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Abstract

The abundant presence of natural gas reservoirs and ease to convert it with less amount
of greenhouse gasses exhaust to useful chemical products make it profitable. Catalytic
partial oxidation of methane (POM) is an excellent process for converting methane to
various useful chemical compounds and mitigating environmental hazard that are due
to the increasing methane concentration in the atmosphere. The most important step in
POM is the formation of the synthesis gas. The objective of this study is to utilize BFA
as green catalyst support to produce syngas via partial oxidation of methane (POM).
BFA was modified using laboratory synthesized La,Ozand loaded nickel (Ni) as active
metal through the wetness impregnation technique. The Ni/La;Os-BFA catalyst was
characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDX), thermogravimetric analysis (TGA) and
Fourier transform infrared spectroscopy (FTIR) to investigate its suitability for POM
reaction. Due to the existence of active Ni species and BFA as the major support, the
characterization results indicated greater dispersion of Ni metal over support material,
improved thermal stability during high temperature POM reactions, and decreased
coke deposition. The presence of various metal oxides such as Al.O3, Fe2O3, MgO,
and SiO in BFA makes it a more suitable support material for POM. The synthesized
Ni/La,0O3-BFA demonstrated superior catalytic activity over La;Os-BFA and BFA.
The synthesized Ni/La>O3-BFA catalyst remained stable for 30 h time on stream (TOS)
during POM at 850 °C. The experimental study demonstrated that the addition of
La,O3 promoter and active metal Ni to the BFA improved the CHa4 conversion from
55% to 85% and consequently improved H2/CO ratio from 1.4 to 2.0. The catalytic
performance of BFA supported catalyst shows its potential to be adopted for catalytic
application, that is a greener, economical, and waste-based alternative to other
supported Ni-based catalyst and provide a sustainable solution for decreasing methane

emissions.

Keywords: Partial oxidation of methane; Syngas; Biomass fly ash; La>Oz; Hydrogen

production.
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Chapter 1

Introduction

1.1 Background

Fossil fuels continue to meet the world's growing energy demand. In 2007, US
energy usage was at 100 quads, with fossil fuels (natural gas, petroleum, and coal)
accounting for 80% of the supply [1]. Meanwhile, primary energy usage increased by
1.3 percent from 2018 levels (2.8 percent). In 2019, it accounted for around 84 percent
of global primary energy use. Aside from shale gas production, natural gas (NG)
accounts for 36% of total energy consumption. Meanwhile, fossil fuels have
maintained their dominance for years [2]. Various combustion methods and
developing technologies have a negative impact on our life when it comes to energy
utilization. Researchers worked diligently to develop an efficient, non-polluting, and
safe technology for fuel combustion. Furthermore, the combustion of fossil fuels is a
major producer of greenhouse gases (GHGs) and contribute to climate change by

causing global warming (GW).

Since then, crude oil supply has been steadily reduced, and extensive research
has been conducted to create clean transportation fuels and alternative resources using
various conversion technologies such as biomass to liquid (BTL), coal to liquid (CTL),
and gas to liquid (GTL) [3]. Natural gas is a major biomass/fossil fuel reservoir. CHa
is the abundant constituent of NG (>88%). CHa is the most abundant HC on the planet,
and it may be found in shale gas, clathrates, landfills, and biomass gas. Furthermore,
CHa is employed in cooling systems and can be used as a car fuel in compressed form
[4]. Renewable and non-renewable energy resources can be used to meet energy
demands, however renewable resources are steadily replacing non-renewable
resources since renewable fuels have been widely employed as primary energy sources

with zero pollution.



Renewable energy sources include wind, solar, hydro, tidal, geothermal, and
biomass energy. Biomass is a significant source of renewable energy that is organic
in origin. It is the second oldest energy source after the sun. The most common type
of biomass used for energy production is woody products. Wood can be burned for
heating and cooking purposes alone. Solid waste products are another source of biogas
since their combustion creates energy for various uses. Waste to energy power plants
continuously burn solid wastes for energy purposes. By rotting or decaying, fungi and
bacteria may consume dead animals and plants and turn them into chemical energy in

the form of sugar [5].

Bioenergy has been defined as the primary source of renewable energy by the
International Energy Agency (IEA). Because of its numerous applications, it is a vital
fuel in many countries. It is also employed in transportation fuels and energy
generation due to its low GHG emissions [6]. As a result, biomass might be considered
an indirect renewable source of solar fuels. It is produced by the combustion of organic
materials from plants or animals in biomass-fired power plants. It has significant
environmental and economic possibilities, making it a viable alternative to both

extremely hazardous and traditional solid fuels [7].

Wood, solid waste, biogas, or any other organic waste is burned in biomass
power plants to generate electricity, which is used to power turbines in industries or
in households for cooking and heating. It's crucial to know that new biomass-burning
technology have been developed to reduce pollution and waste emissions. As a result
of the burning of biomass, ash is produced, which can be classified into two types: fly

and bottom ashes [8].

In the combustion chamber, biomass bottom ash (BBA) is created by partial
or complete oxidation. Sand particles and mineral impurities make up BBA [9]. While
biomass fly ash (BFA) is collected outside of the combustion chamber and separated
from the gas stream, which is mostly inorganic material with a tiny organic portion
(unburnt carbon) [10]. BFA made up of several oxides. The primary elements of BFA
are SiO2, Al2O3, Fe203, K20, MgO, MnO, Naz0, TiO», P.0s, SOs, and infrequently
CaO [11]. As a result of the existence of metal oxides, which can reduce to metal
atoms, it can be utilized as a catalyst. Due to its larger surface area, it can also be



utilized as a supporting material. The pyrolysis of BFA yields hydrogen, a renewable
fuel with numerous applications that is extremely significant and used as an energy
transporter [12]. Furthermore, Synthesis gas/syngas (H2/CO) production is a
significant initiative for the sustainable development of more competent and
ecofriendly biomass resources. Thus, BFA can now be employed as a catalyst in a
variety of catalytic reactions. Given the increasing accessibility of NG in recent
decades, methane conversion to various transportation fuels and other

petroleum/liquid products has been greatly anticipated [13].

As indicated by the literature, several researchers have focused on various
petroleum alternatives as energy sources, making CHs an appealing and powerful
option for this purpose [14]. In general, CH4 conversion can be categorized into direct
and indirect paths, while the second paths of CH4 conversion to synthesis gas is more
cost-effective and feasible [15]. H2/CO is a key precursor to produce a variety of useful
chemicals, including ammonia (for urea synthesis), methanol, Fischer Tropsch fuels
(liquid fuels transportable via existing pipeline systems) [16], and the synthesis of
various aromatic and aliphatic hydrocarbons for various applications [17].

One of the most important and essential paths to conversion is reforming [18].
As a result, reforming technologies for methane conversion have been developed. In
the presence of catalysts, steam reforming of methane (SRM), dry reforming (DRM),
and partial oxidation of methane (POM) are the most often utilized syngas generation
technologies. SRM is one of the most used syngas reforming methods, however it is
extremely endothermic (needs superheated steam) and demands a higher initial
investment [19]. However, due to the production of GHGs (CH4 and CO.) and coke
deposition, it was illegal to synthesis syngas by DRM and SRM in the past decades
[20].

Partially oxidation of methane (POM) is appropriate and beneficial technology
for syngas production among other reforming technologies. As a result, considerable
research has been done on it, and a variety of catalyst systems for the POM reaction
have been devised, including nickel (Ni), cobalt (Co), copper (Cu), iron (Fe), rhenium
(Re), palladium (Pd), platinum (Pt), and others [21].Because of their various features,

Ni-containing catalysts were produced in this study utilizing BFA and La>Os as



support material and promotor respectively, which will be addressed briefly in the next

section.

1.2 Problem Statement

Even though partial oxidation (R1) is an effective process for synthesizing
syngas, it has some drawbacks, which prompted us to carry out this research. Catalysts
for syngas generation can be made easily with a variety of commercially available salts
and support materials, the complication, waste produced during synthesis, and the cost
of such a catalyst system is a major barrier[22]. Research is being carried out to
synthesize catalyst or catalyst support from waste material that is economical, greener,
easy to synthesize and renewable source. The biomass fed power plants generate
enormous amounts of fly ash and bottom ash, and their discarding is a major concern.
Biomass fly ash (BFA) has some notable structural features and contains numerous
metal oxides, making it appropriate for use as a catalyst or catalyst support material in
POM as well as other reforming applications.

1
CH4(9) +EO2 - CO(g) +2H2(g) (R1)

Furthermore, DRM and SRM, are more ideal for the synthesis of diesel or other
liquid hydrocarbons via the Fischer Tropsch process however it is difficult to achieve
H2/CO molar ratios greater than 1 with these processes. Because of the high
exothermicity of the POM reaction and the presence of active metal in the catalyst result
in the formation of hot spots on the surface of the catalyst that reduce the catalytic
activity of catalysts by sintering or coke deposition, reducing the catalytic activity of

catalysts.
1.3 Research Hypothesis

For the generation of syngas, the POM reaction has been increasingly utilized,
and researchers have developed many catalyst systems. The Future of POM relies
heavily on catalyst advancements. Transition metal catalysts have better properties and
advantages in terms of resistance to coke deposition than Ni catalysts, however, this is

only possible at higher temperatures due to the acidic nature of the supporting



materials. Coke deposition can be avoided by high metal loading, however noble
metals are quite expensive. Metal carbides or a bimetallic catalytic system can be used

to solve the problem. It is important to minimize the cost of synthesizing catalysts.

