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Abstract of thesis presented to the Senate of Universiti Putra Malaysia in fulfillment of 
the requirement for the Master of Science 

SYNTHESIS AND CHARACTERISATION OF CaO DERIVED FROM 
COCKLESHELL AS A SUPPORT FOR MIXED-MgO AND Fe2O3 CATALYSTS 

FOR FAME PRODUCTION USING WASTE COOKING OIL 

By

EZZAH MAHMUDAH BINTI SALIM 

July 2018 

Chairman : Prof. Taufiq Yap Yun Hin, PhD 

Faculty  : Science 

As an alternative for fossil diesel fuels, biodiesel has gained interest of most researchers 
recently in promoting environmentally sustainable fuels. With the presence of metal 
oxide modified cockleshell catalysts, biodiesel can be easily produced via 
transesterification of triglyceride with alcohol under reaction conditions. In this study, 
the magnesium oxide (MgO) and iron (III) oxide (Fe2O3) doped on natural CaO catalyst, 
which derived from cockleshell. MgO/CaO and Fe2O3/CaO were prepared and utilized 
by a single-step reaction process. The CaO were crushed and milled to obtain fine powder 
and calcined at 900 ⁰C for 6 h. Then, MgO/CaO and Fe2O3/CaO catalysts were 
synthesized using wet impregnation method; followed by calcination at 500 ⁰C for 4 h to 
produce heterogeneous catalyst with high activity and better selectivity which relatively 
giving a better performance in transesterification reaction. The catalysts were 
characterized in detail by both qualitative and quantitative methods such as X-ray 
fluorescence (XRF), X-ray diffraction (XRD), scanning electron microscope (SEM), 
scanning electron microscope-energy dispersive X-ray (SEM-EDX), thermal 
gravimetric analysis (TGA), temperature programmed desorption of ammonia and 
carbon dioxide (TPD-NH3 and TPD-CO2), and Brunauer-Emmett-Teller (BET) analyses, 
while the synthesized biodiesel was characterized using gas chromatography-flame 
ionization detector (GC-FID). The operating parameters such as methanol-to-oil molar 
ratio, catalyst amount and reaction time were investigated in order to optimize for the 
reaction condition for the biodiesel production. As a result, the optimum reaction 
parameters for MgO/CaO were 10:1 methanol-to-oil molar ratio, 4 h of reaction time, 2 
wt. % of the catalyst loading and reaction temperature of 65 ⁰C shows 74 % FAME yield, 
meanwhile the optimum reaction parameters for Fe2O3/CaO were found to be 15:1 
methanol-to-oil molar ratio, 3 h of reaction time and 1 wt. % of catalyst loading with 
reaction temperature of 65 ⁰C which produced 92 % FAME yield. The results revealed 
suggestively high potential of the heterogeneous MgO/CaO catalyst can be reusable at 
least 3 reaction cycles only while Fe2O3/CaO catalyst for direct conversion of waste 
cooking oil to biodiesel with the possibility to be reusable at least 5 reaction cycles 
without any reactivation process. Several physicochemical properties of waste cooking-
based biodiesel produced was tested and agreed to ASTM D4052, ASTM D445, ASTM 
D464, ASTM D974 and EN 14214 standard.  
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Abstrak tesis yang dikemukakan kepada Senat Universiti Putra Malaysia sebagai 
memenuhi keperluan untuk Ijazah Master Sains 

SINTESIS DAN PENCIRIAN CaO TERBITAN DARIPADA CENGKERANG 
KERANG SEBAGAI PENYOKONG UNTUK PEMANGKIN CAMPURAN-MgO 

DAN Fe2O3 UNTUK PENGELUARAN FAME MENGGUNAKAN SISA 
MINYAK MASAK  

Oleh 

EZZAH MAHMUDAH BINTI SALIM 

Julai 2018 

Pengerusi : Prof Taufiq Yap Yun Hin 

Fakulti  : Sains 

Sebagai alternatif untuk bahan api diesel fosil, biodiesel telah mendapat minat 
kebanyakan penyelidik baru-baru ini dalam mempromosikan bahan bakar lestari alam 
sekitar. Dengan kehadiran oksida logam yang diubahsuai pemangkin cengkerang kerang, 
biodiesel dapat dihasilkan dengan mudah melalui transesterifikasi trigliserida dengan 
alkohol dalam keadaan reaksi. Dalam kajian ini, magnesium oksida (MgO) dan besi (III) 
oksida (Fe2O3) dihidupkan ke dalam pemangkin CaO semulajadi, yang diperolehi 
daripada cengkerang kerang. MgO/CaO dan Fe2O3/CaO disediakan dan digunakan oleh 
proses reaksi satu langkah. CaO telah ditumbuk dan dihancurkan untuk mendapatkan 
serbuk halus dan dikalsin pada 900 ⁰C selama 6 jam. Kemudian, pemangkin MgO/CaO 
dan Fe2O3/CaO telah disintesis menggunakan kaedah pengisitepuan basah; diikuti 
dengan pengkalsinan pada 500 °C selama 4 jam untuk menghasilkan pemangkin 
heterogen dengan aktiviti yang tinggi dan selektiviti yang lebih baik yang secara 
relatifnya memberikan prestasi yang lebih baik dalam reaksi transesterifikasi. Pemangkin 
telah dicirikan dengan terperinci oleh kedua-dua kaedah kualitatif dan kuantitatif seperti 
pendarfluor sinaran-X (XRF), pembelauan sinaran-X (XRD), mikroskop imbasan 
elektron (SEM), mikroskop imbasan electron-tenaga penyerakan sinaran-X (SEM-
EDX), analisis terma gravimetri (TGA), aturcara suhu nyahjerapan ammonia dan karbon 
dioksida (TPD-NH3 dan TPD-CO2), dan analisis kaedah Brunauer-Emmett-Teller 
(BET), manakala biodiesel yang disintesis dicirikan menggunakan gas kromatografi-
pengesan ionisasi api (GC-FID). Parameter operasi seperti nisbah molar metanol-
kepada-minyak, jumlah pemangkin dan masa reaksi diselidiki untuk mengoptimumkan 
keadaan reaksi untuk pengeluaran biodiesel. Hasilnya, parameter tindak balas optimum 
untuk MgO/CaO ialah nisbah molar 10:1 metanol-kepada-minyak, 4 jam masa reaksi, 2 
wt. % berat pemangkin dan suhu tindak balas 65 °C menunjukkan 74 % hasil FAME, 
sementara parameter tindak balas optimum untuk Fe2O3/CaO didapati nisbah molar 15:1 
metanol-kepada-minyak, 3 jam masa reaksi dan 1 wt. % berat pemangkin dengan suhu 
tindak balas 65 °C, dimana menghasilkan 92 % hasil FAME. Hasilnya menunjukkan 
potensi tinggi pemangkin MgO/CaO yang berkemungkinan tinggi boleh digunakan 
sekurang-kurangnya 3 kitaran tindak balas sahaja sementara pemangkin Fe2O3/CaO 
untuk penukaran langsung sisa minyak masak kepada biodiesel dengan kemungkinan 
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untuk menggunakan semula sekurang-kurangnya 5 kitaran reaksi tanpa sebarang 
pengaktifan semula proses. Beberapa sifat fizikokimia biodiesel berasaskan-masakan 
sisa yang dihasilkan telah diuji dan dipersetujui untuk standard ASTM D4052, ASTM 
D445, ASTM D464, ASTM D974 dan EN 14214.  



© C
OPYRIG

HT U
PM

iv
 

ACKNOWLEDGEMNTS 
“In the name of Allah, the Most Gracious and the Most Merciful”

I wish to express my outmost gratitude to Allah SWT for the strength and patience He 
bestowed on me to complete this study. 

I would like to express my greatest gratitude to my main supervisor, Professor Dr. Taufiq 
Yap Yun Hin, for his guidance, suggestion, patience, support and encouragement 
throughout my study in Universiti Putra Malaysia. His valuable advices and 
humanitarian values have giving significant impact towards my morale and skills in 
conducting my research and my life. I am also grateful to my co-supervisor, Dr. Izham 
Mohd Saiman for his guidance and help during the study.  

