
 

 

 

GLYCEROL DRY REFORMING FOR 

HYDROGEN-RICH PRODUCTION OVER 

Ni/CaO, Ni/ZrO2 and 5%Re-Ni/CaO  

 

 

 

 

NUR NABILLAH BT MOHD ARIF 

 

 

 

 

 

 

MASTER OF SCIENCE  

 

UNIVERSITI MALAYSIA PAHANG 

 



 

SUPERVISOR’S DECLARATION 

We hereby declare that we have checked this thesis and in our opinion, this thesis is 

adequate in terms of scope and quality for the award of the degree of Master of Science 

in Chemical Engineering 

 

 

 

_______________________________ 

 (Supervisor’s Signature) 

Full Name  :Dr Sumaiya bt Zainal Abidin @ Murad 

Position  :Senior lecturer  

Date   :  

 

 

 

_______________________________ 

 (Co-supervisor’s Signature) 

Full Name  : Dr Vo Nguyen Dai Viet 

Position  : Senior lecturer 

Date   : 

 



 

STUDENT’S DECLARATION 

I hereby declare that the work in this thesis is based on my original work except for 

quotations and citations which have been duly acknowledged. I also declare that it has 

not been previously or concurrently submitted for any other degree at Universiti 

Malaysia Pahang or any other institutions.  

 

 

_______________________________ 

 (Student’s Signature) 

Full Name : NUR NABILLAH BT MOHD ARIF  

ID Number : MKC14013 

Date  :  

 



 

 

 

GLYCEROL DRY REFORMING FOR HYDROGEN-RICH PRODUCTION OVER 

Ni/CaO, Ni/ZrO2 and 5%Re-Ni/CaO  

 

 

 

 

NUR NABILLAH BT MOHD ARIF 

 

 

Thesis submitted in fulfillment of the requirements 

for the award of the degree of 

Master of Science  

 

 

 

 

Faculty of Chemical Engineering and Natural Resources 

UNIVERSITI MALAYSIA PAHANG 

 

July 2017 

 

 



ii 

ACKNOWLEDGEMENTS 

In the name of Allah S.W.T the Most Beneficent and the Most Merciful. The 

deepest sense of gratitude to the Almighty for the strength and ability to complete this 

undergraduate research project. Infinite thanks we brace upon Him. 

A special gratitude I give to my supervisor, Dr Sumaiya bt Zainal Abidin @ Murad, for 

her tireless efforts, patience, advice, and on-going support, as well as her excellent 

guidance for this project. My heartiest gratitude also extends to my co-supervisor Dr. 

Vo Nguyen Dai Viet who has in all way guided and corrected my mistakes in the 

completion of this study.  

Furthermore I would also like to acknowledge with much appreciation to the entire staff 

and instructors of Faculty of Chemical and Natural Resources Engineering laboratory 

for giving permission and cooperation throughout the experimental work conducted. 

Specials thanks goes to my friends, Norazimah, Asmawati, Ahada, Shabirah, and 

Munirah who always give support and help me to finish this study.  

My special gratidue goes to my beloved parents, Mohd Arif b Mohd Ayob and Siti 

Haslina bt Rahmat, and my brothers and sisters, Mohd Akhmal Hakim, Mohd Amirul, 

Nur Intan Nadia, and Nur Nadia Najwa, who always support and encourage me with 

their best wishes. 

 

 



