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Abstract
The production of hydrogen by the catalytic cracking of methane was investigated. An
extensive study was undertaken on two categories of materials, namely iron-containing
wastes and prepared catalysts, which include palladium-based catalysts, nickel-based
catalysts and a copper-based catalyst. Three types of iron-containing waste materials were
examined as pre-catalysts. The iron waste samples comprised a biogenic sample from a
local Landfill site; waste residue sample from an old local nail works site and Red Mud.
The resulting waste iron catalysts are environmentally benign and may be “thrown away”
following use. The biogenic sample presented an unusual tubular morphology resulting
from its biogenesis. All these materials possessed significant peak activity for hydrogen
production at 800 °C. Significant carbon deposition occurred on these samples. Calcination
of biogenic and waste residue samples at 900 °C enhanced performance. Carbon was
deposited in the form of carbon filaments on the waste residue sample. The addition of Pd
promoted the biogenic sample’s activity but poisoned the waste residue sample. Cracking
of methane over palladium-containing zeolite catalysts has also been studied. Pd/H-ZSM-5
exhibited the highest peak hydrogen formation rate at 750 °C and the highest amount of
carbon was produced at 900 °C. The addition of Ni, Co, Cu and Fe dopants did not
improve performance. The effect of support type (H-ZSM-5, -Al2O3 and SiO2) on the Pd
catalyst performance was also investigated, with -Al2O3 producing the best activity. All
post-reaction Pd catalysts showed the formation of carbon filaments. On comparing the
catalytic activity of Pd/H-ZSM-5, Ni/H-ZSM-5 and Cu/H-ZSM-5, it was found that Pd/HZSM-5 catalyst possessed the highest activity, while Ni/H-ZSM-5 and Cu/H-ZSM-5
catalysts showed lower activity and similarity to each other in behaviour. Carbon filaments
were formed over Pd/H-ZSM-5 and Cu/H-ZSM-5 but did not form over Ni/H-ZSM-5. It
was observed that the carbon filaments only grow at higher Ni-loading on the zeolite. The
catalytic activities of Ni on different supports were evaluated and SiO2 was found to be the
most effective support.
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1. Introduction
1.1. General introduction
Energy is the basis of numerous aspects of modern life. This has led to high demand.
Hence, researchers have tried to develop various energy sources [1]. The energy derived
from the fossil fuel (coal, petroleum and natural gas) has been associated with some major
challenges such as sustainability and environmental influences. Fossil fuels are finite nonrenewable sources of energy which may run out in the medium term future due to the rapid
increase in demand and the limited reserves in the earth. The combustion of fossil fuels
releases CO2, CO, NOx, and SO2 into the atmosphere, which result in the damage to the
Earth’s climate and environment [2, 3]. However, the use of renewable energy sources,
such as wind, solar, and biomass will not be the main energy sources in the near term due
to their high cost and immature technology. Although nuclear energy provides an
alternative energy source it is also not universally acceptable [4].
The use of hydrogen as an alternative fuel is more acceptable environmentally than
hydrocarbons. Hydrogen has many environmental advantages over hydrocarbons, for
example it is a source of clean energy and it can be produced using various methods and
from a number of available materials. In addition, it has many potential uses that include
powering of non-polluting vehicles, heating homes and fuelling cleaner aircraft. Other
examples of hydrogen’s uses are: a) the petroleum industry, b) the production of ammonia,
c) the hydrogenation of fats and oils, d) fuel for rockets and e) fuel cells. It is expected that
hydrogen will be the main source of energy in the future [5-7]. However, attention needs to
be directed towards the sources and means of production of hydrogen to ensure that they
are not more environmentally damaging than direct application of hydrocarbons and that
they are sufficiently efficient.
One of the most important potential applications for H2 is to operate fuel cells. Fuel cells
are electrochemical devices in which convert chemical energy into electrical energy with
high efficiencies and very low environmental impact. In addition, they demonstrate
roughly two to three times greater efficiency than internal combustion engines in
converting fuel to electricity [8, 9].
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Fuel cells can be sub-divided into two main types; high temperature and low temperature.
All fuel cells possess the same basic operating principle [8]. The proton exchange
membrane (PEM) fuel cell is a low temperature fuel cell which requires relatively pure
hydrogen as a fuel and cannot operate for any significant time in the presence of CO
concentrations greater than 20 ppm [9]. Figure 1-1 presents a diagrammatic representation
of a proton exchange membrane (PEM) fuel cell.

Anode (Fuel) reaction :
H2 = 2H+ + 2eCathode (Oxidant) reaction : 1/2O2 + 2H+ + 2e- = H2O
Figure 1-1 Diagrammatic representation of an individual PEM fuel cell [10].

The fuel, hydrogen, and an oxidant, such as air, can be supplied to the device from external
sources. On one side of the cell, hydrogen is passed over the anode plate where it is
catalytically split into protons and electrons. On the other side of the cell, oxygen passes
over the cathode plate. The negatively charged electrons, travel along an external circuit to
the cathode plate to create an electrical current, while the positively charged protons pass
through the polymer electrolyte membrane (PEM) to the cathode plate. At the cathode, the
electrons, protons and oxygen molecules combine to produce pure water as the only
reaction product, which passes out of the cell [8, 10].
Due to the growing interest in proton exchange membrane (PEM) fuel cells as alternatives
to internal combustion engines, it is estimated that the demand for hydrogen production
will be increased [11, 12].
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1.2. Hydrogen production
Hydrogen is the simplest element and the most common gas in the universe. It is never
naturally uncombined on Earth and is always combined with other elements such as
oxygen, to form water, or carbon, to form hydrocarbons. Therefore, it has to be especially
produced and for this reason it is not considered a primary source of energy. Hydrogen can
be produced from many hydrogen-containing sources such as water, hydrocarbons and
even biological materials. Additionally, it can be easily produced from synthesised
hydrogen carriers such as methanol and ammonia [13].
Hydrogen is presently produced in several different ways, mainly from water, biomass and
fossil fuels. Hydrogen can be produced from water by electrolysis, but this method is
costly. Pyrolysis or gasification of biomass can produce hydrogen with mixture gases, such
as CH4, CO2, CO and N2, which requires their removal. Hydrogen may be generated from
fossil fuels (oil and natural gas) via various methods, for instance steam reforming of
natural gas, coal gasification, partial oxidation of hydrocarbons and thermal cracking of
natural gas [13-15]. Approximately half (48 %) of the used hydrogen in the world is
produced from steam reforming (SR) of natural gas which is considered the most
economical route from hydrocarbon feedstocks [13]. Other contributions to the production
of hydrogen are based mainly on partial oxidation of refinery oil (roughly 30 %) and coal
gasification (18 %), whereas the water electrolysis only contributes 4 % of the produced
hydrogen. Table 1-1 summarises the contributions of the various sources for hydrogen
production to the present worldwide.

