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Abstract

The biomass fly ash (BFA) was studied as catalyst support material for thermo-
catalytic decomposition of methane, in order to produce COx free hydrogen gas and
solid carbon nano-materials as by-product. Cobalt based, CeO, promoted, BFA
supported catalyst were synthesized via impregnation method and was tested in fixed
bed reactor for hydrogen production via thermo-catalytic decomposition of methane.
The material characterization techniques such as X-ray powder diffraction, scanning
electron microscopy, energy-dispersive X-ray spectroscopy, thermal gravimetric
analysis, and Fourier transformed infrared were used to evaluate the catalyst's
physicochemical properties. The pure crystalline micro-flake BFA was modified with
synthesized CeO, nanowires, and the resulted nano-composite catalyst were thermally
stable up to 900 °C. The catalyst stability makes it ideal catalyst for methane thermal
catalytic decomposition. The catalyst, activity was assessed at 850 °C in order to
determine H yield and CHs conversion. In catalyst screening experiments, the
obtained results demonstrated that support and promoter have a significant impact on
CHa conversion and H; yield. Using 5% Co/CeO.-BFA as the catalyst, a maximum
conversion of 71 percent for CH4 with 44.9 percent H. yield was recorded for 34 hours
on stream activity. While BFA and Co-BFA as catalysts converted 36% and 47% of
CHys, respectively, indicating that the inclusion of a promoter increases both CHs
conversion and H yield. Compared to conventional catalyst support, using waste-
sourced catalyst support for CH4 decomposition is a greener and more cost-effective

option since it reduces the expenses and time required to prepare it.

Keywords: Methane decomposition; Biomass fly ash; CeO.; H. production;
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Chapter 1: Introduction
1.1 Background

With the population growth and industrial revolution around the world, energy demand
has risen exponentially. The exploration of the fossil fuel resources has been increased
to meet the necessary energy demands, which contributing to fossil fuel depletion [1].
The excess use of the fossil fuel overcome the energy demands, but also contribute to
the emission of greenhouse gases (GHG) which causes global warming [2]. Efforts
around the world has been made to fulfill energy demands and also to minimize GHG
emission, which are the broad-based technical and social challenge of transforming the

world energy framework currently based on fossil fuels [3].

Across the globe, attempts have been made to shift over energy system from
conventional fossil fuel source to renewable, clean, sustainable and low-carbon
sources of energy [4, 5]. But sadly the renewable technologies such solar, wind, bio
and nuclear are in the stage of development and also have some concern in term of its
cost and safety [2]. Hence, it is essential to put our efforts in some other alternatives
such as production of syngas [6], methanol [7] and hydrogen [8] from carbon dioxide
and methane gas which are the major contributor towards the global warming.
Currently, scientific community putting their efforts for the production of syngas to
utilize it as liquid fuel and hydrogen production for the application of fuel cell with
addition to other uses [9]. H2 used in fuel cells to generate heat and electrical energy
concurrently, which is known to be the safer and more effective use of Hz [10]. The
non-availability of “elemental hydrogen” in the universe is a major issue with using

hydrogen for fuel cell technology [11].

1.2 Problem Statement

The environmental and economics concern with the process traditionally used for the
hydrogen production via utilizing hydrocarbons and the catalyst stability are among
the factors which the industries are facing [12-15]. At the same the other methods used
for the hydrogen production have their limitation in term of maturity and efficiency,
such as water splitting require very high temperature of about 2200 °C and also highly

sophisticated separation membrane for oxygen and hydrogen [16]. Therefore, thermo-

1



catalytic decomposition of methane is a straight forward solution to the issues listed
above for hydrogen production [17]. Thermo-catalytic decomposition of methane is an
endothermic process which decompose methane to produce hydrogen gas, collected at
the exit of reactor and solid carbon nano-materials as by-product which are deposited
over the catalyst and is collected, as shown in reaction R1. Thermo-catalytic
decomposition of methane is an economical method in terms of reducing the process
temperature needed in the absence of a catalyst, and no additional process is required
for hydrogen gas purification as there is no impurity in the production of hydrogen[17].
Carbon nanomaterials are employed in a variety of applications due to their mechanical
robustness, high electron conductivity, and good acid and basic resistance [18].

CH, = Cy+2H,, AH, =75k mol™ (Methane Decomposition) (R1)

The catalyst stability is a major challenge in the way of thermo-catalytic
decomposition of methane. Scientific community have used various transition metal
(Ni, Fe, Co) [19] and noble metals (Pd, Pt, Ru) [20] catalyst and supported with metal
oxide such as Al,03 [21], SiO2 [22], MgO [23], ZrO2[12], La203 [24], TiO2 [25] for
methane decomposition reaction. In terms of economics and complex methods of
preparation, metal oxide as a catalyst support material is of great concern [26].
Therefore, the use of waste materials for catalyst support will mitigate those concerns.
Different techniques and treatments have been applied to these materials in order to
make them suitable for catalyst support, which is likely to reduce the cost and
complexity of catalyst support material preparation [27]. Both bottom ash and fly ash
are produced in large quantities by biomass-fired power stations, and their disposal is
a big concern. Biomass fly ash (BFA) has some amazing structural features and
contains numerous metal oxides, making it appropriate for use as a support material in
a heterogeneous catalyst for thermo-catalytic methane decomposition and other

reforming applications [26].
1.3 Research hypothesis

The use of various transition metal like nickel, iron and cobalt as catalyst in methane
reforming technologies is a well-known fact. The instability of the nickel loaded

catalyst, support materials preparation and high temperature management was another



concern with some reforming technologies. Therefore, we used an alternative method
for hydrogen production, thermo-catalytic decomposition of methane in the fixed bed
reactor system and in the presence of cobalt loaded over biomass fly ash as support
and promoted with cerium oxide. BFA has been found to be the mix matric of various
metal oxides such as Al,0O3, CaSO4, CaCOs, Fe203 and SiO2, which assist in the
reaction of methane decomposition, and cerium oxide has been added as a promoter to

aid boost the stability of the catalyst and provide better dispersion of cobalt over BFA.
1.4 Objectives of study

The research study discussed in this thesis primarily deals with the biomass fly ash
derived cobalt base catalyst promoted with ceria for thermo-catalytic decomposition
of methane. The key theme of this research study is the performance of biomass fly
ash supported catalyst in term of catalytic activity, methane conversion, hydrogen
selectivity and yield. In this research, the experimental work done is firmly in line with

the literature. The focusing objective of this research study are:

e To synthesize and characterize BFA supported Co-based catalyst promoted
with CeO> for thermo-catalytic decomposition of methane process.

e To investigate the catalytic activity and stability of CeO2/Co-BFA catalyst in
fixed bed reactor.

e To analyze process parameters of thermo-catalytic decomposition of methane

such as CeO> loading and flow rate.

1.5 Scope of study

The main pillar of reaction and process engineering is the synthesis and testing of the
catalyst. Initially, biomass fly ash (BFA) was gathered from a nearby biomass-fired
power station and prepared for use as a catalytic support material. The hydrothermal
process was used to make cerium oxide nanowire. And final nano-composite catalyst
loaded with active metal cobalt and CeO> as promoter over BFA support were
developed with incipient wetness impregnation method. The developed nano-
composite were studied, examine and analysed in different ways. The in-depth study
of thermo-catalytic decomposition of methane reveal that the process depend on

various factors which are reaction mechanism, type of support material, active metal,



type of promoter, catalyst’s preparation method and experimental parameters
(temperature, pressure and flow rate etc). The scope of the research is shown in Figure
1.1

BFA Collection

BFA Sample Preparation

- - /'_\ .\
0 C602
[ (active metal) ( BFA ) Promoter ]

< \‘/ > Phase I1

[ Co/Ce0,-BFA ]

XRD, TGA, SEM, EDS and FTIR
-

J

[ Catalyst Testing and Stability Analysis ] Phase 111

Figure 1.1 Steps involved in research scope.

1.6 Flow chart of thesis

The literature initially carried out to find out sustainable management for BFA, instead
of disposing it in landfill sites. In material preparation and characterization section,
BFA sample were cleaned and prepared, and finally impregnate with cobalt and CeO..
The final composite were then characterized by using material characterization
technique such as XRD, TGA, SEM, EDS and FTIR.

In the experimentation, the prepared and characterized final nano-composite were
tested in FBR while keeping reaction temperature at 850 °C, and flow rate equal to 20
ml mint. In results and discussion section, detail discussion of the data related to

results were presented. The conclusion section deal with effective utilization of BFA



as catalytic material and adding CeO, and Co to BFA enhance the stability and

catalytic activity of the final nano-composite

Literature Review Materials Preparation Materials
= H,-production technologies = BFA sample preparation Characterization
* Role of parameters = Impregnation of cobalt and XRD, SEM, EDS, TGA and
= Thermal Reactor system ceria over BFA FTIR

Results and Discussion . .
Conclusion and . o . Experimentation
Material Characterization. «  Catalyst activity test in FBR.

Recommendations = Catalyst screening. -
! o *  Process optimization.
= Catalyst stability.

A N

N

Figure 1.2 Thesis flow diagram
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Chapter 2: Literature Review

2.1 Hydrogen economy

In the universe, hydrogen is simplest, lightest, most abundant element and
environmental benign energy source. Hydrogen has both the ability of energy storage
and energy and energy source but it should be noted that hydrogen is not the primary
energy source [1]. Hydrogen upon burning releases three times more energy as
compared to other fuel of same mass [2]. Hydrogen does not exist in the nature in
elemental form, as it always appear in chemically bonded form with other elements.
External energy sources and technologies are needed for the production of the
hydrogen gas, the efficiency of these technologies depend on its economics and
maturity [3]. The main sources for hydrogen production are hydrocarbon, coal and
biomass [2]. The Figure 2.1 shows the production sources of hydrogen and its
utilization. The process commonly used for the production of the hydrogen are bio-
hydrogen production, partial methane oxidation (POM), methane steam reforming
(SRM), biomass gasification, coal gasification and water splitting [2, 4-16]. The
process like steam reforming and partial oxidation of methane are the well mature and
mostly used for the hydrogen production [6-8, 13, 15-18]. All these process have their
limitation in term of producing GHG, catalyst deactivation, materials for catalyst,

requirement of high temperature and hydrogen purification [10, 15, 17-20].