v 

TABLE OF CONTENT 

DECLARATION 

TITLE PAGE  

ACKNOWLEDGEMENTS ii 

ABSTRAK iii 

ABSTRACT iv 

TABLE OF CONTENT v 

LIST OF TABLES x 

LIST OF FIGURES xi 

LIST OF SYMBOLS xv 

LIST OF ABBREVIATIONS xvi 

CHAPTER 1 INTRODUCTION 1 

1.1 Background of studies 1 

1.2 Problem statement 2 

1.3 Objective 3 

1.4 Scope of studies 4 

1.5 Significance of study 4 

1.6 Organisation of thesis 5 

CHAPTER 2 LITERATURE REVIEW 7 

2.1 Overview 7 

2.2 Energy crisis 7 

2.3 Non-renewable sources as global source of energy 9 



vi 

2.4 Renewable material as alternative source for non-renewable energy 14 

2.5 Potential application of waste glycerol 18 

2.6 Hydrogen gas as a source of energy 20 

2.7 Thermochemical process for hydrogen production with glycerol as 

feedstock 24 

2.7.1 Steam reforming 25 

2.7.2 Pyrolysis 25 

2.7.3 Partial oxidation 26 

2.7.4 Autothermal reforming 27 

2.7.5 Dry reforming 27 

2.8 Selection of catalysts for glycerol dry reforming 29 

2.8.1 Catalyst 30 

2.8.2 Catalyst support 31 

2.8.3 Catalyst promoter 35 

2.9 Summary 38 

CHAPTER 3 MATERIALS AND METHOD 39 

3.1 Introduction 39 

3.2 Materials and chemicals 39 

3.3 Flowchart for overall experiment 41 

3.4 Preparation of catalysts 42 

3.4.1 Preparation of non-promoted catalysts (Ni/CaO and Ni/ZrO2) 42 

3.4.2 Preparation of 5% of Re promoted on 15%Ni/CaO 42 

3.5 Catalyst Characterisation 43 

3.5.1 Scanning electron microscopy (SEM) 43 

3.5.2 Nitrogen physisorption 44 



vii 

3.5.3 X-Ray Diffraction (XRD) 44 

3.5.4 Temperature Programmed Calcination (TPC) 45 

3.5.5 Temperature Programmed Oxidation (TPO) 45 

3.5.6 Temperature programmed reduction (H2-TPR) 45 

3.5.7 Temperature programmed desorption (TPD) 45 

3.5.8 Field emission scanning electron microscope – Energy dispersive 

X-ray (FESEM-EDX) 46 

3.6 Blank test 47 

3.7 Experimental setup for glycerol dry reforming 47 

3.8 Glycerol dry reforming reaction metrics 49 

3.9 Gas product analysis 50 

3.10 Summary 51 

CHAPTER 4 SCREENING OF CATALYST FOR NI SUPPORTED ON 

DIFFERENT OXIDES (CAO AND ZRO2) 52 

4.1 Introduction 52 

4.2 Transient profile for blank test 52 

4.3 Glycerol dry reforming for hydrogen production over Ni based catalysts: 

CaO and ZrO2 54 

4.3.1 Physicochemical Characterisation of Ni/CaO and Ni/ZrO2 

catalysts 54 

4.3.2 Glycerol Dry Reforming for Hydrogen Production over the Non-

Promoted Catalysts (Ni/CaO & Ni/ZrO2) 68 

4.4 Glycerol dry reforming for hydrogen production over Ni based catalysts: 

effect of promoter 72 

4.4.1 Physicochemical Characterisation of Re-Ni/CaO catalyst 72 

4.4.2 Glycerol Dry Reforming for Hydrogen Production over 5%Re- 

Ni/CaO catalysts 79 



viii 

4.5 Summary 81 

CHAPTER 5 EFFECT OF REACTION PARAMETERS TOWARDS 

GLYCEROL DRY REFORMING 83 

5.1 Introduction 83 

5.2 Effects of CO2 to C3H8O3 Feed (CGR) 83 

5.2.1 Effect of CO2 to C3H8O3 Feed (CGR) on Glycerol Conversion 84 

5.2.2 Effect of CO2 to Glycerol Feed (CGR) on Hydrogen Yield 87 

5.2.3 Effect of CO2 to Glycerol Feed (CGR) on Formation Rate of the 

Product. 92 

5.3 Effect of Temperature: Glycerol Conversion, Hydrogen Yield, and 

Formation Rate of Gaseous Products 95 

5.4 Effect of Gas Hourly Specific Velocity (GHSV) 100 

5.5 Summary 101 

CHAPTER 6 CONCLUSION 103 

6.1 Introduction 103 

6.2 Conclusion 103 

6.3 Recommendations 104 

REFERENCES 106 

APPENDIX A CALCULATION ON PARTIAL PRESSURE RELATED 