Table 1-1 The capacity of world hydrogen production from different
sources [13, 16].
Raw material

Technology

%

Natural gas

Catalytic steam reforming

48

Refinery oil

Partial oxidation

30

Coal

Gasification

18

Water

Electrolysis

4

4

1.2.1 Hydrogen production from methane
Fossil fuels, particularly natural gas, will continue to dominate as a source for hydrogen
production in the near-middle term [17]. Natural gas is abundant and it is found in gaseous
form or as a mixture with oil in natural underground reserves all over the world. The major
component of natural gas is methane (> 80 % CH4 by volume) [18].
Due to the abundance of methane and its high H/C ratio, which is of course the highest
among all hydrocarbons, it is an obvious source of hydrogen [19]. Three types of primary
techniques used to produce hydrogen from hydrocarbon fuels are, steam reforming, partial
oxidation (POX), and autothermal reforming (ATR) [20-22]. In this section, the main
industrial methods for reforming of methane will be described.

1.2.2 Steam methane reforming (SMR)
Currently, hydrogen is mainly produced by steam reforming of natural gas. The process of
steam methane reforming (SMR) for hydrogen production passes through several stages [5,
23-26]. The first stage includes primary purification of feedstock, while the second stage is
the highly endothermic catalytic reforming of methane, which is run at high temperatures
in range of 800 to 900 °C over Ni-based catalysts:
H

4

0

/mol

The third stage is the water-gas shift (WGS) reaction which is employed to reduce the
concentration of carbon monoxide (CO) and further increase the amount of hydrogen:

CO + H2O

CO2 + H2

H298K = -41 kJ/mol

The final stage is the purification of the H2 by removal of CO2 from the product by using a
pressure swing adsorption (PSA) unit. This process requires other additional steps, for
instance a desulfurisation unit and a steam generation section. Steam methane reforming
(SMR) is a complex process because it has multiple stages. Also, it is not environmentally
friendly due to the production of CO2 [27, 28].
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1.2.3 Partial oxidation of methane (POM)
Partial oxidation of methane (POM) to form synthesis gas (CO and H2) can be performed
under non-catalytic conditions; methane is mixed with excess O2 and then ignited, but it
needs to be at a high temperature, usually above 1100 °C and pressures of 50 – 70 atm to
achieve large conversion.

4

Ho

/mol

In contrast, the employment of a catalyst in this reaction promotes it so that it can be
operated at lower temperatures. The catalysts used for POM are classified into three
groups: Ni, Co and Fe; noble metals; and early transition metal carbides [29-31]. Amongst
these catalysts, Ni/MgO has been considered fairly effective. However, there are some
problems associated with POM, such as risk of explosion and deactivation of the catalyst.

1.2.4 Autothermal reforming of methane (ATR)
Autothermal reforming (ATR) has been utilised for industrial synthesis gas production
since the late 1950s [32]. ATR is a combination of steam reforming and partial oxidation
reactions in a single reactor. The autothermal reactor consists from two zones; the upper
zone is combustion chamber, while the lower zone is catalyst bed. The produced gases are
passed through the catalyst bed. As the temperature exiting the combustion zone is roughly
1200 - 1250 °C a high thermal stability catalyst is required. A Ni/MgAl2O4 catalyst has
shown high stability and activity for ATR reactors. The temperature exiting the catalyst
bed is roughly 870 - 955 °C, and the produced synthesis gas is completely soot free [30].

However, all the hydrogen production processes described above result in CO and CO2
products, which are potentially harmful to the environment and/or the performance of fuel
cells [33]. Therefore, for application as a fuel source for fuel cells, separation and
purification are necessary which are complex.

1.2.5 Direct cracking of methane
An alternative approach is the direct cracking of methane to produce hydrogen and solid
carbon, as shown in the equation below. The process can produce “COx-free hydrogen”. In
addition the process is simple. It is probable that direct cracking of methane could reduce
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the cost of hydrogen production and it is thus a good alternative to other hydrogen
production processes for PEM fuel cell applications [25, 34, 35].

4

Ho

/mol

Moreover, unreacted methane from this reaction can be separated easily from the product
by application of an absorbent or membrane to produce streams of 99 % by volume
hydrogen [17, 36].
Direct cracking of methane can be classified into two major types, thermal cracking and
thermal catalytic cracking. Thermal cracking of methane conducted in the absence of a
catalyst requires high temperature, above 1200 °C to achieve a reasonable yield [37].
However, this process is not economical for commercial production of hydrogen because
of this. To overcome this problem, the use of a catalyst is required to reduce the high
temperature required for methane thermal cracking. The catalytic cracking of methane is a
moderately endothermic reaction; the thermal energy requirement per mole of hydrogen
produced is only 37.5 kJ/mol H2 compared to 68.70 kJ/mol H2 for steam methane
reforming (SMR). Different supported transition metal catalysts were used to reduce the
elevated temperature of methane thermal decomposition to: 500-700 ºC for nickel-based
catalysts, 700-950 ºC for Fe-based catalysts and 700-1000 ºC for Co, Pd, Pt, Cr, Ru, Mo,
W catalysts [36]. These temperatures are much lower than that required by the noncatalytic process. Figure 1-2 presents summary of the available data from the literature on
the catalysts and the preferred reaction temperature range for thermal catalytic cracking of
methane.
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Figure 1-2 Diagrammatic representation of the bulk of literature,
preferred reaction temperature range for thermal catalytic cracking of
methane reaction. Catalysts: 1 – Ni-based, 2 – Fe-based, 3 – carbonbased, 4 – summary of data related to Co, Ni, Fe, Pd, Pt, Cr, Ru, Mo,
W catalysts, 5 – non-catalytic cracking [36].

Furthermore, not only is hydrogen gas produced the co-produced carbon is also potentially
valuable. Filamentous carbons (carbon nanotubes and/or carbon nanofibres) are usually
formed during the reaction of methane cracking over metal supported catalysts. They
possess excellent properties such as high surface area, high mechanical strength, high
electric conductivity and high resistance to strong acids and bases. These properties lead to
many industrial applications. Filamentous carbon (carbon nanotubes and carbon
nanofibres), can be employed as an adsorbent agent, catalyst, catalyst support, hydrogen
storage medium and nano-electronic and nano-mechanical devices [38-40].
The direct catalytic cracking of methane to hydrogen and carbon is studied in this project.