Therefore, we used POM for syngas production in the presence of nickel
loaded over biomass fly ash as support and promoted with lanthanum oxide. BFA has
been identified to be a mixture of metal oxides including Al.O3, CaSOs, CaCOs, Fe203,
and SiO> [23]. Lanthanum oxide has been added as a promoter to boost the stability of

the catalyst and provide better dispersion of nickel over BFA.
1.4 Objectives of Study

The research presented in this thesis focuses on a biomass fly ash-derived
nickel base catalyst for partial oxidation of methane. The main topics of this research
are the performance of biomass fly ash generated catalyst, catalytic activity, methane
conversion, hydrogen selectivity, hydrogen yield, carbon monoxide selectivity and
syngas ratio. The experimental work done in this study is completely consistent with

the literature. This research study's main goal is:

e To synthesize and characterize BFA supported Ni-based catalyst promoted
with La,O3 for POM process.

e To investigate the catalytic activity and stability of Ni/ La,O3-BFA catalyst in
fixed bed reactor.

1.5 Scope of Study

The synthesis and analysis of catalysts is the cornerstone of reaction and
process engineering. After collecting biomass fly ash from a nearby biomass-fired
generating station, the BFA sample was prepared for the catalyst's support material.
Lanthanum oxide was synthesized through the sol-gel method. The incipient wetness
impregnation method was used to create a final catalyst loaded with active metal nickel
and La>O3z as a promoter over BFA support. The synthesized catalyst was investigated,
tested, and analysed by a variety of methods. The in-depth study of partial oxidation
of methane discloses that the process hinges on a variety of factors that type of support

material, active metal, type of promoter, catalyst’s preparation method, reaction



mechanism and experimental parameters. The scope of the research is presented in

Figure 1-1

[ BFA collection and preparation ] v [ La,0; preparation ]

| NiLa,0-BFA |
J Characterization ]

| XD | sEM | EDX | TGA | FTR |

[ Experiment ]

[ Catalyst testing in Fixed bed reactor J

2

[ Spent Characterization ]

| XRD | SEM | EDX | TGA |

Figure 1-1 Steps involved in the research scope.

1.6  Flow chart of thesis

The research was first intended to examine how to manage BFA in a
sustainable manner rather than dumping it in landfills. BFA samples were cleaned and
prepared and then impregnated with nickel and La,Os in the material preparation and
characterization section. The synthesized catalyst was characterized by
characterization techniques such as XRD, TGA, SEM, EDS and FTIR. The
synthesised and characterised final catalyst was evaluated in FBR at the reaction
temperature of about 850 °C. The data of the results were extensively discussed in the
results and discussion section. The final section discusses how to effectively use BFA
as a catalytic material and how adding La>Os and Ni to BFA improves the catalyst's

stability and catalytic activity.
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Chapter 2
Literature Review

2.1 Methane Overview

Methane is the main component of natural gas that is in abundance and is going
to outlast oil by a margin of around 60 years [1]. Maximum natural gas reservoirs are
located offshore or farthest from the industrial complex so they cannot be transported
through pipelines and its liquification for shipping through the ocean is expensive[2].
About 140 billion cubic meters of natural gas is flared globally resulting in the waste
of important hydrocarbon and global warming due to increased GHG emissions [3].

The growing population has increased the rate of waste generation thrown into
landfills resulting in more methane production as a by-product and causing an
environmental issue [4]. Methane used directly for burning produces NOx and SOx
which is hazardous for the environment [5] and constitute a major part of GHG.
Keeping the environment and health factor in focus enormous research is going on to
convert methane into liquid fuel or higher hydrocarbons[6] that are more valuable and

cleaner.

Researchers studied the direct oxidation of methane to methanol,
formaldehyde, propanol, benzene etc. but the result was not promising enough[7]. Of
particular interest in this respect is the partial oxidation of methane to synthetic gas or
syngas which is the building block for valuable fuels and chemicals[8]. Synthetic gas
is the feedstock for oxygenates as well as the making of liquid and solid hydrocarbon
by Fischer-Tropsch (FT) syntheses [9].

The methane conversion has gained much interest via the reforming
techniques, such as dry reforming of methane (DRM)[10], steam reforming of methane
(SRM) [11], bi-reforming, try reforming of methane and partial oxidation of methane
(POM) [12]. Steam reforming (SRM) is preferred for the industrial production of

syngas which is then used to produce ammonia or methanol [13] but it is an energy-
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intensive process so more energy-efficient alternatives are sought to produce synthesis

gas.
2.2 Methane Mitigation Pathways

Global consumption of fossil fuel due to the increasing population has caused
continuous growth of CH4 concentration in the atmosphere which has 25 times more
global warming potential than CO». The researchers are trying to develop efficient
strategies to reduce CH4 emissions to the atmosphere. Several routes are suggested
which includes (1) Promoting energy conservation and increasing energy efficiency,
but it requires high capital investment to install energy-saving devices. (2) Replacing
fossil fuel with renewable energy but the renewable is not mature enough to replace
fossil fuel technology. (3) Methane capture and utilization is a technique used to
convert methane into green fuel, currently, methane is used as feedstock to produce
syngas which is the building block for many chemicals and can be used directly as a
green fuel. Therefore, chemical recycling of CHs as presented in is an
attractive alternative to reduce CH4 emission into the atmosphere and its conversion to

renewable fuels is the best strategy for reducing CH4 emissions.

\
\i
f
/

Bio-Chemical Conversion Electro-Chemical Conversion

a |
Gé@'@ Photocatalysis J

Thermal Reforming

Figure 2-1 Methane mitigation pathways
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2.3 Reforming Technologies for CHs Conversion To Green Fuel

Research and development (R&D) are ongoing to develop an effective method
to convert CHs into green fuel. Currently, different technologies are used for CH4
conversion to green fuel. However, in the following section, we will concentrate on

the reforming processes for methane conversion to syngas, as described in Figure 2-2.

050, B pou |
0 R srv |
&=

Catalyst +—

Reactor

... Carbon Monoxide

t‘ Hydrogen

Figure 2-2 Conversion of CH4 into green fuel through reforming processes
2.3.1 Steam Reforming of Methane

Steam reforming of methane (SRM) is the most developed and effective
method used worldwide to produce hydrogen from methane. In United State, about
95% of hydrogen is produced by SRM[14]. In SRM methane and steam reaction (R 2)
are assisted by catalyst at a temperature above 800 °C and pressure of 2 MPa.
However, SRM has a disadvantage of being highly exothermic, CO2 emissions, high
operating cost, boudoir reaction (R 3) and coke formation due to methane
decomposition (R 4) [15, 16].
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CH4+H,0=CO+3H2  AH,, =206 kJ mol™ (R2)
2CO=C+CO, AH,,=-172kJ mol™ (R3)

CH4=C+2H2  AH,, =206 kJ mol™ (R4)

2.3.2 Dry Reforming of Methane

Dry reforming uses economical CO; instead of steam as an oxidizing agent to
produce Hx though (R 5). Its major advantage is its potential to reduce the carbon
footprint of power and industrial plants. However, its usage is limited in chemical
industries because of the low H2/CO ratio due to reverse WGS reaction (R 6),
endothermic reaction that makes it a highly energy-intensive process and catalyst

deactivation due to coke formation [17-19].

CH4+CO,=2CO+2Hz2  AH,g, =247kJ mol™ (R 5)

H2+CO, <>CO+H20  AH,g, =41.2kJ -mol™ (R 6)

2.3.3 Bi Reforming of Methane

The bi-reforming process is the combination of SRM and DRM utilizing steam
and CO; for reforming methane to produce syngas (R 7). It is a promising alternative
to SRM and DRM because of CH4 and CO2 mitigation, higher catalytic stability,
flexible H2/CO ratio that is suitable for the Fischer Tropsch process and lower carbon
deposition. However, it has limitations of high operating cost and catalyst synthesis to

withstand steam-rich operation for a longer duration [20-24]
3CH4+CO,+2H20=4CO+8H2  AH,, =151kJ -mol™ (R7)

2.3.4 Tri Reforming of Methane

Tri-reforming of methane is the reforming of methane in the presence of H-0O,
COg, and Oq. This process is a combination of POM, SRM, and DRM reactions. The
uniqueness associated with the tri-reforming of methane is the direct utilization of flue
gases from fossil fuel power plants [25] for reforming methane to syngas thus
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eliminating the cost required for pure CO». Carbon formation can be hindered due to
the existence of steam and oxygen. Combination three of reaction result in higher
energy efficiency. Required H2/CO ratio can be obtained by adjusting the feed ratio
[26]. However, the tri-reforming of methane has the demerits of SOx NOx emissions

and the inability of catalysts to withstand the harsh reaction environment [27]
2.3.5 Auto-Thermal Reforming of Methane

Auto-thermal reforming is a combination of different reactions such as the
combustion of methane, POM and SRM. ATR start with methane combustion reaction
(R 8) followed by SRM and POM. ATR reactors consist of a combustion zone and
reforming zone having temperatures of about 1927 °C and 900-1199 °C respectively.
ATR can overcome the problem of the hot spot in POM and H,/CO ratio in SRM thus
a more advantageous and economical route to produce syngas. However, feed is lost

by the side reaction of methane combustion.
CH4+02=C0O,+2H:0 AH,, =-801kJ -mol™ (R 8)

2.3.6 Partial Oxidation of Methane

In POM syngas is produces through partial oxidation of methane (R 9).
However other reactions are also taking place as shown in It is a promising
approach to syngas production that have many advantages such as the exothermic
nature of the reaction, production of syngas with a ratio of 2:1 that can be used for
liquid fuel production via the Fischer-Tropsch synthesis process [28, 29]. From an
energy and economic perspective, POM is efficient because it allows the use of smaller
reactors, lower energy utilization and a quick reaction rate [30-32]. Despite the above
advantages, POM has a demerit of hot spot formation that results in catalyst sintering
and deactivation [32-34].
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CH4+%02=COZ+2H2 AH,,, = —36kJ -mol ™ (R9)

