
 

 

 

SYNTHESIS AND CHARACTERIZATION OF 

SAMARIUM-COBALT-TRIOXIDE 

PEROVSKITE CATALYST FOR THE KINETIC 

AND LONGEVITY STUDIES OF METHANE 

DRY REFORMING 

 

 

 

 

 

OSAZUWA OSARIEME UYI 

 

 

 

 

 

 

Doctor of Philosophy 

 

UNIVERSITI MALAYSIA PAHANG 

 



 

SUPERVISOR’S DECLARATION 

I hereby declare that I have checked this thesis and in my opinion, this thesis is 

adequate in terms of scope and quality for the award of the degree of Doctor of 

Philosophy of Engineering in Chemical Engineering. 

 

 

 

 

 

_______________________________ 

 (Supervisor‘s Signature) 

 

Full Name  : CHENG CHIN KUI  

Position  : ASSOCIATE PROFESSOR 

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 : OSAZUWA OSARIEME UYI  

ID Number : PKC 15017 

Date  :  

 



 

 

 

SYNTHESIS AND CHARACTERIZATION OF SAMARIUM-COBALT-TRIOXIDE 

PEROVSKITE CATALYST FOR THE KINETIC AND LONGEVITY STUDIES OF 

METHANE DRY REFORMING 

 

 

 

 

 

OSAZUWA OSARIEME UYI 

 

 

Thesis submitted in fulfilment of the requirements 

for the award of the degree of 

Doctor of Philosophy of Engineering 

 

 

 

 

Faculty of Chemical and Natural Resources Engineering 

UNIVERSITI MALAYSIA PAHANG 

 

OCTOBER 2017 

 

 



ii 

ACKNOWLEDGEMENTS 

Foremost, I would like to express my sincere gratitude to my indefatigable supervisor and 

deputy dean, Associate Professor Dr. Cheng Chin Kui for the continuous support of my 

Ph.D. study and research, for his patience, motivation, enthusiasm, and immense 

knowledge. His guidance helped me in my research and writing of this thesis. I could not 

have imagined having a better supervisor and mentor for my Ph.D. study. 

Besides my advisor, I would like to thank the rest of my research group: Dr. Bamidele 

Victor Ayodele, Dr. Ng Kim Hoong, Dr. Nor Shahirah Mohd Nasir, Soh Jiah Chee, 

Chong Soo Ling, and Ashwin Charles Benedict, for their encouragement, stimulating 

discussions, insightful comments, and hard questions. I want to also appreciate the 

management of Centre of Excellence for Advanced Fluid Flow (CARIFF) for granting 

me permission to use the laboratory in the course of my experimental and analytical 

study. I want to record my appreciation to Universiti Malaysia Pahang (UMP) for the 

GRS scholarship and PGRS grant. I also want to thank the Institute of Postgraduate 

Studies (IPS), for their readiness to attend to issues and questions during my study. 

My sincere gratitude also goes to my wife Mrs. Isoken Thelma Osazuwa, my parents Mr.  

& Mrs F.O Osazuwa (KSM), my parents-in-law Honorable & Mrs A.E Asemota, and my 

siblings Dr. Mrs Edoghogho Lawal, Dr. Nosakhare Osazuwa, Dr. Enoma Osazuwa for 

offering me the moral and spiritual support needed to complete the study. 

Last but not the least; I would like to thank the Almighty God for his mercies, favour, 

protection and guidance, all through the duration of my study. 

 

 

 