1.2.5.1 Methane cracking over metal catalysts
A number of catalysts have been investigated for methane cracking. This area has been the
subject of several recent reviews [4, 41-43]. Almost all transition metals show catalytic
activity to some extent, and some presented remarkably high activity. However, there is no
general agreement among different groups of researchers regarding the choice of the most
efficient metal catalyst. For example, it has been reported that the rate of methane
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activition in the presence of transition metals followed the order: Co, Ru, Ni, Rh > Pt, Re,
Ir > Pd, Cu, W, Fe, Mo [44]. Whereas others have observed that Pd is the most active
catalyst [25, 45-47], Ni has been reported by some to be the catalyst of choice [48-50], and
in some papers Fe has been reported to be active [46, 51, 52]. Although cobalt catalysts
have rarely been employed for methane decomposition because of their lower activity
(compared to nickel), high toxicity and high price [53], they have occassionally been used
as a catalyst for methane cracking [54-56].
Most studies have focused on nickel, iron and cobalt. Fe, Ni and Co are well known to
have partially filled 3d orbitals, which can facilitate the dissociation of the hydrocarbon
molecules by accepting electrons. This interaction along with “bac -donation” from the
metal into the unoccupied orbital in the hydrocarbon molecule changes the electronic
structure of the adsorbed molecule, thus the dissociation of the molecule can occur [57].
A number of factors affecting the performance of metal catalysts for methane cracking
have been identified. These factors included active components, support type, promoters or
additives and preparation method [48, 52, 58-63]. In addition, the reaction conditions of
methane cracking such as flow rate of methane gas and reaction temperature have also
investigated [40, 47, 49, 58, 64].
The deactivation of metal catalysts in the reaction of methane cracking is the major
challenge in this process. The carbons produced play a significant role in the decline of
metal catalyst performance.

1.2.5.2 Catalyst deactivation
Catalyst deactivation is the loss of catalytic activity and/or selectivity over time. The
deactivation of catalyst can occur by different routes, both chemical and physical in nature.
Poisoning, coking or fouling (carbon deposition), thermal degradation (sintering and/or
evaporation of active phase) usually happen at high temperatures and phase
transformations are also common causes of catalyst deactivation [65-67].
Sintering is generally a thermally induced process and is physical in nature. It is defined as
the loss of catalyst active surface because of growth of the active phase or support material
components. In the case of supported metal catalysts, decrease of the active surface area
occurs via agglomeration and coalescence of small metal crystallites to form larger ones
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[65, 66]. As shown in Figure 1-3, two principal mechanisms of metal crystallite growth
have been proposed: (A) atomic migration and (B) crystallite migration. Atomic migration
includes detachment of metal atoms from crystallites, migration of these atoms over the
support surface and ultimately capture by larger crystallites. Crystallite migration includes
the migration of whole crystallites over the support followed by collision and coalescence
[67].

Figure 1-3 Two theoretical models for crystallite growth
due to sintering by (A) atomic migration or (B) crystallite
migration [67].

The sintering process is strongly dependent upon temperature. Its mechanism is directly
correlated to the temperature of the melting point of the catalyst metal and is defined by the
so-called Hűttig and Tamman temperatures, which are indicative for the temperature at
which sintering related processes are initiated. The semi-empirical relationships for the
Hűttig and Tamman temperatures are shown below [66]:

THűttig = 0.3Tmelting
TTamman = 0.5Tmelting
When the temperature reaches the Hűttig temperature, metal atoms at defects will become
mobile and when the temperature reaches to the level of the Tamman temperature, metal
atoms from the bulk display mobility. At the melting point temperature, the mobility of
metal atoms will be very high where liquid-phase behaviour is noted [66].
Sintering is an important factor which leads to catalyst deactivation in hydrocarbon
cracking due to the relatively high temperatures employed. As mentioned previously, the
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metal catalysts used for the catalytic cracking of methane require the temperatures in range
of 500 to 1000 °C depending on the type of metal used. In this range of temperatures, most
of the metals used in this reaction achieve their Hűttig and Tamman temperatures [66].
Hence, the sintering process is expected to occur.
Despite this, it is considered that the main reason for the catalyst deactivation during
catalytic cracking of methane is the deposition of carbon (coke formation) on the active
surface of the catalyst [49, 68]. Coke formation is the physical deposition of carbonaceous
species from the reacting species on the surface of catalyst. In addition, the deposition of
coke interferes in several ways, such as blocking access to the active sites on the catalyst
surface, encapsulation of the active metal particles, plugging the pores of the catalyst and
accumulation of carbon filaments, which can cause disintegration of catalyst particles and
plugging of reactor voids. The carbon species formed in catalytic processes vary depending
upon the catalyst type, reaction type and reaction conditions [67, 69]. Figure 1-4 shows the
possible impact of the carbon deposition on the supported metal catalysts.

Figure 1-4 Theoretical model of fouling, crystallite
encapsulation and pore plugging of a supported metal
catalyst due to carbon deposition [67].

Catalyst deactivation has been studied extensively. For example, Fajardo and co-workers
[70] suggested that the deactivation of the Co/Al2O3 catalyst during the catalytic
decomposition of methane was due to the rate of carbon diffusion through the metal
catalyst particle being slower than the rate of formation of carbon at the surface Co sites.
Under these circumstances, carbon builds up on the surface of the catalyst and then
encapsulates the metal particles causing a decrease in activity.
Goodman and co-workers [19, 71] showed that the reason for the rapid deactivation of the
Ni/HZSM-5 catalyst during the decomposition of methane was the formation of
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encapsulating carbon on the catalyst particles, which obstructed the reactant molecules.
Figure 1-5 presents a micrograph taken from this study.

Figure 1-5 TEM image of the post-reaction Ni/HZSM-5 catalyst
applied to methane decomposition at 700 °C [71].

Zhang and Amiridis [72] studied the catalytic decomposition of methane using Ni/SiO2.
Characterisation of the post-reaction catalyst by SEM and TEM showed that the carbon
deposited on the catalyst was in the form of filaments. They suggested that the deactivation
of catalyst occurred because of space limitations; the formed filaments started to interfere
with each other and the silica surface, preventing the deposition of more carbon atoms in
filamentous form.

