3-10 wt% MgO 0.75 0.05 n.d.
Mo/γ-Al2O3-15 wt% MgO 0.95 0.038 n.d.
Mo/γ-Al2O3-20 wt% MgO 1.21 0.036 n.d.

The NH3-TPD results further demonstrate that the percentage of weak acid sites 

increases with increasing the MgO loading into the γ-Al2O3. Among different γ-

Al2O3-MgO supported catalysts, Mo/γ-Al2O3-20 wt% MgO catalyst shows greater 

percentage of weak acid sites and less number of medium acid sites. It has been 
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reported that when an acidic oxide is chemically mixed with a basic oxide the strong 

acid sites are neutralized first, generating medium and weak acid sites in the MgO-γ-

Al2O3 mixed oxide (Gutiérrez-Ortiz et al. 2005; Kumar et al. 2004b). This may be 

attributed to the redistribution of the charges which depends upon the structure of the 

mixed oxide.

4.2.1.6 X-ray Fluorescence Analysis

X-ray fluorescence (XRF) technique is commonly used for the qualitative 

identification of the elements and quantitative determination of a catalyst’s 

composition. The XRF elemental analysis results for Mo/γ-Al2O3 and Mo/γ-Al2O3-

MgO catalysts are listed in Table 4.15. It can be seen from the results that all samples 

possess an average amount of 4.86 wt% Mo, which has reasonable agreement with the 

theoretical loading value of 5.0 wt% Mo. However, higher Mo content is detected in 

the catalysts prepared with γ-Al2O3-MgO support. Furthermore, it is noted that Mo 

contents detected increase with increasing of MgO loading in the γ-Al2O3. This may 

be due to the stronger tendency to adsorb Mo precursor’s molecules by the MgO 

modified γ-Al2O3 support due to their different physiochemical natures. The weight 

percentage value of each component in different catalysts is close to its theoretical

value and that the components of catalysts almost didn't loss, indicating successful 

preparation of the catalysts by modified impregnation method. 

Table 4.15. Elemental analysis of different monometallic catalysts measured by XRF.

Catalyst Mo % Al % Mg %
Mo/γ-Al2O3 4.77 50.81 n.d.
Mo/γ-Al2O3-5 wt% MgO 4.83 50.05 4.68
Mo/γ-Al2O3-10 wt% MgO 4.87 47.42 9.77
Mo/γ-Al2O3-15 wt% MgO 4.91 45.11 14.81
Mo/γ-Al2O3-20 wt% MgO 4.95 41.98 19.30

4.2.1.7 X-ray Photoelectron Spectroscopy Analysis

The surface composition and electronic states of different elements present in the 

Mo/γ-Al2O3 and Mo/γ-Al2O3-xMgO catalysts were investigated by X-ray 
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photoelectron spectroscopy (XPS). The results of XPS analysis for each catalyst are 

presented in Figure 4.33 and Table 4.16. Similarly, the representative XPS survey 

spectrum of the Mo/γ-Al2O3-15 wt% MgO is also presented in Figure 4.34. The

binding energy of Mo 3d in the Mo/γ-Al2O3 catalyst is 232.41 eV, which is in close 

agreement with the value reported by the Pereira da Silva et al. (2000). The binding 

energy values of Mo 3d5/2 for different catalysts presented in Table 11 show the 

existence of Mo6+ type species on the surface of Mo catalysts, which supports the 

presence of MoO3 phase in all catalyst samples (Andonova et al. 2007; Maluf and

Assaf 2009).

However, the binding energy of Mo 3d increases with increasing the loading of 

MgO in the γ-Al2O3. Among different catalysts analyzed, Mo/γ-Al2O3-20 wt% MgO 

catalyst exhibits the highest Mo 3d binding energy (232.87 eV), indicating strong 

metal-support interaction as supported by the TPR results. The strong metal-support 

interaction is attributed to the poor electronegativity of Mg2+ ions in the γ-Al2O3-MgO 

mixed oxides, leading to weak Mg-O bond. As a result, the oxygen atom in the γ-

Al2O3-MgO support shows higher coordination ability to the Mo metal, resulting in

the strong Mo-support interaction which causes the increase in the Mo 3d binding 

energies (Cai et al. 2008; Kumar et al. 2004b).

The metal-support interaction has great influenced on the average valence 

oxidation states of the different elements present in a catalyst (Casaletto et al. 2006; 

Okumura and Niwa 2002; Pophal et al. 1997). Moreover, metal sites in the higher 

oxidation states have higher binding energies as compared with the metal sites in the 

lower oxidation states (Xu et al. 2010). This shows that the increase in the binding 

energies of Mo 3d in the Mo/γ-Al2O3-MgO catalysts with increasing MgO loadings 

may be attributed to the conversion of lower oxidation state Mo species on the 

catalyst surface to other species in the higher oxidation states due to the strong metal-

support interaction.

Similarly, the binding energies of Al 2p and Mg 2p for different catalyst samples 

are also listed in Table 4.16. The binding energies of Al 2p and Mg 2p decrease

slightly with increasing loading of MgO. The higher binding energy values for both 

Al 2p and Mg 2p with lower loading of MgO are attributed to the stronger interaction 
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between γ-Al2O3 and MgO in the γ-Al2O3-MgO mixed oxides, where Mg2+ cations 

occupy the surface vacant sites of γ-Al2O3 with monolayer or submonolayer 

formation, generating a new structure of Mg–O–Al. The binding energies of Mg 2p of 

dispersed phases of MgO are quite different from that of their crystalline phases

(Wang et al. 2006a). In other words, the interaction among different catalyst 

components results changes in the chemical environment, hence the binding energies.

Figure 4.33. XPS spectra of Mo 3d (a) Mo/γ-Al2O3 (b) Mo/γ-Al2O3-5 wt% MgO (c) 

Mo/γ-Al2O3-10 wt% MgO (d) Mo/γ-Al2O3-15 wt% MgO (e) Mo/γ-Al2O3-20 wt% 

MgO catalysts.

240 238 236 234 232 230 228 226

(d)

(e)

(c)

(b)

(a)

Mo 3d
5/2

In
te

n
si

ty
 (

a
.u

.)

Binding Energy (eV)



136

Figure 4.34. Representative XPS survey spectrum of Mo/Al2O3-15 wt% MgO

catalyst.

Table 4.16. Binding energies of different monometallic Mo catalysts.

Catalyst Binding Energy (eV)
Al 2p Mg 2p Mo 3d

γ-Al2O3 74.87 n.d. n.d.
Mo/γ-Al2O3 74.58 n.d. 232.41
Mo/γ-Al2O3-5 wt% MgO 74.49 50.13 232.56
Mo/γ-Al2O3-10 wt% MgO 74.41 49.82 232.67
Mo/γ-Al2O3-15 wt% MgO 74.37 49.55 232.75
Mo/γ-Al2O3-20 wt% MgO 74.29 49.38 232.87

4.2.1.8 Electron Microscopy Analysis

The morphology of prepared catalysts was studied by transmission electron 

microscopy (TEM). The representative TEM micrographs of Mo/γ-Al2O3, Mo/γ-

Al2O3-15 wt% MgO and Mo/γ-Al2O3-20 wt% MgO catalysts are depicted in Figures 

4.35-4.37 respectively. Each TEM micrograph shows formation of slabs and sticks 

like structures (fringes), indicating the presence of Mo metal oxide crystals on the 

support surface. It can be seen from these micrographs that the fringes corresponding 

to Mo crystallites are distributed uniformly on the surface of the support, which is in
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agreement with the XRD results. Average metal particle size of the catalysts was 

calculated from the TEM micrographs. It was noted that the average particle size 

distribution for Mo/γ-Al2O3 catalyst is in the range of 5-10 nm. 

However, the average particle size of the Mo/γ-Al2O3-15 wt% MgO and Mo/γ-

Al2O3-20 wt% MgO catalysts measured from the TEM micrograph is found to be in 

the range of 10-15nm, slightly bigger than that of the Mo/γ-Al2O3 catalyst. The 

difference in the particle size could be due to the different textural properties of the 

supports which may change the development of the metal crystals on the support 

materials during the preparation process. However, when the TEM micrographs are 

compared, it can be seen that the mixed oxides supported Mo catalysts show greater 

number of fringes as compared with the TEM micrograph of Mo/γ-Al2O3 catalyst.

This may be due to the stronger tendency to adsorb Mo precursor’s molecules by the 

MgO modified γ-Al2O3 support due to their different physiochemical natures as 

supported by the XRF results.

Furthermore, the representative FESEM-EDX and elemental mapping analysis for 

different Mo catalyst samples further confirm the existence of different elements 

present in the catalyst and uniform distribution of the active metal on the support 

surface. The light dots in the FESEM-elemental mapping micrograph for each 

element shows its existence in the catalyst, where the support surface is represented in 

the dark colour as shown in Figures. 4.38-4.40.
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Figure 4.35. TEM micrograph of Mo/γ-Al2O3 catalyst.

Figure 4.36. Representative TEM micrograph of Mo/Al2O3-15 wt% MgO catalyst.
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Figure 4.37. Representative TEM micrograph of Mo/γ-Al2O3-20 wt% MgO catalyst.

Figure 4.38. Elemental mapping of Mo/γ-Al2O3 catalyst.
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Figure 4.39. Representative elemental mapping of Mo/γ-Al2O3-15 wt% MgO catalyst.

Figure 4.40. Representative elemental mapping of Mo/γ-Al2O3-20 wt% MgO catalyst.
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4.2.2 Catalytic Activity Evaluation

4.2.2.1 Feedstock Characterization

Generally, the quality of oil is expressed in the terms of its physiochemical properties 

such as acid value, free fatty acid content, fatty acid composition, saponification 

value, flash point, specific gravity, viscosity and calorific value. These 

physicochemical properties of oil not only affect the ability of oil feedstock to be used 

for biodiesel production but also define the type of catalyst and reaction conditions 

suitable for its transesterification reaction to get maximum biodiesel yield (Olutoye 

and Hameed 2011a). The key physicochemical properties of the selected WCO are 

presented in Table 4.17.

Table 4.17. Physicochemical properties of the selected WCO.

Property Unit Value
Acid value mg KOH/g 3.27
Peroxide value mEq kg-1 9.21
Calorific value J/g 38462
Kinematic viscosity at 40 oC cSt 41.17
Specific gravity at 30 ºC – 0.903
Saponification value mg KOH/g 186.12
Flash point oC 274
Moisture content wt% 0.102
Mean molecular mass g/mol 920.42

The FFA and water content present in the oil sample have been reported to have 

significant effects on the transesterification reaction of oil in the presence of a base 

catalyst (Berchmans and Hirata 2008). The oil with high FFA content of more than 

0.5% (w/w) and water content of more than 0.3 wt%  will result in soap formation, 

thus separation of biodiesel from reaction mixture become difficult, hence low 

biodiesel yield is achieved (Felizardo et al. 2006; Lotero et al. 2005). Several authors 

have recommended two step process for feedstock with high FFA content, where 

acid-catalyzed esterification process is followed by the base-catalyzed 

transesterification process (Berchmans and Hirata 2008).

In the present work, the heterogeneous catalysts used for transesterification 
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reaction of WCO consist of different transition metal oxides, exhibiting both acid and 

basic sites. Moreover, the amount of MgO metal oxide was adjusted in order to obtain 

optimal active sites for transesterification reaction of WCO for maximum biodiesel 

yield. The acid value of WCO used is higher from the standard value i.e. 1 mg KOH/g 

of oil acid value is required for transesterification (Agarwal et al. 2012; Felizardo et 

al. 2006), therefore the transesterification process was carried out with solid 

heterogeneous catalyst having both acid and base sites.

4.2.2.2 Catalyst Performance and Screening Process

The catalytic performance of different heterogeneous catalysts was investigated in 

transesterification reaction of WCO using a three-necked 250 mL round bottom glass 

reactor fitted with a reflux condenser and thermometer. The transesterification 

reaction is affected by a number of factors such as molar ratio of alcohol to the oil

used, reaction temperature, reaction time, FFA contents, catalyst loading, moisture 

content and agitation speed. 

The transesterification reaction was conducted at different reaction conditions 

such as reaction time, catalyst concentration, alcohol to oil molar ratio and 

temperature to optimize the reaction parameters and select a suitable catalyst for 

transesterification reaction of WCO to achieve maximum biodiesel production. The 

biodiesel yield was calculated by using the following formula as reported elsewhere in 

literature (Boro et al. 2011; Hayyan et al. 2010; Leung and Guo 2006).

(%) 100
Weight of biodiesel

Biodiesel yield
Weight of oil

                            [Eq. 4.4]

The catalytic performance of different heterogeneous catalysts in 

transesterification reaction of WCO using methanol to oil molar ratio of 15:1, reaction 

temperature of 95 oC, reaction time ranging from 30-250 min, agitator speed of 450 

rpm and catalyst loading of 3 wt% (based on the amount of oil) is depicted in Figure

4.41. It can be seen from the results that biodiesel yield (%) increases with increasing 

the reaction time and attain the maximum biodiesel yield when the reaction time 

approaches 240 min. Moreover, among the catalysts tested, Mo/γ-Al2O3-15 wt% MgO 
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catalyst shows the best performance in the transesterification reaction of WCO under 

similar experimental conditions with maximum biodiesel yield of 74.5%.

Figure 4.41. Effect of reaction time on the biodiesel yield (%) from the WCO using

different catalysts (a) Mo/γ-Al2O3 (b) Mo/γ-Al2O3-5 wt% MgO (c) Mo/γ-Al2O3-10 

wt% MgO (d) Mo/γ-Al2O3-15 wt% MgO (e) Mo/γ-Al2O3-20 wt% MgO at 

methanol/oil molar ratio of 15:1, reaction temperature  of 95 oC, catalyst loading of 3 

wt% and the agitation speed of 450 rpm.

The good performance of Mo/γ-Al2O3-15 wt% MgO catalyst is attributed to the 

availability of optimal number of acid/base active sites on the catalyst surface to form 

highly reactive methoxide species for the transesterification reaction of the WCO. As 

shown in the TPD results (Figure 4.31 and 4.32) that both acidic and basic sites of 

weak and medium strengths are coexisted on the surface of the Mo/γ-Al2O3-15 wt% 

MgO catalyst which play an important role to provide optimum active sites for the

transesterification reaction of WCO for biodiesel production. It has been reported that 

a strongest base is not necessarily the best catalyst and a solid catalyst which

possesses strong basic sites may hold up the product molecules from desorbing after 

the reaction (Kannan 2009). On the other hand, a solid with weak basic sites may not 
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adsorb the reactant molecules to initiate the reaction. Therefore, an optimal strength of 

the basic sites is required for the transesterification reaction. 

MgO possesses strong basic sites due to the presence of surface O2- ions as well as 

weak Lewis base characteristics which are associated with the Mg2+ ions 

(Albuquerque et al. 2008; Jiang et al. 2001; Yoosuk et al. 2010). The basic sites of 

different strength are able to capture protons from the methanol to form reactive 

species in the reaction mixture. Metal oxides provide sufficient adsorptive sites for 

methanol to form surface methoxide anion, which is a strong base and possess high 

catalytic activity in the transesterification reaction. The highly reactive methoxide 

species then attack the carbonyl carbons (nucleophillic sites) of the triglyceride 

molecules to form esters and glycerol through intermediates (Islam et al. 2013).

However, the biodiesel yield then decreases when the MgO loading was further 

increased above 15 wt% loading. This trend is attributed to the fact that at higher 

MgO loading some new basic active sites were formed which may have disturbed the 

optimal number of active sites required for the reaction, hence affected the biodiesel 

yield (Xie et al. 2006a), as supported by the TPD results (Figure 4.31 and 4.32) where

strong basic sites appear on the surface of Mo/γ-Al2O3-20 wt% MgO catalyst as 

compared to Mo/γ-Al2O3-15 wt% MgO catalyst. The appearace of strong base sites on 

the surface of Mo/γ-Al2O3-20 wt% MgO catalyst may have affected the catalytic 

activity in the biodiesel production. This shows that a catalyst with acid/base sites of 

suitable strength plays a vital role to drive the biodiesel reaction in the forward 

direction, producing maximum biodiesel yield. Since all catalysts were calcined at 

500 oC, no spinal formation took place, thus maintaining optimal number of active 

sites for transesterification reaction (Xie et al. 2006a). Moreover, it has been reported 

that different molybdenum species produced after calcination play a key role to 

initialize the reaction by abstracting proton from alcohol (Sankaranarayanan et al. 

2011). Thus, based on the highest esterification-transesterification activities, Mo/γ-

Al2O3-15 wt% MgO catalyst is selected for further study in order to optimize the 

transesterification reaction for maximum biodiesel production.

4.2.2.3 Optimization of Transesterification Reaction Parameters
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The esterification-transesterification reactions are affected by a number of factors 

such as alcohol to oil molar ratio, reaction temperature, reaction time, catalyst loading

and agitation speed. Therefore, several attempts have been made to investigate the 

effects of the above-mentioned parameters on the biodiesel yield in the 

transesterification reaction to determine their optimum values for maximum biodiesel

production (Lee et al. 2012; Patil and Deng 2009; Sinha et al. 2008). In this study, 

four major reaction parameters were optimized for the esterification-

transesterification reactions of WCO to get maximum biodiesel yield. 

1. Optimization of Catalyst Amount 

Catalyst plays an important role in the reaction kinetics to minimize the activation 

energy and boost up the reaction rate. Therefore we need to optimize this parameter to 

get a reasonable amount of a catalyst to ensure better contact among the reactants and 

provide optimum number of catalytically active sites for the biodiesel reaction. The 

effect of Mo/γ-Al2O3-15 wt% MgO catalyst loading on the biodiesel yield at 

identified reaction conditions is presented in Figure 4.42. The catalyst amount was 

varied within the range of 1-8 wt%. The results demonstrate that the biodiesel yield 

increases with increasing of the catalyst loading, showing that transesterification 

reaction strongly depends on the amount of catalyst. The maximum biodiesel yield of 

78.7% was obtained at 5 wt% catalyst loading.

However, the biodiesel yield decreases as the catalyst loading was increased more 

than 5 wt% catalyst loading. Fan et al. (2012) and Lee et al. (2010) suggested that 

more than 5 wt% catalyst loading would favour the reversible reaction of glycerol and 

methyl ester fatty acid in the process, hence decrease the biodiesel yield. At higher 

catalyst loading the mixture becomes too thick, causing dispersion problems 

involving reactants and solid catalyst. As a result of poor mixing, some amount of the 

catalyst may remain unused due to more mass transfer resistance, leading to low 

biodiesel yield under the same experimental conditions (Agarwal et al. 2012; Noiroj 

et al. 2009). This suggest that 5 wt% of the catalyst provides sufficient number of 

catalytically active sites for the simultaneous esterification-transesterification

reactions of WCO to achieve the maximum biodiesel yield. Therefore, based on the 

experimental results, the reaction was further carried out with 5 wt% catalyst to 



146

optimize other reaction parameters.

Figure 4.42. Effect of catalyst loading on the biodiesel yield from the WCO using the 

Mo/γ-Al2O3-15 wt% MgO catalyst at the reaction time of 240 min, temperature of 95 
oC, methanol/oil molar ratio of 15:1 and the agitation speed of 450 rpm.

2. Optimization of Methanol/Oil Molar Ratio 

The methanol to oil molar ratio is one of the major parameters that affect the biodiesel 

yield from the triglyceride molecules via transesterification reaction. According to 

stoichiometric molar ratio of transesterification of vegetable oil, three moles of 

alcohol are required to react with one mole of triglyceride, producing three moles of 

alkyl esters and one mole of glycerol as shown in Eq. 2.3. Since transesterification of 

triglyceride is a reversible reaction, therefore an excess of alcohol is required to shift 

the equilibrium towards the formation of alkyl esters (biodiesel) (Hoque et al. 2011).

The influence of methanol to oil molar ratio on biodiesel yield in the 

transesterification of WCO was investigated and the results show that the biodiesel 

yield (%) increases with increasing the molar ratio of methanol to oil (Figure 4.43). A

maximum biodiesel yield of 82.6% was obtained at methanol to oil molar ratio of 

27:1. However, beyond this optimum value of methanol to oil molar ratio, there was 

no more significant increase in the biodiesel yield and became constant under similar 
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experimental conditions. Thus, methanol to oil molar ratio of 27:1 is then used for 

optimization of other parameters during the experimental work. The excess methanol 

used in the reaction can be collected by distillation and reused.

Figure 4.43. Effect of methanol/oil molar ratio on the biodiesel yield (%) from the 

WCO using the Mo/γ-Al2O3-15 wt% MgO catalyst at the reaction time of 240 min, 

reaction temperature of 95 oC, catalyst loading of 5 wt% and the agitation speed of 

450 rpm.