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 xvi 

LIST OF ABBREVIATIONS xvii 

CHAPTER 1 INTRODUCTION 1 

1.1 Background of the Research 1 

1.2 Problem Statement 4 

1.3 Objectives and Scope of research 5 

1.4 Thesis organization 7 

CHAPTER 2 LITERATURE REVIEW 8 

2.1 Introduction 8 

2.2 Methane reforming 8 

2.3 Supported metal catalyst for dry (CO2) reforming reaction 11 

2.4 Perovskite for dry (CO2) reforming of CH4 15 

2.5 Synthesis of Perovskite catalyst 23 



vi 

2.6 Catalyst deactivation and longevity in CO2 reforming of CH4 24 

2.7 Kinetics of CO2 reforming of CH4 28 

2.8 Catalyst characterization 34 

2.8.1 Physical properties 35 

2.8.2 Chemical properties 37 

2.9 Summary 41 

CHAPTER 3 MATERIALS AND METHOD 43 

3.1 Introduction 43 

3.2 Goldschmidt tolerance factor calculation 44 

3.3 Catalyst preparation 47 

3.3.1 Materials 47 

3.4 Catalytic test 51 

3.4.1 Materials for catalytic reaction 51 

3.4.2 Procedure for catalytic test 51 

CHAPTER 4 RESULTS AND DISCUSSION 56 

4.1 Introduction 56 

4.2 Characterization of Catalyst 56 

4.2.1 Temperature Programmed Calcination (TPC) 56 

4.2.2 N2 Physisorption 58 

4.2.3 Scanning Electron Microscopy (SEM) 60 

4.2.4 Field emission scanning electron microscopy (FESEM) 60 

4.2.5 Energy dispersive X-ray (EDX) 61 

4.2.6 Transmission electron microscopy (TEM) 62 

4.2.7 X-ray diffraction (XRD) 63 



vii 

4.2.8 X-ray photoelectron spectroscopy (XPS) 65 

4.2.9 H2-Temperature programmed reduction (H2-TPR) 68 

4.2.10 CO2 -Temperature Programmed Desorption (CO2 -TPD) 70 

4.2.11 NH3-Temperature Programmed Desorption (NH3-TPD) 70 

4.2.12 Fourier transform infrared spectroscopy (FTIR) 71 

4.3 Preliminary reaction studies 72 

4.3.1 Mass and heat transfer effects 72 

4.3.2 Effects of temperature on conversion and yield 74 

4.3.3 Performance assessments of Sm2O3, CoO and SmCoO3     

perovskite 79 

4.4 Reaction studies 82 

4.4.1 Effects of reactants feed ratio over SmCoO3 perovskite 82 

4.4.2 Effects of reactants partial pressure over SmCoO3 perovskite 

catalyst 86 

4.5 Kinetics studies 95 

4.5.1 Effects of reactants partial pressure over SmCoO3 perovskite 

catalyst 95 

4.6 Characterization of SmCoO3 perovskite post activity and kinetics study 101 

4.6.1 Temperature programmed oxidation (TPO) 101 

4.6.2 Scanning Electron Microscopy (SEM) 102 

4.6.3 Energy dispersive X-ray 103 

4.6.4 Transmission electron microscopy (TEM) 104 

4.6.5 X-ray diffraction 105 

4.7 Kinetic modelling 106 

4.7.1 Power law model 106 

4.7.2 Mechanistic study of CO2 reforming of CH4 over SmCoO3 

perovskite catalyst 108 



viii 

4.7.3 Langmuir - Hinshelwood modelling 112 

4.8 Longevity study of the SmCoO3 perovskite catalyst 116 

4.9 Characterization of SmCoO3 perovskite post longevity study 122 

4.9.1 Field emission scanning microscope (FESEM) 122 

4.9.2 Energy Dispersive X-ray (EDX) 125 

4.9.3 Transmission electron microscopy (TEM) 128 

4.9.4 Textural properties 131 

4.9.5 X-ray diffraction (XRD) 132 

4.9.6 Fourier transform infra-red spectroscopy (FTIR) 134 

4.9.7 X-ray photoelectron spectroscopy (XPS) 136 

4.9.8 Temperature programmed oxidation (TPO) and Kissinger 

modelling of the oxidation of carbon in the spent SmCoO3  

catalyst. 138 

CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS 142 

5.1 Introduction 142 

5.2 Overall outcomes 142 

5.3 Recommendations 145 

REFERENCES 147 

APPENDIX A LIST OF PUBLICATIONS AND CONFERENCE    

PROCEEDINGS 162 

APPENDIX B CALIBRATION OF THE GC- TCD 164 

APPENDIX C CALCULATION INVOlVED IN PEROVSKITE      

PREPARATION 170 

APPENDIX D CALCULATION OF PERCENTAGE MOLE INPUT 174 

APPENDIX E CALCULATION OF GAS HOURLY SPACE VELOCITY 175 



ix 

APPENDIX F CALCULATION OF THE CRYSTALLINE PARTICLE             

SIZE USING THE LINEARIZED WILLIAMSON – HALL MODEL 176 

APPENDIX G CALCULATION OF THE GOLDSCHMIDT                

TOLERANCE FACTOR FOR SmCoO3 PEROVSKITE 178 

APPENDIX H REACTANT CONVERSION AND PRODUCT YIELD 

CALCULATION FOR CO2 REFORMING OF CH4 OVER SmCoO3 

PEROVSKITE 179 

APPENDIX I REACTION RATE CALCULATION FOR CO2                    

REFORMING OF CH4 OVER SmCoO3 PEROVSKITE 181 

 