I am also thankful and grateful to my mother and father for being a supportive parent 
who has always been there for me during my study. Deepest gratitude also extended to 
my beloved husband, Mohamad Zaihan Zailan, thank you very much for being very 
supportive, encouraging and spending this wonderful journey in our life. Thanks also for 
your non-stop advices and Doa’ for my success and not to be forgotten both my family 
members. 

In addition, I express my special thanks to all the SusCAT members for their support, 
expertise and valuable friendship during the period. I sincerely thanks to all staffs in 
Chemistry Department, Faculty of Science, Institute of Advance Technology (ITMA) 
and Institute of Bioscience, UPM. Special gratitude also goes to Mohd Sufri Mastuli and 
Dr. Mohd Lokman Ibrahim, lecturers from Faculty of Applied Science, Universiti 
Teknologi Mara (UiTM), for their big help, guidance and assistance during my catalysis 
research study. 

Last but not least, I am also grateful and appreciate the financial support of the Graduate 
Research Fund (UPM) and Ministry of Higher Education (MOHE) Malaysia via the 
scholarships of MyMaster. 

~Alhamdulillah~ 



© C
OP

UPM



© C
OPYRIG

HT U
PM

vi
 

This thesis was submitted to the Senate of Universiti Putra Malaysia and has been 
accepted as fulfillment of the requirement for the degree of Master of Science. The 
members of the Supervisory Committee were as follows: 

Taufiq Yap Yun Hin, PhD 
Professor 
Faculty of Science 
Universiti Putra Malaysia 
(Chairman) 

Mohd Izham Saiman, PhD 
Senior Lecturer 
Faculty of Science 
Universiti Putra Malaysia 
(Member) 

________________________ 

ROBIAH YUNUS, PhD 
Professor and Dean 
School of Graduate Studies
Universiti Putra Malaysia 

Date: 



© C
OPYRIG

HT U
PM

vii 
 

Declaration by graduate student

I hereby confirm that: 
� this thesis is my original work; 
� quotations, illustrations and citations have been duly referenced; 
� this thesis has not been submitted by previously or concurrently for any other 

degree at any institutions; 
� intellectual property from the thesis and copyright of thesis are fully-owned by 

Universiti Putra Malaysia, as according to the Universiti Putra Malaysia 
(Research) Rules 2012; 

� written permission must be obtained from supervisor and the office of Deputy 
Vice-Chancellor (Research and Innovation) before thesis is published (in the 
form of written, printed or in electronic form) including books, journals, 
modules, proceedings, popular writings, seminar papers, manuscripts, posters, 
reports, lecture notes, learning modules or any other materials as stated in the 
Universiti Putra Malaysia (Research) Rules 2012; 

� there is no plagiarism or data falsification/fabrication in the thesis, and scholarly 
integrity is upheld as according to the Universiti Putra Malaysia (Graduate 
Studies) Rules 2012. The thesis has undergone plagiarism detection software. 

Signature:________________________________ Date:_________________ 

Name and Matric No.: Ezzah Mahmudah Binti Salim (GS40389) 



© C
OPYRIG

HT U
PM

viii 
 

Declaration by Members of Supervisory Committee 

This is to confirm that: 
� the research conducted and the writing of this thesis was under our supervision;
� supervision responsibilities as stated in the Universiti Putra Malaysia (Graduate 

Studies) Rules 2003 (Revision 2012-2013) are adhered to.

Signature  : ______________________ 
Name of Chairman of  
Supervisory Committee : Taufiq Yap Yun Hin, PhD 

Signature  : ______________________ 
Name of Member of  
Supervisory Committee : Mohd Izham Saiman, PhD



© C
OPYRIG

HT U
PM

ix
 

TABLE OF CONTENTS 

Page
ABSTRACT i
ABSTRAK ii
ACKNOWLEDGEMENT iv
APPROVAL v
DECLARATION vii
LIST OF TABLES xii
LIST OF FIGURES xiii
LIST OF ABBREVIATIONS xv

CHAPTER

1 INTRODUCTION 1
1.1 Fossil Fuel Energy 1
1.2 Problem statement  3
1.3 Scope of Research 4
1.4 Objectives 4

2 LITERATURE REVIEW 5
2.1 Vegetable-Based Fuel History 5
2.2 Biodiesel 5

2.2.1 Advantages of Biodiesel 6
2.3 Biodiesel Feedstock 7

2.3.1 Waste Cooking Oil (WCO) as 
Potential Low Cost Feedstock

8

2.4 Transesterification (Alcoholysis) Reaction-
Biodiesel Production

11

2.5 Catalysis in Transestrification Reaction 12
2.5.1 Mixed Metal Oxide Catalyst 13

2.6 Calcium Oxide (CaO) 14
2.6.1 Magnesium Oxide (MgO) 15
2.6.2 Iron (II) Oxide (Fe2O3) 15

2.7 Conversion of Waste Cooking Oil (WCO) 16

3 METHODOLOGY 18
3.1 Material and Gases 18
3.2 Preparation of Catalyst 18

3.2.1 CaO Derived from Cockleshell 18
3.2.2 MgO/CaO and Fe2O2 Derived from 

Cockleshell
18

3.3 Catalyst Characterization 19
3.3.1 X-Ray Fluorescence Spectroscopy 

(XRF)
19

3.3.2 Thermogravimetric Analysis (TGA) 19
3.3.3 X-Ray Diffraction (XRD) Analysis 19
3.3.4 Temperature Programmed 

Desorption of Carbon dioxide 
(TPD-CO2) and Ammonia (TPD-
NH3)

