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Nickel based catalyst has been a potential catalyst in CO2 methanation.
However, the challenges of the existing catalyst including carbon deposition
and catalyst stability need to be addressed for more efficient performance of
CO:2 methanation. The objective of the study is to synthesize the CNT monolith
at optimum condition, to fabricate monometallic and bimetallic supported onto
CNT monolith, to investigate the performance of the catalysts in CO:
methanation reaction at optimum condition and to predict the suitable kinetic
and model fitted the catalyst behavior. The experimental studies conducted to
grow CNT onto cordierite monolith at optimum condition using direct liquid
injection chemical vapor deposition after immersion in Ni/citric acid solution.
The CNT monolith catalyst was fabricated via impregnation method and the
catalytic CO2 methanation reaction was performed in a fixed bed reactor at
optimum condition. The optimization studies were designed by Taguchi method
based on Lo(3%) orthogonal array and characterization analysis was determined
using X-ray diffraction (XRD), field emission scanning electron microscopy
(FESEM), transmission electron microscopy (TEM) and others. About 96.45%
of CNT’s growth onto monolith was sized in the range of 32 to 34 nm. The
performance of monometallic CNT monolith catalysts achieved about 77-86%
of CO2 conversion, 76-98% of CHa selectivity and 1-23% CO selectivity.
Meanwhile, bimetallic CNTs monolith catalyst accomplished above 90% for
COz2 conversion and CHas selectivity and less than 10% of CO selectivity. The
kinetic behaviour of 10 wt.% Ni CNT and 1/10 wt.% Co/Ni CNT monolith
catalyst were fitted based on the Langmuir-Hinshelwood (L-H) models that
showed only reactant adsorbed with the dual-site mechanisms and all
reactants and products were adsorbed through a single-site mechanism,
respectively. As the conclusion, the CNT monolith provides a potential as a
catalytic support due to its mesoporous active catalytic site. Furthermore, this
study shows that bimetallic CNTs monolith catalyst of 1/10 wt.% Co/Ni gave the
highest performance compared to the other catalysts.
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Mangkin berasaskan Nikel telah menjadi mangkin berpotensi dalam
pemetanan CO.. Walau bagaimanapun, cabaran mangkin yang sedia ada
termasuklah pengendapan karbon dan kestabilan mangkin perlu ditangani
untuk prestasi lebih berkesan pemetanan CO2. Objektif kajian ini ialah untuk
mensintesis monolit CNT pada keadaan optimum, untuk bikin mangkin logam
tunggal dan dwi logam yang disokong pada monolit CNT, untuk menyiasat
prestasi mangkin dalam tindak balas pemetanan CO: pada keadaan optimum
dan untuk meramalkan kinetik dan model yang sesuai dengan kelakuan
mangkin. Kajian dijalankan bagi menumbuhkan CNT pada monolit kordierit
pada keadaan optimum dengan menggunakan suntikan cecair bahan kimia
langsung selepas rendaman dalam larutan Ni/asid sitrik. Mangkin monolit CNT
telah terbikin melalui kaedah pengisitepuan dan tindakbalas pemetanan CO:
bermangkin telah dilakukan dalam reaktor lapisan tetap pada keadaan
optimum. Kajian pengoptimuman telah direka bentuk oleh kaedah Taguchi
berdasarkan tatasusunan ortogon Lo(3*) dan analisis pencirian ditentukan
menggunakan pembelauan sinar-X (XRD), mikroskopi elektron pengimbasan
pancaran medan (FESEM), mikroskopi elektron penghantaran (TEM) dan lain-
lain. Kira-kira 96.45% pertumbuhan CNT pada monolit bersaiz dalam julat 32
hingga 34 nm. Prestasi mangkin monolit logam tunggal mencapai kira-kira 77-
86% penukaran CO2, 76-98% kepilihan CHs dan 1-23% kepilihan CO.
Sementara itu, mangkin monolit CNT dwi logam telah mencapai lebih daripada
90% untuk penukaran CO:z dan kepilihan CH4 dan kurang daripada 10%
kepilihan CO. Kelakuan kinetik mangkin monolit 10 %berat Ni CNT dan 1/10
%berat Co/Ni CNT telah dipasang berdasarkan model Langmuir-Hinshelwood
(L-H) yang menunjukkan hanya bahan tindak balas terjerap dengan
mekanisme tapak-duaan dan kesemua bahan tindak balas dan produk terjerap
melalui mekanisme tapak-tunggal, masing-masing. Sebagai kesimpulan,
monolit CNT memberikan potensi sebagai sokongan mangkin kerana tapak
bermangkin aktif mesoliangnya. Selain itu, kajian ini menunjukkan bahawa



mangkin monolit CNT dwilogam 1/10 %berat Co/Ni telah memberikan prestasi
yang tertinggi berbanding mangkin yang lain.

Kata kunci: Pemetanan COz, pemangkin CNT monolit, kaedah Taguchi

SDG 13: Mengambil tindakan mendesak untuk memerangi perubahan iklim
dan kesan-kesannya



ACKNOWLEDGEMENTS

In the name of Allah, the Most Compassionate, the Most Merciful

All praise and thanks to Almighty Allah. With His blessing, | was able to
complete my research and compile this manuscript, for which | am eternally
grateful.

I would like to thank everyone who has contributed to this project in anyway,
whether directly or indirectly, by giving assistance, thought, ideas, skills, and
motivation.

| would like to extend my deepest appreciation to my supervisor Assoc. Prof.
Ts Dr Salmiaton Binti Ali for accepting me as a PhD student and guiding me
along the way. | am grateful for the opportunity to participate in this project with
her valuable support and insightful suggestions when | was discouraged by my
failures and challenging issues.

To my Co-supervisor, Professor Ir Dr Thomas Choong Shean Yaw, | would like
to express my heartfelt gratitude for his advice, support, and assistance in
pursuing my interest in the research.

| would like to thank my Co-supervisor, Professor Datuk ChM Ts Dr Taufig Yap
Yun Hin, for his support and the opportunity to complete this project.

I am also grateful to my Co-supervisor, Assoc. Prof. Ir Dr Shamsul Izhar Bin
Siajam for his insightful and encouraging thoughts.

Ultimately, this work would not be completed successfully without the support
of the staff and researchers at the Faculty of Engineering. My special thanks go
to Encik Mohd Adli and other technical staff at the Faculty of Engineering,
especially from the Chemical Engineering and Environment Department, for
their efforts in manufacturing and maintaining the test equipment.



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

Salmiaton binti Ali, PhD
Associate Professor Ts.
Faculty of Engineering
Universiti Putra Malaysia
(Chairman)

Thomas Choong Shean Yaw, PhD
Professor Ir.

Faculty of Engineering

Universiti Putra Malaysia

(Member)

Taufiq Yap Yun Hin, PhD
Professor Datuk ChM. Ts.
Faculty of Science
Universiti Putra Malaysia
(Member)

Shamsul Izhar bin Siajam, PhD
Associate Professor Ir.

Faculty of Engineering

Universiti Putra Malaysia
(Member)

ZALILAH MOHD SHARIFF, PhD
Professor and Dean

School of Graduate Studies
Universiti Putra Malaysia

Date:

Vii



TABLE OF CONTENTS

ABSTRACT

ABSTRAK
ACKNOWLEDGEMENTS
APPROVAL
DECLARATION

LIST OF TABLES

LIST OF FIGURES

LIST OF ABBREVIATIONS

CHAPTER
1 INTRODUCTION
1.1  Research background
1.2  Problem statement of study
1.3  Objectives of the study
1.4  Scopes of the research
15 Research contribution
1.6  Outlines of the thesis
2 LITERATURE REVIEW
2.1 Introduction
2.2  CO2 methanation
2.3  Overview of CO2 methanation
2.4  Catalysts used in CO2 methanation reaction
2.5  Support of catalyst
2.6 Carbon nanotubes
2.7  Synthesis of CNTs
2.7.1  Chemical vapour deposition (CVD)
2.7.2  CNT growth parameters
2.7.3  Overview of the parameters used
in producing CNT
2.8  Synthesis method of CNT catalyst
2.9  Catalyst stability
2.10 Kinetic study and model fittings of the CO2
methanation reaction
2.10.1 Kinetics of the catalytic reaction
2.10.2 Model fittings of the catalytic
reaction
211 Summary
3 RESEARCH METHODOLOGY

3.1 Introduction
3.2 Chemicals and equipment
3.3  Synthesis of CNT monolith
3.3.1  Optimization study of synthesizing
of CNTs monolith based on
Taguchi method
3.3.2  Synthesis of CNT monolith catalyst

X

Page
iii

vi
vii
Xiii
XV

XViii

OO0 OTWEEF

10
11
17
20
23
24
25
30

32
33
34

34
36

40

41
41
42
44
46

49



3.4

3.5

3.3.3
3.34

3.35

3.3.6

Catalytic activity

Optimization of CO2 methanation
reaction based on Taguchi method
Stability of the CNT monolith
catalyst activity

Kinetics and modelling studies

Characterization techniques

3.4.1 Morphology analysis
3.4.2  Structural analysis
3.4.3 Chemical analysis
3.4.4  Surface analysis
3.4.5 Thermal analysis
3.4.6  Crystallinity and phase
determination
Summary

SYNTHESIS OF CARBON NANOTUBE
MONOLITH CATALYST AND APPLICATION IN
CO2; METHANATION

Introduction

Synthesis of CNT monolith

4.1
4.2

4.3
4.4

4.5
4.6

4.2.1
4.2.2

4.2.3
4.2.4

4.2.5

The pretreatment of monolith
Optimizing study of the CNTs
monolith based on Taguchi
method

Response and variance analysis
Confirmation test at optimum
condition

Characterization of CNTs
monolith

CNTs monolith catalyst
Carbon dioxide methanation

4.4.1

4.4.2

443

444

445

Analysis of optimization of CO:2
methanation based on Taguchi
method

Response and Variance Analysis
Confirmation Test at Optimum
Conditions

Characterization of spent CNTs
monolith catalyst

Performance of catalytic activity at
optimum condition

Catalyst stability
Summary

KINETIC STUDY AND MODES FITTING OF
CARBON DIOXIDE (CO2) METHANATION

CATALYST
5.1 Introduction
5.2 The attachment between metal and CNT

monolith

Xi

49
51

52

52
54
54
55
55
56
57
57

58
59
59
59

59
61

62
66
66
76

87
88

90

94

94

101

103
104

105

105
105



5.3  Reaction Mechanism
5.4  Kinetic and model fittings of the catalytic
reaction at steady state
5.5  Model fitting
5.6  Summary
6 CONCLUSION AND RECOMMENDATIONS

6.1  Conclusion
6.2 Recommendation

REFERENCES

APPENDICES

BIODATA OF STUDENT
LIST OF PUBLICATIONS

Xii

106
107

111
116

117
117
118

119
143
159
160



Table

21

2.2

2.3

2.4

2.5

3.1

3.2

3.3

3.4

4.1

4.2

4.3

4.4

4.5

4.6

4.7

LIST OF TABLES

Overview of several reports on the investigation of
catalytic methanation

The overview of carbon-coated catalysts
Parameters used in producing CNTs
Kinetic model for CO2 methanation reaction

Studies on the kinetic models for CO2 methanation
reaction

Parameters and their levels for synthesis of CNT
monolith

The design of experiment based on the Taguchi
orthogonal array table of Lg(3%) for CNTs growth onto
monolith support

Parameters and their levels for CO2 methanation
reaction

The design of experiment based on the Taguchi
orthogonal array table of L¢(3%) for CO2 methanation
reaction

Experimentally measured values for CNTs growth and
standard error of CNT monolith and signal-to-noise (S/N)
ratio (Taguchi orthogonal array table of L (3%))

The rank of process parameters for the synthesis of
CNTs

Summary of ANOVA for selected factorial model

The optimal configuration with predicted and actual S/N
ratio value

The surface analysis of bare monolith and CNTs
monolith

Different functional groups for the fresh CNTs monolith
catalyst

Atomic composition of monometallic and bimetallic CNTs
monolith catalyst from the EDX spectrum

Xii

Page

13

18
30
37

38

45

48

51

51

62

64

65

66

73

81

83



4.8

4.9

4.10

411

412

413

4.14

51

5.2

53

54

5.5

5.6

57

5.8

59

5.10

The number of active sites of the catalyst

The surface analysis of mono and bimetallic CNTs
monolith catalysts

Experimentally measured values for CO2z conversion,
CHa selectivity and CO selectivity from methanation
reaction and signal-to-noise (S/N) ratio (Taguchi
orthogonal array table of Lo(3%))

The response table of S/N ratios at different factor levels

Summary of ANOVA for selected factorial model of all
responses

The optimal configuration with predicted and actual S/N
ratio value

The atomic composition of spent catalyst

Proposed sequence of elementary steps in CO:
methanation

Kp2 theoritical values of 10 wt.% Ni CNTs monolith
catalyst at temperature function dependance

Kp2 theoritical values of 1/10 wt.% Co/Ni CNTs monolith
catalyst at temperature function dependance

Kp1 theoritical values of 10 wt.% Ni CNTs monolith
catalyst at temperature function dependance

Kp1 theoritical values of 1/10 wt.% Co/Ni CNTs monolith
catalyst at temperature function dependance

Kinetic parameters evaluated from the Arrhenius plot
using 10 wt.% Ni and bimetallic 1/10 wt.% Co/Ni-CNT
monolith catalysts

Model parameter guessed by Polymath programme for
10 wt.% Ni CNT monolith

Model parameter guessed by Polymath programme for
1/10 wt.% Co/Ni CNT monolith

Kinetic parameters evaluated from the fitting rate data
using 10 wt.% Ni CNTs monolith catalyst

Kinetic parameters evaluated from the fitting rate data
using 1/10 wt.% Co/Ni CNTs monolith catalyst

Xiv

84

86

89

91

93

94

95

107

109

109

110

110

111

112

112

115

115



Figure
11

21

2.2

3.1
3.2
3.3

3.4

3.5

4.1

4.2

4.3

4.4

4.5

4.6

4.7

LIST OF FIGURES

The annual concentration of carbon dioxide (ppm)

Schematic of how graphene can be rolled into various
chirality of CNTs

Schematic of (a) tip-growth model and (b) root-growth
model

The overall flowchart of the research studies
Bare cordierite monolith
Schematic diagram of CVD horizontal quartz reactor

Schematic diagram of reactor system for CO:2
methanation reaction

An overview of the scope of the experiment in this
section

(&) The monolith after impregnation in Ni and citric acid
solution, (b) the impregnated monolith was calcined at
450 °C, (c) the CNT monolith produced via impregnation;
(d) the monolith after immersion in Ni and citric acid
solution, (b) the immersed monolith was calcined at 450
°C, (c) the CNT monolith produced via immersion

The EDX analysis for the doping method via immersion
method

Carbon nanotube yield and standard error for each run of
experiments

The main effect plots for S/N ratios of process
parameters

One plot factor of the main effect: (a) injection rate; (b)
operating temperature

(a) Micrograph image of bare cordierite monolith; (b)
CNT monolith at optimum condition using FESEM at 25
000 magnification; (c) CNT monolith at optimum
condition using FESEM at 150 000 magnification and (d)
size distribution of CNTs growth at optimum condition

Microstructure observation of CNTs monolith

XV

Page
2

21

23

42
43
43

44

50

60

60

61

63

65

68

69



4.8

4.9

4.10

411

412

413

4.14

4.15

4.16

4.17

4.18

4.19

4.20

421

Raman spectra of CNT monolith

FTIR profile of (a) bare cordierite monolith, (b) Ni coated
cordierite monolith, (c) furfuryl alcohol (carbon source)
and (d) CNTs monolith

EDX spectrum of CNTs monolith

Nitrogen adsorption-desorption isotherms of (a) bare
cordierite monolith and (b) CNTs monoalith

TGA analysis of CNTs
XRD pattern of CNT monolith

The illustration of CNTs monolith and CNTs monolith
catalyst

Micrograph image and size distribution of single metallic
CNT monolith catalyst with (a) 1 wt.% Ni; (b) 10 wt.%; (c)
25 wt.% using FESEM at 150 000 magnifications; and
size distribution of 1wt.%, 10 wt.% and 25 wt.%

Micrograph image of CNT monolith catalyst from various
run which (a) CNT monolith, (b) 10 wt.% Ni CNT
monolith, (c) 1/10 wt.% Fe/Ni monolith and (d) 1/10 wt.%
Co/Ni monolith

FTIR analysis of (a) CNTs monolith, monometallic CNTs
monolith catalyst (b) 1 wt.% Ni, (c) 10 wt.% Ni, (d) 25
wt.% Ni; bimetallic CNTs monolith catalyst (e) 1/10 wt.%
Fe/Ni, (f) 1/10 wt.% Co/Ni

TPD-CO: profile of fresh catalysts (a) CNTs, (b) 1 wt.%
Ni, (c) 10 wt.% Ni, (d) 25 wt.% Ni, (e) 1/10 wt. % Fe/Ni
and (f) 1/10 wt.% Co/Ni CNTs monolith catalyst

TPR-H. profiles of (a) 1 wt.% Ni, (b) 10 wt.% Ni, (c) 25
wt.% Ni, (d) 1/10 wt. % Co/Ni and (e) 1/10 wt.% Fe/Ni
CNTs monolith catalyst

Nitrogen adsorption-desorption isotherms of single
metallic CNTs monolith catalyst (a) 1 wt.% Ni CNTs; (b)
10 wt.% Ni CNTs; (c) 25 wt.% Ni CNTs; and bimetallic
CNTs monolith catalyst (d) 1/10 wt.% Fe/Ni-CNT; (e)
1/10 wt.% Co/Ni-CNT

XRD pattern of mono (a) 1 wt.% Ni CNTs; (b) 10 wt.% Ni
CNTs; (c) 25 wt% Ni CNTs; and bimetallic CNTs
monolith catalyst (d) 1/10 wt.% Co/Ni-CNT; (e) 1/10 wt.%
Fe/Ni-CNT

XVi

70

71

72

73

74

75

76

78

79

82

84

85

86

87



4.22

4.23

4.24

4.25

4.26

4.27

4.28

4.29

4.30

4.31

4.32

51

5.2

5.3

54

55

The CO:2 conversion, CHs selectivity and CO selectivity
with their standard error for each run of experiment

One plot factor of the main effect Ni loading for (a) CO:2
conversion; (b) CH4 selectivity and (c) CO selectivity

One plot factor of the main effect temperature for (a) CO:2
conversion and (b) CO selectivity

The FTIR spectrum of spent catalyst of CO2 methanation
reaction with (a) 1 wt.% Ni, (b) 10 wt.% Ni, (c) 25 wt.%
Ni, (d) 1/10 wt.% Fe/Ni, (e) 1/10 wt.% Co/Ni

Micrograph image spent catalyst of CO2 methanation
reaction (a) 1 wt.% Ni; (b) 10 wt.% Ni; (c) 25 wt.% Ni; (d)
1/10 wt.% Fe/Ni, (e) 1/10 wt.% Co/Ni and (f) 10 wt.% Ni
after stability test using FESEM at 25 000 magnification

XRD spectrum of (a) spent 1 wt.% Ni CNTs monolith; (b)
spent 10 wt.% Ni CNTs monoliths and (c) spent 25 wt.%
Ni CNTs monolith

XRD spectrum of (a) spent 10 wt.% Ni CNTs monolith;
(b) spent 10 wt.% Ni CNTs monoliths catalyst after
stability test (210 hours reaction); (c) spent 1/10 wt.%
Co/Ni CNTs monolith catalyst and (d) spent 1/10 wt.%
Fe/Ni CNTs monolith

CO2 conversion for different types of catalyst

CHa4 selectivity for different types of catalyst

CO selectivity for different types of catalyst

The stability performance of monometallic CNTs
monolith catalyst (10% Ni CNTs monolith catalyst)

The possible active sites occur on CNTs surface

The CNTs to mask selectively oxygenated functional
groups to assess the nature of the active sites

Arrhenius plot of CO2 methanation reaction predicted by
Equation 5.18

Arrhenius plot for (a) model 1; (b) model 2; and (c) model
3 over 10 wt.% Ni CNTs monolith catalyst

Arrhenius plot for (a) model 1; (b) model 2; and (c) model
3 over 1/10 wt.% Co/Ni-CNTs monolith catalyst

XVii

88

92

92

97

99

100

100

102

102

103

104

105

106

108

113

114



AACVD

ANOVA

BET

BJH

CCSs

Ccu

CNT

CvD

DLICVD

DOE

EDX

EISA

FESEM

FTIR

GHGs

ICDD

IUPAC

LCVD

L-H

MWCNTSs

MOFs

NASA

PECVD

P2G

LIST OF ABBREVIATIONS

aerosol-assisted chemical vapor deposition
analysis of variance

Brunauer-Emmett-Teller
Barrett-Joyner-Halenda

Carbon Capture and Storage

Carbon Capture and Utilisation

carbon nanotube

chemical vapor deposition

direct liquid injection chemical vapour deposition
design of experiment

energy dispersive X-ray spectroscopy
evaporation-induced self-assembly

field emission scanning electron microscopy
Fourier-transform infrared

greenhouse gases

International Centre for Diffraction Data
International Union of Pure and Applied Chemistry
laser-assisted chemical vapor deposition
Langmuir Hinshelwood

multiwalled carbon nanotubes

Metal organic frameworls

National Aeronautics and Space Administration
Plasma Enhanced CVD

Power-to-gas

XViii



RWGS Reverse Water Gas Shift

SEM Scanning electron microscopy

sccm Standard cubic centimeter per minute
SCR Selective catalytic reduction

SSA specific surface area

SWCNTs Single wall carbon nanotubes

TPD-CO2 Temperature-programmed desorption

TPR-H: Temperature-programmed desorption
TGA Thermogravimetric Analysis
XRD X-ray diffraction

XiX



CHAPTER 1

INTRODUCTION

1.1 Research background

Rapid anthropogenic emissions of greenhouse gases (GHGs) are causing
serious global warming due to the infrared radiation trapped in the planetary
atmosphere. The gases enclose the heat like glass in a greenhouse. The
GHGs absorb infrared radiation from the earth and emit as radiant energy. In
planetary solar system, the sun supplies ultraviolet and visible radiation to the
earth which warms the earth’s surface and atmosphere. The total energy
radiated from the earth’s surface must equal the energy absorbed from the sun.
This causes the average surface temperature of the earth to be approximately -
18 °C, which is unfavorable to humans. Thus, the phenomenon of primary
greenhouse effect has maintained the earth's temperature at an acceptable
level of 15 °C. The primary GHGs such as carbon dioxide (CO32), ozone (O3),
methane (CH4) and water (H20) trap the infrared radiation from escaping out of
the earth’s atmosphere and reradiate it back towards the earth, causing an
elevation in the temperature, hence maintaining the average temperature
(Tuckett, 2018). This phenomenon, however, occurs in opposition to the
secondary greenhouse effect. The earth's surface temperature begins to rise
because of secondary GHGs trapped in the atmosphere, which likely
contributed to severe environmental issues. The major greenhouse gas, CO:2
level has increased by 25% since 1850 because of various anthropogenic
activities such as fossil fuel combustion and land use management
(deforestation and agriculture) (Schneider, 1989).

At present, the annual COz concentration data collected by the National
Aeronautics and Space Administration (NASA) recorded in November 2022
was 420 parts per million (ppm), which was 2.50 ppm higher than that in
November 2021 as, depicted in Figure 1.1. This data is measured at the Mauna
Loa Observatory in Hawaii with the average seasonal cycle removed and it
shows the highest CO: levels in the air in 650,000 years. Consequently, the
global average surface temperature recorded an increase of 1.02 °C, with 2016
and 2020 being the warmest years on record. This is a consistently similar
construction prepared by the Climatic Research Unit and the National Oceanic
and Atmospheric Administration.

The great impact of the phenomenon encompasses changes like sea level rise,
ice mass loss in Greenland, Antarctica, the Arctic, and mountain glaciers
worldwide and a host of other impacts have been seen from more large
wildfires, heat waves and extreme rainfall events. This phenomenon has been
statistically proven by NASA with the increase of 4.0 inches in sea level since
January 1993. The Arctic ice minimum and ice sheet mass in Antarctica have



both decreased by 12.6 percent per decade since 1979 and 151 billion metric
tons per year since 2002 respectively (climate.nasa.gov).
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Source: climate.nasa.gov

Figure 1.1 : The annual concentration of carbon dioxide (ppm)
(https://climate.nasa.gov/vital-signs/carbon-dioxide)

Numerous efforts are being directed to enhance technological options for
reducing CO2 emissions, which are a major source from the fuel combustion
process in power plants. Carbon Capture and Storage (CCS) and Carbon
Capture and Utilization (CCU) technologies have been developed in parallel to
have an efficient structure for the energy supply chain. CCS plays a crucial role
as a standard technology in the global portfolio as a short term solution to
attain the reduction of greenhouse gas emissions, whereas the CCU aims to
mitigate the effects of CO2 emissions on global warming by reducing both
greenhouse gas emissions and fossil resource depletion (Markewitz et al.,
2012). CCS is adopted to capture waste CO2 produced at stationary sources
such as industrial point sources and fossil fuel-based power plants, followed by
transport and storage in geological reservoirs or the ocean. However, the
geological storage of CO2 is confronted with the possibility of leakage, long
term liability issues, problems with public acceptance of onshore storage
locations, and the availability of storage sites. Nevertheless, the application of
CCS in the field still leaves a fundamental drawback such as extensive energy
consumption for CO:2 desorption, low capture efficiency, and slow sorption
kinetics to be addressed. There is a crucial barrier in the implementation of
CCS. Therefore, CCU offers an alternative approach strategy (Yang et al.,
2012) that includes both industrial capture to obtain concentrated CO: and
separate functional utilization of CO2. The industrial capture activity includes
scrubbing CO:2 directly from the atmosphere or fossil fueled power plants as
CO:2 point sources. On the other hand, the functional utilization of concentrated
CO:z: refers to the reuse of CO: as a solvent, or the conversion of CO:z into other
products such as fuels (von der Assen et al., 2013).



There are three major approaches being pursued: post-combustion capture,
pre-combustion capture, and oxy-fuel process. Among these approaches, post-
combustion capture has the potential to provide the most benefits as the
existing combustion technologies can still be used without requiring radical
changes and is easier to implement as a retrofit option to existing equipment.
This promising technology will likely be the first to be implemented, followed by
the necessary preparation of flue gas from power plants (Songolzadeh et al.,
2012). Flue gases from power plants are a mixture of nitrogen, oxygen, carbon
dioxide, SOz, NOx and water, plus other contaminants. The removal of NOx and
SO« from flue gas demonstrates a significant achievement in sustainability and
efficiency of the CO: capture technology. Moreover, the subtraction of 90%
CO:2 from the flue gas results in a 70% depletion of CO2 emissions to the
atmosphere, which consequently reduces the global warming potential by 64%
(Singh et al., 2011).