Table 2-1 Reactions involved in POM [54]

Reactions AH,o5 =-36 kJ mol!
CH+0.50:=CO+ H- -36
CH:++20:=C02+2H> -802
CH:++ H-0=C0O:+3H> 206
CH++2H:0=C0O:2+4H» 165
CH1+(CO2=2C0O+2H- 247
H0+CO=CO+H> 41

2.3.6.1 Chemical Looping Partial Oxidation of Methane

To remove the need for pure oxygen in POM chemical looping, partial
oxidation of methane is used, as illustrated in Figure 2-3. In chemical looping POM,
the pure oxygen required is provided by a lattice oxygen carrier. Lattice oxygen
carriers react with methane to produce syngas. The reduced lattice oxygen carrier is
again reoxidized by air in the additional reactor at elevated temperatures. In Chemical
looping POM methane react with lattice oxygen instead of pure oxygen thus reducing
the explosion risk and cost by eliminating the need for an air separation unit [35, 36].
However, it has some demerits such as the oxides oxygen carriers results in the
complete combustion of methane instead of partial oxidation, carrier attrition and

difficulty in scaling up the reactor [37, 38]

Oxidizer Jj
\ i,

—

co ‘oo oo @

Air oo %

Figure 2-3 Chemical looping POM configuration [48]
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2.3.6.2 Thermodynamics of POM

POM is presented in Figure 2-4 schematically along with thermodynamic
information. POM is an important reforming process that has thermodynamic
advantages over other reforming processes such as Mild exothermicity of POM enable
us to design economical reactor to heat which can further be coupled with endothermic
DRM or SRM to increase its energy efficiency, the H»/CO ratio of around 2 that avoid
the removal of valued hydrogen and is ideal for downstream processes, extremely low
CO. is produced in POM that should be removed before using syngas for downstream
processes and POM does not require an expensive large amount of superheated steam,

however, for pure oxygen supply oxygen separator is required that is expensive.

1 i S
+ ;O-‘ Partial Oxidation

AH s (ma) = =36 / mol

CH4+20:=CO:+2H:0 Qg AH s (i) = +206kJ | mol
AH w08 lirmet) = *803]&] / 1‘71‘0[

CH:s+CO2=2C0+2H:>
AH x5 (oma) = 4247 kT [ mol

Figure 2-4 Thermodynamic pathways for partial oxidation of methane

POM to syngas proceeds in two steps. In first step methane combustion (Eq 9)
occurs while in the second step the remaining methane react with the products of first
reaction to produce syngas (R 10, R 11, R 12)

2CH4+02=1.5CH4+0.5CO, +2H:0

(R 10)
0.5CH 4+0.5CO, =CO + H - (R11)
CH:+H20=CO+H: (R 12)
2CH++02=2CO+4H: (R 13)
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Based on the above reactions the 3D data plots, Figure 2-5 shows high
temperature is favorable for methane conversion, hydrogen, and carbon monoxide
selectivity’s because at a temperature lower than 450K there is no conversion as the
kinetic barriers cannot be breached while high pressure is unfavorable to reforming

reactions because it further moves it away from syngas formation and favors CO> and

H-0.
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Figure 2-5 Thermodynamic calculation of POM to syngas, Methane conversion, H>

and CO selectivity’s w.r.t pressure and temperature [25]

2.4  Criteria for Selecting Methane Reforming Process

The most important factor affecting the selection of the methane reforming
process among different processes is the syngas ratio (H2/CO) Because the syngas ratio
determines the process by which the syngas will be further utilized. The required
syngas ratio for the Fischer Tropsch process, for example, is between -2.5 while for
ammonia production it is 3 or greater. However, each process has merits and demerits

depending upon the reaction mechanism, operating conditions, feed, and catalyst.
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2.5 Classification of Reactors for POM

Designing a reactor is an engineering approach to increase the efficiency of
CHa conversion to green fuel by POM. Different factors such as the material of
construction, heat exchange, flow characteristics, and membrane used effects the
reactor performance therefore play important role in the design of a reactor. In
literature, the reactors are classified into different categories based on the type of bed,

the membrane used, phases involved and operational mode.
2.5.1 Fixed Bed Reactor

Fixed bed reactors are commonly used for POM. They are heterogeneous
reaction systems that are easy to set up and maintain. Fixed bed reactors consist of
vertical cylindrical shells made of quartz or steel in which reactants gases flow by
gravity. Inside the reactor, there is a heating zone that has a fixed bed for catalyst and
is heated by an electric furnace. A controlled flow of gases through the flow meter is
fed from the top to the reactor and where they react over the catalyst bed to form
synthesis gas and passed through the condenser to remove vapour content before being
collected at the bottom. The temperature required for POM is controlled by the
process’s controller while the temperature at the catalyst bed is measured by a
thermocouple in a fixed bed reactor. Usually, the temperature required without a
catalyst is (1200 -1500) °C [39] while the introduction of catalyst reduces the
temperature to (700-850) °C, therefore the development of catalysts is of utmost

importance in fixed bed reactor.

Fixed bed reactor can be classified into vertical or horizontal fixed bed reactor
based on the orientation of reactor vessel as shown in . However vertical
fixed bed reactor is preferred due to various advantages such as suitableness for mixed
flow and low space requirement. Horizontal fixed bed reactor used only when the

reaction is strongly favored by horizontal fixed bed reactor.
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Figure 2-6 (a) Vertical fixed bed reactor (b) Horizontal fixed bed reactor

Fixed bed reactor possesses various advantages such as immobilized catalyst
supported over fixed support, continuous operation without the need for catalyst
separation thus more economical, and unrestricted flow rate, better conversion per unit
catalyst mass, reduce pressure drop, that enables fixed bed reactor operation more
efficient and economical. However, the high reaction rate in POM creates a large
temperature gradient which results in the hotspots [40] in the packed bed, causing
experimental findings to be inaccurate [41]. This prevents scaling up of the reactor for

industrial applications.

In a fixed bed reactor methane conversion and syngas ratio mostly depend on
non-tangible factors such as temperature, pressure, and gas velocities. The tangible
factors that can affect the performance are the catalyst and the tube material[42]. The
fixed bed reactors along with reaction parameters, tube material, methane conversion

and syngas ratio are summarized in Table 2-2.
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Table 2-2 Summary of fixed bed reactor used in POM

Reactor Dimension T Tube XCHg4 Ref
(°C) Material (%)

Fixed bed reactor 550 Quartz 30 [43]

Fixed bed reactor Di=10 mm 700 Quartz 55 [44]

Fixed bed reactor Di=6 mm 700 Quartz 86.4 [45]
L=600 mm

Fixed bed reactor Di=8 mm 700 Quartz 72 [46]
L=700mm

Fixed bed reactor Di=10 mm 700 Quartz 87 [30]
L=700mm

Fixed bed reactor Di=8 mm 700 88 [47]

Fixed bed reactor Di=9 mm 800 Quartz 91 [48]

Fixed bed reactor 800 Quartz 80 [49]

Fixed bed reactor Di=10 mm 800 Quartz 92 [50]

Fixed bed tabular Di=9 mm 800 Hastelo X tube 80 [51]

reactor L=300mm

Fixed bed reactor 800 Quartz 78 [52]

Fixed bed reactor Di=13 mm 900 Quartz 96 [53]
L=750mm
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2.5.2 Fluidized Bed Reactor

Fluidized bed reactors are heterogeneous reaction systems in which catalysts
are fluidized [54] therefore named fluidized bed reactors. The fluidized bed reactor
system consists of a reactor tube that has initially a catalyst in a fixed bed configuration
with motionless catalyst particles. When the inlet gas velocity increases the particle
start motion and becomes fluidized known as fluidization configuration. The fluidized
bed is heated by an electric furnace whose temperature is measured by a thermocouple
and controlled by a process controller. Mass flow controllers were used to controlling
the reactant gases that are fed from the bottom where they pass through catalyst and
react to form product gases. The product gases then pass through the condenser to

remove the moisture and are further analyzed by GC as presented in Figure 2-7.

@ Product Gasses

Thermocouple
Suspended Catalyst Particle

Distributer

Figure 2-7 Fluidized bed reactor configuration

Catalyst particles type play an important role in the fluidization phenomenon.
Particle are classified into group A, B, C and D based on size of particle and difference

of density between gas and particle as presented in Figure 2-8.
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Figure 2-8 Particle classification by Geldart [55]

Fluidization of catalyst particles is achieved when the gravitational force over
the catalyst particle becomes equal to the drag exerted on the catalyst particle due to
the pressure drop by rising inlet gasses. The fluidization of the particle is dependent
on the inlet gas velocity known as fluidization velocity that can be calculated by (Eq
1) and (Eq 2). The relation between the pressure drops and fluidization velocity is
presented in Figure 2-9.