20



© C
OPYRIG

HT U
PM

x 
 

3.3.5 Brunauer-Emmet-Teller (BET) 
Surface Area Measurement

20

3.3.6 Scanning Electron Microscope-
Energy Dispersive X-ray (SEM-
EDX)

21

3.4 Transesterification Reaction 22
3.5 Biodiesel Characterization 25

3.5.1 Gas Chromatography-Flame 
Ionization Detector (GC-FID)

25

3.5.2 Atomic Absorption 
Spectrophotometer (AAS)

26

3.6 Biodiesel Quality Evaluation 26

4 SYNTHESIS AND CHARACTERIZATION OF CaO 
DERIVED FROM COCKLESHELL

27

4.1 Introduction 27
4.2 Characterization of Cockleshell 27

4.2.1 X-Ray Flourescence Spectrocopy 
(XRF)

27

4.2.2 Thermogravimetric Analysis 27
4.2.3 X-Ray Diffraction Analysis 28
4.2.4 Brunaueur-Emmet-Teller Surface 

Area Measurement
30

4.2.5 Temperature Programmed 
Desorption of Carbon Dioxide

30

4.2.6 Scanning Electron Microscopy 
(SEM)

31

5 TRANSESTERIFICATION OF WASTE COOKING 
OIL BY USING MgO/CaO and Fe2O3/CaO DERIVED 
FROM COCKLESHELL

33

5.1 Introduction 33
5.2 Characterization of MgO/CaO and Fe2O3/CaO 

Catalyst
33

5.2.1 X-ray Diffraction Analysis 33
5.2.2 Brunaueur-Emmet-Teller Surface 

Area Measurement
35

5.2.3 Temperature Programmed 
Desorption of Carbon Dioxide and 
Ammonia

37

5.2.4 Scanning Electron Microscopy-
Energy Dispersive Spectroscopy

40

5.3 Catalytic Activity of 5 wt. % MgO/CaO 44
5.3.1 Effect of Catalyst Loading 44
5.3.2 Effect of Methanol-to-oil Molar 

Ratio
45

5.3.3 Effect of Reaction Time 46
5.3.4 Reusability and Leaching Analyses 

of the Catalyst
47

5.4 Catalytic Activity of 5 wt.% Fe2O3/CaO 49
5.4.1 Effect of Catalyst Loading 49



© C
OPYRIG

HT U
PM

xi
 

5.4.2 Effect of Methanol-to-oil Molar 
Ratio

50

5.4.3 Effect of Reaction Time 50
5.4.4 Reusability and Leaching Analyses 

of the Catalyst
51

5.5 FAME analysis 52
5.6 Quality Assessment and WCO Biodiesel Fuel 

Properties
54

5.6.1 Acid Value 54
5.6.2 Kinematic Viscosity 54
5.6.3 Density 54
5.6.4 Pour Point and Cloud Point 55

6 SUMMARY, CONCLUSION AND 
RECOMMENDATION FOR FUTURE RESEARCH

57

6.1 Conclusions 57
6.2 Recommendations 58

REFERENCES 59
APPENDICES 69
BIODATA OF STUDENT 71
PUBLICATION 72



© C
OPYRIG

HT U
PM

xii 
 

LIST OF TABLES 

Table Page
2.1 Heterogeneous catalyst for biodiesel production by using WCO 10
3.1 Transesterification reaction at optimum condition 23
3.2 Instrument parameters 25
3.3 Fuel quality testing 26
4.1 Elemental analyses of uncalcined cockleshell 27
4.2 The crystallite size of CS700, CS800 and CS900 29
4.3 The textural properties of CS700, CS800 and CS900 30
4.4 The amount of basicity from TPD-CO2 analysis for CS700, CS800 

and CS900
30

5.1 The crystallite size of CaO, MgO, Fe2O3, 5-25 wt. % MgO/CaO and 
Fe2O3/CaO

34

5.2 Textural properties of 5-25 wt. % MgO/CaO and Fe2O3/CaO 
catalysts

35

5.3 The amount of CO2 and NH3 desorbed for 5-25 wt. % MgO/CaO 
and Fe2O3/CaO catalysts

39

5.4 Results of the EDX analysis of sample 44
5.5 List of FAME contents in WCO methyl ester analyzed by GC-FID 54
5.6 Fuel properties for WCO methyl esters in comparison with 

biodiesel standards
56



© C
OPYRIG

HT U
PM

xiii 
 

LIST OF FIGURES 

Figure Page
1.1 Distribution of the oil produces in the world 1
1.2 Oil production among the countries 1
1.3 Projection of the energy consumption from 1980-2040 2
1.4 The variation of the concentration level of CO2 in the atmosphere 3
2.1 Application of the biodiesel reduces the harmful emission to the 

environment
6

2.2 Production costs for biodiesel versus diesel and other feedstock 
from 2013-2016

7

2.3 Response to the survey “how do you dispose your waste cooking 
oil? (a) From residential sector (b) From restaurants

8

2.4 Transesterification reaction of triglycerides 11
2.5 Transesterification reaction steps 12
2.6 Mechanisms of esterification process of FFA with methanol by 

Lewis acid metal oxides
16

2.7 Mechanisms of transesterification of TGs with methanol by base 
catalyst

17

3.1 Conventional reflux experiment setup 22
3.2 Summary chart for biodiesel production 24
3.3 Glycerol and biodiesel obtained from transesterification reaction 25
4.1 The TGA profile of UCS 28
4.2 XRD pattern for UCS, CS700, CS800 and CS900 29
4.3 TPD-CO2 profile for CS700, CS800 and CS900 31
4.4 SEM images for (a) UCS (b) CS700 (c) CS800 and (d) CS900 32
5.1 XRD patterns for CaO, MgO and 5-25 wt. % MgO/CaO catalysts 33
5.2 XRD patterns for CaO, Fe2O3 and 5-25 wt. % Fe2O3/CaO catalysts 34
5.3 The N2 adsorption-desorption isotherms of 5-25 wt. % MgO/CaO 

catalysts
36

5.4 The N2 adsorption-desorption isotherms of 5-25 wt. % Fe2O3/CaO 
catalysts

37

5.5 (a) The basicity strength of TPD-CO2 profile and (b) the acidity 
strength of TPD-NH3 profile for 5- 25 wt. % MgO/CaO catalysts; 
(c) the basicity strength of TPD-CO2 profile and (d) the acidity 
strength of TPD-NH3 profile for 5- 25 wt. % Fe2O3/CaO catalysts

38

5.6 SEM images of compounds: (a) 5 wt. % MgO/CaO (b) 10 wt. % 
MgO/CaO (c) 15 wt. % MgO/CaO (d) 20 wt. % MgO/CaO (e) 25 
wt. % MgO/CaO

41

5.7 SEM images of compounds: (a) 5 wt. % Fe2O3/CaO (b) 10 wt. % 
Fe2O3/CaO (c) 15 wt. % Fe2O3/CaO (d) 20 wt. % Fe2O3/CaO (e) 
25 wt. % Fe2O3/CaO

42

5.8 EDX spectra of compounds: (a) 5 wt. % MgO/CaO (b) 10 wt. % 
MgO/CaO (c) 15 wt. % MgO/CaO (d) 20 wt. % MgO/CaO (e) 25 
wt. % MgO/CaO

43

5.9 EDX spectra of compounds : (a) 5 wt. % Fe2O3/CaO (b) 10 wt. % 
Fe2O3/CaO (c) 15 wt. % Fe2O3/CaO (d) 20 wt. % Fe2O3/CaO (e) 
25 wt. % Fe2O3/CaO

43

5.10 Effect of catalyst loading on the FAME yield by MgO/CaO 
catalyst. Reaction condition: methanol-to-oil molar ratio =15:1, 
reaction time = 3 h and reaction temperature = 65 ⁰C.

45



© C
OPYRIG

HT U
PM

xiv 
 

5.11 Effect of methanol-to-oil molar ratio on the FAME yield by 
MgO/CaO catalyst. Reaction condition: catalyst loading = 2 wt. 
%, reaction time = 3 h and reaction temperature = 65 ⁰C

46

5.12 Effect of reaction time on the FAME yield of WCO by MgO/CaO 
catalyst. Reaction condition: catalyst loading = 2 wt. %, methanol-
to-oil molar ratio = 10:1 and reaction temperature = 65 ⁰C

47

5.13 Reusability and leaching analyses of the MgO/CaO catalyst 48
5.14 Effect of catalyst loading on the FAME yield of WCO by 

Fe2O3/CaO catalyst. Reaction condition: methanol-to-oil molar 
ratio =15:1, reaction time = 3 h and reaction temperature = 65 ⁰C

49

5.15 Effect of methanol-to-oil molar ratio on the FAME yield of WCO 
by Fe2O3/CaO catalysts which the reaction condition: catalyst 
loading = 1 wt. %, reaction time = 3 h and reaction temperature = 
65 ⁰C

50

5.16 Effect of reaction time on the FAME yield of WCO by Fe2O3/CaO 
catalysts which the reaction condition: catalyst loading = 1 wt. %, 
methanol-to-oil molar ratio = 15:1 and reaction temperature = 65 
⁰C

51

5.17 Reusability and leaching analyses of the Fe2O3/CaO catalyst 52
5.18 GC-FID chromatograms for MgO/CaO catalyst of (a) FAMEs 

standards and (b) WCO methyl esters
53

5.19 GC-FID chromatograms for Fe2O3/CaO catalyst of (a) FAMEs 
standards and (b) WCO methyl esters

53

 

 



© C
OPYRIG

HT U
PM

xv
 

LIST OF ABRREVIATIONS 

AAS Atomic Absorption Spectroscopy

ASTM American Society for Testing and Materials

BET Brunauer-Emmett-Teller

CaCO3 Calcium carbonate

CaO Calcium oxide

CO2 Carbon dioxide

CS Cockleshell

CS700 CaO derived from cockleshell calcined at 700 °C

CS800 CaO derived from cockleshell calcined at 800 °C

CS900 CaO derived from cockleshell calcined at 900 °C

DGs Diglycerides

EDX Energy Dispersive X-ray

EN European Standard

FAME Fatty acid methyl ester

Fe2O3 Iron (II) oxide

FFA Free fatty acid

GC-FID Gas Chromatography-Flame Ionization Detector

JCPDS Joint Committee on Powder Diffraction Standards

MgO Magnesium oxide

SEM Scanning Electron Microscopy

TGA Thermal Gravimetry Analysis

TGs Triglycerides

TPD-CO2 Temperature Programmed Desorption-Carbon Dioxide

TPD-NH3 Temperature Programmed Desorption-Ammonia

UCS Uncalcined Cockleshell



© C
OPYRIG

HT U
PM

xvi
 

WCO Waste Cooking Oil

XRD X-Ray Diffraction

XRF X-Ray Fluorescence

 



© C
OPYRIG

HT U
PM

1 
 

CHAPTER 1 

INTRODUCTION 

1.1 Fossil Fuel Energy 

The world energy supply had relied to non-renewable fossil crude oil for more than two 
centuries. The world current limitations of fossil crude oil due to the depletion of fossil 
fuel (Foster et al., 2017). The exhaustion of the fossil fuel source has reduced enormous 
problem of energy dependency in most countries. (Alba-Rubio et al., 2010). The world’s 
oil assets are located in certain location. The specific areas which have suitable 
geological features and allowed the creation along with accumulation of the oil. Figure 
1.1 and 1.2 show the current demograhic of the oil production around the world. It is 
found that majority about more than 10 million barrels per day produced by US, Europe 
and Euroasia (Murray and King, 2012). 