 



x 

LIST OF TABLES 

Table 2.1 kinetic data for previous catalyst used in methane dry reforming. 34 

Table 3.1 Tolerance factor computation using ‗B‘ site ionic radius (RB) as 

cobalt. 46 

Table 3.2 Material for SmCoO3 perovskite catalyst. 47 

Table 3.3 Laboratory apparatus and equipment for SmCoO3 perovskite 

catalyst. 48 

Table 4.1 Textural properties of calcined SmCoO3 perovskite catalyst. 60 

Table 4.2 XPS binding energy parameters of SmCoO3 perovskite. 66 

Table 4.3 Criteria confirming the non-existence of transport limiting 

resistance. 73 

Table 4.4 Kinetics parameters obtained from the power law model. 107 

Table 4.5 Comparison of activation energy obtained from power law       

with previous studies. 108 

Table 4.6 Kinetics parameters obtained from  Langmuir-Hinshelwood 

model. 113 

Table 4.7 Comparison of SmCoO3 perovskite catalyst kinetic parameters 

with similar catalyst reported for dry reforming. 115 

Table 4.8 Textural properties from the longevity study of spent SmCoO3 

peorvkite catalyst. 132 

Table 4.9 Chemical state and binding energy from the longevity study         

of spent SmCoO3 peorvkite catalyst. 138 

Table 4.10 Activation energy for the oxidation of carbon in the spent 

SmCoO3 perovskite catalyst. 141 

Table B.1 Operating conditions for GC-TCD-FID. 164 

Table B.2 Quantitative standard gas (H2) analysis 167 

Table B.3 Quantitative standard gas (CO2, CH4 and CO) analysis 167 

Table C.4 Molecular weight of compounds used. 170 

 