Recently, the transformation of CO: into useful chemicals and fuels to reduce
the greenhouse effect has garnered a lot of attention. The catalytic
methanation of CO2 process has been developed to establish an efficient
process and is quickly becoming the most promising technology for industrial
applications. Therefore, it is important to have a good catalyst in the methane
conversion process, which accelerates the chemical reactions to produce
methane at a fast rate. Various metal catalysts have been intensively studied
for the development of catalyst (Takenaka et al., 2004; Zhou et al., 2016), with
supported nickel (Ni) catalysts being the most widely chosen due to their high
abilities in CO2 conversion and CHas selectivity (Muroyama et al., 2016;
Ocampo et al., 2009; Westermann et al., 2015; Zhang et al., 1996). However,
most studies reported that these catalysts suffer from several drawbacks,
including carbon deactivation, sensitivity to metal site poisoning, sintering, and
coke deposition (Nie et al., 2017; Wang et al., 1996).

Consequently, the nanoporous catalysts are an efficient alternative pathway in
the reactions because of their unique properties such as highly ordered pore
structure, high surface area, and tailored pore size. Number of studies have
been proven for the development of highly metal and metal oxides supported
catalyst (Muroyama et al., 2016). However, to the best of our knowledge there
are no reports relating to the role of metal or metal oxides in methanation of
CO2 using hydrogen in CHas selectivity over metal supported on mesoporous
carbon coated honeycomb monolith catalysts.

1.2 Problem statement of study

The development of CO2 methanation catalyst is aimed to achieve a higher
CO2 conversion and CHa4 selectivity. The catalyst is mainly focused on its
capability to be active at relatively low temperatures and selective towards
methane. The challenges of the catalysts in CO2 methanation including:



e The high activity of Ni-based catalysts can lead to carbon deposition,
which can deactivate the catalyst over time, requiring regeneration or
replacement (Tsiotsias et al., 2020).

e The desorption of CO2 and the formation of carbonate species on the
support can be a rate-limiting step, affecting the overall catalytic activity
(Mohd Ridzuan et al., 2022).

e The stability of Ni-based catalysts, especially at high temperatures and
under varying reaction conditions, is a significant challenge that needs
to be addressed for long-term and efficient CO2 methanation (Al-
Fatesh et al., 2023).

Researchers had come up with several attempts to:

e The design of Ni-based catalysts can be optimized and regenerate to
reduce carbon deposition, by using bimetallic catalysts, introducing
additives, or adjusting the number of alkaline sites on the catalyst (Ren
et al., 2023).

e The operating conditions, such as temperature, pressure, and gas
composition, can be adjusted to reduce carbon deposition and improve
catalyst stability (Zhen et al., 2015).

e The use of a suitable catalyst support, such as carbon nanotubes, can
reduce carbon deposition and improve catalyst stability (Lv et al., 2020;
Yadav et al., 2023).

e Performing kinetic experiments to measure the reaction rates and
determine the kinetic parameters that can provide valuable insights into
the reaction mechanism and help develop more efficient and stable
catalysts for CO2 methanation.

Various supports have been investigated in achieving higher catalytic activity of
CO2 methanation including aluminium oxide (Al203) (Frontera et al., 2017),
silicon oxide (SiO2) (Park & McFarland, 2009), zirconium oxide (ZrOz) Ren et
al. (2015), cerium oxide (CeO2) Zhou et al. (2016), zeolites, metal-organic
frameworks (MOFs) and others. Presently, Ni-based catalysts on supports are
most widely explored due to their being cost-effective and highly active.
However, Ni catalysts are typically supported on powders, which can create
high back pressure and lead to operational inconvenience. Therefore, it is
important to investigate an alternative support for making the catalyst more
efficient. Carbon nanotube (CNT) monolith catalysts possess a high surface
area, high mechanical and thermal strength, better heat transfer, and a low
pressure drop that make them suitable for use in the CO2 methanation
reaction. The Ni metal is doped onto a CNT monolith to produce a catalyst with
a higher active phase and lower cost. Moreover, the structured catalyst could
reduce the carbon deposition that created during the reaction and potentially to
be regenerated to be used in catalytic reaction. The kinetic parameters could
govern the reaction mechanism and provide information to describe the rate
mechanism of the catalyst for CO2 methanation.



13

Objectives of the study

The main objective of this study is to develop a route for CO: utilization method
using high performance catalyst in a methanation reactor by determining these
following objectives:

1.

1.4

To synthesize CNT monolith using chemical vapor deposition (CVD) at
optimum conditions obtained from the design of experiment (DOE) by
Taguchi method.

To fabricate mono and bimetallic monolith catalyst the CNT monolith
via impregnation.

To assess the performance of mono and bimetallic CNT monolith
catalyst on the CO2 methanation reaction towards CO:2 conversion and
CH4 selectivity using optimum condition obtained from Taguchi
method.

To predict the suitable kinetic and model representing the catalyst
behavior in the CO2 methanation reaction.

Scopes of the research

To achieve objective (1), the CNTs monolith was prepared using
chemical vapor deposition (CVD) at optimum conditions (4 parameters:
mass ratio of Ni to citric acid, injection rate, reaction time in CvVD and
temperature) via immersion method of Ni that examined by Taguchi
method and then characterize the CNT monolith using morphology,
structural, chemical, surface, thermal, and crystallinity analyzes.

To accomplish objective (2), the mono and bimetallic CNT monolith
catalyst is fabricated via impregnation in Ni solution and calcined at
450°C in three hours to produce CNTs monolith catalyst. The
morphology, structural, chemical, surface, and thermal properties are
analyzed before and after reaction to distinguish the effect of CNTs
monolith and CNTs monolith catalyst.

To support objective (3), the performances of catalyst were evaluated
and analyzed in fixed bed reactor at optimum condition (Ni loading,
reaction temperature and flowrate of gas) that designed from Taguchi
method for the measurement of CO2 conversion, CHas selectivity, Co
selectivity and 210 hours for stability test.

To attain objective (4), the kinetic studies was examined by fitting the
experimental data into a kinetic model to find the best fit theoretical
model that can describe the mechanism of the catalytic reaction
process.



1.5 Research contributions

This study contributes to the knowledge on the:

1. Utilization of new nanomaterial supported onto monolith structure to
gain high surface area and high strength catalyst.

2. The high metal deposits on metal coated CNT monolith catalysts show
better CO2 methanation performances.

3. The more active phase on the surface of the CNT monolith
accomplishes the best catalytic activity for CO2 conversion and CHas
selectivity.

4. Kinetics assessment on the catalyst surface in CO2 methanation
reaction.

1.6 Outlines of the thesis

The thesis outlines are described as follows.

Chapter 1: This chapter describes the motivation and overview of the research.

Chapter 2: The big picture of the research background on CO2 emission and
capture is discussed. The existing technologies used, and the applicable
approaches of CO2 conversion are discussed in this chapter. The selection of
catalysts used in this research is studied.

Chapter 3: This chapter describes the preparation techniques and synthesis
method of CNT monolith and CNT monolith catalyst in detail. The DOE is
established using the Taguchi method to provide an optimum condition of
synthesis method for CNTs’ growth on monolithic supports. Moreover, the
optimum condition of CO2 methanation is applying Taguchi method.

Chapter 4: The Taguchi method analysis of synthesis CNT monolith and the
characterization of CNT monolith and CNT monolith catalysts, as well as the
significant effect of the catalysts on the catalytic reaction, are fully described in
this chapter. Moreover, the Taguchi method analysis for CO2 methanation is
also have been analyzed to get the optimum condition. The stability and
reusability study are provided to show the capability of an established catalyst.



Chapter 5: The kinetic studies of the catalysts are performed and compared
with the model predictions. All the catalysts are characterized in detail to
evaluate the behaviors that can affect their catalytic activity.

Chapter 6: The conclusion and recommendations for further studies in the
future are listed.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Carbon dioxide concentrations are currently rising drastically and the
accumulation of CO: in the atmosphere has a significant impact on climate
change. Many potential approaches have been identified as a vital strategy for
reducing emissions to the atmosphere including the usage of renewable energy
sources such as wind, solar and nuclear in the production of electricity.
However, the energy sources are an intermittent nature. As a result, the CCS
of CO2 has emerged as an alternative option to prevent emissions from
entering the atmosphere. The captured CO: is transported via pipeline and
stored underground and in ocean storage (Boot-Handford et al., 2014;
Szulczewski et al., 2012). The storage system converts CO2 energy into
renewable energy that is integrated with the existing power grid; however, due
to heat losses of about 20% for the entire system, and only a maximum
efficiency of approximately 63.6% can be achieved. Nevertheless, this
approach is severely limited in terms of storage capacity, charge and discharge
periods, and safety and efficacy are still in doubt due to a potential leakage
problem (Schaaf et al., 2014).

Therefore, the carbon capture and utilization (CCU) via recycling and
converting the COzinto a useful carbon feedstock for the synthesis of fuels and
chemicals are great solution to reduce the emission and valuable to chemical
production. This could create a high economic value as CO: is abundant,
renewable, and safe carbon source. Many researchers are interested in
applying the green technology concept in converting CO: into high value-added
products due to high demand. However, due to the thermodynamic and
chemical stability of CO2 molecules as a single reactant, the conversion of COz
into other high value-added products requires a significant amount of energy.
Thus, the presence of other substances, such as hydrogen gas (H2), with a
higher Gibbs free energy will facilitate the thermodynamic process.

Various approaches can be utilized in the CO2 conversion process including
catalytic conversion (Ahmad et al., 2017; Aziz et al., 2014; Yuanyuan Liu et al.,
2013; Toyir et al., 2001), electrochemical conversion (Ogura, 2013; Ross et al.,
2019), enzymatic conversion (Long et al.,, 2017; Shi et al., 2015), plasma
conversion (Krawczyk et al., 2014; Sentek et al., 2010), and bioconversion (T .-
T. Zhao et al., 2019). CO: is predominantly converted into Ci compounds
(methane, methanol, formic acid, etc.), C2 compounds (ethane, acetic acid,
ethanol, formate, etc.), organic carbonates, salicylic acid, and other chemical
products. Among the valuable carbon compounds, methane has received
significant attention as a useful fuel that also serves as a hydrogen carrier and
a power to gas system (P2G). CO2 methanation is a beneficial method since it
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is faster and simpler than other reactions that create hydrocarbon or alcohol
(Wang et al., 2016) and can be directly injected into existing natural pipelines
while being conducted at low temperature and atmosphere pressure.

2.2 CO; methanation

CO2 methanation is an exothermic and thermodynamically favourable reaction,
as it is considerably faster than other hydrogenation reaction information of
hydrocarbons and alcohols. This reaction is discovered by Sabatier and
Senderens in 1902 known as the Sabatier reaction, and it could be
implemented industrially as the hydrogen feedstock could be generated from
renewable sources. Theoretically, CO2 methanation can achieve high CO:
conversion and high catalytic selectivity for methane under mild reaction
conditions with lower energy consumption. In the reduction of CO2 (+4) to CHa4
(-4), eight electrons with a high kinetic energy barrier are required. Steps
leading to the methanation of CO: include chemisorption of CO2, dissociation of
COz into CO and O adsorbed on the surface, and the reaction of the
dissociated species with hydrogen to form CHas. The primary focus of CO:2
methanation is the direct mechanism of the reaction that produces CH4 and
water (Equation 2.1).

CO, + 4H, & CH, + 2H,0 AH = —165k] /mol (2.1)

Due to Le Chatelier principle, the equilibrium of a chemical reaction responds
to change in temperature, pressure, or concentrations reactant. The
manipulation of these factor influences the direction of the equilibrium position
as product or reactant favours. The direct CO2 methanation is exothermic
reaction and the heat release is considered as a product. At high temperature,
the heat increases on the right side and disturb the equilibrium. Therefore, an
efficient heat removal is required to drive the equilibrium toward the product
side in achieving high CHa production. Moreover, this could ensure the CO:z
conversion occurs without limitation and prevent the deactivation of the catalyst
from sintering effects. An inefficient heat removal can cause high selectivity for
CO but low selectivity for CH4 due to the endothermic nature of reverse water-
gas shift (RWGS). Initially, carbon dioxide and hydrogen are converted to
carbon monoxide and water in Equation 2.2. Then, the reaction proceeds with
the reaction of carbon monoxide and hydrogen in Equation 2.3 (Stangeland et
al., 2017). Carbon monoxide is considered as a byproduct of the intermediate
reaction of methanation.

CO, + H, + heat & CO + H,0 AH = 41k] /mol 2.2)

CO + 3H, & CH, + H,0 + heat AH = —206k] /mol (2.3)



The most stable saturated hydrocarbon (C2), ethane, can also be formed in
Equation 2.4 and it can be eliminated by a catalyst with a high performance.

€O, + 3.5H, & 0.5C,H, + 2H,0 + heat AH = —132k] /mol (2.4)

There is also the possibility, under certain conditions, of a reaction leading to
the deposition of solid carbon according to the reaction mechanism in Equation
(2.5). This carbon deposition may render the active sites of a metal catalyst
inactive.

€O, + 2H, - C + 2H,0 AH = —132k] /mol (2.5)

The kinetic limitations of the Sabatier reaction are affected by temperature,
pressure, the presence or absence of promoters, and the influence of the
catalyst during the methanation process. According to Lechkar et al. (2018), Xu
et al. (2018) and Wang et al. (2016), the significant kinetic limitation in the
reaction necessitates an efficient catalyst to achieve an acceptable rate and
selectivity for CH4, particularly at low temperature. Thus, many heterogeneous
catalysts have been reported to be effective, and carbon materials have been
regarded as the most promising adsorbents for CO2 capture.

2.3 Overview of CO, methanation

The efficiency of CO2 methanation is highly dependent on catalytic
performance. A lot of studies have been conducted on both homogeneous and
heterogeneous catalysts for CO2 methanation. The homogeneous catalysts
exhibit suitable activity and selectivity but are complicated to regenerate. While,
the heterogeneous catalysts are preferred due to their stability, separation,
ease of handling, and reusability (Abell6 et al., 2013; Centi & Perathoner,
2009).

The investigation of CO2 methanation showed an excellent performance in
presence of catalyst including Ni, Fe, Co, and others which attached to the
various metal oxide (Al20s, SiO2, MgO, CeO2, ZrO2 and TiOz) and porous
material supports (metal-organic frameworks (MOFs), zeolites, carbon
nanotubes, carbon nanofibers, MCM-41, and SBA-15) as listed in Table 2.1
and Table 2.2. Due to highly exothermic nature of the CO2 methanation, the
reaction is favored at low temperatures as mostly reports conducted at 150 -
450 °C with the ratio of H2/CO:2 at 4:1. The Ni catalyst is proven an excellent
catalyst as both CO:2 conversion and CHs selectivity are reached >98%
(Bukhari et al., 2019; Guo et al., 2018). Moreover, the active phase on the
support prepared by the catalyst deposition method like wet impregnation, co-
precipitation, co-decomposition, and reverse micro emulsion are responsible to
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activate the CO2 and Hz gas in the reaction, increase the surface chemistry for
the reaction to occurs and perform in the catalytic conversion of CO2 to CHa.

2.4 Catalysts used in CO, methanation reaction

Recent developments in CO2 methanation focussing the role of catalysts to
improve the efficiency and stability of catalysts (Tan et al., 2022). In addition,
the oxidation state of the surface plays an important role in the CO:
methanation. The catalytic performance is sensitive to the degree of surface
reduction, such that an overly reduced or overly oxidised surface will decrease
the activity. Upham et al. (2015) discovered the oxidised surface to CO2 and
then H: inhibits the formation of CH4 while exposing a reduced surface to CO:2
and then H2z successfully produces CHa4. The results showed that the CHa is
produced by the reaction of hydrogen with the surface species associated with
a variety of surface carbonates. Thus, the CHa4 is not formed through CO or a
formate intermediate.

Over the past years, the selection of active metals from transition metals and
noble metals have been employed in CO2 methanation as catalysts. Catalysts
such as Ni, Fe, Co, Ru, and Rh have been identified as the most effective for
reactions conducted under mild conditions. Among noble metals, Ru is the
most precious metal catalyst that boasts an outstanding performance as it is
more active and selective towards methanation. The Ru metal shows less
carbon deposition due to its high sulphur resistance, resulting in less
deactivation of catalyst (Frontera et al., 2017; Ghaib & Ben-Fares, 2018; Porta
et al., 2020). Moioli and Zittel (2020) stated that the Ru-based catalysts
performed at about 100°C lower than commercial Ni/Mg/Al203 and 10-20°C
lower than Ni/Al203. Moreover, a small amount of Ru-based catalyst applied to
the reaction results in an excellent CH4 yield without CO coproduction at 573 K
compared to a Ni-based catalyst (Garbarino et al., 2015). However, the
implementation of these Ru-based catalysts in an industrial setting is limited
due to their high cost, making them only suitable for small scale applications.

As a result, numerous researchers have conducted extensive research on the
development of highly active Ni catalysts for industrial applications. Ni-based
catalysts were selected due to their affordability and accessibility. A lot of
researchers focused on the laboratory scale of the CO2 methanation reaction
due to its theoretical importance and potential practical applications. The
performance of Ni-based catalysts towards CO: methanation depends on
various parameters, such as the type of support, the amount of Ni loading, the
presence of a second metal, and the preparation method (Aziz, Jalil,
Triwahyono, & Ahmad, 2015). Zhou et al. (2016) discussed the Ni/CeO: in the
CO2 methanation reaction. The catalyst reduced at temperatures higher than
380°C for two hours and exhibited the highest conversion of CO2 and CHa4
selectivity at 340°C for more than ten hours of reaction progress.
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Even though the Ni-based catalyst is the best option for CO2 methanation, it
has a few drawbacks including insufficient low temperature activity, low
dispersion, and reducibility, as well as nanoparticle sintering. Thus, the
researchers have introduced a bimetallic catalyst via the combination of a Ni-
based catalyst with a second transition metal (e.g., Fe and Co) or a noble metal
(e.g., Ru, Rh, Pt, Pd, and Re) to overcome the drawbacks and enhance the
catalytic activity in CO2 methanation. Indeed, the development of a Ni-M-based
catalyst (where M = Fe, Co, Cu, Ru, Rh, Pt, Pd, and Re) could result in a
promising low cost methanation catalyst. Based on the results with the other
five criteria (H2/COx, space velocity, process temperature, gas feed rate, and
catalyst stability), consideration of CH4 as the response indicator revealed that
Ru-based catalysts were the most preferable based on technical and economic
performance factors, while Co-based catalysts were the least efficient. In
addition, Kuznecova and Gusca (2017) found that Fe and Ni catalysts were
superior to Co, Mo, and Ru catalysts in terms of selectivity, activity, stability,
and cost. However, as Fe has a relatively low level of selectivity, Ni could
become the preferred option.
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25 Support of catalyst

The support of catalysts also plays an important role in the methanation
reaction mechanism as the support could have an important structural effect on
the dispersion and stabilization of the nanoparticles (Baraj et al., 2016; Kim,
2016). Hence, the development of catalysts for CO2 hydrogenation to CH4 has
been extensively studied on different metal-based catalytic systems in search
for high selectivity and low temperature operation. Various supports are
explored in the form of powder, metal oxide, pellets and porous materials like
foam, carbon, and fiber. Table 2.2 tabulated the overview of carbon support
including CNTs, activated carbon and graphene performed in CO2
methanation.

Moreover, less is known about the catalyst supported on a monolithic structure
that can contribute to the higher surface area of catalyst in CO2 methanation.
The conventional packed bed reactor faces difficulties such as pressure drop,
intra-particle diffusion limitation, flow channelling, and heat transfer limitation in
running the catalytic solid-gas reactions. Therefore, the development of a
structured catalyst could be the best solution to overcome the shortcomings of
the existing catalyst. Moreover, monolithic structures composed of ceramic or
metallic materials are essential in catalytic reactions (Zamaniyan et al., 2010).
The better features of monolithic structures provide a uniform flow distribution,
low pressure drop and improved mass transfer (Boger et al., 2004; Roy et al.,
2004).

The characteristics of a monolith are geometrically defined as cells per square
inch (cpsi), which are determined collectively by the number of channels,
diameter (d), void fraction (g), large geometric surface area, high dust
tolerance, and large contact area between the structure and reactants
(Baharudin & Watson, 2018; Vergunst et al., 2002; Zamaniyan et al., 2010).
Generally, the monolith cpsi is in the range of 100-1200, while ¢ and wall
thickness vary from 0.5 to 0.9 and 0.006 to 0.05 cm respectively (Baharudin &
Watson, 2018; Roy et al., 2004). The typical monolith is composed of synthetic
cordierite with a ratio of 2MgO, 2Al,03, 5SiO2 and a small portion of other
elements. The ceramic monolith element with 25-1600 cpsi cell densities
creates an effective catalyst with a large geometrical surface area. Small
particles can easily travel through the channels of open structure catalysts,
preventing foul and causing minimal pressure loss in the gas stream (Guillén
Hurtado et al., 2012; Nijhuis et al., 2001).
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Despite the advantages of monolithic structures, the monolithic catalyst still has
its limitations in the sense of less temperature control, lower loading of the
active phase, and the costly and complicated nature of manufacturing the
monolithic catalysts (Groppi & Tronconi, 2005; Zamaniyan et al., 2010).
Furthermore, the low porosity and surface area properties make the cordierite
monolith non-ideal for catalytic processes. Hence, researchers have put some
efforts in order to improve porosity by varying the precursor composition and
acid treatment to increase surface areas. The acid treatment has resulted in
the formation of amorphous silica on the surface and a reduction in the
material’'s mechanical strength and thermal stability (Mai et al.,, 2015).
Recently, some researchers improved the surface of a monolith structure by
employing carbon that was supported onto the monolith in many parallel
channels with varying channel forms in the cross section of the monolith.

Carbon is non-reactive and can be used in a variety of porosities to increase
surface area and improve metal catalyst dispersion on the support surface.
Carbon coated monoliths have been created to improve thermal and
mechanical qualities where the adhesion of the thin layer coating on monoliths
is a determining factor in the performance of the entire process and reduce
internal mass diffusion. Due to their large accessible surface area per total
weight (or volume) of the monoliths, integrated monoliths are most typically
used in gas-phase processes rather than liquid phase applications (Hosseini et
al., 2020; Moreno-Castilla & Pérez-Cadenas, 2010). The application of a
catalyst with a honeycomb structure could result in a more homogeneous
gaseous flow than a powder catalyst and better contact between the reactant
and catalyst surface, thereby accelerating the overall reaction rate. Sollier et al.
(2018) reported that the catalytic behaviour was greatly increased by the
reaction with catalytic layer enrichment with Mg and Si, coming from the
cordierite structure.

2.6 Carbon nanotubes

There are many outstanding features of carbon, such as low cost, excellent
thermal and chemical stability, high surface area, ease of design for pore
structure modification, surface functionalization, facile preparation, and low
energy consumption for regeneration. Therefore, porous carbons play a
significant role in CO2 adsorption due to their porosity, high stability, excellent
availability, and tunable surface chemistry. Graphitic porous carbon is mainly
categorised into three pore sizes: micropores (<2 nm), mesopores (2-50 nm),
and macroporous (>50 nm). The porous carbon structure commonly takes the
form of powders, granules, pellets, fibers, tubes, aerogels, and monoliths.

The discovery of carbon nanotubes CNTs have been the focus of numerous
research papers for applications in the future since they were introduced by
lijima (1991). CNTs are a member of the fullerene structural family made up of
rolled up graphene sheets with sp2 hybridization carbon atoms in cylindrical
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tubes. The atomic arrangement of carbon atoms making up the nanotube
(chirality) exhibits the electronic properties such as being metallic and
semiconducting in nature as shown in Figure 2.1. Moreover, the presence of
CNTs has been widely used in several applications including conductive films,
solar cells, fuel cells, supercapacitors, transistors, memories, displays,
separation membranes and filters, purification systems, sensors, and clothing.
The applications typically depend on the structure of CNTs such as the number
of walls, diameter, length, and chiral angle which impart specific properties
(Purohit et al., 2014).

Figure 2.1: Schematic of how graphene can be rolled into various chirality
of CNT

The two main basic structures of CNTs are single-walled carbon nanotubes
(SWCNTs) and multi-walled carbon nanotubes (MWCNTS). The single-walled
carbon nanotubes are made of a single cylinder of graphite sheet held together
by van der Waals bonds, while the multi-walled carbon nanotubes are
composed of two or more different co-axial tubes or cylinders made of
graphene sheets. The SEM image of SWCNTs can be used to describe the
type of CNTs, smaller diameter, and highly warped bundle tubes. In the
honeycomb crystal lattice of graphite, the wrapped graphene layer is
represented by the chiral vector Cnh = nai+ maz, with denoted integers m and n
as the unit vectors along two directions. Thus, m = 0 is represented by zigzag
nanotubes, n = m is represented by armchair nanotubes, and they are chiral
nanotubes. The uniqueness of this structure is that it creates different band
gaps that indicate the electrical properties of SWCNTs (Neupane, 2014). The
other properties of SWCNTSs are determined by the diameter and length of the
tubes, the atomic arrangement available during the rolling, and the presence of
defects.
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As compared to SWCNTs, the MWCNTSs are larger CNTs that consist of many
single-walled tubes stacked one inside the other. The morphology and
properties of MWCNTs are quite similar to those of SWCNTs, but their
resistance to chemicals is significantly improved. The MWCNTs have their
uses, but for semiconducting applications are cheaper to produce, much
cheaper compared to SWCNT. Therefore, they can be profitably used to make
polymers or other composites, enhancing their mechanical, thermal, and
electrical properties. The MWCNTs have shown less of large curve diameter
tubes.

The mechanism of catalytic growth of CNTs through microstructural analysis is
based on the first law of thermodynamics. This mechanism also explains the
relationship between the size of catalyst particles and the initiation of CNT
growth. Hydrocarbon vapour initiates contact with the hot metal nanoparticles
on the substrate to decompose into carbon and hydrogen species. The
hydrogen then dissipates, while the carbon dissolves into the metal. At a
certain temperature, the carbon solubility limits in the metal cause as-dissolved
carbon to precipitate and crystallise in the form of a cylinder network. The
precise thermal gradient inside the metal particles keeps the process going, as
hydrocarbon decomposition is an exothermic process that releases heat to the
metal’'s exposed surface and carbon crystallisation is an endothermic process
that absorbs heat from the metal’s precipitation (Kumar & Ando, 2010).

The CNTs can grow by two primary mechanism which are tip-growth and root-
growth. The tip growth model, as depicted in Figure 2.2 (a) occurs when the
carbon filament growth in-situ on the surfaces of the metal particles acted as
catalyst. The carbon diffused down through the metal and CNTs precipitated
out across the metal bottom, thus forcing the metal away from the substrate.
The process continuously proceeds if the metal surface allows the carbon to
diffuse, making the CNTs grow longer. The catalyst particle deactivated once
the surface is covered by excess carbon, the growth of CNTs is stopped
growing (Kumar & Ando, 2011; Weissker et al., 2010). The root-growth model
(Figure 2.2 (b)) have similar pathways in the tip-growth model but in this case
the CNTs fail to push the metal particle up, and thus the CNTs grow up with the
catalyst particle rooted on their base. The possible factors that may determine
the mode of CNTs' growth are metal support interactions. A weak catalyst
substrate interaction results in easier lift up, leading to the tip-growth model,
whereas a strong interaction may lead to the root-growth model.
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Figure 2.2 : Schematic of (a) tip-growth model and (b) root-growth model

2.7 Synthesis of CNTs

Due to their unique and excellent properties, CNTs have gained popularity in
many industrial applications. Large scale production of CNT is crucial and
beneficial for cost efficiency as the process can be achieved by low
temperature synthesis and less material consumption. In this way, the
manufacturing of CNTs could have a positive effect to the environment.