Natural gas Commercial
Residential
esiden
Transportation
Biomass
Automobiles
Oil
Rocket fuel
Fossil fuel Welding
Water Oil refining
Wastes Treating metals
Algae Food processing
Bacteria Reducing metal ore
Primary Sources Preparation methods Utilization
- High GHG emission L Moderate GHG emission No GHG emission

Figure 2.1 Detail representation of hydrogen sources, production methods and its
utilization [2].
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The relation between hydrocarbons and energy are strong enough that it’s looking hard
to observe change in situations in the future. The cost and maturity of technologies
make it easy choice to use hydrocarbons for the hydrogen production [5]. But with
limited hydrocarbon resources and the issue of global warming due to GHG emissions
will leads the world to new hydrogen economy [21].

The hydrogen economy means the use of hydrogen gas as commercial fuel which will
provides significant portion of energy and service of country [22]. Hydrogen well help
in transformation of the world energy model (base on fossil fuel), where hydrogen will
be the main energy carrier [23]. Hydrogen is a renewable energy source that has
virtually no environmental effects, socially acceptable and will have a positive impact
on the global economy [22]. Hydrogen has capability of providing energy to buildings,
transport networks, industries, and has ability of storing energy for potential use [24].
Figure 2.2 represent sector wise hydrogen usage across the globe.
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Figure 2.2 Sector wise usage of hydrogen across the globe [2].

The fuel cell, an electrochemical technology use hydrogen effectively as it produce
heat and electrical energy simultaneously [25]. Fuel cell technology are maturing,
economical and environmentally safe related to GHG emissions. Fuel cell and vehicles

based on fuel cell are gaining market share in competition with traditional power



generation sources and transport vehicles [26]. The chemical reaction taking place in
the fuel cell is very much opposite to the electrolysis of water, as hydrogen and oxygen
reacts to produce electrical energy directly and at the same time generate heat which

is utilize for electricity production [25].

2.2 Hz-production technologies

Various reforming technologies were utilizing for hydrogen production from fossil
fuel, such as steam reforming of methane, partial oxidation of methane, coal
gasification and auto-thermal reforming [5]. Among these technologies Steam
reforming and partial oxidation of methane are mature technologies which are used at
commercial scale for hydrogen production [2]. These conventional technologies have
shorting coming in term of GHG emissions, economics and complex arrangement for
separation of hydrogen gas. All the conventional and renewable technologies for
hydrogen production are shown in Figure 2.3.

Hydrogen
From fossil 4 = From
el production renewable
technologies sources

* Dry reforming of

pethane * Biomass
» Steam reforming _ _

of methane ga51f1ca.t10n
« Partial oxidation of y PYTOIYS}S and co-

methane pyrolysis
* Thermo-catalytic * Aqueous phase

reforming

decomposition of
methane
* Coal gasification
* Auto-thermal
reforming

»  Water Electrolysis
* Thermo-chemical
water splitting
* Photo-electrolysis

Figure 2.3 Hydrogen production based on its primary source.
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Apart from these conventional method renewable technologies are developing such as
water splitting, biomass gasification and photo-catalysis. But these technologies are
immature and not economical [27]. Water splitting technology consume huge amount
electrical energy to decompose highly stable water molecule into H2 and O without
CO; emissions and also not economical because of its low efficiency and high cost
[28]. In case of photo-catalysis the selection of suitable catalyst is the major concern
[27]. To overcome the short coming and concern related to these conventional and

renewable method, thermo-catalytic decomposition of methane were utilize.

2.3  Thermo-catalytic decomposition of methane

Thermo-catalytic decomposition of methane is simple and uni-step process which
decompose the methane molecule into hydrogen gas and solid carbon nano-materials
as by-product [29]. Thermo-catalytic decomposition of methane is an endothermic

reaction at moderate temperature as presented in reaction R2.

CH,»>C+2H, AH  _=75kJ mol™ (Methane Decomposition) (R2)

The methane molecules are highly stable at low temperature due to which it require
high amount of energy to break down [16]. The solution to this problem is to choose
the right catalyst that helps to carry out the process at a lower temperature. Therefore
this process named as thermo-catalytic of methane. Mainly three steps involved in
thermo-catalytic decomposition of methane [30]:

1. Activation of methane molecule: in which the molecule were absorbed over
the catalyst surface and active metal part of catalyst causes to break the
molecule.

2. The breaking carbon hydrogen bond occurs.

3. Asaconsequence of elementary carbon dissolution in the active catalyst phase,
metastable carbide was formed.

4. Consequently, carbon precipitate in form of nano-materials are deposited over
catalyst surface.
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2.4  Catalyst used for thermo-catalytic decomposition of methane

The catalyst are usually employed to reduce time and energy required for the reaction
[31]. During the last decade focus have been on the development of the efficient and
easy methods for preparation of catalyst for the process of thermo-catalytic

decomposition of methane.[2, 5, 30]

The catalyst usually composed of three main components 1). Support, 2). Active metal
and 3). Promoter. All these components have their own role in the catalytic activity.
The support material usually provide surface area for dispersion of active metal over
it and help in better dispersion of active metal [32-34]. Active metal causes activation
of the reactant molecules and have effect on morphology of the deposited carbon
during thermo-catalytic decomposition of methane [35, 36]. The promoter helps in

better metal dispersion over the support and improve stability of the catalyst [37].

The economics and preparation methods are the major concern while selecting suitable
catalyst for the process of thermo-catalytic decomposition of methane [19]. In
literature, various approaches like bi-metallic catalysts, tri-metallic catalysts [30] and
co-supported catalyst were prepared and utilize for thermo-catalytic decomposition of
methane which results in the promising CH4 conversion and H> yield, but still facing
some issues in term of metal sintering and drop in hydrogen yield rapidly after some
time of reaction [17, 38].

Recently, across the globe researcher focus has been shifted from conventional
preparation of catalyst to more structure catalyst like perovskite and spinal structure
like LaNiO3z, LaNiCoOs have shown some fascinating results as compared to Ni loaded
over LaO339). The table. 2.1 given below lists some catalyst used for thermo-catalytic

decomposition of methane.
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Catalyst

NiO
unsupported
Ni/CeO>
Ni/ZrOz
Ni/La203
Ni/Cezs-Alzs
Ni/Fe-Cu-Al203
Ni/Pd-Al;03
Ni/Si-Al

Ni-Co/Al,O3

Table 2.1 List of catalyst employed for thermo-catalytic decomposition of methane

Temperature
(°C)

800

700
700
700
700
750
750
700

650

TOS

(min)

360

360
360
360
400
600
600
400

80

CHg4
conversion
(%XcHa)

NA

NA
NA
NA
NA
80

78

NA

67.8

H.-yield
(%YH2)

66

62
61
58
53
NA
NA
52

NA

13

Preparation method

Facile precipitation

Solid state fusion
Solid state fusion
Solid state fusion
Co-precipitation
Wet impregnation
Wet impregnation
Impregnation

Sol-gel

Carbon morphology

Irregular carbon shape

CNTs

CNTs

CNTs

CNFs + CNTs
CNFs

CNFs
MWCNTSs

CNTs

Ref

[1]

[2]
[2]
[2]
[3]
[4]
[5]
[6]
[7]



Fe20s3
30Fe-15Co/Al>03
20%Fe/Al203
60%Fe/Al203
Fe-Co/MgO
Fe-Activated carbon

Co/Si-Al
Co/Al>O3

Co/MgO
Fe-Co/CeZrO;
Fe-Mo/CeZrO>
Ni/Mn

Ni/Cu

800

700

800

700

700

850

750
700

700

700

700

725

725

360

180

180

125

125

120

120

NA

73

80

NA

NA

45

NA

NA

NA

54

45

58

56

50

72

NA

77

85

NA

53
90

80

S1.7

56.2

58

56

14

Facile precipitation
Wet impregnation
Impregnation
Co-precipitation
Co-impregnation
Co-impregnation
Impregnation
Impregnation
Impregnation
Wet-impregnation

Wet-impregnation

Graphene sheets
CNFs

CNFs

CNTs
MWCNTSs
CNFs

MWCNTSs

MWCNTSs
MWCNTSs
CNTs
CNTs
CNTs

CNTs

[1]
[8]
[9]
[10]
[11]
[12]
[6]
[13]
[13]
[14]
[14]
[15]

[16]



Ni/Fe

Ni/SBA-15

0.4Pd-Ni/SBA-15

Ni/MgAl,04

Pd-Ni/MgAl,04

Ru-AC

(Activated carbon)

Activated
(AB)

biochar

725

700

700

700

700

800

800

120

420

420

420

420

3600

3600

47

NA

NA

NA

NA

21

51

47

42

48

22

50

NA

NA

15

Impregnation

Impregnation

Impregnation

Impregnation

CNTs

CNTs

CNTs

CNTs

CNTs

CNTs

CNTs

[16]
[17]

[17]

[18]
[18]

[19]

[19]



2.5 Cobalt as catalyst for thermo-catalytic decomposition of

methane

In literature various metal base catalyst were used for thermo-catalytic decomposition
of methane, among them Ni-based catalyst are most commonly used due its cost,
availability and the high methane conversion and hydrogen yield at lower reaction
temperature [1]. According to literature, Ni-base catalyst have limitations in term of
metal sintering, quick catalyst deactivation due to carbon deposition at higher rate and
catalyst instability at higher temperature [2, 3]. Fe-base catalyst also studied and were
shown good catalytic activity at higher temperature [4] but Fe-base catalyst have
catalytic activity at high temperature (above 700°C) and were basically used for high

value carbon nano-materials via methane decomposition [5].