xi 

LIST OF FIGURES 

Figure 2.1 The structure of a perovskite showing its cubic nature (Chroneos, 

Vovk, Goulatis, & Goulatis, 2010) 15 

Figure 3.1 A process flow diagram of the methodology 44 

Figure 3.2 Schematic representation of the SmCoO3 perovskite synthesis 

using the sol – gel citrate method. 50 

Figure 3.3 Schematic diagram of the experimental rig setup for CO2 

reforming of CH4 over SmCoO3 perovskite catalyst. 52 

Figure 4.1 Thermal profile (TPC) of the uncalcined powder catalyst. 57 

Figure 4.2 N2 physisorption isotherm of SmCoO3 perovskite. 58 

Figure 4.3 Pore size distributuion of SmCoO3 perovskite. 59 

Figure 4.4 Scanning electron microscopy of the fresh SmCoO3       

perovskite. magnification (⨯ 7000). 60 

Figure 4.5 Field Emission Scanning Electron Microscopy of the fresh 

SmCoO3 perovskite. Magnification (⨯ 30000) 61 

Figure 4.6 EDX spectra showing the elemental composition of the fresh 

SmCoO3 perovskite. 62 

Figure 4.7 Transmission electron microscopy showing the fresh SmCoO3 

perovskite (magnification ⨯20000). 63 

Figure 4.8 XRD of the fresh SmCoO3 perovskite. 64 

Figure 4.9 Williamson – Hall plot of the fresh SmCoO3 perovskite      

catalyst. 65 

Figure 4.10 XPS wide scan spectra of the fresh SmCoO3 perovskite. 66 

Figure 4.11 XPS narrow scan spectra of Sm 3d5 peak. 67 

Figure 4.12 XPS narrow scan spectra of O 1s peaks . 67 

Figure 4.13 XPS narrow scan spectra of Co 2p3 peaks. 68 

Figure 4.14 H2- TPR of the fresh SmCoO3 perovskite. 69 

Figure 4.15 CO2 - TPD of the fresh SmCoO3 perovskite 70 

igure 4.16 NH3 - TPD of the fresh SmCoO3 perovskite catalyst 71 

Figure 4.17 FTIR spectroscopy of the fresh SmCoO3 perovskite 72 

Figure 4.18 Effects of temperature on reactants conversion over SmCoO3 

perovskite catalyst. 75 

Figure 4.19 Effects of temperature on yield over SmCoO3 perovskite    

catalyst. 76 

Figure 4.20 Effects of temperature on syngas ratio over SmCoO3      

perovskite catalyst. 77 

Figure 4.21 Effects of temperature on consumption rates over SmCoO3 

perovskite catalyst. 78 



xii 

Figure 4.22 Effects of temperature on production rates over SmCoO3 

perovskite catalyst. 78 

Figure 4.23 Reactant conversion performance test for SmCoO3 perovskite 

catalyst (feed ratio 1:1, T = 1073 K, GHSV = 30,000 h
-1

). 80 

Figure 4.24 Product yield performance test for SmCoO3 perovskite catalyst 

(feed ratio 1:1, T = 1073 K, GHSV = 30,000 h
-1

). 80 

Figure 4.25 Effects of reactants feed ratio on conversion of CO2 (GHSV= 

30,000 h
-1

, reaction time = 4 h) 82 

Figure 4.26 Effects of feed ratio on conversion of CH4 (GHSV= 30,000 h
-1

, 

reaction time = 4 h). 83 

Figure 4.27 Effects of reactants feed ratio on production of H2 over SmCoO3 

perovskite catalyst (GHSV= 30,000 h
-1

, reaction time = 4 h). 84 

Figure 4.28 Effects of reactants feed ratio on production of CO over   

SmCoO3 perovskite catalyst (GHSV= 30,000 h
-1

, reaction       

time = 4 h). 84 

Figure 4.29 Effects of reactants feed ratio on syngas ratio over SmCoO3 

perovskite catalyst (GHSV= 30,000 h
-1

, reaction time = 4 h). 85 

Figure 4.30 Effects of CH4 partial pressure on CO2 conversion at fixed CO2 

partial pressure of 20.3 kPa (GHSV= 30,000 h
-1

, reaction time     

= 4h) 87 

Figure 4.31 Effects of CO2 partial pressure on CO2 conversion at fixed CH4 

partial pressure of 20.3 kPa (GHSV= 30,000 h
-1

, reaction        

time = 4h) 88 

Figure 4.32 Effects of CH4 partial pressure on CH4 conversion at fixed CO2 

partial pressure of 20.3 kPa (GHSV= 30,000 h
-1

, reaction        

time = 4h) 89 

Figure 4.33 Effects of CO2 partial pressure on CH4 conversion at fixed CH4 

partial pressure of 20.3 kPa (GHSV= 30,000 h
-1

, reaction time     

= 4h) 90 

Figure 4.34 Effects of CH4 partial pressure on H2 yield at fixed CO2 partial 

pressure of 20.3 kPa (GHSV= 30,000 h
-1

, reaction time = 4h) 91 

Figure 4.35 Effects of CO2 partial pressure on H2 yield at fixed CH4 partial 

pressure of 20.3 kPa (GHSV= 30,000 h
-1

, reaction time = 4h) 92 

Figure 4.36 Effects of CH4 partial pressure on CO yield at fixed CO2 partial 

pressure of 20.3 kPa (GHSV= 30,000 h
-1

, reaction time = 4h) 92 

Figure 4.37 Effects of CO2 partial pressure on CO yield at fixed CH4 partial 

pressure of 20.3 kPa (GHSV= 30,000 h
-1

, reaction time = 4h) 93 

Figure 4.38 Effects of CH4 partial pressure on syngas ratio  at fixed CO2 

partial pressure of 20.3 kPa (GHSV= 30,000 h