In general, CNTs can be produced by the arc discharge method, laser ablation,
plasma torch, hydrothermal, and chemical vapour deposition (CVD). The most
popular and widely used technique in synthesizing CNTs is CVD due to its low
setup cost, high production yield, high quality, energy efficiency, and ease of
scaling up (Baddour & Briens, 2005; Mohamed et al., 2010; Ward et al., 2003).
The CVD method is simple and economic due to its performance at low
temperature and ambient pressure. Among others, CVD could be the best
technique to resolve several issues in the synthesis of CNTs such as, mass
production to develop a low cost and large-scale process for synthesizing high-
quality nanotubes, selective production to control the structure and its
properties, organisation to control the location and orientation of produced
nanotubes on a substrate, and mechanisms for nanotube growth. Moreover,
the CVD could control the structure or architecture of the CNTs and be
versatile in any state (solid, liquid, or gas) of a hydrocarbon. The CVD enables
the use of various substrates and allows the growth of CNTs in a variety of
forms, such as powder, thin or thick film, aligned and entangled, straight, or
coiled nanotubes, and so on. This method also provides greater control over
the growth parameters.
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2.7.1 Chemical vapor deposition (CVD)

There are several approaches to apply CVD method for CNTs synthesis,
including thermal CVD (Baddour et al., 2009; Lee et al., 2002), laser-assisted
CVD (LCVD) (Bondi et al., 2006; Park et al., 2009), plasma-enhanced CVD
(PECVD) (Jasek et al., 2010; Zhu et al., 2007), aerosol-assisted CVD (AACVD)
(Mierczynski et al., 2020; Sagu et al., 2016), and direct liquid injection CVD
(DLICVD) (G. L. Esquenazi et al.,, 2018; Kumar & Yadav, 2019). These
methods are distinguished by the energy source used for the decomposition of
carbon sources and catalyst particles provided.

The thermal CVD requires a higher temperature to provide the energy for the
gas heating process by using a hot filament or hot wall to decompose the gas,
which results in the formation of a thin film on the substrate (Dahmen, 2003).
The LCVD has replaced the global heat source of the furnace with a localised
spot heated by a laser, such as a pyrolytic or photolytic laser. The laser is
responsible for the dissociation of the reagent molecules and the deposition
process. However, the area of the deposition growth can be limited to that
where the laser beam passes (Bondi et al., 2006). The PECVD applies plasma
generated from electrical energy and activates the reaction by transferring the
energy of its species to the precursors, inducing free radical formation followed
by radical polymerization. This technique is applicable to the vapour deposition
process for various precursors, including reactive organic, inorganic, and inert
materials (Vasudev et al., 2013).

The AACVD and DLICVD are liquid phase variations of the CVD method. In the
AACVD process, the aerosol precursor solution is transported into the reaction
chamber by using a carrier gas and decomposes onto the substrate as the
solvent is evaporated (Marchand et al., 2013). In addition, the DLICVD uses
liquid precursors as it is much easier to precisely regulate the flow rate of a
liquid than of powders. The DLICVD system makes it possible to apply the
vaporization unit to vaporize the liquid precursor, which then decomposes on
the substrate in the reaction chamber. In other systems, the precursor is
directly injected into the chamber, and the precursors reach the substrate as
liquid droplets and are vapourised. As compared to other methods, the DLICVD
techniques have proven to be one of the most versatile CVD processes to meet
industrial requirements due to their ability to use solid or liquid precursors
(Astié et al., 2019).

MWCNTs growth by CVD have low crystallinity when compared to other
methods, but SWCNTs grown by CVD method have similar crystallinity to
those grown by arc or laser technique. However, this is not a major issue
because CVD is superior at synthesizing high yields and purity of CNTs. This
method is also viable for structural control or growth parameter control.
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2.7.2 CNT growth parameters

The synthesis of CNTs, either SWCNTs or MWCNTSs, depends on many
parameters. The main parameters involved in the synthesis via CVD method
are the carbon source, catalyst, reaction conditions like precursor gas flow rate,
process time, and reaction temperature. The implementation of this parameter
can control the growth of CNTs that can be distinguished by the structure and
chirality of the CNTs.

Carbon sources

The carbon feedstock or carbon source is essential in the synthesis of CNTs
via the CVD method. The carbon sources can be in the form of solids, liquids,
or gases. The solid hydrocarbon can be stored together in a quartz boat and
placed in a tubular reactor. While the liquid carbon source is necessary to
become steam in the preheating process before entering the tubular reactor, it
is assisted by the carrier gas. As it reacts on the catalyst, the gaseous carbon
source can be directly decomposed. Most unsaturated hydrocarbons result in a
high yield deposition rate as compared to saturated hydrocarbons (Awasthi et
al., 2005). The saturated hydrocarbon is favoured in the production of SWCNTs
because it can synthesise the graphitized filaments with fewer walls compared
to the unsaturated hydrocarbon. These carbon precursors also affect the types
of CNTs that are formed, like bamboo, sheets, yarns, tapes, and others.

A variety of carbon sources are used in CNT growth such as methane,
ethylene, acetylene, benzene, xylene, carbon monoxide, acetonitrile, ethanol,
toluene, pyridine, and furfuryl alcohol. The linear hydrocarbon source such as
methane, ethylene, or acetylene generally decomposes into linear dimers of
carbon at high temperatures and can produce straight CNTs. Besides, two
cyclic hydrocarbons such as toluene, fullerene and cyclohexane can produce
curved CNTs. According to Li et al. (2004), high molecular weight
hydrocarbons play a crucial role in the nanotube structure formation as
aromatic molecules promote the growth of SWCNTs while aliphatic molecules
promote the formation of MWCNTSs or non-tubular carbon structures.

Methane as a carbon precursor has a simple composition and is stable in the
formation of high-purity SWCNTs (Li et al, 2004). Yahyazadeh and
Khoshandam (2017), Ramirez Rodriguez et al. (2018) and Huynh et al. (2021)
used methane as the carbon source precursor in CNT synthesis. The synthesis
produced SWCNTs and MWCNTs within the temperature range of 750 °C to
950 °C in the presence of a metal catalyst. Bodiba et al. (2018) investigated the
precursor of methane and acetylene in producing yarn-type of CNTs at 900 °C
assisted by ferrocene as catalyst. Acetylene obtained a higher yield of CNTs
compared to methane as the unsaturated hydrocarbon is easier to break the
carbon chain. However, the methane produced a better CNT bundle that
contains a substantial number of nanotubes with reasonable length and an
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excellent spinnable array to produce yarn. Meanwhile, the fabrication of CNT
sheets comes directly from the CNT forest that is synthesised by catalytic CVD
using acetylene or ethylene. The CNT sheets are made by two approaches:
knocking down and drawing (Zhang & Baughman, 2011). The synthesis of
high-purity SWCNTs from ethanol on a double-impregnated zeolite matrix at
low temperature obtained almost no amorphous carbon (Maruyama et al.,
2002).

Futko et al. (2015) and Feng et al. (2017) synthesised CNTs using xylene and
ferrocene via injection CVD and studied the growth of vertically oriented CNT
arrays that have bamboo-like structures. Furfuryl alcohol (FA) is also a good
carbon source that shows a high carbon yield (50 wt.%) for carbon coating of
monoliths (Vergunst, 2002) and yields a glassy-porous carbon used in
mesoporous absorbent systems (Iroegbu & Hlangothi, 2019). Nanaji et al.
(2017) demonstrated the PFA as a carbon source in the synthesis of
mesoporous carbon via a modified evaporation-induced self-assembly (EISA).
The studies observed that the mesoporous carbon exhibited excellent textural
properties with a higher surface area and large pore volume, functionalized
mesoporous carbon with superior hydrophilic properties, and more ordered
graphitic carbon. The MWCNTS, through decomposition of polyfurfuryl alcohol
(PFA) in moderate temperature conditions (500-700 °C), proved the ability of
liquid monomer to be polymerized in situ as a thin layer on a solid substrate
and grow the CNTs (lInicka & Lukaszewicz, 2019). Some literature suggests
that the aromatization of PFA to CNTs is based on interchain Diels-Alder
addition (llnicka & Lukaszewicz, 2019; Tondi et al., 2015).

Catalyst

The metal catalyst is vital in synthesizing CNTs as the presence of the catalyst
can reduce the decomposition temperature of the carbon precursor and
stimulate the nucleation of CNTs. Different types of CNTs require different
types of catalyst. The synthesis of SWCNTs requires a nanosized catalyst,
while the MWCNTs can be synthesized with or without a catalyst. MWCNTs
have been found to be the most applicable for economical industrial production.

The catalyst acts as the active phase for the decomposition of the carbon
precursor and the graphite carbon acts as the deposition centre in the CNT
growth process. The preparation of a catalyst is an important factor in
achieving effective dispersion of the catalyst and having a specific diameter of
CNTs. Commonly, transition metal nanoparticles are used as catalysts,
including Fe, Co, Ni, Pd, Pt, Mn, and others. Among the catalysts, Fe, Co, and
Ni are most widely used to synthesise the CNTSs.

Lin et al. (2020) investigated the growth of CNTs using different catalysts (Ni,
Fe, and Co). Results revealed that Ni performances played a significant role in
producing larger numbers of CNTs, promoting the densification of TiB2
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ceramics in sintering, providing good reinforcement, and exhibiting a maximum
value of flexural strength and toughness. Lee et al. (2002) discovered that the
performance of catalysts was reflected in the growth rate and quantity of CNT
in the order of Ni > Co > Fe, and the quality of CNTs’ growth followed the rank
of Fe > Ni > Co. Meanwhile, Dindar-Tekkaya and Karatepe (2015) stated the
Fe, Co, and Ni were more active catalysts as the reaction could form
metastable carbides, which allow the CNTs’ growth and increase carbon
efficiency.

Ping et al. (2016) observed the uniform diameter of CNTs on nickel foam via
CVD with a Ni/Al molar ratio of 0.1 under calcination and decomposition
temperatures of 550 °C and 650 °C, respectively. As a result of increasing the
Ni loading, lowering calcination temperature and optimizing the decomposition
reaction, carbon production efficiency increased while CNT diameter
distribution increased. Furthermore, the techniques of metal catalysts being
deposited on the substrate also have an effect on the density, thickness and
alignment of CNTs to produce good-quality, vertically aligned nanotubes that
can enhance the functionality for the development of high-performance
nanotube-based devices (Mohamed Saheed et al., 2014).

Metal support interactions

In catalysis, the support that are usually used are metal oxides, activated
carbons or zeolites which are characterized by large, specific areas and the
existence of anchoring sites on their surfaces. The metal oxides, including
silica, alumina in different allotropic forms, magnesia, and titania, are the most
popular among researchers (Serp et al., 2002). The support or substrate plays
a role in the mechanism of growth of the CNTs, whereas it could be determined
by the interaction of a metal catalyst with the substrate. The interactions
between catalyst and support were explored by Allaedini et al. (2015). The
studies revealed that the use of MgO and Al2O3 as supports showed a weak
interaction between support and metal catalyst as the SEM signal observed the
tip growth mechanism. On that basis, the different supports have strongly
affected the crystallinity of the CNTSs, yield, morphology, and microstructure of
the catalyst in the synthesis of CNTs. Diindar-Tekkaya and Karatepe (2015)
reported the carbon efficiencies of CNTs growth as determined by the chemical
bonds formed between the metal catalyst and the substrate, as well as the
homogeneous metal dispersion on the surface of substrate.

Reaction conditions

The formation of CNTs does not rely on carbon precursor and catalyst; the
synthesis also has strong correlations with reaction condition. The reaction
conditions, as well as reaction temperature, reaction time and flow rate of the
carbon precursor have a significant effect on the CNTs’ formation via CVD.
Some literature agrees that the synthesis of CNTs requires higher temperature
for the growth of CNTs forest. Mittal and Rhee (2018b) discovered that higher
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growth temperatures and longer growth times resulted in a lower ld/lg ratio,
which means better CNTs growth as analysed via Raman and FESEM. This
was also agreed upon by Ming et al. (2016), who found the homogeneous
growth of CNTs has been influenced by increasing the reaction temperature on
the surface of cooper powder via the CVD method. However, higher
temperatures could degrade the structure of CNTs due to the formation of
amorphous carbon, which would lower their crystallinity. Kamalakar et al.
(2002) observed that higher reaction temperatures (>775 °C) could make the
metal particles agglomerate, thus making them less active towards the CNTs
growth and leading them to the formation of amorphous carbon. Therefore, the
morphology of the tubes should be more stable at a mild or lower temperature
(Shukrullah et al., 2019). The consequences of a lower oxidation temperature
are attributed to thermal instability that is caused by low crystallinity, defects in
the structure, and the smaller diameter of CNTs (Dundar-Tekkaya & Karatepe,
2015). The forest of MWCNTs obtained from cracking ethylene with the
assistance of a Fe203/ Al203 compound catalyst in a CVD reactor. The catalyst
synthesized through co-precipitation is excellent at producing CNTSs; the yield
varies from 48% to 93% depending on the process temperature and amount of
catalyst used. The outer diameter is measured between 40 nm and 100 nm
(Shukrullah et al., 2019). Venkatesan et al. (2018) reported the reaction
temperature below 700 °C was less effective for growth due to a lesser active
site on the surface area of the catalyst, while the temperature greater than
1000 °C was attributed to the deposition of amorphous carbon and disoriented
CNTs.

Another reaction factor in CNTs’ growth via the CVD method is reaction time.
Firdaus et al. (2019) reported the longer reaction time could enhance the CNTs
growth due to an increase in carbon and more exposure to a carbon precursor.
In the production of MWCNT-coated zeolite Co-beta, Kamalakar et al. (2002)
discovered that 90 minutes is the optimum reaction time. However, the longer
the reaction time, the lower the growth rate of CNTs due to the deactivation of
the catalyst metal particles by the carbon saturation. The longer reaction
process also contributed to a smaller diameter of MWCNTSs (Navas et al., 2017;
Venkatesan et al., 2018), as the higher process time allowed the catalyst
activity to occur at an appropriate time (Nagaraju et al., 2002). The reaction
process occurring at less than 15 min could defect the outer ring of the CNTs
due to insufficient time to complete the growth, whereas the reaction process
occurring at more than 35 min created amorphous carbon and defected the
structures (Venkatesan et al., 2018). Zhan et al. (2007) observed the trend of
the average growth rate declining after 60 min due to loss of catalyst activity
with reaction, and Chen et al. (2006) revealed that a short resident time of
methane on the catalyst surface is beneficial to synthesising well-graphitized
CNTs. Venkatesan et al. (2018) discovered the effect of carbon precursor gas
flow rates between 100 and 180 ml/min at constant reaction temperature (900
°C) and reaction time (25 min). They observed that the relationship between
carbon precursor flow rate and mean diameter of MWCNTs is directly
proportional, as the FESEM morphology showed the diameter distribution
ranges from 14 to 22 nm, 25 to 40 nm, and 25 to 52 nm at 100, 140, and 180
ml/min, respectively. This is caused by the diffusion rate of carbon atoms
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towards the catalyst, which could affect the dispersion rate of the catalyst.
Therefore, the carbon precursor gas flow rate was less than 100 ml/min, and
no tubular morphology was observed due to insufficient diffusion of carbon.
While at higher flow rates, they exhibited a higher number of tubular CNTs but
also attributed the amorphous carbon to be equal to the well-aligned CNTSs.
Chen et al. (2006), Zhan et al. (2007) and Tee et al. (2009) revealed the carbon
yield improved with increasing carbon precursor gas flow rate. Tee et al. (2009)
decomposed acetylene with a metal catalyst to produce CNTs with a CVD.
They investigated on the role of the carbon precursor flow rate and found that
the flow rate varied from 15 to 30 standard cubic centimeters per minute (sccm)
and showed an improvement in carbon yield from 63.31 wt.% to 69.28 wt.%
over the process temperature and carbon precursor flow rate.
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2.8 Synthesis method of CNT catalyst

The CNT can serve as a support for catalyst in various application provides
numerous benefits. The implementation of this support can demonstrate better
stability and resistance to corrosion compared to traditional catalyst supports
such as alumina oxide or silica (Akbari & Buntat, 2017). Moreover, the CNT is
featured with high specific surface area could facilitate the higher contact
between the catalyst and reactant molecules. The CNT is also promote a good
thermal conductivity, uniform dispersion of catalyst particles, reduce the strong
metal-support interaction which could improve the reducibility of catalyst and
increased the dispersion of metal cluster (Esteves et al., 2018). Therefore,
research has demonstrated the development of more facile synthesis methods
of CNT-supported catalyst that play a prominent role in catalytic reaction
process.

The choice of method relies on the specific characteristics required for the
CNT-supported catalyst, including particle size, dispersion, and stability.
Researchers explore new techniques to enhance the production of CNT-
supported catalysts in order to enhance their effectiveness, scalability, and
adaptability. Various techniques can be used to attach catalysts onto CNT
supports, such as impregnation, CVD, electrodeposition, dip coating, and sol-
gel method. The selection of the method is dependent on the catalyst type and
desired characteristics of the final CNT-supported catalyst.

The impregnation method is mostly applied in producing CNTs-supported
catalyst due to its simplicity, low cost, and versatility. This method can be used
to attach a wide range of catalysts onto CNT supports. This method involves
immersing CNT into a solution that contains precursor salts of the catalyst
desired. The catalyst precursor ions are deposited onto the CNTs surface
followed by drying and calcination process to form the catalyst nanopatrticles.
The impregnation method is widely used (M. Li et al., 2022). Romero-Séaez et
al. (2018) also prepared Ni-ZrOz catalysts supported on CNT via sequential
and co-impregnation that were tested in the CO2 methanation reaction. The
CNT-supported palladium catalyst was loaded by incipient wetness
impregnation for the reduction with NaBH4 to shows higher selectivity to
hydrocinnamaldehyde (Lamme et al., 2018). The impregnation method can be
optimized by manipulating the catalyst precursor concentration, immersion
time, drying and calcination conditions. In enhancing the dispersion of the
catalyst precursor on the CNT, the method can be modified by using different
solvents or surfactants.

Esteves et al. (2018) have reported the CVD is also commonly utilized for both
synthesizing CNTs and applying catalysts onto CNTs. The catalyst precursor is
introduced into the CVD reactor with the carbon source, resulting in the catalyst
being deposited onto the CNTs. Furthermore, the method of electrodeposition
method can also be used the CNTs act as substrates for the electrodeposition
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of the catalyst, allowing for precise control over the deposition process involves
the application of an electrical potential to a solution containing CNTs and the
catalyst precursor. Lee et al. (2021) have been synthesized carbon nanotubes
grafted on carbon papers as substrates using electrodeposition of Ni(OH)2
catalysts for alkaline oxygen evolution. The benefit of this techniques can tailor
the catalyst deposition and achieve high activity and durability, making it a
promising method for preparing CNT-supported catalysts. Moreover, Youn et
al. (2021) have prepared TiO2-CNTs as support which prepared via the sol-gel
method. The support loaded with Mn and Ce via incipient wetness
impregnation method was tested for the low-temperature selective catalytic
reduction (SCR) of NO with NH3. The simplest method and suitable for scaling
up the production of CNT supported catalyst are dip coating method which
CNTs are immersed into a solution containing the catalyst precursor. The
method leads to the formation of a thin, wet film of the catalyst precursor on the
CNTs and then dried to convert the catalyst precursor into the final catalyst
form.

2.9 Catalyst stability

Catalyst stability refers to the ability of a catalyst to maintain the performance of
chemical reaction under a specific operating condition. These factors play a
crucial role in various industrial process to determine the sustainability,
efficiency, and practical viability of a catalytic process. Hence, the catalyst
formulation and process have been developed to optimize the stability, extend
the catalyst lifespan, and minimize the impact of deactivation mechanism.

There are some factors affect the stability of catalyst especially Ni based
catalyst including support material, ligands, operating conditions and surface
modification. Martinez et al. (2018) reported the support material effect the
stability of nickel catalyst onto ZrO2 in CO2 methanation achieved close to 60%
CO2 conversion and 100% CHa selectivity after 250 hours reaction time due to
strong Ni-ZrO2 interaction. Moreover, the Ni catalyst supported on MgO-a-Al203
were responsible for the lower stability in combined steam and CO: reforming
of methane compared to those supported on highly ordered structure CeO2 and
SBA-15 due to high NiO dispersion, excellent reducibility and basicity which
minimize the inert carbon formation (Hong Phuong et al., 2022).

The nature of ligands also affect the performance of Ni based catalyst in ability
to prevent the carbon deposition and sintering of Ni. Shanmugam et al. (2020)
found the addition of citric acid (CA) as chelating ligands favored the
synergistic effect of Ni and support, which led to high dispersion,. Guilera et al.
(2019) evaluated the ability of promoter of La2Os in Ni based catalyst stability of
Ni-CeO2 and Ni-La2Os. The promoted catalyst is stable and sustained for a
week, while the unpromoted catalyst shows a decline in its activity. Both
studies agreed that ligand and promoter assisted in high Ni dispersion,
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reducibility, controls the size, stabilizes the Ni nanoparticles and presence of
moderate basic sites.

The stability of Ni based catalyst can be influenced by the operating conditions
such as temperature, feed composition and reaction time. In high temperature,
the catalyst are proned to sintering and suffering from carbon deposition and
might initiate deactivation (Meloni et al., 2020; Olivares et al., 2018). Moreover,
the surface with presence of oxygenated carbon species can prevent sintering
and exert a site blocking that suppresses the side reactions. In several studies,
researchers agreed that the sintering is the principal cause of the catalyst
deactivation and affect the catalyst stability. Moreover, the findings stated that
not only time and temperature influenced the nickel particle sintering but also
the H20:H:z ratio. Champon et al. (2020) investigated the sintering study of the
Ni/Al203 commercial catalysts and observed the thermal aging in 200 hours at
450 °C and 100 hours at 600 °C due to loss surface area with time and water
product that favor the particle sintering. Steam reforming over nickel catalysts
(Ni/MgAl204 and Ni/Al2O3) reported the sintering rate of the catalyst increased
at 600 °C at 40 bar and approximately 700 °C at 1 bar total pressure (Sehested
et al., 2004). Moreover, Ewald et al. (2019) found the several as-prepared Ni
catalysts aged at 250, 300 and 350 °C under equilibrium conditions up to 165
hours in CO2 methanation.

2.10 Kinetic study and model fittings of the CO, methanation reaction

Kinetic and modelling studies of the CO2 methanation reaction over a nickel
catalyst can provide an important insight into the reaction mechanism and
assist in optimizing the process. Several studies have been conducted to
develop kinetic models and understand the reaction dynamics.

2.10.1 Kinetic of the catalytic reaction

CO:2 methanation over a catalyst have been discussed earlier in section 2.2
either direct CO2 methanation (Equation 2.1) or indirect paths of the CO:2
methanation reaction including, RWGS (Equation 2.2), and CO methanation
(Equation 2.3) or combination both direct and indirect path. There are many
intermediates and reaction pathways of CH4 formation however only two widely
pathways have been proposed which are formate pathway and CO pathway (L.
Li et al., 2022; Schmider et al., 2021).

The formate pathway is also known as CO: associative methanation involved
the formate species which are the main intermediates product during CO:
methanation. Initially, the chemisorbed *CO: species converted to bidentate
formate (HCOO*) and proceed to formic acid (HCOOH) and finally to CHa.
While the CO pathway is called as CO: dissociative methanation described the
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chemisorbed CO:2 species have been dissociated into *CO and *O species.
The *CO species further dissociated into *C species which then can be
hydrogenated by dissociated H2 remaining on the metal particle to CH4 and
desorbing from the catalyst surface. Meanwhile, the *O species can combine
with hydrogen to produce H20. Many studies have reported the both pathways
of CO2 methanation in various Ni-based catalyst as tabulated in Table 2.5.

The reaction mechanism and kinetic description of CO2 methanation can be
explained by several criteria which are (1) different reaction conditions (e.g.,
temperature, partial pressure), reactor concept, and catalyst used, (2) different
assumptions of the governing rate expressions (e.g., Langmuir-Hinshelwood
(L-W), Power Law (PL), elementary steps, rate determining step (RDS)) and
reaction intermediates (e.g., adsorbed surface species), and (3) different
interpretation of the kinetic results (Lalinde et al., 2020). Beforehand, the
methanation kinetic approaches applied a simple PL without the assumption of
a RDS in describing the reaction. Recently, the kinetic approaches have been
employed the complex L-H rate expressions, including adsorption constants for
some adsorbed species similar as CO2, Hz, CO, and H20. The model was
assumed to adsorb as H20 or hydroxyl (OH).

The kinetic studies of CO2 methanation have been applied a simple power rate
law (Equation 3.9) which served useful tools for understanding the reaction
kinetics. The simple power law of the form Equation 2.6 has been used to
initially correlate the rate data (Chiang & Hopper, 1983). Additionally, a power
law model in the form of the H20 partial pressure (Equation 2.7) was included
in the rate expression since it influences the rate of reaction, whereas methane
is left out because it has no effect on the reaction at all (Hayes et al., 1985).

Ter, = k.Dii,Plo, (2.6)
Ten, = k-Pi,Po,Ph,0 2.7)
where:

ey, = rate of formation of methane (g-mol)/(day)(g of cat)
k = specific reaction rate constant (g-mol)/(day)(g of cat.)
Pu,» Pco,» Pu,0 = Partial pressure of hydrogen and carbon dioxide, atm,

X, y = order of reaction parameters for hydrogen and carbon dioxide
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Meanwhile, some studies also have been proposed rigorous model of the L-W
kinetic to have a better understanding of the reaction kinetics. Therefore, Table
2.4 listed the rate expressions which describes the three different reaction
mechanisms (Miguel et al., 2018; Ozdemir & Ark, 2009). Onrubia-Calvo et al.
(2022) studied the reaction kinetics of CO2 methanation over a highly active
8.5% Ni/CeO2 catalyst in a fixed bed reactor. The mechanistic models of their
studies agree with the formate route, in which the hydrogenation of bicarbonate
to formate is the rate-determining step. This route on two active sites maintains
a high fitting quality of data and provides a higher level of physical activity. The
reaction mechanism for the methanation reactions of CO and CO:z over Ni-
based catalysts described by Schmider et al. (2021) provided multiple paths for
the conversion of CO and CO:z into CHa, including a carbide pathway and direct
hydrogenation of CO2 on the surface. There are different kinetic models for a
variety of catalysts proposed by different researchers, as tabulated in Table
2.5.