3. Optimization of Reaction Temperature 

Reaction temperature is one of the key parameters which strongly influence the 

esterification-transesterification reactions. As in any reaction, the reaction rate 

increases exponentially with an increase in the reaction temperature whereby the 

reactants are more miscible, allowing a higher reaction rate to take place (Helwani et 

al. 2009). The effects of reaction temperature on the biodiesel yield were investigated 

in order to obtain optimum temperature value for simultaneous esterification-

transesterification reactions of WCO in the presence of Mo/γ-Al2O3-15 wt% MgO 

catalyst. 
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In the present work, the transesterification reaction of WCO was carried out at 

five different temperatures (80, 90, 100, 110 and 120 oC) while keeping other 

parameters constant i.e. methanol to oil molar ratio of 27:1, catalyst loading of 5 wt%, 

mixing speed of 450 rpm and reaction time of 240 min. The effect of temperature on 

the biodiesel yield (%) is depicted in Figure 4.44. The results show that the biodiesel 

yield (%) increases with increasing the reaction temperature and maximum biodiesel 

yield of 83.7% was obtained at 100 oC. Since transesterification reaction is an 

endothermic reaction (Wen et al. 2010; Yu et al. 2011b), it favors higher reaction 

temperature for biodiesel synthesis. However, when the reaction temperature was 

increased to above 100 oC, the biodiesel yield (%) decreases, indicating that 100 oC is

the optimum reaction temperature for the esterification-transesterification reactions of 

WCO using Mo/γ-Al2O3-15 wt% MgO catalyst to get high biodiesel yield. The 

maximum biodiesel yield at 100 °C could be due to the accelerated chemical reaction 

(esterification-transesterification) by higher energy input, which increases the 

collision among the reactant molecules thus, enhances the miscibility and mass 

transfer (Hoque et al. 2011). However, at high temperature (above 100 °C) the 

biodiesel yield decreases because the vaporization of methanol is too high and it 

remains in the vapour phase in the reactor, resulted in a decrease in the amount of 

methanol available for the reaction (Birla et al. 2012). Moreover, at high temperature 

the polarity of methanol molecules also decreases therefore, lower the number of 

methoxide ions in the reaction mixture which plays a key role in the initiation of 

biodiesel reaction (Lee and Saka 2010). 
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Figure 4.44. Effect of temperature on the biodiesel yield (%) from the WCO using the 

Mo/γ-Al2O3-15 wt% MgO catalyst at the reaction time of 240 min, methanol/oil 

molar ratio of 27:1, catalyst loading of 5 wt% and the agitation speed of 450 rpm.

4. Optimization of Agitation Speed 

Transesterification reaction of oil in the presence of heterogeneous solid catalyst 

involves multi-phases properties, therefore mixing speed is considered one of the 

most important parameters that affect the biodiesel yield (Helwani et al. 2009; Refaat 

2010). The alcoholysis reaction is diffusion-controlled, therefore poor diffusion 

between the phases results in a slow reaction rate and minimum biodiesel yield (Xie et 

al. 2006a). Agitation is used to enhance the mass transfer among the different phases 

present in the reaction mixture, leading to better contact among the reactants and solid 

catalyst, hence increases the reaction rate. 

The effect of stirring speed on the biodiesel yield from the simultaneous 

esterification-transesterification reactions of WCO was investigated at the reaction 

temperature of 100 °C, methanol to oil molar ratio of 27:1, reaction time of 240 min 

and catalyst loading of 5 wt%. The results shown in Figure 4.45 demonstrate that the 

biodiesel yield increases with increasing of the mixing speed, and maximum biodiesel 

yield of 85.1% was obtained at the agitation speed of 500 rpm. Further it can be seen 

70 75 80 85 90 95 100 105 110 115 120 125 130
50

55

60

65

70

75

80

85

90

B
io

d
ie

se
l Y

ie
ld

 (
%

)

Temperature (
o
C)



150

from the results that biodiesel yield remains almost constant at the stirring speeds 

greater than 500 rpm, hence the stirring speed of 500 rpm is set as the optimum speed 

for the biodiesel yield from the simultaneous esterification-transesterification of 

WCO. This shows that the agitation speed of 500 rpm is sufficient to minimize the 

mass transfer limitations in the esterification-transesterification reactions of WCO. 

Figure 4.45. Effect of agitation speed on the biodiesel yield (%) from the WCO using 

the Mo/γ-Al2O3-15 wt% MgO catalyst at the reaction time of 240 min, methanol/oil 

molar ratio of 27:1, reaction temperature of 100 oC, and the catalyst loading of 5 wt%.

In summary, the effects of afore-mentioned reaction variables on the biodiesel 

yield during the esterification-transesterification reactions of WCO were investigated 

successfully to optimize the biodiesel production process. The optimized reaction

conditions for biodiesel production from the WCO in the presence of Mo/γ-Al2O3-15 

wt% MgO heterogeneous catalyst are summarized in Table 4.18.
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Table 4.18. Optimum reaction conditions for the biodiesel production from the WCO 

in the presence of Mo/γ-Al2O3-15 wt% MgO heterogeneous catalyst.

Parameters Optimum Value
Reaction time (min) 240
Methanol to Oil ratio 27:1
Catalyst concentration 5 wt%
Reaction temperature (oC) 100
Mixing intensity (rpm) 500

Moreover, the experimental results show that the Mo/γ-Al2O3-15 wt% MgO 

catalyst is highly active catalyst and gives the best yield of biodiesel after 

optimization of different reaction parameters. Therefore, Mo/γ-Al2O3-15 wt% MgO 

catalyst is further modified with different transition metal oxides such as Sn, Zn or 

Mn to improve its catalytic activity in the simultaneous esterification-

transesterification reactions of WCO for efficient biodiesel production.

4.3 γ-Al2O3-15 wt% MgO Supported Bimetallic Bifunctional Catalysts

4.3.1 Characterization Methods

Based on the screening test results, Mo/γ-Al2O3-15 wt% MgO catalyst provides

maximum biodiesel yield after optimization of different reaction parameters. 

Therefore, Mo/γ-Al2O3-15 wt% MgO catalyst is further modified with different 

transition metal oxides such as Sn, Zn or Mn to design a catalyst of proper 

configuration and for proper operating conditions which can carry simultaneous

esterification-transesterification reactions in the WCO to achieve efficient biodiesel 

production. However, before applying in the transesterification reaction the various 

physiochemical properties of the modified catalysts are studied by different analytical 

techniques.
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4.3.1.1 N2 Adsorption-Desorption Analysis

The surface area, pore volume and mean pore diameter of different heterogeneous 

catalysts are reported in Table 4.19. The results show that the surface area, pore 

volume and average pore diameter decrease slightly when the monometallic Mo/γ-

Al2O3-15 wt% MgO catalyst was modified with different metal oxides such as Sn, Zn 

or Mn. The decrease in the surface area, pore volume and average pore diameter are 

due to the fact that addition of the second metal oxide species blocks some of the 

pores of the support during preparation. However, the decrease in the surface area is 

very small, suggesting that the active metal species are highly dispersed on the 

support surface. Moreover, according to the IUPAC classification, all catalysts exhibit

type IV isotherms with a well developed type H2 hysteresis loops (Figure 4.46-4.48),

indicating the characteristics of mesoporous materials (Duarte et al. 2011; Yu et al. 

2011a). Moreover, the catalysts show pore size in the mesoporous region with 

unimodal curve (Appendix, Figure B.6-B.8).

Figure 4.46. N2 adsorption-desorption isotherms of Mo-Sn/Al2O3-15 wt% MgO

catalyst.
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Figure 4.47. N2 adsorption-desorption isotherms of Mo-Zn/γ-Al2O3-15 wt% MgO

catalyst.

Figure 4.48. N2 adsorption-desorption isotherms of Mo-Mn/Al2O3-15 wt% MgO 

catalyst.



154

Table 4.19. Textural properties; specific surface area (SA), pore volume (VP), and 

average pore diameter (DP) of γ-Al2O3-15 wt% MgO supported bimetallic catalysts.

Catalyst Textural Properties
SA (m2/g) Vp (cm3/g) DP (Å)

Mo-Sn/γ-Al2O3-15 wt% MgO 136 0.145 55.98
Mo-Zn/γ-Al2O3-15 wt% MgO 137 0.146 56.78
Mo-Mn/γ-Al2O3-15 wt% MgO 139 0.148 57.91

4.3.1.2 X-ray Diffraction Analysis

The XRD patterns of γ-Al2O3-15 wt% MgO supported bimetallic catalysts are 

depicted in Figure 4.49. The XRD patterns of each catalyst show the characteristic 

peaks of γ-Al2O3 at 2θ = 32.62o, 37.53o, 45.58o and 67o, and MgO peaks at 42.75o and 

62.11o respectively. However, no characteristic peaks corresponding to the active 

metals were detected in the XRD patterns. This suggests that the active metal oxides 

particles are highly dispersed on the support surface as reported by the Borowiecki et 

al. (2004). The intensities of the peaks corresponding to γ-Al2O3 and MgO in the 

XRD patterns decrease slightly when the active metal (Mo) and promoters (Sn, Zn or

Mn) were introduced into the catalyst supports.

The decrease in the intensities may be attributed to the strong metal-support 

interaction and formation of complex oxides at a very low concentration on the 

surface of the support during calcination. The absence of the diffraction peaks of 

molybdenum oxide and different promoters (Sn, Zn or Mn) oxides could be attributed

to the formation of finely dispersed metal crystallite species on the surface of the 

catalyst support which are below the detection limits of the XRD model used in this 

work. Thus, the XRD results are in good consistent with the results reported by the Li 

et al. (2007). The average particle sizes of the bimetallic catalysts, calculated from the 

Debye-Scherrer equation, are presented in Table 4.20.



155

Figure 4.49. XRD patterns of (a) Mo-Sn/γ-Al2O3-15 wt% MgO (b) Mo-Zn/γ-Al2O3-15 

wt% MgO (c) Mo-Mn/γ-Al2O3-15wt% MgO bimetallic catalysts.

Table 4.20. Crystal size of different synthesized catalysts.

Catalyst Crystallite Size (nm)
Mo/γ-Al2O3-15 wt% MgO 28.8
Mo-Sn/γ-Al2O3-15 wt% MgO 29.5
Mo-Zn/γ-Al2O3-15 wt% MgO 29.8
Mo-Mn/γ-Al2O3-15 wt% MgO 29.3

4.3.1.3 Temperature-Programmed Reduction Analysis

The states of different metals and the interactions of metal oxide components among 

themselves and with the support were investigated by TPR analysis. The TPR profiles 

of γ-Al2O3-15 wt% MgO supported bimetallic catalysts are presented in Figure 4.50

and the data is further summarized in Table 4.21. The TPR profile of Mo/γ-Al2O3-15 

wt% MgO catalyst is also shown for comparison.  It can be seen from the TPR results

that Mo-Sn/γ-Al2O3-15 wt% MgO catalyst displays two broad reduction peaks at 626
oC and 987 oC with a small shoulder peak at 708 oC. The first peak at 628 oC is 

attributed to the reduction of Mo6+ to Mo4+ species of polymeric Mo structures (Qu et 

al. 2003). This reduction temperature is lower than that observed in the case of Mo/γ-
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Al2O3-15 wt% MgO, which indicates that the addition of Sn promoter decreases the 

molybdenum-support interaction, hence increases the reducibility of the catalyst. The 

reduction peak at 987 oC is attributed to the reduction of the metal species strongly 

bonded to the support and species produced during the reduction in the first stage, 

together with the partial reduction of the support (Zhang et al. 2011). The shoulder 

peak at 708 oC could be assigned to the reduction of some intermediate complex oxide 

species strongly bonded to support (Arnoldy et al. 1985; Rajagopal et al. 1994). 

However, these complex oxide species were not identified in the XRD results which

indicate that these species are highly dispersed in the structure of catalyst. 

Furthermore, there is no clear reduction peak which may be assigned to the 

reduction of Sn2+ to Sn0. This may suggest that the reduction of Sn2+ occur in the 

same temperature region as the reduction of the Mo6+ to Mo4+ (Galvagno et al. 1987; 

Hoang et al. 2007).

On the other hand, Mo-Zn/γ-Al2O3-15 wt% MgO catalyst exhibits three reduction 

peaks at 533 oC, 608 oC and 982 oC with a shoulder peak at 717 oC. The peak at 533 
oC is attributed to the reduction of the surface Mo6+ to Mo4+ species along with the 

reduction of the zinc oxide (Zn2+ to Zn0) (Zhang et al. 2012b). The peak appeared at 

608 oC may be attributed to the further reduction of the Mo4+ species to the lower 

species (Mo2+). The shoulder peak is attributed to the reduction of the intermediate 

metal oxide species. Similarly, the reduction peak appeared at 984 oC could be 

attributed to the metal species strongly bonded to support. The TPR profile shows that 

the addition of Zn promoter into the Mo/γ-Al2O3-15 wt% MgO catalyst decreases the 

reduction temperature of Mo6+ to Mo4+ or lower species, indicating that Zn promotes 

the reducibility of the Mo6+ species in the bimetallic catalyst.

However, when Mn was incorporated into the Mo/γ-Al2O3-15 wt% MgO catalyst, 

the first reduction peak appeared at temperature as low as 343 oC which may be 

attributed to the reduction of manganese oxide from Mn2+ to Mn0 and less stable 

metal species which are weakly bonded to the support (Tang et al. 2009). The 

reduction peak appeared at 571 oC could be due to the reduction of the Mo species, 

whereas the shoulder peak at 703 oC  could be due to the reduction of complex oxides 

present on the surface of the catalyst. Similarly, the reduction peak appeared at 1002
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oC may be attributed to the reduction of highly stable species. Upon addition of Mn 

promoter, the reduction peak corresponding to reduction of Mo6+ to Mo4+ species is 

shifted to lower temperature, indicating weak metal-support interaction. This shows

that Mn promoter enhanced the reducibility of the bimetallic catalyst. In addition, 

there is no clear reduction peak which may be assigned to the reduction of Mn2+ to 

Mn0. This may suggest that the reduction of Mn2+ occur in the same temperature 

region as the reduction of the Mo6+ to Mo4+. 

In summary, when the TPR patterns of different bimetallic catalysts are compared, 

it is noted that the Zn modified catalyst shows enhanced reducibility as compared to 

other bimetallic catalysts prepared by the same method.

Figure 4.50. TPR profiles of (a) Mo/γ-Al2O3-15 wt% MgO (b) Mo-Sn/γ-Al2O3-15 

wt% MgO (c) Mo-Zn/γ-Al2O3-15 wt% MgO (d) Mo-Mn/γ-Al2O3-15 wt% MgO

catalysts.

Table 4.21. H2-TPR data of different bimetallic catalysts.

Catalyst Reduction Temperature (oC)
Peak 1 Peak 2 Peak 3 Peak 4

Mo/γ-Al2O3-15 wt% MgO 642 995 n.d. n.d.
Mo-Sn/γ-Al2O3-15 wt% MgO 626 708 (S) 987 n.d.
Mo-Zn/γ-Al2O3-15 wt% MgO 533 608 717 (S) 982
Mo-Mn/γ-Al2O3-15 wt% MgO 343 571 703 (S) 1002
S = Shoulder peak
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4.3.1.4 X-ray Fluorescence Analysis

The XRF analysis results for γ-Al2O3-15 wt% MgO supported bimetallic catalysts are 

presented in Table 4.22. It is clear from the results that each catalyst contains 

constituent metals close to the theoretical values, showing successful preparation of 

the bimetallic catalysts by modified impregnation method without any significant 

loss. Moreover, the XRF results show that the active metals in the bimetallic catalysts 

are highly dispersed, showing good agreement with the XRD results.

Table 4.22. Elemental analysis of different bimetallic catalysts determined by XRF.

Catalyst Mo % Sn % Zn % Mn % Mg % Al %
Mo-Sn/γ-Al2O3-15 wt% MgO 4.61 4.88 n.d. n.d. 14.4 46.01
Mo-Zn/γ-Al2O3-15 wt% MgO 4.72 n.d. 4.92 n.d. 14.8 45.56
Mo-Mn/γ-Al2O3-15 wt% MgO 4.65 n.d. n.d. 4.89 14.9 45.79

4.3.1.5 X-ray Photoelectron Spectroscopy Analysis

X-ray photoelectron spectroscopy was used to investigate the chemical environment 

of each element present on the surface of the γ-Al2O3-15 wt% MgO supported 

bimetallic catalysts. The results of XPS analysis are shown in Figure 4.51, while the 

corresponding Mo 3d binding energies are listed in Table 4.23. Similarly, the 

representative XPS survey spectrum of the Mo-Mn/γ-Al2O3-15 wt% MgO is also 

presented in Figure 4.52. Slight decrease in the binding energy of Mo 3d was 

observed when 5 wt% Sn, Zn or Mn were incorporated in the Mo/γ-Al2O3-15 wt% 

MgO catalyst. The difference in Mo 3d binding energy may be attributed to the 

changes in the elemental oxidation state and chemical environment, originated from 

different metal-support interaction. The decrease in the Mo 3d binding energy of 

bimetallic catalysts is attributed to the decrease in the metal-support interaction upon 

introduction of the second metal into the Mo/γ-Al2O3-15 wt% MgO catalyst as 

observed from the TPR results. The results further suggest that these promoters 

further prevent the formation of various types of spinels after calcination of the 

bimetallic catalyst (Qian et al. 2011). Among different bimetallic catalysts, Mo-Zn/γ-

Al2O3-15 wt% MgO catalyst exhibits lower Mo 3d binding energy, indicating 

comparatively weak metal-support interaction.
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Miyoshi and Chung (1993) suggested that the metal sites in the higher oxidation 

states would possess higher binding energies as compared with the metal sites in the 

lower oxidation states. The decrease in the Mo 3d binding energy of the γ-Al2O3-15 

wt% MgO supported bimetallic catalyst could be attributed to the electron transfer 

from promoters to metallic Mo. As a result of electron transfer effect of promoters, 

the bimetallic catalysts attain an electron rich state, causing changes in the oxidation 

state (Qian et al. 2011). Table 4.17 shows that the incorporation of Zn exhibits

enhanced electron transfer ability. Thus, the XPS and TPR results are in good 

agreement which define the effect of promoters on the metal- support interaction and 

catalyst reducibility.

Similarly, the slight decrease in the binding energies of Al 2p and Mg 2p could be

due to the change in the chemical environment of Mg and Al upon addition of 

different promoters into the Mo/γ-Al2O3-15 wt% MgO catalyst. All the bimetallic

catalysts contain 15 wt% MgO loading, which appears as crystallites on the surface of 

all catalysts instead of monolayer formation. It has been reported that the binding 

energy of Mg 2p of dispersed phases (monolayer) of MgO is quite different from that 

of its crystalline species (Gomez et al. 1997; Wang et al. 2006a).

Figure 4.51. XPS spectra of Mo 3d (a) Mo-Sn/γ-Al2O3-15 wt% MgO (b) Mo-Zn/γ-

Al2O3-15 wt% MgO (c) Mo-Mn/γ-Al2O3-15 wt% MgO bimetallic catalysts.

240 238 236 234 232 230 228 226

(d)

(c)

(b)

(a)

In
te

n
si

ty
 (

a
.u

.)

Binding Energy (eV)

Mo 3d
5/2



160

Figure 4.52. Representative XPS survey spectrum of Mo-Mn/γ-Al2O3-15 wt% MgO

catalyst.

Table 4.23. Binding energies of different bimetallic catalysts.

Catalyst Binding Energy (eV)
Al 2p Mg 2p M 3d

Mo/γ-Al2O3-15 wt% MgO 74.37 49.55 232.75
Mo-Sn/γ-Al2O3-15 wt% MgO 74.51 50.13 232.63
Mo-Zn/γ-Al2O3-15 wt% MgO 74.34 49.91 232.45
Mo-Mn/γ-Al2O3-15 wt% MgO 74.45 50.04 232.58

4.3.1.6 Temperature Programmed Desorption of CO2 and NH3 Analysis

CO2-TPD was performed to study the distribution of basic sites on the surface of the 

prepared catalysts. Generally, CO2 adsorbed on the weaker basic sites is desorbed at 

low temperature and that adsorbed on the strong basic sites is desorbed at high 

temperature. The CO2-TPD patterns of γ-Al2O3-MgO supported bimetallic catalysts 

are shown in Figure 4.53, and the density of basic sites is summarized in Table 4.24.

The CO2-TPD patterns of γ-Al2O3, MgO, Mo/γ-Al2O3 and Mo/γ-Al2O3-15 wt% MgO 

catalysts are also shown for comparison. The results demonstrate that MgO possesses 

a broad peak centered at 525 oC and is attributed to the strong basic sites. The 

shoulder peak appeared at 447 oC may be ascribed to another set of strong basic sites. 