-1

, reaction        

time = 4h) 94 

Figure 4.39 Effects of CO2 partial pressure on syngas ratio  at fixed CH4 

partial pressure of 20.3 kPa (GHSV= 30,000 h
-1

, reaction        

time = 4h) 94 



xiii 

Figure 4.40 Effects of CH4 partial pressure on  CH4 consumption rates           

at fixed CO2 partial pressure of 20.3 kPa (GHSV=               

30,000 h
-1

 , reaction time = 4h) 96 

Figure 4.41 Effects of CH4 partial pressure on CO2 consumption rates at   

fixed CO2 partial pressure of 20.3 kPa (GHSV= 30,000 h
-1 

, 

reaction time = 4h) 96 

Figure 4.42 Effects of CO2 partial pressure on CH4 consumption rates at   

fixed CH4 partial pressure of 20.3 kPa (GHSV= 30,000 h
-1

 , 

reaction time = 4h) 97 

Figure 4.43 Effects of CO2 partial pressure on CO2 consumption rates at   

fixed CH4 partial pressure of 20.3 kPa (GHSV= 30,000 h
-1

 , 

reaction time = 4h) 98 

Figure 4.44 Effects of CH4 partial pressure on H2 consumption rates at     

fixed CO2 partial pressure of 20.3 kPa (GHSV= 30,000 h
-1

, 

reaction time = 4h) 99 

Figure 4.45 Effects of CH4 partial pressure on CO formation rates at fixed 

CO2 partial pressure of 20.3 kPa (GHSV= 30,000 h
-1

, reaction 

time = 4h) 99 

Figure 4.46 Effects of CO2 partial pressure on H2 formation rates at fixed  

CH4 partial pressure of 20.3 kPa (GHSV= 30,000 h
-1 

, reaction 

time    = 4h) 100 

Figure 4.47 Effects of CO2 partial pressure on CO formation rates at fixed 

CH4 partial pressure of 20.3 kPa (GHSV= 30,000 h
-1

, reaction 

time = 4h) 100 

Figure 4.48 Temperature programmed oxidation of the spent SmCoO3 

perovskite catalyts post kinetics study at  
2

COP and 
4

CHP  =       

20.3 kPa at 973 – 1073 K. 102 

Figure 4.49 SEM micrograph of spent SmCoO3 perovskite post kinetics    

study at 
2

COP and 
4

CHP  = 20.3 kPa at  1073 K.(magnification 

⨯7000) 103 

Figure 4.50 EDX spectra of the elemental composition  of spent SmCoO3 

perovskite post kinetics study at 
2

COP and 
4

CHP  = 20.3 kPa at  

1073 K. 104 

Figure 4.51 TEM micrograph of spent SmCoO3 perovskite post kinetics   

study at 
2

COP and 
4

CHP   = 20.3 kPa at  1073 K.(magnification      

⨯ 20000) 105 

Figure 4.52 X-ray diffractogram of the (a) spent (b) fresh SmCoO3   

perovskite post kinetics study at 
2

COP and 
4

CHP   = 20.3 kPa          

at  1073 K. 106 

Figure 4.53 Linearized Arrhenius plot to determine the activation energy       

of CH4. 113 

Figure 4.54 Linearized Arrhenius plot to determine the activation energy       

of CO2. 114 



xiv 

Figure 4.55 Longevity test of dry reforming of methane over SmCoO3 

perovskite catalyst showing conversion of CH4 in  72 h TOS. 117 

Figure 4.56 Longevity test of dry reforming of methane over SmCoO3 

perovskite catalyst showing conversion of CO2 in  72 h TOS. 118 

Figure 4.57 Longevity test of dry reforming of methane over SmCoO3 

perovskite catalyst showing H2 yield in 72 h TOS. 118 

Figure 4.58 Longevity test of dry reforming of methane over SmCoO3 

perovskite catalyst showing CO yield in 72 h TOS. 119 

Figure 4.59 Longevity test of dry reforming of methane over SmCoO3 

perovskite catalyst showing syngas ratio in 72 h TOS. 119 

Figure 4.60 Longevity test of dry reforming of methane over SmCoO3 

perovskite catalyst showing CH4 consumption rate versus       

time. 120 

Figure 4.61 Longevity test of dry reforming of methane over SmCoO3 

perovskite catalyst showing CO2 consumption rate versus       

time. 120 

Figure 4.62 Longevity test of dry reforming of methane over SmCoO3 

perovskite catalyst showing H2 production rate versus time. 121 

Figure 4.63 Longevity test of dry reforming of methane over SmCoO3 

perovskite catalyst showing CO production rate versus time. 121 

Figure 4.64 FESEM image  of the spent SmCoO3 perovskite post       

longevity study at 0.5 reactant feed ratio (CO2 : CH4 = 0.5) 

(⨯30000). 123 

Figure 4.65 FESEM image  of the spent SmCoO3 perovskite post longevity 

study at 0.75 reactant feed ratio (CO2 : CH4 = 0.75) (⨯30000). 123 

Figure 4.66 FESEM image  of the spent SmCoO3 perovskite post longevity 

study at 1.0 reactant feed ratio (CO2 : CH4 = 1.0) (⨯30000). 124 

Figure 4.67 FESEM image  of the spent SmCoO3 perovskite post longevity 

study at 1.33 reactant feed ratio (CO2 : CH4 = 1.33) (⨯30000). 124 

Figure 4.68 FESEM image  of the spent SmCoO3 perovskite post       

longevity study at 2.0 reactant feed ratio (CO2 : CH4 = 2.0) 