Model 1: All reactants and products are adsorbed with a single-site
mechanism. In this model, two molecules adsorb on neighbouring sites which
undergo for bimolecular reaction and desorb as products.

Model 2: All reactants and products are adsorbed with a dual-site mechanism.
The dual-site mechanism considering two distinct surface sites are involved in
the reaction process which each site can accommodate one species at most.
The reactant forms intermediate complexes on these sites before forming
product. This model is quite complex due to introducing multiple adsorption
sites and interaction during the reaction.

Model 3: Only reactants are adsorbed with a dual-site mechanism. There are
two distinct surface sites are involved in the adsorption of reactants which each
site can accommodate only one type of adsorbed reactant. The reactant can
adsorb independently on different sites before reacting.

2.10.2 Model fittings of the catalytic reaction

The mechanistic aspect of the reaction of CO2 methanation over Ni CNTs and
Co/Ni-CNTs monolith catalyst were studied. The selected model to be fitted
with the data to achieve the true rate expression (Equation 2.8 - 2.10) by the
model discrimination.
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Table 2.4 : Kinetic model for CO, methanation reaction

Model Rate expression Equation
Model 1 r¢y, 2.8
(1 + Kco,Pco, + K, Py, + Ken, Pen, + KuyoPrjyo )
Model 2 TcH, 2.9
kPco, Py,

S+ Kco,Pco, + Ku,Pu, + Kcn, Pcu, + KuyoPu,0 )?

Model 3 - _ k(Pcoz PHZ) 2.10
“He T (14 Kco,Pco, + Ku,Pu,)
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211  Summary

The literature review showed that the increasing CO2z concentration in the
atmosphere is leading to a great impact on climate change. There are
numerous potential approaches that have been proven to be an effective
strategy for reducing emissions to the atmosphere. The existing approaches
and their limitations have been discussed, including CCS and CCU. Therefore,
the realistic approach is discovered by converting the CO: into other high
value-added products such as C1 compounds (methane, methanol, formic
acid, etc.), C2 compounds (ethane, acetic acid, ethanol, formate, etc.), organic
carbonates, salicylic acid, and other chemical products. The conversion of CO:2
into methane has drawn a great attention as a useful fuel that also deploys the
role of hydrogen carrier, a power-to-gas system (P2G), faster reaction than
others, can directly injected into existing natural pipelines and performed under
low temperature and atmospheric pressure.

The role of CO2 methanation as a direct and indirect reaction in producing the
products, which involved CO as an intermediate of the reaction, was also
discussed in this literature. The limitations of the reaction are affected by
temperature, pressure, the presence or absence of promoters, and the catalyst.
The catalytic reaction of CO2 methanation has been discovered using a variety
of catalysts that have shown high catalytic performance. In addition, the
support of a catalyst has been discussed as it can have an important structural
effect, dispersion, and stabilisation of the nanoparticles. There are many
supports explored in the form of powder, metal oxide, pellets, and porous
materials like foam, carbon, and fiber.

The carbon supported onto monolith could be an attractive support for CO2
methanation since carbon is unreactive and capable of performing in different
porosities to increase the surface area and enhance the dispersion of metal
catalyst onto the support surface. Moreover, carbon supported onto monolith
can be synthesized using various techniques and methods. CVD processes are
the most suitable technique due to the high yield and purity of CNTs, as well as
their suitability for structural control or growth parameter control, such as
carbon source, catalyst, reaction conditions such as precursor gas flow rate,
process time, and reaction temperature. However, to the best of the author’s
knowledge, little has been said about the catalyst supported on a carbon-
supported monolith structure in CO2 methanation. Therefore, this study focused
on the synthesis of catalyst supported CNTs with a monolithic structure, where
the catalyst support is expected to contribute to the enhancement of catalyst
surface area, catalytic activity, and stability.
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CHAPTER 3

RESEARCH METHODOLOGY

3.1 Introduction

This chapter presents the research technique, which is separated into multiple
parts. The overall flowchart of the research projects is illustrated in Figure 3.1.
The optimization method was designed by Design Expert (DOE) version 7. The
physiochemical properties of the CNT monoliths, fresh and spent monolith
catalysts were characterized and analyzed using several measurements
designed to provide a meaningful assessment of morphological, structural,
chemical, surface, thermal, and crystallinity phase determination analysis.

The first part of the study focuses on the production and analysis of a CNT
monolith. The Taguchi technique is initially employed to determine the optimum
conditions for synthesizing CNTs onto a monolith via CVD. This is
accomplished by carrying out two separate sets of studies, with each set
comprising nine test runs. Subsequently, the CNT monolith, synthesized under
the optimum conditions proposed by Taguchi, is employed as a support for the
synthesis of both mono and bimetallic catalysts.

The second part provides the synthesis of both catalysts that are supported on
the CNT monolith. The first metal (Ni) loading was determined from the
literature to obtain the optimum loading for the monometallic catalyst.
Meanwhile, the second metal (Co or Fe) loading was based on the optimum
conditions of Ni loading after performing CO2 methanation reaction designated
by Taguchi method. The composition of the second metal to the first metal is
only 1 wt.% of the first metal loading. In addition, the CNT monolith was
impregnated in each metal (Ni, Co or Fe) catalyst solution as discussed detail
in Section 3.3.2.

The third part was the catalytic activity of both catalysts in the CO2 methanation
reaction at the recommended reaction condition by Taguchi method in the
second part. The last part of the research was the kinetic studies and applying
fitting models to examine the performance of catalysts in CO2 methanation.
This analysis relies on the performance of the most efficient mono and
bimetallic catalysts.
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Figure 3.1: The overall flowchart of the research studies

3.2 Chemicals and equipment

The bare cordierite monolith (Figure 3.2) was used as a support for the CNTSs.
The cordierite monolith with a cell density of 400 cells per square inch (cpsi)
consisting of a cylindrical ceramic type of monolith with an original length of
100 mm and a diameter of 25 mm was purchased from Beihai Huihuang
Chemical Packing Co. Ltd., Beihai, Guangxi, China. The chemical
compositions of the cordierite monolith were silica (SiO2) 50.9% + 1%; alumina
(Al203) 35.2% + 1%; magnesia (MgO) 13.9% + 0.5%, and others <1%. As
received, the monolith was cut into 10-mm lengths. Nickel nitrate hexahydrates
(297%), furfuryl alcohol (=98%), citric acid (=99%), and ethanol (=99%)
obtained from Systerm, Classic Chemicals Sdn. Bhd., Malaysia were used as
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received without further purification. A solution of ethanol was made by
combining equal volumes of ethanol and distilled water in a 50:50 ratio. This
solution was intended for the cleaning of monoliths. The nickel nitrate salts, and
citric acid were combined in distilled water using different solutions of catalyst
concentration. The carrier gases utilized in the experiment were industrial
nitrogen and pure hydrogen gas, which were provided by Alpha Gas Solution
Sdn. Bhd. in Malaysia. The process of calcination in the presence of air was
carried out in a furnace, whereas reduction and calcination in carrier gases
were performed in a CVD horizontal quartz reactor, as depicted in Figure 3.3.
The monolith covered with CNTs was synthesized using the direct liquid
injection CVD method.

Figure 3.2 : Bare cordierite monolith.

cordierite monolith quartz tubular tube

_ - ® syringe needle (10x25mm) (60x1000mm)
(2x250mm)
gas tank{

syringe (10ml)

gas outlet

automatic T

injector = | : O
]

N
temperature controller . temperature controller (CVD)
. vaporizer
(vaporizer)

Figure 3.3 : Schematic diagram of CVD horizontal quartz reactor.

The CO2 methanation activities were conducted in a fixed bed reactor under
atmospheric pressure as described in the schematic diagram of the reactor
system in Figure 3.4 for the CO2 methanation reaction. The temperature of the
catalyst bed was monitored by a K-type thermocouple in the middle of the
catalyst bed. The mixed gases were supplied by Polygas Malaysia Sdn. Bhd.
The compositions of outlet gases were analysed by an online gas
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chromatography (Agilent Technologies) and the calibration of the gas depicted
in Appendix A.

Valve
Thermocouple (Type K)
A

Flowmeter

w, > ® |

Gas
<l Chromatography

!

Data recorder

Ga tank

Display «—] . |
coreen —El e Moisture filter Glass wool Reactor mbz(}ﬁcm x lem)
OO :

catalyst

Figure 3.4 : Schematic diagram of reactor system for CO, methanation
reaction

3.3 Synthesis of CNTs monalith

The synthesis of CNTs was achieved by modifying the method developed by
Feng et al. (2015) and Su (2015) via CVD. The process started with the
cleaning process, the determination of the optimum condition, and the
synthesis of CNTs onto a monolith based on the optimum ones.

As the pretreatment, several cordierite monoliths were immersed in an ethanol
solution, which was then placed in a sonicator at a temperature of 80 °C for
one hour to eliminate impurities. Afterwards, the clean monolith was dried in an
oven at a temperature of 110 °C overnight, and the mass of each monolith was
recorded. The metal catalyst, Ni, was fixed at 1 wt.% of the mass of the clean
monolith. Therefore, the mole ratio between Ni and citric acid is determined by
the mass of the clean monolith. The solution was prepared by dissolving nickel
nitrate salts and citric acid in 50 ml of distilled water, using the specific amount
determined by the calculations provided in Appendix Al.

Subsequently, the clean monoliths were immersed in a metal/acid solution to
evenly disperse the metal across its surface individually in a 50 ml beaker. The
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immersion process was conducted for an hour, and the remaining water was
blown away using an air gun to remove the slurry excess before drying
overnight at 110 °C in the horizontal position and being manually rotated
around its axis 3 to 4 times to prevent gravity from causing an uneven
distribution. The blowing step was essential in obtaining a homogeneous
catalytic layer (Sollier et al., 2018). In addition, the immersed monolith
underwent calcination at a temperature of 450 °C in a furnace for a duration of
three hours and was weighed to get the mass of Ni coated onto the monolith
surface by substracting it from the clean, bare monolith. The process intended
to transform Ni(NOs)z into NiO, as outlined in Equations (3.1) and (3.2) (Yuvaraj
et al.,, 2003). The immersion and calcination steps were done twice in a full
cycle to speed up the growth of CNTs on the monolith support. This was done
to increase the dispersion of the active phase.

Ni(NO3), — NiO + 2NO, + 0, (3.1)

NiO + H, - Ni** + H,0 (3.2)

The Taguchi method, which is explained in Section 3.3.1, was used to growth
CNTs on the monolith support using CVD. The chosen parameters, with three
levels each for the design, are as indicated in Table 3.1.

Table 3.1 : Parameters and their levels for synthesis of CNT monolith

Parameters Level References
A Mass ratio of 1:1 13 1.5 Li et al. (2016)
Ni to citric

acid

B Injection rate 1 5 10 G. Esquenazi et al. (2018)
(mL/hr)

C Reaction time 30 60 90 Mittal and Rhee (2018a);
in CvD Moonngam et al. (2016); Ping
(minutes) et al. (2016)

D Operating 600 700 800 Mittal and Rhee (2018a),
temperature Thambiliyagodage et al.
(°C) (2018), Lin et al. (2018),

Tripathi et al. (2014), Pham et
al. (2017), G. Esquenazi et al.
(2018)
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The growth process of CNTs onto monoalithic surfaces in CVD was conducted
as follows, with the settings listed in Table 3.2:

1. The NiO monolith previously prepared was put into a chamber of the
CVD system.

2. The CVD was set at operating temperature and reaction time which
designated by the Taguchi method.

3. The flowmeter was set up at 50 atm cm?®/min of N2 gas. The gas was
flowed through the chamber to remove oxygen inside.

4. After the system reached the required temperature, the H2 gas was
slowly flowed at 100 atm cm3/min into the reaction chamber to combine
with the N2z gas. At this time, the presence of NiO on the surface of the
monolith can undergo conversion into Ni%*, which serves as a catalyst
for the formation of CNTSs.

5. Furfuryl alcohol was injected automatically at a rate using a syringe
needle that was 20 inches long. At the same time, H2 and Nz gas were
kept constant at 100 and 50 atm cm?3/min, respectively, to make sure
furfuryl alcohol droplets touched the monolith surface.

6. After injection was completed, the N2 gas flow speed was adjusted to
500 atm cm®min and 50 atm cm3®min for H> gas. The reaction timer
was started.

7. When the reaction ended, the H2 gas was shut off and N2 was kept
flowing at 50 sccm into the setup until it cooled down to room
temperature.

Furthermore, the CNT monolith was characterized using FESEM by Thermo
Scientific NovaNano 230 at 100k magnification and atomic composition by
energy-dispersive X-ray (EDX) by Oxford Instruments, which was attached to
the FESEM to evaluate particle size and size of distribution of CNT.
Furthermore, the crystallinity of the substrate was analyzed by X-ray diffraction
(XRD). The measurement was conducted using a Philips Expert PW3040 XRD
operating at 40 kV and 40 mA with a CuKa (A = 1.5406) radiation source within
the 20 range from 20° to 80° with a 0.033°/min step size. The measurement of
disordered carbon was evaluated using Raman spectroscopy by the WIiTec
Raman Microscope model Alpha 300R at a 531.861 nm excitation wavelength
within a spectrum range of about 100.36—-3736.45.

3.3.1 Optimization study of synthesizing of CNTs monolith based on
Taguchi method

The Taguchi method also called as robust design method meant to improve the
quality of products and to determine the best levels of control factors. The main
focus was to keep the variance in the output very low even in the presence of
noise inputs. Therefore, the average and variability of a process performance
characteristic, which determines the process’s effectiveness, were analyzed in
order to ascertain the effect of various parameters. This analysis provided an
effective method for designing a product that operates optimally and
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consistently across a variety of parameters. The experimental design described
by Taguchi utilizes orthogonal arrays to systematically arrange the parameters
that impact the process and the varying levels at which they should be
manipulated. The development of the design could enhance the experimental
results and identify controllable factors. This reduces the variation in response
results due to uncontrollable factors.

The Taguchi approach employs pairwise testing of combinations, rather than
exhaustive testing of all potential combinations as done in factorial design. This
facilitates the gathering of essential data to ascertain the primary parameters
that influence product quality, while minimizing the need for extensive
experimentation, hence conserving time, and resources. The Taguchi
technique is most effective when used to problems with a moderate humber of
variables (ranging from 3 to 50), few interactions between variables, and when
just a small number of variables have a substantial impact. The Taguchi
method of CNT growth on monolith was conducted by the Design Expert
version 7.0 from Stat-Ease Inc., Minneapolis, Minnesota, USA (2005).

The Taguchi orthogonal array table of Lo(3*) was used by choosing four
parameters that could affect the CNTs growth on the monolith. This type Lo
array was arranged as tabulated on Table 3.2. The letters L and superscript 9
stand for the Latin square and the number of runs was carried out, respectively.
The experiments were conducted in two sets of experiments, resulting in a total
of 18 runs. After the process, the carbon composition and formation of the CNT
structure on the monolith surface were confirmed by chemical and surface
analysis. The CNT produced was unpurified, so the carbon yield may be
affected by impurities. Then, both sets of experiments were analyzed to
determine approximately the percentage of carbon yield on the monolith’s
surface using Equation (3.3):

Carbon yield = [(w) x100] (3.3)

Mcat

where Muwtal is the total mass of the final catalyst and carbon on the monolith
after the CVD reaction process, and Mca is the initial mass of catalyst on the
monolith (Taleshi, 2012).

The Taguchi is used S/N ratio as the response in measured the statistical
performance. S/N ratio is a performance criterion developed by Taguchi to
select the best levels of control variables that minimize the impact of
uncontrolled variables. The S/N ratio considers both the average value and the
degree of variation. The S/N ratio, expressed in its most basic form, signifies
the proportion between the mean (signal) and standard deviation (noise). The
response might vary depending on the specific quality features, which can be
classified as lower-the better, higher the better, or nominal the best. This
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quantitative measurement is employed to determine the optimal conditions
(Hamzagebi et al., 2020).

The S/N proportion takes into consideration the influence of process
parameters on the properties of the final product, CNTs yield. The changes in
product properties minimized the noise factor and maximized the signal factor
(Equation 3.4). The main optimization target S/N ratio of this process utilizes a
target that is ‘larger is better’ (Equation 3.5) to get the maximum yield of CNT
growth. The S/N Equations indicate the S/N ratio statistic, where n is the
number of experiments, yi is the output response of the i-th experiment, y is the
average output response, and ¢ is the standard deviation (Ross, 1988).

In determining the significant parameters’ effect on the production of high
carbon yields, the response factor (S/N ratio) of each parameter was ranked
according to its delta value. The delta value can be calculated from the
difference between the highest and lowest S/N ratio values between the levels
of each parameter in the Taguchi method design.

S/N (dB) = 10log (Signal power /Noise power) (3.4)

5 10| 12 ! 9
J— = - 0 —_— _—
Nla‘rger—is—better < n yiz

i=1

Table 3.2 : The design of experiment based on the Taguchi orthogonal
array table of Lo (3%) for CNTs growth onto monolith support

Mass Injection rate Reaction Operating
ratio of carbon time temperature
Ni:CA source, C
Run A B C D
mL/h min °C
1 11 1 30 600
2 11 5 60 700
3 1:1 10 90 800
4 1:3 1 60 800
5 1:3 5 90 600
6 1:3 10 30 700
7 15 1 90 700
8 15 5 30 800
9 15 10 60 600
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3.3.2 Synthesis of CNTs monolith catalyst

In this study, monometallic and bimetallic CNT catalysts were produced to
perform in the CO2 methanation reaction. The monometallic CNT monolith
catalysts are prepared at three different Ni concentrations, which were 1, 10,
and 25 wt.%, while the bimetallic CNT monolith catalysts are prepared in a
mixed metal solution between Ni nitrate and M nitrate (M = Fe or Co) at a 10:1
ratio. The mass of each CNT monolith before and after impregnation was
recorded to evaluate the mass of metal catalyst coated onto the CNT surface.
All prepared CNT monolith catalysts are evaporated at 80 °C in an oven for 6 to
12 hours. The impregnated CNT monolith is calcined at 450 °C in three hours.
All the prepared catalysts are labeled as 1 wt.% Ni-CNTs, 10 wt.% Ni-CNTSs, 25
wt.% Ni-CNTs, 1/10 wt.% Ni/Fe-CNTs, and 1/10 wt.% Ni/Co-CNTs.

3.3.3 Catalytic activity

The scope of the experimental work on the catalytic activities of the CO:
methanation reaction is presented in Figure 3.5. Prior to the evaluation of
catalytic activity for the CNTs monolith doped catalysts (monometallic: 1, 10,
and 25 wt.% Ni, and bimetallic: 1/10 wt.% Fe/Ni and 1/10 wt.% Co/Ni), the CO:
methanation reaction was conducted in a fixed-bed reactor under atmospheric
pressure. The experiment was conducted using a clean fixed-bed reactor tube
having a length of 35 cm and a diameter of 1 cm. In the experiment, about
0.20-0.30 g of CNT monolith catalyst was loaded onto a quartz wool plug in the
reactor as described in the schematic diagram of the reactor system for the
CO2 methanation reaction as illustrated Figure 3.4. Initially, the samples were
reduced at 400 °C (Muller et al., 2013) as this temperature was selected as
stated in the TPR H2 analysis for 3 h with 5% H2 gas mixed with Argon at a flow
rate of 50 ml/min (L. Wang et al., 2018). The activity was performed at
temperature dependence (300 °C, 350 °C, and 400 °C) with reactant mixed
gases supplied at 10% C02:40% H2:50% N2 in the heating process at a flow
rate of 30, 50, and 100 ml/min. All the gases were controlled by automatic
flowmeter that attached directly to the reactor. The reaction was conducted for
three hours to get about 12 data points for the CO2 conversion and CHa
selectivity, which were analysed by an online gas chromatography. The CO:
conversion and CHa selectivity were defined using Equations 3.6 to 3.8 as
follows (Ge et al., 2019; Vrijburg et al., 2019):

— [CH4]out + [CO]Out
[CHyloue + [COJour + [COz]oue

CO, conversion X 100 (3.6)

[CH4]out
CH, selectivity = x 100 3.7
4 Serectivity [CH4]out + [Co]out ( )
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[CO]out
CO selectivity = x 100 3.8
setectivity [CH4]out + [Co]out ( )

where [X] (X = CO, CO2 and CHj4) represents the amount (mol/L) of component
in the outlet gas. The Equation 3.6 was considered for CO2 conversion
calculation as considering the complete of CO:2 methanation reaction in
converting all the reactant into desired products. The conversion of CO2 based
on assumption the sum of inputs equals the sum of outputs. Therefore, the COz
conversion was calculated using Equation 3.6 which is based on the product
produced and remaining CO2 compared the common calculation that only
based on the measurement of the proportion of CO, consumed versus the total
feedstock entering the reactor as referred to Vrijburg et al. (2019).

CO, methanation
worksheet plan

4

Optimization of CO, methanation reaction based on Taguchi method using
monometallic CNTs monolith catalyst

\
. ' *

Ni loading Reaction temperature Gas flowrate

\ y 1 N N !

Optimum condition

i N
l

Catalyst Stability

}

Comparison between mono and
bimetallic catalyst

i 1
Monometallic CNTs Bimetallic CNTs
monolith catalyst monolith catalyst
i

Characterization of spent
CNTs monolith catalyst

Figure 3.5 : An overview of the scope of the experiment in this section
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3.3.4 Optimization of CO2 methanation reaction based on Taguchi

method

The CO:2 methanation reaction catalysed by CNTs monolith catalyst was
accessed using Design Expert 7.0 based on the Taguchi method. The
experimental design was performed using an orthogonal array of Le (3*) and
conducted in a total of 18 runs which considered two replications for each
condition. The design of the experiment was designed according to the
selected parameters as tabulated in Table 3.3. The Taguchi method design is
presented in Table 3.4, and the output response employed the signal-to-noise
ratio of ‘larger is better’ for CO2 conversion and CHas selectivity, while ‘smaller-
is-better’ for CO selectivity. The details of the target responses were discussed

in detail in Section 3.3.1.

Table 3.3 : Parameters and their levels for CO, methanation reaction

Parameters Levels References
A Reaction temperature 300 350 400 (Panetal., 2014; Tada
(°C) etal., 2012)

B Nickel loading (wt.%) i 10 25  (Aziz, Jalil, Triwahyono,
& Saad, 2015; Zhang et
al., 2019b)

C Flowrate (mL/min) 30 50 100 (Vrijburg et al., 2019; L.

Wang et al., 2018)

Table 3.4 : The design of experiment based on the Taguchi orthogonal

array table of Lo (3% for CO, methanation reaction

Reaction Nickel loading Flowrate

temperature, (°C) (wt.%) (mL/min)
Run A B C
1 300 1 30
2 300 10 50
3 300 25 100
4 350 1 50
5 350 10 100
6 350 25 30
7 400 1 100
8 400 10 30
9 400 25 50
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All the CNT monolith catalysts perform in CO2 methanation reaction. Both
spent monometallic and bimetallic catalysts use for characterisation to analyse
the condition of the catalysts after the catalytic activity. The characterisation of
spent catalysts focus on chemical analysis (EDX, FTIR), morphology analysis
(FESEM), surface analysis (BET), crystallinity, and phase determination (XRD).
The details of each analysis discuss in Section 3.4.

3.3.5 Stability of the CNTs monolith catalyst activity

The stability of the best CNTs monolith catalyst activity was evaluated for 210
hours, which is at optimum conditions according to the results from the Taguchi
design.

3.3.6 Kinetics and modelling studies

The rate of disappearance for the design equation of a packed-bed reactor has
been described by the catalytic reaction kinetics as expressed by Equation 3.9
(Fogler, 2010).

FX

r=— (3.9
w

where:

r = the reaction rate (mol/s.gcat)
F =the molar flow rate (mol/s)

X =the reaction conversion

W = catalyst weight (g)

The equilibrium constant (Kp) of the reaction and the Gibbs free energy of the
main reaction (a gas-solid heterogeneous reaction) can be expressed by
Equation 3.10 to Equation 3.12 respectively as follows:

AG = —RTInK, (3.10)

AG = Yv;AHy; — T(Z v;S)) (3.11)
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By substituting equation 3.9 into Equation 3.11.

where:
AG = Gibbs free energy (J/mol)

R = gas constant (J/mol. K)
T =temperature (K)

Kp = equilibrium constant of the reaction
v; = stoichiometric coefficient
AHg; = enthaply of the formation of compound j (J/mol)

S; = entropy of the compound j (J/mol. K)

The estimation of Kp1 theoretical can be described from the Equation 3.13:

Kpl theoretical = exp( R - RT )

The reaction perspective can be expressed by Kp:z theoretical in Equation 3.14.

() a) (3.14)
P2 theoretical — m X Fr

where:

Ycu, = Molar fraction of the product ¢
Yeo = molar fraction of product d
Yco, = molar fraction of reactant a
yu, = molar fraction of reactant b

Pr = total pressure (1 atm)
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The temperature dependence of the kinetic constant (k) in the models
described by the Arrhenius equation state in is as expressed in Equation 3.15.

-E
k=A exp(R—Tfl) (3.19)

where:

k =reaction rate constant (mol/atm.gcat.S)

A = frequency factor for reaction (mol/atm.gcat.S)
Ea = activation energy for reaction (kJ/mol)

The CO:2 methanation kinetic measurement data generally supports the
Langmuir-Hinshelwood rate models. The mechanistic aspects of the reaction of
hydrogenation of CO2 over Ni-CNTs and Co/Ni-CNTs monolith catalysts were
studied.

3.4 Characterization techniques

The focus development of CNT monolith catalysts requires several
characterization techniques to evaluate their physicochemical properties. The
purpose of catalyst characterization is to understand the relationship between
physical, chemical, and catalytic properties.

3.4.1 Morphology analysis

Field emission scanning electron microscopy (FESEM)

FESEM is an advanced analytical tecnique to study the surface morphology at
high magnifications. This high-resolution microscopy was liberated electrons
from a field emission source to scan small structure according to a zig-zag
pattern and observe the small topographic details on the surface or entire of
the objects. In this project, Thermo Scientific NovaNano 230 FESEM was used
to describe the surface morphology. The particle size of CNTs in FESEM
morphology images can be analyzed for generating a size distribution image
using Image-J software (Ahsan et al., 2019; Wang et al., 2007)
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Transmission electron microscopy (TEM)

TEM provides an important analysis due to its high resolution for studying the
quality, shape, size, and density of quantum wells, wires, and dots. TEM image
of CNT monolith can observe the atomic resolution and reveal the position
atom in the CNT monolith sample. The beam of electrons was transmitted
through a specimen to obtain an image. The analysis of the morphology
features of the samples was conducted using the Hitachi H-7100 TEM. Prior to
the TEM analysis, the samples were prepared by ultrasonic dispersion in
absolute ethanol before being placed on the copper grid for 30 minutes and
letting them dry in the air.