Whereas, the CO2-TPD results of γ-Al2O3 and Mo/γ-Al2O3 catalysts indicate the 
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existence of only weak basic sites at 132 oC and 137 oC respectively. In addition, the 

Mo/γ-Al2O3-15 wt% MgO catalyst shows weak basic sites in the low temperature 

range of 52 oC-204 oC, whereas the basic sites of medium strength appear in the range 

of 246 oC-410 oC.

The results suggest that the concentration of basic sites of medium strength 

increases upon introduction of MgO into the γ-Al2O3. The strong basic sites are 

neutralized first when an acidic support is mixed chemically with the basic one, 

generating medium and weak basic sites in the MgO-γ-Al2O3 mixed oxides due to the 

redistribution (Kumar et al. 2004b). Similarly, all bimetallic catalysts show desorption 

peaks in the low temperature range of 56 oC-180 oC. The low temperature desorption 

peaks are attributed to the interaction of CO2 with the sites of weak basic strength. 

The weak basic sites correspond to the OH− groups on the surface of catalyst (Noiroj 

et al. 2009). The peaks appeared at relatively high temperature range of 212 oC-415
oC are attributed to the interaction of CO2 with the basic sites of medium strength. 

However, in the case of Mo-Mn/γ-Al2O3-15 wt% MgO catalyst two additional peaks

appear at 206 oC and 448 oC. The lower temperature peak at 206 oC is attributed to the 

weak basic sites, whereas the peak at 448 oC may be attributed to the presence of 

strong basic sites. This shows that the distribution of basic sites is influenced by the 

addition of MgO and active metals. Moreover, the presence of highly dispersed MgO 

and active metal species on the surface of γ-Al2O3 catalysts may influence the 

strength of the basic sites (Gomez et al. 1997).

The medium strength basic sites are related to the oxygen present in both Mg2+–

O2− and Al3+–O2− pairs. The strong basic sites are related to the presence of O2− ions 

associated with the cationic vacancies (Bolognini et al. 2002; Gac 2011). The CO2-

TPD patterns of bimetallic catalysts further demonstrate that the amount of CO2

uptake is higher for the Mo-Mn/γ-Al2O3-15 wt% MgO catalyst, showing greater

number of basic sites on the surface of the catalyst. The co-existence of the basic sites 

of different strengths may play an important role to improve the catalytic activity in 

the biodiesel reactions.
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Figure 4.53. CO2-TPD patterns of (a) MgO (b) γ-Al2O3 (c) Mo/γ-Al2O3 (d) Mo/γ-

Al2O3-15wt% MgO (e) Mo-Sn/γ-Al2O3-15 wt% MgO (f) Mo-Zn/γ-Al2O3-15wt% 

MgO (g) Mo-Mn/γ-Al2O3-15wt% MgO catalysts.

Table 4.24. Density of basic sites of prepared catalysts.

Catalyst Density of Basic Sites (mmol/g)
Weak Medium Strong

MgO n.d. n.d. 4.64
γ-Al2O3 0.56 n.d. n.d.
Mo/γ-Al2O3 0.64 n.d. n.d.
Mo/γ-Al2O3-15 wt% MgO 0.11 0.46 n.d.
Mo-Sn/γ-Al2O3-15 wt% MgO 0.98 0.52 n.d.
Mo-Zn/γ-Al2O3-15 wt% MgO 0.92 0.61 n.d.
Mo-Mn/γ-Al2O3-15 wt% MgO 0.12 0.55 0.08
n.d = not detected

The acidic properties of the prepared catalysts were investigated by NH3-TPD

analysis. The NH3-TPD patterns of bimetallic catalysts are shown in Figure 4.54, and 

the results are summerized in Table 4.25. The NH3-TPD patterns of γ-Al2O3, Mo/γ-

Al2O3 and Mo/γ-Al2O3-15 wt% MgO catalysts are also shown for comparison. The 

Strong

Medium

Weak
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NH3-TPD pattern of γ-Al2O3 shows acid sites of different strengths. The peak at 102 o 

C is attributed to the weak acid sites and the peak at around 327 oC is ascribed to the 

acid sites of medium strength. The peak at high temperature of 449 oC may be 

attributed to the strong acid sites. The NH3-TPD results of Mo/γ-Al2O3 and 

Mo/γAl2O3-15 wt% MgO catalysts show only acid sites of weak and medium 

strengths. This shows that the incorporation of Mo and MgO into the γ-Al2O3 affect 

the distribution of the acid sites on the surface of catalysts where the strong acid sites 

of the γ-Al2O3 have been eliminated. Similarly, all bimetallic catalysts show weak and 

medium acid sites temperature ranges in the NH3-TPD. The NH3-TPD patterns further 

demonstrate that the total amount of NH3 uptake is greater for Mo-Mn/γ-Al2O3-15 

wt% MgO catalyst, showing that the number of acid sites increases on the surface of 

the catalyst.

Figure 4.54. NH3-TPD patterns of (a) γ-Al2O3 (b) Mo/γ-Al2O3 (c) Mo/γ-Al2O3-15wt% 

MgO (d) Mo-Sn/γ-Al2O3-15 wt% MgO (e) Mo-Zn/γ-Al2O3-15wt% MgO (f) Mo-

Mn/γ-Al2O3-15wt% MgO catalysts.
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Table 4.25. Density of acid sites of prepared catalysts.

Catalyst Density of Acid Sites (mmol/g)
Weak Medium Strong

γ-Al2O3 0.61 0.010 0.09
Mo/γ-Al2O3 0.73 0.070 n.d.
Mo/γ-Al2O3-15 wt% MgO 0.95 0.038 n.d.
Mo-Sn/γ-Al2O3-15 wt% MgO 0.98 0.041 n.d.
Mo-Zn/γ-Al2O3-15 wt% MgO 1.21 0.081 n.d.
Mo-Mn/γ-Al2O3-15 wt% MgO 1.45 0.120 n.d.
n.d = not detected

4.3.1.7 Electron Microscopy Analysis

The surface morphology of different bimetallic catalysts was investigated by the 

transmission electron microscopy (TEM). The TEM micrographs of Mo-Sn/γ-Al2O3-

15 wt% MgO, Mo-Zn/γ-Al2O3-15 wt% MgO and Mo-Mn/γ-Al2O3-15 wt% MgO

bimetallic catalysts are shown in Figures 4.55, 4.56 and 4.57 respectively. It can be 

seen that each TEM micrograph of bimetallic catalyst shows special characteristic 

slabs or fringes (stick like structures), representing the active metals crystallites 

distribution on the surface of the catalyst. Moreover, these fringes are uniformly 

distributed over the surface of the support, therefore shows good consistency with the 

XRD results.  The average particle size of the bimetallic catalysts is estimated in the 

range of 10-20 nm.  The difference in the size of promoted and unpromoted catalysts 

could be attributed to the fact that addition of promoters might have changed the 

mode of metal crystal development during the preparation. 
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Figure 4.55. TEM micrograph of Mo-Sn/γ-Al2O3-15 wt% MgO catalyst.

Figure 4.56. TEM micrograph of Mo-Zn/γ-Al2O3-15 wt% MgO catalyst.
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Figure 4.57. TEM micrograph of Mo-Mn/γ-Al2O3-15 wt% MgO catalyst.

Similarly, the FESEM-EDX and elemental mapping analysis results of the Mo-

Sn/γ-Al2O3-15 wt% MgO, Mo-Zn/γ-Al2O3-15 wt% MgO and Mo-Mn/γ-Al2O3-15 

wt% MgO catalysts are depicted in Figures 4.58, 4.59 and 4.60 respectively. The 

results show that the active metals are uniformly distributed on the surface of the γ-

Al2O3-15 wt% MgO support, which are in good agreement with the results obtained 

from the other characterization techniques. The EDX and elemental mapping of the 

metals prove the presence of the active metals in the bimetallic catalysts which were 

not detected by the XRD due to their low concentrations and uniform distribution in 

the catalyst structure.
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Figure 4.58. EDX and elemental mapping of Mo-Sn/γ-Al2O3-15 wt% MgO catalyst.

Figure 4.59. EDX and elemental mapping of Mo-Zn/γ-Al2O3-15 wt% MgO catalyst.
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Figure 4.60. EDX and elemental mapping of Mo-Mn/γ-Al2O3-15 wt% MgO catalyst.

4.3.2 Catalytic Activity Evaluation

The catalytic activity of the γ-Al2O3-15 wt% MgO supported bimetallic catalysts was 

investigated in the production of biodiesel from WCO under optimized reaction 

conditions i.e. reaction temperature of 100 oC, reaction time of 240 min, catalyst 

loading of 5 wt% (based on the amount of oil), methanol to oil molar ratio of 27:1 and 

agitation speed of 500 rpm. The results show (Figure 4.61) that the catalytic 

performance of the Mo/γ-Al2O3-15 wt% MgO catalyst increases when a second metal

(Sn, Zn or Mn) was introduced. However, among the different bimetallic catalysts 

tested, the Mo-Mn/γ-Al2O3-15 wt% MgO catalyst shows better catalytic activity and 

provides the highest biodiesel yield of 91.4% as compared to the Mo-Sn/γ-Al2O3-15 

wt% MgO and Mo-Zn/γ-Al2O3-15 wt% MgO catalysts which provide maximum 

biodiesel yield of 87.1% and 89.5% respectively at the similar reaction conditions. 

This shows that the introduction of a second metal Sn, Zn or Mn further modifies the 

number of active sites on the surface of the Mo/γ-Al2O3-15 wt% MgO catalyst, thus 
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makes the biodiesel production process more effective from the WCO (Jiang et al. 

2010). 

The high catalytic activity of the Mo-Mn/γ-Al2O3-15 wt% MgO catalyst could be 

due to the availability of the optimum number of catalytic active sites on the surface 

of the catalyst for the simultaneous esterification-transesterification reactions in the

WCO. This indicates that the introduction of Mn into the Mo/γ-Al2O3-15 wt% MgO 

catalyst further modifies the number of active sites to the optimal strength as 

compared to Sn or Zn metals as supported by the TPD results (Figure 4.53 and 4.54),

where acidic and basic sites of different strengths are existed on the surface of Mo-

Mn/γ-Al2O3-15 wt% MgO catalyst.

The co-existence of the acidic and basic sites of different strengths on the surface 

of Mo-Mn/γ-Al2O3-15 wt% MgO catalyst may be responsible for the excellent

catalytic activity in the simultaneous esterification-transesterification reactions of 

WCO for biodiesel production. The strongest base would not necessarily be the best 

catalyst for a given transesterification reaction. A solid heterogeneous catalyst with 

strong basic sites may hold up the product molecules strongly, therefore the products 

can not desorb after the reaction. On the other hand, the reactants may not be attracted 

to adsorb on the surface of a solid base catalyst that is too weak, thus reaction could 

not be initiated. Therefore, an optimum strength of the basic active sites are required

for a given reaction (Kannan 2009).
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Figure 4.61. Catalytic activity of different modified heterogeneous catalysts (a) Mo/γ-

Al2O3-15 wt% MgO (b) Mo-Sn/γ-Al2O3-15 wt% MgO (c) Mo-Zn/γ-Al2O3-15 wt% 

MgO (d) Mo-Mn/γ-Al2O3-15 wt% MgO at the reaction time of 240 min, methanol/oil 

molar ratio of 27:1, catalyst loading of 5 wt%, reaction temperature of 100 oC and the 

agitation speed of 500 rpm.

4.3.3 Catalyst Reusability

The catalyst reusability is an important feature for determining its commercial 

viability. The reusability tests were carried out on the Mo-Mn/γ-Al2O3-15 wt% MgO 

catalyst at optimized reaction conditions i.e. reaction temperature of 100 oC,  

methanol to oil molar ratio of 27:1, catalyst loading of 5 wt%, reaction time of 240 

min and mixing speed of 500 rpm.  The catalyst was used repeatedly for ten times in 

the simultaneous esterification-transesterification reactions of the WCO, and the 

biodiesel yield was recorded. After each reaction, the recovered catalyst was first 

washed with methanol to remove the organic deposits (unreacted oil, biodiesel and 

glycerol), dried at 100 oC for 12 h, calcined at 500 oC for 2 h and then reused in the 

next transesterification reaction at optimized reaction conditions with new reactants. 

The reusability profiles of the Mo-Mn/γ-Al2O3-15 wt% MgO catalyst are shown in 
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Figure 4.62.

The results show that the Mo-Mn/γ-Al2O3-15 wt% MgO catalyst possesses

substantial reusability and chemical stability, and could be used repeatedly for eight 

times without any significant loss in its catalytic activity. However, the biodiesel yield 

slowly decreases as the number of repeated use increases and the decrease became 

significant after eight times usage. The loss of the esterification-transesterification

activity in the reusability tests could be attributed to the decrease in the active sites 

present on the surface of catalyst due to the deposition of the unwanted organic 

materials or leaching of active metals during the simultaneous esterification-

transesterification reactions in the WCO (Ngamcharussrivichai et al. 2008; Taufiq-

Yap et al. 2011).

Figure 4.62. Reusability of the Mo-Mn/γ-Al2O3-15 wt% MgO catalyst in the biodiesel 

production from the WCO at the optimized reaction coditions.

Table 4.26 shows the EDX elemental analysis for the Mo-Mn/γ-Al2O3-15 wt% 

MgO catalyst after different reaction runs. The results demonstrate that the 

concentration of the active metals remains almost constant upto eight runs due to the 

presence of strong metal-support interaction, therefore stabilize the active species of 

the catalyst. However, the concentration of active metals decreases significantly after 

eight times usage, showing leaching of the active metals during the esterification-
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transesterification reactions of the WCO for biodiesel production. The leaching of the 

active species from the catalyst surface may be attributed to the structure change, 

which in turn lowers the metal-support interaction after treatment.

Table 4.26. EDX elemental analysis of Mo-Mn/γ-Al2O3-15 wt% MgO catalyst after

different reaction runs.

Catalyst Run Mo wt% Mn wt% Mg wt% Al wt%
Fresh 4.65 4.89 14.92 45.79
2nd 4.63 4.86 14.89 45.80
4th 4.60 4.80 14.49 45.78
6th 4.55 4.69 14.70 45.79
8th 4.26 4.18 14.50 45.85
10th 3.15 3.01 14.05 45.77

4.4 γ-Al2O3-CeO2 Supported Monometallic Bifunctional Catalysts

4.4.1 Catalyst Characterization

The physiochemical properties of the synthesized Mo/γ-Al2O3-CeO2 catalysts with 

different CeO2 loading (5, 10, 15 and 20 wt% with respect to γ-Al2O3) were studied 

using different characterization techniques. The results of each characterization 

method are described in detail as follow:

4.4.1.1 Thermogravimetry and Thermal Analysis

The representative thermogravimetric and derivative of thermogravimetric (TG–

DTG) curves of Mo/γ-Al2O3-20 wt% CeO2 catalyst, carried out at heating rate of 10 
oC min-1 and nitrogen gas flow of 20 mL min-1 from room temperature to 700 oC, are 

depicted in Figure 4.63. The TG–DTG curves of Mo/γ-Al2O3-20 wt% CeO2 catalyst 

show three endothermic peaks at about 90 oC, 331 oC and 448 oC. The broad 

endothermic peak at 90 oC may be assigned to the evaporation of absorbed water, 

removal of water of crystallization along with the decomposition of some of the 

(NH4)6Mo7O24·4H2O molecules in the sample (Said and Halawy 1994). The peaks 

appeared at 331 oC and 448 oC may be assigned to the decomposition of remaining 
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(NH4)6Mo7O24.4H2O molecules, impurities and complex molecules formed during the 

decomposition process as shown in Eq. 4.5-4.7 (Naszer 2008; Sharma and Batra 

1988). The TG–DTG curves show that the weight loss is almost negligible above 500 
oC, which indicates the thermal stability of the catalyst. On the basis of the TG-DTG 

results, all catalyst samples were calcined at 500 oC for 5 h in the presence of air in 

muffle furnace for further investigation. 

4 6 7 24 2 4 4 7 23 2 2 3( ) .4 ( ) .2 3 2HeatNH Mo O H O NH Mo O H O H O NH             [Eq. 4.5]           

4 4 7 23 2 4 2 7 22 2 2 3( ) .2 ( ) .2 2HeatNH Mo O H O NH Mo O H O H O NH              [Eq. 4.6]

               4 2 7 22 2 3 2 3( ) .2 7 3 2HeatNH Mo O H O MoO H O NH                      [Eq. 4.7]

Figure 4.63. Representative TG-DTG curves of Mo/γ-Al2O3-20 wt% CeO2 catalyst.

4.4.1.2 N2 Adsorption-Desorption Analysis

The N2 adsorption-desorption isotherms of the Mo/γ-Al2O3-CeO2 catalysts (prepared 

with varying CeO2 loading) exhibit type IV isotherms with a hysteresis loop of type 

H2 according to the IUPAC classification (Figure 4.64), which is the characteristics of 

the mesoporous materials (Yu et al. 2011). The type H2 hysteresis loop is typically 
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associated with the mesoporous materials with uniform pores, resulting from the 

capillary condensation of a gas within the mesopores (Duarte et al. 2011; 

Hassanzadeh-Tabrizi and Taheri-Nassaj 2011; Yao et al. 2007; Zou et al. 2009). ). In 

addition, the pore size distribution graphs obtained from the BJH model show that all 

prepared catalysts possess uniform pore size distributions in the mesoporous region 

with a unimodal curve (Appendix, Figure B.11).

Figure 4.64. N2 adsorption-desorption isotherms of (a) Mo/γ-Al2O3-5 wt% CeO2 (b) 

Mo/γ-Al2O3-10 wt% CeO2 (c) Mo/γ-Al2O3-15 wt% CeO2 (d) Mo/γ-Al2O3-20 wt% 

CeO2 catalysts.

Similarly, the textural properties of the Mo/γ-Al2O3-CeO2 catalysts are 

summarized in Table 4.27. It is observed that the surface area, mean pore diameter 

and pore volume decrease slightly with increasing of CeO2 loading. The decrease in 

the surface area, pore volume and pore diameter could be the result of pore blockage 

during the impregnation of γ-Al2O3 with CeO2 and MoO3 precursors.
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Table 4.27. Textural properties; specific surface area (SA), pore volume (VP), and 

mean pore diameter (DP) of γ-Al2O3-CeO2 supported monometallic catalysts.

Catalyst Textural Properties
SA (m2/g) Vp (cm3/g) DP (Å)

Mo/γ-Al2O3 181 0.197 77.05
Mo/γ-Al2O3-5 wt% CeO2 168 0.181 74.12
Mo/γ-Al2O3-10 wt% CeO2 153 0.170 67.21
Mo/γ-Al2O3-15 wt% CeO2 144 0.159 60.34
Mo/γ-Al2O3-20 wt% CeO2 139 0.145 52.21

4.4.1.3 X-ray Diffraction Analysis

The XRD diffraction patterns of the Mo/γ-Al2O3-CeO2 catalysts with varying CeO2

loadings are presented in Figure 4.65. The diffraction peaks appeared at 2θ = 37.54o, 

45.60o and 66.89o are attributed to the characteristic diffractions of the γ-Al2O3

(García-Diéguez et al. 2010), and the diffraction peaks at 2θ = 28.76o, 33.22o, 47.67o, 

56.46o, 59.29o, 69.56o, 76.86o and 79.25o are attributed to the crystalline CeO2    phase

(Damyanova et al. 2002; Profeti et al. 2009).

Figure 4.65. XRD patterns of (a) CeO2 (b) γ-Al2O3 (c) Mo/γ-Al2O3 (d) Mo/γ-Al2O3-5 

wt% CeO2 (e) Mo/γ-Al2O3-10 wt% CeO2 (f) Mo/γ-Al2O3-15 wt% CeO2 (g) Mo/γ-

Al2O3-20 wt% CeO2 catalysts.
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It is observed that the intensities of the peaks corresponding to the crystalline 

CeO2 phase increase with increasing the CeO2 loading in the support. In addition, the 

XRD patterns do not show any clear diffraction peaks which may be attributed to 

MoO3 phase in any catalyst sample. However, the corresponding peaks attributed to γ-

Al2O3 and CeO2 phases are slightly less intense than that of the bare support, 

indicating that Mo species are highly dispersed on the surface of all supports (Cuevas 

et al. 2003; Li et al. 2007). It has been reported that low to moderate metal loading on

γ-Al2O3 support would result in highly dispersed crystallites. The total metal loading 

affects slightly the position and intensity of the diffraction peaks attributed to the 

support due to the diffusion of active metal atoms into the γ-Al2O3 (Batista et al. 

2001). The average particle sizes of different catalysts, calculated from the Debye-

Scherrer equation, are presented in Table 4.28.

Table 4.28. Crystal size of different synthesized catalysts.