(⨯30000). 125 

Figure 4.69 EDX spectra of the spent SmCoO3 perovskite post longevity 

study at 0.5 reactant feed ratio (CO2 : CH4 = 0.5). 126 

Figure 4.70 EDX spectra of the spent SmCoO3 perovskite post longevity 

study at 0.75 reactant feed ratio (CO2 : CH4 = 0.75). 126 

Figure 4.71 EDX spectra of the spent SmCoO3 perovskite post longevity 

study at 1.0 reactant feed ratio (CO2 : CH4 = 1.0). 127 

Figure 4.72 EDX spectra of the spent SmCoO3 perovskite post longevity 

study at 1.33 reactant feed ratio (CO2 : CH4 = 1.33). 127 

Figure 4.73 EDX spectra of the spent SmCoO3 perovskite post longevity 

study at 2.0 reactant feed ratio (CO2 : CH4 = 2.0). 128 



xv 

Figure 4.74 TEM image  of the spent SmCoO3 perovskite post longevity  

study at 0.5 reactant feed ratio (CO2 : CH4 = 0.5).     

(magnification ⨯20000) 129 

Figure 4.75 TEM image  of the spent SmCoO3 perovskite post longevity  

study at 0.75 reactant feed ratio (CO2 : CH4 = 0.75). 

(magnification ⨯20000) 129 

Figure 4.76 TEM image  of the spent SmCoO3 perovskite post longevity  

study at 1.0 reactant feed ratio (CO2 : CH4 = 1.0).    

(magnification ⨯20000) 130 

Figure 4.77 TEM image  of the spent SmCoO3 perovskite post longevity   

study at 1.33 reactant feed ratio (CO2 : CH4 = 1.33). 

(magnification ⨯20000) 130 

Figure 4.78 TEM image  of the spent SmCoO3 perovskite post longevity  

study at 2.0 reactant feed ratio (CO2 : CH4 = 2.0).    

(magnification ⨯20000) 131 

Figure 4.79 X-ray diffractogram  of the spent SmCoO3 perovskite post 

longevity study at 0.5, 0.75, 1.0, 1.33, 2.0 reactant feed ratio. 133 

Figure 4.80 FTIR  of the spent SmCoO3 perovskite post longevity study        

at 0.5, 0.75, 1.0, 1.33, 2.0 reactant feed ratio. 135 

Figure 4.81 XPS  of the spent SmCoO3 perovskite post longevity study          

at 0.5, 0.75, 1.0, 1.33, 2.0 reactant feed ratio. 137 

Figure 4.82 TPO  of the spent SmCoO3 perovskite post longevity study         

at 1.0 reactant feed ratio. 140 

Figure 4.83 Linearized Kissinger model to obtain the activation energy         

of carbon formation. 140 

Figure B.1 Chromatographs showing the peak and retentions time of          

the standard gas for H2. 165 

Figure B.2 Chromatographs showing the peak and retentions time of          

the standard gas for CO2, CH4 and CO. 166 

Figure B.3 Chromatographs showing the peak of H2 for CO2 reforming        

of CH4 over SmCoO3 perovskite. 168 

Figure B.4 Chromatographs showing the peak of CO2 CH4 and CO for     

CO2 reforming of CH4 over SmCoO3 perovskite. 169 

 



xvi 

LIST OF SYMBOLS 

Α Reaction order with respect to reactant CH4 

Β Order of reaction with respect to CO2 

Θ 

λ 

ri 

ρs 

T 

R 

∆H 

D 

Diffraction angle 

Wavelength (nm) 

Reaction rate of species i 

Density of the catalyst particle 

Reaction temperature 

Universal gas constant 

Enthalpy changed (kJ mol
-1

) 

Crystallite catalyst size 

𝜑 Co metallic site 

% Percentage 

F Molar flowrate 

X Conversion 

Y Yield 

Wcat Weight of catalyst 

 