WITH CGR 120 

APPENDIX B CALCULATION ON PARTIAL PRESSURE RELATED 

WITH CGR 122 

APPENDIX C RELATION OF RESULT FROM GC WITH GLYCEROL 

CONVERSION AND HYDROGEN YIELD 123 

APPENDIX D CRYSTALLITE SIZE 125 



ix 

APPENDIX E GAS HOURLY SPECIFIC VELOCITY (GHSV) 127 



x 

LIST OF TABLES 

Table 2.1 CO2 emissions from fossil fuels sources (million metric tons) 12 

Table 2.2 Chemical and physical properties of glycerol 19 

Table 2.3 General properties of  H2 21 

Table 2.4 Advantages and challenges for three basic technologies in 

hydrogen production 23 

Table 2.5 Catalysts and operating condition used in glycerol dry reforming 29 

Table 2.6 List of various support that used in reforming reaction 34 

Table 2.7 List of catalyst and operating condition from previous research 

works 37 

Table 3.1 List of chemicals and gases used 40 

Table 3.2 GC chromatography retention time for gases and standard gas 

concentration 51 

Table 4.1  Crystallite diameter from XRD analysis 55 

Table 4.2 Crystallite size for Ni/ZrO2 catalyst from XRD analysis 56 

Table 4.3 Specific surface area for non-promoted catalyst 59 

Table 4.4 Acidic properties of 15%Ni/CaO and 15%Ni/ZrO2 with their 

pure support 68 

Table 4.5 Crystallite size from XRD analysis for 15%Ni/CaO and 5%Re-

Ni/CaO 73 

Table 4.6 Specific surface area for non-promoted and promoted catalysts 74 

Table 4.7 Summary of acid property for 5%Re-Ni/CaO 79 

Table 5.1 EDX analysis on spent catalysts of 15%Ni/CaO and 5%Re-

Ni/CaO 92 

Table 5.2 Glycerol conversion and gas product yield at different values of 

GHSV (manipulated by mass of catalyst from 0.1 to 0.5 g). 100 

 



xi 

LIST OF FIGURES 

Figure 2.1 Global energy consumption from 1980 to 2030 8 

Figure 2.2 Energy demand by sector in Malaysia from 1980 to 2011 9 

Figure 2.3 The sources of energy in 2007 10 

Figure 2.4 The world production of coal from year 2013 to 2015 11 

Figure 2.5 Natural gas production from 1980 until 2010 13 

Figure 2.6 CO2 emissions from fossil fuels and other sources of energy in 

2013 14 

Figure 2.7 Global consumption of primary energy projected from 1990 to 

2030 15 

Figure 2.8 Conversion routes of biomass to energy 16 

Figure 2.9 Crude glycerol prices from 2004 until 2011 in US 18 

Figure 2.10 Utilisation of crude glycerol via its processing routes 19 

Figure 2.11 Industrial uses of glycerol 20 

Figure 2.12 Different methods in the production of hydrogen from different 

sources 21 

Figure 2.13 Process flow for hydrogen production via gasification of biomass 24 

Figure 3.1 Overall flowchart for experimental work 41 

Figure 3.2 Catalyst preparation of non-promoted catalyst via the wet 

impregnation method 42 

Figure 3.3 Catalyst preparation of promoted catalyst by wet impregnation 

method 43 

Figure 3.4 Experimental setup for dry reforming reaction 48 

Figure 3.5 Schematic diagram of reactor used in experimental work 49 

Figure 4.1 Effect of catalyst over glycerol conversion as a function of time 

(Reaction conditions: T = 700 °C, Pgly = 8.41 kPa, and GHSV = 

3.6 × 10
4
 mL gcat

-1
 h

-1
) 53 

Figure 4.2 Effect of CO2 over glycerol conversion as a function of time 

(Reaction conditions: T = 700 °C, Pgly = 8.41 kPa, and GHSV = 

3.6 × 10
4
 mL gcat

-1
 h

-1
) 54 

Figure 4.3 XRD pattern of synthesised catalysts with various CaO loadings 

(a)100% CaO, (b) 5%Ni/CaO, (c) 10%Ni/CaO, and (d) 