Catalyst Crystallite Size (nm)
CeO2 15.3
γ-Al2O3 21.9
Mo/γ-Al2O3 22.5
Mo/γ-Al2O3-5 wt% CeO2 26.4
Mo/γ-Al2O3-10 wt% CeO2 27.9
Mo/γ-Al2O3-15 wt% CeO2 30.2
Mo/γ-Al2O3-20 wt% CeO2 32.3

4.4.1.4 Temperature-Programmed Reduction Analysis

The catalyst reducibility and metal-support interaction were investigated by the

temperature-programmed reduction (TPR) analysis. The TPR patterns of the Mo/γ-

Al2O3-CeO2 catalysts are presented in Figure 4.66 with reduction pattern of Mo/γ-

Al2O3 catalyst for comparison. The corresponding reduction temperature peaks 

maxima for each catalyst are further summarized in Table 4.29.
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Figure 4.66. TPR patterns of (a) Mo/γ-Al2O3 (b) Mo/γ-Al2O3-5 wt% CeO2 (c) Mo/γ-

Al2O3-10 wt% CeO2 (d) Mo/γ-Al2O3-15 wt% CeO2 (e) Mo/γ-Al2O3-20 wt% CeO2

catalysts.

Table 4.29. H2-TPR data of different monometallic catalysts.

Catalyst Reduction Temperature (oC)
Peak 1 Peak 2 Peak 3

Mo/γ-Al2O3 529 971 n.d.
Mo/γ-Al2O3-5 wt% CeO2 548       624 (S) 990
Mo/γ-Al2O3-10 wt% CeO2 558 940 n.d.
Mo/γ-Al2O3-15 wt%  CeO2 569       856 (S) 936
Mo/γ-Al2O3-20 wt%  CeO2 582 915 n.d.
S = Shoulder peak

According to the TPR results, Mo/γ-Al2O3-5 wt% CeO2 catalyst exhibits two 

distinct reduction temperature peaks at 548 oC and 990 oC with a small shoulder peak 

at 624 oC. The low temperature reduction peak at 548 oC is attributed to the reduction 

of highly dispersed Mo species (Mo6+ to Mo4+) (Folorunsho et al. 2004; Qu et al. 

2003). The shoulder peak appeared at 624 oC is attributed to the reduction of 

intermediate-reducible crystalline phases of the orthorhombic MoO3 and other 

complex species formed during the first step of reduction (Qu et al. 2003; Rajagopal 

et al. 1994). The high temperature reduction peak at 990 °C is attributed to the deep 

reduction of all Mo species including highly dispersed tetrahedral Mo species, metal 
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species strongly bonded to support, partial reduction of support and removal of 

oxygen atom in the sublayer (Andreeva et al. 2006; Noronha et al. 2001). 

Similarly, Mo/γ-Al2O3-10 wt% CeO2, Mo/γ-Al2O3-15 wt% CeO2 and Mo/γ-

Al2O3-20 wt% CeO2 catalyst show characteristic reduction temperature peaks at Tmax= 

558 oC and 940 oC, Tmax= 569 oC and 936 oC with a shoulder at 856 oC, and Tmax= 582 
oC and 915 oC respectively. The first reduction peak in the TPR profile of each 

catalyst was due to the reduction of highly dispersed Mo6+ species into the Mo species 

of lower oxidation states. The reduction peak at higher temperature is attributed to the 

reduction of Mo species formed in the first reduction step such as Mo4+→Mo and Mo 

species strongly bonded to the support along with the partial reduction of the support 

species (Cuevas et al. 2003; Medema et al. 1978).

The TPR data shows that the reduction temperature peak maxima increases with 

increasing the CeO2 loading into the γ-Al2O3 support, indicating strong metal-support 

interaction as compared to the Mo/γ-Al2O3 catalyst. This suggests that the addition of 

CeO2 into the γ-Al2O3 enhances the metal-support interaction, thus decreases the 

reducibility depending on the CeO2 loading. The increase in the metal-support 

interaction could be attributed to the cerium ion electronegativity effect. The

electronegativity of the metal ions present in the γ-Al2O3 is higher as compared to γ-

Al2O3-CeO2 mixed oxides. This leads to weak Ce-O and Al-O bonds and therefore the 

coordination ability of the active metal (Mo) to oxygen is enhanced, resulting in 

strong metal-support interaction (Kumar et al. 2004b).

However, comparing with the γ-Al2O3-MgO mixed oxides supported catalysts the 

Mo reduction takes place at lower temperature, indicating weak coordination ability 

of Mo to γ-Al2O3-CeO2 supports. This shows that the metal-support interaction is 

stronger in the case of Mo/γ-Al2O3-MgO catalysts as compared with the Mo/γ-Al2O3-

CeO2 catalysts. This could be attributed to the fluorite type structure of the CeO2

having vacant spaces for oxygen which may cause stronger Ce-O bond, thereby weak 

metal-support interaction and enhance reducibility. Thus, the results suggest that the 

addition of ceria into γ-Al2O3 enhance the reduction of the active metal (Mo) as 

compared to the magnesia.
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4.4.1.5 Temperature Programmed Desorption of CO2 and NH3 Analysis

The acid-base properties of the γ-Al2O3-CeO2 supported monometallic Mo catalysts 

were evaluated by the temperature-programmed desorption (TPD) of ammonia and 

carbon dioxide. The CO2-TPD results of the γ-Al2O3-CeO2 supported monometallic 

Mo catalysts are depicted in Figure 4.67, and the results are summarized in Table 30.

The CO2-TPD results of the γ-Al2O3, CeO2 and Mo/γ-Al2O3 catalysts are also 

presented for comparison. It is observed that the γ-Al2O3, CeO2 and Mo/γ-Al2O3

catalysts possess only weak basic sites. On the other hand, the basic sites of medium 

strength also appear at about 334 oC along with the weak basic sites upon introduction

of the CeO2 into the γ-Al2O3. 

The results further demonstrate that the percentage of basic sites of medium 

strength increases with increasing the CeO2 loading into the monometallic Mo 

catalysts. Among different catalysts, the Mo/γ-Al2O3-20 wt% CeO2 shows high 

percentage of medium strength basic sites as clear from the peak intensity. Gutiérrez-

Ortiz et al. (2005) reported that the chemical addition of one metal oxide into another 

significantly changes the acid-base properties of the mixed oxides. The appearance of 

the basic sites of medium strength on the γ-Al2O3-CeO2 supported monometallic 

catalysts may be attributed to the redistribution of the charges upon introduction of 

the CeO2 into the monometallic Mo catalysts. 
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Figure 4.67. CO2-TPD patterns of (a) γ-Al2O3 (b) Mo/γ-Al2O3 (c) CeO2 (d) Mo/γ-

Al2O3-5 wt% CeO2 (e) Mo/γ-Al2O3-10 wt% CeO2 (f) Mo/γ-Al2O3-15 wt% CeO2 (g) 

Mo/γ-Al2O3-20 wt% CeO2 catalysts.

Table 4.30. Density of basic sites of prepared catalysts.

Catalyst Density of Basic Sites (mmol/g)
Weak Medium Strong

γ-Al2O3 0.56 n.d. n.d.
Mo/γ-Al2O3 0.64 n.d. n.d.
CeO2 0.59 n.d. n.d.
Mo/γ-Al2O3-5 wt% CeO2 0.42 0.04 n.d.
Mo/γ-Al2O3-10 wt% CeO2 0.27 0.08 n.d.
Mo/γ-Al2O3-15 wt% CeO2 0.098 0.14 n.d.
Mo/γ-Al2O3-20 wt% CeO2 0.053 0.46 n.d.
n.d = not detected

Similarly, the NH3-TPD patterns of different γ-Al2O3-CeO2 supported 

monometallic Mo catalysts are presented in Figure 4.68, and the results are 

summarized in Table 4.31. The NH3-TPD patterns of the γ-Al2O3, CeO2 and Mo/γ-

Strong

Medium

Weak
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Al2O3 catalysts are also shown for comparison. It is observed that the strong acid sites 

of γ-Al2O3 disappear when molybdenum and ceria are added into the γ-Al2O3, 

generating weak and medium acid sites on the surface of all monometallic catalysts. 

The results further demonstrate that the percentage of weak acid sites increases with 

increasing of CeO2 loading into the γ-Al2O3. On the other hand the percentage of acid 

sites of medium strength decreases with increasing of CeO2 loading into the catalyst 

composition. Among different catalysts analyzed, the Mo/γ-Al2O3-20 wt% CeO2

catalyst shows maximum NH3 uptake at lower temperature, showing greater number 

of weak acid sites on the surface of catalyst. Kumar et al. (2004b) reported that the 

acidity of a catalyst depends upon the average electronegativity of the ions present. 

Therefore, the change in the acid sites of different strength on the surface of 

monometallic Mo catalysts may be attributed to the redistribution of charges upon the 

addition of different CeO2 loadings which may cause change in the structure of 

catalyst.

Figure 4.68. NH3-TPD patterns of (a) CeO2 (b) γ-Al2O3 (c) Mo/γ-Al2O3 (d) Mo/γ-

Al2O3-5 wt% CeO2 (e) Mo/γ-Al2O3-10 wt% CeO2 (f) Mo/γ-Al2O3-15 wt% CeO2 (g) 

Mo/γ-Al2O3-20 wt% CeO2 catalysts.

Strong

Medium

Weak



182

Table 4.31. Density of acid sites of prepared catalysts.

Catalyst Density of Acid Sites (mmol/g)
Weak Medium Strong

CeO2 0.53 0.04 n.d.
γ-Al2O3 0.61 0.01 0.09
Mo/γ-Al2O3 0.73 0.07 n.d.
Mo/γ-Al2O3-5 wt% CeO2 0.82 0.05 n.d.
Mo/γ-Al2O3-10 wt% CeO2 0.69 0.09 n.d.
Mo/γ-Al2O3-15 wt% CeO2 0.71 0.08 n.d.
Mo/γ-Al2O3-20 wt% CeO2 0.81 0.03 n.d.
n.d = not detected

4.4.1.6 X-ray Fluorescence Analysis

The chemical elemental composition of the molybdenum catalysts supported on γ-

Al2O3 and γ-Al2O3-CeO2 mixed oxides with different CeO2 loading (5, 10, 15 and 20 

wt% with respect to γ-Al2O3) was analyzed by the XRF technique. The results of XRF 

analysis (expressed as weight percentage) of different molybdenum catalysts are listed 

in Table 4.32. The results show that the weight percentage value of each element 

present in the prepared catalysts is slightly lower than the actual value which may be

due to the fact that catalysts couldn’t be avoided from absorbing water in the air prior 

to the XRF analysis, thus effects the XRF intensities (Li et al. 2011). The weight 

percentage composition of different catalysts determined by XRF analysis (Table 15) 

shows good agreement with the actual values, indicating that each catalyst contains

the constituent elements (wt%) without any major loss during the catalyst preparation. 

Moreover, the XRF analysis also showed the presence of some other elements in the 

trace amounts which might be due to the impurities present in the chemicals in the 

trace amounts used for the catalyst preparation. 

Table 4.32. Elemental analysis of different monometallic catalysts measured by XRF.

Catalyst Mo % Al % Ce %
Mo/γ-Al2O3 4.77 50.81 n.d.
Mo/γ-Al2O3-5 wt% CeO2 4.83 50.25 4.92
Mo/γ-Al2O3-10 wt%  CeO2 4.88 47.77 10.07
Mo/γ-Al2O3-15 wt%  CeO2 4.90 45.42 14.95
Mo/γ-Al2O3-20 wt%  CeO2 4.91 42.11 19.91
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4.4.1.7 X-ray Photoelectron Spectroscopy Analysis

The X-ray photoelectron spectroscopy (XPS) analysis was performed to investigate 

the electronic state of the molybdenum and other elements present in the catalyst 

structure. The XPS profiles of the Mo 3d binding energies of the molybdenum 

catalysts supported on γ-Al2O3 and γ-Al2O3-CeO2 mixed oxides are presented in 

Figure 4.69. The corresponding binding energies of the elements analyzed for each 

catalyst are further summarized in Table 4.33. Similarly, the representative XPS 

survey spectrum of the Mo/Al2O3-20 wt% CeO2 is also presented in Figure 4.70. It is 

observed that the Mo 3d binding energy increases when CeO2 is incorporated into the 

γ-Al2O3. Louwers and Prins (1992) reported that the metals in a higher oxidation state 

experience higher binding energies. Different metal-support interactions affect the 

oxidation state of the metals present in the catalyst, hence the binding energies of the 

metals. 

The results further show that the Mo 3d binding energy increases gradually with 

increasing the CeO2 loading in the catalyst composition. The increasing trend of the 

Mo 3d binding energy is attributed to the change in the average valence state of the 

molybdenum species resulting from the strong Mo-support interaction and chemical 

environment as supported by the TPR results (Pophal et al. 1997). The results suggest

that the co-ordination ability of the oxygen present in the support to metal (Mo) 

increases with increasing the CeO2 loading into the γ-Al2O3, therefore result in a 

strong metal (Mo)-support interaction. The co-ordination ability of the support to 

metal depends on the electronegativity of the metal ions present in the support 

structure. It is known that a support experiences weak co-ordination ability to metal 

(Mo) when the electronegativity of the metal ions present in the support is greater, 

thus showing weak metal-support interaction and vice versa (Kumar et al. 2004b).

On the other hand, the binding energies of the Al 2p and Ce 3d decreased

gradually when the active metal (Mo) and CeO2 were incorporated into the γ-Al2O3

(Table 4.33). The XPS spectra of the Ce 3d for different catalysts are depicted in 

Figure 4.71. The peaks corresponding to Ce3+ (903.8 and 885.6 eV) are absent, 

suggesting that the Ce3+ species are absent in all catalyst samples. On the other hand, 

six characteristic peaks of Ce4+ species were observed in the Ce 3d spectra of all 
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catalysts which are represented as U, UI, UII and V, VI, and VII. The symbols U and V 

referred to the Ce 3d3/2 and Ce 3d5/2 core levels respectively (Damyanova and Bueno 

2003; Damyanova et al. 2002; Li et al. 2010). However, some partial reduction of the 

Ce4+ may take place as a result of pretreatment of the samples under vacuum that 

cause progressive elimination of the surface hydroxyl groups and oxygen on the 

surface of the catalyst (Fierro et al. 1987).

The catalyst samples with lower CeO2 loading exhibit higher binding energies 

corresponding to Al 2p and Ce 3d. At lower CeO2 loading, monolayer or sub-

monolayer formation take place on the surface of the γ-Al2O3 where cerium ions 

occupy the vacant sites of the γ-Al2O3, resulting in a strong interaction and higher 

binding energies. However, at higher loading, polycrystalline particles of CeO2 are 

formed on the surface of the γ-Al2O3, causing a weak interaction and lower binding 

energies (Gomez et al. 1997; Wang et al. 2006a).

Figure 4.69. Mo 3d XPS profiles of (a) Mo/γ-Al2O3 (b) Mo/γ-Al2O3-5 wt% CeO2 (c) 

Mo/γ-Al2O3-10 wt% CeO2 (d) Mo/γ-Al2O3-15 wt% CeO2 (e) Mo/γ-Al2O3-20 wt% 

CeO2 catalysts.
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Figure 4.70. Representative XPS survey spectrum of Mo/γ-Al2O3-20 wt% CeO2

catalyst.

Figure 4.71. XPS profiles of Ce 3d for (a) Mo/γ-Al2O3-5 wt% CeO2 (b) Mo/γ-Al2O3-

10 wt% CeO2 (c) Mo/γ-Al2O3-15 wt% CeO2 (d) Mo/γ-Al2O3-20 wt% CeO2 catalysts.
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Table 4.33. Binding energies of different monometallic Mo catalysts.

Catalyst Binding Energy (eV)
Al 2p Ce 3d Mo 3d

γ-Al2O3 74.87 n.d. n.d.
Mo/γ-Al2O3 74.58 n.d. 232.41
Mo/γ-Al2O3-5 wt% CeO2 74.39 883.41 232.46
Mo/γ-Al2O3-10 wt% CeO2 74.33 883.37 232.49
Mo/γ-Al2O3-15 wt% CeO2 74.27 883.18 232.52
Mo/γ-Al2O3-20 wt% CeO2 74.19 882.89 232.59

4.4.1.8 Electron Microscopy Analysis

The morphology and dispersion of a active metal on the surface of a catalyst play a 

key role to optimize the chemical and physical properties of the catalyst.

Transmission electron microscopy (TEM) and field emission scanning electron 

microscopy-energy dispersive X-ray (FESEM-EDX) were used to characterize the 

morphology and dispersion of the active metal on the surface of the prepared 

catalysts. The representative TEM micrographs of Mo/γ-Al2O3-15 wt% CeO2 and 

Mo/γ-Al2O3-20 wt% CeO2 catalysts are presented in Figure 4.72 and 4.73

respectively. Each TEM micrograph of catalyst shows special stick like structures

(fringes) corresponding to active metal crystallite particles distributed on the surface 

of the catalyst. It is observed that the fringes corresponding to the metal crystallites 

are uniformly distributed over the surface of the support, showing good consistency 

with the XRD and other characterization results.  The average particle size for the 

selected catalysts was found to be in the range of 10-15nm.

FESEM mapping and EDX analysis of the represented Mo/γ-Al2O3-15 wt% CeO2

and Mo/γ-Al2O3-20 wt% CeO2 catalysts are shown in Figure 4.74 and 4.75

respectively. Each element present in the catalyst structure is represented by bright 

dots in their respective micrograph. The photographs reveal that the metal particles 

are well distributed on the surface of the support without any aggregation. The EDX 

spectra further confirm the presence of active metals in the monometallic catalysts 

supported on the γ-Al2O3-wt% CeO2 mixed oxides which are not detected by the 

XRD due to their uniform distribution in the catalyst structure.
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Figure 4.72. Representative TEM micrograph of Mo/γ-Al2O3-15 wt% CeO2 catalyst.

Figure 4.73. Representative TEM micrograph of Mo/γ-Al2O3-20 wt% CeO2 catalyst.
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Figure 4.74. Representative elemental mapping of Mo/γ-Al2O3-15 wt% CeO2 catalyst.

Figure 4.75. Representative elemental mapping of Mo/γ-Al2O3-20 wt% CeO2 catalyst.
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4.4.2 Catalytic Activity Evaluation

4.4.2.1 Catalytic Performance and Screening Process

The catalytic performance of the γ-Al2O3-CeO2 supported catalysts was investigated 

in the simultaneous esterification-transesterification reactions of WCO for biodiesel 

production. The experiments were conducted at different reaction conditions such as 

reaction time, catalyst concentration, alcohol to oil molar ratio and temperature to 

optimize the reaction conditions and choose a suitable catalyst for maximum biodiesel 

production from WCO via simultaneous esterification-transesterification reactions. 

The biodiesel yield (%) was calculated using Eq. 4.4.

The catalytic performance of the synthesized catalysts in the biodiesel reaction

using WCO and identified reaction conditions is presented in Figure 4.76. The results 

show that the catalyst loaded with 20 wt% CeO2 is the most active catalyst for the 

simultaneous esterification-transesterification reactions and give the best yield of 

biodiesel within the reaction time of 270 min. Kannan (2009) reported that a strong 

basic solid is not necessarily to be the best catalyst for the transesterification reaction 

of oil. A catalyst with strong basic sites can hold the product molecules so strongly 

that can not be desorbed after the reaction. Similarly, a catalyst with weak basic sites 

may not absorb the reactant molecules properly to initiate the transesterification 

reaction. Therefore, an optimal number of active sites are required to transesterify the

given oil feedstock. As shown in the TPD results (Figure 4.67 and 4.68), that both 

acidic and basic sites of weak and medium strengths are existed on the surface of the 

Mo/γ-Al2O3-20 wt% CeO2 catalyst. The co-existence of the acidic and basic sites of 

weak and medium strengths on the surface of the catalyst with 20 wt% CeO2 may

provide sufficient active sites to carry simultaneous esterification-transesterification

reactions in the selected WCO at the given reaction conditions, therefore provides the 

best biodiesel yield of 69.5%.
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Figure 4.76. Effect of reaction time on the biodiesel yield (%) from the WCO using

different catalysts (a) Mo/γ-Al2O3 (b) Mo/γ-Al2O3-5 wt% CeO2 (c) Mo/γ-Al2O3-10 

wt% CeO2 (d) Mo/γ-Al2O3-15 wt% CeO2 (e) Mo/γ-Al2O3-20 wt% CeO2 (f) Mo/γ-

Al2O3-25 wt% CeO2 at methanol/oil molar ratio of 15:1, reaction temperature  of 95 
oC, catalyst loading of 5 wt% and the agitation speed of 500 rpm

Moreover, the selected reaction conditions for the simultaneous esterification-

transesterification reactions in the selected WCO for biodiesel production do not 

represent the best reaction conditions combination necessary to obtain the highest 

biodiesel yield, however they provide a way to compare the catalytic activities among 

the catalysts to choose a suitable catalyst for further investigation. Based on the 

catalytic performance in the simultaneous esterification-transesterification reactions

of the WCO, the Mo/γ-Al2O3-20 wt% CeO2 catalyst is selected for further studies in 

order to optimize the process variables for maximum biodiesel yield. 
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4.4.2.2 Optimization of Transesterification Reaction Parameters

In the transesterification reaction, several process variables such as alcohol to oil 

molar ratio, catalyst loading, reaction temperature, reaction time and agitation speed 

influence the biodiesel yield significantly (Leung and Guo 2006). Therefore, the best 

combination of the process variables not only optimize the biodiesel production but 

also save the production cost in an effective way.