When Rep < 10, the minimum fluidization velocity ums can be calculated as

Um _ (@sdp)z (Ps_Pg)( ‘g?nf ) Eq 1

f = 150 u 1-&mf

When Rep > 1000, the minimum fluidization velocity ums can be calculated as

1/2
Dsdp (Ps—Pg)ggfnf] /

Ump = [1.75 Pg Eq2
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Figure 2-9 Fluidization velocity vs pressure drop relationship [55]

Fluidized bed reactor advantages include a fluidized catalyst that acts as heat
carrier and ensure homogenous temperature [55] throughout the reactor thus solving
the problem of hot spot creation within the catalyst bed, the temperature can be easily
controlled, heat and mass transfer is enhanced by fluidization, favorable conditions are
formed by catalyst particle circulation for carbon burning over the oxygen-rich zone
that limits carbon deposition [60], fluidization increase methane activation by
regenerating active sites[56]. These reactors can handle a large amount of feed and
catalysts due to periodic addition and removal. However, it has some cons as well such
as non-uniform distribution of gas, solid particle back mixing, gas bypassing and
transfer of catalyst particles. The dimensions, reaction parameters, and methane

conversion of a fluidized bed reactor are summarized in
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Table 2-3 Summary of Fluidzed bed reactor used in POM

Reactor Dimension T (°C) XCHs Remarks Ref
(%)
Fluidized Di=20 mm 700 74 Fluidized beds necessitate [57]
bed reactor ~ H=750 mm catalysts having supports
with high mechanical
strength.
Bubbling Di=30 mm 850 90 If the catalyst particles are [58]
fluidized bed H=235mm prevented from entering the
reactor reactor's colder zone, more
conversion and selectivity
can be attained.
Fluidized Di=22 mm 800 92 In a fluidized bed reactor, [41]
bed reactor ~ H=350 mm isothermal operation and
performance near
thermodynamic equilibrium
could be attained.
Fluidized Di=24 mm 700 In industrial processes, back [55]
bed reactor ~ H=250 mm reactions  restrict reactor
scaling, not reaction rates.
Fluidized Di=20 mm 750 86 To achieve the required [59]
bed reactor ~ H=750 mm syngas ratio, CO2 reforming,
and POM can be coupled.
Bubbling Di=50 mm 800 96 Due to particle back mixing [60]
fluidized bed H=750 mm and mass transfer constraints,
reactor the catalyst remained in a
reduced form.
Bubbling Di=50 mm 800 Carbon deposition in the [61]
fluidized bed H=500 mm bubbling fluidized reactor is
reactor minimum as the catalyst is

continuously regenerated.
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2.5.3 Membrane Reactor for POM

A membrane reactor is another widely used reactor for POM that consists of
an oxygen-permeable membrane, therefore, named a membrane reactor. The
permeable membrane is integrated with the catalyst thus combining the separation of
oxygen from the air on one side and providing pure oxygen for methane oxidation over
the catalyst surface on the other side in one unit as presented in Figure 2-10. Membrane
reactors solve the two main problems of POM such as reaction and separation can be
carried out simultaneously in one compact reactor system thus reducing cost and
uniform permeation of oxygen through membrane prevent the formation of a hot spot
by uniform temperature distribution that prevents overheating of catalyst inlet and
reduce the safety risk [62]. However, it has the difficulty in maintaining stability while
reducing CO2, CO, Hz, H20 and CHa.
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Figure 2-10 Membrane reactor setup [69]

Membrane reactors are classified based on the shape of the membrane. The
most common types are tabular and disk membrane reactors as presented in Figure 2-
11 each having its merit and demerits. Disk membrane is less expensive with easy
fabrication however it has lower mechanical strength that makes its scaling up difficult

[63, 64]. The tabular membrane has better stability than the disk membrane but is
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expensive and the geometry makes the cleaning of the membrane much more difficult
[65, 66].

CH, (inlet)
S
Air i ) t

|

Membrane
m’ucts (Outlet)

Figure 2-11 (a) Disk membrane reactor (b) Tabular membrane reactor [39]

POM in membrane reactor entails the following research activities:(1)
Ensuring higher oxygen flow in the existence of reducing gases like CO, CHsand H:
necessitates high-temperature membrane stability. (2) high CH4 conversion and syngas
ratio through altering membrane catalytic properties and surface adjustment (3) POM
membrane designs that are novel. The next section discusses mixed ionic electronic
membrane reactors with a catalyst layer that are disk-shaped.

2.5.3.1 Disk Membrane Reactors with Catalyst Layer

Membrane reactors with catalysts contain thin and porous catalyst layers over
the inner side of the membrane as shown in Figure 2-11(a). The membrane reactor can
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be a single or dual phase (composed of fluorite and perovskite) herein both are
discussed.

The high oxygen separation capability of single-phase membranes makes it of
immense interest to researchers. Different ceramic membranes with Ni-based catalysts
have been investigated by different researchers for POM for example BaCoxFeyZr;O:s.
s packed with Ni-based catalyst reported 96% methane conversion at 925 °C [67-69].

Ni-oxides supported over Al>Os were intensively used with different
membrane reactor for POM such as BaosSrosCoo.sFeo1Nio103s membrane reactor
coated with Ni/Al2O3 reported 98% methane conversion at 850 °C [70],
BaCoo.4Feo.4Zr0203-5) encrusted with LiLaNiO/y-Al2O3 catalyst obtained 98% CH4
conversion at 850 °C with 2 hour induction period [71], SrCoFeOx membrane reactor
packed with Ni/y-Al,O3 achieved CH4 conversion of about 90% at 900 °C [72],
Bao.15Ceo.85Fe03-5) layered with LiLaNi/y-Al.Os attained methane conversion of 96%
at 850 °C at the cost of kinetic decomposition of material over membrane [73],
Smo2Ceog02-5 (SDC)/y—Al03  composite backed over Ni coated with
Lao.eSro4Coo.2Fens03-s (LSCF) membrane produced 86% methane at a lesser
temperature of 750 °C [74].

High temperature is yet required for high syngas production, despite the
adoption of various membrane reactor configuration for POM. In most cases,
membrane reactors can generate >90 percent syngas yield at high temperatures (850—
950 °C) but increases energy consumption. As a result, extensive research is underway
to develop membrane reactors which require low temperatures while sustaining syngas

production.

Membrane reactors exhibiting high syngas production at 800 °C have recently
been described in the literature. For example, Ni/ZrO, coated with
BaosSrosCoosFe0 2035 reported 80% methane conversion at 850 °C [75],
Smo2Ceog02-5 (SDC)/y—Al 03 composite supported by Ni coated over
Lao.sSro.4C00.2Fe0803-5 (LSCF) membrane produced 86% methane at lower
temperature of 750 °C [74].
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At a lower temperature, hollow-fiber membranes can generate high syngas
output. For instance, a Ni/LaAlO3-Al.O3 catalyst coated over hollow fibre membrane
Lao.6Sro4C00.8Gao 2035 reported 97% methane conversion at 750 °C [76] and
BaBio.0sC00.8Nbo.1503-5 hollow fibre membrane integrated with Ni phyllosilicate
catalyst achieved up to 80% methane conversion with stability of roughly 100 hours
at a lower temperature of 730 °C.[66].

It's worth noting that developing membrane reactors that can work at lower
temperature for POM faces two obstacles. :(i) POM is substantially affected by oxygen
flux, it has a poor oxygen penetration rate at low temperatures, which inhibits methane
conversion. As a result, obtaining high oxygen flux at temperatures below 800 °C is
difficult, necessitating a reduction in methane flow rate and jeopardizing the system's
potential for large-scale syngas production. (ii) The catalyst's limitations, since it
produces syngas via a reforming mechanism that requires a greater temperature of over
800 °C for maximum syngas production. As a result, developing membrane materials
and designs that offer high oxygen flux at low temperatures, as well as catalysts that
produce syngas via direct partial oxidation, can make membrane reactors easier to
operate. Some membrane reactors used in POM along with catalyst used, oxygen flux

and methane conversion are summarized in
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Table 2-4 Membrane reactors utilized for POM

Membrane

Catalyst

T
(°C)

XCHa4

(%)

Remarks

Ref

Lao.6Sro.4C0o.2
FeosOs-s

BaBio.0sC00s
Nbo.1503-5

BaCoyFe,Zr,0

3-0

BaCog7Fep 2N
001035

BaCoog4FegsZ

ro203-5

SrCoFeOy

Lao.6Sr0.4Coo.2
Feos0s3-5

Smo.2Ceo80>-3
(SDC)/y—
Al,O3 support
ed Ni

Ni

Ni

Ni

LiLaNiO/y-
Al,03

Ni/y-Al;Os

Ni/y-Al,05

750

750

925

875

850
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2.6 Catalyst System for POM

Ni supported POM was first investigated by Prettre et al. in which they reported
that syngas is produced through burning of methane followed by CO: and H.O
reforming. Since 1990 POM has caught the attention of the researcher around the
world with initial focus on catalyst screening, reaction conditions, catalyst stability and
catalytic activity. Until various catalyst system such as noble metals, transitional
metals and different perovskite are investigated for POM. The Ni based catalyst system
are the most used catalyst system for POM owing to it low price, abundance, and high
catalytic activity at lower temperature [77].

2.6.1 Nickel Based Catalyst System for POM

Nickel based catalyst system are good alternative to the expensive and rare
noble metals. Nickel based catalyst have reposted >96 % methane conversion and
>96% syngas selectivity making it it competitive to the noble metals however it has a
problem of carbon deposition that deactivate the catalysts in the long run. Other issues
that affect the Ni-based catalyst performance is the depletion of active metal sites,
sintering, and change in the catalyst structure due to hotspot formation. Therefor
researchers are focusing on to improve Ni-based catalyst system through different
techniques such as improving synthesis methods, support modification and adding

different promoters.

This section describes the impact of promoter and support over the catalytic
activity of Ni-based catalysts. Various supports systems for instance BaO, MgO, SrO,
Ca0, Sm203, Yb203 and La>Os are investigated in the literature to alter the Ni-based
catalyst properties to get the desired catalytic activity [78, 79]. MgO at 800 °C had
good catalytic activity with 95 % CH4 conversion, 95 % H> selectivity and 97.5 % CO
selectivity [79]. The interaction of Ni-NiOx with Al,03-NiAl>O4 nanofibrous support,
on the other hand, has been shown to minimize Ni aggregation with catalytic activity
of 98.5 % CHjs conversion, 97.4 % H> selectivity and 98.5 % CO selectivity at 850 °C
[80].