 



xvii 

LIST OF ABBREVIATIONS 

BET 

BJH 

CRM 

DRM 

DTG 

Brunauer – Emmett –Teller 

Barrett, Joyner, Halenda 

Combine reforming of methane 

Dry reforming of methane 

Differential thermogravimetric 

EDX 

FESEM 

FTIR 

FTS 

FWHM 

GC 

GHSV 

LH 

POM 

R
2
 

RMSD 

TEM 

TCD 

TOS 

TPD 

TG 

TGA 

TPO 

TPR 

XRD 

 Energy Dispersive X-ray 

Field Emission Scanning Electron Microscopy 

Fourier Transform Infrared Spectroscopy  

Fischer – Tropsch Synthesis 

Full Width at Half Maximum 

Gas Chromatography 

Gas Hourly Space Velocity 

Langmuir – Hinshelwood 

Partial oxidation of methane 

Coefficient of Determination 

Root Mean Square Deviation 

Transmission Electron Microscopy 

Thermal Conductivity Detector 

Time on stream 

Temperature Programmed Desorption 

Thermogravimetric 

Thermogravimetric Analysis 

Temperature Programmed Oxidation 

Temperature Programmed Reduction 

X- ray Powder Diffraction 

  



 

 

 

SYNTHESIS AND CHARACTERIZATION OF SAMARIUM-COBALT-TRIOXIDE 

PEROVSKITE CATALYST FOR THE KINETIC AND LONGEVITY STUDIES OF 

METHANE DRY REFORMING 

 

 

 

 

 

OSAZUWA OSARIEME UYI 

 

 

Thesis submitted in fulfilment of the requirements 

for the award of the degree of 

Doctor of Philosophy of Engineering 

 

 

 

 

Faculty of Chemical and Natural Resources Engineering 

UNIVERSITI MALAYSIA PAHANG 

 

OCTOBER 2017 

 

 



iii 

ABSTRAK 

Kadar pemanasan global yang berada di tahap membimbangkan memerlukan penggunaan 

gas rumah hijau seperti metana (CH4) dan karbon dioksida (CO2). Salah satu daripada 

cadangan adalah tindak balas pembentukan semula kering metana. Tindak balas 

pembentukan semula kering metana memerlukan pemangkin heterogen kerana sifat 

endotermiknya yang kuat. Beberapa jenis pemangkin telah digunakan untuk tindak balas 

pembentukan semula kering metana dengan penyahaktifan pemangkin sebagai kelemahan 

utama. 

Di dalam kajian ini, pemangkin perovskit SmCoO3 telah digunakan untuk tindakbalas 

pembentukan semula kering metana. Pemilihan pemangkin Sm2O3 ini adalah disebabkan 

mempunyai Co yang kurang cenderung terhadap karbon dan kapasiti simpanan oksida 

(O2) yang tinggi. Pemangkin perovskit SmCoO3 telah disintesis dengan menggunakan 

kaedah sol-gel sitrat dengan samarium (Sm) menduduki lokasi ‗A‘ dan kobalt (Co) yang 

menduduki lokasi ‗B‘. Model Toleransi Goldschmidt telah digunakan untuk memperolehi 

faktor toleransi 0.96 untuk struktur perovskit SmCoO3.  

Teknik pembelauan X-ray mengesahkan struktur hablur monofasa untuk SmCoO3. 

Penyaherapan teraturcara suhu menunjukkan kekuatan bersih berasid untuk pemangkin. 

Kaedah sebaran tenaga X-ray dan spektroskopi fotoelektron X-ray mengesahkan unsur 

dan komposisi kimia bagi perovskit SmCoO3 sintesis. Sebelum pemodelan kinetik, kesan 

suhu (antara 973 - 1073 K), nisbah suapan (0.5 - 2.0) dan tekanan separa (antara 6.8 – 

60.8 kPa) telah dikaji. Keputusan daripada kajian menunjukkan penukaran suapan 

melebihi 90% dan hasil produk melebihi 60%, pada 1073 K. Data kinetik yang diperoleh 

telah disuaikan ke dalam model hukum kuasa dan model Langmuir-Hinshelwood. Tenaga 

pengaktifan yang diperolehi daripada hokum kuasa adalah 41 kJ mol
-1

 bagi CH4 dan 25 

kJ mol
-1

 bagi CO2. Kajian selanjutnya dengan menggunakan model Langmuir-

Hinshelwood telah mencatatkan tenaga pengaktifan sebanyak 44 kJ mol
-1

 bagi CH4 dan 

22 kJ mol
-1

 bagi CO2. Ujian kelanjutan untuk pemangkin telah diuji pada nisbah suapan 

antara 0.5 - 2.0 pada 1073 K, untuk 72 jam. Tindakbalas pada nisbah suapan 0.75, 1.0 dan 