1. Optimization of Catalyst Amount 

Catalyst loading is an important parameter which significantly affects the biodiesel 

yield during the transesterification reaction of the triglyceride molecules. Therefore, it 

is essential to investigate the effect of catalyst loading on the biodiesel yield during 

the transesterification reaction of WCO to get the optimum catalyst loading for the 

maximum biodiesel production. The biodiesel yield obtained over varying loading of 

Mo/γ-Al2O3-20 wt% CeO2 catalyst at the identified reaction conditions is depicted in 

Figure 4.77. The results show that the biodiesel yield increases with increasing the 

catalyst loading upto 7 wt%. Maximum biodiesel yield of 73.2% was obtained at 7 

wt% catalyst loading.  This suggests that at 7 wt% catalyst loading contact between 

the reactants and solid catalyst is maximum which directly influences the forward 

esterification-transesterification reactions speed, providing the best biodiesel yield. 

However, the biodiesel yield starts to decrease when the catalyst loading was 

increased more than 7 wt% at the similar reaction conditions. This is probably due to 

the mixing problems of the reaction mixture involving reactants, products and solid 

catalyst at the higher catalyst loading more than 7 wt%.

It has been reported that at higher catalyst loading the mixture involving reactants, 

products and solid catalyst becomes too thick which minimizes the contact between 

the reactants and solid catalyst, thus  giving rise to the dispersion problems (Ilgen and 

Akin 2008; Kim et al. 2004; Yu et al. 2011b). This result in the poor diffusion 

between the methanol-oil-catalyst system; therefore, decrease the transesterification 

reaction efficiency to produce maximum biodiesel yield. In addition, the increasing 

catalyst amount above the optimum value (7 wt%) could favour the reverse reaction 

between the glycerol and methyl esters at the given reaction conditions, hence 

decrease the biodiesel yield (Lee et al. 2010). Therefore, the optimum catalyst amount 
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is chosen to be the 7 wt% for the simultaneous esterification-transesterification

reactions in the selected WCO to get the best biodiesel yield.

Figure 4.77. Effect of catalyst loading on the biodiesel yield (%) from the WCO using

the Mo/γ-Al2O3-20 wt% CeO2 catalyst at the reaction time of 270 min, methanol/oil 

molar ratio of 15:1, reaction temperature of 95 oC and the agitation speed of 500 rpm.

2. Optimization of Methanol/Oil Molar Ratio

The methanol to oil molar ratio is considered one of the most important factors 

affecting the biodiesel yield during the transesterification reaction.  Therefore, the 

effect of methanol to oil molar ratio on the biodiesel yield was investigated to obtain 

the optimum methanol amount for the simultaneous esterification-transesterification

reactions to get the maximum biodiesel yield from the selected WCO. 

According to the transesterification reaction of oil, the stoichiometric molar ratio 

of methanol to oil is 3:1. Since transesterification reaction is reversible, an excess 

amount of methanol is required for the oil conversion by shifting the equilibrium to 

the right hand side to produce more biodiesel (Gao et al. 2010; Wan Omar and Amin 

2011). Figure 4.78 illustrates the effect of methanol to oil molar ratio on the biodiesel 

yield from the WCO through the simultaneous esterification-transesterification

reactions in the presence of the Mo/γ-Al2O3-20 wt% CeO2 catalyst. The experimental 

results show that the biodiesel yield increases with increasing the amount of 
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methanol, and reaches a maximum (79.7 wt%) when the ratio is 30:1.

However, it is observed that further increases in the methanol/oil molar ratio

(beyond the 30:1 molar ratio) do not promote the biodiesel reaction and the yield 

remains almost constant. The maximum biodiesel yield at the optimum methanol to 

oil molar ratio (30:1) is due to the formation of methoxy species in a suitable number

on the active sites present on the surface of the solid catalyst, pushing the 

transesterification reaction in the forward direction to produce more biodiesel (Boro et 

al. 2011; Shu et al. 2009). In the present work, the optimum methanol to oil molar 

ratio is found to be 30:1 for the simultaneous esterification-transesterification

reactions of WCO for biodiesel production. This optimum amount of methanol is 

further used for the optimization of the other reaction parameters.

Figure 4.78. Effect of methanol/oil molar ratio on the biodiesel yield (%) from the 

WCO using the Mo/γ-Al2O3-20 wt% CeO2 catalyst at the reaction time of 270 min, 

reaction temperature of 95 oC, catalyst loading of 7 wt% and the agitation speed of 

500 rpm.

3. Optimization of Reaction Temperature

The rate of transesterification reaction is strongly influenced by the reaction 

temperature because of its endothermic nature (Sivakumar et al. 2011; Wen et al. 
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2010). In the case of heterogeneous catalyst, the reaction mixture consists of three 

phases i.e. oil-methanol-catalyst, resulting in the poor diffusion and slow reaction 

rate. The transesterification reaction rate can be accelerated by increasing the reaction 

temperature. As the reaction temperature increases collisions among the reactant 

molecules also increase by gaining the kinetic energy thereby, increases the 

miscibility and mass transfer between the phases (Helwani et al. 2009; Hoque et al. 

2011). 

The effect of reaction temperature on the biodiesel yield from the selected WCO 

was studied at the reaction time of 270 min, catalyst amount of 7 wt%, methanol to oil 

ratio of 30:1, and the results are presented in Figure 4.79. The results show that the 

biodiesel yield increases with increasing the reaction temperature and maximum 

biodiesel yield of 80.2% was obtained at 110 oC. This is attributed to the fact that at 

high temperature the carbonyl group of triglyceride molecules become more 

activated, thus favors the methanol nucleophillic attack on the triglyceride and push

the transesterification reaction in the forward direction to produce more biodiesel

(Ramachandran et al. 2011).

However, the biodiesel yield decreases when the reaction temperature goes up 

above the optimum temperature (110 oC). The decrease in the yield at high 

temperature may be attributed to the fact that at high temperature the polarity of the 

methanol molecules decreases thereby, decrease the number of methoxide ions in the 

reaction mixture, which in turn lowers the biodiesel yield. Moreover, at high 

temperature the rate of vaporization of the methanol becomes very high therefore,

decrease the amount of methanol available for the methanolysis reaction. Since he 

transesterification reaction is reversible, the high temperature could favour the 

backward reaction between the glycerol and methyl esters on the surface of the 

catalyst (Jain et al. 2011). Therefore, the optimum reaction temperature for the 

simultaneous esterification-transesterification reactions in the WCO is found to be 

110 oC, providing the best biodiesel yield.
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Figure 4.79. Effect of reaction temperature on the biodiesel yield (%) from the WCO 

using Mo/γ-Al2O3-20 wt% CeO2 catalyst at the reaction time of 270 min, methanol/oil 

molar ratio of 30:1, catalyst loading of 7 wt% and the agitation speed of 500 rpm.

4. Optimization of Agitation Speed

The agitation speed is one of the important reaction variables which affect the 

biodiesel yield during the transesterification reaction for biodiesel production. The 

mass transfer of triglycerides from the oil phase towards the methanol–oil interface is 

an important step that influences the rate of methanolysis reaction because methanol 

and oil are immiscible (Boocock et al. 1996; Helwani et al. 2009; Noureddini and Zhu 

1997). When a solid catalyst is used for the transesterification reaction of oil, the 

reaction mixture exhibits a three-phase system i.e. oil-methanol-catalyst. The 

existence of three-phase system in the reaction mixture will retard the reaction rate 

due to the strong mass transfer limitations (Ramachandran et al. 2011). 

Stamenković et al. (2007) and Xie et al. (2006a) reported that the methanolysis 

reaction is mass transfer-controlled system and poor diffusion among the phases 

(methanol, oil, catalyst) would result in a slow  transesterification reaction rate. 

Therefore, it is essential to investigate the influence of agitation speed on the biodiesel 

yield from the WCO to get the optimum agitation speed. The effect of stirring speed 

on the biodiesel yield, while other parameters were kept at their optimal values, is 
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depicted in Figure 4.80. The results demonstrate that the biodiesel yield increases with 

increasing the agitation speed and the maximum biodiesel yield of 81.1% is achieved

at the agitation speed of 600 rpm. However, the increase in the biodiesel yield was not 

significant when the agitation speed was increased more than 600rpm. This suggests

that mass transfer limitations play a vital role in the solid heterogeneous catalyzed 

transesterification reaction.  In the present study, the optimum agitation speed is found 

to be 600 rpm to overcome the mass transfer limitations and get the best biodiesel 

yield from the WCO.

Figure 4.80. Effect of Agitation speed on the biodiesel yield (%) from the WCO using  

the Mo/γ-Al2O3-20 wt% CeO2 catalyst at the reaction time of 270 min methanol/oil 

molar ratio of 30:1, reaction temperature of 110 oC and catalyst loading of 7 wt%.

Thus, the effects of afore-mentioned reaction variables on the biodiesel yield from 

the simultaneous esterification-transesterification reactions of WCO were studied 

successfully to optimize the biodiesel production process. The optimized reaction 

conditions for the biodiesel production from the WCO in the presence of Mo/γ-Al2O3-

20 wt% CeO2 as a bifunctional heterogeneous catalyst are presented in Table 4.34.
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Table 4.34. Optimum reaction conditions for the biodiesel production from the WCO 

in the presence of Mo/γ-Al2O3 -20 wt% CeO2 heterogeneous catalyst.

Parameters Optimum Value
Reaction time (min) 270
Methanol to oil ratio 30:1
Catalyst concentration 7 wt%
Reaction temperature (oC) 110
Mixing intensity (rpm) 600

4.5 γ-Al2O3-20 wt% CeO2 Supported Bimetallic Bifunctional Catalysts

4.5.1 Characterization Methods

From the experimental results, it is observed that the Mo/γ-Al2O3-20 wt% CeO2 is the 

most active catalyst in the biodiesel production from the WCO, providing the best

biodiesel yield at the optimized reaction conditions. The Mo/γ-Al2O3-20 wt% CeO2

catalyst is further modified with different metal oxides such as Sn, Zn or Mn to 

improve its efficiency in the simultaneous esterification-transesterification reactions

for biodiesel production from the WCO. Prior to the catalytic activity tests, various 

physiochemical properties of the prepared bifunctional catalysts are investigated using 

different analytical techniques.

4.5.1.1 N2 Adsorption-Desorption Analysis

The surface area, pore volume and average pore diameter of different bimetallic

catalysts are presented in Table 4.35. The results show that the surface area, pore 

volume and average pore diameter decrease slightly when monometallic Mo/γ-Al2O3-

20 wt% CeO2 catalyst was modified with different metal oxides of Sn, Zn or Mn. The

decrease in the surface area, pore volume and average pore diameter is attributed to 

the fact that the addition of the second metal oxide species occupies some of the area 

in the pores of the support during the catalyst preparation. However, the decrease in 

the surface area is very small, suggesting that the active metal species are highly 
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dispersed on the surface of all supports. Moreover, all bimetallic catalysts exhibit type 

IV isotherms and a well developed type H2 hysteresis loops according to the IUPAC 

classification (Figure 4.81), which are typically associated with the mesoporous 

materials resulting from the N2 gas condensation within the mesopores (Duarte et al. 

2011; Yu et al. 2011).

Figure 4.81. Representative N2 adsorption-desorption isotherms of Mo-Mn/γ-Al2O3-

20 wt%  CeO2 catalyst.

Table 4.35. Textural properties; specific surface area (SA), pore volume (VP) and 

mean pore diameter (DP) of γ-Al2O3-20 wt% CeO2 supported bimetallic catalysts.

Catalyst Textural Properties
SA (m2/g) VP (cm3/g) DP (Å)

Mo-Zn/γ-Al2O3-20 wt% CeO2 137 0.142 49.71
Mo-Sn/γ-Al2O3-20 wt% CeO2 136 0.140 48.92
Mo-Mn/γ-Al2O3-20 wt% CeO2 138 0.144 50.52

4.5.1.2 X-ray Diffraction Analysis

The XRD diffractograms of different bimetallic catalysts are presented in Figure 4.82.

The characteristic diffraction peaks appeared at 2θ = 37.54o, 45.60o and 66.89o are 
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assigned to the γ-Al2O3 phase (Priecel et al. 2011), and the diffraction peaks at 2θ = 

28.76o, 33.22o, 47.67o, 56.46o, 59.29o, 69.56o, 76.86o and 79.25o are attributed to the 

crystalline CeO2 with fluorite type structure (Chen and Gao 2008; Iriondo et al. 2010; 

Yu et al. 2006). The XRD patterns do not show any clear diffraction peaks 

corresponding to the MoO3 or promoter metal oxides (Sn, Zn or Mn) species for all 

bimetallic catalysts except the corresponding diffraction peaks of the γ-Al2O3 and 

CeO2, which are slightly less intense than those observed for the bare support. The 

results suggest that the active metal oxides species are highly dispersed, forming very 

small crystallites on the surface of all prepared catalysts (Cuevas et al. 2003; Li et al. 

2007). However, the loss in the crystalinity of the γ-Al2O3 and CeO2 peaks shows a 

form of interaction between the metals and support.

Batista et al. (2001) reported that lower metal loading on the surface of γ-Al2O3

support gives highly dispersed small crystallites of the active metal species. In 

addition, the total metal loading affects the position and intensity of the diffraction 

peaks attributed to the support due to the diffusion of the active metal atoms into the 

γ-Al2O3 (Kumar et al. 2004a; Pintar et al. 1998). Since the active metal oxide species 

are highly dispersed and form very small crystallites on the surface of the support, the 

diffraction peaks of the corresponding active metal oxides species present in the 

structure of each bimetallic catalyst can not be detected clearly, showing good 

agreement with the results reported by the El-Kady et al. (2010). The average particle 

sizes of different bimetallic catalysts, calculated from the Debye-Scherrer equation, 

are presented in Table 4.36.
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Figure 4.82. XRD patterns of (a) Mo/γ-Al2O3 (b) Mo-Sn/γ-Al2O3-20 wt% CeO2 (c) 

Mo-Zn/γ-Al2O3-20 wt% CeO2 (d) Mo-Mn/γ-Al2O3-20 wt% CeO2 catalysts.

Table 4.36. Crystal size of different synthesized catalysts.

Catalyst Crystallite Size (nm)
Mo/γ-Al2O3 22.5
Mo-Sn/γ-Al2O3-20 wt% CeO2 31.9
Mo-Zn/γ-Al2O3-20 wt% CeO2 32.7
Mo-Mn/γ-Al2O3-20 wt% CeO2 32.5

4.5.1.3 Temperature-Programmed Reduction Analysis

The temperature programmed reduction (TPR) analysis of different synthesized 

bimetallic catalysts was performed to investigate the state of different metal oxide 

species, their interaction with the support and among themselves. The TPR profiles of 

different bimetallic catalysts are shown in Figure 4.83. The TPR profile of Mo/γ-

Al2O3-20 wt% CeO2 catalyst is also presented for comparison. The corresponding 

reduction peak temperatures of different bimetallic catalysts are listed in Table 4.37.
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Figure 4.83. TPR profiles of (a) Mo/γ-Al2O3-20 wt% CeO2 (b) Mo-Sn/γ-Al2O3-20 

wt% CeO2 (c) Mo-Zn/γ-Al2O3-20 wt% CeO2 (d) Mo-Mn/γ-Al2O3-20 wt% CeO2

catalysts.

Table 4.37. H2-TPR data of different bimetallic catalysts.

Catalyst Reduction Temperature (oC)
Peak 1 Peak 2 Peak 3 Peak 4

Mo/γ-Al2O3-20 wt% CeO2 582 915 n.d. n.d.
Mo-Sn/γ-Al2O3-20 wt% CeO2 453 618      668 (S) 920
Mo-Zn/γ-Al2O3-20 wt% CeO2 528 589 947 n.d.
Mo-Mn/γ-Al2O3-20 wt% CeO2      497 (S) 616      695 (S) 927
S = Shoulder peak

The TPR profile of Mo-Sn/γ-Al2O3-20 wt% CeO2 catalyst exhibits three main 

reduction temperature peaks at 453 oC, 618 oC and 920 oC with a small shoulder peak 

appeared at 668 oC. The reduction temperature peak at 453 oC is attributed to the 

reduction of Sn4+ species to Sn2+ and/or Sn0, and other less stable metal species on the 

surface of the catalyst (He et al. 2009; Hoang et al. 2007). The peak appeared at 618
oC is corresponding to the reduction of well dispersed polymolybdates species i.e. 

Mo6+ → Mo4+. The higher reduction temperature peak at 920 oC is assigned to the 

complete reduction of strongly bonded polymolybdates species plus reduction of the 

tetrahedrally coordinated molybdate species i.e. Mo6+→Mo4+ or Mo4+→Mo0 (Ferdous 
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et al. 2007; Park et al. 1997). The shoulder peak could be attributed to the reduction of 

the intermediate metal species formed during the reduction process. 

The TPR profile of Mo-Sn/γ-Al2O3-20 wt% CeO2 catalyst further demonstrates 

that the catalytic reducibility decreases when Sn is incorporated into the Mo/γ-Al2O3-

20 wt% CeO2 catalyst, indicating the existence of strong metal-support interaction. On 

the other hand, the Mo-Zn/γ-Al2O3-20 wt% CeO2 catalyst exhibits two reduction 

temperature peaks at 528 oC and 947 oC with a small shoulder peak at 589 oC. The 

lower temperature peak of 528 oC may be assigned to the reduction of highly 

dispersed monocrystalline polymeric species of Mo in the octahedral sites i.e. Mo6+

→ Mo4+. The higher reduction temperature peak of 947 oC is attributed to the 

reduction of strongly bonded Mo species, which are hard to reduce at lower 

temperature such as Mo species in the tetrahedral sites i.e. Mo4+ → Mo0 (Hurst et al. 

1982; Linares et al. 2005). The shoulder peak appeared at 589 oC could be due to the 

reduction of the intermediate species formed during the reduction process.

In addition, the TPR results further show that the reduction of Zn species takes

place simultaneously, overlapping with the Mo signals. However, the intensity of the 

reduction temperature peak is high when compared with the Mo/γ-Al2O3-20 wt% 

CeO2 catalyst. The increase in the peak intensity is attributed to the overlapping of Zn 

signals with the Mo signals (Linares et al. 2005). It is observed from the TPR results

that the incorporation of Zn promoter enhances the catalytic reducibility, which 

indicates comparatively weak metal-support interaction.

The Mo-Mn/γ-Al2O3-20 wt% CeO2 catalyst possesses two main reduction 

temperature peaks at 616 oC and 927 oC with two small shoulder peaks at 497 oC and 

695 oC. The reduction peak at 616 oC is assigned to the reduction of dispersed 

polymeric Mo structures (octahedral Mo species) i.e. Mo6+ → Mo4+, and the high 

temperature peak is attributed to the further reduction of Mo species strongly 

interacting with the support (El Kady et al. 2010). The shoulder peak appeared at 497 
oC is assigned to the reduction of Mn (Mn2+ to Mn0) species and the second shoulder 

peak at 695 oC may be attributed to the reduction of the intermediate species formed 

on the surface of the catalyst during the reduction process (Álvarez-Galván et al. 

2003; Kapteijn et al. 1994).
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The TPR results further clarify that the addition of Mn promoter increases the 

peak intensity as well as change the peak position. The increase in the peak intensity 

may be attributed to the overlapping of the Mo signals with that of the Mn signals, 

making difficult to assign a specific reduction temperature peak to the Mn in the TPR 

profile. The TPR results suggest that the addition of Mn promoter decreases the 

catalyst reducibility, thus enhances the metal (Mo)-support interaction.

4.5.1.4 X-ray Fluorescence Analysis

X-ray fluorescence (XRF) analysis was performed to determine the percentage 

composition of each element present in the modified heterogeneous catalysts. The 

XRF analysis results are presented in Table 4.38. The XRF analysis results show that 

the weight percentage amounts of constituent elements present in each modified 

catalyst are slightly less than the actual values. This is due to the fact that the catalysts 

can’t be avoided from absorbing water in the air prior to the XRF analysis, thus 

interrupting with the XRF spectrum. The elemental weight percentage values 

determined by the XRF analysis show good agreement with the actual values, 

showing the successful preparation of the bifunctional catalysts via the modified 

impregnation method. Moreover, the XRF analysis also detected some other elements 

in the trace amounts which could be due to the impurities present in the chemicals in 

trace amounts.