Literature shows that Co-base catalyst is a competitive candidate for the process of
thermo-catalytic decomposition of methane, Co-base catalyst have shown better
catalytic activity and are more stable at elevated temperature, and also results in
deposition of some high quality carbon nano-materials [6, 7]. The Co-based catalyst
have shown higher catalytic activity and stability because of the formation of some
cobalt oxides such as Co304 [8] and carbon nano-fibers with larger length and bigger
diameter were formed with higher Co concentration [9]. The suitability of these
transition metals (Ni, Fe, Co) for thermo-catalytic decomposition of methane is their
non-filled 3d orbital, which contribute in the activation and dissociation of methane

over the catalyst surface [10].

The catalytic activity of Ni and Co-based catalyst loaded over alumino-silicate as
catalyst support were compared and the results reveal that Co-based catalyst have
higher hydrogen yield and catalyst stability as compared to the Ni-based catalyst. The
physiochemical properties further explore that Co-based catalyst have better metal-
support interaction and Co metal have better dispersion over the support material as
compared Ni-based. The characterization reveals that the crystallinity and degree of
graphitization of deposited carbon for Co-based catalyst are higher. The influence of
the operating condition over the Co/Al2O3 catalyst were observed [11]. The author
studied the effect of Co loading, different reaction temperature (600-800 °C) and

different methane partial pressure over methane conversion. The results reveal that
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best condition for hydrogen production are reaction temperature of 800°C, 20% of

cobalt loading and N2:CH4 molar ratio of 6:1.

2.6 Biomass fly ash as catalyst support

The power plants where solid fuels like coal and biomass were feed as fuel are
producing enormous quantity of the both kinds of ashes i.e bottom ash (BA) and fly
ash (BFA) and its management and handling are the main concern for the globe
environmental problem [12]. As general practice these ashes are dumped to landfill
sites. However, several researchers around the world are now interested in the long-
term management of waste ashes in order to maximize waste material recovery. In
literature coal fly ash were utilized effectively in road construction, cement production,
building materials such as concrete and for zeolite preparation [13].

The coal ash consist of various metal oxides such as Al2Os, Fe2O3, SiO2, and MgO
[14], which make it suitable candidate for catalytic application. In another study, Ni-
based catalyst, supported by coal ash were used for hydrogen production via steam
reforming of the acetic acid and phenol and the outcomes displayed that hydrogen
production and reactant conversion were highly enhanced in the presence of coal ash
supported catalyst [15]. The steam gasification of palm shell over coal ash as catalyst
were studied for the production of hydrogen and syngas. The presence of coal ash

influences the yield of hydrogen and syngas [16].

The biomass ash used for steam reforming process for the production of hydrogen were
obtained from the combustion of various solid fuels and waste, such as coal, waste
rubber tyres, and refuse-derived carbon, was used as a catalyst's support, with
promising results because the metal oxide present in the catalyst's support (ashes) aided
in catalytic activity [17]. Biomass fly ash (BFA) is studied extensively, in order to
efficiently find out different physiochemical properties of BFA, the author used
various characterization techniques [12]. The findings show that, among other
applications, BFA may be used for catalysis because it contains various metal oxides
such as Al>O3z, Fe203, SiO2, MgO, CaCOs, and K20 and has a flake-like morphology.
Despite of the favourable physiochemical properties, BFA were consistently ignored

in literature for catalytic applications.
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2.7 Catalyst’s deactivation

The major cause for metal catalyst deactivation during thermo-catalytic decomposition
of methane is the deposition of the solid carbon nano-materials over the surface of the
catalyst surface which leads to blockage of the active metal sites from the reaction.

The deposited solid nano-materials effect catalytic activity in several ways such as:

i.  Encapsulation of the active metal particles with deposited carbon nano-

materials [18].

ii.  The surrounding of the active metal sites filled intensively with the deposited
carbon nano-materials which made access difficult for methane molecules to
the active sites [19].

iii.  Disintegration of the catalyst could occur due to excess accumulation of the
deposited carbon nano-materials [20].

iv.  Reactor jamming can occur in some cases because of too much deposition of

the carbon nano-materials [21].

For optimization of the reaction process and catalyst’s design, the determination of

deactivation and process have more practical importance.

In the steady state process condition, the rate of methane decomposition, elemental
carbon diffusion and carbon nano-materials growth should be same [4]. The deposition
of the solid carbon materials occur when the rate of methane decomposition are higher
than the diffusion rate of elemental carbon [22]. The deposited carbon over the catalyst
surface usually form a layer which is known as encapsulating carbon [18]. The
encapsulating carbon prevent reactant gases to interact with the active sites present in
catalyst. The catalyst deactivation depend on the factors such as (1) Catalyst
deactivation have inverse relation with the partial pressure of methane (Pcns) and
hydrogen (PH2) [23], (2) Type of active metal used in catalyst [24], (3) Metal loading
in the catalyst [1], (4) Metal-support interaction [25], (5) Reaction temperature [26],
(6) Methane flow rate [26], (7) Experiment run time [26] (8) Presences of promoter
[27].

Other reason for catalyst deactivation during of thermo-catalytic decomposition of

methane are fracture of metal particles at higher temperature [23], limited space due
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to which mobility of active metal sites are restrained and hence covered by deposited
carbon [28], metal loading in given catalyst [29], atomic erosion of bimetallic catalyst

[28], and sintering of metal particles also contribute [30].

2.8 Important process parameters

2.8.1 Effect of support

For conventional metallic catalyst, the support presences is important because support
material enhance the stability and catalytic performance of the catalyst [22]. The
support material effects the dispersion of active metal, crystal size of the catalyst,
electronic configuration of the active metal, pore structure and surface area of the
catalyst [5]. The materials like Al.O3 [31], SiO2 [32], TiO2 [33], MgO [34], ZSM-5
[35], La2O3[36], ZrO-[37] and zeolite [38] were used in literature as support materials,
over which different active metals were loaded and catalyst are developed and

designed for thermo-catalytic decomposition of methane.

The surface morphology of support material effects the stability and catalytic
performance of the catalyst [25]. Three different support materials named as CeOo,
ZrO and La20Os were used and are loaded with Ni as active metal. The results reveals
that higher initial activity was observed for Ni/CeO and Ni/ZrO; as compared to the
La,O3, the reason is high surface area and lower reduction temperature while Ni/La203
have shown better stability for 360 minutes time on stream (TOS). The porous
morphology of the La2Oz is the main reason for the higher stability of the Ni/La2O3
catalyst, as shown in Figure 2.4. As carbon morphology depends on the type of metal
used, hence the morphology of the deposited carbon is same because of the Ni loading
[25].
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Figure 2.4 FESEM image of (a) Ni/CeO2 (b) Ni/ZrO> (c) Ni/La03 [11].

2.8.2 Effect of promoter

In design of conventional metal-based catalyst, the promoter is the third important
component. The promoter play significant role in active metal dispersion over the
support material, effect the morphology of deposited carbon, enhance catalyst stability
and catalytic performance [39]. The noble metal like Pd are usually utilize as promoter
to catalyst, in order to enhance the catalytic properties of the catalyst, further more

noble metal can also utilize as active metal to the catalyst [40].

The Ni/SBA-15 catalyst were promoted with Pd and it was observed that catalytic
activity of the Pd-Ni/SBA-15 catalyst were highly improved as compared to Ni/SBA-
15. The average hydrogen yield of Pd promoted catalyst was 48% which is higher as
compared to unprompted catalyst at 700 °C [25]. Figure 2.5 shows the reaction
kinetics for un-promoted catalyst and catalyst promoted with 0.2% Pd and 0.4 Pd. The
catalyst promoted with Pd have Pd-Ni alloy which leads towards the better dispersion
of the NiO over the catalyst support and also have effect over the NiO crystallinity

which enhance the stability and activity of the catalyst [41].
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Figure 2.5 Kinetic curve of CHs decomposition as function of TOS at 700 °C [25].

Another element, copper (Cu) is mostly used as the catalyst promoter for thermo-
catalytic decomposition of methane, despite the absence of the d-vacancies in its
electronic configuration [42]. But still, Cu is an effective promoter in bimetallic
catalyst with other transition metal to improve the stability of the catalyst. In literature,
Cu promoted Ni-MgO catalyst and it was observed that Cu-Ni-MgO catalyst have
better stability and catalytic activity in the temperature range of 665 °C to 725 °C. The
better stability of Cu promoted catalyst are due to the formation of Ni-Cu alloy which

reduce the formation of NiO sites and hence reduce catalyst deactivation [43].

Furthermore, some metal oxides are also utilize as promoter in the catalyst for thermo-
catalytic decomposition of methane [44]. The metal oxide like CeO2 are used as
promoter in Ni/Al>O3 catalyst and it was found that the CeO> promoted catalyst yield
51% of average hydrogen yield as compared to un-promoted catalyst which results in

42% of hydrogen yield with stability of 390 minutes on TOS. The CeO addition to the
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catalyst enhance the physiochemical properties of the catalyst, as NiAl2O4 spinal
structure were observed for CeO, promoted catalyst [45].

2.8.3 Effect of flow rate

Flow rate highly effect catalytic activity in case of thermo-catalytic decomposition of
methane, as flow rate determines residence time for gas flow in the reactor [46].
Increase in flow rate decrease the contact time between the reactant and catalyst
surface [47]. Methane conversion decrease from 62.1%-16.4% with increasing flow
rate from 6 L/min to 24 L/min, this is due to decreasing residence time for reactant in
reactor [46] Due to reduce residence time with high flow rate the energy density were
declined which results in formation of C2Hz and C:Hs as by-product along with
hydrogen and solid carbon, thus decreased value of hydrogen selectivity. Another
study [48] also discussed similar results of flow rate over methane conversion and
hydrogen production. The relation between methane flow rates into reactor in term of
gas hourly space velocity (GHSV) are shown in Figure 2.6 and Table 2.2.
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Figure 2.6 Effect of flow rate over hydrogen yield [9].
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Table 2.2 Effect of GHSV over initial and final hydrogen yield over Ni/TiO catalyst
at 700 °C [52].

gas hour space velocities Initial Hz-yield Final Hz-yield
(mh™g™)

6000 56 47

9000 56 42

12000 47 23

The higher flow rate reduce diffusion of methane molecules into catalyst surface which
results in decreasing methane conversion and hydrogen yield [47]. Furthermore, high
flow rate could also damage active sites as the carbon were depositing over the catalyst
surface and not diffusing into catalyst surface [48]. Therefore selection of optimal flow
rate should be considered, in order to ensure appropriate contact time between catalyst

and methane molecules, to obtained better catalytic activity and stability [27].
2.8.4 Effect of temperature

The methane conversion, hydrogen yield and catalyst stability are highly depended
over the reaction temperature due to endothermic nature of the thermo-catalytic
decomposition of methane [49]. According to literature with increase in reaction
temperature, the initial methane conversion and hydrogen yield were highly enhanced
but due to deposition of solid carbon over the catalyst surface the stability and activity

of the catalyst were effected significantly [50].