15%Ni/CaO. CaO (□), NiO (○), and Ca(OH)2 (●). 56 

Figure 4.4 XRD pattern of synthesized catalysts with various ZrO2 loadings 

(a)100% ZrO2  (b)5%Ni/ZrO2 (c)10%Ni/ ZrO2 and (d)15%Ni/ 

ZrO2. ZrO2 (◊), NiO (○) 57 



xii 

Figure 4.5 Morphology structure of (a) 5%Ni/CaO, (b)10%Ni/CaO, and (c) 

15%Ni/CaO catalysts calcined at 500 °C for 5 h, at a 

magnification of 5k× 60 

Figure 4.6 Morphology structure of (a) 5%Ni/ZrO2, (b) 10%Ni/ZrO2, and 

(c) 15%Ni/ZrO2 catalysts calcined at 500 °C for 5 h, at a 

magnifiction of 5k× 61 

Figure 4.7 TPC analysis for a series of loading of Ni/CaO catalyst at 10 °C 

min
-1 

from 25 °C to 900 °C 63 

Figure 4.8 TPC analysis for a series of loading of Ni/ZrO2 catalyst at 10 °C 

min
-1 

from 25 °C to 900 °C 63 

Figure 4.9 Temperature-programmed reduction for (a) 100% CaO and (b) 

15%Ni/CaO 65 

Figure 4.10 Temperature-programmed reduction for (a) 100% ZrO2 and (b) 

15%Ni/ZrO2 65 

Figure 4.11 NH3-TPD profiles of (a) 100% CaO and (b) 15%Ni/CaO 

[Analysis was run from room temperature to 900 °C at a ramping 

rate of  10 °C min
-1

] 67 

Figure 4.12 NH3-TPD profiles of (a) 100% ZrO2 and (b) 15%Ni/ZrO2 

[Analysis was run from room temperature to 900 °C at a ramping 

rate of  10 °C min
-1

] 67 

Figure 4.13 Glycerol conversion for Ni/CaO and Ni/ZrO2 catalysts as a 

function of time (Reaction conditions: T = 700 °C, Pgly = 8.41 

kPa, and GHSV = 3.6 × 10
4
 mL gcat

-1
 h

-1
) 70 

Figure 4.14 Hydrogen yield of Ni/CaO and Ni/ZrO2 catalysts as a function of 

time (Reaction conditions: T = 700 °C, Pgly = 8.41 kPa, and  

GHSV = 3.6 × 10
4
 mL gcat

-1
 h

-1
] 71 

Figure 4.15 XRD pattern of non-promoted and promoted catalysts (a) 

15%Ni/CaO and (b) 5%Re-Ni/CaO. CaO (□), ReO3 (▲), NiO 

(○), and Ca(OH)2 (●). 73 

Figure 4.16 Morphology structure of the calcined (a) 15%Ni/CaO and (b) 