Table 4.38. Elemental analysis of the preapared bimetallic catalysts determined by the

XRF.

Catalyst Mo % Sn % Zn % Mn % Ce % Al %
Mo-Sn/γ-Al2O3-20 wt% CeO2 4.70 4.90 n.d. n.d. 19.94 42.01
Mo-Zn/γ-Al2O3-20 wt% CeO2 4.89 n.d. 4.95 n.d. 20.01 41.96
Mo-Mn/γ-Al2O3-20 wt% CeO2 4.75 n.d. n.d. 4.88 19.90 41.89

4.5.1.5 X-ray Photoelectron Spectroscopy Analysis

The XPS analysis was performed to investigate the chemical state of different 

elements present in the prepared bimetallic catalysts. The XPS profiles of Mo 3d 

levels of different bimetallic catalysts are present in Figure 4.84. The Mo 3d spectrum 
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of the Mo/γ-Al2O3-20 wt% CeO2 catalyst is also presented in Figure 4.84 for 

comparison. The binding energies of the Mo 3d levels of different bimetallic catalysts 

are listed in Table 4.39. Similarly, the representative XPS survey spectrum of the Mo-

Mn/γ-Al2O3-20 wt% CeO2 catalyst is also presented in Figure 4.85. It is observed that 

the binding energy of the Mo 3d level of the Mo/γ-Al2O3-20 wt% CeO2 catalyst 

changes when different promoters (Sn, Zn or Mn) are incorporated. These promoters 

affect the Mo-support interaction due to their different electron transfer ability, thus 

changes the binding energies of the Mo 3d levels of the bimetallic catalysts. Among 

different bimetallic catalysts, the Mo-Sn/γ-Al2O3-20 wt% CeO2 catalyst exhibits high 

Mo 3d binding energy, which is indicative of the presence of strong Mo-support 

interaction as observed from the TPR results. Thus, the addition of Sn promoter 

enhances the Mo-support interaction, thereby decreases the catalytic reducibility.

On the other hand, the Mo-Zn/γ-Al2O3-20 wt% CeO2 bimetallic catalyst shows

comparatively lower binding energy of the Mo 3d level, indicating weak Mo-support 

interaction. This suggests that the reducibility of the Mo/γ-Al2O3-20 wt% CeO2

catalyst increases when Zn is incorporated. Similarly, the binding energy of the Mo 

3d level of Mo/γ-Al2O3-20 wt% CeO2 catalyst increases when modified with Mn 

promoter. This shows that addition of Mn promoter enhance the Mo-support 

interaction in the Mo-Mn/γ-Al2O3-20 wt% CeO2 catalyst, which in turn decrease the 

reducibility.

The Al 2p and Ce 3d binding energies of different bimetallic catalysts also slightly 

decrease as shown in Table 4.39. The XPS spectra of Ce 3d of different bimetallic 

catalysts are shown in Figure 4.86. The decrease in the binding energies of both Al 2p 

and Ce 3d is attributed to the change in the chemical environment of these elements 

upon addition of the promoters into the Mo/γ-Al2O3-20 wt% CeO2 catalyst.

Table 4.39. Binding energies of different bimetallic catalysts.

Catalyst Binding Energy (eV)
Al 2p Ce 3d Mo 3d

Mo/γ-Al2O3-20 wt% CeO2 74.19 882.89 232.59
Mo-Sn/γ-Al2O3-20 wt% CeO2 74.21 883.11 232.65
Mo-Zn/γ-Al2O3-20 wt% CeO2 74.28 883.28 232.42
Mo-Mn/γ-Al2O3-20 wt% CeO2 74.25 882.88 232.60
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Figure 4.84. XPS spectra of Mo 3d (a) Mo/γ-Al2O3-20 wt% CeO2 (b) Mo-Sn/γ-Al2O3-

20 wt% CeO2 (c) Mo-Zn/γ-Al2O3-20 wt% CeO2 (d) Mo-Mn/γ-Al2O3-20 wt% CeO2

catalysts.

Figure 4.85. Representative XPS survey spectrum of Mo-Mn/γ-Al2O3-20 wt% CeO2

catalyst.
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Figure 4.86. XPS spectra of Ce 3d (a) Mo/γ-Al2O3-20 wt% CeO2 (b) Mo-Sn/γ-Al2O3-

20 wt% CeO2 (c) Mo-Zn/γ-Al2O3-20 wt% CeO2 (d) Mo-Mn/γ-Al2O3-20 wt% CeO2

catalysts.

4.5.1.6 Temperature Programmed Desorption of CO2 and NH3 Analysis

The CO2 temperature programmed desorption (TPD) measurements were carried out 

to study the basic properties of the γ-Al2O3-CeO2 supported bimetallic catalysts. The 

CO2-TPD patterns of the bimetallic catalysts are presented in Figure 4.87. The CO2-

TPD patterns of the γ-Al2O3, Mo/γ-Al2O3, CeO2 and Mo/γ-Al2O3-20 wt% CeO2

catalysts are also shown for comparison. The CO2-TPD results are further 

summarized in the Table 4.40. The CO2-TPD patterns of the γ-Al2O3 and Mo/γ-Al2O3

show the presence of weak basic sites in the temperature range of 50 oC-265 oC,

whereas CeO2 shows weak basic sites in the temperature range of 47 oC-232 oC. The 

CO2-TPD pattern of CeO2 possesses an additional peak at about 262 oC which may be 

ascribed to the presence of weak basic sites. On the other hand, the CO2-TPD pattern 

of Mo/γ-Al2O3-20 wt% CeO2 catalyst consists of: (i) a low temperature desorption 

peaks at 100 °C and 270 oC which are attributed to the interaction of CO2 with sites of 

weak basic strength, (ii) a desorption peak at 327 °C, which is related to the 
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desorption of CO2 from the sites of medium basic strength. Similarly, all bimetallic 

catalysts show weak basic sites in the temperature range of 68 oC-137 oC and medium 

basic sites in the temperature range of 220 oC-400 oC. However, Mo-Mn/γ-Al2O3-20 

wt% CeO2 catalyst exhibits two additional desorption peaks at 147 oC and 421 °C. 

The peak observed at lower temperature is related to the weak basic sites and the 

higher temperature peak observed at 421 oC is related to the desorption of CO2 from 

the sites of strong basic strength. The TPD results further show that the addition of 

second metal increases the uptake of CO2, thereby influences the distribution of basic 

sites on the surface of the catalysts. The co-existence of the basic sites of different 

strengths on the surface of the bimetallic catalysts plays a vital role to provide 

optimum number of active sites for the simultaneous esterification-transesterification

reactions for the biodiesel production from the WCO.

Figure 4.87. CO2-TPD patterns of (a) γ-Al2O3 (b) Mo/γ-Al2O3 (c) CeO2 (d) Mo/γ-

Al2O3-20 wt% CeO2 (e) Mo-Sn/γ-Al2O3-20 wt% CeO2 (f) Mo-Zn/γ-Al2O3-20 wt% 

CeO2 (g) Mo-Mn/γ-Al2O3-20 wt% CeO2 catalysts.
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Table 4.40. Density of basic sites of prepared catalysts.

Catalyst Density of Basic Sites (mmol/g)
Weak Medium Strong

γ-Al2O3 0.56 n.d. n.d.
Mo/γ-Al2O3 0.64 n.d. n.d.
CeO2 0.59 n.d. n.d.
Mo/γ-Al2O3-20 wt% CeO2 0.053 0.46 n.d.
Mo-Sn/γ-Al2O3-20 wt% CeO2 0.06 0.48 n.d.
Mo-Zn/γ-Al2O3-20 wt% CeO2 0.08 0.49 n.d.
Mo-Mn/γ-Al2O3-20 wt% CeO2 0.05 0.55 0.02
n.d = not detected

The acidic properties of a catalyst play an important role in the adsorption of 

reactants and in the determination of the reaction feasibility. The NH3-TPD was used 

to evaluate the acidic properties of the prepared catalysts and the results are depicted 

in Figure 4.88, and the results are tabulated in Table 4.41. The NH3-TPD patterns of 

the γ-Al2O3, CeO2, Mo/γ-Al2O3 and Mo/γ-Al2O3-20 wt% CeO2 catalysts are also 

shown for comparison. It is observed that the strong acid sites of the γ-Al2O3 are 

eliminated when Mo and CeO2 are introduced into the catalyst, producing weak and 

moderate acid sites on the surface. It is reported that the chemical addition of one 

metal oxide into another significantly changes the acid-base properties of the mixed 

oxide (Gutiérrez-Ortiz et al. 2005). Furthermore, the acidity depends upon the average 

electronegativity of the ions present in the catalyst, whereby depends on the structure 

of the catalyst. All catalysts show weak acid sites at 125 oC and medium acid sites at 

about 345 oC. However, the total amount of NH3 uptake is slightly greater in the case 

of Mo-Mn/γ-Al2O3-20 wt% CeO2 catalyst, showing that the number of acid sites is 

slightly greater.



209

Figure 4.88. NH3-TPD patterns of (a) γ-Al2O3 (b) Mo/γ-Al2O3 (c) CeO2 (d) Mo/γ-

Al2O3-20 wt% CeO2 (e) Mo-Sn/γ-Al2O3-20 wt% CeO2 (f) Mo-Zn/γ-Al2O3-20 wt% 

CeO2 (g) Mo-Mn/γ-Al2O3-20 wt% CeO2 catalysts.

Table 4.41. Density of acid sites of prepared catalysts.

Catalyst Density of Acid Sites (mmol/g)
Weak Medium Strong

γ-Al2O3 0.61 0.01 0.09
Mo/γ-Al2O3 0.73 0.07 n.d.
CeO2 0.53 0.04 n.d.
Mo/γ-Al2O3-20 wt% CeO2 0.81 0.03 n.d.
Mo-Sn/γ-Al2O3-20 wt% CeO2 0.87 0.09 n.d.
Mo-Zn/γ-Al2O3-20 wt% CeO2 0.84 0.08 n.d.
Mo-Mn/γ-Al2O3-20 wt% CeO2 0.92 0.09 n.d.
n.d = not detected

4.5.1.7 Electron Microscopy Analysis

Catalyst with good performance requires uniform and homogeneous distribution of 

the active metal particles on the surface of the catalyst. The morphology and the 

active metals distribution on the surface of different bimetallic catalysts were 

Strong

Medium

Weak
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investigated by the TEM and FESEM-EDX elemental mapping. The TEM 

micrographs of the Mo-Sn/γ-Al2O3-20 wt% CeO2, Mo-Zn/γ-Al2O3-20 wt% CeO2 and 

Mo-Mn/γ-Al2O3-20 wt% CeO2 bimetallic catalysts are presented in Figure 4.89, 4.90

and 4.91 respectively. In the TEM micrograph of each catalyst, sticks like structures 

(fringes) are clearly visible, indicating the crystalline nature of the synthesized 

catalysts. The TEM micrographs further show that the metal crystallites are 

distributed uniformly on the surface of the prepared catalysts. The average particle 

size is found to be in the range of 10-15 nm.

The FESEM mappings and EDX spectra of the Mo-Sn/γ-Al2O3-20 wt% CeO2,

Mo-Zn/γ-Al2O3-20 wt% CeO2 and Mo-Mn/γ-Al2O3-20 wt% CeO2 catalysts are also 

presented in Figure 4.92, 4.93 and 4.95 respectively. Each element present in the 

catalyst structure is represented by light dots in their respective images that can be 

seen clearly. The elemental mapping of each catalyst clarifies that the active metal 

particles are homogeneously dispersed on the surface of the catalyst without any 

metal particles aggregation, showing good agreement with the other characterization 

techniques. The FESEM-EDX spectrum of each catalyst further confirms the presence 

of active metals in the catalyst structure which were not detected by the XRD 

technique due to their low concentrations and uniform distribution on the surface of 

the catalyst.
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Figure 4.89. TEM micrograph of Mo-Sn/γ-Al2O3-20 wt% CeO2 catalyst.

Figure 4.90. TEM micrograph of Mo-Zn/γ-Al2O3-20 wt% CeO2 catalyst.
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Figure 4.91. TEM micrograph of Mo-Mn/γ-Al2O3-20 wt% CeO2 catalyst.

Figure 4.92. Elemental mapping of Mo-Sn/γ-Al2O3-20 wt% CeO2 catalyst.
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Figure 4.93. Elemental mapping of Mo-Zn/γ-Al2O3-20 wt% CeO2 catalyst.

Figure 4.94. Elemental mapping of Mo-Mn/γ-Al2O3-20 wt% CeO2 catalyst.



214

4.5.2 Catalytic Activity Evaluation

The catalytic activity of the γ-Al2O3-20 wt% CeO2 supported bimetallic catalysts was 

evaluated in the production of biodiesel from the WCO at the reaction temperature of 

110 oC for 270 min with the methanol to oil molar ratio of 30:1, catalyst loading of 7 

wt% and the agitation speed of 600 rpm. The catalytic activity of the prepared

bifunctional catalysts in the simultaneous esterification-transesterification reactions is

depicted in Figure 4.95. It is observed that the catalytic performance of the Mo/γ-

Al2O3-20 wt% CeO2 catalyst further increases when a second metal (Sn, Zn or Mn) 

was introduced into the catalyst formulation. Among different bimetallic catalysts 

tested, the Mo-Mn/γ-Al2O3-20 wt% CeO2 catalyst shows the best catalytic activity in 

the production of biodiesel from the WCO, and provides a maximum biodiesel yield 

of 85.5%. This suggests that the introduction of the Mn as a second active metal into 

the Mo/γ-Al2O3-20 wt% CeO2 catalyst further modifies the active sites on the surface 

of the Mo/γ-Al2O3-20 wt% CeO2 catalyst which results in an increase in the number 

of catalytically active sites for the simultaneous esterification-transesterification

reactions in the WCO.

Figure 4.95. Catalytic activity of (a) Mo/γ-Al2O3-20 wt% CeO2 (b) Mo-Sn/γ-Al2O3-20 

wt% CeO2 (c) Mo-Zn/γ-Al2O3-20 wt% CeO2 (d) Mo-Mn/γ-Al2O3-20 wt% CeO2 at the 

reaction time of 270 min, methanol/oil molar ratio of 30:1, catalyst loading of 7 wt%, 

reaction temperature of 110 oC and the agitation speed of 600 rpm.
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Manganese oxide has basic characteristics, and may further accelerate the

formation of highly reactive surface methoxide species by abstracting the proton from 

the methanol. The methoxide anion then attacks the carbonyl carbon of the 

triglyceride to form a tetrahedral intermediate. The rearrangement of the intermediate 

molecule results in the formation of a mole of methyl ester and diglyceride. The 

methoxide anion then attacks another carbonyl carbon atom of the diglyceride, 

forming another mole of methyl ester and monoglyceride. Finally another methoxide 

attacks the monoglyceride producing a total of three moles of methyl ester and a mole 

of glycerol (Obadiah et al. 2012). Kannan (2009) reported that the strongest base may 

not necessarily be the best catalyst for methanolysis reaction of vegetable oil. A solid 

catalyst with strong basic sites may have a strong hold on the product molecules, thus 

preventing them from being released from the catalyst surface after the reaction. On 

the other hand, a solid catalyst with weak basic sites may not allow for good 

adsorption of the reactant molecules to initiate the transesterification reaction.

Therefore, an optimum strength of the acidic-basic active sites is required for the 

simultaneous transesterification- esterification reactions in a given oil feedstock.

The experimental results suggest that the Mo-Mn/γ-Al2O3-20 wt% CeO2 catalyst 

provides the optimum strength of the catalytically active acidic-basic sites which are

sufficient to catalyze the simultaneous esterification-transesterification reactions in

the WCO to produce maximum biodiesel.

4.5.3 Catalyst Reusability

The reusability of the bifunctional Mo-Mn/γ-Al2O3-20 wt% CeO2 catalyst was 

determined by the repeated use of the catalyst for synthesis of biodiesel from the 

WCO for ten times with the new reactants and optimized reaction conditions. After 

each use, the recovered catalyst was first washed with methanol to remove the organic 

deposits such as unreacted oil, biodiesel and glycerol then dried at 100 oC for 12 h and 

later calcined at 500 oC for 2 h. After post-treatment, the catalyst was reused in the

simultaneous esterification-transesterification reactions with the new reactants and the 

biodiesel yield was carefully recorded (Figure 4.96). The results indicate that the Mo-

Mn/γ-Al2O3-20 wt% CeO2 catalyst is chemically stable and can be repeated use for 
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about 6 times without any significant loss in the activity.

Figure 4.96. Reusability of the Mo-Mn/γ-Al2O3-20 wt% CeO2 catalyst in the biodiesel

production from the WCO at the optimized reaction coditions.

However, the biodiesel yield decreases sharply after 6 times of usage. The 

decrease in the biodiesel yield may be ascribed to its structure change, deposition of 

residue of organic molecules (unreacted triglycerides, glycerol and methyl esters) on 

the active sites or leaching of the active metals (Ngamcharussrivichai et al. 2008).

Table 4.42 shows the EDX elemental analysis for the Mo-Mn/γ-Al2O3-20 wt% 

CeO2 catalyst after different reaction runs. The results show that the concentration of 

the active metals remains almost constant upto the sixth runs due to the presence of 

strong metal-support interaction, therefore stabilize the active species of the catalyst. 

However, the concentration of active metals decreases significantly after sixth times 

usage, showing leaching of the active metals during the biodiesel production from the 

WCO. The leaching of the active species from the catalyst may be attributed to the 

structure change, which in turn lowers the metal-support interaction after treatment

and chemical reaction.
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Table 4.42. EDX elemental analysis of the Mo-Mn/γ-Al2O3-20 wt% CeO2 catalyst 

after different reaction runs.

Catalyst Run Mo wt% Mn wt% Ce wt% Al wt%
Fresh 4.75 4.88 19.90 41.89
2nd 4.69 4.82 19.87 41.90
4th 4.43 4.71 19.89 41.85
6th 4.10 4.40 19.81 41.83
8th 3.21 3.39 19.62 41.86
10th 2.21 2.18 19.10 41.81

4.6 Physicochemical Properties of the Synthesized Biodiesel Fuel

Biodiesel is one of the promising candidates to substitute the petroleum-based fuel in 

the near future due to its renewability and environmentally friendly behaviors. The 

physical and chemical properties of the biodiesel fuel play an important role to 

determine its quality for the successful international trade in the biofuels for transport. 

Therefore, it is essential to produce biodiesel with the physical and chemical 

properties similar to those as prescribed by the international standard specifications to 

ensure the safe and satisfactory diesel engine operation. 

The properties of the biodiesel may vary from country to country, depending on 

the type of feedstock available for the biodiesel production. Several countries have 

adopted their own standard specifications for the biodiesel to ensure its quality,

namely Austria fuel standard specification (ON C1191), Czech Republic fuel standard 

specification (CSN 6507), Germany fuel standard specification (DIN 51606), Italy 

fuel standard specification (UNI 10635), Sweden fuel standard specification (SS 

155435), USA fuel standard specification (ASTM D-6751), European Standard (EN 

14214), Thailand fuel standard specification (Thai specification) and Egyptian petro-

diesel fuel standards (Enweremadu and Mbarawa 2009; Math et al. 2010; Nakpong 

and Wootthikanokkhan 2010; Ramos et al. 2009; Shalaby and El-Gendy 2012).

The properties of the biodiesel obtained from the WCO via the simultaneous 

esterification-transesterification reactions at the optimized reaction conditions along 

with the standard specifications of the American Standards for Testing and Materials 

(ASTM D-6751) and European Standards (EN 14214) are summarized in Table 4.43.
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The fuel properties of the prepared biodiesel at the optimal process conditions are 

comparable to those reported in the literature and are within the limits imposed by the 

ASTM D-6751 and EN 14214 standard specifications. As known, biodiesel has 

properties very similar to those of the petroleum-based diesel; therefore, it has 

immense potential to replace the petroleum-based diesel without any modification in 

the diesel engine. Thus, it can be said that the WCO used in this study has the 

potential to be used in large scale biodiesel production using a suitable catalyst 

system.

Table 4.43. Physicochemical properties of the synthesized biodiesel (Encinar et al. 