3.4.2 Structural analysis

Raman spectroscopy

Raman spectroscopy was used to analyse the carbon structural changes
(disorder and order) of the samples corresponding to the D and G bands. The
D band to a breathing k-point phonon with Al g symmetry and is related to
disorders and local defects. Meanwhile, the G band was related to the Ezg
phonon of the C sp? atoms. Therefore, the measurements of the samples were
obtained using the WITec’s Raman microscope alpha300 R imaging system
with a laser at 532 nm excitation wavelength. The spectra were recorded in the
wavenumber range of 100.36—3736 cm™. During the analysis, at least three
tests were performed on different sections of each individual sample.

3.4.3 Chemical analysis

Fourier-transform infrared (FTIR)

FTIR is an analytical technique used to determined organic, polymeric and
some cases in inorganic material. About 0.05-0.1 wt% of the samples were
mixed with KBr powder and compressed. The spectra of the samples were
measured using the microdie method and PerkinElmer Spectrum 100 at 400-
4000 cm and analyzed the data by comparing the spectra of the sample to
reference spectra in libraries or databases to identify the sample’s chemical.

Energy dispersive x-ray spectroscopy (EDX)

The analyses of the elemental composition of the CNT monolith catalysts and
their atomic composition were conducted using the energy-dispersive X-ray
spectroscopy (EDX) by Oxford Instruments, which was attached to the FESEM.
These analytical techniques generated data consisting of spectra showing
peaks corresponding to the elements of the materials and making up the true
elemental composition.
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Temperature-programmed desorption (TPD-CO3)

The interaction between the gaseous reactants and solid substances was
investigated using the Thermo Scientific TPDRO 1100 Series by performing the
temperature-programmed oxidation of CO2z (TPD-COy2). In the pre-treatment,
0.05g of monometallic and bimetallic CNT monolith catalyst were prepared in
the flow of Helium gas at 50 °C at 30 ml/min flow rate, prior to the analysis. In
the analysis, 5% of CO2 gas was flowed into argon at a heating rate of 10
°C/min from room temperature up to 950 °C. For the measurement of the
oxidation samples via the consumption of CO2 gas, the thermal conductivity
detector (TCD) was employed.

3.4.4 Surface analysis

Surface area and porosity analysis: Brunauer-Emmett Teller (BET)

The pore volume and the specific surface area of the catalyst samples were
indicated the N2 adsorption-desorption isotherm using Micromeritics 3Flex 1.02
(BET surface area measurement). All prepared CNT monolith catalyst samples
were degassed automatically at 120 °C for 3 hrs. In determination of the
amount gas adsorbed, the desorption and adsorption isotherm were measured
using liquid N2 at 77 K removing across the relative pressure range 0.1 - 1.0
and reduced the pressure. The pore volume and the specific surface area of
the catalyst which obtained from adsorption-desorption isotherm were
calculated using Brunauer-Emmett Teller (BET) and Berreth-Joyner-Halenda
(BJH) method. Pore size distributions were estimated using the DFT equation.
The standard classification of adsorption isotherms and hysteresis shapes that
released by the International Union of Pure and Applied Chemistry (IUPAC)
were used for analysis.

Temperature-programmed desorption (TPR-H>)

The interaction between the gaseous reactants and solid substances were
investigated using Thermo Scientific TPDRO 1100 Series by performing the
temperature programmed reduction in Hz (H2-TPR). In the pretreatment, 0.05¢g
of catalyst was prepared in the flow of N2 gas at 50 °C at 25 ml/min flowrate,
prior to the analysis. In the analysis, a 5% of H2 gas was flowed in argon at
heating rate of 10 °C/min heating rate from room temperature up to 900 °C.
The measurement of the reduction samples via the consumption of the Hz gas,
the thermal conductivity detector (TCD) was employed.
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3.4.5 Thermal analysis

Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) represents the composition of the sample to
understand the thermal stability as well as other related properties to the
thermal stability measurement. The weight change of the sample was carried
out by TA instrument Q50. In this protocol, 10 mg sample in the TGA was kept
at room temperature for about 30 min, and then it was heated up to 900°C with
a heating rate of 10°C/min in the air for CNTs monolith, while CNTs monolith
catalyst were conducted in N2 gas.

3.4.6 Crystallinity and phase determination

X-ray Diffraction (XRD)

X-ray diffraction is a non-destructive tool that relies on dual waves that
contribute patterns after being passed over the material. These patterns were
analysed to obtain the phase identification of crystalline materials in the CNT
monolith catalysts and can provide the dimensions of unit cells in the crystal
structure. The measurement was performed using a Philips Expert PW3040
XRD operating at 40kV and 40mA with CuKa (A= 0.15418) radiation source
within 26 range from 20 to 80° with a 0.033°/min step size. The average crystal
size (d) of CNTs and Ni can be calculated from the Scherrer equation as shown
in Equation 3.16 (Abate et al., 2016). The degree crystallinity of the CNT phase
pattern was reflected at 26 = 26.46° and 44.60°, NiO particles at 37.30°,
43.30°, 62.70° and Ni particle reflected at 44.50°, 51.80° and 76.50°.

D = k)/BcosB (3.16)

where:

B = full width at half maximum (FWHM)
0 = diffraction angle

A = X-ray wavelength (1.54 A)

D

particle (crystallite) size

k

the Scherer constant (0.91)
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3.5 Summary

As the conclusion of this chapter, the overall methodology of the experiments
has been discussed. The CNT monoliths have been successfully synthesised
based on an optimisation study using the Taguchi method of an orthogonal
array table of Lo (34). The optimum condition of CNT monolith was used in
producing mono- and bimetallic CNT monolith catalysts. The performance of
monometallic CNT monolith catalysts on CO: methanation has been
investigated under various operating conditions, which were designed using the
Taguchi method to achieve the optimum condition of the reaction and evaluate
the catalyst stability. In addition, the CO2 methanation reaction was also
applied to the bimetallic CNT monolith catalysts. Furthermore, the kinetic
studies and model fittings of CO2 methanation catalyst activity was conducted
for both types of catalysts. The characteristics of CNT monolith, CNT monolith
catalysts and spent CNT monolith catalysts were determined to evaluate their
abilities before and after the CO2 methanation reaction.
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CHAPTER 4

SYNTHESIS OF CARBON NANOTUBES MONOLITH CATALYST AND
APPLICATION IN CO, METHANATION

4.1 Introduction

This chapter presents an extensive discussion of the synthesis of CNT
monoliths and their catalysts, as well as catalytic activity and kinetic studies. At
first, the discussion was focused on the pretreatment of monolith and the
synthesis of CNT monolith. The appropriate monolith preparation process must
be carried out before the CVD process in order to retain the wall strength of the
cordierite monolith after the growth of CNTs. Then, the optimum conditions for
CNTs’ growth on monolith via direct liquid injection CVD were determined by
applying the Taguchi method. The CNT monolith was then characterized and
applied to synthesize the CNT monolith catalysts. The discussion was also
focused on the catalyst activity of CO2 methanation in a fixed-bed reactor.
Likewise, the Taguchi approach was employed to determine the optimal
conditions for catalytic activity. The spent catalyst with the best catalytic
performance was characterized, and its stability test was performed.
Furthermore, the catalysts, both spent and fresh, were characterized.

4.2 Synthesis of CNT monolith

4.2.1 Pretreatment of monolith

Pretreatment involved preparing the monolith before the CVD process. The
treatment aimed to determine the most suitable method for bonding the metal
catalyst to a monolith surface: either through immersion or impregnation
techniques. In addition to maintain the strength and stability of the monolith
structure, the pretreatment aimed to ensure uniform dispersion of the metal
catalyst on the monolith surface, leading to a high yield of CNT. The study
revealed that the CNT monolith structure created through the impregnation
method exhibited brittleness in comparison to the CNT monolith structure
produced through the immersion method, as depicted in Figure 4.1. These
results were similar to those of Nijhuis et al. (2001), who found that the doping
of the metal catalyst via the immersion technique was the best for cordierite
monolith, as the structure strength was retained even after the synthesis of
CNTs via CVD at 700 °C. Nijhuis et al. (2001) stated that repetitive immersion
increased the carbon yield on the surface by enhancing the deposition of more
metal on the monolith's surface. The rise in carbon content leads to a reduction
in the presence of other elements (Mg, Al, Si, and O) in the cordierite monolith,
mainly because of being covered up by the carbon. The results are consistent
with the EDX spectrum analysis depicted in Figure 4.2.
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Figure 4.1 : (a) The monolith after impregnation in Ni and citric acid
solution, (b) the impregnated monolith was calcined at 450 °C, (c) the CNT
monolith produced via impregnation; (d) the monolith after immersion in
Ni and citric acid solution, (b) the immersed monolith was calcined at 450

°C, (c) the CNT monolith produced via immersion.
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Figure 4.2 : The EDX analysis for the doping method via immersion

method
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4.2.2 Optimizing study of the CNTs monolith based on Taguchi method

The studies aimed to obtain the optimum conditions for producing a high yield
of CNTSs via direct liquid injection CVD based on the Taguchi method. Figure
4.3 displays the average percentage yield and standard deviation of the carbon
nanotubes' growth under different conditions, as listed in Table 4.1. The
importance of the top five average percentage growth rates of the CNTs is
shown by the experimental runs of 2, 6, 5, 9, and 7, respectively. The top five
runs were clearly conducted at operating temperatures of 600 and 700 °C.
Runs 2 and 6 had the highest average percentage growths, occurring at 700 °C
with reaction times of 60 min and 30 min, respectively. CNT growth at 600 °C
takes more than 60 minutes for the third and fourth places. Thus, the first
interpretation from the data analysis in Table 4.1 explained that significant CNT
growth could be achieved at 700 °C of operating temperature within 60 min.
Furthermore, the other parameters, such as the mass ratio of Ni to CA and the
injection rate of the carbon source, showed the highest average CNT growth at
a 1:1 Ni to citric acid mass ratio and a 5 mL/h injection rate. The standard
errors of carbon yield for all runs were in the range of 0.038-0.743%.
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Figure 4.3 : Carbon nanotube yield and standard error for each run of
experiments
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Table 4.1: Experimentally measured values for CNTs growth and standard
error of CNT monolith and signal to noise ratio

Parameters *Carbon Yield (CNTs Growth) Response
5 A B C D Yield  Yield Average Standard *k
n 1 2 Yield error S/N ratio

mh'-/ mn °C % % % % dB
1 11 1 30 600 2.005 1.617 1.811 0.194 5.158
2 11 5 60 700 3.785 2.433 3.109 0.676 9.852
3 11 10 90 800 1.304 1.036 1.170 0.134 1.360
4 13 1 60 800 0.986 0.894 0.940 0.046 -0.538
5 13 5 90 600 2.670 2.211 2.440 0.229 7.749
6 1:3 10 30 700 2.046 3.533 2.789 0.743 8.910
7 15 1 90 700 1.620 2.732 2.176 0.556 6.753
8 15 5 30 800 1.325 1.248 1.287 0.038 2.189
9 15 10 60 600 2.079 2.684 2.381 0.303 7.536

A: mass ratio Ni:CA, B: injection rate of carbon source, C: reaction time, D: operating
temperature.

* The percentage of carbon yield calculated by Equation (3.3).

** The target signal-to-noise ratio is ‘larger-is-better’ : Equation (3.4).

4.2.3 Response and variance analysis

In this experiment, the Taguchi method applied the S/N ratio and Pareto
ANOVA analysis to evaluate the results of experiment which was the output
target value (carbon yield). Figure 4.4 described the main effect graph of S/N
ratios that states the optimal level of the significant factors in producing high
carbon yields through the liquid injection CVD process and the effect significant
with S/N ratios ranking in Table 4.2. The optimum level for a factor is the level
that contributes to the highest S/N ratio in the experiment. Table 4.2 tabulated
the ranking of process parameters for the synthesis of CNTs according to the
delta, which is the difference in the response of the S/N ratio between the
highest and lowest levels of that ratio within various levels of each parameter.
Therefore, the results from Table 4.2 and Figure 4.4 indicate that the optimum
conditions for the mass ratio of Ni:CA, the injection rate of carbon, the reaction
time, and the operating temperature are A1, B2, C1, and D2, which are expected
to give the highest S/N ratio or the highest carbon yields.
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Figure 4.4 : The main effect plots for S/N ratios of process parameters

An analysis of variance (ANOVA) was used to determine the relative effect of
the different factors via the decomposition of variance. The analysis of variance
was obtained first by computing the sum of squares (SS), followed by the
adjusted mean squares (sum of squares divided by degree of freedom). All
these values are tabulated in Table 4.3. The percentage contribution of each
parameter can be calculated using Equation 4.1 (Xiao et al., 2014). Therefore,
the larger the contribution of a factor to the total sum of squares, the greater
the ability of that factor to influence the S/N ratio and become a more
significant factor. Moreover, the larger the “F-value”, the larger will be the factor
effect in comparison to the error mean square or the error variance. Referring
to the sum of squares in Table 4.3, the factor D makes the largest contribution
to the total sum of squares (46.450/52.993 x 100 = 87.65%). The factor B
shows the second largest contribution (12.17%) to the total sum of squares,
whereas the other two parameters A and C together made only less than
0.2%.

Ssadj

Contribution (%) = X 100 (4.2)

Tadj
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Table 4.2 : The rank of process parameters for the synthesis of CNTs

Mass Ratio Injection Rate Reaction Time Operating
of Ni:CA of Carbon Temperature

Level A B C D

1 5.457 3.791 5.419 6.814

2 5.374 6.597 5.617 8.505

3 5.493 5.935 5.287 1.004
Delta 0.119 2.806 0.329 7.501
Rank 4 2 3 1

From Table 4.3, the selected factorial model of the design of the experiment
has an “F-value” of 565.79, which implies the model is significant with an “R-
squared” of 0.9982. There is only a 0.01% chance that a "model F-Value" this
large could occur due to noise. Moreover, the values of "Prob > F" less than
0.0500 indicate that the model terms are significant. Meanwhile, the values
greater than 0.1000 indicate that the model terms are not significant. If there
are many insignificant model terms, the model reduction may improve the
design model. Therefore, from this design, the injection rate of the carbon
source (B) and operating temperature (D) are significant model terms, as both
parameters serve the largest percentage contribution with a standard deviation
of 0.22. The model shows a “Pred-R-Squared” of 0.9911 which is in reasonable
agreement with the “Adj R-Squared” of 0.9965. Likewise, “Adeq Precision” as a
measurement of the signal-to-noise ratio gives a ratio greater than 4, which is
desirable. The ratio of 63.957 indicates an adequate signal and proves this
model can be used to navigate the design space.

The factorial model graph was plotted according to selected factors which were
the injection rate of the carbon source and the operating temperature as
depicted in Figure 4.5. As can be seen, the vertical I-beam-shaped bars have
the least significant difference (LSD) at a 95% confidence level (by default).
This statistical plot further reinforces that the injection rate of the carbon source
(B) and the operating temperature (D) influenced the CNT growth significantly,
as proven from the ANOVA analysis. The advantage of the Taguchi orthogonal
array design is that it provides the evaluation feature for examining aliases. In
other words, it is good to proceed with a follow-up experiment to confirm and
validate the effects of temperature and volume of carbon sources.
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Table 4.3 : Summary of ANOVA for selected factorial model

Degree Sum of Adjusted Percentage F-Value p-Value
of Squares Mean Contribution Prob > F
Freedom (SS) Square (%)
(DF) (Adj. SS)
A 2 0.022 0.011 0.020
B 2 12.910 6.450 12.170 138.060 0.0002
C 2 0.160 0.082 0.160
D 2 92.900 46.450 87.650 993.520 <0.0001
Model 4 105.810 26.450 565.790 <0.0001
B&D
Total 8 105.640  52.993 100.00
AB,C,
D
R-Squared 0.9982 (significant)

Adj. R-Squared 0.9965
Pred-R-Squared 0.9911
Adeq Precision 63.957

Std. Dev. 0.22
One Factor One Factor
10 o vid4 107 T
8 2 s ®-"~ )
I . Ay
6 - . 6 v
° Design-Expert® Software Design-Expert® Software .
= Factor Coding: Actual 2 Factor Coding: Actual AN
= s
=z 47 . = B°F . \‘
> S/N ratio & S/N ratio N
2 X1 = B: Injection rate 2 4 X1 = D: Operating temperature L
0- Actual Factors | Actual Factors
A: Mass ratio Ni:CA = 1:1 0 A Mass ratio Ni:CA = 1:1
C: Reaction time = 30 B: Injection rate = 5
-2 4 D: Operating temperature = 700 -2 4 C:Reaction time = 30
T T T T T T
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B: Injection rate (ml/hr) D: Operating temperature

Figure 4.5 : One plot factor of the main effect: (a) injection rate; (b)
operating temperature
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4.2.4 Confirmation test at optimum condition

Finally, based on the S/N ratio diagrams (Figure 4.5) with an optimum yield of
CNT growth, a verification experiment was conducted according to the selected
suggestions as tabulated in Table 4.4. The experiment was performed to
investigate through a prediction the performance of CNT growth yield at optimal
process conditions, and the confirmation experiment to verify the consistency
of the optimisation results via the suggested conditions of the Taguchi method
was carried out. The validation test was conducted with duplicates. Therefore,
the acquired results exhibit a good agreement based on the actual S/N ratio of
9.5349 dB compared to the predicted result of the Taguchi method, which was
9.6609 dB, as the actual values of the average percentage carbon yield
deviated only 1.4% from the predicted ones.

Table 4.4 : The optimal configuration with predicted and actual S/N ratio
value

Optimization Prediction Optimization
Results
Parameter S/N Ratio Yield SIN Yield

Predicted CNTs Ratio CNTs
Growth Actual Growth

Run A B C D dB % dB %
1 1.1 5 30 700 9.6609 3.0415 9.7502 3.0726
2 1:1 5 30 700 9.6609 3.0415 9.3195 2.9240
Average 9.6609 3.0415 9.5349 2.9983
Standard error 0.1758 0.0607

4.2.5 Characterization of CNTs monolith

The CNTs were synthesized by the CVD method onto a monolith’s structure
and acted as an alternative support for a catalyst. The CNTs' presence on the
monolith surface was crucial for increasing the surface area to which catalysts
could adhere. Moreover, the advantages the structured CNTs enhanced mass
and heat transfer, helping to limit hot-spot formation, avoid catalyst
deactivation, control process selectivity, and provide an alternative to standard
powder catalysts that can improve the catalytic activity and selectivity of CO: to
CHa (Cepollaro et al., 2022; Chagas et al., 2023). The characterization of the
CNTs was evaluated using morphology, structural, chemical, surface, thermal,
and crystallinity analyses.

The morphology and microstructure of CNT monolith are illustrated by FESEM
and TEM. The Figure 4.6 depicted the morphology analysis of the bare
cordierite monolith and CNT monolith at optimum condition. In determining the
CNT diameter size distribution, 60 points have been selected, and all points are
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displayed in Figure 4.6 (d). The FESEM micrograph showed the biggest size
distribution of CNTs was about 30-35 nm in range, which are mesoporous
nanotubes. The diameter of the nanotubes grown affected by the size of the
catalyst use in the synthesis of CNTs as the larger particles nucleating CNTs
with similar diameters while smaller particles nucleate narrower CNTSs.
Consequently, the size of CNTs also has a significant impact on the catalyst
activity. The large size of nanotubes plays a crucial role in determining in
catalytic activity and structure of the catalyst (Harutyunyan et al., 2006).
Meanwhile, smaller diameter CNTs have higher catalytic activity for catalysts
supported on carbon nanotubes (CNTs) due to a larger specific surface area
and more oxygen-containing groups, which facilitate the dispersion of the
catalyst particles (Tang et al., 2007; Wang et al., 2015).

Moreover, the CNT growth at optimum conditions showed more uniform tubes
by diameter due to fewer tube defects and the formation of less amorphous
carbon, as observed in the FESEM image. He et al. (2008) reported that the
production of CNTs with a narrow distribution of diameter was contributed by
more uniform and small Ni nanoparticles dispersed onto the surface. Using
high-resolution TEM images, a further detail of the CNTs’ microstructure with
the formation at various sizes. As can be seen in Figure 4.7 and supported
morphology of CNTs in Figure 4.6, the observed the CNTs with yarn-type CNT
growth were obviously showed the Ni catalyst particles were encapsulated at
the tips of tubes and covered by graphitic caps. This analysis described the tip-
growth mechanism which also similar to Chen et al. (2004); Ming et al. (2016).
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Diameter (nm)

Figure 4.6 : (a) Micrograph image of bare cordierite monolith; (b) CNT
monolith at optimum condition using FESEM at 25 000 magnification; (c)
CNT monolith at optimum condition using FESEM at 150 000
maghnification and (d) size distribution of CNTs growth at optimum

condition.
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Figure 4.7 : Microstructure observation of CNTs monolith

Raman spectroscopy was used to characterise the carbonaceous materials to
distinguish disordered and ordered crystal structures of carbon by illustrating
the characteristics of the D and G bands of the samples. In this case, the D
band represents the impurities and lattice disorder in the nanotubes.
Meanwhile, the G band corresponds to the degree of graphitisation of CNTSs,
such as their purity and quality resulting from the bond stretching of the sp?
carbon pairs (Shahriary & Athawale, 2014). Moreover, the G band indicates the
graphene layer as s single, double, or triple layer of the sample. Figure 4.8
shows the Raman spectra of the CNT growth onto the monolith produced at
optimum conditions. The CNT monolith indicates a higher G band of about 7.84
in intensity compared to the D band. The degree of disorder in the CNT
monolith was 0.9921, expressed by the intensity ratio of the D band to the G
band (Io/lc), which is also an indicator of the sp3/sp? carbon ratio. Therefore,
the higher ratio indicates the presence of amorphous carbon and structural
defects in the sample, while the lower Ipo/ls ratios show better graphitisation of
CNT structures.

69



™ '1 -
D-band (1335.58 cm') = G-band (1597.35 cm-') = 995.9063
988.0625
3
(=2]
(=1
2
8
g 8
o (2]
R ]
% G'-band
(2650 cm-")
v
1 J
g vﬂfwv.\’“\’“"ww\f VW‘“"JJ’)‘ r\\l\\
.-
0

400 800 1200 1600 2000 2400 2800 3200
rel. cm?

Figure 4.8 : Raman spectra of CNT monolith

The FTIR spectra displayed frequencies of absorbed radiation that were unique
to each molecule due to bond strength, atom number, condition of material
(such as the state, interference or contamination, concentration, and
temperature), and the multiplicity of bending and stretching vibration modes.
Figure 4.9 shows the FTIR analysis of bare cordierite monolith, Ni coated onto
bare monolith, furfuryl alcohol (carbon source), and CNT formation on monolith
that were recorded in the region of 4000 to 650 cm 1. The FTIR spectrum of a
bare cordierite monolith exhibited a strong peak, as illustrated in Figure 4.9 (a).
After immersion in Ni solution, the spectrum became weak, as shown in Figure
4.9 (b). The intense peaks of furfuryl alcohol (Figure 4.9 (c)) have been
observed very weak after CNTs growth onto the monolith (Figure 4.9 (d)) and
look similar with MWCNTs reported by Haniyeh et al. (2013) due to poor
infrared transmittance of CNTs. The main spectra presents the absorbance
peaks at wavelength 3600 to 3200 cm (stretching of O-H functional group),
3000 to 2700 cm-? (stretching of C-H functional group), and wavenumbers 1500
to 900 cm™ (C-O functional group) as general (Munajad & Subroto, 2018).
Metal oxide nanoparticles have a spectrum of <1000 cm, with peaks
appearing around 400 and 700 cm-ldepending on the type of metal oxide
(Gupta & Saleh, 2011). The water molecules with n=3 have three peaks of
vibrations which are stretching vibrations at peaks between 3450-3200 cm
(O-H), 1640-1630 cm (H-H), and one scissors-bending vibration 2130-2110
cm?t (H-O-H) (Raki¢ et al., 2003).
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Figure 4.9 : FTIR profile of (a) bare cordierite monolith, (b) Ni coated

cordierite monolith, (c) furfuryl alcohol (carbon source) and (d) CNTs
monolith

The hexagonal structure of CNTs is confirmed by peaks at 3745 cm-! assigned
to free hydroxyl groups (Atieh et al., 2010; Mansor et al., 2012). A broad peaks
at about 3346 and 3500 cm corresponded to O-H stretching of hydroxyl
groups from carboxyl groups (O=C-OH and C-OH) which refers to
intermolecular hydrogen bonded OH:OH, adsorbed water or surface carboxylic
(Barrios et al., 2012; Dubey et al., 2005). The presence of carboxyl groups on
the surface of CNTs may be due to the partial oxidation that occurs during their
synthesis (Azri et al., 2017). The peaks at 2865 cm™ and 2941 cm only
appear for furfuryl alcohol and describe the symmetric and asymmetric
vibrations of methylene bonding from -CH20H groups in furfuryl alcohol (Liang
et al., 2017). Moreover, the peak at 2320 cm* can be associated with the O-H
stretch from strongly hydrogen-bonded -COOH (Atieh et al., 2010). While
peaks at 1633 cm* are attributed to the aromatic like C=C stretching mode of
the CNTs’ graphitic layers or carbonyl groups (Osman et al., 2020). The peak
at 776 cm is assigned as Ni oxide nanoparticles which acts as catalyst in the
synthesizing CNTs monolith (Gupta & Saleh, 2011). Meanwhile, Al oxide, Mg
oxide and Si oxide particles that origin from cordierite monolith are assigned at
1082 cm, 960 cm (Avotina et al., 2023) and 1418 cm (Zahir et al., 2019)
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respectively. Thus, all the peaks are reduced significantly as the decomposition
of furfuryl alcohol into CNTs onto cordierite monolith surface.

The EDX spectrum of the CNT monolith is shown in Figure 4.10. From the
analysis, the EDX spectrum presents 96.45% of the carbon composition in the
sample, representing CNT growth on the surface of the monolith. The carbon
composition is very high due to the dispersion of the metal catalyst onto the
surface, which enhanced the CNTs’ growth. However, the Ni composition
disappeared onto the CNT monolith due to high CNT growth, which led to a
possible covering of all Ni on the surface with the carbon. Therefore, the results
from the repetition of the immersion technique for dispersing more Ni catalyst
onto the monolith, as explained in section 4.2, were in parallel with the results
from Lee et al. (2015) which observed that the thickness of the catalyst has a
linear relationship between nanoparticles and the diameter of the nanotubes.
Therefore, the thickness strongly affects the CNT nanotubes’ diameter and the
morphology of the nanoparticles formed during the process without influencing
the quality of the CNTs (Lee et al., 2015).