Shah et al. [46] studied methane decomposition using a 0.5 % Mo-4.5 % Fe/Al2O3 catalyst
at 700 °C and showed the catalytic deactivation for a 1 g catalyst bed to be due to the
detachment of metallic particles from the support and ultimate encapsulation of the
metallic particles by a graphitic layer.

1.3. Carbon deposition
As mentioned previously, carbon is one of the two major products for methane cracking.
The carbon produced from the cracking of methane process is a pure product, which could
be marketed in 1996 at a selling price of $300/ton or more. For instance, as a high quality
alternative for petroleum coke, it could have probably been sold for $310–460/ton, the
price-range for high purity petroleum coke. The forms of filamentous carbon are presently
of much greater value. Hence, the value of the carbon produced can contribute to the
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economics of hydrogen production. Carbon can be used in numerous application areas
such as structural materials, power generation, soil amendment and environmental
remediation [36].
It has been reported that there are three main types of carbon formed during the cracking of
hydrocarbons (especially methane) over supported metal catalysts: amorphous, filamentous
and graphitic. The structure and morphologies of the deposited carbons depend upon the
reaction conditions and the type of catalyst [73, 74]. Amorphous carbon is a highly
disordered network of carbon atoms, mostly in the form of rings or olefinic chains, as
shown in Figure 1-6 (A) [75, 76]. Graphite has a layered hexagonal planar structure. The
layers (sheets) are held together by van der Waals forces, as shown in Figure 1-6 (B) [75,
77]. Filamentous carbons can be classiﬁed into two main categories, carbon nanotubes
(CNTs) (both single-walled (SWCNTs) and multi-walled (MWCNTs) which have a hollow
cavity) and carbon nanoﬁbres (CNFs) [78].
A

B

Figure 1-6 Schematic representation of an amorphous carbon structure (A) [79], and a
graphitic carbon structure (B) [80].

In the literature it can be seen that a lot of effort has been focused on the study of graphitic
carbon nanostructures. Examples in the catalytic cracking of methane include carbon
nanotubes (CNTs) [52, 81-86], carbon nanoﬁbers (CNFs) [40, 87-90] and carbon nanoonions [91, 92]. The following sections present some details about these types of carbon
nanostructures.

1.3.1 Carbon nanotubes (CNTs)
Before the invention of transmission electron microscope (TEM), there were early studies,
which considered the possibility of forming filamentous carbon from thermal
decomposition of hydrocarbons [93]. Unfortunately, because of the low resolution of the
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available microscopic techniques, it was hard to detail the filaments produced. Following,
the first commercial TEM, which was produced by Siemens in 1939; there have been many
reports concerning the formation of tubular structures similar to CNTs. It is believed that
the first evidence of the formation of tubular nano-sized carbon filaments by TEM
technique was published in 1952 by Radushkevich and Lukyanovich [93]. In 1976, Oberlin
et al. [94] also showed similar images for the formation of tubular nano-sized carbon
filaments as a result of pyrolysis of a mixture of benzene and hydrogen. In 1991, Ijima [95]
presented the first unambiguous evidence of growing multi-walled carbon nanotubes
(MWCNTs). Also, Ijima et al. [96] published the first clear report in 1993 about the
formation of single-walled carbon nanotubes (SWCNTs). CNTs have since then become
one of the most active fields of nano-science and nano-technology because of their unique
properties that make them appropriate for several potential applications such as polymer
reinforcements for composites or breakthrough materials for energy storage as well
potential applications in electronics and catalysis [97].
As mentioned previously, the carbon nanotubes (CNTs), can be classiﬁed into two major
types: single-walled (SWCNTs) and multi-walled (MWCNTs). Carbon nanotubes have
structures similar to graphene sheets rolled up into cylindrical forms. SWCNTs comprise,
as the name suggests, single graphene sheets whereas MWCNTs comprise a number of
grapheme sheet layers [78]. Figure 1-14 illustrates single-wall carbon nanotube (SWCNTs)
and multi-wall carbon nanotube (MWCNTs) structures.

SWCNTs

MWCNTs

Figure 1-7 Schematic diagrams of single-wall carbon nanotube (SWCNTs)
and multi-wall carbon nanotube (MWCNTs) structures [98].
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Li and co-workers [99] synthesised high quality carbon nanotubes through methane
catalytic decomposition over the Fe/MgO catalysts at 800 °C. They showed that both
single-walled and multi-walled carbon nanotubes were formed, as presented in Figure 1-8.

Figure 1-8 HRTEM images for the carbon materials deposited on the Fe/MgO
catalysts at 800 °C [99].

Catalytic decomposition of hydrocarbons, arc discharge and laser ablation are common
techniques to produce carbon nanotubes. The limitation of the arc discharge and laser
ablation techniques are that they cannot be applied to continuous synthesis of CNTs, which
makes the catalytic decomposition of hydrocarbons a promising technique [100]. Catalytic
decomposition of different hydrocarbons (acetylene, ethylene, propylene, acetone, npentane, methanol, toluene, and methane) as feedstocks were studied in a continuous
process for the high volume and economic production of CNTs [101]. The employment of
methane in the process of catalytic decomposition is reported to be the most suitable
compared to the other hydrocarbons because of the fact that it is a cheaper carbon source
[102].

1.3.1.1 The growth mechanism of carbon nanotubes
There are two main growth mechanisms for CNTs which have been suggested by
researchers based on their observation of the location of catalyst metal particles. The “tip
growth mechanism” was suggested when the metal particle is found to be located at the tip
of carbon nanotubes, whereas the “base growth mechanism” is proposed when the metal
particles are located at the base of the carbon nanotubes.
The tip growth mechanism is the most commonly suggested mechanism [73, 103-107]. It
was proposed by Baker et al. in 1972, who proposed the growth of carbon filaments by
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catalytic decomposition of the hydrocarbon and bulk diffusion of carbon [104]. The tip
growth mechanism proposes that carbons produced from the cracking of hydrocarbon are
deposited on the front-exposed surface of catalyst metal particles dissolving into the
particle at the gas side followed by diffusion through the bulk of the metallic particle to the
rear surface of the metallic particle, the support side. The carbon precipitation, consisting
of graphite, at the rear of the particle builds up a deposit of carbon which forces the particle
to move away from the support, as shown in Figure 1-9. Moreover, if the carbon deposited
does not move from the surface of metallic particle to form filament walls rapidly enough,
then the metal surface becomes encapsulated by the carbon and catalyst deactivation
occurs.
The base growth mechanism is similar to the tip growth mechanism with the exception of
the metallic particle which is located at the base of the carbon nanotube, the support side,
as shown in Figure 1-9. The growth of carbon nanotube is caused by the metallic particle
which remains in contact with the catalyst support. This mechanism supposes that the
metallic particle has a strong interaction with the support and cannot be easily detached by
the graphitic layer formed at the metal/support interface. Consequently, if the metal
support interaction (MSI) is strong, the growth of carbon nanotubes should follow the base
growth mechanism. In contrast, the presence of weak MSI during the formation of carbon
nanotubes on supported metal catalyst will favour the tip growth mechanism [57, 73, 108,
109].