2011; Melero et al. 2010)

4.6.1 GC-FID Analysis

The quantification of the glycerine, monoglycerides, diglycerides and triglycerides is 

essential to ensure that the quality of the prepared biodiesel fuel meets the 

international standard specifications. The synthesized biodiesel was analyzed by GC-

FID according to the EN 14105: 2003 method (BSI 2003; EN14105:2003). The 

Property      Unit ASTM 

D-6751

EN 14214 Synthesized  

Biodiesel

Kinematic viscosity at 40 ºC mm2/s 1.9-6.0 3.50-5.00 4.02

Density (15 ºC) kg/m3 860-894 860-900 879

Flash point oC >120 >120 175

Moisture content % < 0.05 < 0.05 0.01

Acid value mg KOH/g ≤ 0.5 < 0.5 0.17

Methyl ester content % > 96.5 > 96.5 98.94

Cetane number – 48-60 >51 57.8

Calorific value J/g – – 40110

Monoglycerides %mass – < 0.8 < 0.38

Diglycerides %mass – < 0.2 < 0.082

Triglycerides %mass – < 0.2 < 0.068

Glycerol %mass 0.02 0.02 0.013
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methyl ester composition of the synthesized biodiesel is listed in Table 4.44, and the 

GC chromatograms are depicted in Figure 4.97. The peaks appeared in the GC

chromatogram correspond to different fatty acid methyl esters present in the biodiesel

obtained from the WCO which were identified by comparing with the profiles from 

the NIST107.LIB, NIST21.LIB  and WILEY229.LIB GC libraries and the literature 

values. The major components of the synthesized biodiesel are identified as methyl 

tetradecanoate (1.17%), methyl hexadecanoate (36.77%), methyl octadecanoate acid 

(27.70%), methyl 9-octadecenoate (19.21%), 9,12-octadecadienoate (11.60%). The 

results suggest that the WCO was successfully transesterified to biodiesel using 

modified bifunctional heterogeneous catalyst.

(a)

(b)

Methyl Esters
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Figure 4.97. GC chromatograms of (a) WCO (b) synthesized biodiesel (c) FAME.

Table 4.44. FAMEs composition of the synthesized biodiesel

Peak No Retention Time     

(min)

Identified Compounds

1 19.884 Lauric (Dodecanoic) acid methyl ester

2 24.724 Myristic (Tetradecanoic) acid methyl ester

3 26.881 Pentadecanoic acid methyl ester

4 29.817 Palmitic (Hexadecanoic) acid methyl ester

5 29.930 Palmitoleic (9-Hexadecenoic) acid methyl ester

6 31.224 Margaric (Heptadecanoic) acid methyl ester

7 34.124 Stearic (Octadecanoic) acid methyl ester

8 34.388 Oleic (9-Octadecenoic) acid methyl ester

9 35.083 Linoleic (9,12-Octadecadienoic) acid methyl ester

10 35.631 Linolenic (9,12,15-Octadecatrienoic) acid methyl ester

11 36.033 11,14, 17-Eicosatrienoic methyl ester

12 36.891 Eicosanoic acid methyl ester

13 37.314 11-Eicosenoic acid methyl ester

14 40.110 Behenic (Docosanoic) acid methyl ester

15 43.225 Lignoceric (Tetracosanoic) acid methyl ester

(c)
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4.6.2 Thin Layer Chromatography Analysis

Thin layer chromatography (TLC) provides qualitative information about the sample 

composition. As a supplement to the GC-FID analysis, TLC was also performed for 

the biodiesel obtained from the WCO at the optimal process conditions to identify its 

chemical composition. The TLC results of the synthesized biodiesel are presented in 

Figure 4.98. The TLC plate shows the position of triglycerides, diglycerides, 

monoglycerides, free fatty acids and methyl esters. The results show that the 

synthesized biodiesel sample contains no triglyceride, which is the main component 

of the WCO. However, only traces of the mono-, diglycerides and free fatty acid can

be observed in the TLC analysis, which is in line with the results reported by the 

Leung and Guo (2006). This shows that the biodiesel obtained from the WCO can be 

used without any modification in the biodiesel engine. The results further confirm that 

the WCO was successfully transesterified to biodiesel using bifunctional bimetallic 

catalyst.

Figure 4.98. TLC results of the selected WCO and the synthesized biodiesel.
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4.6.3 Fourier-Transform Infrared Spectroscopy Analysis

The synthesized biodiesel was further characterized by the fourier-transform infrared 

spectroscopy (FT-IR). The FT-IR spectra of the WCO and its biodiesel are depicted in 

Figure 4.99 and 4.100 respectively. The WCO shows two small peaks at 3474.28 cm-1

and 1635 cm-1 corresponding to the stretching and bending vibration of the O-H 

bonds of water molecule in the sample. The peaks centered at 2921cm-1 and 2852 cm-

1 which are attributed to the antisymmetric and symmetric stretching vibrations 

respectively, of the aliphatic C–H in the CH2 and the terminal CH3 groups. The strong 

single absorption peak appeared at1743 cm-1 is attributed to the C=O stretching 

vibration of the carbonyl groups of the triglycerides. The peaks in the 1400-1200 cm−1

region are mainly attributed to the bending vibrations of the CH2 and CH3 aliphatic 

groups like symmetric HCH bending at 1377 cm−1and CH2 scissoring at 1462 cm−1. 

The peaks in the 1125-1095 cm−1 region are assigned to the stretching vibration of C–

O ester groups and CH2 wag. The peaks appeared at 721cm-1 is attributed to the 

overlapping of the (CH2)n rocking vibration (de la Mata et al. 2012; Rohman and Man 

2010; Shalaby and El-Gendy 2012; Zhang et al. 2012a).

Figure 4.99. FT-IR spectrum of the selected WCO.
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Figure 4.100. FT-IR spectrum of the synthesized biodiesel.

On the other hand, esters present two strong characteristics absorption peaks at 

around 1742 cm-1, which is attributed to the stretching vibration of the carbonyl group 

(C=O), and the peaks at around 1300−1000 cm-1 corresponding to that of C−O 

stretching vibrations (antisymmetric axial stretching and asymmetric axial stretching) 

(Guillén and Cabo 1997; Soares et al. 2008; Tariq et al. 2011). The stretching 

vibrations of the CH3, CH2, and CH groups appear in the 2980–2950 cm-1, 2950–2850

cm-1 and 3050–3000 cm-1 regions, whereas the bending vibrations of these groups 

appear in the 1475–1350 cm-1, 1350–1150 cm-1 and 722 cm-1 regions respectively 

(Safar et al. 1994; Tariq et al. 2011).

The FT-IR spectra of the WCO and its biodiesel are very similar to each other due 

to the similarities in the chemical natures of the triglyceride and methyl esters. 

However, very small differences can be observed between the FT-IR spectrum of the 

WCO and its biodiesel. It is noted that the peaks of the WCO appeared at 1743 cm-1, 

1377 cm-1, 1159 cm-1, 1033 cm-1 and 871 cm-1 are shifted to 1742 cm-1, 1361 cm-1, 

1170 cm-1, 1015 cm-1 and 880 cm-1 in the biodiesel respectively. Thus, the 

disappearance of the peaks at 1464 cm-1, 1097 cm-1 and 965 cm-1 from the spectrum 

of the WCO and appearance of the new peaks in the biodiesel sample at 1435 cm-1

and 1195 cm−1 clearly shows the conversion of the WCO into the biodiesel. In 

addition, the absence of a peak between the 3100-3500 cm-1 region, which is related 
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to the axial deformation characteristic of OH group, suggests that the synthesized 

biodiesel possesses very low water contents as verified by the other techniques.

4.6.4 Thermogravimetry Analysis

Thermogravimetric analysis (TG) of the synthesized biodiesel was performed to 

check the water content and its volatility, as the volatility greatly influences the 

ignition quality of the fuels in the internal combustion engine (Lang et al. 2001; 

Sivakumar et al. 2011). The thermogravimetric analysis (TGA) curves of the WCO 

and its biodiesel are presented in Figure 4.101.

Figure 4.101. Thermogravimetric curves ((TG) of the WCO and its biodiesel at 

heating rate of 10 oC min-1. 

The TG curve of the WCO shows that the WCO is thermally stable up to 210°C. 

Moreover, the thermal degradation of the WCO takes place in only one 

decomposition step between the 182-460 °C with 99% weight loss related to the 
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decrease rapidly until all biodiesel present in the sample is completely volatilized at 

250 oC.

As known, that esters are considerably less volatile than the diesel fuel however, 

compression engine generates a non firing temperature of the 800 oC where air is 

compressed in the cylinder (Sivakumar et al. 2011). Therefore, the ignition of the 

synthesized biodiesel within the compression-ignition engine as an alternative fuel 

would not be a problem. Moreover, the biodiesel obtained from the WCO at the 

optimal process conditions represents lower combustion reaction region as compared 

to the WCO, which indicates that the transesterification reaction has made the 

biodiesel more ignitable.

4.6.5 Proton Nuclear Magnetic Resonance Analysis

The WCO and its biodiesel were characterized by the proton nuclear magnetic 

resonance (1H NMR) spectroscopy as depicted in Figure 4.102 (a) and (b). The

characteristic peak at 7.29 ppm is assigned to the deuteriated chloroform (CDCl3) 

(Kouame et al. 2012). The peak observed at 5.36 ppm is due to the olefinic hydrogen 

(-CH=CH-) (Satyarthi et al. 2009). The peak appeared at 3.68 ppm is attributed to the 

methoxy group in the methyl esters (-COOCH3), and the peak appeared at 2.31 ppm is 

attributed to the α-methylene group of ester (-CH2COOMe) (Mello et al. 2008; 

Monteiro et al. 2009; Tariq et al. 2011). These two distinct peaks confirm the 

presence of methyl esters in the biodiesel obtained from the WCO at the optimal 

process conditions. The peak appeared at 2.77 ppm is due to the α-methylene group to 

two double bonds (-C=CH-CH2-CH=C-) (Satyarthi et al. 2009). 

Similarly, the peak observed at 2.02 ppm is attributed to the α-methylene group to 

one double bond (=CH-CH2-), whereas the peak appeared at 1.64 ppm is due to the β-

methylene to ester (CH2-C-CO2Me) (Deka and Basumatary 2011). The broad peak 

appeared at 1.26 ppm is attributed to the backbone of methylenes (-CH2)n-) (Deka and 

Basumatary 2011; Satyarthi et al. 2009). The peak appeared at 0.90 ppm is 

corresponding to the terminal methyl protons (C-CH3). However, the WCO shows 

two addition peaks at 4.08-4.22 ppm and 5.20 ppm, corresponding to the methylene 

protons at C1 and C3 of glyceride (-CH2-COOR) and methine proton at C2 of 
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glyceride (-CH-COOR) respectively (Deka and Basumatary 2011). The disappearance 

of the glycerin protons from the biodiesel also confirms the conversion of the WCO

into biodiesel. The 1H NMR analysis shows 98.97 % methyl ester contents in the 

purified biodiesel, and thus complies with the international standard specifications.

Figure 4.102. 1H NMR spectra of (a) WCO and (b) synthesized biodiesel.
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specifications, therefore it has the immense potential to replace the petroleum-based 

diesel in the near future. 

4.7 Kinetics Studies of the Biodiesel Production from WCO in the Presence of 

Mo-Mn/γ-Al2O3-15 wt% MgO Bifunctional Catalyst

As known, that the transesterification reaction of the triglyceride with an alcohol in 

the presence of a suitable catalyst produces three molecules of alkyl esters and one 

molecule of glycerol as presented in Eq. 4.8.

                      
3

Catalyst

Triglyceride Alcohol Alkyl ester Glycerol            [Eq. 4.8]

Transesterification reaction proceeds through three consecutive reversible 

reactions, where triglycerides are converted into diglycerides, monoglycerides and 

finally converted to glycerol (Eq. 4.9-4.11). During each step of the transesterification 

reaction of the glycerides, one molecule of ester is formed (Ataya et al. 2007; 

Demirbas 2008; Ramos et al. 2009). However, for convenience the intermediated 

reactions of diglyceride and monoglyceride are ignored and the three steps are 

combined in a single step as shown in Eq. 4.8 (Birla et al. 2012; Kusdiana and Saka 

2001). 

         1

Catalyst

Triglyceride ROH Diglyceride RCOOR                          [Eq. 4.9]

        2

Catalyst

Diglyceride ROH Monoglyceride RCOOR                       [Eq. 4.10]

          3

Catalyst

Monoglyceride ROH Glycerol RCOOR                        [Eq. 4.11]

Where R1, R2 and R3 represents the alkyl groups.

To determine the kinetics of the transesterification reaction of the WCO, it is 

supposed that the transesterification reaction of WCO in the presence of Mo-

Mn/Al2O3-15 wt% MgO as a bifunctional solid heterogeneous catalyst and methanol 

takes place in a single step, and that the catalyst amount is enough with respect to the 

oil to drive the reaction in the forward direction to form methyl esters. As a result, the 

reverse reaction and the change in the catalyst concentration during the course of 

reaction are supposed to be negligible (Zhang et al. 2010). Therefore, the rate law for 



228

the forward transesterification reaction (ester formation) is expressed as follow (Birla 

et al. 2012; Vujicic et al. 2010);

   
                   3

[ ]
[ ].[ ]g

A g

d C
Rate r k C ROH

dt


                      [Eq. 4.12]

Where [Cg] represents the concentration of the glycerides, [ROH] is the 

concentration of the alcohol and k is the equilibrium rate constant. Since methanol 

was used in the present study, therefore the above equation can be written as;

              

3
3

[ ]
[ ].[ ]g

A g

d C
Rate r k C CH OH

dt


                                    [Eq. 4.13]

The overall reaction should follow a forth order reaction rate, however due to the 

use of an excess methanol in the reaction mixture, the concentration of the methanol 

is supposed to remain constant during the course of reaction. As a result, the reaction 

obeys the pseudo-first order kinetics (Freedman et al. 1986; Singh and Fernando 

2007; Vujicic et al. 2010; Zhang et al. 2010). Thus, the rate expression can be written 

as;

                                   
[ ]

[ ]g
A g

d C
Rate r k C

dt


                               [Eq. 4.14]

Or

                                    
[ ]

[ ]
g

A
g

d C
Rate r k dt

C
                                    [Eq. 4.15]

Where, k is the modified rate constant.

3
3[ ]k k CH OH

On integrating Eq. (4.15), we get

                                             ln[ ]gC k t c                                                   [4.16]

Where, c is the integration constant. Let suppose that the initial concentration of 

the glyceride is [Cg0] at time t=0, then Eq.4.16 becomes:

                                        0ln[ ] (0)gC k c                                                 [4.17]

                                                   OR
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                                               0ln[ ]gC c                                                       [4.18]

Substituting Eq. (4.18) into Eq. (4.16) we get,                        

                                    0ln[ ] ln[ ]g gC k t C                                            [Eq. 4.19

                                                      Or

                                       0ln[ ] ln[ ]g gC C k t                                                [4.20]

                                                      Or

                                             
0

[ ]
ln

[ ]
g

g

C
k t

C
                                                    [4.21]

The fraction of the glyceride molecules that were converted to biodiesel esters 

(conversion of methyl ester was calculated by using the GC-FID, Appendix, Figure 

D.3-D.5) was calculated as:

                             0

0 0

[ ] [ ] [ ]
1

[ ] [ ]
g g g

ME
g g

C C C
X

C C


                                             [4.22]

                                                    Or                                             

                                  
0

[ ]
( 1)

[ ]
g

ME
g

C
X

C
                                                   [Eq. 4.23]

Where, XME represents the fractional conversion of the biodiesel esters.

Comparing Eq. (4.20) and Eq. (4.22), the result is

                                    ln( 1)MEX kt                                                  [Eq. 4.24]

                                                Or                                                                                                             

                                 ln(1 )MEX kt                                                  [Eq. 4.25]

The –ln(1–XME) was plotted versus reaction time at different reaction 

temperatures to determine the reaction order and the rate constants for the biodiesel 

production from the WCO in the presence of the Mo-Mn/Al2O3-15 wt% MgO as a 

bifunctional heterogeneous catalyst (Figure 4.97).
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Figure 4.103. Plots of –ln(1–XME) versus reaction time at different temperatures for

the biodiesel production from the WCO in the presence of bifunctional Mo-

Mn/Al2O3-15 wt% MgO catalyst using the methanol to oil molar ratio of 27:1 and 

catalyst loading of 5 wt%.

All the plots between the –ln(1–XME) verses time at different temperatures are

linear, therefore supports the hypothesis that the reaction is of pseudo-first order. In 

addition, the values of reaction rate constant k were determined at different 

temperatures from Figure 4.103. (Appendix, Table E.3-E.6).

4.7.1 Determination of Activation Energy

The activation energy (Ea) was calculated according to the Svante Arrhenius 

equation, which gives the quantitative basis for the relationship between the activation 

energy, reaction rate constant and temperature as represented in Eq. 4.26.

                                                      
Ea

RTk Ae


                                                  [Eq. 4.26]     

Where k is the rate constant, representing the number of collisions among the 

reactants which result in a reaction (effective collisions), A is the pre-exponential 

factor or simply the pre-factor, represents the total number of collisions (leading to 

reaction or not), R is the universal gas constant and Ea is the activation energy, which 
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is necessary for a chemical reaction to occur. 

Taking integration of Eq. (4.26), we get,

                          
1

ln ln
Ea

k A
R T

                                                 [Eq. 4.27]

The feasibility of the biodiesel production from the WCO in the presence of the 

Mo-Mn/Al2O3-15 wt% MgO as a bifunctional heterogeneous catalyst was studied by 

plotting the lnk versus 1/T x 103 (K-1) at three different temperatures to determine the 

rate constant and the activation energy (Ea) as presented in Figure 4.98.

Figure 4.104. Arrhenius plot of lnk versus 1/T x 103 (K-1) for biodiesel production 

from the WCO in the presence of Mo-Mn/γ-Al2O3-15 wt% MgO catalyst.

The activation energy (Ea) and the frequency factor (A) were calculated from the 

slope and intercept of the graph between the lnk versus 1/T x 103 as shown in Figure

4.104. The activation energy (Ea) was found to be 58.97 kJ/mol and the frequency 

factor (A) was calculated to be 1.88 x 106 min-1. The reaction rate constant for the 

biodiesel production from the WCO in the presence of selected bifunctional 

heterogeneous catalyst and methanol was found to be 0.0104 min-1.
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The activation energy for the biodiesel production from the WCO has good 

agreement with the literature and falls within the range of the activation energy 

obtained for the transesterification of soybean oil i.e. 33.6-84kJ/mol (Birla et al. 2012; 

Freedman et al. 1986). The comparative study of the activation energy obtained in this 

work and with the reported values is presented in Table 4.45.

Table 4.45. Comparison of activation energy obtained in this work and with the 

reported values.

Catalyst Ea (kJ/mol) A (min-1) FFA (%) Reference
MnO 53.19 4.5 x104 0.6 (Kannan 2009)
KOH 79.1   1.26 × 109 – (Zhang et al. 2010)
NaOH/ZrO2 49.35 6.43x109 0.314 (Abdoulmoumine 2010)
TPA/Nb2O5 34.4 – 8 (Srilatha et al. 2010)
CaO 79 2.98 × 1010 1.95 (Birla et al. 2012)

B 58.97 1.88 x 106 3.27 Present work

TPA=12-Tungstophosphoric Acid
B= Mo-Mn/γ-Al2O3-15 wt% MgO

Moreover, the kinetic studies suggest that the activation energy required for the 

simultaneous esterification-transesterification reactions in the selected WCO for the 

biodiesel production in the presence of Mo-Mn/Al2O3-15 wt% MgO bifunctional 

heterogeneous catalyst and methanol is reasonable, therefore can be a very useful to 

produce low cost biodiesel for the sustainable development and economic growth.

Thus, it can be said that the synthesized bifunctional heterogeneous solid catalyst 

has the immense potential to be used in large scale biodiesel production from the low 

cost feedstocks such as waste cooking oil to replace the diesel fuel in the near future.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The bifunctional heterogeneous catalysts supported on the γ-Al2O3-MgO and γ-

Al2O3-CeO2 mixed oxides with varying MgO and CeO2 loadings respectively were

successfully prepared by using the modified impregnation method. The prepared 

catalysts were then characterized by the various analytical techniques to explore their 

physicochemical properties. The results showed that the physiochemical properties of 

the prepared catalysts vary depending on the MgO and CeO2 loadings in their 

composition. The results further demonstrated that the catalysts prepared with the 

lower loadings of MgO or CeO2 exhibit weak metal-support interactions, which in 

turn lowers the binding energies and chemical stability. On the other hand, the 

catalysts with higher loadings of MgO or CeO2 exhibit strong metal-support 

interaction, therefore results in the higher binding energy and substantial chemical 

stability. Moreover, it was observed that the active metals are highly dispersed on the 

surface of all catalysts with the formation of small crystallites.