C 96.45%
0 226%
Mg 0.24%
Al 0.47%
Si 0.59%

Figure 4.10 : EDX spectrum of CNTs monolith

The surface analysis plays a key role in adsorption which has a significant
impact on the catalyst performances. The CNTs’ properties result in different
surface areas, which are influenced by the number of walls, tube diameter,
surface functionalisation, and metal and amorphous carbon impurities (Birch et
al., 2013). The BET-specific surface area, pore size, and pore volume
distribution of bare monolith and CNT monolith samples were analysed using
the N2 adsorption/desorption isotherm. The isotherm of all classified samples,
in which two branches are parallel over a wide range of the P/Po, due to the
IUPAC standard classification, is shown in Figure 4.11. The isotherm of a bare
monolith and CNTs exhibits type IV isotherm, accompanied by hysteresis H3,
indicating the presence of mesoporous structure. Thommes et al. (2015)
addressed that the type IV isotherm showed the samples remain nearly
horizontal over the higher relative pressure range if a mesoporous adsorbent
contains no macropores. This type of isotherm explains the adsorption
behaviour in mesopores, which is determined by the adsorbent-adsorptive
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interaction and the interaction between molecules in the condensate. The initial
monolayer-multilayer adsorption on the mesoporous wall has the same path as
Type Il. The isotherm of the CNT monolith synthesised via immersion and CVD
technique observed the relative pressure range at P/P, > 0.4, which is
consistent with the findings of Malekbala et al. (2019) and Di et al. (2018).
Moreover, the isotherm of each type of CNT monolith has a low adsorption
compared to the study by Tian et al. (2015) which reported the specific surface
area (SSA) of more than 200 m?/g of CNTs prepared hydrothermally using
ammonia, hydrogen peroxide, and a metal catalyst. The BET value reveals an
SSA value of 15.1178 m?/g, which is similar to that reported by Kang and Moon
(2013) where the CNTs possess a relatively small specific area compared to
activated carbon. The main reason is that activated carbon has mainly
micropores which make a higher contribution to the surface area while the
CNTs has mesopores distributed from 2 to 50 nm (Freitas et al., 2021). The
CNTs’ growth on the monolith’s surface increased the surface area by about
35% of the clean, bare monolith. The low surface area of MWCNTs was
attributed to a large amount of impurities such as amorphous carbon particle,
multilayer polygonal particles and large graphite platelet. All the BET surface
area, pore area, and pore volume were determined from the pore size
distribution curves in the desorption curves of isotherm via the BJH method, as
tabulated in Table 4.5.
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Figure 4.11 : Nitrogen adsorption-desorption isotherms of (a) bare
cordierite monolith and (b) CNTs monolith

Table 4.5 : The surface analysis of bare monolith and CNTs monolith

Types aBET surface bPore Pore

area (m?/g) volume size

(cm®g) (nm)
clean bare monolith 11.140 1.0887 39.092
CNTs monolith 15.118 0.1064 50.294

a calculated by BET equation
b BJH desorption pore volume
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The thermogravimetric analysis of the CNT monolith is depicted in Figure 4.12.
The analysis provided the information of the vaporization and oxidation as the
material sample is heated and subjected to thermal decomposition in a
controlled atmosphere up to 900 °C to record the mass change. As a results,
the first observed temperature around 105 °C showed of 0.12% weight loss at
the start of the TGA curve due to evaporation and dehydration of adsorbed and
surface water from the material. The second weigh loss is about 2.85% mass
loss is observed at 400 °C and a complete weight loss was observed at a
temperature of around 680°C. This is due to the oxidation of CNT by oxygen
that also reported by Yuefeng Liu et al. (2013).
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Figure 4.12 : TGA analysis of CNTs
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Figure 4.13 represents the X-ray diffraction (XRD) patterns of cordierite
monolithic support and the CNT growth under optimum conditions. The strong
XRD patterns shown mostly correspond to the cordierite phase (International
Centre for Diffraction Data (ICDD) file No. 00-012-0303). The patterns show not
much difference between the CNT phase patterns of reflection at 286 =
26.46°(002) and 44.60°(004) according to ICDD file No.00-001-0646 with a
hexagonal crystal system (Anjalin, 2014). The crystallite sizes of CNTs at both
26 are 44.83 nm determined using Scherrer equation (Equation 3.18). This
could be because no acid was treated on the cordierite monolith surface as
citric acid is a weak acid. Therefore, Al, Si, and Mg would not be leached when
the material was immersed in an acidic condition. The Al and Mg would be
leached easily in strong acid rather than Si as both have basic characters
(Garcia-Bordejé et al., 2002; Soghrati et al., 2014). Furthermore, a weak
reflection at 26 = 37.30°, 43.30°, and 62.70° indicates NiO (ICDD file No. 00-
002-1216) while 26 = 44.50°, 51.80° and 76.50° indicates Ni (ICDD file No. 00-
004-0850).

XX X bare cordierite ICDD 00-012-0303
X u 3k Ni ICDD 00-004-0850
# NiO ICDD 00-002-1216
m CNTs ICDD 00-001-0646

Counts

LU , A Al . (@)
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20 25 30 35 40 45 50 55 60 65 70 75 80
20

Figure 4.13 : XRD pattern of (a) bare monolith and (b) CNT monolith
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4.3 CNTs monolith catalyst

In the CO2 methanation reaction, Ni is a standard catalyst due to its high
activity and low cost. One of the challenges of this catalyst was that Ni tends to
agglomerate and cause carbon deposition during high-temperature reactions
(Mohd Ridzuan et al.,, 2022). Additionally, the type of support used can
influence the degree of promotion of Ni as a catalyst. Therefore, the Ni-
structured catalyst as illustrated in Figure 4.14 was synthesized to be used in
the CO2 methanation reaction. In these studies, the catalytic activities were
performed using CNTs monolith catalyst. The CNT monolith was used as
support and Ni as a single metal catalyst was initially used at different loadings
to study the capability of a single metal structured catalyst. The intent of having
CNTs on the surface of cordierite monoliths is to enhance the catalytic
performance, improve thermal stability which can lead to better overall
properties and performance of the composite material. The catalyst is prepared
in two categories: monometallic and bimetallic. The monometallic CNT
monolith catalyst was studied at three different Ni loadings: 1 wt.%, 10 wt.%,
and 25 wt.%.

«— Cordierite

monolith

Cordierite
monolith

=y
SUEY

2 30 Z O
CNTs monolith catalyst

Figure 4.14 : The illustration of CNTs monolith and CNTs monolith
catalyst
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However, the Ni catalyst suffered from insufficient low-temperature activity and
degradation over time due to oxidation. Thus, the combination of Ni with the
second metal (Fe or Co) catalyst can enhance the performance and durability
of the catalyst (Frontera et al., 2017; Huynh et al., 2020). This can be achieved
by the complex interaction between the two metals, leading to a new high-
performing and cost effective catalyst. Tsiotsias et al. (2020) reported that the
Fe/(Ni + Fe) ratio of 0.1 was found to successfully provide high metal
dispersion, small nanoparticle sizes, and an optimum amount of surface basic
sites. The molar ratio between Ni and Fe seems to be the most important factor
in determining whether Fe can significantly promote CO:2 methanation
performance.

Based on these studies, only the best monometallic performance analyzed by
Taguchi method design was selected to produce bimetallic catalyst. This
bimetallic was applying two types of metal: Ni (as the first metal) and Fe or Co
(as the second metal catalyst). The bimetallic catalyst was investigated at 1
wt.% of M (M= Fe or Co) with 10 wt.% Ni on the CNT monolith surface.
Moreover, the reason of not chosen the higher Ni loading (25 wt.%) due to the
formation of larger Ni particles at higher loadings, which can lead to a decrease
in the number of active sites for catalytic reactions (Wang et al., 2021).
Additionally, higher Ni loadings can lead to sintering of the Ni particles,
reducing the surface area and catalytic activity of the catalyst (Zhao et al.,
2023).

The characterization of CNT monolith catalysts is conducted to describe their
catalytic performances. The characterization measurements are evaluated to
analyze the morphology, chemistry, surface, and crystallinity. Figure 4.15 (a),
(b), and (c) illustrate the morphology images of all three Ni CNT monoliths
included, with a size distribution at 60 points for each catalyst, as shown in
Figure 4.15 (d). According to the image illustrated in Figure 4.15 (a) and the
size distribution, a 1 wt.% Ni CNT monolith catalyst still shows the presence of
CNT shapes coated with Ni metals, which contributes to the average size of
35.889 nm. The average size is not too different from the CNT monolith. The
maximum size range of a 1 wt.% Ni CNT monolith catalyst is quite similar to
that of a CNT monolith, which is between 30 and 35 nm. Moreover, the 10 wt.%
Ni CNT monolith catalyst exhibits the smallest size distribution, with an average
size of about 23.965 nm within the range of 22 to 24 nm compared to 1 wt.%
and 25 wt.% Ni CNT monolith catalysts, as shown in Figure 4.15 (b). The 25
wt.% Ni CNT monolith micrograph images in Figure 4.15 (c) presents the
highest size distribution, with an average of 87.041 nm within the highest range
between 60 and 80 nm. For an overview, the size distribution of 1 wt.%, 10
wt.%, and 25 wt.% Ni CNT monolith catalysts starts from 20 to 63 nm, 14 to 40
nm, and 40 to 180 nm, respectively.

77



e

Average: 35.889 nm
Highest range: 30-35 nm

Count

0 20 40 60 80 100 120 140 160 180

121 0% N
Average: 23.965 nm

84 Highest range: 22-24 nm
€
=
o]
0 4

04

0 20 40 60 80 100 120 140 160 180

/) 25% Ni

0 20 4 60 80 100 120 140 160 180
Diameter (nm)

Figure 4.15 : Micrograph image and size distribution of single metallic
CNT monolith catalyst with (a) 1 wt.% Ni; (b) 10 wt.%; (c) 25 wt.% using
FESEM at 150 000 magnifications; and size distribution of 1wt.%, 10 wt.%
and 25 wt.%

The agglomeration of Ni particles was attributed to the varying loadings of Ni
onto the support surface, as determined by Zhang et al. (2019a). As illustrated
in Figure 4.15, the agglomeration and loading of Ni particles increased
significantly, leading to the production of large Ni particles because of the
restricted strength of contacts with the support. Thus, the excess Ni particles
stacked upon one another, resulting in the formation of large particles, as seen
in Figure 4.15 (c) by the 25 wt.% Ni loading onto the CNT monolith. However,
when 10 wt.% Ni is loaded onto a CNT monolith, the Ni particles are smaller
than at the other two Ni loadings, as the interaction between the Ni and CNT
supports is favorable, allowing the Ni particles to agglomerate efficiently onto
the CNT support. The Ni loading of less than 20 percent led to an increase in
the catalyst's mean pore radius. This suggests that the Ni particles not only
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filled the pores but also collected in the peripheries, causing the pores to
enlarge and potentially form new pores (Zhang et al., 2019a).

The role of metal catalyst loading is an important factor in initiating a strong
interaction with the support and demonstrating better metal catalyst dispersion
on the support. Therefore, bimetallic CNT monolith catalysts are particularly
attractive due to their unusual catalytic properties compared to other
components, such as being highly dispersed and having increased stability
(Guczi et al., 2010; Z. Zhao et al., 2019). The bimetallic was prepared based on
a ratio of 1:10 wt.% between the second metal (Co or Fe) and Ni metal,
labelled as 1 wt.% Co/10 wt.% Ni (1Co/10Ni) or 1 wt% Fe/10 wt.% Ni
(1Fe/10Ni) CNT monolith catalysts. Figure 4.16 described the micrograph
image of the Ni dispersion onto CNT monolith surface and proceed to
monometallic and bimetallic catalyst.

Figure 4.16 : Micrograph image of CNT monolith catalyst from various run
which (a) CNT monolith, (b) 10 wt.% Ni CNT monolith, (c) 1/10 wt.% Fe/Ni
monolith and (d) 1/10 wt.% Co/Ni monolith
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The chemical analysis of mono and bimetallic CNT monolith catalysts is
conducted using the FTIR and EDX spectra. The FTIR spectrum of mono- and
bimetallic CNTs monolith catalysts are demonstrated within 4000-650 cm
regions shown in Figure 4.17. All the CNT monolith catalysts exhibited an
intense peak compared to the CNT monolith. A broad band from the spectrum
illustrated in the region of 3537—3450 cm! for monometallic and bimetallic CNT
catalysts refers to the hydroxyl group (O-H) from intermolecular hydrogen-
bonded stretching that is ascribed to the oscillation of a water molecule and
bound on the surface of the CNT monolith (Saravanakkumar et al., 2018). The
decrease in peak intensity indicates a decrease in the hydrophilicity of CNT
monolith catalysts (Ouhaddouch et al., 2019). The region wavelength at 3000—
2840 cm? refers to C-H stretching which is assigned to sp3® carbon
hybridization (alkane; -C-H) observed the strong, intense peaks at 2921 cm™?
and 2852 cm in 10 wt.% Ni and 1/10 wt.% of Fe/Ni CNTs monolith catalyst
spectrum.

The peak at 2315 cm™ corresponds to the alcohol feature attributes of O-H
stretching from the H-bond of carboxyl. The observed peak in the range of
1800 to 1700 cm-! denotes the formation of the C=0 bond stretching vibration
mode with C=C overlapped due to carbon oxidation. This suggests the
carboxylation on the CNTs’ surfaces and consequently, the peak intensity
increases the number of carboxyl groups. Thus, it showed a confirmation of the
CNT functionalisation of the surface due to the COOH-COOH material
(Tucureanu et al., 2016). The hexagonal structure of CNTs is presented by
1580-1530 cm (originating from the sp? hybridised carbon) and 1200-1100
cm? (originating from CNTs’ disordered regions consisting of the disordered
sp? carbon, which served as nucleation sites for hydrogen), which are assigned
to the C=C bond from CNTSs’ skeletal vibration mode. The O-O vibration mode
of the carboxyl group is observed in the range of 1400-1000 cm™,
demonstrating bicarbonate (HCO3) stretching on CNTs. The peak observed at
<1100 cm? denotes the formation of metal oxide (Hussain et al., 2017). The
peak intensity of combination Ni-Co can be distinguished at 680 cm-! (Vidhya et
al., 2020) while Ni-Fe at 720 cm-1 (Nguyen et al., 2018). These combination
Ni-Co and Ni-Fe can describe the interaction between the atoms. The peaks
showed a significant interaction between Ni and Co which related to metal-
oxygen bonds that might be experience shifting due to the change in the
coordination environmental of the metal atoms. An overview of the FTIR
spectrum for mono and bimetallic CNTs monolith catalysts is tabulated in Table
4.6.
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Figure 4.17 : FTIR analysis of (a) CNTs monolith, monometallic CNTs
monolith catalyst (b) 1 wt.% Ni, (c) 10 wt.% Ni, (d) 25 wt.% Ni; bimetallic
CNTs monolith catalyst (e) 1/10 wt.% Fe/Ni, (f) 1/10 wt.% Co/Ni

Table 4.7 describes the EDX spectrum for monometallic and bimetallic CNT
monolith catalysts. As described by the atomic composition of monometallic
CNT monolith catalysts, the composition of Ni in 1 wt.%, 10 wt.%, and 25 wt.%
Ni CNT monolith catalysts deviated only ~5% increment from the prepared
composition, while 1 wt.% CNT monolith catalyst had a small deviation of
almost ~0.29% decrement. Both types of catalyst undergo for calcination
showed the percentage of oxygen higher as the reaction producing nickel
oxide, NiO. Moreover, the atomic composition of bimetallic showed quite
different behaviour between the two types of the second metal, which were Co
and Fe. The 1/10 wt.% Co/Ni CNT monolith catalyst evaluates quite close to
the prepared composition of the catalyst. Meanwhile, the composition of the
Mg, Al and Si were the composition of the originally from cordierite monolith.
The preparation and calculation are shown in Appendix Al.
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Table 4.7 : Atomic composition of monometallic and bimetallic CNTs
monolith catalyst from the EDX spectrum.

Catalyst Ni* Fe/ C o Mg Al Si Ni Co Fe
(%) Co (%) (%) () (%) (%) (") () (%)

monolith - - 249 424 57 122 148 - - -
CNTs - - 96.5 2.3 0.2 0.5 0.6 0.00 0.00 0.00
1INi 1 - 2.9 63 6.0 11.7 15.7 0.71 0.00 0.00
10Ni 10 - 2.9 545 5.3 10.2 13.0 14.1 0.00 0.00
25Ni 25 - 3.3 50.0 35 6.6 8.2 28.4 0.00 0.00
Co/Ni 10 1 0 48.8 6.7 13.2 193 9.3 2.7 0.00
Fe/Ni 10 1 0 539 1.2 2.7 3.8 11.3 0.00 2.2
*Theoritical

The TPD-CO: profile showed the strength and amount of the basic surface
sites on the CNT monolith catalysts based on the CO:2 absorption desorption
process as shown in Figure 4.18. The profiles correspond to different surface
oxygen groups, and the amount of CO2 desorbed can be correlated with the
total number of surface oxygen groups. In general, CO:2 results from carboxylic
acids at low temperatures, or lactones at higher temperatures. The carboxylic
acids decompose as CO:2 below 400 °C and the carboxylic anhydrides which
consists of two carbonyl groups connected by a single oxygen atom
decompose between 350 and 600°C by releasing one CO and one
CO2 molecule (Calo et al., 1997; Rocha et al., 2023).

Additionally, the presence of cyclic esters is called lactones revealed by the
release of CO2 above 600 °C while phenol groups observed by the release of
CO in a middle temperature range (500-750 °C). The results described the
surface is functionalized with carboxylic acid groups as also provided in FTIR
analysis and the adsorbed water molecules released at a lower temperature
compared to a surface without these groups due to carboxylic acid groups form
stronger hydrogen bonds with water molecules than functionalized surfaces.
The 1 wt.% Ni, 25 wt.% Ni and 1/10 Fe/Ni wt.% catalyst showed a significant
increase compared to CNT monolith which described the carboxylic anhydride
decomposed between 350 and 500 °C except for 10 wt.% Ni and 1/10 Co/Ni
wt.% catalyst. Moreover, the increment that showed the presence of carbonyl
groups decomposed between 500 and 750 °C for all types of catalyst.
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Figure 4.18 : TPD-CO; profile of fresh catalysts (a) CNTs, (b) 1 wt.% Ni, (c)
10 wt.% Ni, (d) 25 wt.% Ni, (e) 1/10 wt. % Fe/Ni and (f) 1/10 wt.% Co/Ni
CNTs monolith catalyst.

The basic sites over the catalyst are shown by the number of exposed active
sites per unit mass for CO2 absorption analyzed from Figure 4.18 and listed in
Table 4.8. The temperature of desorption exposes the strength (weak, medium,
and strong basic strength), and the maximum desorbed CO: determines the
number of basic site records. The CNTs monolith obviously showed a broad
peak at high temperature while the peak area of medium sites becomes
smaller and shift towards higher temperature ranges. All the catalyst showed
two desorption peaks of medium basic sites and strong basic sites except for
10 wt.% Ni and 1/10 Co/Ni wt.% catalyst that only have one peak.

Table 4.8 : The number of active sites of the catalyst

Catalysts Medium sites Strong sites Total basic sites
(mmol/g) (mmol/g) (mmol/g)

CNTs 0 0 0

1 wt.% Ni 0.0825 0.0475 0.1300
10 wt.% Ni 0.1198 0.0608 0.1806
25 wt.% Ni 0.0770 0.0952 0.1723
1/10 wt. % Co/Ni 0.0687 0 0.0687
1/10 wt.% Fe/Ni 0.0435 0.0950 0.1385
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The TPR-H:2 has been applied to provide information about the reduction
behavior of the catalyst, particularly the reduction of metal oxide species.
Typically, the profiles showed the extend of H2 consumption TPR runs of all
catalysts exposed indicate the amount of H2 consumption, as a function of
temperature, correspond the redox properties of the catalyst as shown in
Figure 4.19. The temperature of maximum reduction is carried out between 300
and 450 °C and the Hz consumption is reproducible within 49.20 to 59.05
pumol/g. This peak was assigned to the reduction of surface oxygen in CNTs
and NiO, which have weak interactions with CNT monolith supports (Frontera
et al., 2017; Wang et al., 2016). In establishing the calibration curve, both mono
and bimetallic CNTs catalyst was assumed that the metal catalyst (Ni, Co, and
Fe) completely reduced.

54 67 umol/g (e)

58.87 umol/g (d)

59.05 ymol/g (c)

Signal (a.u)

54.45 pmol/g (b)

49.20 pmol/g @

T T
100 200 300 400 500 600 700 800 900

Temperature (°C)

Figure 4.19 : TPR-H, profiles of (a) 1 wt.% Ni, (b) 10 wt.% Ni, (c) 25 wt.%
Ni, (d) 1/10 wt. % Co/Ni and (e) 1/10 wt.% Fe/Ni CNTs monolith catalyst.

The surface area of a catalyst is related to adsorption, which significantly
affects the catalytic activity. The nitrogen adsorption/desorption isotherm
branch in Figure 4.20 presents the mono and bimetallic CNT monolith catalyst
samples. Like the CNT monolith, the catalyst also exhibits type Il isotherm
accompanied by hysteresis H3, indicating the presence of mesoporous
structure. The relative pressure range of all catalysts display is 0.8 < P/Po < 1.
As tabulated in Table 4.9, the BET surface areas of 1 wt.% Ni CNTs, 10 wt.%
Ni CNTs, 25 wt.% Ni CNTs, 1/10 wt.% Fe/Ni-CNTs, and 1/10 wt.% Co/Ni-CNT
were reduced by 80.5%, 93.0%, 80.3%, 79.0%, and 99.0% respectively. This is
due to the impregnation process in which the metal catalyst (Ni or M) is
dispersed onto the CNT monolith’s surface area.
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Figure 4.20 : Nitrogen adsorption-desorption isotherms of single metallic
CNTs monolith catalyst (a) 1 wt.% Ni CNTs; (b) 10 wt.% Ni CNTs; (c) 25
wt.% Ni CNTs; and bimetallic CNTs monolith catalyst (d) 1/10 wt.% Fe/Ni-
CNT,; (e) 1/10 wt.% Co/Ni-CNT

Table 4.9 : The surface analysis of mono and bimetallic CNTs monolith
catalysts

Types aBET surface  PPore volume Pore size
area (m?/q) (cms/g) (nm)
1% Ni-CNT 2.9485 0.1289 17.489
10% Ni-CNT 1.0298 0.1523 29.578
25% NIi-CNT 2.9777 0.1660 11.150
1/10 wt.% Fe/Ni-CNT 3.1716 0.2057 12.973
1/10 wt.% Co/Ni-CNT 0.1387 0.1228 17.710

a calculated by BET equation
b BJH desorption pore volume

Figure 4.21 represents the X-ray diffraction (XRD) patterns of mono and
bimetallic CNT monolith catalysts. The peak of NiO patterns reflected at 206 =
37.24°, 43.30°, and 62.70° shows a significant increment of reflected peaks
due to the addition of Ni loading. Furthermore, these peaks became weaker in
the bimetallic catalysts than those observed in monometallic catalysts. This

86



could be due to the higher dispersion of Ni in the bimetallic catalyst (Rahmani
et al., 2019). The peak patterns of Co/Ni CNT monolith catalysts show the peak
at 20 = 32.29° according to cobalt oxide (ICDD file No. 00-001-1020), while the
Fe/Ni CNTs monolith catalyst reflected at 26 = 35.74° indicates Fe2Os (ICDD
file No. 00-001-1053).

| W CNTs ® NiO * Ni # CoO - Fe203
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Figure 4.21 : XRD pattern of mono (a) 1 wt.% Ni CNTs; (b) 10 wt.% Ni
CNTs; (c) 25 wt.% Ni CNTs; and bimetallic CNTs monolith catalyst (d) 1/10
wt.% Co/Ni-CNT; (e) 1/10 wt.% Fe/Ni-CNT

4.4 Carbon dioxide methanation

The catalytic activity of CO2 methanation has employed CNT monolith
catalysts. The investigation focuses on the catalyst's reaction performance in
terms of its highest CHas selectivity and lowest CO selectivity. The
performances of the CO2 methanation have been measured using Equations
3.6 - 3.8. As the data was collected from the GC, the amount of gases
produced from the reaction was converted based on the calibration factor from
the calibration curves. The correct calibration curves were supposed to be
plotted from at least three different points of concentration to get the perfect
factor for measurement. However, one-data calibration curves were given
which possibly affected the measurement of the catalytic activity. The
calibration curves for COz2, Hz, CH4 and CO can be found in Appendix B1. The
optimum condition for the reaction was determined based on the Taguchi
method design. The CO2 conversion was obtained based on Equation 3.6 as
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reported by Vrijburg et al. (2019) CO2 conversion based on moles of CO:
consumed over moles of CO: inlet was unable to use. However, a sample
calculation is presented in Appendix B2 using the gas composition obtained
from the mix gas containing CO2 and Hz operated at room temperature with no
catalyst being added. The gas composition could be considered as the inlet
reactant since no reaction occurred based on no additional gas composition
being observed.

4.4.1 Analysis of optimization of CO; methanation based on Taguchi
method

The ANOVA of the CO2 methanation by monometallic CNTs monolith catalysts
based on the Taguchi optimisation method was designed by Design Expert 7.
The targets of the design are CO: conversion, CHs selectivity and CO
selectivity as tabulated in Figure 4.22. In the design all the targets are
responded to via the S/N ratio as tabulated in Table 4.10. The ‘larger-is-better’
S/N ratio is expressed for CO2 conversion and CHa selectivity, considering the
highest conversion of CO2 and the highest selectivity of CH4. Meanwhile, the
‘smaller-is-better’ S/N ratio is expressed as the selectivity of CO due to the
lower concentration of CO.
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Figure 4.22 : The CO; conversion, CHs selectivity and CO selectivity with
their standard error for each run of experiment.
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The significance of the top five average percentages of CO:2 conversion is
exhibited by the experimental runs of 9, 8, 6, 3 and 7, respectively. Runs 9 and
8 which operated at 400 °C reaction temperature are the two highest of the top
five runs. Runs 6 and 3 which were conducted at 350 °C and 300 °C
respectively using 25 wt.% Ni loading came in the third and fourth places.
Thus, the first analysis indicates that the CO2 methanation reaction at 400 °C
with higher Ni loading could reach a higher conversion of CO2. Otherwise, the
highest CH4 selectivity and the lowest CO selectivity are demonstrated in a
similar top-five sequence as runs 9, 6, 3, 8 and 5 in decreasing order. The
analysis of this response shows that Ni loading is a significant parameter as
runs 9, 6 and 3 presented the highest CH4 selectivity and the lowest CO
selectivity by 25 wt.% Ni loading, which were conducted at 400 °C, 350 °C and
300 °C respectively. Both runs 8 and 5 are presented as the fourth and fifth
places and are contributed by 10 wt.% of Ni loading. The mixed gas flow rates
of 30 and 50 mL/min, on the other hand, produced the top two highest results
in CO2 conversion, CH4 selectivity, and the two lowest CO selectivity.