C

Tip growth mechanism
Weak Metal-Support
Interaction

Base growth mechanism
Strong Metal-Support
Interaction

Figure 1-9 Schematic representation of the two main growth mechanisms of
carbon nanotubes [73].
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Takenaka et al. [40] studied the decomposition of methane into hydrogen and carbon
filaments over a 70 wt % Ni/SiO2 catalyst. They analysed the post-reaction catalyst by
scanning electron microscopy (SEM) and found that the carbon deposited in the form of
filamentous carbon with the Ni metal particles present at the tip of the filaments, as
illustrated in Figure 1-10.

Figure 1-10 SEM image for the post-reaction 70 wt % Ni/SiO2 catalyst after reaction
at 500 °C, bright spots represent the Ni metal particles located at the tip of the
filaments [40].

Chen et al. [110] synthesised carbon nanotubes (CNTs) on a Ni film-coated Si substrate
via decomposition of ethylene (C2H4) at ca. 700 °C using a hot-filament chemical vapor
deposition (CVD) method and SEM images of the post-reaction material revealed that the
CNTs were formed by base growth mechanism, as presented in Figure 1-11.

Figure 1-11 SEM image for the post-reaction Ni-Si material at 700 °C, conicalshaped metallic nanoparticles are encapsulated at the base ends of the CNTs, as
marked with arrows [110].
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1.3.2 Carbon nanoﬁbres (CNFs)
Carbon nanofibres are another type of graphitic filamentous structure, which differ from
carbon nanotubes in the orientation of the graphite monolayer planes. In carbon nanotubes
(CNTs), the planes of graphene-like layers are parallel to the axis of the tube, as shown in
Figure 1-8, whereas in carbon nanoﬁbres (CNFs), the graphite planes are arranged
perpendicular to the axis of fibre (stacked form) or at an angle to the axis (herringbone
form), which result in a non-hollow structure [111]. Stacked forms of carbon nanoﬁbres
are built up with graphite layers stacked as piles of “plates”, i.e. oriented along the vertical
axis of the nanoﬁbres, as illustrated in Figure 1-12. In the case of the herringbone form, the
stacked graphite layers are bent similar to a bowl-shape and the nanofibre displays graphite
layers making an oblique angle with respect to the vertical axis of nanofibre whilst leaving
no internal cavity, as illustrated in Figure 1-13. Therefore, the value of angle α between the
graphite layers plays a significant role in the classification of CNFs. If the value of angle α
is close to 180°, the CNFs will be in the stacked form, whereas if it is between 30° and
150° it will be in the herringbone form [112]. The properties of carbon nanofibres such as
high strength has made them an attractive material for the development of high
performance composite structures [113].

Stacked form

C

Figure 1-12 HRTEM images of CNFs (stacked form), A) a single CNF at low
magnification and B) at high magnification (arrows and lines in image (B)
represent the direction of fibre axis and graphene layer of carbon nanofibres,
respectively [114]). C) Schematic representation that shows the arrangement
of graphite layers to the axis of fibre [111].
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Herringbone form
A

B

C

Figure 1-13 TEM images of CNFs (herringbone form), (A) and (B) show
single CNFs with different angles between the graphite layers [112], C)
schematic representation that shows the arrangement of graphite layers with
a specific angle to the axis of fibre [115].

The structure and properties of the fibres can be affected by different parameters such as
the nature of the metal surface, the composition of the reactant gas and the temperature of
synthesis [115]. The growth mechanism of carbon nanofibres is similar to that for CNTs
when gaseous hydrocarbons contact catalyst particles at high temperature. The only
difference between the growth mechanism of CNTs and CNFs is the existence of an
intermediate stage, which determines the formation of CNTs and/or CNFs. However, it is
believed that the operating conditions (especially the reaction temperature) play an
important role in determining the type of carbon filaments formed [103]. At low reaction
temperatures, the rate of carbon nucleation/precipitation over the metal/carbon interface is
lower than the rate of carbon diffusion through the metallic particle. This nucleation leads
to the formation of uniform carbon layers over the whole metal/support interface. When
the layers of carbon are continuously excreted via carbon nucleation, the metallic particle
can be lifted up from the support to form carbon nanofibres with solid core. At high
temperature, the nucleation rate of carbon layers is much higher than the rate of carbon
diffusion through the metallic particle. As a result, the path of carbon diffusion at metal/gas
interface is shorter than that at metal/support interface. Hence, the nucleation will occur at
the area close to the metal/gas interface. As soon as the excretion of carbon starts close to
metal/gas interface, the carbon concentration in the metallic particle declines sharply to the
saturation concentration of carbon. Consequently, no driving force is present any longer for
nucleation at places with high diffusional path lengths, centre of metal/support. Carbon
excretion will not take place at this central part, therefore, hollow structure carbon
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nanotubes, are formed [103]. Figure 1-14 displays the growth mechanism of the carbon
nanofibres and carbon nanotubes.

X

X

Figure 1-14 Schematic representation of the growth mechanisms of carbon nanofibres
(A) and carbon nanotubes (B) [103].

However, herringbone–bamboo nanotubes are type of carbon filaments, which have
structures between those of carbon nanotubes and nanofibres. The structure of these
filaments consists of a hollow core, which is not continuous but is sequentially closed by
graphite layers and oriented vertical to the axis tube [112]. The structure of the bamboo
form comprises a periodical repetition of hollow cores, which can be formed by periodical
movement of metal particles inside the carbon filament [4] as illustrated in Figure 1-15.