1.33 menunjukkan kestabilan yang sangat baik. Pemangkin perovskit SmCoO3 yang 

terpakai, dicirikan dengan teknik mikroskop elektron pengimbasan pancaran medan, 

sebaran tenaga X-ray, pengoksidaan teraturcara suhu, spektroskopi inframerah 

transformasi Fourier, mikroskop elektron pancaran dan spektroskopi fotoelektron X-ray 

telah menunjukkan bukti wujudnya spesis karbon jenis bermisai yang mana tidak 

menyahaktifkan pemangkin. Karbon ini digegaskan oleh species dwi-oksida yang hadir di 

dalam perovskit SmCoO3 seperti terbukti melalui analisa spektroskopi fotoelektron X-

ray. Penurunan species Co seperti yang dibuktikan melalui analisa TPR telah 

menambahkan prestasi pemangkin perovskit SmCoO3. Sifat-sifat ini bertanggungjawab 

kepada prestasi pemangkin perovskit SmCoO3 yang menakjubkan dibandingkan dengan 

pelbagai pemangkin jenis logam lain yang telah dilaporkan sebelum ini.  
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 ABSTRACT 

The alarming rate of global warming necessitates the utilization of greenhouse gases such 

as methane (CH4) and carbon dioxide (CO2). One of such propositions is methane dry 

reforming. Methane dry reforming requires the use of heterogeneous catalyst due to its 

strong endothermicity. Several catalysts have been employed for methane dry reforming 

with catalyst deactivation as the major drawback.  

In the present study, samarium cobalt trioxide (SmCoO3) perovskite catalyst has been 

applied for methane dry reforming. The reduced affinity of cobalt (Co) for carbon and the 

rich oxygen (O2) storage capacity of samarium oxide (Sm2O3) are responsible for the 

choice of this catalyst. The SmCoO3 perovskite catalyst was synthesized using the sol-gel 

citrate method with samarium (Sm) occupying the ‗A‘ site and Co occupying the ‗B‘ site. 

The Goldschmidt tolerance model was employed to obtain a tolerance factor of 0.96 for 

the SmCoO3 perovskite structure.  

X-ray diffraction confirmed a monophasic crystalline structure for the synthesized 

SmCoO3. Temperature programmed desorption showed net-acidic catalytic site strength. 

Energy dispersive X-ray and X-ray photoelectron spectroscopy confirmed the elemental 

and chemical composition of the synthesized SmCoO3 perovskite. Prior to the kinetic 

modelling, the effects of temperature (ranged 873 - 1173 K), feed ratio (0.5 – 2.0) and 

partial pressure (ranged 6.8 – 60.8 kPa) were studied. Results from the studies showed 

that conversion of reactants were above 90% and products yield were above 60%, at 1073 

K. The kinetics data acquired were fitted into the power law and Langmuir–Hinshelwood 

model. Activation energy of 41 kJ mol
-1

 and 25 kJ mol
-1

 were obtained from the power 

law model for CH4 and CO2, respectively. Further studies using the Langmuir-

Hinshelwood model gave activation energy of 44 kJ mol
-1

 and 22 kJ mol
-1

 for CH4 and 

CO2, respectively. The longevity of the catalyst was tested in a feed ratio range of 0.5 – 

2.0 at 1073 K, for 72 h. Reactions at 0.75, 1.0 and 1.33 feed ratios had very good 

stability. The spent SmCoO3 perovskite catalyst, characterized by field emission scanning 

electron microscope, energy dispersive X-ray, temperature programmed oxidation, 

Fourier transform infrared spectroscopy, transmission electron microscope and X-ray 

photoelectron spectroscopy techniques showed evidence of whisker carbon species which 

did not deactivate the catalyst. The carbon was gasified by the dual oxygen species 

present in the SmCoO3 perovskite as evident in the X-ray photoelectron spectroscopy 

analysis. The reducibility of the Co species as evident in the TPR analysis enhanced the 

performance of the SmCoO3 perovskite catalyst. These properties are responsible for the 

superior performance of SmCoO3 perovskite catalyst over various metallic catalysts 

previously reported.  
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