Figure 1.1: Distribution Of The Oil Produces In The World (Murray And King,
2012) 

Figure 1.2: Oil Production Among The Countries (Murray and King, 2012) 

Furthermore, Figure 1.3 shows projection of the energy consumption for near future. The 
approaching reduction of fossil fuel production along with the rapid growth of population 
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and urbanization contributed to the increasing demand for the petroleum derived fuels 
for daily necessities mainly in transportation sector. Rahman and Mashud (2010) stated 
that the growing consumption of energy resulted in the country’s increasing dependent 
on fossil fuels such as coal, oil and gas in 2010. However, energy sources are limited and 
lessening gradually. Therefore, limitability and unrenewability energy for fossil 
resources are the main purpose to the rising of cost of petroleum-derived fuels. 
Henceforth, new energy sources which can meet the demands should be explored. 

Figure 1.3: Projection Of The Energy Consumption From 1980-2040 (EIA, 2017) 

The application of the petroleum-derived fuels is one of the reasons to the increasing 
emission of polluted gasses which lead to the global warming effect such as carbon 
monoxides, COx and nitrogen oxides, NOx. It is recognized that global warming will lead 
to a serious climatic change and threatening human nature. Global warming is mainly 
produced by greenhouse gases, particularly CO2 that are formed during burning of fossil 
fuels which results in significant alterations in the ecosystem. The atmospheric 
concentration of CO2 has reached its utmost level over the past century as shown in 
Figure 1.4. 
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Figure 1.4: The Variation Of The Concentration Level Of CO2 In The 
Atmosphere (Webb et al., 1993) 

Kouzu and Hidaka reported that the constant ascend of the earth’s average temperature, 
threatens millions of people with growing risk of hunger, floods, water shortage and 
diseases such as malaria. The diminishing resources of fossil fuels energy and the 
accumulation of carbon dioxide and other greenhouse gases in the atmosphere are the 
core explanation for the change in climates, and other living organisms. (Escobar et al., 
2009). Consequently, to solve this problems, it is necessary by making great effort in 
order to reduce the climate change and also reduce the level of greenhouse gas emission. 
In this day and age, all the developed countries are opposing among themselves to create 
new alternative low cost fuel known as biodiesel which should be sustainable and also 
friendly to environment. 

1.2 Problem Statement 

The increasing crude oil petroleum prices (Genc, 2017), limited resources of fossil fuels 
(Foster et al., 2017) and environmental concern have led to the search for new 
alternatives fuels which are more sustainable, energy conservation, efficiency and 
environmental friendly (Board, 2015). In this current study, biodiesel production from 
transesterification reaction is dedicated by application of heterogeneous catalyst using 
waste cooking oil.  

Up till now, there is no researcher who studies MgO/CaO and Fe2O3/CaO using waste 
cooking oil. Among various catalysts available, metal oxides, MgO and Fe2O3 have 
attracted substantial attention due to their promising potential in biodiesel production. 
Due to its certain properties, including stoichiometry and composition, cation valence, 
redox properties, acid-base character, and crystal and electronic structure, researchers 
normally consider MgO as a promising high surface area heterogeneous catalyst support, 
additive, and promoter for many kinds of chemical reactions. Moreover, the existence of 
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MgO as a promoter catalyst also transforms the electronic state of the overall catalytic 
performance by electron transfer between the native catalyst and MgO. In the meantime, 
the method, chemical composition, and condition in the preparation of MgO are the 
important aspects affecting its surface and catalytic properties. Consequently, MgO with 
a high surface area and nanocrystalline structure has promising applications for some 
reactions, including transesterification process. Meanwhile, iron (Fe) is a catalyst for 
some imperative industrial chemical reactions and has some advantage which is plentiful 
and inexpensive, therefore making the use of it on the metric ton scale viable. In the 
present work, for the first time, a series of MgO/CaO and Fe2O3/CaO were prepared.  

1.3 Scope of Research 

This research involved the synthesis of MgO/CaO and Fe2O3/CaO derived from waste 
shells of cockleshell as heterogeneous mixed metal oxide catalysts for biodiesel 
production using waste cooking oil (WCO). The best calcination temperature for CaO 
supported on Fe2O3 and MgO synthesis was investigated and characterized by using 
XRF, XRD, TGA, BET, TPD-NH3, TPD-CO2, SEM and SEM-EDX. Then, the catalyst 
was continued for optimization study. The condition of the transesterification reactions 
of WCO was also studied by investigating the effect of variable parameters such as 
catalyst loading, methanol-to-oil molar ratio and reaction time. The reusability of the 
MgO/CaO and Fe2O3/CaO catalysts were determined and the leaching of calcium, iron 
and magnesium species into the reaction product were confirmed by using atomic 
absorption spectroscopy (AAS) elemental analysis. The entire biodiesel product in the 
reaction was analyzed by using gas chromatography (GC-FID). Lastly, the biodiesel fuel 
standard quality properties were determined by using ASTM D6751 and European 14212 
standard specifications. 

1.3 Objectives 

This dissertation aims to synthesize and modify calcium oxide catalysts derived from 
cockleshell. This study also discussed the physical and chemical properties of 
synthesized catalysts and feasibility of biodiesel production from waste cooking oil via 
transesterification reaction with methanol. In order to achieve the main aim, there are six 
research objectives have been addressed as follows: 

1. To synthesize, screen and characterize calcium oxide derive from cockleshell. 
2. To synthesize, screen and characterize MgO/CaO and Fe2O3/CaO catalysts 

using several methods such as X-ray Flourescence Spectroscopy (XRF), X-ray 
Diffraction (XRD) analysis, Thermogravimetric Analysis (TGA), Temperature 
Programmed Desorption of Ammonia (TPD-NH3), Temperature Programmed 
Desorption of Carbon Dioxide (TPD-CO2), Brunaueur-Emmett-Teller (BET), 
Scanning Electron Microscopy-Energy Dispersive X-ray (SEM-EDX) and 
Scanning Electron Microscopy (SEM). 

3. To optimize and investigate the biodiesel production by manipulating its 
parameters (catalyst loading, methanol-to-oil molar ratio and reaction time) and 
the reusability also leaching of MgO/CaO and Fe2O3/CaO catalysts. 

4. To determine and evaluate the properties of WCO biodiesel. 



© C
OPYRIG

HT U
PM

59 
 

REFERENCES 

EIA. (2017). Annual Energy Outlook 2017 with projections to 2050, 1–64.  

Enerdata. (2017). (n.d). 

US EPA, US Dept. of Energy, National Renewable Energy Laboratory (NREL). (2011). 
Retrieved from www.bridgeportbiodiesel.com/biodiesel-facts. 

A.E. Atabani, A.S. Silitonga, H.C. Ong, T.M.I. Mahlia, H.H. Masjuki, I.A. Badruddin,  
et al. (2013). Non-edible vegetable oils: a critical evaluation of oil extraction, fatty 
acid compositions, biodiesel production, characteristics, engine performance and 
emissions production. Renewable and Sustainable Energy Reviews, 18, 211–245. 