A

B

C

Figure 1-15 TEM images of bamboo-structured carbon nanotubes observed
after methane decomposition over 10 wt % Cu/MgO and 5 wt % Mo/MgO at
850 °C for 1 h, A) low magnification and B) high magnification [116], C)
schematic diagram of the growth model of a bamboo tube with a Ni-based
catalyst [117].
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Numerous of reports have been made concerning the formation of bamboo-shaped CNFs
during methane decomposition [116, 118-121]. Chen et al. [119] demonstrated the
formation of bamboo-shaped carbon filaments during decomposition with a feed of
CH4/H2 (1:2) over a Ni–Cu/Al2O3 catalyst at 720–830 °C. Moreover, they proposed a
growth mechanism for the bamboo structure. In their proposal, there are two types of
movement of the metal particle inside the carbon filament, which can contribute to the
formation of bamboo-shaped CNTs. The first mechanism includes a smooth movement in
which the metal particle is pushed by the insertion of new layers of carbon at the carbon–
metal interface, resulting in the continuous formation of uniform walls and cavities. The
second mechanism involves jumping of the metal particle at regular periods of time. This
movement is only possible when the metal particle is in the quasi-liquid state and has a low
wetting ability with the surface of the graphitic carbon formed. During the formation of
new layers of carbon, a depressing force is applied on the metal particle towards its axis
and in the direction of growth. This stress accumulates as the insertion continues. When the
stress is larger than the combined force of carbon and metal, a jump of the metal particle
occurs. This mechanism is more defined than that proposed earlier by Saito [117], who
suggested that it is not obvious if the Ni particle at the tip of tube was in state of liquid or
solid during tube growth and concluded that the cone-shaped Ni was always at the tip of
tube where it was absorbing carbon. The dissolved carbon diffused to the rear side of the
Ni particle, and carbon segregated as graphite at the bottom and then into the side of the
particle. After the formation of graphitic layers (about 20 layers) the Ni particle jumped out
of the graphitic sheath to locate at the top of the tube. The force of pushing out the Ni
particle could be stress accumulated in the graphitic sheath because of the segregation of
carbon from the inside of the sheath, as presented in Figure 1-15 (C).

1.3.3 Carbon nano-onions
The onion-like carbon nanosphere is a graphite structured material. It comprises a spherical
multilayer graphene-based shell and a hollow or metal particle-filled core. A report of
onion-like carbon material on the surface of graphite electrodes was made in 1980 by
Iijima [122]. Although carbon nanotubes and carbon fibres have received great attention
due to their important potential applications, onion-like graphite structures have also found
to have potential applications in electromagnetic devices for field emission, and as solid
lubricants [123, 124]. There have been a number of successful attempts to synthesise
onion-like graphite structures. For example, Zhao et al. [91] synthesised carbon nano-
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onion structures via catalytic decomposition of methane over an Ni/Al catalyst at a
relatively low temperature (600 °C). Figure 1-16 (A and B) illustrates two TEM images for
two types of onion-like carbon nanospheres, a hollow or metal particle-filled core. From
the image in Figure 1-16 (A), it is clear that the core of the carbon nano-onion is filled with
metal particles, while the onion shown in Figure 1-16 (B) is completely empty.

A

B

Figure 1-16 HRTEM images of the carbon onions formed from methane decomposition
over Ni/Al catalyst, (A) HRTEM image of the carbon nano-onions with nickel particle
encapsulated, (B) HRTEM image of carbon nano-onions with hollow cores [92].

The mechanism of growth of carbon nano-onions was proposed by Zhao and co-workers
[92]. Formation of carbon nano-onions begins with: formation of solid metal particles,
adsorption of carbon-containing feed, the deposition of carbon from cracking, formation of
graphitic layers around the metal particle until it is fully encapsulated. In case of carbon
nano-onions with empty cores an additional step occurs, where the metal particle
evaporates due to the high localised temperature within the nano-onion.
This mechanism is in good agreement with that suggested by Kanga et al. [125]. They
objected only to the proposal of the formation of the empty core where they proposed that
the presence of metal particle in the core of the carbon onion-like spheres is under pressure
because of the building layers of graphite around it, which ultimately force it to eject
leaving an empty core. Figure 1-17 displays the two different proposed growth
mechanisms for the formation of two different carbon nano-onions.
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A

B

Figure 1-17 Schematic representation of the growth mechanism of onion-like carbon
nanosphere formation, (A) the carbon nano-onion with metal particle filled core, (B) the
carbon nano-onion with an empty core [92].

1.4. Biogenic iron oxide
This section has been added to provide an overview of biogenic iron oxide. In this thesis,
biogenic iron oxide has been studied as a pre-catalyst for the catalytic cracking of methane.
Biogenic iron oxide can be a component of iron ochres which can interfere with water
management. In such circumstances it requires dredging. Therefore biogenic iron oxide
forms a disposable and low cost material for methane cracking. Hence, it is appropriate to
present some information about biogenic iron oxide in general.
Iron is one of the transition metals widely used in catalysis. It is known to be active for the
decomposition of hydrocarbons, especially methane [46, 51, 52, 126-129].
The occurrence of iron oxides is widespread in nature. They are found in soils and rocks,
lakes and rivers, on the seafloor and in organisms [130]. There are many types of iron
oxide. Table 1-2 shows the major iron oxides and oxyhydroxides. Some of these have been
synthesised artificially and others are known to be produced not only synthetically but also
biologically. Many organisms such as bacteria have the ability to produce iron oxides from
the environment in which they live [131, 132]. These bacteria generally termed as iron
oxidising bacteria, producing biogenic iron oxide [131, 133-135].
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Table 1-2 The major iron oxide and oxyhydroxide phases [132].