4.4.2 Response and Variance Analysis

The Taguchi method for optimisation studies of CO2 methanation reaction is
intended to assist in data analysis and predict the optimum conditions based on
three responses. As shown in Table 4.11, the analysis of parameter ranking
represents the importance of each parameter to the CO2 methanation reaction.
The ranking is determined by the delta value, which is calculated from the
difference between the highest and lowest average S/N ratios for each
parameter level as shown in Appendix A. The ranking showed that the Ni
loading is the most important parameter, followed by reaction temperature, and
mixed gas flowrate, as all of the experiment’'s responses rank similarly. The
increase in Ni loading contributes to higher CO2 conversion, CH4 selectivity and
CO selectivity (Daroughegi et al., 2017; Jaffar et al.,, 2019; Rahmani et al.,
2014; Zhen et al., 2015). The increase in Ni loading could increase the Ni size
particle, which would reduce the uniform dispersion of NiO particles and
increase the nonuniform dispersion of Ni particles on the support. Moreover,
the increased Ni content shows that the crystalline structure of the Ni catalyst is
strongly dependent on the Ni on the support. However, Zhen et al. (2015)
discovered that increasing catalytic activity was only associated with increasing
the Ni loading by 5-10 wt.%. While the higher >10 wt.% exhibit the segregation
of metallic nickel particle, resulting in diminished catalytic activity. Therefore,
the reaction conditions which are expected to give the highest CO2 conversion,
the highest CHa4 selectivity and the lowest CO selectivity are AsBsCs, AsBsCs
and A1Bi1C: respectively. The one plot factor in Figure 4.23 illustrates the B
model in all three responses, while Figure 4.24 presents the A model only for
two responses, CO2z conversion and CO selectivity. The red circle in the
diagram showed the design point for each model to achieve required
responses.
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Table 4.11 : The response table of S/N ratios at different factor levels

Level of 1 2 3 *Delta  *Rank
parameter

Average S/N ratio at each level

Response 1: CO:2 conversion

Reaction A 2.5674 3.1171 3.5794 1.0120 2
temperature °C
Nickel loading B 3.5935 3.5907 3.6951 0.1044 1
(wt.%)
Flowrate C -26.932 -24.750 -19.228 7.7041 3
(mL/min)

Response 2: CH4 selectivity

Reaction A 2.5120 3.1672 3.5848 1.0728 2
temperature °C
Nickel loading B 3.1059 3.8021 3.9713 0.8655 1
(wt.%)
Flowrate C -36.816 -24.828 -9.2655  27.5500 3
(mL/min)

Response 3: CO selectivity

Reaction A 3.1282 3.0292 3.1065 0.0990 2
temperature °C

Nickel loading B 3.6656 3.5897 3.6241 0.0759 1
(wt.%)

Flowrate C -21961 -22.984 -25.964 1.0029 3
(mL/min)

*All the values are calculated as shown in Appendix

As mentioned in the Section 4.3.2, the variance analysis for the CO:
methanation reaction can be evaluated by the sum of squares (SS) and
adjusted mean squares as tabulated in Table 4.12. All the responses are
considered in determining the optimum conditions for the CO2 methanation
reaction using Ni CNT monolith catalysts. The larger percentage contribution to
the total sum of squares calculated by Equation 3.8 in Section 3.7 could
influence the S/N ratio of each parameter.

The model F-value of 26.50 implies the model is significant for response 1. The
model F-values of responses 2 and 3 are 118.97 and 26.64 respectively,
indicating that both models are significant. The model F-value of response 1
shows only 0.39%, while both responses 2 and 3 present 0.01% that could
occur due to noise. The P-values of all responses less than 0.0500 indicate
model terms are significant. In this case, A and B are significant model terms.
The values greater than 0.1000 indicate the model terms are not significant.
The Predicted R? for response 1 of 0.8159 is in reasonable agreement with the
Adjusted R? of 0.9273. The Predicted R? of response 2 is 0.9447, which is
reasonable with the Adjusted R? of 0.9672. The response 3 exhibits that the
Predicted R? of 0.8302 agrees with the Adjusted R? 0.9329. Adeq Precision
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measures the signal-to-noise ratio. A ratio greater than 4 is desirable. The
ratios of 15.866, 20.850 and 14.251 indicate an adequate signal for each model
from all the responses. This model can be used to navigate the design space.
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Figure 4.23 : One plot factor of the main effect Ni loading for (a) CO:
conversion; (b) CHa selectivity and (c) CO selectivity.
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Figure 4.24 : One plot factor of the main effect temperature for (a) CO-
conversion and (b) CO selectivity
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Table 4.12 : Summary of ANOVA for selected factorial model of all
responses.
Degree  Sum of Adjusted Percentage F-Value p-Value
of Squares Mean Contribution Prob > F
Freedo (SS) Square (%)
m (DF) (Adj. SS)
Response 1: CO:2 conversion
A 2 1.54 0.77 46.44 24.78 0.0056
B 2 1.75 0.88 53.07 28.23 0.0044
C 2 0.02 0.00812 0.49
Model (A 4 3.29 0.82 26.50 0.0039
& B)
Total 6 100.00
(A,B,C)
R-Squared 0.9636 (significant)
Adj. R-Squared 0.9273
Pred-R-Squared 0.8159
Adeq Precision 15.8661
Std. Dev. 0.1763
Response 2: CH4 selectivity
A 2 0.021 0.011 1.7046
B 2 1.26 0.63 97.6257 118.97 <0.0001
C 2 0.864 0.00432 0.6697
Model 4 1.26 0.63 118.97 <0.0001
(B)
Total 6 100.00
(AB,©)
R-Squared 0.9754 (significant)
Adj. R-Squared 0.9672
Pred-R-Squared 0.9447
Adeq Precision 20.5800
Std. Dev. 0.073
Response 3: CO selectivity
A 2 82.31 41.15 6.8077 4.04 0.1098
B 2 1093.07 546.54 90.4179 53.59 0.0013
C 2 33.54 16.77 2.7744
Model (A 4 1175.38 293.85 28.81 0.0033
& B)
Total 6 100.00
(A,B,C)
R-Squared 0.9665 (significant)

Adj. R-Squared
Pred-R-Squared
Adeq Precision
Std. Dev.

0.9329
0.8302
14.251
3.19
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4.4.3 Confirmation Test at Optimum Conditions

Based on the Taguchi study, the optimum condition suggested for CO:
methanation is AsB:Ci. Therefore, the experiment was conducted under
optimum conditions and repeated three times to achieve consistency. The
expected results of the predicted optimum condition should be 67.50%,
79.63%, and 10.77% compared to the actual results of 76.09%, 93.43% and
6.31% of CO2 conversion, CH4 and CO selectivity respectively, as tabulated in
Table 4.13. The actual results showed the increments of CO2 conversion and
CHa selectivity by 8.59% and 13.8% respectively. The CO conversion could
decrease by 4.46% at the suggested optimum conditions.

Table 4.13 : The optimal configuration with predicted and actual S/N ratio
value

R  Parameter Optimization Optimization Results
u Prediction
n S/N Ratio Predicted S/N Ratio Actual
CO2 CH4 CO CO2 CHg4 CO

A B C dB dB dB dB dB dB
1 400 10 30 366 3.80 -20.64 3.76 3.96 -12.61
2 400 10 30 366 3.80 -20.64 3.79 3.94 -16.86
3 400 10 30 366 3.80 -20.64 3.74 3.92 -18.52
Average 366 380 -20.64 3.76 3.94 -16.00
Standard error 0.02 0.01 1.76

4.4.4 Characterization of spent CNTs monolith catalyst

All the CNTs monolith catalysts were tested in the CO2 methanation reaction
and showed excellent performance in CO2 conversion and CH4 selectivity. Both
spent monometallic and bimetallic were conducted for characterisation to
analyse the condition of the catalyst after the catalytic activity. The
characterisation of spent catalysts is focused on chemical and physical
properties.

The atomic composition of spent catalyst tabulates in Table 4.14. The findings
indicate that the deposition trend of elementary carbons on the surface of mono
and bimetallic catalyst is significantly very low (less than 7.00 %) but shows a
higher amount on the catalyst surface of 1/10 wt.% Co-Ni CNTs due to an
excellent performance in the methanation reaction. This is supported by the
spent 1/10 wt.% Fe-Ni/CNT monolith, the spent 25 wt.% Ni/CNT monolith, and
the spent 1/10 wt.% Co-Ni CNT monolith. As reported by Feng et al. (2019),
this is due to the efficiency of catalysts in the conversion of CO: to methane
and the production of carbon. The amount of carbon deposited on the surface
of the catalyst increased significantly following the catalytic methanation
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reaction for all catalyst types except for the monolith composed of 1 wt.% Ni
CNTs. The carbon composition of the CNT monolith exhibits a reduction of
over 50% in comparison to its initial state.

Table 4.14 : The atomic composition of spent catalyst

Sample Atomic composition (% wt)
Spent

catalyst C o) Mg Al Si Ni Co Fe

Bare 246 65.11 6.11 11.33 14.99 0 0 0
monolith
CNTs 39.27 41.27 359 6.88 8.99 0 0 0
monolith
1wt% 2.6 64.41 6.03 11.39 1498 0.58 0 0
Ni/CNTs
monolith
10wt% 3.37 5895 587 11.3 1468 5.82 0 0
Ni/CNTs
monolith
25wt% 483 23.17 3.36 5.69 6.68 56.27 0 0
Ni/CNTs
monolith
1/10wt% 6.77 31.2 389 7.24 9.14 24.27 17.49 0
Co-Ni
CNTs
monolith
1/10wt% 424 57.09 296 11.16 6.45 3.45 0 14.65
Fe-Ni/
CNTs
monolith
After 3.08 62.61 566 10.35 1352 4.78 0 0
stability
Carbon by- 93.04 6.96 0 0 0 0 0 0
product

Experimentally, the CNT monolith strongly exhibits the ability to adsorb and
activate COz under the reaction conditions. Kwak et al. (2013) reported that a
support or a promoter and its interaction with a transition metal are essential for
tuning the activity and selectivity of RWGS reactions. This finding is supported
by Zhu et al. (2020) who examined the Sabatier reaction mechanism and
discovered that it is competed by the RWGS reaction, resulting in a decrease in
CHgs selectivity. The key factor in the development of highly active and selective
RWGS depends on the C-O dissociation and hydrogenation abilities provided
by the catalyst and CO:2 adsorption in the presence of support or a promoter.
Furthermore, Kattel et al. (2016) stated that kinetic Monte Carlo simulations
revealed that strong CO2 adsorption affects CO production, whereas strong CO
adsorption produces more CHg yields.
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However, the metal catalyst of Ni and Co composition exhibits an increasing
trend for the spent 25 wt.% Ni/CNT monolith and the spent 1/10 wt.% Co-
Ni/CNT monolith, but not for the spent 1 wt.% Ni/CNT monolith. The spent 1/10
wt.% Fe-Ni/CNT shows a vice-versa composition where the composition Ni is
decreasing, and Fe is increasing. When compared to their monometallic
counterparts, multimetallic nanomaterials can improve catalytic performance.
The compositional variations in multimetallic nanomaterials have a direct
impact on the electronic state of their constituents. Consequently, the
multimetallic catalyst influenced the reactivity, adsorption energies, and
geometries of substrate molecules and catalytic behavior. However, the
compositional variations can also impact the spatial arrangement and atomic
ordering, which leads to significant changes in the properties as a
consequence of surface segregation, faceting, diffusion, and others (Rodrigues
et al., 2019; Slater et al., 2014).

The FTIR spectra of the spent CNT monolith catalyst (Figure 4.25) were
performed in the region 2000-600 cm™ to observe the adsorption species
formed on the catalyst surface during CO2 methanation. The dashed line
represents the fresh ones. According to the hypothesis, the heterolytic catalyst
activity should depend on the basic sites of the surface. The CO2 complexes
with the oxide surface showed that CO2 reacts predominantly with O% and OH-
sites by producing carbonates and bicarbonates, respectively (Davydov, 1995).

The FTIR spectrum at 3743 cm™ can be observed on spent monometallic
catalyst to represent the information of O-H groups of bicarbonate stretching on
the surface. However, the wide peaks of O-H stretching at 3740-3450 cm™ of
10 wt.% Ni and 1/10 wt.% Fe/Ni fresh catalysts are weakened due to CO:
desorption (Xie et al., 2021). The typical CO. absorption species on the
catalyst surface were mainly in the forms of bicarbonates, monodentates,
bidentates, and bridged carbonates. The CNT monolith catalyst showed only
the signals for the peaks of monodentates (1360-1400 cm), bidentates
(1560-1640 cm), and bridged carbonates (1170-1200 cmt). According to the
literature, the hydrogen carbonates showed signals at 1614, 1405 and 1214
cm? (Atzori et al., 2021; Daturi et al., 2000). However, the absorption signals
for these carbonates contribute weaker hidden signals due to the appearance
of bidentate (1640 cm™) and monodentate carbonates (1543 cm and 1369
cm) due to the interaction of CO2 with the basic surface O% species. The
formation of monodentate and bidentate carbonates strictly depended on the
basicity of the surface oxygen atoms (Davydov, 1995), as was similar with the
TPD-CO: results that showed a decreasing amount of weak basic sites and an
increase in the amount of medium and strong basic sites. As combined with the
TPD-CO: results, the strength of basic sites as weak, medium, and strong can
be considered as the appearance of bicarbonate, bidentate carbonate, and
monodentate carbonate respectively. The existence of monodentate carbonate
species becomes more intense in the presence of Ni, as expected from an
increase in the concentration of stronger basic sites. The amount of medium
and stronger basic sites increased with the increment of Ni content as agreed
with TPD-COz results.
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The appearance peaks at 2900 cm? and 3016 cm corresponding to C-H
bands of formate and C-H stretching of CHa, respectively. Xie et al. (2021)
suggested that H cracked by Ni spilled over onto the C atom, creating an
unstable condition that led to the stretching vibration of C-H in monodentate
and bridged formate. The disappearance of the peak Ni carbonyl hydride at
1917 cm? indicated that the formate did not transfer to the surface of metal Ni
and that hydrogenation occurred on the surface of the support. The existence
of a second metal interacts more with Ni and promotes high dispersion, which
enhanced the ability of Ni to crack H and cause it to overflow. Thereby, the
acceleration process of H spilling over from Ni to attack the C atom of formate
is initiated. Hence, the process increased the activity of CO2 methanation.

- ‘4 A4 1917 cm™®

P
£ i : 1 2333 ¢m™ 3 A:
3743 ¢m” 3502 cm’? 2900 cm” 1746 em™ * {1543 ey,
: i P 1640 cnv

Transmittance(%)

T T T T — T
4000 3500 3000 2500 2000 1500 1000 500
Wavelength

Figure 4.25 : The FTIR spectrum of spent catalyst of CO, methanation
reaction with (a) 1 wt.% Ni, (b) 10 wt.% Ni, (c) 25 wt.% Ni, (d) 1/10 wt.%
Fe/Ni, (e) 1/10 wt.% Co/Ni

Figure 4.26 presents morphological images of every spent CNT monolith
catalyst. As the reaction progresses, the amount of catalyst coated onto the
surface of the CNT monolith influences the image's depiction of the catalyst's
minor morphological changes. As elaborated upon in Section 4.5.6, the surface
morphology of the spent monometallic CNT catalyst illustrated in Figure 4.26
(a), (b), and (c) exhibited a correlation with its catalytic activity, such that an
increased quantity of catalyst generated a more pronounced selectivity towards
CHa4. As demonstrated in Figure 4.26 (d) and (c), the reaction could be
enhanced more significantly by the morphology of the second metal catalyst
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compared to a monometallic catalyst. Figure 4.26 (f) illustrates the morphology
of the spent catalyst utilized in the stability test. This morphology demonstrates
the catalyst's capacity to sustainably facilitate the CO2 methanation reaction for
an extended duration of time.

The XRD analyses of the spent mono and bimetallic catalysts after the CO:z
methanation reaction are shown in Figure 4.27 and Figure 4.28 respectively.
The diffraction peaks of NiO were observed at 20 values of 37.3°, 43.3°, and
62.9°, while those at 44.55°, 51.85°, and 76.3° were associated with Ni metal.
The intensities of the peaks in the spent monometallic CNT catalysts were
found to vary considerably with nickel loading in relation to the amount of nickel
in the catalysts. As shown in Figure 4.28 (a) and (b), the diffraction peaks of
spent 10 wt.% Ni CNT monoliths were maintained even though the reaction
was running for 210 hours. Interestingly, over the 10 wt.% Ni CNT monolith
catalyst, more intense peaks of Ni were found in the presence of the Co, but
not for Fe. This indicates that Co stabilises the phase of Ni.
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Figure 4.27 : XRD spectrum of (a) spent 1 wt.% Ni CNTs monolith; (b)
spent 10 wt.% Ni CNTs monoliths and (c) spent 25 wt.% Ni CNTs monolith
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Figure 4.28 : XRD spectrum of (a) spent 10 wt.% Ni CNTs monolith; (b)

spent 10 wt.% Ni CNTs monoliths catalyst after stability test (210 hours
reaction); (c) spent 1/10 wt.% Co/Ni CNTs monolith catalyst and (d) spent

1/10 wt.% Fe/Ni CNTs monolith
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4.45 Performance of catalytic activity at optimum condition

The catalytic performances were conducted at optimum conditions using a
monometallic catalyst (Ni-CNT monolith), bimetallic catalysts (M/Ni-CNT
monolith; M=Co or Fe), CNT monolith and cordierite monolith. Based on the
results shown in Figure 4.29, both bimetallic CNT monolith catalysts show the
highest CO2 conversion, at 91.93% and 90.17% for Co/Ni CNT monolith
catalyst and Fe/Ni CNT monolith catalyst, respectively. The increase in Ni
loading by 25 wt.% Ni, followed by 10 wt.% Ni and 1 wt.% Ni CNT monolith
catalysts show the highest performance for monometallic CNT monolith
catalysts with 86.62%, 78.60%, and 77.49% respectively. Meanwhile, CNT
monolith and bare monolith show 45.44% and 59.46% CO:2 conversion,
respectively. Therefore, the results showed that the second metal catalyst
could assist the Ni metal catalyst to disperse better, which improved the
catalytic reaction. The results were consistent with the findings of Rahmani et
al. (2016) who reported that a second metal to nickel catalyst had a dramatic
effect on CO:2 methanation at low temperatures when compared to a
monometallic catalyst due to the formation of dioxycarbonate species to
increase the COz conversion.

As shown in Figure 4.30, the highest performance of CHas selectivity is
exhibited by 25 wt.% Ni CNT monolith (98.36%), followed by 1/10 wt.% Co/Ni-
CNT monolith (94.64%), 10 wt.% Ni CNT monolith (93.03%), 1/10 wt.% Fe/Ni-
CNT monolith (92.61%), 1 wt.% Ni CNT monolith (76.63%), CNT monolith
(43.10%), and bare monalith (9.23%). The results show that monometallic and
bimetallic catalysts exhibit more than 90% CHa selectivity, except for 1wt.% Ni
CNT monolith. The results agree with (Xu et al., 2018) who reported that Co
and Ni bimetallic catalysts demonstrated a synergetic effect between both
metals and greatly enhanced -catalytic activity at low temperature by
coordinating the activation of H2 and COz, obviously decreasing the activation
energy towards CO2 methanation. Moreover, Zhu et al. (2012) also stated that
the Co-Ru catalyst surface was found to be highly active and selective in the
CO2 methanation reaction, as alloying Co with Ru enhanced the catalytic
performance by correlating surface chemistry during the reaction.

The CNT monolith acts as catalyst support and could also perform the
production of CH4 with less than 50% selectivity even without the presence of a
metal catalyst on the surface. This might be contributed by the Ni catalyst that
exists inside the carbon nanotubes, as explained in section 4.3.4, where the
growth is correlated with the CNT tip-growth mechanism. The efficient
performance of the metal catalyst on the CNT monolith is equivalent to the CO
selectivity, as the presence of a good catalyst could achieve a lower CO
selectivity in the reaction. The CO selectivity shows less than 10% for 10 wt.%,
25 wt.%, 1/10 wt.% Fe/Ni, and 1/10 wt.% Co/Ni, except for 1 wt.% Ni which
shows 23.37%, CNT monolith (56.90%), and bare monolith (90.77%) as
illustrated in Figure 4.31.
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Figure 4.29 : CO; conversion for different types of catalyst
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Figure 4.30 : CH4 selectivity for different types of catalyst
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4.5 Catalyst stability

A catalytic test was carried out to evaluate the stability of the catalysts over
time. The 10% Ni CNT monolith catalyst was chosen because it showed a
good performances and less amount catalyst needed in the catalytic activity.
The CO:2 methanation reaction was conducted at optimum condition that
suggested by Taguchi method design which. The catalyst was performed in
210 hours in CO2 methanation reaction as depicted in Figure 4.32 dan some
example of data sheet attached in Appendix B. The results were observed in
average of 74%, 84% and 16% of CO2 conversion, CH4 selectivity and CO
selectivity respectively. The results showed that the CNT monolith catalyst
provides a good potential in the CO2 methanation reaction. However, the
catalyst need more investigation due to typical lifespan of catalyst in an
industrial methanation catalyst is 5 to 10 years, however some manufacturers
claim a longer duration of up to 24 years (Miguel et al., 2018). According to
this, the synthesized catalyst is still far away from the industrial performance,
but it could be a good potential catalyst for the reaction.
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Figure 4.32 : The stability performance of monometallic CNTs monolith
catalyst (10% Ni CNTs monolith catalyst).

4.6 Summary

This chapter summarises the result of research activity on CNT monolith and
CNT monolith catalysts including the catalytic activity.

i) The immersion method is the most suitable preparation techniques of
CNTs monolith structure.

i) The CNT monolith was synthesised at optimum conditions of 1:1 Ni:CA
(A); 5 mL/h injection rate of carbon source (B); 30 min reaction time (C);
700 °C operating temperature and (D); conducted using the Taguchi
design method.

iii) Initially, the discussion concentrates on the result of CNTs’ growth onto
monolith via some preparation techniques before proceeding with direct
liquid injection CVD. The preparation method is important to maintain the
strength of cordierite monolith wall after the growth of CNTs. The
Taguchi design was applied to determine the optimum condition for CNT
growth on monoliths. Then, the CNT monolith was characterised and has
been used in producing the CNT monolith catalyst. The catalyst activity
was performed on CO2 methanation in a fixed-bed reactor. The optimum
conditions of the catalytic activity were also designed by the Taguchi
method. The spent catalyst with the best catalytic performance was
characterised and the stability test was performed.
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CHAPTER 5

KINETIC STUDY AND MODEL FITTING OF CARBON DIOXIDE (CO3)
METHANATION CATALYST

5.1 Introduction

In this chapter, the details of the kinetic study, the catalytic reaction mechanism
and the kinetic model are discussed. The kinetic study is conducted using 10
wt.% Ni and 1/10 wt.% Co/Ni CNT monolith catalyst. The model fittings of the
catalyst at steady state and the catalytic reaction kinetics are presented.

5.2 The attachment between metal and CNTs monolith

The possible active sites could be present on the CNT monolith support due to
the presence of carboxylic acid groups at the rims and wall defects that can be
functionalized. Moreover, the carbon vacancies and doping activity with some
heteroatoms to replace carbon atoms in the wall create other possible defects.
The nanoparticles can also attach on to the CNTs support to become the active
sites in the reaction. Figure 5.1 illustrates all the possible sites present in CNTs
that can perform catalytic activity (Garcia, 2014). CNTs without presence of any
metal can also act as catalysts for the oxidative dehydrogenation of
hydrocarbons. Typically, these CNTs correspond to oxygenated functional
groups like carboxylic acids, quinone-like carbonyl groups, and hydroxyl
groups, as shown in Figure 5.2 (Liu et al., 2008; Qi et al., 2013).

Carboxylic
acids

Figure 5.1 : The possible active sites occurs on CNTs surface (Garcia,
2014).
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Figure 5.2 : The CNTs to mask selectively oxygenated functional groups
to assess the nature of the active sites (Liu et al., 2008).

5.3 Reaction mechanism

The reaction mechanism of CO2 methanation on nickel catalysts has been
discussed by Weatherbee and Bartholomew (1982). The basis of mechanism
proposed for CO2 methanation generally falls into two categories: (i) conversion
of CO2 to CO via RWGS followed by CO methanation, and (ii) direct
hydrogenation of CO2 to CHs by a similar mechanism route as CO
methanation. Previous literature has considered the mechanism of CO:
methanation proceeds by transformation of CO:2 to CO, followed by CO
methanation or a series of elementary steps, which are summarised in Table
5.1.

The development of rate laws from heterogeneous catalytic data includes the
measurement of the concentrations of reactants and products over time, which
can be used to calculate reaction rates and selectivity could postulate catalytic
mechanism and derive rate laws for various mechanisms. The type of a
mechanism indicates an adsorption step, a surface reaction step, and a
desorption step which is one of the steps that is rate limiting, as tabulated in
Appendix C1.
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Table 5.1 : Proposed sequence of elementary steps in CO, methanation
(Weatherbee & Bartholomew, 1982)

Reaction Equation
k
Dissociation of Hz to H2(g)+2S" = 2H-S" 5.1
hydrogen atoms k-1
k
Dissociation of CO2 to CO CO2(g)+2S" = CO-S" + 0-S' 5.2
and oxygen atoms k2
Adsorption/desorption of CO-s’ g CO(g)+S" 5.3
CO can dissociate to ks
carbon and oxygen atom
ke C-S"+0-S
CO-S*+ S’ = 5.4
ks
Hydrogenation of adsorbed ks
carbon and carbene C-S" + H-S* = CH-S"+S' 55
intermediates to CH4 ks
k
CH-S +HS 2 CHzS'+S 5.6
-6
k7
CH2-S" + H-S’ = CHs-S"+ S’ 5.7
k7
ks
CH3-S" + H-S' = CH4-S"+ S 5.8
k-
ko
CHs-S* ;: CH4(g) + S 5.9
-9
Hydrogenation of adsorbed ko
oxygen to H20 O-S'+ H-S' = OH-S"+ S" 5.10
Kk-10
* * k11 * *
OH-S" + H-S Iz—_‘ H20-S™ + S 511
-11
ka2
H20-S* 2 H20 (g) + S 5.12
k12
* Refers to a surface site
5.4 Kinetic and model fittings of the catalytic reaction at steady state

The kinetic studies of hydrogenation of CO2 to methane over 10 wt.% Ni CNTs
and 1/10 wt.% Co/Ni CNT monolith catalysts are presented in detail for
discussion. As a function of temperature, the range of reaction temperatures is
considered at 300 °C, 350 °C, 400 °C and 450 °C. The kinetic behaviours of
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CO2 methanation were investigated over a catalyst using CO2 and H: as
reactants and CHs as products. The catalytic reaction rate from the
experimental rate measurement fits with the Langmuir-Hinshelwood (L-H) rate
expression due to the consideration of adsorption or desorption process
occurring on the catalyst surface as well as the surface reaction, which can
directly extrapolate the L-H rate expression to obtain the best fitted model to
the reaction data.