Table 2.3 shows initial and average methane conversion at different temperature while
using Ni-based catalyst. The table clearly exhibits that at higher temperature the
process shows higher initial methane conversion [51]. The higher formation of solid
carbon prevent carbon diffusion into catalyst and deposited over catalyst surface to

block active sites of the catalyst and leading to decrease catalyst stability [52].
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Table 2.3 Summary of results dependent over reaction temperature while keeping
flow rate constant at 120 L g*h™ [64].

Catalyst Temp Average CHs Carbon deposition rate
(°C) Conversion (%) (Qcarbon/Qeath)
Ni-Cu-Al 550 10.20 6.56
Ni-Cu-Al 600 13.19 8.51
Ni-Cu-Al 650 16.17 10.40
Ni-Cu-Al 700 31.20 20.06
Ni-Cu-Al 750 22.06 14.18
Ni-Cu-Al 800 19.4 16.22

Additionally, carbon encapsulation over the active sites and losing of catalyst surface
morphology due sintering at elevated temperature also participate in lowering catalytic
activity [53]. Among the catalyst Ni-based catalyst shown increase in catalytic activity
up to 600°C, but noted adverse results at higher temperature [54]. The reaction
temperature also effect morphology of deposited carbon, at lower temperature
structured CNTs are formed while at higher temperature beside CNTs, carbon nano-

capsule were observed [55].

Another study shows that increasing weight percentage of the iron content increasing
the life duration of the catalyst during the reaction at 800°C [54]. The Ni-based and
Fe- based catalyst activities at temperature 700°C, 800°C and 900°C are compared and
found that Ni-based catalyst have shown excellent initial catalytic activity with ample
amount of deposited carbon over catalyst at higher temperature but deactivated at
higher rate [56]. In case of Fe catalyst, it have shown lower initial activity but higher
stability and lower deactivation rate as compared to Ni-based catalyst, as depicted in

Figure 2.7.
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Figure 2.7 Effect of reaction temperature on H: yield and stability of (a) Ni catalyst
and (b) Fe catalyst. Adopted from [69].
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2.8.5 Effect of metal loading

Metal loading on the catalyst support directly effects stability and catalytic activity of
the catalyst, this is due to metal-support interaction and dispersion of metal particles
over the support [57]. The effect of Fe loading as well as effect of different support
(Al203, MgO, TiO) interaction with metal different loading were studied (depicted in
Figure 2.8) [58]. For Fe/Al>O3 catalyst, 15% Fe loading have shown stable catalytic
performance throughout TOS. For higher Fe loading, initial methane conversion were
increasing consistently which was due to carbon deposition over catalyst surface and
the carbon deposition results in increasing pressure and outflow which also effect

space velocity [70].
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Figure 2.8 Time on stream methane conversion for different Fe loading over Al,Og,
MgO and TiOz support at 700 °C [70].

Methane conversion enhance with increasing Fe loading over the support Al2Oz in this
order 60%Fe/Al,O3 > 50%Fe/Al,03 > 40%Fe/Al.03 > 30%Fe/Al,O3 > 20%Fe/Al203
> 15%Fe/Al,Os. While for Fe/MgO catalyst, lower Fe loading have shown excellent
catalytic activity and stability as compared to higher Fe content which clearly mean

that lower Fe loading has better dispersion over MgO. In case of Fe/TiO, catalyst,
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different Fe loading were tested but it was found that despite various Fe loading, there
is no favourable catalyst with preferable Fe loading [58]. Hence the results shown that
for higher Fe loading, Fe/Al>O3 catalyst are top choice, with lower Fe loading Fe/MgO
are preferred catalyst and Fe/TiO catalyst have shown poor activity despite different

Fe loading, which reveals poor Fe interaction with support TiO2 [69].

Ni-based catalyst shows faster deactivation with higher loading. As increased Ni
content in catalyst increase particle size of nickel, decrease metal-support interaction
and agglomeration of Ni particles which results in higher methane conversion and

CNTs yield, which causes to block active site and deactivate catalyst quickly, [1].

Carbon morphology of the deposited carbon are also highly effect by metal loading.
At higher metal loading, larger and broader CNF and CNT are formed due to metal
particle agglomeration and tip growth mechanism (TGM). While base growth
mechanism (BGM) were observed for low metal loading. These mechanism were
developed due to metal-support interaction and are presented in Figure 2.9 [33].
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Before and after deactivation of 50 wt% Ni/Mg-Al-O catalyst

Figure 2.9 Effect of different metal loading over deactivation of catalyst [28].
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2.8.6 Effect of catalyst’s preparation method

The preparation method of the catalyst alters the physiochemical properties of the
catalyst, effects the catalytic performance of the catalyst and change the morphology
of deposited carbon [59]. The catalyst preparation method also have obvious effect on
metal particles dispersion and support-active metal-promoter interaction [60]. In
literature Fe/Al>Oz were prepared by incipient wet impregnation and co-precipitating
method [59]. The results shows that catalyst prepared with impregnation method
shows promising results at 500°C temperature results in 65% of methane conversion
and 62% of hydrogen yield while for catalyst prepared with co-precipitation results in
maximum methane conversion of 50% and hydrogen vyield of the 45% at same
experimental temperature [59]. The XRD of catalyst with co-precipitation method
have dominant peaks for alumna while the Fe/Al,Os prepared by impregnation method

shows clear peaks for both alumna and Fe oxides due to larger Fe particle size [59].
2.9 Thermal reactor system configuration for thermo-catalytic

decomposition of methane

In reaction engineering, reactor systems are very important consideration. The
researcher around the world have made their efforts for the development of the reactor
system in order to improve its efficiency and material inertness towards reaction [22,
61]. The research is also carried out to use renewable energy such as solar to avoid use
of fossil fuel and electricity for the energy which is required for a particular process to
carry out in reactor [62]. By the use of the renewable energy, the environmental
concern in term of CO2 emission and economic issues related to the process of thermo-
catalytic decomposition of methane for COx-free hydrogen production will be

resolved.

Material for the construction of the reactor system is also an important consideration.
For the reactors, materials were selected which are stable and inert at high temperature
towards the reaction. The most commonly used material for reactor construction is
“stainless steel”, but as stainless steel is composed of active iron and its alloy, which
makes it unfavourable for thermo-catalytic decomposition of methane, as at higher
temperature it plays catalytic role in thermo-catalytic decomposition of methane and

disturb the original process [63]. Other materials such as ceramics and quartz are now
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considered for reactor construction, to increase inertness towards reaction [64].
Thermo-catalytic decomposition of methane is a continuous reaction process at high
temperature for hydrogen production, which requires design and construction of

proper reactor system to carry out the process.

During the last decade various reactor systems were used for the process of thermo-
catalytic decomposition of methane, among them most commonly fixed bed reactor
was utilized. Thermo-catalytic decomposition of methane results in gaseous hydrogen
and carbon in solid form as by-product. The gaseous hydrogen is collected at the exit
of the reactor but the carbon in solid form accumulates over the catalyst surface which
cause reduction in catalytic activity of catalyst and as a results drop in hydrogen yield
along with catalyst deactivation is observed [65, 66]. The researcher used fluidized
bed reactor in order to continually remove the deposited carbon from the reactor
periodically and adding fresh catalyst to the reactor for the continuous production of
hydrogen. This property of fluidized bed reactor makes it suitable for commercial scale
production of hydrogen. The fluidization also results in continues motion of catalyst

particle which improve heat and mass transfer rate [67, 68].
2.9.1 Fixed bed reactor

Fixed bed reactors are best for processes that require temperature control, ease of
operation, and low reactor body corrosion [38]. The main advantage of this reactor
system is that it can be built in a compact size with several orientations (horizontal or
vertical) and the experimental parameters are easy to maintain [63]. As a result, fixed
bed reactor systems are commonly used in a variety of applications around the world,
both on an industrial and laboratory scale [69]. For thermo-catalytic decomposition of
methane, fixed bed reactors are most widely used as these reactors are simple to set
up and maintain [70]. The typical fixed bed reactor system geometry consists of a long
vertical tube usually made of steel or quartz, with the catalyst bed located in the
reactor's heating zone. The reactant gases are introduced to reactor and are made to
pass through the heating zone where catalyst bed is located [12]. The product gases
are passed through a condenser at the end of the tube to eliminate the vapour content

before being collected. The in-flow to the reactor is normally controlled with a flow
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metre, and temperature of heating zone is controlled with the process controller.
Thermocouple was mounted to measure the temperature of heating zone.

The diagram of fixed bed reactor system for thermo-catalytic decomposition of

methane with in-flow of methane and nitrogen are shown in Figure 2.10.
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Figure 2.10 Diagram of vertical fixed bed reactor system.

The fixed bed reactors are advantageous because it does not put any restrain over flow
rate as in case of fluidize bed reactor. Furthermore, it provide homogenous heating
zone to the catalyst to favour the reaction [38]. In design of fixed bed reactor, selection
of reactor material have greater importance because the reactor material have serious
effect over thermo-catalytic decomposition of methane at higher temperature [71, 72].
The material selected for the construction of fixed bed reactors have the properties to
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bear high temperature environment, inert towards the reaction process carried out in
reactor, easily available and cost effective. In literature mostly fixed bed reactor of
stainless materials have been reported because of its availability and economics [62].
Stainless steel reactor with different diameter and length, and usually powered by
electric furnace are used for thermo-catalytic decomposition of methane [73]. The steel
reactors are highly recommended for high pressure application and temperature below
800 °C [74], and if the thermo-catalytic decomposition of methane were developed
commercially, stainless steel material will be utilized for construction of the fixed bed
reactors [22, 71].