Oxyhydroxides

Oxides

Formula

Mineral

Formula

Mineral

Fe5HO8.4H2O

Ferrihydrite

α- Fe2O3

Haematite

α- FeOOH

Goethite

γ- Fe2O3

Maghemite

β- FeOOH

Akaganeite

Fe3O4

Magnetite

γ- FeOOH

Lepidocrocite

δ- FeOOH

Feroxyhyte

Iron represents the fourth most abundant element in the earth’s crust [136] where iron
cycling depends upon redox reactions, which frequently result in precipitation and
dissolution of Fe-rich minerals. Also, microbial activity contributes to iron cycling,
through carbon fixation, respiration and the reactions of passive sorption. Iron oxides
formed in conjunction with bacteria, either as internal or external precipitates, are denoted
as biogenic minerals. They can be formed in different types of environments on earth such
as in freshwater, in marine systems, in aquifers, in soils and in mining impacted systems.
Biogenic iron oxides generally occur as nano-crystals and display a large range of
morphologies and mineralogies. These minerals can be produced as a result of the direct
metabolic activity of bacteria or as a result of passive sorption and nucleation reactions.
The oxidation of iron during the metabolic activity of acidophilic and neutrophilic bacteria
in oxygen-rich waters promotes the oxidation of Fe2+ to Fe3+ and the precipitation of
biogenic iron oxides as extracellular precipitates close to or onto the bacterial cells. In
addition, the oxidation of iron in oxygen-deficient waters can also occur as a result of the
activity of photoautotrophic bacteria using Fe2+ as an electron donor. However, passive Fe
sorption and nucleation onto bacterial cell walls is another important mechanism, leading
to the formation of iron oxide. The bacterial surface under environmental pH conditions is
net negatively charged, which results in the binding of soluble iron, ultimately leading to
the precipitation of iron oxides under saturation conditions. Extracellular bacterial cell
polymers can be produced, which act as a matrix for iron sorption and the nucleation of
iron oxide. There are different types of bacteria cells in which iron oxides are formed
within the cell. This intracellular biogenic mineral results in magnetotactic bacteria [133].
It is believed that the bacteria which form extracellular iron oxides obtain energy by
oxidising soluble Fe2+ ions into insoluble Fe3+ ions and then precipitate iron oxide with
unique structures such as twisted stalks and tube-like sheaths [131, 132]. There are many
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groups of microorganisms, which can be identified and differentiated upon the morphology
of the iron-containing phase(s) produced. Gallionella ferruginea which forms twisted
stalks, and Leptothrix ochracea which forms hollow micro-tubes or sheaths, are the most
commonly noted bacteria in association with biogenic iron oxides in neutral pH
environments [131-133, 137] Figure 1-18 (A) demonstrates morphologies of biogenic iron
oxides produced according to these bacteria.
Biogenic iron oxide, formed by Leptothrix ochracea, is the material used in this project as
a pre-catalyst. Leptothrix ochracea was among the first microorganisms to be defined by
researchers in the late 1700s and was likely termed after the orange ocherous deposits of
Fe oxides visible within bodies of slowly moving freshwater [138]. The shape of
Leptothrix ochracea cells is straight rods, which form straight tubular sheaths that surround
single cells, as shown in Figure 1-18 (B). The production of sheaths is by excretion of
fibrillar polymer, which are cross-linked to form a mesh-like fabric closely fitting to the
cells for iron sorption and the nucleation of iron oxide [139]. Moreover, it has been
suggested that the formation of sheaths is an effective strategy for such bacteria, which
provide them with physical protection from external aggressions such as bacterial
predators [139].

A

B

Figure 1-18 Scanning electron micrographs demonstrating two morphologies
of biogenic iron oxide. A) L shows the shape of hollow micro-tubes or sheaths
associated with Leptothrix ochracea, G illustrates the shape of twisted stalks
with Gallionella ferruginea [137], B) hollow micro tubes, sheaths, associated
with Leptothrix ochracea [138].

Leptothrix ochracea is widely distributed in the environment and can easily exist at sites
which are characterised by a neutral pH, an oxygen gradient and a source of reduced iron
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minerals. Typical habitats comprise iron seeps of freshwater wetland areas, forest ponds,
iron springs, the upper layers of sediments and even domestic water systems. At
appropriate sites, the large growth of these organisms can be easily noted by the naked eye
as masses of ocherous forms developing as surface films, as solid mats or fluffy and
dispersed material with varied colour from yellowish-orange to dark brown [139].
Figure 1-19 illustrates photographs for some sites of the accumulation of biogenic iron
oxide formed by Leptothrix ochracea.
Several studies have been demonstrated that the deposited iron oxide on the surface of
Leptothrix ochracea cells is poorly ordered (amorphous) iron oxyhydroxide corresponding
to 2-line ferrihydrite (Fe5HO8.4H2O) [131, 140-142]. It was suggested that such a poorly
ordered phase, is due to the rapid rates of oxidation and precipitation caused by the bacteria
[140].
Biogenic iron oxide, can also find application for water treatment such as removal of
phosphorus and heavy metals from contaminated water [143-146].

Figure 1-19 photographs for some sites of the accumulations of biogenic iron
oxide, which are formed by Leptothrix ochracea [147].

1.5. Zeolites
This section has been included since H-ZSM-5 zeolite has been used as a catalyst support
in this thesis. Hence, it is appropriate to present general information about zeolites.
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Zeolites are crystalline microporous aluminosilicates which are often termed molecular
sieves. Zeolites can be natural or synthetic in origin, possess a variety of pore structures
and properties [148] and can often be designed with these parameters in mind. The first
description of zeolites was in 1756 by Axel Cronstedt, who heated an unknown silicate
mineral and observed that steam evolved upon heating. This finding led him to term
minerals that acted in this manner zeolites, derived from the Gree words “zeolithos”,
which means “boiling stone” [149, 150]. The first synthetic zeolites that did not have a
natural counterpart were reported by Barrer in the 1948 [149].

1.5.1 Zeolite Structure and properties
Zeolites are well-defined crystalline aluminosilicates comprising channels and cavities.
The framework of a zeolite is composed of primary building units of SiO4 and AlO4
tetrahedra linked together by oxygen atoms resulting in inorganic macromolecules with
structurally distinct three-dimensional frameworks. However, linking of SiO4 and AlO4
tetrahedra creates an electrical imbalance and one negative charge is associated with the
aluminium centre due to the difference of valence between the (SiO4)4- and (AlO4)5tetrahedral. This charge is balanced by extra-framework cations. The general formula for
zeolites is [148, 150]:
Mx/n [(AlO2)x(SiO2)y]. m H2O,
where cations M of valence n neutralise the negative charge of the aluminosilicate
framework, m is the number of water molecules per unit cell, and x and y are the numbers
of Al and Si tetrahedra respectively per unit cell.
The primary building units, SiO4 and AlO4, contribute to the formation of so-called
secondary building units (SBUs) by joining together to form a wide variety of rings and
cages. Repeating secondary building units (SBUs) can be linked to each other by atoms of
oxygen to build extended networks of channels, channel intersections and cavities with
molecular dimensions that characterise the zeolites structure and provide a high surface
area, which is a desirable property for catalysis. The zeolite structures are determined, to a
large extent, by the SBUs from which they are comprised [148, 150, 151]. In addition, the
important feature of zeolites structure is the network of connected cavities or pores
forming a system of channels throughout the structure. These cavities are of molecular
dimensions and can adsorb species small enough to have access into them. The pore size of
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the zeolite structures depend on the number of tetrahedra forming the pore, i.e. the ring
size. For example, the zeolite Faujasite determined by 12-membered ring of corner-sharing
tetrahedra with pore dimensions of 0.74 nm, while zeolite ZSM-5 determined by a 10membered ring of corner-sharing tetrahedra with pore dimensions of 0.51 x 0.55 nm. The
pore dimensions of zeolites lie in the range 0.35-0.75 nm. These dimensions allow zeolites
to be employed in different applications such as in gas filtration, ion exchange, selective
catalysis, desiccant applications, and cracking of hydrocarbons [150, 152]. Figure 1-20
illustrates the primary and secondary building units of zeolites and the structures of four
selected zeolites with their micropore systems and dimensions are presented. In addition to
the zeolite pore dimensions, the Si/Al ratio is important. Stability of the crystal framework
increases with increasing Si/Al ratio.
Secondary building units

The primary
building unit

Figure 1-20 Structures of four selected zeolites (from top to bottom: faujasite or zeolites
X, Y; zeolite ZSM-12; zeolite ZSM-5 or silicalite-1; zeolite Theta-1 or ZSM-22) and their
micropore systems and dimensions [148].