High catalytic activity for POM at 500 and 600 °C is shown by Ni/Al.0s/MgO
and Ni/sorbacid catalysts. High basicity favors the WGSR and the reverse Boudouard
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reaction [81]. Furthermore, Ni/TiO2 catalytic activity in POM and DRM has been
documented With 88.2 percent CO and 99.7 percent H> selectivity, 86.3 percent CH4

conversion was achieved [82].

Tuning support acidity is another technique to change catalyst surface and
metal-support interaction [83]. SiO2-Al203, SiO2-ZrO; and H-Y Zeolite supports have
been investigated. The results obtained from Ni loading of 5% supported with SiO»-
ZrO2 were 96.1% CHj4 conversion, 99.4 % H> selectivity and 97.2 % CO selectivity.
H-Y zeolite reported the lowest catalytic performance. Silica-zirconia exhibited for
excellent conversion of CH4 and syngas selectivity due to it lower acidity, but zeolites
have a high acidity, which reduces its catalytic performance. The 25% CeO.-ZrO;
integrated with ZSM-5 helped Ni lower the POM temperature of equilibrium.

Furthermore, at 700 °C, CH4 conversion of up to 90% was accomplished [84]

POM was performed on an aluminosilicate support with several active metals
such as Fe, Cr, Ni, Co and Cu 45 [85]. At 800 degrees Celsius, Ni supported produced
93 % CHa conversion, 95 % H> selectivity and 94 % CO selectivity. However, the
creation of CO2 was favored by Co, Fe, Cr, and Cu, with no appreciable syngas
production. At 450-750°C and latm, Berrocal et al. examined Ni catalysts supported
over zirconia-alumina support with Al/Zr ratio of 2 at 750 °C produced up to 82 % H>
selectivity and 85 % CH4 conversion [86]. Besides zeolites, the effect of calcination
temperature and acidity on Ni/Y 203 catalysts is well documented [87]. Low calcination
temperature has been linked to decreased acidity and lower Ni/Y 203 interaction. The
active sites migrate and clump together due to the low acidity of support, this results

in the decline from 84% to 77% CH, conversion.

The basicity and acidity of Support affects the POM. High support basicity
reduces carbon deposition though carbon species oxidation. Ozmedir et al. stated that
decreasing basicity of Ni/Al.Oz catalyst by doping it with Mg increased the carbon
deposition rate. The oxidation of carbon species over catalyst surface by reverse
Boudouard reaction, is aided by support basicity [81]. Similarly, using a Ni/ZrO2
catalyst with high concentration of Lewis basic acid sites promotes CO> adsorption
and conversion to CO [88]. The H/CO ratio is reduce by the reverse Boudouard

reaction.
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The catalyst activity along with the acidic or basic nature, are influenced by
support reducibility.CO disproportionation over catalyst surface is determined by the
reducibility of the support. This reaction can result in the increased production of CO>
and a decrease in syngas selectivity. The reduction of support and the breakdown of
CHa over Ni/CaO, Ni/CeO2and Ni/MgO was investigated by Tang et al. In comparison
to Ni/CeO2 and Ni/CaO, the Ni/MgO demonstrated stronger resistance to CO
disproportionation for 100 hours due to its low reducibility [89]. Because of its great

reducibility,

In the literature CeO- as a Ni catalyst support is investigated extrensively. By
the utilization of microwave-assisted co-precipitation, hydrothermal, and
impregnation procedures for synthesis, Pantaleo et al. found outstanding performance
of Ni/CeO At 800 °C, methane conversion was 98 % with 95 % CO selectivity which
Is credited to reduction by CeO2 and CHa dissociation over catalyst surface, that favor
CO production rather than carbon deposition. It's worth noting that Ce boosted
mobility of oxygen, which resulted in more CO production. Pantaleo et al. also
observed that replacing the Ni/CeO> catalyst support with La>Os resulted in a lower
catalytic activity temperature, which was validated by TPR experiments due to reduced
reducibility [90]. Singha et al. also found outstanding POM performance from
nanoscale Ni-CeO,. According on TPR study, the nano-scaled catalyst had a high
reducibility and accomplished 98 % CHa conversion and 95 % > syngas selectivity.
Due to the minimal amount of carbon deposition, the catalyst remained stable over a
100-hour period of operation, with a slight drop in con- version [91]. Peyman et al.
documented a CeO, supported Ni catalyst with a high surface area that obtained up to
90% CHj4 conversion and 90% CO selectivity [92]. In addition to reducing catalysts,
CeO2 has been proven to promote Ni dispersion, resulting in increased syngas

production over Ni/CeO.- SiO; catalysts [93].

The influence of promoters on Ni-based catalysts has been well documented,
they have been shown to improve Ni-based catalytic performance by reducing ignition
temperature and minimizing carbon deposition. The ignition temperature of
NiOx/Al,O3 has been reported to be reduced by noble metals and metal oxides [79,
94]. The ignition temperature was dropped to 530 °C when Pt was added to Ni/Al>Os.
At 900 °C, a Ni/Li/La203/Al>03 catalyst was reported to be stable during a 200-hour
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POM reaction, with 96 % methane conversion. When NiO/Al>O3 was promoted with
La>O3, the ignition temperature of NiO/AlI203 was lowered, according to the literature.
Carbon deposition on a NiO/Al,Oz catalyst was found to be decreased by LazOs,

whereas CaO addition entirely inhibited carbon deposition [94-96].

Promoters are also important for improving reducibility. The addition of Na,
Sr, Ce, and La to the support, for example, has been shown to improve Ni/Al203
reducibility. Due to the absence of substantial metal-support interaction, Ce addition
resulted in a 92 % CHa conversion. [15] As a result, Ce addition has the effect of
lowering catalyst reduction temperature. [37] Ferreira et al. investigated the influence
of Gd, Lu, and Pr as promoters on the synergetic effect of La,Oz on NiO catalyst. At
750 °C, syngas selectivity reached up to 80% while CH4 conversion approached 90%.
[97]The action of La203 on Ni/Ce-ZrO> has been seen in a similar way[98]

By combining promoters with appropriate support, such as Y203, ZrO., Al>O3,
MgO, SiO2, and TiO> the catalytic activity can be improved. The addition of Cu and
Fe to the (NixMgix)Aly catalyst was investigated. The addition of Cu increased
selectivity to CO and H2 by 53 and 41 percent, respectively. The inclusion of Fe, on
the other hand, enhanced complete combustion and water-gas shift processes.
Reducibility of Cu-Ni-Mg/Al catalysts has also been found due to the Cu effect [99].
Rh-promoted Ni catalysts have also been tested on a variety of supports, including
Al>;03, MgO, Ce0O», ZrO», and La>Oz. It has been claimed that adding Rh promoter
increased Ni reduction and carbon deposition, resulting in up to 90% syngas selectivity
and 90% CHa conversion at 750°C [88]. Furthermore, due to carbon deposition
resistance, the activity of the Ni/Al203 catalyst in POM was increased by the addition
of Re (100 CH4 conversion was accomplished) [100].In the Ni/ZrO, system, less
common promoters like PrOz have been impregnated. Due to substantial metal
dispersion and metal-support interaction, the data revealed that PrO. contributed to the

creation of NiO active phases.

In terms of CH4 conversion and syngas selectivity, Ni-based catalysts are more
active than Co-based catalysts. However, to reduce carbon emissions, their stability
must be improved. Recent investigations have shown that, in addition to promoter

doping and selecting appropriate support, modifying catalyst structure can reduce
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carbon deposition since carbon deposition is structural-sensitive to Ni catalyst [101,
102]

2.6.2 Biomass Fly Ash as Catalyst Support

The power plants that use solid fuels such as coal and biomass as fuel produce
large amounts of both bottom ash and fly ash, and its management and disposal are a
major concern for the global environmental crisis. Typically, these ashes are disposed
of in landfills. However, various academics from all over the world are now interested
in long-term waste ash management in order to maximize waste material recovery Coal
fly ash has been successfully used in road construction, cement manufacture, building
materials such as concrete, and zeolite preparation, according to the literature.[103].

Coal ash contains a variety of metal oxides, including Al203, Fe20s3, SiO2, and
MgO [28], making it a good choice for catalytic use. Another study employed a Ni-
based catalyst backed by coal ash for steam reforming of acetic acid and phenol to
produce hydrogen. The results showed that in the presence of a coal ash supported
catalyst, hydrogen generation and reactant conversion were greatly increased [104].
To produce hydrogen and syngas, steam gasification of palm shell was investigated
using coal ash as a catalyst. The yield of hydrogen and syngas is affected by the
presence of coal ash [105]. In the biomass steam reforming process for the production
of hydrogen, ash obtained from the combustion of various solid fuels and waste, such
as coal, waste rubber tyres, and refuse-derived carbon, was also used as a catalyst's
support, with promising results because the metal oxide present in the catalyst's
support (ashes) aided in catalytic activity [106].

Assad et al. researched into the handling and long-term management of biomass
fly ash (BFA), which is produced by biomass-fired power plants. The author used a
variety of characterisation approaches to quickly determine the various
physiochemical properties of BFA. Because it comprises diverse metal oxides such as
Al2O3, Fe203, SiO2, MgO, CaCOs, and K20 and has a flake-like shape, the findings
show that BFA could be utilised for catalysis, among other things. Despite their
favourable physiochemical features, BFA has been persistently overlooked for

catalytic applications in the literature.
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Summary

Excessive use of fossil fuel resources to meet global energy demand depletes
fossil fuel supplies and increases GHG concentrations in our environment. Researchers
from all over the world are working on both challenges at the same time. Renewable
energy adoption and development are some of the solutions to the problems at hand,
however, these technologies are still immature and inefficient. As a result, efficient
fossil fuel utilization is required to address both fossil fuel depletion and GHG
emissions. Partial oxidation of methane (POM), dry reforming of methane (DRM),
steam reforming of methane (SRM), and coal gasification are some of the technologies
used to convert methane to hydrogen. The commercial hydrogen production processes
include DRM and POM. Hydrogen generation systems based on renewable energy
include thermochemical water splitting, photo-electrolysis, electrolysis, and biomass
gasification. These procedures are in high demand due to their use of renewable energy
and sources; however, these are in the developmental stages. Aside from that, POM is

another way to generate hydrogen gas.