5%Re-Ni/CaO 75 

Figure 4.17 Thermogravimetric analysis of 15%Ni/CaO and 5%Re-Ni/CaO at 

10 °C min
-1 

from 25 to 900 °C 76 

Figure 4.18 Temperature-programmed reduction profile of (a) 15%Ni/CaO 

and (b) 5%Re-Ni/CaO at 10 °C min
-1 

from 300 to 900 °C 77 

Figure 4.19 NH3-TPD profile of (a) 15%Ni/CaO and (b) 5%Re-Ni/CaO at 20 

°C min
-1 

from 100 to 700 °C 78 

Figure 4.20 CO2-TPD profiles of 5%Re-Ni/CaO from 100 to 900 °C at a 

ramping rate of 20 °C min
-1

] 78 

Figure 4.21 Glycerol conversion of 15%Ni/CaO and 5%Re-Ni/CaO at 700 °C 

(Reaction conditions: Pgly = 8.41 kPa, GHSV = 3.6 × 10
4
 mL gcat

-

1
 h

-1
, time = 180 min) 80 



xiii 

Figure 4.22 Hydrogen yield of 15%Ni/CaO and 5%Re-Ni/CaO at 700 °C 

(Reaction conditions: Pgly = 8.41 kPa, GHSV = 3.6 × 10
4
 mL gcat

-

1
 h

-1
, time = 180 min) 81 

Figure 5.1 Glycerol conversion profile of 15%Ni/CaO at different CGR 

values (Reaction conditions: T = 700 °C, Pgly = 8.41 kPa and 

GHSV = 3.6 × 10
4
 mL gcat

-1
 h

-1
, time = 180 min). 85 

Figure 5.2 Glycerol conversion profile of 5%Re-Ni/CaO at different CGR 

values.(Reaction conditions: T = 700 °C, Pgly = 8.41 kPa and 

GHSV = 3.6 × 10
4
 mL gcat

-1
 h

-1
,
 
time = 180 min) 85 

Figure 5.3 Glycerol conversion profile of 15Ni/CaO at different reaction 

conditions of CO2 but fixed condition of reaction temperaure of 

700 °C and GHSV of 3.6 × 10
4
   mL gcat

-1
 h

-1
,
 
time: 180 min. 86 

Figure 5.4 Glycerol conversion for 15%Ni/CaO and 5%Re-Ni/CaO at 

different CGR (Reaction conditions: T = 700 °C, Pgly = 8.41 kPa, 

and GHSV = 3.6 × 10
4
 mL gcat

-1
 h

-1
, time = 120 min). 87 

Figure 5.5 Hydrogen yield profile of 15%Ni/CaO at different CGR values 

(Reaction conditions: T = 700 °C, Pgly = 8.41 kPa, and GHSV = 

3.6 × 10
4
 mL gcat

-1
 h

-1
, time = 180 min). 88 

Figure 5.6 Hydrogen yield profile of 5%Re-Ni/CaO at different CGR values 

(Reaction conditions: T = 700 °C, Pgly = 8.41 kPa, and GHSV = 

3.6 × 10
4
 mL gcat

-1
 h

-1
, time = 180 min). 89 

Figure 5.7 Hydrogen yield profile of 15%Ni/CaO and 5%Re-Ni/CaO at 

different CGR values (Reaction conditions: T = 700 °C, Pgly = 

8.41 kPa, and GHSV = 3.6 × 10
4
 mL gcat

-1
 h

-1
, time = 120 min). 89 

Figure 5.8 FESEM images of spent catalysts of (a)15%Ni/CaO and 

(b)5%Re-Ni/CaO at 15k× of magnification. 91 

Figure 5.9 TGA curves for the spent catalysts of 15%Ni/CaO and 5%Re-

Ni/CaO. 92 

Figure 5.10 Formation rates of gaseous products for 15% Ni/CaO at different 

CGR values (Reaction conditions: T = 700 °C, GHSV = 3.6 × 

10
4
 mL gcat

-1
 h

-1
). 93 

Figure 5.11 Formation rates of gaseous products for 5%Re-Ni/CaO at 

different CGR values (Reaction conditions: T = 700 °C, GHSV = 

3.6 × 10
4
 mL gcat

-1
 h

-1
). 94 

Figure 5.12 Comparison of H:CO for 15%Ni/CaO and 5%Re-Ni/CaO at 