The reversible reaction of hydrogenation of CO:2 are highly exothermic as AH: is
-165 kJ/mol as described in the section 2.3. The equilibrium constant for CO:
methanation reaction is obtained from the experimental data that collected at
the steady state to calculate the Kp2 theoretical via Equation 3.13. The Kp2
theoretical values as tabulated in Table 5.2 and Table 5.3 for both catalyst at
temperature function dependence is presented using Arrhenius plot (In Kp2 vs
1/T(K)) as shown in Figure 5.4. The graph is illustrated the linear form of
Equation 3.12. Therefore, the experimental equilibrium constant namely Kpa ni
CNTs monolith exp @Nd Kp1 coni cNTs monolith exp tabulated in Table 5.4 and Table 5.5 can
be described using Equation 5.13 and Equation 5.14 respectively. The kinetic
parameters of both Ni CNTs and Co/Ni-CNTs monolith catalyst tabulated in
Table 5.6. The detail calculation is attached on Appendix C.

® 10wt% Ni CNTs
monolith catalyst
W 1/10wt% Co/Ni- CNTs
monolith catalyst
25
2 »— — 5 - =
y =-156.34x + 2.2606
R*=0.907
1.5
1
I
y 0.5
0
0.0q135 0.00145 0.00155 0.0010¢ 0.00175 0.00185
-0.5
y=-6125x + 10.068
1 R?=0.9993
UT(K)

Figure 5.3 : Arrhenius plot of CO, methanation reaction predicted by
Equation 5.18.
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K (5.13)

P1NiCNTs monolith

6125
= exp(10.068 — T)

156.34) (5.14)

= exp(2.2606 —

KPlCo/Ni CNTs monolith

Table 5.6 : Kinetic parameters evaluated from the Arrhenius plot using 10
wt.% Ni and bimetallic 1/10 wt.% Co/Ni-CNT monolith catalysts

Catalyst Activation energy,  Arrhenius factor R?
Ea (kJ/mol) (A)

Ni CNTs monolith 50.92 2.36 x 104 0.9993

Co/Ni-CNTs 13 9.59 0.9070

monolith

5.5 Model fitting

The obtained data from the kinetic measurement was fitted with three models
as described in the Section 2.10.2 in order to investigate the mechanical
aspects of the hydrogenation of CO2 to CH4 over monometallic 10 wt.% Ni and
bimetallic 1/10 wt.% Co/Ni-CNT monolith catalysts. The evaluation of kinetic
parameters from the Levenberge Marquardt algorithm was employed using
Polymath software version 6.1 based on the three models and fittings
illustrated in Figure 5.4 and Figure 5.5 for 10 wt.% Ni and 1/10 wt.% Co/Ni-CNT
monolith catalysts respectively. The rate constant, k of 1 wt% Ni CNTs
monolith exp and 1/10 wt.% Co/Ni CNTs monolith for the three models were
determined from Polymath programme (Polymath Report in Appendix C) and
tabulated in Table 5.7 and Table 5.8.
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Figure 5.4 : Arrhenius plot for (a) model 1; (b) model 2; and (c) model 3
over 10 wt.% Ni CNTs monolith catalyst
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Determination of the kinetic parameters as the activation energy (Ea) and
correlation factor (R?) represents the validity of the data fit into the L-H rate
models. Therefore, the non-linear regression in Polymath can be used to
evaluate the R2 The obtained activation energy from each of the L-H rate
models at the different reaction temperatures for the monometallic 10 wt.% Ni
and bimetallic 1/10 wt.% Co/Ni-CNT monolith catalysts as shown in Table 5.9
and Table 5.10.

Table 5.9 : Kinetic parameters evaluated from the fitting rate data using
10 wt.% Ni CNTs monolith catalyst

Model Activation energy (Ea), Arrhenius factor R?
kJ/mol (A)
1 35.93 1.98 x 103 0.2093
2 63.74 4.97 x 108 0.5720
3 88.74 4.66 x 108 0.6394

Table 5.10 : Kinetic parameters evaluated from the fitting rate data using
1/10 wt.% Co/Ni CNTs monolith catalyst

Model Activation energy (Ea), Arrhenius factor R?
kJ/mol (A)
1 41.33 5.74 x 103 0.8992
2 36.16 2.09 x 10* 0.1887
3 -69.07 5.78 x 10°¢ 0.0828

From Table 5.9 model 3 has the best fit for the 10 wt.% Ni CNT monolith
catalyst based on R? of 0.6394 and the Ea of 88.74 kJ/mol. Although the results
of the fitting are not good enough, it can still predict the best among the other
two models. Therefore, based on model 3, the mechanism of the CO:
methanation over 10 wt.% Ni CNT monolith catalyst is based on only reactant
being adsorbed with dual-site mechanism as follows:

i 1.33(Pco, Pu,) (5.15)
™ (1-0.24P0, + 0.11Py,)

Table 5.10 showed that model 1 has the best model fit on the data of CO:
methanation over the bimetallic 1/1 wt.% Co/Ni-CNTs monolith catalyst based
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on R? of 0.8992. The value of Ea of of bimetallic catalyst is slightly higher than
monometaliic catalyst which are 41.33 kJ/mol and 88.74 kJ/mol respectively.
Model 3 does not fit the data of bimetallic catalyst. Therefore, the mechanism
of the CO2 methanation over 10 wt.% Ni CNT monolith catalyst from model 1 is
based on all reactants and products are adsorbed with single-site mechansim
as follows:

i 1.22Py, Py, (5.16)
H+ ™ (1+40.6P¢o, + 1.08Py, —19.32P¢y, — 0.03Py,0)

5.6 Summary

The kinetic studies have been evaluated by implementing three types of
models that can express the reaction mechanism. The kinetic parameters are
considered when one model fits the data in a perfect manner. As a conclusion
of these studies, the monometallic 10 wt.% Ni CNTs monolith catalyst is based
on only reactant being adsorbed with dual-site mechanism while the bimetallic
of 1/10 wt.% Co/Ni-CNTs monolith catalyst is based on all reactants and
products being adsorbed with single-site mechanism.

116



CHAPTER 6

CONCLUSION AND RECOMMENDATIONS

6.1 Conclusion

This research was conducted to achieve the following objectives: to investigate
the optimum conditions of CNTs’ growth in the application of design of
experiment (DOE) by the Taguchi method and synthesise the CNTs growth
onto monolith support using chemical vapour deposition (CVD) at optimum
conditions, to characterise the CNT monolith and CNT monolith catalysts
labelled as Ni-CNT and M/Ni-CNT respectively, where M is Fe or Co as the
second metal, to study the catalytic activity of Ni/CNTs and M/Ni-CNTs on CO:2
methanation reaction towards CO: conversion and CHs selectivity and
investigate the optimum condition of methanation reaction by Taguchi method
in design of experiment (DOE), to evaluate the stability and reusability of the
CNTs monolith catalyst in CO2 methanation reaction, to establish the kinetic
studies (mechanism studies) of CNTs monolith catalyst in CO2 methanation
reaction. Therefore, the brief conclusions from the findings of the studies are as
follows:

To achieve the objectives of formulation, the optimal conditions of CNTs growth
are a 1:1 ratio of Ni to acid, 5 ml of carbon source, and 30 minutes of chemical
reaction at 700°C via the CVD process. The CNTs growth supported onto
monolith has been characterised.

To analyse the physical and chemical properties of CNT monolith and CNT
monolith catalysts determined by various characterisation techniques. This
characterisation could explain the catalytic activity of the Ni/CNTs and M/Ni-
CNTs on CO:2 methanation reaction towards CO:2 conversion and CHas
selectivity, as well as investigate the optimum conditions of the methanation
reaction.

To evaluate the performance, the catalyst was tested in a fixed-bed reactor at
operating conditions at a temperature dependence of 400°C with mixed gases
supplied at 10% CO2:40% H2:55% N: in the heating process at a flowrate of 30
ml/min as suggested by the Taguchi method. The catalyst was performed in
210 hours in CO2 methanation reaction, and the results were observed at an
average of 74%, 84% and 16% of COz conversion, CHa4 selectivity, and CO
selectivity, respectively.

To present the catalyst behaviour in CO2 methanation, the suitable kinetics
model was fitted with the experimental data to investigate the reaction
mechanism of the reaction. The monometallic of 10 wt.% Ni CNT monolith

117



catalyst comply with the model based on only reactants are adsorbed with
dual-site mechanism while the bimetallic of 1/10 wt.% Co/Ni-CNT monolith
catalyst is based on all reactants and products being adsorbed with single-site
mechanism.

6.2 Recommendation
Based on the findings, the following recommendation should be considered for

the future works:

1. Reactivating the catalyst after complete deactivation for subsequent
reuse in the CO2 methanation reaction.

2. Comparison of the synthesised catalyst with the commercial catalyst
under the same operating conditions to gain more information about the
capability of the CNT monolith catalyst.

3. Investigation of the carbon source with a different OH number in the
structure when synthesising the CNTs onto monolith support for better growth.
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APPENDICES

Appendix A

Al Sample calculation for the mass ratio of Ni:CA for the synthesis of
monometallic and bimetallic CNTs catalysts

Preparation for the impregnation process

Mass ratio of 10 wt.% Ni:

Mass of cordierite =0.3300 g
monolith
Mass of Ni = 10/100 x 0.3300 g
=0.0330¢g
Mass of Ni salt = 0.0330 g Ni x (molar mass Ni salt/molar mass Ni)

(Ni(NO3),6H,0)
= 0.0330 g Ni x (290.81 g/mol Ni salt/58.6934 g/mol
Ni)
= 0.1635 g Ni salt (Ni(NO3),6H,0)
Mole ratio Ni:CA = 1:1 (based on 10 wt.% Ni):
Mol of Ni salt = mass of Ni salt / molar mass of Ni salt
(Ni(NO3)26H,0)
=0.1635 g/ 290.81 g/mol
=5.622 x 10 mol
Therefore, mass of citric acid based on 1:1 mole ratio is:
Mass of citric acid = mol of citric acid x molar mass citric acid

=5.622 x 10 mol x 192.12 g/mol
= 0.1080 g citric acid
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A.2 Sample of calculation for Taguchi method analysis

Parameters *Carbon Yield (CNTs Growth) Respons
e
Run A B C D Yield1l Yield2 Average Standar **SIN
Yield d error ratio
mL/h min °C % % % dB
1 11 1 30 600 2.005 1.617 1.811 0.194 5.158

S/N value calculation:

1 1
S/Nlarger—is—better =- 1O|Og [; Z{:l y_lz]

1 1
= - 10log [E X ( + W)] — —1010g(0.305)

2.0052

= 5.158
Standard error calculation:

o 2(x; — w?
B N

o= population standard deviation N= the size of the population
xi= each value from the population u=the population mean

= 0.194

\/(2.005 —1.811)2 + (1.617 — 1.811)?
o=
2

Ranking of parameters for a response calculation: (Table 3.3)

Mass Ratio Injection Rate  Reaction Time Operating

of Ni:CA of Carbon Temperatur

e

Level A B C D
1 5.457 3.791 5.419 6.814
2 5.374 6.597 5.617 8.505
3 5.493 5.935 5.287 1.004
Delta 0.119 2.806 0.329 7.501

Rank 4 2 3 1
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Average of S/N value for mass ratio Ni:CA,;

Average S/N (1:1) = (S/N11 + S/N1-2 + S/N1.3)/3
=(5.158 + 9.852 + 1.360)/3
= 5.457

Average S/N (1:3) (S/N2-1 + S/N2-2 + S/N2:3)/3

(-0.538 + 7.749 + 8.910)/3

5.374

Average S/N (1:5) = (S/N3.1 + S/N3-2 + S/N3.3)/3
= (6.753 + 2.189 + 7.536)/3
=5.493

Delta S/N value = The highest average S/N value — The lowest average S/N
value

=3.5794 — 2.5674 = 1.012

Then calculate the delta value for the injection rate of carbon, the reaction time
and the operating temperature. The rank is arranged from the lowest value of
delta to the highest.
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Appendix B

B.1 Gas calibration curve

Calibration Curve
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B2: Information of gases from GC

The common equation for the measurement of CO2 conversion, CHa selectivity
and CO selectivity:

CO,|in — [CO
CO, conversion =[ 2lin — | 2]outxlOO
[COZ]in

CH
CH, selectivity = [CHalow x 100

[Coz]in - [COZ]out

co
CO selectivity = [€0low X 100

[COZ ] in [COZ ] out

Condition of the reaction without catalyst:

Temperature = room temperature

Gas flowrate = 30 ml/min

Gas use as reactant = mixed gas 10% CO3; 40% H, 50% N2

Pressure = 1 atm

Gas Area from Calibration Amount Amount
GC peak factor (ppm) (mol/L)
CO2 354101.21 3.78476621 93559.6 2.1258
Hz 3683.58 0.00632543 582345.0 291.1725
CHa 0 0.16542656 0 0
CcoO 0 0.13909411 0 0
Therefore:

The CO2 conversion = (2.1258-1.3730) / 2.1258 x 100 = 35.41%
CHj4 selectivity = 3.3070 / (2.1258-1.3730) x 100 = 407.7 %

CO selectivity = 0.1484 / (2.1258-1.3730) x 100 = 19.7 %
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Due to the initial amount of CO2 lower than amount of CH4 after the CO:
methanation, the data analysis proceeds with the analysis using the equation

from Vrijburg et al., 2019.

Condition of the reaction with catalyst:

Temperature = 400 °C

Gas flowrate = 30 ml/min

Gas use as reactant = mixed gas 10% COz; 40% Hz, 50% N2

Pressure = 1 atm

Gas Area from Calibration Amount Amount
GC peak factor (ppm) (mol/L)
CO2 228704.02 3.78476621 60427.515 1.3730
H> 1788.22 0.00632543 282702.57 140.2378
CHa 8758.40 0.16542656 52944.32 3.3070
CcoO 578.17 0.13909411 4156.69 0.1484
Calculation:

1. Amount of gas COz in ppm = 228704.02 / 3.78476621 = 60427.515 ppm
2. Amount of gas CO:z in mol/L = 60427.515 / 1000 x 1/44.01 = 1.3730 mol/L

3. CO2 conversion = (3.3070 + 0.1484)/(3.3070 + 0.1484+1.3730) x 100 =
71.56%

4. CH4 selectivity = 3.3070 / (3.3070 + 0.1484) x 100 = 95.7 %

5. CO selectivity = 0.1484 /(3.3070 + 0.1484) x 100 = 4.3 %
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B3: Data sheet of catalyst stability studies

152

Time CO. Hz CHs co
CO2 CHy Cco
min hrs ppm mol/L ppm mol/L ppm mol/L ppm mol/L conversion | selectivity | selectivity
17.00 0.28 61289.30 1.39 400666.18 | 198.75 | 43237.59 270 14612.20 0.52 69.82 83.81 16.19
34.00 0.57 61306.75 1.39 401175.98 | 199.01 | 45362.56 2.83 15340.04 0.55 70.82 83.80 16.20
51.00 0.85 61126.13 1.39 400523.74 198.68 46409.04 2.90 15631.30 0.56 71.34 83.86 16.14
68.00 113 61028.69 1.39 397644.08 | 197.26 | 47007.32 2.94 15787.58 0.56 71.62 83.89 16.11
85.00 1.42 61033.77 1.39 396273.64 196.58 47828.47 2.99 15823.83 0.56 71.92 84.10 15.90
102.00 170 60547.79 1.38 394777.05 | 195.83 | 48408.03 3.02 15753.68 0.56 72271 84.32 15.68
119.00 1.98 60496.48 137 391448.32 194.18 | 49356.77 3.08 15745.58 0.56 72.62 84.58 15.42
136.00 221 60348.26 137 387388.16 | 192.17 | 50351.98 3.15 15602.03 0.56 7297 84.95 15.05
153.00 2.55 60027.04 1.36 386998.53 | 191.97 | 51313.76 321 15450.09 0.55 73.36 85.32 14.68
170.00 2.83 59900.33 1.36 387387.00 | 192.17 | 52075.08 3.25 15364.69 0.55 73.63 85.57 14.43
187.00 3.12 59685.05 1.36 389201.27 | 193.07 | 52392.03 3.27 15352.25 0.55 73.80 85.65 14.35
204.00 3.40 59329.45 135 389046.79 | 192.99 | 52399.05 3.27 15407.82 0.55 73.93 85.61 14.39
221.00 3.68 58887.89 134 389935.45 | 193.43 | 52496.88 3.28 15384.43 0.55 74.10 85.65 14.35
238.00 3.97 58288.77 132 389341.85 | 193.14 | 52452.76 3.28 15406.92 0.55 74.29 85.62 14.38
255.00 4.25 57628.43 131 386877.39 | 191.91 | 52327.18 3.27 15315.73 0.55 74.45 85.67 14.33
272.00 4.53 57052.48 1.30 387230.80 | 192.09 | 52358.78 3.27 15291.66 0.55 74.64 85.69 1431
289.00 4.82 56431.93 1.28 387915.95 | 192.43 | 52492.95 3.28 15261.45 0.54 74.89 85.75 14.25
306.00 5.10 55965.47 127 388780.56 | 192.86 | 52744.05 3.29 15297.28 0.55 7513 85.78 14.22
323.00 5.38 55536.34 1.26 388238.44 | 192.59 | 52884.94 3.30 15334.53 0.55 75.32 85.78 14.22
340.00 5.67 55095.76 125 386875.00 | 191.91 | 53070.42 331 15358.82 0.55 75.53 85.81 14.19
357.00 5.95 54637.31 124 387907.76 | 192.43 | 53347.90 3.33 15326.08 0.55 75.76 85.90 14.10
374.00 6.23 54035.35 1925 388086.88 | 192.51 | 53367.41 3.33 15271.63 0.55 75.96 85.94 14.06
391.00 6.52 53556.27 122 38713248 | 192.04 | 53754.68 3.36 15133.01 0.54 76.21 86.14 13.86
408.00 6.80 53400.77 121 386587.94 | 191.77 | 54180.17 3.38 15131.71 0.54 76.38 86.23 13.77
425.00 7.08 52873.12 1.20 387184.32 | 192.07 | 54195.24 3.39 15063.26 0.54 76.55 86.29 1371
442.00 7.37 52653.46 1.20 383625.32 | 190.30 | 54510.62 3.40 15024.07 0.54 76.71 86.39 1361
459.00 7.65 52394.21 119 383567.73 | 190.27 | 55073.17 3.44 14875.79 0.53 76.93 86.63 13.37
476.00 7.93 52177.81 119 385120.44 | 191.04 | 55396.31 3.46 14811.32 0.53 77.09 86.74 13.26
493.00 8.22 51797.59 118 385026.70 | 191.00 | 55381.12 3.46 14803.79 0.53 7721 86.75 13.25
510.00 8.50 51644.69 117 385863.15 191.41 55426.55 3.46 14821.49 0.53 77.28 86.74 13.26
527.00 8.78 51562.92 117 384464.35 190.72 55474.77 3.47 14875.65 0.53 77.33 86.71 13.29
544.00 9.07 51450.25 117 385182.57 191.07 55496.56 3.47 14892.17 0.53 77.37 86.70 13.30
' —
12580.00 67 57179.55 1.30 406241.76 | 201.52 | 47179.21 2.95 17964.48 0.64 2 82.13 17.87
12597.00 57668.73 131 402974.26 199.90 47011.21 2.94 18047.99 0.64 82.01 17.99
12614.00 3 57921.37 1.32 40431750 | 200.57 | 46860.65 2.93 17993.86 0.64 6 82.00 18.00
12631.00 210.52 57814.31 131 405458.89 201.13 46419.41 2.90 17985.58 0.64 72.94 81.87 18.13
12648.00 210.80 57823.84 131 401192.34 199.02 46553.98 291 17990.24 0.64 72.99 81.91 18.09
12580.00 209.67 57179.55 1.30 406241.76 | 201.52 | 47179.21 2.95 17964.48 0.64 73.42 82.13 17.87




C1: Types of mechanism steps

Appendix C

Mechanism Reaction Type of
steps equation
Adsorption Ka rate of attachment Langmuir
+S=CO0- :
co Sk.A co-s = kyPcoCs isotherm
rate of detachment
=Ck—AP co-s
CcoO-S
Tap = ka(PcoCs — K )
A
TaD
0, | = 0; Ceo-s = KaCsPeo
A

Ka
CO+25=C-S
+0-5 ke

Ce =Cs+ Cep—s; G5 = C; —
Cco-s

o = KaPaol
1+ K,Pco
rate of attachment
= kaPco C52
rate of detachment
= k_4Cc_sCo-s

CC—S CO—S

Tap = kA(PCOCS2 = K
A

)

Tap
k_A = 0; kyPcoCs = K,

(KAPCO)%CS = Co-s
Ce-s = Co-s

C, =Cs+ Cep_s
Cs=Cr—Cos = Co—s
C;=C—2Cp_s

c _ (KaPo)'?C,
CO=S ™ 1 4+ 2(K,Pgp) /2

multipying with (Pco)¥? ;

CC—SCO—S
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P 1
Co-s  Ce(Ky)V?

2(Pgo)*?
4 2(Peo)
Ce

o K,PcoC,
€05 "1+ K,P, + K Pz

Surface Single site mechanism Langmuir-
reaction Ca- Hinshelwood
A+S=A-S ap = kA(PACS—%)
4 kinetics

Dual site mechanism

Cy_
A-S = B-S s = kg(Cas — ——)
Ks
CB—SCS
A-s+s = Bs 57 ks(CasCs ===
+S
s = ks(Ca-sCp-s
A-S+B-S=C-S Co C
+D-S _ M)
KS
Third mechanism Eley-Rideal
Ce_sP, i
AS+B@) 2C  ry= ke(CysPs— CKS D) mechanism
S +D(g) s
Desorption P:Cs
C-S=C+S mp = kp(Ce—s — KDC)

154



c.2 Sample of calculation

The activation energy of the CO2 methanation reaction corresponds to
Equation 5.13 in order to calculate the rate of the CO2 methanation over 10
wt% Ni and 1/10 wt.% Co/Ni-CNTs monolith catalysts at operating
temperatures from 300 °C to 450 °C.

F =22.3 mol/s
X = 0.3643
W=0312g

(22.3 mTOZ) (0.3643)
"= 0312 g

r = 26.0615 mol/s. gcat

The Kp value of 10 wt.% Ni and 1/10 wt.% Fe/Ni CNTs monolith catalysts at
operating temperatures from 300 °C to 450 °C estimated using Equations 5.23
and 5.24. For instance calculation at T = 300 °C.

156.34
= exp(2.2606 —

573.15) = 7.2297

P1 Ni—CNTs monolith

The values of r and Kp of each experimental data for Pco2, Ph2, Pcha and Przo
and the k value, are determined using the Polymath program. According to
Figure 5.4, the linear Arrhenius plot (InK vs 1/T) gives the information of:

y=mx+C

y = -156.34x + 2.2606

2 15634
L= 156,

R =8.314 kJ/mol

~ E, =—-156.34 X 8.314L.K
mol

E,=-129981-L .k =13-L g
mol mol
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The Kp value of 10 wt.% Ni and 1/10 wt.% Fe/Ni CNTs monolith catalysts at
operating temperatures from 300 °C to 450 °C estimated using Equations 5.23
and 5.24. For instance, calculation at T = 300 °C.

6125

= exp(10.068 — T73 15

) = 0.5387

Kpl co/Ni—CNTs monolith

The values of r and Kp of each experimental data for Pcoz, PHz2, Pcha and Phzo
and the k value, are determined using the Polymath program. According to
Figure 5.4, the linear Arrhenius plot (InK vs 1/T) gives the information of:

y=mx+C

y =-6125x + 10.068

- 6125
=

R = 8.314 kJ/mol

~E; =—-6125 X 8.314L.K
mol

E, = —50923.25- .k = 50923 L .k
mol mol
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POLYMATH Report
Nonlinear Regression (L-M)

Model 3: Only reactant is adsorbed with dual site mechanism

Model: r = (k*PCO2*PH2)/(1+(KCO2*PCO2)+(KH2*PH2))"2

Variable|Initial guess|Value 95% confidence
k 1. 1.32807 0.781626

KCO2 1. -0.2389217|0.0655298

KH2 1. 0.1135789 |0.0623212

NOTE: Calculations exceeded the maximum number of iterations.

Nonlinear regression settings
Max # iterations = 64

Precision

RA2

0.9887997

R~2adj

0.9850663

Rmsd

0.1190039

Variance

0.191186

General

Sample size

(73]

Model vars

Indep vars |2

Iterations |64

Source data points and calculated data points

PCO2

PH2

r

r calc

Delta r

27.75284834

9.972872342

17.82362277

18.16771

-0.3440906

25.8415564

10.48819676

22.86749146

22.69071

0.1767836

24.42950785

10.48651569

26.26645721

25.59805

0.6684119

23.40179336

10.3188033

27.71321577

27.43159

0.2816266

22.85771316

10.22538363

28.45728384

28.50716

-0.0498762

22.8189993

10.2822902

29.10755128

28.89175

0.2157967

2344722875

10.59298555

28.34929251

28.55295

-0.203659

24.73366238

11.19096483

27.17577746

27.76948

-0.5936995

WO oo =) fnf b jd|ha]—=

26.82977491

12.12436842

26.39046843

26.55889

-0.1684193
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Model 1: All reactants and products are adsorbed with single-site mechanism.

POLYMATH Report
Monlinear Regression (L-M)

Model: r = (k*PCO2*PH2)/(1+(KCO2*PCO2)+(KH2*PH2)+(KH20*PH20 )+ (KCH4*PCH4))

Variable|Initial guess|Value 95% confidence
k 1. 1.219137 |0.5223666
KCD2 1. 0.6001336 |0.03039598
KH2 1. 1.077851 |0.4142902
KH2O 1 -19.31722 |0.9011184
KCH4 1 -0.032742710.0277133

MNOTE: Calculations exceeded the maximum number of iterations.

Monlinear regression settings
Max # iterations = 64

Precision

r"2 0.982666
R~2adj |0.9727609
Rmsd |0.1570839
Variance|0.5076072

General
Sample size|12
Moded vars

5
Indep vars |4
Iterations |64

Source data points and calculated data points
PCO2 PH2 PH20|PCH4 r rcalc |Deltar
30.42560576|0.503172709]1 1.046607296 [41.53094549] 41.44929|0.0816567
30.33006625] 1.164663308]1 2.239551944 [40.45574861|40.36549|0.0902603
29.95110455] 2.321696294]1 4. 754304473 |41. 33306553 | 42. 29847 | -0.965407
29.56137216|3.249555592|1 7.9164786 |43.6362877 |43.91333)-0.2770385
29.20227619|3.932251329|1 11.50540436|45.87415284]45.60499]0.269192
28.82248731|4.605794267|1 15.85480194 |47.68475506|47.24789]0.4368689
28.50589294(5.197921221 |1 20.31558318|48.99726694|48.46141]0.5358534

1

1

1

1

1

28.18053286|5.668575194 24.47445827 |49.96237028|49.85233|0.0700432
28.04340221|6.111151386 28.42553809 |50.64662181|50.11871]0.5275079
27.77315281|6.398059706 31.52124134|51. 15768745 51.40258]-0.2448926
11)27.78458214|6.720162655 34.52223859]51.517849 |50.92211|0.5957371
27.42697972]|6.83140435 36.43946854|51.83300651|52.96471]-1.131702

=1 I=-0 IEVD = S Y 2 T

[=ry
=

=
Pt
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