Al-jammal, N., Al-hamamre, Z., & Alnaief, M. (2016). Manufacturing of zeolite based 
catalyst from zeolite tuft for biodiesel production from waste sun fl ower oil. 
Renewable Energy, 93, 449–459.  

Alba-Rubio, A. C., Santamaría-González, J., Mérida-Robles, J. M., Moreno-Tost, R., 
Martín-Alonso, D., Jiménez-López, A., & Maireles-Torres, P. (2010). 
Heterogeneous transesterification processes by using CaO supported on zinc oxide 
as basic catalysts. Catalysis Today, 149(3–4), 281–287.  

Albuquerque, M. C. G., Azevedo, D. C. S., Cavalcante, C. L., Santamaría-González, J., 
Mérida-Robles, J. M., Moreno-Tost, R.,  Maireles-Torres, P. (2009). 
Transesterification of ethyl butyrate with methanol using MgO/CaO catalysts. 
Journal of Molecular Catalysis A: Chemical, 300(1–2), 19–24.  

Alhassan, F. H., Rashid, U., & Taufiq-Yap, Y. H. (2015). Synthesis of waste cooking
oil-based biodiesel via effectual recyclable bi-functional Fe2O3MnOSO4

2−/ZrO2

nanoparticle solid catalyst. Fuel, 142, 38–45.  

Almeida, T. S., Garbim, C., Silva, R. G., & De Andrade, A. R. (2017). Addition of iron 
oxide to Pt-based catalyst to enhance the catalytic activity of ethanol 
electrooxidation. Journal of Electroanalytical Chemistry, 796, 49–56.  

Amani, H., Ahmad, Z., & Hameed, B. H. (2014). Highly active alumina-supported Cs–
Zr mixed oxide catalysts for low-temperature transesterification of waste cooking 
oil. Applied Catalysis A: General, 487, 16–25.  

Asri, N. P., Machmudah, S., Wahyudiono, Suprapto, Budikarjono, K., Roesyadi, A., & 
Goto, M. (2013). Palm oil transesterification in sub- and supercritical methanol 
with heterogeneous base catalyst. Chemical Engineering and Processing: Process 
Intensification, 72, 63–67.  

Bankovi, I. B., Miladinovi, M. R., Stamenkovi, O. S., & Veljkovi, V. B. (2017). 
Application of nano CaO – based catalysts in biodiesel synthesis. Renewable and 
Sustainable Energy Reviews, 72, 746–760.  

Bechgaard, T. K., Scannell, G., Huang, L., Youngman, R. E., Mauro, J. C., & 
Smedskjaer, M. M. (2017). Structure of MgO/CaO sodium aluminosilicate glasses: 
Raman spectroscopy study. Journal of Non-Crystalline Solids, 470(March), 145–
151.  

Birla, A., Singh, B., Upadhyay, S. N., & Sharma, Y. C. (2012). Kinetics studies of 



© C
OPYRIG

HT U
PM

60 
 

synthesis of biodiesel from waste frying oil using a heterogeneous catalyst derived 
from snail shell. Bioresource Technology, 106, 95–100.  

Board, N. B. (2015). Biodiesel Sustainability Fact Sheet 4.08.pdf. Bioenergy: Biomass 
to Biofuels, 561–563.  

Boey, P.-L., Maniam, G. P., & Hamid, S. A. (2011). Performance of calcium oxide as a 
heterogeneous catalyst in biodiesel production: A review. Chemical Engineering 
Journal, 168(1), 15–22.  

Boey, P.-L., Maniam, G. P., Hamid, S. A., & Ali, D. M. H. (2011). Utilization of waste 
cockle shell (Anadara granosa) in biodiesel production from palm olein: 
Optimization using response surface methodology. Fuel, 90(7), 2353–2358.  

Boro, J., Deka, D., & Thakur, A. J. (2012). A review on solid oxide derived from waste 
shells as catalyst for biodiesel production. Renewable and Sustainable Energy 
Reviews, 16(1), 904–910.  

Brennan, L., & Owende, P. (2010). Biofuels from microalgae-A review of technologies 
for production, processing, and extractions of biofuels and co-products. Renewable 
and Sustainable Energy Reviews, 14(2), 557–577.  

Brunauer, S., Deming,  l. S., Deming, W. E., & Teller, E. (1940). THEORY OF THE 
VAN DER WAALS ADSORPTION OF GASES 1723. J. Am. Chem. Soc., 62(7), 
1723–1732. 

Buasri, A., Rochanakit, K., Wongvitvichot, W., Masa-Ard, U., & Loryuenyong, V. 
(2015). The Application of Calcium Oxide and Magnesium Oxide from Natural 
Dolomitic Rock for Biodiesel Synthesis. Energy Procedia, 79, 562–566.  

Buasri, A., Worawanitchaphong, P., Trongyong, S., & Loryuenyong, V. (2014). 
Utilization of Scallop Waste Shell for Biodiesel Production from Palm Oil –
Optimization Using Taguchi Method. APCBEE Procedia, 8(Caas 2013), 216–221.  

Cano, M., Sbargoud, K., Allard, E., & Larpent, C. (2012). Magnetic separation of fatty 
acids with iron oxide nanoparticles and application to extractive deacidification of 
vegetable oils. Green Chemistry, 14(6), 1786.  

César, A. da S., Werderits, D. E., de Oliveira Saraiva, G. L., & Guabiroba, R. C. da S. 
(2017). The potential of waste cooking oil as supply for the Brazilian biodiesel 
chain. Renewable and Sustainable Energy Reviews, 72(January), 246–253.  

Chen, Y., Lin, D., & Chen, B. (2017). Transesterification of acid soybean oil for biodiesel 
production using lithium metasilicate catalyst prepared from diatomite. Journal of 
the Taiwan Institute of Chemical Engineers, 0, 1–6.  

Chhetri, A. B., Watts, K. C., & Islam, M. R. (2008). Waste Cooking Oil as an Alternate 
Feedstock for Biodiesel Production. Energies, 1(1), 3–18.  

Colombo, K., Ender, L., & Barros, A. A. C. (2016). The study of biodiesel production 
using CaO as a heterogeneous catalytic reaction. Egyptian Journal of Petroleum.

Correia, L. M., de Sousa Campelo, N., Novaes, D. S., Cavalcante, C. L., Cecilia, J. A., 
Rodríguez-Castellón, E., & Vieira, R. S. (2015). Characterization and application 
of dolomite as catalytic precursor for canola and sunflower oils for biodiesel 



© C
OPYRIG

HT U
PM

61 
 

production. Chemical Engineering Journal, 269, 35–43.  

Correia, L. M., Saboya, R. M. A., de Sousa Campelo, N., Cecilia, J. A., Rodríguez-
Castellón, E., Cavalcante, C. L., & Vieira, R. S. (2014). Characterization of 
calcium oxide catalysts from natural sources and their application in the 
transesterification of sunflower oil. Bioresource Technology, 151, 207–213.  

Demirbas, A. (2008). Biodiesel from vegetable oils with MgO catalytic 
transesterification in supercritical methanol. Energy Sources, Part A: Recovery, 
Utilization and Environmental Effects, 30(17), 1645–1651.  

Demirbas, A. (2009). Biodiesel from waste cooking oil via base-catalytic and 
supercritical methanol transesterification. Energy Conversion and Management,
50(4), 923–927.  

Dhawane, S. H., Bora, A. P., Kumar, T., & Halder, G. (2017). Parametric optimization 
of biodiesel synthesis from rubber seed oil using iron doped carbon catalyst by 
Taguchi approach. Renewable Energy, 105, 616–624.  

Dhawane, S. H., Kumar, T., & Halder, G. (2016). Parametric effects and optimization on 
synthesis of iron (II) doped carbonaceous catalyst for the production of biodiesel. 
Energy Conversion and Management, 122, 310–320.  