different CGR values (Reaction conditions: T = 700 °C, GHSV = 

3.6 × 10
4
 mL gcat

-1
 h

-1
,
 
and time = 120min). 95 

Figure 5.13 Effect of temperature on glycerol conversion for 15%Ni/CaO 

(Reaction conditions: Pgly = 8.41 kPa, CGR=1:1, and GHSV = 

3.6 × 10
4
  mL gcat

-1
 h

-1
). 97 

Figure 5.14 Effect of temperature on glycerol conversion for 5%Re-Ni/CaO 

(Reaction conditions: Pgly = 8.41 kPa, CGR=3:1, and GHSV = 

3.6 × 10
4
 mL gcat

-1
 h

-1
). 97 



xiv 

Figure 5.15 Glycerol conversion for 15%Ni/CaO and 5%Re-Ni/CaO at 

different reaction temperatures (Reaction conditions: Pgly = 8.41 

kPa, CGR=1:1 for Ni/CaO and CGR=3:1 for Re-Ni/CaO, GHSV 

= 3.6 × 10
4
 mL gcat

-1
 h

-1
, and time = 120 min). 98 

Figure 5.16 Hydrogen yield for 15%Ni/CaO and 5%Re-Ni/CaO at different 

reaction temperatures (Reaction conditions: Pgly = 8.41 kPa, 

CGR=1:1 for Ni/CaO and CGR=3:1 for Re-Ni/CaO, GHSV = 3.6 

× 10
4
 mL gcat

-1
 h

-1
, and time = 120 min). 98 

Figure 5.17 Effect of temperature towards the products formation rate at 

CGR of 1:1 for the 15%Ni/CaO (Reaction conditions: Pgly = 8.41 

kPa, GHSV = 3.6 × 10
4
  mL gcat

-1
 h

-1
, and time = 120 min). 99 

Figure 5.18 Effect of temperature towards the rate of formation of products at 

CGR of 3:1 for the 5%Re-Ni/CaO (Reaction conditions: Pgly = 

8.41 kPa, GHSV = 3.6 × 10
4
mL gcat

-1
 h

-1
, and time = 120 min). 99 

 



xv 

LIST OF SYMBOLS 

°C Degree Celsius 

α Weak sites 

β Intermediate sites 

γ Strong sites 

Al2O3 Aluminium oxide 

BiOH2 Biological hydrogen 

CaO Calcium oxide 

CeO Cerium oxide 

CH3OK Potassium methoxide 

CH3ONa Sodium methoxide 

Co Cobalt 

Cu Copper 

H2SO4 Sulphuric acid 

KOH Potassium hydroxide  

La2O3 Lanthanum oxide 

Na Sodium 

NaOH Sodium hydroxide  

Ni Nickel 

Pd Palladium 

Pt Platinum 

Re Rhenium 

Rh Rhodium 

SiO2 Silicon dioxide  

SBA 15 Mesoporous silica 

T Temperature 

TiO2 Titanium dioxide 

Y2O3 Yttrium oxide  

ZrO2 Zirconium oxide 

 

 



xvi 

LIST OF ABBREVIATIONS 

CGR Carbon to glycerol feed ratio 

CO Carbon monoxide 

CO2 Carbon dioxide 

EEA European Environment Agency 

EIA Energy Information Administration  

FESEM-EDX Field emission scanning microscopy/energy dispersive 

FFA Free fatty acid 

H/CO Hydrogen to carbon monoxide ratio 

H2 Hydrogen 

H2O Water  

IEA International Energy Agency 

LH Langmuir-Hinshelwood  

SEM Scanning electron microscopy 

Syngas Synthesis gas 

TGA Thermogravimetric analysis 

TPO Temperature programmed oxidation 

WGFR Water to glycerol feed ratio 

WGS Water gas shift reaction 

GHSV Gas hourly specific velocity 

XRD X-ray diffraction 



 

 

 

GLYCEROL DRY REFORMING FOR HYDROGEN-RICH PRODUCTION OVER 

Ni/CaO, Ni/ZrO2 and 5%Re-Ni/CaO  

 

 

 

 