The major concern associated with steel reactor that iron and its alloy become
catalytically active at temperature higher than 800 °C [75] and leads towards the
formation of some carbon materials which not only cause damage to the reactor
material [76], but also the adhere carbon materials to the reactor walls participate in
thermo-catalytic decomposition of methane and leading towards the jamming of
reactor [22]. To overcome this problem, reactor of quartz or ceramic material has been
investigated as these materials are catalytically sable at higher temperature up to 1500
°C which not only protect reactor material from damage but also inert towards the

reaction carried out in reactor [74].

The conventional fixed bed reactors mostly utilize electric furnace for green and safe
fuel (hydrogen) production but still indirectly contribute to the GHG emissions and
global warming in terms of electricity usage [62]. Hence to overcome this
disadvantage the researchers across the globe are working to utilize renewable energy
resources especially solar for heating purpose of the reactor to achieve required
temperature [77]. The concentrated solar power were used to achieve the required
temperature in heating zone of the reactor system. The solar powered fixed-bed reactor
configuration consist of cavity type solar receiver, which are placed vertically in the
tubular absorber [78]. The tubular absorber act as blackbody and is separated from
ambient atmosphere with transparent insulation. For stability of process, the reaction
zone are separated from the irradiation region. The methane conversion reported about
80% at 1050 °C in the presence of the Carbon Black as the catalyst [62]. Complete
configuration of solar powered fixed bed reactor are shown in Figure 2.11.
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Figure 2.11 Solar powered fixed bed reactor for hydrogen production via thermo-
catalytic decomposition of methane [74].

Despite having numerous advantages in term of maintenance and economics, the
conventional fixed bed reactors have some drawbacks (1) solid carbon deposition over
catalyst surface and covering catalyst’s active sites from reaction (2) cause jamming
of the reactor which block flow of gases over catalyst (3) carbon deposition contribute
to the pressure drop (4) non-uniform temperature distribution in the conventional fixed
bed reactor [79-81].

To minimize some of the drawbacks related to conventional fixed bed reactors,
Honeycomb Monolith type of reactors were introduced to the application of thermo-
catalytic decomposition of methane [82]. Despite being favorable for thermo-catalytic
decomposition of methane, very few studies are found over the monolith reactors. The
deposited carbon do not cover the catalyst surface and nor drop pressure in the reactor

due to structured space in monoliths.

In literature, carbon monolith structure were developed for thermo-catalytic

decomposition of methane with CH4 conversion of 33% at 800 °C [82], monolith and
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rector flow diagram are shown in Figure 2.12. At same time monolith reactors also
face challenges in term of uniform temperature over its structure which leads towards

the controlled temperature related issues[83].
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Figure 2.12 (a) Image of carbon used for monolith, (b) Monolith geometry and (c)
reactor used for reaction [82].

2.9.2 Fluidized bed reactor

Fluidized bed reactors are widely used for various application such as petroleum,
metallurgy, pyrolysis, reforming and chemical industries [84]. To maintain continually
reaction of thermo-catalytic decomposition of methane and avoid jamming of the
reactor tube due to deposition of solid carbon over the catalyst surface, leads the
researcher to development of the fluidized bed reactor system, where the deposited
carbon and deactivated catalyst are removed periodically, and fresh catalyst are loaded

in the reactor to continue the process without any stoppage of process [19, 70].

Compared to fixed bed reactors, fluidized bed reactors are most suitable for large scale
production of hydrogen due to periodic removal and addition of catalyst [70].
Additionally, the temperature in fluidized reactor system were controlled easily as
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compared to the fixed bed reactor and also higher temperature at the particular zone in
fixed bed reactor create hotspot which damage catalyst and reactor wall with time [85].
Muradov et al. [72] discuss in detail and compare various reactor system such as
fluidized bed reactor, fixed bed reactor, free volume reactor and tubular reactor for
thermo-catalytic decomposition of methane and come to the conclusion that fluidized
bed reactor are most favorable for thermo-catalytic decomposition of methane. The
fluidization improve the mass and heat transfer which maximize methane molecules

activation and decomposition [19].

The fluidized bed reactor system configuration consist of the fluidized bed of the
catalyst in a reactor tube which is usually heated by an electric furnace. A
thermocouple has been installed at the reactor to measure the temperature of the
heating zone and were controlled by temperature controller. Mass flow controller were
used to measure the in-flow gases such as methane and nitrogen to the reactor. A
differential pressure transducer were installed to measure the total pressure drop in the
distributer and fluidized bed. The schematic flow diagram of fluidized bed reactor

system has shown in Figure 2.13.
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Figure 2.13 Schematic flow diagram of fluidized bed reactor system.

Reaction temperature, gas velocity and particle size are three main factors effecting

the fluidization of reactor for methane decomposition [66]. The basic parameter
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required for the design and operation of fluidized bed reactor are the minimum
fluidization velocity and (V) and minimum fluidization flow rate (Qf). Ergun equation
are used for the calculation of theoretical minimum fluidization velocity which are
shown in (EQ. (2)), and for calculation of theoretical minimum fluidization flow rate
(Qf) (Eq. (3)) were used [86].

Equation for Vs
d?(p.—p,)
Vo = & (P o) 0.2
1650
Equation of Q¢
d 2
Qni =6O7Z'(Ej N Eqg. (3)

Whereas, dp is diameter of particle, ps and pg are solid and gas densities, g is
acceleration of gravity, p is the viscosity of gas and in Qs equation d represent reactor

diameter.

Various configuration of fluidized bed reactor system where used to maximize the
efficiency of the reactor. For this purpose a pre-heater was installed before the reactor
which heats the in-flow gases up to 450°C, pre-heater basically reduce the activation
energy required for the methane molecule to decompose [87].

In another fluidized bed reactor system, two-stage reactor were designed, which not
only improved the methane conversion and hydrogen vyield but also favored the
formation of more structured carbon nano-materials [88]. Two-stage fluidized bed
reactor is shown in Figure 2.14. In such configuration the reactor were divided into
two stage with the help of 10% perforated plate which prevents back mixing of gases
but the fluidized solid are allowed to mix easily and a heat exchanger is installed in-

between the two stage to accurately control the temperature [88].
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Figure 2.14 Two-stage fluidized bed reactor system [88].

With many advantages and versatile uses, the fluidized bed reactor system still have
some limitations which make it critical in some application. For example in methane
decomposition during the course of process there is great variation in the density of
the reactor bed which some time leads to the disturbing the catalyst’s support

interaction with active metal and also breaking the carbon nano-tubes [89].
2.9.3 Rotary bed reactor

Rotary bed reactor system basically belongs to the category of fixed bed reactor, but it
overcomes the concern related with fluidized fixed bed reactor. It is relatively a new
concept as there is no detailed work available in literature about it. Rotary bed reactors
applicable at the laboratory scale for the thermo-catalytic decomposition of methane
[90]. Rotary bed reactors are advantageous because minimum flow for bed fluidization

is not needed and it gives combine advantages of fluidized bed reactor system and
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rotary kiln by providing controlled environment. The rotation of bed gives better
mixing and avoid agglomeration [89]. Moreover, the freedom of flow rate allows better
gas-solid contact [91]. The configuration of the rotary bed reactor system consists of
the rotating cylindrical drum about horizontal axis and speed of the cylindrical system
were controlled by an electric motor [89]. Electric furnace were used for heating, and
thermocouples were installed for measuring temperature controlled by temperature

controller. The detail flow diagram of the rotary bed system are shown in Figure 2.15.

ﬂu-no-m
P4 Manual shut off vaive

Gas Chromatograph " Threoway vaive
— Gas Bne (53 V8" tube)

Y
@ Momocomh
7. Temperature controlier

Dt P I

H,-CH,
B T T T

Rotary Bed Reactor

Figure 2.15 Schematic diagram of rotary bed system [89].

2.9.4 Molten metal reactor

To avoid the de-carbonization of the catalyst, recently researchers favor molten metal
reactor for thermo-catalytic decomposition of methane [92]. Molten metal reactor
avoid jamming of the reactor as the solid deposited carbon removal are possible
periodically due to the density difference between the deposited solid carbon and
molten metal, where the deposited carbon raised to the top of reactor. Secondly, the
molten metal provide an efficient heat transfer. Initially M Steinberg et al. [93] used
molten metal reactor system for decarburization of fossil fuel which was followed by

M Serban et al. [94], where the molten metal were utilized for the hydrogen production.
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With the set up 57% of methane conversion was recorded at 750°C. The reported
configuration of molten metal reactor are made of quartz glass to avoid corrosion and
stainless steel cladding tube help in providing required mechanical strength to reactor

system, shown in Figure 2.16(a).

Pure methane gas was introduce through small orifice at the bottom of reactor and pass
through “molten tin metal as catalyst” for thermo-catalytic decomposition of methane
[95]. In another recent study molten metal bubble column reactor was used for direct
conversion of methane to hydrogen and shown in Figure 2.16(b). In the proposed
setup solid deposited carbon were removed successfully and 95% methane conversion

at 1050 °C was observed over molten Nio.27Bio.73 as catalyst [96].
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Figure 2.16 (a) Molten metal catalyst filled with tin as catalyst [95] (b) Molten
metal bubble column reactor [96].

The concept of molten metal reactor system are very useful as it will solve some critical
concern related to the thermo-catalytic decomposition of methane, but still facing

major challenges as it require huge amount of energy to keep metal molten at 1000 °C
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or other methods were needed to be identified which keeps metal as molten catalyst at
lower temperature [4].