Eder, K. (1995). Gas chromatographic analysis of fatty acid methyl esters. Journal of 
Chromatography B - Analytical Technologies in the Biomedical and Life Sciences,
671, 113–131. 

Escobar, J. C., Lora, E. S., Venturini, O. J., Yáñez, E. E., Castillo, E. F., & Almazan, O. 
(2009). Biofuels: Environment, technology and food security. Renewable and 
Sustainable Energy Reviews, 13(6–7), 1275–1287.  

Ezebor, F., Khairuddean, M., Abdullah, A. Z., & Boey, P. L. (2014). Oil palm trunk and 
sugarcane bagasse derived solid acid catalysts for rapid esterification of fatty acids 
and moisture-assisted transesterification of oils under pseudo-infinite methanol. 
Bioresource Technology, 157, 254–262.  

Fan, M., Liu, Y., Zhang, P., & Jiang, P. (2016). Blocky shapes Ca-Mg mixed oxides as 
a water-resistant catalyst for effective synthesis of biodiesel by transesterification. 
Fuel Processing Technology, 149, 163–168.  

Farooq, M., Ramli, A., & Subbarao, D. (2013). Biodiesel production from waste cooking 
oil using bifunctional heterogeneous solid catalysts. Journal of Cleaner 
Production, 59, 131–140. 

Foster, E., Contestabile, M., Blazquez, J., Manzano, B., Workman, M., & Shah, N. 
(2017). The unstudied barriers to widespread renewable energy deployment: Fossil 
fuel price responses. Energy Policy, 103, 258–264. 

Furimsky, E. (2003). Metal carbides and nitrides as potential catalysts for 
hydroprocessing. Applied Catalysis A: General, 240(1–2), 1–28.  

Gambelli, D., Alberti, F., Solfanelli, F., Vairo, D., & Zanoli, R. (2017). Third generation 
algae biofuels in Italy by 2030: A scenario analysis using Bayesian networks. 
Energy Policy, 103(January), 165–178.  



© C
OPYRIG

HT U
PM

62 
 

Gan, M., Pan, D., Ma, L., Yue, E., & Hong, J. (2009). The Kinetics of the Esterification 
of Free Fatty Acids in Waste Cooking Oil Using Fe2(SO4)3/C Catalyst. Chinese 
Journal of Chemical Engineering, 17(1), 83–87.  

Gebremariam, S. N., & Marchetti, J. M. (2018). Economics of biodiesel production : 
Review. Energy Conversion and Management, 168(February), 74–84.  

Genc, T. S. (2017). OPEC and Demand Response to Crude Oil Prices, 66, 238–246. 

Geraldes Castanheira, É., Grisoli, R., Freire, F., Pecora, V., & Coelho, S. T. (2014). 
Environmental sustainability of biodiesel in Brazil. Energy Policy, 65, 680–691.  

Hoque, M. E., Singh, A., & Chuan, Y. L. (2011). Biodiesel from low cost feedstocks: 
The effects of process parameters on the biodiesel yield. Biomass and Bioenergy,
35(4), 1582–1587.  

Huaping, Z. H. U., Zongbin, W. U., Yuanxiong, C., Ping, Z., Shijie, D., & Xiaohua, L. 
I. U. (2006). Preparation of Biodiesel Catalyzed by Solid Super Base of Calcium 
Oxide and Its Refining Process, 27(5), 391–396. 

Hussain, M. N., Samad, T. A., & Janajreh, I. (2016). Economic feasibility of biodiesel 
production from waste cooking oil in the UAE. Sustainable Cities and Society, 26,
217–226.  

Huynh, L.-H., Kasim, N. S., & Ju, Y.-H. (2011). Biodiesel Production from Waste Oils.
Biofuels (1st ed.). Elsevier Inc. 

Ilgen, O., & Akin,  a N. (2008). Transesterification of Canola Oil to Biodiesel Using 
MgO Loaded with KOH as a Heterogeneous Catalyst Transesterification of Canola 
Oil to Biodiesel Using MgO Loaded with KOH as a Heterogeneous Catalyst. 
Energy & Fuels, 27(3), 1786–1789.  

Ismail, S., Ahmed, A. S., Anr, R., & Hamdan, S. (2016). Biodiesel Production from 
Castor Oil by Using Calcium Oxide Derived from Mud Clam Shell. Journal of 
Renewable Energy, 2016, 1–8.  

Jacobson, K., Gopinath, R., Meher, L., & Dalai,  a. (2008). Solid acid catalyzed biodiesel 
production from waste cooking oil. Applied Catalysis B: Environmental, 85(1–2), 
86–91.  

Javidialesaadi,  a., & Raeissi, S. (2013). Biodiesel Production from High Free Fatty Acid-
Content Oils: Experimental Investigation of the Pretreatment Step. APCBEE 
Procedia, 5, 474–478. 

Kinsella, R., Maher, T., & Clegg, M. E. (2017). Coconut oil has less satiating properties 
than medium chain triglyceride oil. Physiology & Behavior, 179, 422–426.  

Knothe, G. (2001). Historical perspectives on vegetable oil based diesel fuels. Inform,
12(November), 1103–1107. 

Knothe, G. (2010). Biodiesel and renewable diesel: A comparison. Progress in Energy 
and Combustion Science, 36(3), 364–373.  

Knothe, G. (2011). A technical evaluation of biodiesel from vegetable oils vs. algae. Will 
algae-derived biodiesel perform? Green Chemistry, 13, 3048.  



© C
OPYRIG

HT U
PM

63 
 

Knothe, G. ., & Razon, L. F. (2017). Biodiesel Fuels. Progress in Energy and 
Combustion Science, 58, 36–59.  

Kouzu, M., & Hidaka, J. (2012). Transesterification of vegetable oil into biodiesel 
catalyzed by CaO: A review. Fuel, 93, 1–12.  

Kouzu, M., & Hidaka, J. S. (2013). Purification to remove leached CaO catalyst from 
biodiesel with the help of cation-exchange resin. Fuel, 105, 318–324.  

Kouzu, M., Kasuno, T., Tajika, M., Yamanaka, S., & Hidaka, J. (2008). Active phase of 
calcium oxide used as solid base catalyst for transesterification of soybean oil with 
refluxing methanol. Applied Catalysis A: General, 334(1–2), 357–365.  

Lam, M. K., & Lee, K. T. (2011). Mixed methanol–ethanol technology to produce 
greener biodiesel from waste cooking oil: A breakthrough for SO4

2−/SnO2–SiO2

catalyst. Fuel Processing Technology, 92(8), 1639–1645.  

Lam, M. K., Lee, K. T., & Mohamed, A. R. (2010). Homogeneous, heterogeneous and 
enzymatic catalysis for transesterification of high free fatty acid oil (waste cooking 
oil) to biodiesel: a review. Biotechnology Advances, 28(4), 500–518.  

Lee, S. L., Wong, Y. C., Tan, Y. P., & Yew, S. Y. (2015). Transesterification of palm oil 
to biodiesel by using waste obtuse horn shell-derived CaO catalyst. Energy 
Conversion and Management, 93, 282–288.  

Limmanee, S., Naree, T., Bunyakiat, K., & Ngamcharussrivichai, C. (2013). Mixed 
oxides of Ca, Mg and Zn as heterogeneous base catalysts for the synthesis of palm 
kernel oil methyl esters. Chemical Engineering Journal, 225, 616–624.  

Liu, X., He, H., Wang, Y., Zhu, S., & Piao, X. (2008). Transesterification of soybean oil 
to biodiesel using CaO as a solid base catalyst. Fuel, 87(2), 216–221.  

Lokman, I. M., Rashid, U., & Taufiq-Yap, Y. H. (2015). Microwave-Assisted Methyl 
Ester Production from Palm Fatty Acid Distillate over a Heterogeneous Carbon-
Based Solid Acid Catalyst. Chemical Engineering & Technology, 38(10), 1837–
1844.

Lokman, I. M., Rashid, U., Taufiq-Yap, Y. H., & Yunus, R. (2015). Methyl ester 
production from palm fatty acid distillate using sulfonated glucose-derived acid 
catalyst. Renewable Energy, 81, 347–354.  