The diverse ashes produced by power plants are often dumped in landfill
locations, resulting in total bio-material waste. The physiochemical properties of these
ashes were thoroughly investigated in the literature for sustainable management, and

the presence of various oxides made it a promising candidate for catalytic applications.

The primary issue with partial methane oxidation is the premature deactivation
of the catalysts caused by the formation of hot spots. Different catalysts have been
used to solve this problem, but no significant progress has been made. To address the

costs of the catalyst for POM, sustainable materials were sought for use in POM.

Various reactor systems were utilized in the POM to increase hydrogen
generation while avoiding catalyst deactivation owing to deposition of carbon. Fixed
bed reactors were mostly used because they are easy to handle and provide maximum
heat transfer to the catalytic bed, which improves methane conversion and hydrogen

generation.
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Chapter 3

Experimental Work

3.1 Material and Method

3.1.1 Preparation of BFA

The sample preparation for BFA is presented in Figure 3-1(a). Initially, the
dried sample is grinded in Hard Grove Grindability Index Tester (USA, ASTM D 409-
08). The material was then sieved in a WS Tyler RX-29-10 (USA) sieving machine to
obtain the fine powder. To eliminate the contaminants, the samples were cleaned with
ethanol and deionized (DI) water. After washing, the material was dried, grinded then

calcined for 4 hours at 850 degrees Celsius to increase purity and crystallinity.

| Citric Acid Monchydrate i (Ni(NO3),.6H,0
‘T — Ethylene Glycol
|

* "

- — DI Water

Stirring at 80°C

La(NO,),.6H20

Grinding

- —— DI Water |
i Sieving
Stirring at 110°C & 3h ;

Washing
‘Washing

Grinding

Calcination
Grinding

Grinding

Calcination

Calcination

Ni/La,0; -BFA

Figure 3-1 Schematic of material synthesis
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3.1.1 Preparation of La2Os

La>,O3 was prepared by the sol-gel method [1] as presented in In
deionized water, La(NO3)2.6H20, citric acid monohydrate, and ethylene glycol were
dissolved with a 1:2:2 stoichiometric molar ratio. The solution was continually stirred
at 80°C to generate a thick gel. The gel was then dried at 110 °C, grinded and then
calcined at 850 °C for 4 h.

3.1.1 Preparation of Ni/ La203-BFA

Ni/La203-BFA was synthesized by incipient wet impregnation method [2] as
shown in . Nickel (I1) nitrate hexahydrate (Ni(NO3)..6H20) Sigma
Aldrich) solution (0.1 M) was made using DI water at 60°C for 10 minutes while
stirring constantly. Then BFA and La>O3 promoter were added with the ratio of 9:1 by
(%) at 110 °C to precursor and then stirred continuously for 3 hours. The sample was
rinsed with DI water after stirring and dried in the oven overnight at 110 °C. The
catalyst was then calcined for 4 hours at 850°C.

3.2 Catalyst Characterisation

3.2.1 X-Ray Diffraction

The catalysts (XRD) patterns were acquired by D8 Advance (Bruker
Advanced, Germany) equipped with a Bragg-Brentano configuration and scintillation
detector with a radiation wavelength of 1.5418 A. Based on diffraction patterns
different compounds were characterized in this technique. With a step size of.05°/5s,
different samples were scanned ranging from 26= 10° to 80°. DIFFRAC Plus EVA

Version 5.0 was utilized to examine the XRD analysis.
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Figure 3-2 X-Ray Diffraction

3.2.3 Scanning Electron Microscopy

SEM was used to investigate the morphological parameters of the fresh and
spent catalysts using a JEOL JSM-6490A. (Japan). The elemental composition of the
fresh and spent catalysts was determined using an EDX detector (Oxford Instruments,
model 52-AD0007).

Figure 3-3 Scanning Electron Microscopy
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3.2.4 Thermogravimetric analysis

Thermal stability was determined by TGA 500 (TA Instruments, USA). The
sample was purged by the N2 flow rate of 35 mL min* for 30 min. The sample was

heated up to 900 °C with a heating rate of 10 °C/min under Oa.

Figure 3-4 Thermogravimetric Analyzer
3.2.5 Fourier Transform Infrared Spectroscopy

The infrared spectra absorption ranges between 4000 to 650 cm™ having
a resolution of 2 cm™ were scanned utilizing Cary 630 (Agilent Technologies, USA)

to investigate the functional groups.

Figure 3-5 Fourier Transform Infrared Spectroscopy.
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3.3 Partial Oxidation of Methane Experimental Setup

The synthesized catalysts' catalytic performance was tested in a fixed bed reactor
(Parr Instrument, 5401, USA) presented in Figure 3-6. The fixed-bed reactor with a
single zone heating furnace made of stainless steel (SS-316) tube having the dimension
of 300 mm in length with inner and outer diameter of 12 mm and 14 mm, respectively.
The prepared catalyst 0.3 gram was sandwiched in quartz wool and placed in the
heating zone of the reactor. The reactor temperature was set at 850 °C through a
process controller (4871, Parr Instrument) [3]. Mass flow controller (Brooke
instruments, USA) was used to regulate the flow rate of CHs (99.99%) and O>
(99.99%) with a ratio of 2:1. An online SCADA system was employed to keep track
of the temperature and flow rate of the reactor. Before starting the reaction, the
catalysts were reduced with H; at a flow rate of 30mL/min for 1 hour at 750 °C. A
condenser was utilized at the reactor's output to remove moisture and provide dry
product gases for examination in gas chromatograph (GC-TCD) (GC-2010 Pro,
Shimadzu Japan) having a thermal conductivity detector (TCD) and capillary column
(RT-MS5A, 30 mx0.3 mm ID, 30 um) [4] to detect CH4, CO, H2 and CO..
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T Power Controller

B Qasrin

g = =
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Figure 3-6 Schematic of the experimental setup for POM.
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3.4 Partial Oxidation of Methane Catalytic Activity Calculations

The catalytic activity of the catalyst for POM was analyzed based on CHys

conversion , Ha selectivity and CO selectivity and H2/CO ratio

CH4conversion(XCH4)% = {(n CH 0o xlOO} 3

(n CH 4 )feed

H
H, selectivity(S,, )% = {(2 (nnczlipr;duced xloo}
x 4/ converted 1
nCO
CO selectivity (Sg, )% = {W xloo} 2
47 converted
selectivity(S
H,/CO ratio = — YG,) 3
selectivity(S.,)
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Chapter 4

Results and Discussion

4.1 Materials Characterization

4.1.1 XRD Analysis

X-ray diffraction (XRD) experiments were made to analyze the structure of the
prepared catalyst as shown in . BFA's XRD exhibits a variety of peaks for
various metals oxides such as CaCOz (JCPDF#47-1743) at 20=29.4° with
rhombohedral phase (hkl;104) [1]. SiO2 (JCPDF#46-1045) at 26.5° with (hkl;101) [2].
Al,O3 (JCPDF#46-1131) is identified at 26=30.3° with (hkl; 020) [3]. Fe203
(JCPDF#16-0653) is scanned at 20=33° with cubic phase (hkl; 220) [4]. MgO
(JCPDF#45-0946) is found at 26=44° with cubic phase (hkl;211) [5]. The XRD of
La203 has a major peak matched at 26=27.24° with (space group 1a3, JCPDF#22-0369)
cubic phase (hkl;222) and is well-supported by the literature[6]. The XRD of
Ni/La,O3-BFA catalyst shows peaks for LaNiOs (JCPDF#33-0710) at 26=23° with a
cubic phase (hkl;100) [7]. The LazNiO4(JCPDF#11-0557) is found at 26=31° with a
tetragonal phase (hkl;103)[8]. NiAl.O4(JCPDF#71-0963) is also formed and scanned
at 20=49° with spinel phase (hkl;311) [9]. while NiO (JCPDF#44-1159) is presented
at 20=43.2° with hexagonal phase (hkl;101) [10] and La,Os (space group la3,
JCPDF#22-0369) peak at 27.24° with cubic phase (hkl;222) [6].
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Figure 4-1 XRD of synthesized catalysts

4.1.2 SEM Analysis

SEM was used to examine the morphology of BFA, La>O3, and Ni/La;03-BFA,
as shown in Figure 4-2. For all samples, the field magnification is set at 5.0 pym and
1.0 um. The BFA SEM micrograph shows agglomerated irregular shape particles with
amorphous structure as demonstrated in Figure 4-2(a-b) [11]. La20s micrograph with
different field magnification is depicted in Figure 4-2(c-d). It shows the platelet like
structure of different sized agglomerated particles[12] [13]. The final composite
5%Ni/La>,0O3-BFA micrograph Figure 4-2(e-f) shows a compact aggregation of La;O3
particles over BFA support [14].
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4.1.3 EDX Analysis

The elemental analysis of 5%Ni/La,O3-BFA was performed using the EDX
technique as shown in Figure 4-3. La and Ni are better dispersed over BFA due to their
porous nature and multiple oxides. In the EDX spectrum, there are distinct Ni and La
peaks. Peaks for Ca, Si, Fe, and Al can also be seen in the EDX spectrum, indicating
that these minerals are present in BFA, as confirmed by the XRD.