NUR NABILLAH BT MOHD ARIF 

 

 

Thesis submitted in fulfillment of the requirements 

for the award of the degree of 

Master of Science  

 

 

 

 

Faculty of Chemical Engineering and Natural Resources 

UNIVERSITI MALAYSIA PAHANG 

 

July 2017 

 

 



iii 

ABSTRAK 

Peningkatan jumlah pengeluaran biodiesel akan menyebabkan penghasilan gliserol 

berlebihan, dan dijangkakan sebanyak 3 mega ton gliserol mentah akan terhasil pada 

tahun 2020. Ini akan menyebabkan krisis lebihan bekalan yang seterusnya 

mempengaruhi harga pasaran bahan tersebut. Penukaran gliserol kepada gas sintetik 

melalui proses reformasi kering adalah salah satu alternatif potensi kepada krisis di 

samping dapat membantu mengatasi masalah alam sekitar yang berkait dengan 

pemebebasan gas rumah hijau. Kajian ini melaporkan tentang kemungkinan 

penggunaan gliserol pembaharuan kering dengan menggunakan beberapa jenis mangkin 

yang berbeza. Di dalam kajian ini, nikel disokong di atas dua jenis oksida iaitu kalsium 

dan zirkonium oksida dan seterusnya renium (Re) akan ditambah ke atas pemangkin 

yang terbaik melalui kaedah penjenjalan secara basah. Tindak balas ini dijalankan di 

dalam reaktor keluli tahan karat pada pelbagai suhu (600 °C T 900 °C), nisbah 

karbon dioksida kepada gliserol (1, 3, 5) dan juga kadar berat kecepatan ruang 

(7.22 10
4
<GHSV(mL gcat

-1
s

-1
)<1.44 10

4
). Pencirian dan analisis terhadap pemangkin 

baru dan pemangkin yang telah digunakan telah dilakukan melalui teknik X-ray 

diffraction (XRD), Scanning electron microscopy (SEM), Nitrogen physisorption and 

Temperature programmed calcination (TPC), Temperature programmed oxidation 

(TPO) dan Field emission scanning microscopy/Energy dispersive X-ray (FESEM-

EDX). Di dalam proses penyaringan pemangkin, komposisi oksida dan Re telah 

dimanipulasi dan tindak balas telah dijalankan pada kondisi yang sama iaitu pada suhu 

(700 °C), CGR (1) dan GHSV (3.6 10
4
 mL gcat

-1 
h

-1
). Berdasarkan proses penyaringan 

pemangkin yang mempunyai oksida sahaja, 15%Ni/CaO telah menghasilkan saiz 

kristalit yang kecil yang membawa kepada penyebaran NiO secara serata dan 

seterusnya meninggikan luas permukaan pemangkin. 15%Ni/CaO juga memiliki 

kepekatan tapak beralkali tinggi yang membantu untuk menyekat pengendapan karbon. 

Di dalam kajian tindak balas, 15%Ni/CaO memperolehi penukaran gliserol dan 

penghasilan hydrogen tertinggi iaitu pada 32.33% dan 28.83%. Kemudian, pemangkin 

ini dipertingkatkan lagi dengan pertambahan 5%Re yang bertindak sebagai penggalak 

kepada pemangkin. Untuk pemangkin 5%Re-Ni/CaO, saiz kristalit yang dihasilkan 

adalah kecil dan berada dalam julat di antara 0.49 sehingga 0.90 nm. Ia merupakan 

faktor yang menyebabkan pengurangan permukaan pemangkin kerana halangan di 

dalam penyokong pemangkin. Pertambahan Re juga mempercepatkan pengurangan 

NiO kepada Ni disamping meningkatkan kepekatan tapak asid. Keadaan ini membantu 

meningkatkan aktiviti pemangkin untuk mencapai penukaran gliserol sehingga 44%. 