The catalytic activity of the synthesized bifunctional catalysts was evaluated in the 

biodiesel production from the WCO in the presence of the methanol at the identified 

reaction conditions. Among different bifunctional catalysts tested, the Mo-Mn/γ-

Al2O3-15 wt% MgO was the most active catalyst in the biodiesel production from the 

WCO, and provided the best biodiesel yield at the optimal reaction conditions. This 

demonstrates that the Mo-Mn/γ-Al2O3-15 wt% MgO bifunctional catalyst provides 

optimum number of the active sites to carry out the simultaneous esterification and 

transesterification reactions in the WCO for the biodiesel production.
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Moreover, the effects of various reaction parameters such as reaction time,

catalyst amount, reaction temperature, methanol to oil molar ratio, agitation speed on 

the biodiesel yield were also investigated for the optimization of the biodiesel 

production from the WCO in the presence of the selected bifunctional heterogeneous 

catalyst. It was observed that the reactions parameters have significant effects on the 

biodiesel yield during the simultaneous esterification-transesterification reactions of

the WCO. The results further demonstrated that the bifunctional Mo-Mn/γ-Al2O3-15 

wt% MgO catalyst provides the best biodiesel yield (91.4%) in the reaction time of 

240 min at the reaction temperature of 100 oC, methanol to oil molar ratio of 27:1 and 

the agitation speed of 500 rpm. The high catalytic activity of the Mo-Mn/γ-Al2O3-15 

wt% MgO bifunctional catalyst may be attributed to the presence of the most optimal 

strength of the catalytic active sites for the simultaneous esterification-

transesterification reactions in the WCO.

The chemical stability of the Mo-Mn/γ-Al2O3-15 wt% MgO catalyst was also 

investigated at the optimized reaction conditions to determine its industrial viability as 

a bifunctional heterogeneous catalyst for the biodiesel production from the low-cost 

feedstocks. The catalyst was reused ten times (after calcination at 500 oC for 2) in the 

biodiesel production from the WCO at the optimal reaction conditions. The results 

indicated that the Mo-Mn/γ-Al2O3-15 wt% catalyst show substantial chemical 

stability upto eight times without any major loss in its catalytic activity. However, 

gradual decrease in the biodiesel yield was observed as the numbers of the repeated 

use were increased, and the loss in the catalytic activity became significant after eight 

time usage. The loss in the catalytic activity in the reusability tests could be due to the 

decrease in the strength of the active sites present on the surface of the catalyst, which 

may be due to the deposition of the unwanted organic materials or leaching of the 

active metals during the biodiesel reaction. The leaching of the active species from the 

catalyst may be attributed to the structure change, which in turn lowers the metal-

support interaction and enhance the leaching after treatment and chemical reaction.

Moreover, the kinetic studies were carried out to investigate the feasibility of the

biodiesel production from the WCO in the presence of the Mo-Mn/γ-Al2O3-15 wt% 

MgO bifunctional heterogeneous catalyst. The results showed that the biodiesel 

production from the WCO in the presence of the selected bifunctional catalyst follows
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the pseudo-first order kinetics with the activation energy (Ea) of 58.97 kJ/mol,

frequency factor (A) of 1.88 x 106 min-1 and the rate constant of 0.0104 min-1. It is 

observed that the activation energy required for the simultaneous esterification-

transesterification reactions in the WCO for the biodiesel production in the presence 

of the Mo-Mn/γ-Al2O3-15 wt% MgO catalyst is reasonable, therefore this process can 

be a very useful for the biodiesel production from the high FFA feedstocks and offers 

opportunities for energizing the remote areas through the rural electrification.

The physicochemical properties of the biodiesel obtained from the WCO at the 

optimal reaction conditions were studied to ensure the biodiesel quality for the 

satisfactory diesel engine operation. The properties of the biodiesel obtained from the 

WCO in the presence of the Mo-Mn/γ-Al2O3-15 wt% MgO bifunctional catalyst at the 

optimal reaction conditions have been found to comply with the ASTM and EN 

standards.

Thus, it can be concluded that the synthesized Mo-Mn/γ-Al2O3-15 wt% MgO 

bifunctional heterogeneous catalyst has the immense potential to produce biodiesel 

from the low-cost WCO on a large scale with the combination of the optimized 

reaction conditions for the sustainable energy production in the future. The use of the 

WCO for biodiesel production will not only lower the biodiesel production cost but at 

the same time will help to solve the disposal problems.

5.2 Recommendations

In this research work, the bifunctional heterogeneous catalysts were successfully 

prepared by the modified impregnation method for the biodiesel production from the 

WCO via the simultaneous esterification-transesterification reactions at the reasonable 

reaction conditions. Among the prepared catalysts, the Mo-Mn/γ-Al2O3-15 wt% MgO 

catalyst gives the highest biodiesel yield of 91.4% at the reaction time of 240 min, 

reaction temperature of 100 oC, methanol to oil molar ratio of 27:1 agitation speed of 

500 rpm. Moreover, the experimental results indicate that the Mo-Mn/γ-Al2O3-15 

wt% MgO catalyst can be repeatedly used for at least eight times with no apparent 

loss in the activity, showing substantial reusability and chemical stability. However, 
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still there are some tasks that must be handled to make this process viable for low cost 

biodiesel production on a large scale. In order to enhance the understanding of the 

importance of the bifunctional heterogeneous catalyst to the biodiesel production from 

the low cost feedstocks, the following studies are recommended.

 The bifunctional heterogeneous catalysts were prepared at calcination 

temperature of 500 oC. Calcination temperature plays an important role to 

modify the active sites on the surface of a catalyst for a given reaction, and 

hence affects the catalytic activity. Therefore it is essential to study the effect 

of calcination temperature of the catalyst on the biodiesel yield from the

WCO. 

 The bifunctional heterogeneous catalysts were prepared with a 5 wt% loading 

of the active metals (Mo, Sn, Zn or Mn). Therefore, the effect of each metal 

loading should be investigated on the biodiesel yield, which in turn will help 

to design a catalyst of proper configuration for efficient biodiesel production 

from the WCO. 

 In the present study, the biodiesel production from the WCO was carried out at 

the atmospheric pressure. Therefore, the biodiesel production should be 

investigated at high pressure which may increase the reaction rate and 

biodiesel yield by enhancing the contacts between the reactants and catalyst

particles. Moreover, the WCO should be pre-treated such as microwave and 

ultrasonic treatments prior to the biodiesel reaction so as to make this process 

more effective for the biodiesel production. The excess methanol used in the 

biodiesel production should be recycled properly to reduce the biodiesel 

production cost.

 Some authors have reported the use of co-solvent for the biodiesel production

from different feedstocks in the presence of a heterogeneous catalyst to 

overcome the problems of mass transfer. Therefore, it is recommended to use 

an appropriate co-solvent to minimize the mixing problems during the 

heterogeneous system.

 The physicochemical properties of the synthesized biodiesel should be studied 

in detail to ensure the engine-fuel compatibility and reliability.
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APPENDIX A

List of bifunctional heterogeneous catalysts prepared by Strong Electrostatic 

Adsorption Impregnation Method (SEA-IM)

Metal (Mo, Sn, Zn and Mn) loading = 5 wt%

Batche1

Batch 2
Catalyst Method Drying & Calcination   Characterization
Mo-Sn/γ-Al2O3 IM Dried at 110 oC for 

12 h and calcined at 
500 oC for 5 h

XRD, FESEM,
XPS, BET, TPR, 
TEM, XRF, TGA,

Mo-Sn/γ-Al2O3-5wt% MgO IM Dried at 110 oC for 
12 h and calcined at 
500 oC for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA

Mo-Sn/γ-Al2O3-10wt% MgO IM Dried at 110 oC for 
12 h and calcined at 
500 oC for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA

Mo-Sn/γ-Al2O3-15wt% MgO IM Dried at 110 oC for 12 
h and calcined at 500 
oC for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA

Mo-Sn/γ-Al2O3-20wt% MgO IM Dried at 110 oC for 
12 h and calcined at 
500 oC for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA

Catalyst Method Drying & Calcination Characterization

Mo/γ-Al2O3 IM
Dried at 110 oC for 
12 h and calcined at 
500 oC for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF,TGA

Mo/γ-Al2O3-5wt% MgO IM
Dried at 110 oC for 
12 h and calcined at 
500 oC for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA

Mo/γ-Al2O3-10wt% MgO IM
Dried at 110 oC for 
12 h and calcined at 
500 oC for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA

Mo/γ-Al2O3-15wt% MgO IM
Dried at 110 oC for 
12 h and calcined at 
500 oC for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF

Mo/γ-Al2O3-20wt% MgO IM
Dried at 110 oC for 
12 h and calcined at 
500 oC for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA
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Table 3
Catalyst Method Drying & Calcination Characterization
Mo-Zn/γ-Al2O3 IM Dried at 110 oC for 

12 h and calcined at 
500 oC for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA

Mo-Zn/γ-Al2O3-5wt% MgO IM Dried at 110 oC for 
12 h and calcined at 
500 oC for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA

Mo-Zn/γ-Al2O3-10wt% MgO IM Dried at 110 oC for 
12 h and calcined at 
500 oC for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA

Mo-Zn/γ-Al2O3-15wt% MgO IM Dried at 110 oC for 
12 h and calcined at 
500 oC for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA

Mo-Zn/γ-Al2O3-20wt% MgO IM Dried at 110 oC for 
12 h and calcined at 
500 oC for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA

Table 4
Catalyst Method Drying & Calcination Characterization

Mo-Mn/γ-Al2O3 IM
Dried at 110 oC for 
12 h and calcined at 
500 oC for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA

Mo-Mn/γ-Al2O3-5wt% MgO IM
Dried at 110 oC for 
12 h and calcined at 
500 oC for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA

Mo-Mn/γ-Al2O3-10wt% MgO IM
Dried at 110 oC for 
12 h and calcined at 
500 oC for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA

Mo-Mn/γ-Al2O3-15wt% MgO IM
Dried at 110 oC for 
12 h and calcined at 
500 oC for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA

Mo-Mn/γ-Al2O3-20wt% MgO IM
Dried at 110 oC for 
12 h and calcined at 
500 oC for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA
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Batch 5
Catalyst Method Drying & Calcination Characterization
Mo/γ-Al2O3-5wt% CeO2 IM Dried at 110 oC for 12 h 

and calcined at 500 oC 
for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA

Mo/γ-Al2O3-10wt% CeO2 IM Dried at 110 oC for 12 h 
and calcined at 500 oC 
for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA

Mo/γ-Al2O3-15wt% CeO2 IM Dried at 110 oC for 12 h 
and calcined at 500 oC 
for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA

Mo/γ-Al2O3-20wt% CeO2 IM Dried at 110 oC for 12 h 
and calcined at 500 oC 
for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA

Batch 6
Catalyst Method Drying & Calcination Characterization
Mo-Sn/γ-Al2O3-5wt% CeO2 IM Dried at 110 oC for 12 

h and calcined at 500 
oC for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA

Mo-Sn/γ-Al2O3-10wt% CeO2 IM Dried at 110 oC for 12 
h and calcined at 500 
oC for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA

Mo-Sn/γ-Al2O3-15wt% CeO2 IM Dried at 110 oC for 12 
h and calcined at 500 
oC for 5 h

XRD, FESEM, 
XPS, BET, TPR,
TEM, XRF, TGA

Mo-Sn/γ-Al2O3-20wt% CeO2 IM Dried at 110 oC for 12 
h and calcined at 500 
oC for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA

Batch 7
Catalyst Method Drying & Calcination Characterization
Mo-Zn/γ-Al2O3-5wt% CeO2 IM Dried at 110 oC for 

12 h and calcined at 
500 oC for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA

Mo-Zn/γ-Al2O3-10wt% CeO2 IM Dried at 110 oC for 
12 h and calcined at 
500 oC for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA

Mo-Zn/γ-Al2O3-15wt% CeO2 IM Dried at 110 oC for 
12 h and calcined at 
500 oC for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA

Mo-Zn/γ-Al2O3-20wt% CeO2 IM Dried at 110 oC for 
12 h and calcined at 
500 oC for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA
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Batch 8
Catalyst Method Drying & Calcination Characterization
Mo-Mn/γ-Al2O3-5wt% CeO2 IM Dried at 110 oC for 

12 h and calcined at 
500 oC for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA

Mo-Mn/γ-Al2O3-10wt% CeO2 IM Dried at 110 oC for 
12 h and calcined at 
500 oC for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA

Mo-Mn/γ-Al2O3-15wt% CeO2 IM Dried at 110 oC for 
12 h and calcined at 
500 oC for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA

Mo-Mn/γ-Al2O3-20wt% CeO2 IM Dried at 110 oC for 
12 h and calcined at 
500 oC for 5 h

XRD, FESEM, 
XPS, BET, TPR, 
TEM, XRF, TGA
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APPENDIX B

Figure B.1. Pore diameter distribution of γ-Al2O3.

Figure B.2. Pore diameter distribution of (a) γ-Al2O3-5 wt% MgO (b) γ-Al2O3-10 wt% 

MgO (c) γ-Al2O3-15 wt% MgO (d) γ-Al2O3-20 wt% MgO mixed oxides.
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Figure B.3. Pore diameter distribution of (a) γ-Al2O3-5 wt% CeO2 (b) γ-Al2O3-10 

wt% CeO2 (c) γ-Al2O3-15 wt% CeO2 (d) γ-Al2O3-20 wt% CeO2 mixed oxides.

Figure B.4. Pore diameter distribution of Mo/γ-Al2O3 catalyst.
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Figure B.5. Pore diameter distribution of (a) Mo/γ-Al2O3-5 wt% MgO (b) Mo/γ-

Al2O3-10 wt% MgO (c) Mo/γ-Al2O3-15 wt% MgO (d) Mo/γ-Al2O3-20 wt% MgO

catalysts.

Figure B.6. Pore diameter distribution of Mo-Zn/γ-Al2O3-15 wt% MgO catalyst.
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Figure B.7. Pore diameter distribution of Mo-Sn/γ-Al2O3-15 wt% MgO catalyst.

Figure B.8. Pore diameter distribution of Mo-Mn/γ-Al2O3-15 wt% MgO catalyst.
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Figure B.9. N2 adsorption-desorption of Mo-Sn/Al2O3-15 wt% MgO catalyst.

Figure B.10. N2 adsorption-desorption of Mo-Zn/Al2O3-15 wt% MgO catalyst.
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Figure B.11. Pore diameter distribution of (a) Mo/γ-Al2O3-5 wt% CeO2 (b) Mo/γ-

Al2O3-10 wt% CeO2 (c) Mo/γ-Al2O3-15 wt% CeO2 (d) Mo/γ-Al2O3-20 wt% CeO2

catalysts.
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APPENDIX C

Figure C.1. Binding energy of Al 2p (a) γ-Al2O3 (b) Mo/γ-Al2O3 (c) Mo/γ-Al2O3-5 

wt% MgO (d) Mo/γ-Al2O3-10 wt% MgO (e) Mo/γ-Al2O3-15wt% MgO (f) Mo/γ-

Al2O3-20 wt% MgO catalysts.

  

Figure C.2. Binding energy of Al 2p (a) Mo/γ-Al2O3-15 wt% MgO (b) Mo-Sn/γ-

Al2O3-15 wt% MgO (c) Mo-Zn/γ-Al2O3-15 wt% MgO (d) Mo-Mn/γ-Al2O3-15 wt% 

MgO catalysts.
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Figure C.3. Binding energy of Al 2p (a) γ-Al2O3 (b) Mo/γ-Al2O3 (c) Mo/γ-Al2O3-5 

wt% CeO2 (d) Mo/γ-Al2O3-10 wt% CeO2 (e) Mo/γ-Al2O3-15 wt% CeO2 (f) Mo/γ-

Al2O3-20 wt% CeO2 catalysts.

Figure C.4. Binding energy of Al 2p (a) Mo/γ-Al2O3-15 wt% CeO2 (b) Mo-Sn/γ-

Al2O3-15 wt% CeO2 (c) Mo-Zn/γ-Al2O3-15 wt% CeO2 (d) Mo-Mn/γ-Al2O3-15 wt% 

CeO2 catalysts.
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Figure C.5. Binding energy of Mn 2P 3/2 for Mo-Mn/γ-Al2O3-15 wt% MgO catalyst.

Figure C.6. Binding energy of Mn 2P 3/2 for Mo-Mn/γ-Al2O3-20 wt% CeO2 catalyst.
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Figure C.7. Binding energy of Sn 3d 5/2 for Mo-Sn/γ-Al2O3-15 wt% MgO catalyst.

Figure C.8. Binding energy of Sn 3d 5/2 for Mo-Sn/γ-Al2O3-20 wt% CeO2 catalyst.
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Figure C.9. Binding energy of Zn 2d 3/2 for Mo-Zn/γ-Al2O3-15 wt% MgO catalyst

Figure C.10. Binding energy of Zn 2P 3/2 for Mo-Zn/γ-Al2O3-20 wt% CeO2 catalyst.

1010 1015 1020 1025 1030

Zn 2P 
3/2

In
te

ns
it

y 
(a

.u
.)

Binding energy (eV)

1015 1020 1025 1030

In
te

ns
ity

 (a
.u

.)

Binding energy (eV)

Zn 2P 
3/2



297

APPENDIX D

Figure  D.1. TLC chromatograms of product composition at different reaction times 

for transesterified waste cooking oil in the presence of Mo-Mn/γ-Al2O3-15 wt% MgO

catalyst (A) 0 min (B) 40 min (C) 80 min (D) 120 min (E) 150 (F) 180 min at reaction 

temperature of 100 oC, methanol to oil ratio of 27:1, catalyst loading of 5 wt% and 

agitation speed of 500 rpm.
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Figure  D.2. TLC chromatograms of product composition at different reaction times 

for transesterified waste cooking oil in the presence of Mo-Mn/γ-Al2O3-15 wt% MgO

catalyst (G) 180 min (H) 200 min (I) 220 min (J) 240 (K) washed biodiesel at reaction 

temperature of 100 oC, methanol to oil ratio of 27:1, catalyst loading of 5 wt% and 

agitation speed of 500 rpm.
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Figure  D.3. GC-FID spectrum of transesterified oil using Mo-Mn/γ-Al2O3-15 wt% 

MgO heterogeneous catalyst at 90 oC temperature, catalyst loading of 5 wt% and 

reaction time of 240 min.

Figure  D.4. GC-FID spectrum of transesterified oil using Mo-Mn/γ-Al2O3-15 wt% 

MgO heterogeneous catalyst at 95 oC temperature, catalyst loading of 5 wt%  and 

reaction time of 240 min.
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Figure  D.5. GC-FID spectrum of transesterified oil using Mo-Mn/γ-Al2O3-15 wt% 

MgO heterogeneous catalyst at 100 oC temperature, catalyst loading of 5 wt% and 

reaction time of 240 min.

Figure D.6. 1H-NMR spectrum of transesterified oil using Mo-Mn/γ-Al2O3-15 wt% 

MgO heterogeneous catalyst at 90 oC temperature, catalyst loading of 5 wt% and 

reaction time of 240 min.
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Figure D.7. 1H-NMR spectrum of transesterified oil using Mo-Mn/γ-Al2O3-15 wt% 

MgO heterogeneous catalyst at 95 oC temperature, catalyst loading of 5 wt% and 

reaction time of 240 min.

Figure D.8. 1H-NMR spectrum of transesterified oil using Mo-Mn/γ-Al2O3-15 wt%

MgO heterogeneous catalyst at 100 oC temperature, catalyst loading of 5 wt% and 

reaction time of 240 min.
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APPENDIX E

Table E.1. Binding energies of the elements present in the γ-Al2O3-15 wt% MgO

supported bimetallic catalysts.

Catalyst Binding Energy (eV)
Sn 3d 5/2 Zn 2P 3/2 Mn 2P 3/2

Mo-Sn/γ-Al2O3-15 wt%  MgO 485.1 n.d. n.d.
Mo-Zn/γ-Al2O3-15 wt%  MgO n.d. 1020.51 n.d.
Mo-Mn/γ-Al2O3-15 wt% MgO n.d. n.d. 642.64

Table E.2. Binding energies of the elements present in the γ-Al2O3-20 wt% CeO2

supported bimetallic catalysts.

Catalyst Binding Energy (eV)
Sn 3d 5/2 Zn 2P 3/2 Mn 2P 3/2

Mo-Sn/γ-Al2O3-20 wt%  CeO2 484.21 n.d. n.d.
Mo-Zn/γ-Al2O3-20 wt%  CeO2 n.d. 1019.15 n.d.
Mo-Mn/γ-Al2O3-20 wt% CeO2 n.d. n.d. 643.21

Table E.3. Reaction rate constant (k) at 90 oC.

Time (min) Reaction rate constant ( min-1)
60 8.543 x 10-3

120 7.956 x 10-3

180 7.153 x 10-3

240 6.895 x10-3

Table E.4. Reaction rate constant (k) at 95 oC.

Time (min) Reaction rate constant ( min-1)
60 9.845 x 10-3

120 1.012 x 10-2

180 9.376 x 10-3

240 8.644 x10-3
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Table E.5. Reaction rate constant (k) at 100 oC.

Time (min) Reaction rate constant ( min-1)
60 1.265 x 10-2

120 1.166 x 10-2

180 1.174 x 10-2

240 1.045 x10-2

Table E.6. Reaction rate constant (k) at 110 oC.

Time (min) Reaction rate constant ( min-1)
60 9.166 x 10-3

120 9.266 x 10-3

180 7.659 x 10-3

240 8.105 x10-3
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