Element Weight% Atomic%
CK 23.67 41.56
oK 34.46 45.43

M Al K 1.08 0.85
SiK 6.12 4.6
CakK 3.72 1.96
FeK 2 0.75
Ni K 2.22 0.8
LalL 26.73 4.06
Totals 100

Spectrum 2

0 2 4 6 8 10 12 14 16 18 20
Full Scale 391 cts Cursor: 0.000 ke

Figure 4-3 EDX analysis of fresh Ni/La,O3-BFA

4.1.4 TGA Analysis

The thermal stability of BFA, La20s-BFA, and 5%Ni/La,03-BFA is illustrated
in Figure 4-4. The thermal stability of BFA is shown in Figure 4-4(a) which depicts a
minute weight loss below 200 °C due to evaporation of moisture content. The weight
loss between 200 and 600 degrees relates to the evaporation of other volatile
substances. From 600 °C to 900 °C major weight loss is because of phase transfer and
oxidation of organic material [11]. The total weight loss recorded in this sample is
about 15%.
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Shows thermal stability of La»Osz. The elimination of
carbonaceous molecules causes the first weight loss between 150 and 350 °C while the
remaining weight loss after 350 °C is due to the decomposition of an organic material
having covalent bonds. The total weight loss recorded in this sample is about 4%. In
the case of 5%Ni/La>O3-BFA, as depicted in , there is a slight weight loss
of 0.08% before 200 °C due to the desorption of water. The 0.7% weight loss between
200°C to 900°C can be ascribed to Ni reduction [15]. In the synthesized sample there
is little weight loss because the Ni impregnation over La,O3 promoted BFA support
changed the morphology and strengthen the stability of the synthesized sample [16,
17].
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Figure 4-4 TGA profile of fresh (a) BFA (b) La-O3z (c) Ni/La,03-BFA
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415 FTIR Analysis

The FTIR spectrum of the prepared catalyst between 4500-500 cm
wavenumber is presented in Figure 4-5. FTIR spectrum of BFA shows a band at 1110
cm * corresponds to Si-O stretching vibration [11, 18]. La2Os shows bands between
1350-1500 cm ! due to ions vibrations and frequencies between 1000-600 cm
confirm La2Oz presence [19]. In 5%Ni/La;O3-BFA spectrum absorption peak at
around 1000 cm "t was observed for asymmetric vibration of Si-O-Al. Another band at
a relatively smaller neck between 700-600 cm  is ascribed to stretching vibration of
Ni-O [20].
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Figure 4-5 FTIR spectrum of the synthesized catalyst

56



4.2 POM Catalytic Activity Analysis
4.2.1 Catalyst Screening Test

All the prepared catalysts i.e., BFA, La.0O3-BFA, 5%Ni/La,0s-BFA and
10%Ni/La,03-BFA were assessed in a FBR for POM to investigate the catalytic
activity in terms of CH4 conversion and H2/CO ratio. The experimental conditions such
as temperature= 850 °C, CH4 flowrate=20 ml min*, Oz flowrate=10 ml min keeping

the ratio 2:1, and catalyst loading of 0.3gm was kept constant during a screening test.

All the reported values in are the average values taken after catalyst
activity become stable. From CHys conversion value for BFA catalyst is
(55%) but the addition of La,Os promotor to BFA support increased the CHa
conversion to 65% since La»Ozs facilitate carbon gasification [15], give strong basic
nature [21] and La»Oz react with CO> to produce La>0.COz confirmed by XRD [22].
The addition of 5% Ni as an active metal to the final catalyst increased the CH4
conversion values from (65%) to (85%) this is because Ni stimulates methane
decomposition and increases active sites. Further addition of 5%Ni to 5%Ni/La20s-
BFA increased CH4 conversion from 85% to 87 % that is not significant because the
catalytic properties are not proportional to Ni loading as reported [23]. The trend
observed for CH4 conversion in is also depicted in Hzand CO selectivity.
Ha selectivity values for BFA, La,O3-BFA, 5% Ni/La;03-BFA and 10% Ni/La20s-
BFA are 35%, 37%, 41% and 43% respectively as presented in .In

CO selectivity values for BFA, La203-BFA, 5% Ni/La,O3-BFA and 10%
Ni/La,03-BFA are 21%, 20%, 20% and 32% respectively. shows H2/CO
ratio for BFA, La203-BFA, 5% Ni/La,03-BFA and 10% Ni/La>O3-BFA which are 1.6,
1.8, 2 and 1.4, respectively.
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Figure 4-6 Catalyst Screening (a) CH4 Conversion (b) Hz Selectivity (c) CO
Selectivity (d) H2/CO ratio: catalyst loading=0.3g, reaction temperature 850°C, feed
flow rate of CH4/0,=20/10 mL min*

The prepared catalyst screening was performed on POM for 8.5 hours (TOS)
as shown in Figure 4-7 as mentioned earlier the maximum increase in CHa conversion
Figure 4-7(a) was reported for 5% Ni/La2,03-BFA which is 85%. 10% Ni/La203-BFA
gives a higher value for CH4 conversion Figure 4-7(a) but the increase in values is not
significant as it is in 5% Ni/La,O3-BFA because increasing Ni loading may result in
Ni particle agglomeration[24] due to which results may not increase in proportion to
Ni loading [23]. In Figure 4-7(b) H2/CO are shown in which 5% Ni/La;03-BFA has a
ratio of 2 while 10% Ni/La>Os-BFA has the lowest ratio of 1.4. The decrease in the
ratio may be due to La,O>COs at the interface between Ni and La>03. La202COs
attacks the carbon species deposited over increased Ni sites closer to La,Os or LaOx
species that result in higher production of CO [25] thus reduces H2/CO ratio. The
presence of basic oxides such as SiOz, Al20Os3, Fe>O3, MgO in BFA provides the
benefits of multi metallic supports however the visible phase formed due to metallic
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oxide in BFA is NiAl>O4 spinel phase confirmed by XRD. That is formed by the
reaction of Al,Oz with Ni. NiAl2O4 suppress carbon deposition [26], resist catalyst
sintering and aggregation [27]. The La2NiO4 and LaNiOs phase confirmed by XRD
decompose into Ni particles and La2Os providing Ni actives site that resists sintering
[27]. The NiAIl2O4, La2NiOs and LaNiO3 phases detected by XRD depicts good
interaction between the Ni active metal, BFA support and La>Os promoter. The overall
catalytic results for 5% Ni/La>Os-BFA are good thus paving the way for further
stability analysis of 5% Ni/La;O3-BFA.
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Figure 4-7 Effect of time on stream (TOS) on a) CH4 Conversion (b) H2/CO:
catalyst loading=0.3g, reaction temperature 850 °C, feed flow rate of CH4/0>=20/10
mL min’?

4.2.4 Stability Analysis of 5% Ni/La20s-BFA

The stability analysis that was completed for 5% Ni/La>O3-BFA is shown in

. 5% Ni/La203-BFA catalyst was put on test for 30h time on stream (TOS)

while the test parameters were kept constant. The CH4 conversion and H2/CO ratio are
shown in . Catalytic activity increased several hours due to the induction
period that can be attributed to solid-state reactions in the catalysts. [28, 29] or Ni
particle activation [30]. After few hours the catalytic activity becomes stable on stream
with CH4 conversion of 85% and H»/CO ratio of about 2 which is optimal for FT
process [31]. It could be observed that excellent stability was exhibited by the 5%
Ni/La20O3-BFA in the reported TOS of 30h without deactivation which is encouraging
for the final catalyst. The stability of 5% Ni/La>O3-BFA is due to the availability of
a spinal structure of NiAl,O4 phase that prevents aggregation of Ni particles [27] while
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La>O3 addition enhanced metal support interaction confirmed by the presence of
NiAl204 and La2NiO4 phases and CO> adsorption on La>Osz or LaOx species in form of
La>,0,COs3 that decorates Ni sites. Carbon species deposited over Ni sites are removed
by oxygen from La>0.COz3 thus ensuring stable and active performance[32]. The
prevalence of several metal oxides in BFA, as well as their interactions with Ni and
La>O3 can be confirmed by the presence of NiAl.O4 La2NiO4 and LaNiOz phases in
XRD which contribute to the structural stability, reduces to Ni that is resistant to
sintering and La>Oz that impart basic nature. The irregular structure of BFA support
confirmed by SEM respectively increase the dispersion, stabilize and enhance active
sites through the metal exsolution process which increase the catalytic activity.
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Figure 4-8 Effect of 5% Ni/La>O3 time on stream (TOS) CH4 conversion and Ho/CO
ratio: catalyst loading=0.3g, reaction temperature 850°C, feed flow rate of
CH4/02=20/10 mLmin'*

The presence of different oxides in the BFA support confirmed by XRD [11]
such as SiO2, Fe203, Al203 and MgO enhanced catalytic performance by enhancing
catalyst stability as represented by the CH4 conversion and H2/CO ratio thus making
BFA a good alternative to other commercially available supports whose cost and

complex synthesis is a major issue. Due to the existence of several metal oxides in
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BFA, it is difficult to correlate the impact of specific metals on the catalytic
performance of the catalyst.

A comparison of the previously studied catalyst for POM with the present study
is presented in . The comparison of the newly reported waste-derived catalyst
with a previously reported catalyst in the literature makes the competitiveness of the
waste-derived catalyst apparent. The point-to-point comparison is not possible due to

the different experimental and reactor configurations.