Daripada kajian tindak balas, penukaran gliserol tertinggi berlaku pada suhu 800 °C 

dengan CGR pada 1 untuk pemangkin tanpa Re dan CGR pada 3 untuk pemangkin 

dengan Re pada GHSV yang sama iaitu 3.6 10
4 

mL gcat
-1 

h
-1

. Kajian tindak balas juga 

menunjukkan kebanyakan gas hidrogen dihasilkan melalui peguraian gliserol dan reaksi 

perpindahan air-gas. Pertambahan suhu dan GHSV melebihi titik optimum adalah tidak 

bermanfaat kerana menyebabkan pengendapan karbon yang banyak di atas permukaan 

pemangkin melalui proses hidrogenasi karbon dioksida (CO2) dan metanasi. Kewujudan 

karbon berserabut pada telah dibuktikan pada analisis FESEM-EDX dan TPO.  
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ABSTRACT 

Increase in biodiesel production has lead towards a glut production of glycerol where it 

is estimated that 3 megatons of crude glycerol will be produced by 2020. This leads 

towards oversupply crisis of glycerol and simultaneously influences its market price. 

Conversion of glycerol into hydrogen via dry reforming is a potential alternative to 

overcome this crisis which helps to overcome the environmental problems related with 

the greenhouse gases production. This work focused on the feasibility of glycerol dry 

reforming over a series of synthesised catalysts. In this work, nickel was supported with 

different oxides namely calcium oxide and zirconium oxide. The best oxide support was 

then promoted with rhenium via wet impregnation technique. The reaction was 

conducted in a stainless-steel fixed bed reactor at various temperatures of 600–900 °C, 

carbon dioxide to glycerol ratios of 1, 3, and 5, and gas-hourly space velocity (GHSV) 

of 7.20 × 10
4
 to 1.44 × 10

4
 mL gcat

-1
 h

-1
. The physichochemical characterisations of the 

catalysts were analysed using X-ray diffraction (XRD), scanning electron microscopy 

(SEM), nitrogen physisorption, temperature programmed calcination (TPC), 

temperature-programmed oxidation (TPO), and field emission scanning 

microscopy/energy dispersive X-ray analysis (FESEM-EDX). In the screening stage, 

the Ni/oxide support loadings were varied and carried out at a fixed reaction condition 

of T (700 °C), CGR (1), and GHSV (3.6 × 10
4
 mL gcat

-1 
h

-1
). Based on the screening 

study, 15%Ni/CaO exhibited smaller crystallite size that leads to well dispersion of NiO 

and high catalysts specific surface area. In TPD-NH3 analysis, 15%Ni/CaO possessed 

greater basic site concentration that helped in suppressing the carbon deposition. In the 

reaction study, this catalyst achieved 32.33% of glycerol conversion and 28.83% of 

hydrogen yield. After selecting the best catalyst support, the properties of the catalyst 

was enhanced with the addition of 5%Re as the catalyst promoter. For 5%Re-Ni/CaO 

catalyst, the crystallite size was found to be small within the range of 0.49 to 0.90 nm. 

This condition has significantly reduced the specific surface area of the catalyst due to 

the partial blockage of catalyst support. Besides that, Re promotion also helped to speed 

up the reduction of NiO to Ni and increased the acid site of catalyst. This condition has 

improved the catalytic activity of the promoted catalyst up to 44% of glycerol 

conversion. From the reaction study, the highest glycerol conversion and hydrogen 

yield were successfully achieved at the temperature of 800 °C and GHSV of 1.44 × 10
4
 
 

mL gcat
-1 

h
-1 

with CGR of 1 for non-promoted catalyst and CGR of 3 for promoted 

catalyst. It is determined that hydrogen gas was majorly produced from glycerol 

decomposition and indirectly from water gas shift reaction. Increment of temperature 

and GHSV beyond the optimum point is not beneficial due to the CO2 hydrogenation 

and methanation processes that built up of carbon deposition on the surface of catalyst. 

The formation of whisker carbon for both catalysts is proven in FESEM-EDX and TPO 

analysis.  
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