Summary

Excessive usage of fossil fuel resources in order to fulfill the energy demand of the
world, which leads to the depletion of the fossil fuel resources and also increase the
concentration of GHG in our environment. The researcher across the globe are
working concurrently over the both issues. The introduction and development of
renewable energies are among the solutions to the given problems, but at the same time
these technologies are immature and inefficient. Therefore, effective utilization of
fossil fuel are needed in order to handle both depletion of fossil fuel and control GHG
emissions. Keeping in mind these related concerns, hydrogen economy were
introduced. The main concern with hydrogen economy is the absence of “elemental
hydrogen” in the nature which is the main headache. Various hydrogen production
technologies based on fossil fuel are used such as dry reforming of methane (DRM),
steam reforming of methane (SRM), partial oxidation of methane (POM) and coal
gasification. Among them DRM and POM are the commercial process for hydrogen
production. Based on renewable energy, hydrogen production technologies are
thermo-chemical splitting of water, photo-electrolysis, electrolysis and biomass
gasification. These process are very demandable due to usage of renewable energy and
sources but still these process are immature and are in developing phase. Apart from
these process thermo-catalytic decomposition of methane is also a process use for
production of green hydrogen and solid carbon nano-materials. The carbon nano-
materials based on its morphology can be utilize for various application which reduce
economics of the process.

The various ashes produce from power plants are usually disposed in land fill sites
which is the total wastage of this bio-material. For sustainable management of these
ashes was taken under study in literature and its physiochemical properties were
studied extensively and it was found that the presence of the various oxides made it

suitable candidate for catalytic applications.

The main concern with thermo-catalytic decomposition of methane is the quick

deactivation of the catalysts due to agglomeration of carbon around the active phase
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of the catalyst. To overcome this problem various transition metal based catalyst were
used but still no major success were achieved. Therefore, to overcome the economics
of the catalyst for thermo-catalytic decomposition of ethane renewable base materials
were targeted for usage in thermo-catalytic decomposition of methane. These ash base

materials were both use as catalyst and catalyst support.

For thermo-catalytic decomposition of methane process various reactor system were
used in order to obtain maximum hydrogen yield and minimize the catalyst
deactivation due to carbon deposition. Mostly fixed bed reactors were used because
they are easy to maintain and maximum amount of heat transfer to the catalytic bed
and in results enhance the methane conversion and hydrogen yield.
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Chapter 3: Methodology

3.1 Preparation of Ash samples for ash fusion analysis

The biomass fly ash (BFA) was collected from locally fired biomass power, named as
Bulleh Shah Packaging Limited mix biomass power plant Kasur, Punjab. This biomass
used were consist of wheat straw, black liquor from paper industry, rice straw and
wood pieces. Figure 3.1 reveals the preparation method of the BFA samples. To
prepare BFA sample, it was first dried in an oven for 12 hours at temperature of 120°C
in order remove moisture content from BFA. Then the dried BFA were grinded with
Hard grove Grindability Index Tester (USA, ASTM D 409-08) and sieved in a Sieving
WS Tyler RX-29-10 (USA) to obtain require fine particle size of BFA powder. BFA
powder was calcined at 700°C for time of 3 hours to remove unburnt carbon, alkaline

materials and improve the stability of the BFA.

The conventional hydrothermal method was used for the preparation of the cerium
oxide and is shown in Figure 3.1. For the preparation of 0.1 molar solution and
maintaining value of pH at 10, the Cerium (III) nitrate hexa-hydrate (Sigma Aldrich,
99.99%, USA) (Ce(NO3)3.6H20) were added to the deionised water (DI) as per
requirement. The prepared homogenous solution, it were stirred for 15 minutes at
60°C. For hydrothermal process, the uniform nitrate solution were transferred to a 200
ml Teflon lined stainless steel autoclave (China). The autoclave containing a
homogeneous nitrate solution was placed in an electric furnace at 160°C for 24 hours
before being allowed to cool to room temperature. The collected sample were washed
many times with DI water and then finally with absolute ethanol (ACS reagent 99.5
%) to make it free of impurities and with pH value of 7.0. The sampled was dried in

an oven at 120 °C temperature for 10 hours and finally calcined for 3 hours at 700°C.

Conventional incipient wetness impregnation method were used for the preparation of
Co/Ce0O2-BFA nano-composite [1]. The solution of DI water with BFA and cerium
oxide powder were prepared by stirring it for 15 minutes at temperature of 60°C. The
solution of 0.1 molarity was prepared by adding Cobalt (Il) nitrate hex-hydrate
(Co(NO3)2.6H20) (Merck, 99.99%, USA) to DI water and continually stirred the

solution for 10 minutes at 60°C. Then both the prepared solution were mixed with each
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other and the final solution were stirred for 3 hours at 110°C. After the stirring the
sample was dry up in the oven at 110°C of temperature. The sample were collected

and grinded to fine powder. Finally the sample were calcined at 700°C for 3 hours.

Ce(NO,)5.6H,0 DI Water

Furnace

[ BFA }C:{ Calcination

Drying }:‘{ Grinding

S,

Autoclave

160°C ]
00

[Co{NOal).EHID] [ DI Water ]

=
.
o

Heating and Stirring

Figure 3.1 Schematic of material synthesis

3.2 Catalyst characterisation

The following characterization equipment were used for the characterization of the
fresh and spent catalyst.

3.2.1 X-Ray Diffraction

To determine the crystalline structure, XRD analysis were performed using D8
Advance (Bruker Advanced, Germany) with configuration of Bragg-Brentano along
with the scintillation detector and radiation wavelength equal to 1.5418 A used for

examination of crystalline structure shown in Figure 3.2.
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Figure 3.2 X-Ray Diffraction

The equipment has the step of 0.05°/ 5sec and sample scanning ability of 26=5° to 80°.
Characterized with software DIFFRAC Plus EVA Version 5.0 to perform XRD

analysis
3.2.3 Scanning electron Microscopy

The morphological behavior of the fresh nano-composite and spent catalyst has been
studied with SEM analyzer using JEOL JSM-6490A (Japan), shown in Figure 3.3.

Figure 3.3 Scanning electron Microscopy
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At 30kV the equipment have the resolution power of 3 nm and extension of 10-
200,000X, in order to get our desired micrographs. For the elemental analysis of the
fresh nano-composite catalyst and spent catalyst were carried out with energy EDX
detector (Oxford Instruments, model: 51-AD0007).

3.2.4 Thermogravimetric analysis

Thermal analysis were performed with thermal-gravimetric analyzer TGA 5500 TA

Instruments, shown in Figure 3.4.

Figure 3.4 Thermogravimetric Analyzer

At the start, the equipment was purged with N2 flowing at the flow rate of 35 mL min
! for 30 minutes. The sample of weigh of 10 mg were used for analysis. The sample
were heated to 900°C with heating rate of 10°C min in the nitrogen and then in air

environment at flow rate of 25 mL mint.
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3.2.5 Fourier Transform Infrared Spectroscopy

For the determination of functional group FTIR spectroscopy was carried out with
Cary 630 FTIR (Agilent Technologies, USA), shown Figure 3.5. FTIR spectrum
recorded in the range of 400 to 650 cm™ wavenumber with the resolution of 2 cm™

was scanned.

Figure 3.5 Fourier Transform Infrared Spectroscopy.

3.3 Methane decomposition experimental setup and calculations

Thermo-catalytic decomposition reaction of methane has been performed in the fixed
bed thermal reactor (Parr Instrument, 5401, USA) with continuous flow of gases, as
shown in Figure 3.6. The fixed bed stainless steel (SS 316) reactor having the inner
diameter (ID=12 mm) and length equal to 300 mm, consist of single heating zone. The
prepared nano-composite catalyst were sandwich in the quartz wool and was placed in
the mid-section of the reactor. The mass flow controller (Brooke instruments, USA)
were used for controlling the flow rate of methane gas. The temperature of reactor was
controlled by process controller (4871, Parr Instrument). An online SCADA system
monitored the temperature and flow rate of the reactor. The supply of the gases to the

reactor should be dry and for this purpose condenser were utilized to dry up fed gases.
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The gas chromatograph (GC-TCD) (GC-2010 Plus, Shimadzu Japan) equipped with
thermal conductivity detector (TCD) were used to measure CH4 fed and H> yield. The
thermo-catalytic decomposition of methane is furnished with capillary column (RT-
MS5A, 30 m x 0.32 mm ID, 30 um) used to detect CHs, and Ho.

AC Power Supply

® Process
=T 1299
L1

Electric Heater

e

Thermocouple
Thermal

Reactor

Catalyst Bed

Vent «

Condenser 2
Gas Chromatograph PC-ChemStation

Figure 3.6 Schematic of experimental setup for catalytic methane decomposition.

3.4 Catalytic activity

The performance methane decomposition in fix bed was studied in term of CH4
conversion (Eq. 2) and Ha selectivity (Eq. 3) and Hz yield (Eq. 4).

( nCH 4 )converted % 1oo:| (2)

CH, conversion (X, )% = { o
) n 4 Jin

Whereas, Xcns denotes conversion rate of methane, n(CH4)converted 18 the number of
moles of methane converted and (CHa4)feed 1s the number moles of methane at inlet of

reactor.

(2xnCH,)

converted

nH
H, selectivity(SHz)%z[ (M, ) rouca xloo} 3
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nH
H Yield(Y )%: (Z)wxloo (4)
2 "2 (2xnCH,),,

Sh2 and Y2 represent selectivity and yield of H> respectively and n(H2)produced 1S the

number of moles of hydrogen produced.
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Chapter 4: Results and Discussion

4.1 Materials Characterization

Figure 4.1 illustrate XRD analysis carried for biomass fly ash (BFA), cerium oxide
(Ce02) and Co/Ce02-BFA. Table. 4.1 showed all crystalline phases identified with XRD
analysis. The BFA have different metal oxide which is confirm by XRD pattern. The
major XRD peak for orthorhombic shaped CaSO4 (PDF# 37-1496) having phase (020)
was noticed at 20=25.40° [1]. The XRD peak at angle 29.40° indexed directly to CaCOs
(PDF# 47-1743) with phase (104) [2]. The SiO; crystalline phase (101) with PDF# 46-
1045 was observed at 20=26.50° [3]. The cubic structure Fe;Os (PDF# 16-0653) have
been identified at an angle 32.80° with phase (220) [4]. The phase (020) of Al>O3 with
(PDF#46-1131) was observed at 20 confirms at 30.30° [5]. The cubical structure of MgO
(PDF# 45-0946) with phase (211) was found at 20= 44°.