Table 4.1 Literature comparison for POM reactions to the present study

Catalyst XCH, H./CO  Reaction Condition Ref
(%) ratio
5% Ni/La,03-BFA 85 2.0 T=850°C Present
Catalyst loading =0.3 g work
Pt (2 wt%)/Al,03 78 - T=800°C [33]
Catalyst loading = 40 mg
Al2NiO4 (Ni/Al =0.25) 81 2.3 T =700 °C, [34]

Catalyst loading = 0.125 g

5% Co/Al,03-ZrO; 84 2.2-2.3 T =800 °C, [35]
Catalyst loading = 0.15 g

12L.a30Ni 88.6 1.9 T =800 °C, [36]
Catalyst loading = 180 mg

Ni/Al,03+Mg 92 - T=650°C [37]

Catalyst loading = 100 mg

4.2.5 Reaction Mechanism

The possible main reaction routes to products and catalyst generation being
presented in a series of reactions below. In the initial stage, Ni is oxidized to NiO
(R14). After Ni oxidation, the complete oxidation of CHa to a certain extinct take place
over NiO along with reduction of NiO to Ni by CHj4 that lead to the formation of H.O
and CO; (R15 — R16). The reduced Ni further react with CH4 forming Ni-C surface
species and Hz (R17). The CO2 produced during complete oxidation is adsorbed by
La,O3 forming La20.CO3 (R18). The formed Ni-C species may further react with
La,02CO3 to produce CO along with the regeneration of La,Oz and Ni (R19). The
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reaction is only proposed for Ni-La interactions however, the multiple oxides will
assist the adsorption of reactant gases.

Ni®+0, — NiO (R 14)
CH,+0,—>C0O,+H,0 (R 15)
CH, +NiO — CO, + H,0 + Ni° (R 16)
CH, +Ni® = Ni—C +2H, (R17)
CO, +La,0, - La,0,CO, (R 18)
La,0,CO, +Ni—C — Ni+La,0,+CO R 19)
4.3 Characterization of Spent Catalyst

4.3.1 XRD Analysis

The spent catalyst's XRD is illustrated in . XRD confirmed the

presence of graphite carbon (COD No. 96-901-2236) at 30.3°, 31.63°,33.8°,37.39° and
42° with phase (hkl; 002), (hkl; 020), (hkl; 021) [38]respectively. NiO (card No. 96-
101-0094) at 43.42 with phase (hkl;200)[39]. La2O.COs at 30.3° with hexagonal phase
(hkl;103) [40]. La20s (JCPDF#22-0369) cubic structure (hkl; 222) was detected at
27.15° (hkl; 222) [6]. The presence of La.Oz in its pure form represents its thermal
stability even though the catalyst was heated at 850°C for 30h in the reactor.

62



——Ni/La,0;-BFA| 100 4 TS e ey I
&c % 4
O NiO
— 0 Lay0s S
=' w
& A La,0,CO5 8 98 4
B =
£ a 2 b
= a o
ERCY I : L0
=
o
96 — Ni/La,0;-BFA
95 T T T T
200 400 600 800
T T T T T T T T T T T § A
10 20 30 40 50 60 70 Temperature (°C)

SEM HV: 20.0 kV WD: 10.04 mm 1 VEGAS3 TESCAN| SEM HV: 20.0 kV VWDZ 10.04 mm
View field: 17.5 pm Det: SE 5pm View field: 4.29 pm Det: SE

SEM MAG: 11.9 kx Date(m/dly): 03/18/21 USPCAS-E NUST SEM MAG: 48.4 kx Date(m/dly): 03/18/21

USPCAS-E NUST

Figure 4-9 (a)Spent Ni/La203-BFA XRD (b) Spent Ni/La>,03-BFA TGA (c-d) SEM
micrographs of spent Ni/ La2O3-BFA 5.0 um and 1.0 um after 30h TOS

4.3.2 TGA Analysis

The TGA profile of spent Ni/La20s-BFA after 30 h on TOS is shown in Figure
4-9(b). The minute weight loss below 200 °C corresponds to the removal of volatile
matter and moisture. The weight loss between 200-300 °C corresponds to a very small
amount of carbidic carbon deposition that can be oxidized in the air [41]. The 0.24%
weight gain observed after 650 °C is due to metallic active site oxidation [42] by
different oxides present in BFA [11]. The weight gain may also correspond to the Si
to SiC since Si was found in BFA [43].
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4.3.3 SEM Analysis

In Figure 4-9(c-d) SEM micrographs of spent catalyst are shown which
indicate a change in surface morphology from fresh to spent catalyst and shows La>O3
formed through carbonation from La,0>COs to La2Os[44]. The change in morphology
exhibit minute carbon deposition [45, 46]whose presence is also confirmed by XRD

analysis.
4.3.4 EDX Analysis

EDX mapping of Spent catalyst is given in Figure 4-10 which confirm the
formation of minute carbon while other peaks for Al, Si, Fe and Ca confirm the
presence of already proved metallic oxides in BFA[11, 47].
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Figure 4-10 EDX elemental analysis of spent Ni/ La.O3-BFA
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Summary

XRD, TGA, SEM, EDS, and FTIR were used to characterize the BFA sample,
as well as the synthesized La,O3 and Ni-loaded catalyst. VVarious diffraction peaks for
Fe203, Al203, MgO, and SiO2 can be observed in the BFA's XRD. The morphology
of the BFA is exhibited by SEM, which indicates that it has a micro-flakes-like
structure, making it good catalyst support for catalytic applications. SEM examination
of the completed catalyst further demonstrates that the Ni and La203 are evenly
distributed among the BFA micro-flakes. TGA demonstrated that the material was
stable up to 900 °C, that makes it appropriate for applications that require high
temperature. In FBR, the catalyst was tested for methane to syngas conversion by
POM.
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Chapter 5

Conclusions and Recommendations

5.1 Conclusions

e BFA effective utilisation produced by biomass power plants was a major
challenge. The biomass derived Ni/La20s-BFA is synthesized and employed
effectively for POM to Syngas in a fixed bed reactor.

e The physicochemical properties of BFA have been examined to resolve this
issue, and it has been determined that BFA is best suited as catalyst support in
various technologies. The existence of several metal oxides in BFA make it a
viable catalyst support material

e The addition of Ni and La,O3 enhanced the methane conversion from 55% to
85% and H2/CO from 1.4 to 2.0 molar ratio.

e The biomass-derived catalyst is economical and greener approach for POM
5.2 Recommendations

POM is the most effective method and a greener route for syngas production.
POM could become more efficient using stable and economical catalyst. However, the
major challenge associated with the given process is the hot spot formation that results
in the sintering of catalyst. Furthermore, BFA has better physicochemical properties
that could overcome the shortcomings due to hotspot formation and coke deposition.
It should be used for catalytic purposes with different promoters in the future. For
maximum conversion of methane and hydrogen yield, the reactor design should be
considered along with the experimental parameter. The kinetic study and reaction

mechanism for biomass derived catalyst should be investigated.

70



APPENDIX-PUBLICATIONS

5“ frontiers

Synthesis of biomass fly ash (BFA) co-supported Ni/La203 cat-alyst for
partial oxidation of methane to hydrogen rich syngas production

Amin Ul Hasanat" Asif Hussain Khoja'"» Majid Ali', Salman Raza Naqvi?, Rahat Javaid®, Umair
Yaqub Qazi*, Sami M. Ibn Shamsah’

Fossil Fuels Laboratory, Department of Thermal Energy Engineering, U.S.-Pakistan Centre for Advanced

Studies in Energy (USPCAS-E), National University of Sciences & Technology (NUST), Sector H-12

Islamabad (44000), Pakistan.

School of Chemical and Materials Engineering, National University of Sciences & Technology (NUST),

Sector H-12 Islamabad (44000), Pakistan.

Renewable Energy Research Center, Fukushima Renewable Energy Institute, National Institute of

Advanced Industrial Science and Technology, AIST, 2-2-9 Machiikedai, Koriyama, Fukushima 963-0298,

Japan.

4 Department of Chemistry, College of Science, University of Hafr Al Batin. P.O Box 1803 Hafr Al Batin
39524, Kingdom of Saudi Arabia.

3 Department of Mechanical Engineering, College of Engineering, University of Hafr Al Batin.

P.O Box 1803, Hafr Al Batin 31991, Kingdom of Saudi Arabia

[

* Correspondence: asif(@uspcase.nust.edu.pk

Keywords: Partial oxidation of methane (POM); Syngas; Biomass fly ash; La:03; Hydrogen
production .

Abstract

In this study, the biomass fly ash (BFA) supported Ni/La>O; catalyst is synthesized to produce syngas
via partial oxidation of methane (POM). BFA support was modified using laboratory synthesized
LayO3 and loaded nickel (Ni) as active metal through the wetness impregnation technique. The
Ni/La203-BFA catalyst was characterized by X-ray diffraction (XRD), scanning electron microscopy
(SEM), energy-dispersive X-ray spectroscopy (EDX), thermogravimetric analysis (TGA) and Fourier
transform infrared spectroscopy (FTIR) to investigate its suitability for POM reaction. The crystalline
structure and enhanced thermal stability of Ni/La;O3-BFA make it suitable for POM reaction. The
presence of various metal oxides such as A,O3, Fe>O3, MgO, and SiO» in BFA makes it a more suitable
support material for POM. The synthesized Ni/La203-BFA catalyst remained stable for 30 h time on
stream (TOS) during POM at 850 °C. The experimental study demonstrated that the addition of La203
promoter and active metal Ni to the BFA improved the CH4 conversion from 55% to 85% and
consequently improved H»/CO ratio from 1.4 to 2.0. The catalytic performance of BFA supported
catalyst shows its potential to be adopted for catalytic application, that is a greener and waste-based
alternative catalyst for methane reduction.
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