Lokman, I. M., Rashid, U., Yunus, R., & Taufiq-, Y. H. (2014). Catalysis Reviews : 
Science and Engineering Carbohydrate-derived Solid Acid Catalysts for Biodiesel 
Production from Low-Cost Feedstocks : A Review. Catalysis Reviews: Science 
and Engineering, 56(July 2015), 187–219.  

Lu, P., Yuan, Z., Li, L., Wang, Z., & Luo, W. (2010). Biodiesel from different oil using 
fixed-bed and plug-flow reactors. Renewable Energy, 35(1), 283–287.  

Mahdavi, V., & Abedini, F. (2016). Preparation and Characterization of CaO/MgO 
Catalyst and Its Application for Transesterification of n-Butyl Acetate with 
Methanol. Chemical Engineering Communications, 203(1), 114–122.  

Maleki, H., & Kazemeini, M. (2017). Transesterification of canola oil over Li/Ca-La 
mixed oxide catalyst: Kinetics and calcination temperature investigations. Journal 



© C
OPYRIG

HT U
PM

64 
 

of Fuel Chemistry and Technology, 45(4), 442–448.  

Mansir, N., Hwa Teo, S., Lokman Ibrahim, M., & Yun Hin, T. Y. (2017). Synthesis and 
application of waste egg shell derived CaO supported W-Mo mixed oxide catalysts 
for FAME production from waste cooking oil: Effect of stoichiometry. Energy 
Conversion and Management, 151(September), 216–226.  

Mansir, N., Taufiq-Yap, Y. H., Rashid, U., & Lokman, I. M. (2016). Investigation of 
heterogeneous solid acid catalyst performance on low grade feedstocks for 
biodiesel production: A review. Energy Conversion and Management.

Mansir, N., Teo, S. H., Rabiu, I., & Taufiq-Yap, Y. H. (2018). Effective biodiesel 
synthesis from waste cooking oil and biomass residue solid green catalyst. 
Chemical Engineering Journal, 347(April), 137–144.  

Mardhiah, H. H., Ong, H. C., Masjuki, H. H., Lim, S., & Lee, H. V. (2017). A review on 
latest developments and future prospects of heterogeneous catalyst in biodiesel 
production from non-edible oils. Renewable and Sustainable Energy Reviews, 67,
1225–1236.  

Marinković, D. M., Stanković, M. V., Veličković, A. V., Avramović, J. M., Miladinović, 
M. R., Stamenković, O. O.,  Jovanović, D. M. (2016). Calcium oxide as a 
promising heterogeneous catalyst for biodiesel production: Current state and 
perspectives. Renewable and Sustainable Energy Reviews, 56, 1387–1408.  

Mayvan, A. A., Ghobadian, B., & Najafi, G. (2011). Current Biodiesel Production 
Technologies : a Comparative Review. Most, 63, 4–7.

Meher, L. C., Churamani, C. P., Arif, M., Ahmed, Z., & Naik, S. N. (2013). Jatropha 
curcas as a renewable source for bio-fuels—A review. Renewable and Sustainable 
Energy Reviews, 26, 397–407.  

Mello, V. M., Pousa, G. P. A. G., Pereira, M. S. C., Dias, I. M., & Suarez, P. A. Z. (2011). 
Metal oxides as heterogeneous catalysts for esterification of fatty acids obtained 
from soybean oil. Fuel Processing Technology, 92(1), 53–57.  

Mirante, F. I. C., & Coutinho, J. A. P. (2001). Cloud point prediction of fuels and fuel 
blends. Fluid Phase Equilibria, 180(1–2), 247–255.  

Molaei Dehkordi, A., & Ghasemi, M. (2012). Transesterification of waste cooking oil to 
biodiesel using Ca and Zr mixed oxides as heterogeneous base catalysts. Fuel 
Processing Technology, 97, 45–51.  

Murray, J., & King, D. (2012). Comment: Oil’s tipping point has passed. Nature,
481(January), 433–435.  

National Biodiesel Board, USA. (2015). Introduction to Biodiesel and Glossary of 
Terms. Bioenergy, 37–40.

Niju, S., Begum, K. M. M. S., & Anantharaman, N. (2014). Enhancement of biodiesel 
synthesis over highly active CaO derived from natural white bivalve clam shell 
Department of Chemical Engineering. Arabian Journal of Chemistry, 633–639.  

Nongbe;, M. C., Ekou;, T., Ekou;, L., Benjamin;, Y. K., Grognec;, E. Le, & Felpin, F.-
X. (2017). Biodiesel production from palm oil using sulfonated graphene catalyst. 



© C
OPYRIG

HT U
PM

65 
 

Renewable Energy.

Nowicki, J., Lach, J., Organek, M., & Sabura, E. (2016). Transesterification of rapeseed 
oil to biodiesel over Zr-dopped MgAl hydrotalcites. Applied Catalysis A: General,
524, 17–24.

Nur Syazwani, O., Rashid, U., & Taufiq Yap, Y. H. (2015). Low-cost solid catalyst 
derived from waste Cyrtopleura costata (Angel Wing Shell) for biodiesel 
production using microalgae oil. Energy Conversion and Management, 101, 749–
756.

Parida, S., Sahu, D. K., & Misra, P. K. (2017). Optimization of transesterification process 
by the application of ultrasound energy coupled with diesel as cosolvent. Journal 
of the Energy Institute, 90(4), 556–562.  

Poonjarernsilp, C., Sano, N., & Tamon, H. (2015). Simultaneous esterification and 
transesterification for biodiesel synthesis by a catalyst consisting of sulfonated 
single-walled carbon nanohorn dispersed with Fe/Fe2O3 nanoparticles. Applied 
Catalysis A: General, 497, 145–152.  

Quintella, S. A., Saboya, R. M. A., Salmin, D. C., Novaes, D. S., Araújo, A. S., 
Albuquerque, M. C. G., & Cavalcante, C. L. (2012). Transesterificarion of soybean 
oil using ethanol and mesoporous silica catalyst. Renewable Energy, 38(1), 136–
140.  

Rabiah Nizah, M. F., Taufiq-Yap, Y. H., Rashid, U., Teo, S. H., Shajaratun Nur, Z. A., 
& Islam, A. (2014). Production of biodiesel from non- edible Jatropha curcas oil 
via transesterification using Bi2O3-La2O3 catalyst. Energy Conversion and 
Management, 88, 1257–1262.  

Rahman, K., & Mashud, M. (2010). Biodiesel from Jatropha oil as an alternative fuel for 
diesel engine. International Journal of Mechanical & Mechatronics Engineering,
10(03), 1–6.  

Rahmani Vahid, B., & Haghighi, M. (2017). Biodiesel production from sunflower oil 
over MgO/MgAl2O4 nanocatalyst: Effect of fuel type on catalyst nanostructure and 
performance. Energy Conversion and Management, 134, 290–300.  

Roschat, W., Kacha, M., Yoosuk, B., Sudyoadsuk, T., & Promarak, V. (2012). Biodiesel 
production based on heterogeneous process catalyzed by solid waste coral 
fragment. Fuel, 98, 194–202.  

Sani, J., Sokoto, A. M., Tambuwal, A. D., & Garba, N. A. (2017). Effect of NiO/SiO2 on 
thermo-chemical conversion of waste cooking oil to hydrocarbons. Heliyon, 3(5).  

Sanjay, B. (2013). Heterogeneous Catalyst derived from Natural Resources for Biodiesel 
Production : A Review. Research Journal of Chemical Science, 3(6), 95–101. 

Sardar, N., Ahmad, M., Khan, M. a., Ali, S., Zafar, M., Khalid, N., & Sultana, S. (2011). 
Prospects and Potential of Non Edible Neem Oil Biodiesel Based on Physico-
chemical Characterization. Energy Sources, Part A: Recovery, Utilization, and 
Environmental Effects, 33(15), 1422–1430.  

Saydut, A., Erdogan, S., Kafadar, A. B., Kaya, C., Aydin, F., & Hamamci, C. (2016). 