The CeO2 XRD study reveals the presence of face-centered cubic crystalline phase (111)
with (PDF# 43-1002) at 26 equal to 28.50° [6].

The Co loaded final nano-composite catalyst have one ore major peak at an angle 260 of
44.20°, which indexed explicitly to face-centered-cubic phase (111) of cobalt with (PDF#
15-0806) [7]. By cobalt loading the crystallinity of final nano-composite was dropped
which is mainly due to the loading of cobalt and CeO, nanowires. XRD study clearly
shows that synthesized nano-composite have the required crystalline phases of the CeO>

nanowires, Cobalt and other metal oxides [8].
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Figure 4.1 XRD analysis of biomass fly ash (BFA), CeO>, and Co/CeO,-BFA.

Table 4.1 XRD analysis

Samples Compound

BFA CaSO0O4
CaCO3
SiO2
Fe203
Al;O3

CeO; CeO:

Co/Ce02-BFA Co

PDF #

37-1496

47-1743

46-1045

16-0653

46-1131

43-1002

15-0806
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20 (°) Phase (hkl)
25.40 (020)
29.40 (104)
26.50 (101)
32.80 (420)
30.30 (020)
28.50 (111)
44.20 (111)



Figure 4.2 reveals the morphology of the biomass fly ash (BFA), cerium oxide (CeOy)
and Co/CeO2-BFA, which was studied using SEM analyzer.

10kV  X5,000 10kV  X10,000 1pm

10kV  X3,000 X10,000

10kV  X5,000 5pm 2019 14 30 SEI X10,000 1pm 2019 14 30 SEI

Figure 4.2 SEM micrographs of synthesized catalyst with 5.0 um and 1.0 um (a-b)
biomass fly ash (BFA) (c-d) cerium oxide (CeO2) nanowires (e-f) Co/CeO2-BFA.
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The BFA micrograph presented in Figure 4.2(a-b) shows it has flakes like structure with
porosity, which make it suitable material for catalyst support [9]. Such structure of
material make it favorable for catalytic use as it gives better dispersion to the metal oxides
and as well active metal [6]. The CeO> surface morphology shows nanowire structure
which is demonstrated in Figure 4.2(c-d). Further magnification of CeO- illustrates web
like structure that is due to the interconnection of these nanowires. The morphological
structure of final composite material loaded with active metal cobalt, CeO, as promoter
and supported over BFA has presented Figure 4.2(d-e). The final nano-composite
explicitly reveals the incorporation of the CeO> with BFA and in turn CeO> also give helps
in improved dispersion of the Co over support, BFA [10].

The elemental analysis of the nano-composite Co/CeO2-BFA was carried out with EDX
analyzer and is presented in Figure 4.3. The EDX analysis clearly reveals the peaks for
Co, Ce and also for Si, Ca, Fe and Al which are the main constituents of BFA and which
Is established from XRD peak.
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46.90 67.59

2.63 2.50
222 1.90
13.61 11.17
23.73 13.65
1.65 0.68
1.70
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Full Scale S37 cts Cursor: 0.000 ke

Figure 4.3 EDX study of fresh nano-composite Co/CeO2-BFA.
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The thermal stability of BFA, synthesized nanowire of CeO> and final nano-composite
Co/Ce0,-BFA is depicted in Figure 4.4. The thermal analysis of BFA presented in Figure
4.4(a) has shown a total weight loss of 15%. The weight loss for BFA occur in three stages.
In the first stage at less than 150°C of temperature, the small amount of weight loss
observed which attributes to the evaporation of moisture content. In the second stage
(150°C-550°C) significant amount of weight loss occur due to the evaporation of the
volatile matter present in BFA. The major weight loss occur during third stage (550°C-
900°C) which is due to the oxidation of the organic matter and the transformation of phase
like Si, Fe, Ca [11]. The thermal stability of the synthesized nanowire of CeO: is exhibited
in Figure 4.4(b).
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Figure 4.4 TGA analysis of fresh (a) Biomass fly ash (BFA) (b) cerium oxide (CeOz)
nanowires (c) Co/CeO2-BFA.
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The TGA profile reveals that only major weight loss occur due to the loss of moisture
content present in the CeO> and no further weight loss was observed [12]. Figure 4.4(c)
portray the thermal stability of nano-composite Co/CeO2-BFA. At temperature below
750°C, TGA profile shows 5.5% of weight loss which is mainly due to release of the vapor
and volatile content [13]. The final nano-composite have lower weight loss as compared
to BFA which indicate that the structure and surface morphology of BFA has changed
confirmed form XRD and SEM analysis which is due the loading of cobalt and cerium

oxide.

Figure 4.5 presents the FTIR examination of BFA, synthesized CeO nanowires and
Co/CeO2-BFA nano-composite which determine the functional groups (qualitative
analysis) with in the range of 4000-650 cm™ wavenumber. The CeO2 FTIR shows weak
spectral band from 2500-2000 cm™* which confirms existence of the OH band because of

moisture content in CeO2 [14].

(c) Co/CeO,-BFA

(b) BFA

Transmitance (%)

H-O =—b

O e
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3500 3000 2500 2000 1500 1000
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Figure 4.5 FTIR spectroscopy of fresh (a) cerium oxide (CeQO2) (b) biomass fly ash
(BFA) (c) CeO2/ Co-BFA.
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The Ce-O band transmittance peak was detected at band below 700 cm™ for both
synthesized nanowire CeO> and Co/CeO2-BFA nano-composite [15-17]. The Ce-O band
transmittance peak was detected at band below 700 cm™ for both synthesized nanowire
CeO- and Co/Ce0,-BFA nano-composite [15-17]. The FTIR spectrum of BFA reveals
that band at the 1418 cm™ and 882.36 cm™ confirms the stretching vibration for
asymmetric C=0, and band at 1110 cm™ indicates the Si-O stretching vibrations [9, 18,
19]. The relatively lower band peak at 743.9 cm™ was observed for symmetric stretching
vibration of Si-O-Al [19]. The Co/CeO2-BFA nano-composite have stretching vibration
at 955.6 cm™ for C-O functional group [20] and at 1075 cm™ wave number exhibit

stretching mode for presence of Cobalt [21, 22].

4.2 Screening tests of the catalyst

4.2.1 Effect of Co and CeOz: loading over BFA

Catalytic performance in term of CH4 conversion (Xcha4), H2 selectivity (Sk2) and Hz yield
(YH2) as function of time on stream (TOS) for BFA, Co/BFA, and Co/CeO,-BFA has been
analyzed, as depicted in Figure 4.6 while keeping the keeping the experimental parameter
constant such as catalyst loading equal to 0.5 g, temperature 850 °C and CH4 flow rate +
20 ml min™. The mean values are recorded for the Xcna, Stz and Y, after the catalyst
gaining stability. CH4 conversion values of 28%, 46% and 71% was reported for only
BFA, 5%Co/BFA and 5%Co/CeQO2-BFA respectively which is shown in Figure 4.6(a).
Figure 4.6(b) indicates H> selectivity of BFA, 5%Co/BFA and 5%Co/CeO,-BFA with
values equal to 33.5%, 44% and 62% respectively. Figure 4.6(c) shows H; yield of BFA,
5%Co/BFA and 5%Co/CeO2-BFA have values 20%, 31% and 44% respectively. This
clearly shows that the loading of cobalt as an active metal enhance the catalytic
performance BFA. The cobalt as an active metal causes activation of the methane
molecules to decompose into hydrogen gas and solid carbon nano-materials. Further
addition of the cerium oxide as promoter improve the dispersion of the active metal over

the base material and enhance catalyst stability [23, 24]. The yield of hydrogen were
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improved due to impregnation of Co and CeO2 over BFA. The higher conversion of
methane were recorded due to addition of CeO2 which is because of redox properties of
the CeO2 and high mobility of lattice oxygen. Small amount of CO and CO, traces were
observed in the product gases. In the reduction environment, CeO- help in metal support
interaction. The cobalt metal have partially filled 4f-suborbital which increase electron
density during the methane decomposition reaction. The presence of the various metal
oxide in BFA such as Al, Fe and Mg which help in the Co exulution process rather

covering the active sites of the final nano-composite catalyst.
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Figure 4.6 Screening test for (a) CH4 conversion, (b) Hz selectivity and (c) H> yield at
temperature = 850 °C, catalyst loading = 0.5 g, CH4 flow rate= 20 mL min.
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4.2.2 Effect of CeO2 loading over 5%Co-BFA

The catalytic performance of the nano-composite were studied with different loading of
synthesized CeO2 nanowire over Co/BFA at the given experimental parameters which are
reaction temperature of 850 °C, CH4 flow rate = 20 ml min™ and catalyst loading = 0.5 g.
The catalytic activity were recorded in term of CHs-conversion, H> -selectivity and Ho-
yield, whose values are the mean values which are recorded when the catalyst gained the
stability. With increasing by weight percentage of loading of as synthesized CeO:
nanowire over BFA enhance CHas-conversion, Ho-selectivity and Ho-yield which were

demonstrated in Figure 4.7.
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Figure 4.7 Effect of CeO2 loading on the (a) conversion of CHs (b) selectivity of Hz (c)
H, yield at temperature = 850 °C, catalyst loading = 0.5 g, CH4 flow rate= 20 mL min™
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For 2.5%, 5%, 7.5% and10% loading of CeO, over Co/BFA results in 53%, 71%, 73%,
and 76% of CH4 conversion respectively, as depicted in Figure 4.7(a). The hydrogen
selectivity values are equal to 46%, 62%, 65% and 66.5% for 2.5%, 5%, 7.5% and 10%
of CeO loading over Co/BFA respectively, as shown in Figure 4.7(b). Similarly Figure
4.7(c) shows the hydrogen yield of 28%, 44%, 47% and 49% respectively for 2.5%, 5%,
7.5% and 10% loading of CeO- over Co/BFA. The promoter addition to the catalyst helps
in better dispersion of the active metal over the support, avoid the sintering of metal and
improve stability at elevated temperature, the as synthesized CeO2 nanowire act as a
promoter and enhance catalyst properties [23, 24]. Up to 5% by weight addition of CeO2>
improves the catalytic performance but beyond that loading leads to the degradation the
properties of the catalyst, which is mainly due to the reason that further addition causes to
block the porosity of BFA and leads towards the agglomeration of CeO which results in

blockage of active sites.
4.2.3 Effect of feed flow rate

The flow rate highly effect the catalyst catalytic activity, increasing the flow rate reduce
the CHas-conversion, H-selectivity and Ho-yield because the high flow rate reduce the
time of contact for CH4 with the catalyst [25-27]. The time of interaction for the gas
molecules with the catalyst reduces which is due to the high concentration of CHs. To
justify this statement CHas-conversion, Ha-selectivity and Ho-yield were check at variable
flow rates over 5%Co/CeO2-BFA catalyst and keeping the other experimental parameters
constant which are catalyst loading = 0.5 g, temperature equal to 850°C. At flow rate of
10 mL min't, 20 mL mint, 30 mL min™ and 40 mL min, the CH4conversion values were
of 74%, 71%, 65% and 60% respectively, which are shown in Figure 4.8(a).

The hydrogen selectivity shown in Figure 4.8(b) having values equal to 63% 62% 57%
and 50% for the flow rate of 10 mL min, 20 mL min?, 30 mL min? and 40 mL min™
respectively. Figure 4.8(c) shows the values of the hydrogen yield which are equal to
46%, 44%, 38% and 30% for the flow rate of 10 mL min‘t, 20 mL min, 30 mL min and

40 mL min respectively.
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Figure 4.8 CH. flow rate effect on (a) conversion of CH4 (b) Ha selectivity (c) H2 yield at
reaction temperature = 850 °C , catalyst loading = 0.5 g

4.2.4 Stability analysis of 5%Co/CeO2-BFA

The nano-composite 5%Co/5%CeO.-BFA were used as catalyst for analyzing the stability
performance. The stability analysis has been carried out at experimental parameters which
are CH4 flow rate equal to 20 mL min™, reaction temperature of 850°C. For total of 34
hours the stability analysis were carried out and in every 15 minutes the values for CHa-
conversion, Ha-selectivity and Hz-yield were determined. Initially lower catalytic activity
were observed which is because of the reason that the produced H, was used for the
reduction of some of the unreduced active metal species in the catalyst at 850°C [10, 27].
For the first 12 hours, gradual increase in catalytic activity occur and after which for next
19 hours the catalytic activity remain stable as shown in Figure 4.9. After gaining the
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stability, the maximum CHs conversion was recorded 71.4%, H selectivity and yield
values were equal to 64.3% and 44.9%. The excellent catalyst stability was due the better
metal dispersion, metal support interaction, morphological structure of catalyst and
presence of various metal oxide attribute to catalytic performance [28-30]. The TGA
profile clearly exhibit thermal stability of 5%Co0/5%CeO2-BFA nano-composite. The
SEM analysis confirm the better dispersion of the cobalt over the BFA, which is one of
the main reason for the efficient CH4 decomposition. The BFA is the mix matrix of various
metal oxide i.e Ca, Si, Al and Fe which is confirmed from XRD analysis, that’s why the
solid carbon deposited over catalyst behave as catalyst support and assist in the methane

decomposition reaction [31].
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Figure 4.9 Stability analysis; TOS effect on CH4 conversion, selectivity of H, and yield;
reaction temperature = 850 °C, catalyst loading = 0.5 g, CH4 flow rate = 20 mL min™.
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4.3 Physicochemical properties of spent catalyst

Catalyst used for 34 hours in the reactor has been collected and its physiochemical
properties has been studied. SEM-E, XRD and TGA analyzer were used to study the
change in catalyst occur after the deposition of the solid carbon. Figure 4.10(a-b) portray
the SEM morphology of the spent catalyst. As compared to fresh catalyst, the morphology
of the spent is obviously changed due to the deposition of the solid carbon over the catalyst
[32].
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Figure 4.10 SEM micrograph of spent Co/CeO,-BFA (a) 2.0 um (b) 1.0 u (¢) XRD of
Co/Ce0,-BFA-spent (d) TGA of Co/CeO.-BFA-spent.

The XRD analysis of spent catalyst is show in Figure 4.10(c). The formation of hexagonal
graphite carbon (JCPDF# 26-1079) is detected at 20 =26.6° with phase (003) has been
confirmed with XRD analyzer. The XRD study further confirm the presence of Calcium
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carbide, CaCO3 with JCPDF# 47-1743 and phase number (104) is detected at an angle
29.4°. The BFA and CeO: structure has been altered because of heating for 34 hours at
temperature of 850 °C and exultation of solid carbon with support to enhance catalytic
activity. The cubic structured CeO. (JCPDF# 49-1415) is observed at 26= 43.94° with
phase (012). At an angle equal to 26.18° SiO> (JCPDF# 11-0252) with phase (101) was
detected.

Figure 4.10(d) represent the thermal analysis and weight loss behavior of spent catalyst.
The TGA profile of spent catalyst shows 69% of weight loss at temperature range 530 °C
to 800 °C in air environment. The weight loss of the spent catalyst are mainly due to the
combustion of the graphite carbon formed over the catalyst surface.

EDX spectrum of the spent catalyst is shown in Figure 4.11, which clearly exhibit the
peaks for the presence of C, Si, Fe and Ca. the elements like Si, Fe and Ca are the major
constituent of BFA and the deposited carbon over the catalyst surface dominate the

concentration of cobalt and cerium oxide.
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Figure 4.11 EDS analysis of spent Co/CeO2-BFA after 34 h TOS.
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Summary

The BFA sample, synthesized CeO. nano-wire and Co loaded nano-composite were
characterized by XRD, TGA, SEM, EDS and FTIR. The XRD of the BFA exhibits various
diffraction peaks for Fe2O3, Al.O3, MgO and SiO». The SEM shows the morphology of
the BFA and reveals that BFA have micro-flakes like structure, which make it suitable
materials as catalyst’s support for catalytic applications. Furthermore, SEM analysis of
final nano-composite shows that the Co and CeO: are distributed over the BFA micro-
flakes. The material was found to stable up to 900 °C which was revealed by TGA and
make it suitable for high temperature application. The materials was tested for hydrogen
production in FBR via thermo-catalytic decomposition of methane. The material gain
stability after 15 hours and were stable till the end of the test. The tests were performed
only for BFA, Co-BFA and final nano-composite (Co/CeO.-BFA) and the results shows
that cobalt loaded and CeO, promoted catalyst have shown better catalytic activity. The
stability of the catalyst was improved with loading of CeO; but increasing loading of CeO>
beyond 5%, decrease the catalytic activity. The higher loading leads to the agglomeration

of the structure which reduce the activity.
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Chapter 5: Conclusion and Recommendations

5.1 Conclusions

The efficient use of BFA collected from biomass power plant was a matter of serious
concern. To solve out this issue, the physiochemical properties of the BFA have been
studied and it was concluded that BFA is best suited as catalyst support in various
technologies. The presence of various metal oxides in BFA have been confirmed with
XRD study and the SEM morphology reveals that BFA has porosity in its flake like
structure which make it likely contender for catalyst support material. For thermo-
catalytic decomposition of methane only BFA as catalyst was tested and it have shown
some promising results. But with addition of active metal like cobalt and promoted with
synthesized nanowire of cerium oxide enhance the efficiency and performance of catalyst.
The promoter help in better dispersion of active metal and enhance the stability of catalyst
and this role has been played by cerium oxide. 5% Co/CeO.-BFA nan-composite as
catalyst give maximum CHa conversion was 71%, H> selectivity and yield were 62% and
44% respectively. The 5% Co/CeO2-BFA nan-composite has been test for 34 hours to
check the stability of and the nano-composite did not show any decline in the activity at
the end. Hence concluded that the catalyst derived from biomass ash is an economical

because the use of the BFA could reduce the cost of heterogeneous catalyst.

5.2 Recommendations

Thermo-catalytic decomposition of methane is the most effective method and a greener
route for hydrogen gas production and solid carbon nano-materials as by-product. But the
major challenge associated with the given process is the catalyst deactivation due to
deposition of the carbon over the catalyst surface, which block the active sites of the
catalyst. Furthermore, the better physiochemical properties of BFA reveals that BFA in
future should be utilize for catalytic application. The reactor design should be kept in
consideration along with the experimental parameters for maximum conversion of

methane and hydrogen yield.
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ARTICLEINFO ABSTRACT

Editor: V. Victor In this work, the biomass fly ash (BFA) was investigated az a potential catalyst for the thermo-catalytic
decompozition of methane and attractive approach for hydrogen (Hz) production. The BFA based CeO; nano-
Keywords: wires promoted cobalt catalyst was synthesized for catalytic methane (CH,) decomposition and was tested in a
Methane decompasition fixed bed reactor. The phyzicochemical properties of the catalyst were investigated vaing various techniques such
(B_:m fy ash as X-ray powder diffraction, scanning electron microscopy, energy-dispersive X-ray spectroscopy, thermal
li, :mduﬂi«m gravimetric analyzia, and Pourier tranaformed infrared. The pure crystalline micro-flake BFA was modified using
synthesized CeO; nanowires and the resulted micro flakes cross-linked with nanowires shown thermal stability
up to 900 °C. The high stability of the catalyst makes it suitable for the thermal catalytic decomposition of
methane The activity of the catalyst was tested at 850 °C to analy=e the H; production and CH4 ion. The
obtained results revealed that support and promoter exhibit a strong impact on the CHy conversion and H yield
in Y ing testa. A maxi © jon of 71% for CHy with 44.9% H yield was recorded for 34 h on
stream activity while using 5% Co/Ce0;-BFA as the catalyst. While BFA and Co-BFA as catalyst showed 36% and
47% ion of CHy, ively which indi that the addition of p: shows an i in values of
both conversion of CH4 and H3 yield. Compared to traditional catalyst supp the use of ed catalyst
for CH4 d position provides a greener and more economical route for H production.
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