© C
OPYRIG

HT U
PM

66 
 

Process optimization for production of biodiesel from hazelnut oil, sunflower oil 
and their hybrid feedstock. Fuel, 183, 512–517.  

Schuchardt, U., Sercheli, R., & Matheus, R. (1998). Transesterification of Vegetable 
Oils : a Review General Aspects of Transesterification Transesterification of 
Vegetable Oils Acid-Catalyzed Processes Base-Catalyzed Processes. J. Braz. 
Chem. Soc., 9(1), 199–210.  

Semwal, S., Arora, A. K., Badoni, R. P., & Tuli, D. K. (2011). Biodiesel production 
using heterogeneous catalysts. Bioresource Technology, 102(3), 2151–2161.  

Shah, M., Ali, S., Tariq, M., Khalid, N., Ahmad, F., & Khan, M. A. (2014). Catalytic 
conversion of jojoba oil into biodiesel by organotin catalysts, spectroscopic and 
chromatographic characterization. Fuel, 118, 392–397.  

Shankar, V., & Jambulingam, R. (2017). Waste crab shell derived CaO impregnated Na-
ZSM-5 as a solid base catalyst for the transesterification of neem oil into biodiesel. 
Sustainable Environment Research, 16, 2468-2039. 

Singh, S. P., & Singh, D. (2010). Biodiesel production through the use of different 
sources and characterization of oils and their esters as the substitute of diesel: A 
review. Renewable and Sustainable Energy Reviews, 14(1), 200–216.  

Singhabhandhu, A., & Tezuka, T. (2010). Prospective framework for collection and 
exploitation of waste cooking oil as feedstock for energy conversion. Energy,
35(4), 1839–1847. 

Sirisomboonchai, S., Abuduwayiti, M., Guan, G., Samart, C., Abliz, S., Hao, X., 
Abudula, A. (2015). Biodiesel production from waste cooking oil using calcined 
scallop shell as catalyst. Energy Conversion and Management, 95, 242–247.  

Sudsakorn, K., Saiwuttikul, S., Palitsakun, S., Seubsai, A., & Limtrakul, J. (2017). 
Biodiesel production from Jatropha Curcas oil using strontium-doped CaO/MgO 
catalyst. Journal of Environmental Chemical Engineering, 5(3), 2845–2852.  

Suryaputra, W., Winata, I., Indraswati, N., & Ismadji, S. (2013). Waste capiz (Amusium 
cristatum) shell as a new heterogeneous catalyst for biodiesel production. 
Renewable Energy, 50, 795–799.  

Talebian-Kiakalaieh, A., Amin, N. A. S., & Mazaheri, H. (2013). A review on novel 
processes of biodiesel production from waste cooking oil. Applied Energy, 104,
683–710.  

Tan, Y. H., Abdullah, M. O., Nolasco-Hipolito, C., & Taufiq-Yap, Y. H. (2015). Waste 
ostrich- and chicken-eggshells as heterogeneous base catalyst for biodiesel 
production from used cooking oil: Catalyst characterization and biodiesel yield 
performance. Applied Energy, 160, 58–70.  

Tang, Y., Xu, J., Zhang, J., & Lu, Y. (2013). Biodiesel production from vegetable oil by 
using modi fi ed CaO as solid basic catalysts. Journal of Cleaner Production, 42,
198–203.

Tantirungrotechai, J., Thepwatee, S., & Yoosuk, B. (2013). Biodiesel synthesis over Sr 
/ MgO solid base catalyst, 106, 279–284. 



© C
OPYRIG

HT U
PM

67 
 

Tariq, M., Ali, S., & Khalid, N. (2012). Activity of homogeneous and heterogeneous 
catalysts, spectroscopic and chromatographic characterization of biodiesel: A 
review. Renewable and Sustainable Energy Reviews, 16(8), 6303–6316.  

Tate, R. E., Watts, K. C., Allen, C. A. W., & Wilkie, K. I. (2006). The densities of three 
biodiesel fuels at temperatures up to 300 °C. Fuel, 85(7–8), 1004–1009.  

Taufiq-Yap, Y. H., Lee, H. V., Hussein, M. Z., & Yunus, R. (2011). Calcium-based 
mixed oxide catalysts for methanolysis of Jatropha curcas oil to biodiesel. Biomass 
and Bioenergy, 35(2), 827–834.  

Taufiq-Yap, Y. H., Lee, H. V., Yunus, R., & Juan, J. C. (2011). Transesterification of 
non-edible Jatropha curcas oil to biodiesel using binary Ca-Mg mixed oxide 
catalyst: Effect of stoichiometric composition. Chemical Engineering Journal,
178, 342–347.  

Thommes, M., Kaneko, K., Neimark, A. V., Olivier, J. P., Rodriguez-Reinoso, F., 
Rouquerol, J., & Sing, K. S. W. (2015). Physisorption of gases, with special 
reference to the evaluation of surface area and pore size distribution (IUPAC 
Technical Report). Pure and Applied Chemistry, 87(9–10), 1051–1069.  

Thyssen, V. V., Georgetti, F., & Assaf, E. M. (2017). Influence of MgO content as an 
additive on the performance of Ni/MgO SiO2 catalysts for the steam reforming of 
glycerol. International Journal of Hydrogen Energy, 42(27), 16979–16990.  

Tongroon, M., Suebwong, A., Kananont, M., Aunchaisri, J., & Chollacoop, N. (2017). 
High quality jatropha biodiesel (H-FAME) and its application in a common rail 
diesel engine. Renewable Energy, 113, 660–668.  

Viriya-Empikul, N., Krasae, P., Nualpaeng, W., Yoosuk, B., & Faungnawakij, K. (2012). 
Biodiesel production over Ca-based solid catalysts derived from industrial wastes. 
Fuel, 92(1), 239–244.  

Wan Omar, W. N. N., & Amin, N. A. S. (2011). Biodiesel production from waste cooking 
oil over alkaline modified zirconia catalyst. Fuel Processing Technology, 92(12), 
2397–2405.  

Webb, R. S., Overpeck, J. T., Anderson, D. M., Bauer, B. A., England, M. K., Gross, W. 
S., Worobec, M. M. (1993). World Data Center-A for Paleoclimatology at the 
NOAA Paleoclimatology Program, Boulder, CO. Journal of Paleolimnology, 9(1), 
69–75. 

Wen, Z., Yu, X., Tu, S.-T., Yan, J., & Dahlquist, E. (2010). Biodiesel production from 
waste cooking oil catalyzed by TiO2-MgO mixed oxides. Bioresource Technology,
101(24), 9570–9576.  

Wong, Y. C., Tan, Y. P., Taufiq-Yap, Y. H., Ramli, I., & Tee, H. S. (2015). Biodiesel 
production via transesterification of palm oil by using CaO–CeO2 mixed oxide 
catalysts. Fuel, 162, 288–293.  

Xue, B., Luo, J., Zhang, F., & Fang, Z. (2014). Biodiesel production from soybean and 
Jatropha oils by magnetic CaFe2O4–Ca2Fe2O5-based catalyst. Energy, 68, 584–
591.



© C
OPYRIG

HT U
PM

68 
 

Yaakob, Z., Mohammad, M., Alherbawi, M., Alam, Z., & Sopian, K. (2013). Overview 
of the production of biodiesel from Waste cooking oil. Renewable and Sustainable 
Energy Reviews, 18, 184–193.  

Yan, S., Salley, S. O., & Simon Ng, K. Y. (2009). Simultaneous transesterification and 
esterification of unrefined or waste oils over ZnO-La2O3 catalysts. Applied 
Catalysis A: General, 353(2), 203–212.  

Yusuf, N. N. A. N., Kamarudin, S. K., & Yaakub, Z. (2011). Overview on the current 
trends in biodiesel production. Energy Conversion and Management, 52(7), 2741–
2751.  

Zhai, D., Nie, Y., Yue, Y., He, H., Hua, W., & Gao, Z. (2011). Esterification and 
transesterification on Fe2O3-doped sulfated tin oxide catalysts. Catalysis 
Communications, 12(7), 593–596.  