The acidity of zeolites is one of their most important properties, which is beneficial for
many chemical reactions. The presence of acidic sites arise from the [AlO4] tetrahedral
units in the framework. These acid sites can be BrØnsted or Lewis acid sites, or both
depending on zeolite preparation conditions. BrØnsted sites can be converted into Lewis
sites by heating zeolites at temperatures above 500 °C [150]. Figure 1-21 shows a scheme
for the formation of BrØnsted and Lewis acid sites in a zeolite framework by thermal
dehydration. Dehydration and steaming can also lead to extraframework aluminium
production which can impact upon material performance [153].
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BrØnsted acid form of zeolite

Lewis acid form of zeolite

Figure 1-21 Scheme for the thermal interconversion of BrØnsted to Lewis acid
sites in a zeolite framework [150].

1.5.2 H-ZSM-5
H-ZSM-5 zeolite is of particular interest in this thesis because it has been applied as a
support for methane cracking.
The first published report concerning the synthesis of zeolite ZSM-5 (Zeolite Socony
Mobil Five) was in 1972 by the Mobil Oil Corporation [154]. Although there are several
types of zeolites available, ZSM-5 is one of the most recognised and widely applied
zeolites in catalysis. It has been widely applied because of its unique channel structure,
thermal stability, acidity, shape-selective property as a catalyst and sorbent, and it has
been especially applied in petrochemical processing, fine chemical production and liquid
and gas separation [155].
ZSM-5 is built from the pentasil secondary building unit, and is a medium pore zeolite
composed of ten tetrahedral rings, which possesses a three dimensional porous network. It
contains intersecting systems of pores, one being comprised straight channels with
diameter 0.53 x 0.56 nm, which are perpendicular to zigzag/sinusoidal channels of
diameter of 0.51 x 0.55 nm [148, 150, 156]. Figure 1-20 (line 3) shows the detailed
structure of ZSM-5.
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1.5.3 Catalysis by zeolites
Zeolites possess numerous significant catalytic properties since they have many catalytic
sites with high temperature stability [152]. Moreover, zeolites can offer further features
such as regular and well defined micropore structures and large specific surface areas
[157]. Zeolites can be used as a catalyst support for transition metals and high dispersion of
these metals can be achieved [150].
Zeolitic materials are widely applied in the petrochemical industry. In 1962, zeolite
catalysis was introduced on an industrial scale for the catalytic cracking of heavy
petroleum distillates, one of the most important chemical processes worldwide. The use of
zeolite in these processes resulted in a significant increase in the selectivity/yield of
gasoline, the most valuable product [67, 148]. Crude petroleum is initially separated by
distillation into fractions, and these fractions, heavier gas-oil, are cracked on a zeolite to
produce petrol (gasoline) [150]. In 1986, the addition of ZSM-5 zeolite was a significant
development as an octane enhancer for gasoline production from gas oil cracking.
Cracking of hydrocarbons is an acid-catalysed process which involves C-C bond
dissociation via formation of carbocations (carbenium and carbonium ions), catalysed by
BrØnsted and Lewis acid sites of zeolites [67].

1.5.3.1 Deactivation of zeolite catalysts (Coke formation)
Deactivation of zeolites can occur by deposition of carbonaceous (coke) species in two
main ways, namely coverage of active site (i.e. the active sites are poisoned by coke
adsorption) or blockage of pores (i.e. when the reactants cannot access the active sites)
[158]. Coke may form on the external surfaces of zeolite crystals as well as in internal
pores [159].
The structure of coke varies depending upon conditions, but basically consists of undefined
polyaromatic compounds. The formation of coke on zeolites is believed to be a shapeselective process. For example, under similar conditions, the deposition of coke is much
more slow on medium-pore zeolites such as H-ZSM-5 than on larger pore zeolites such as
H-Y zeolite. This has been attributed to the suggestion that the space available at the
channel intersections in ZSM-5 are insufficient to accommodate polyaromatic structures in
contrast to the larger cavities of H-Y [159]. Moreover, reaction sensitivity to coking is
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more severe with mono-directional than with three-dimensional zeolite pore system. With
the former, blockage of a channel may obstruct the access to numerous active sites,
whereas with the latter the sites remain potentially accessible from other pathways [158],
as shown in Figure 1-22 (A). This concept can be extended to highlight the greater extent
of pore blockage required to lower accessibility in the three dimensional pore network,
Figure 1-22.
Figure 1-22 presents two modes of deactivation, coverage of active site and blockage of
pores. In Figure 1-22 (A), coke is formed and trapped at the channel intersections
restricting access. In this case, reactants can still access the rest of the pore system. This
may reduce the zeolite activity by reducing the number of accessible active sites without
drastically affecting the accessible surface area. Figure 1-22 (B) presents a schematic of
deactivation by pore blockage [160]. This would affect both the number of accessible
active sites and surface area.

(A)

(B)

Figure 1-22 Schematic representation of coke distribution in zeolite [160].

31

1.6. Objectives
The overall objective of this project was to investigate the direct catalytic cracking of
methane into hydrogen and carbon. In this study, two major products, hydrogen and
carbon, were evaluated and characterised. The objectives of the project were the following:


To evaluate and characterise cheap and disposable iron-containing waste materials
(as catalysts) for the direct catalytic cracking of methane.



To explore optimisation of these waste materials for the direct catalytic cracking of
methane.



To study the effect of different parameters (such as reaction temperature, the flow
rate of the feed gas, the addition of dopants, palladium precursor and the support
type) and the nature of the carbon produced.



To study and compare the activity of Ni/H-ZSM-5, Pd/H-ZSM-5 and Cu/H-ZSM-5
catalyst for the direct catalytic cracking of methane and evaluate and characterise
the carbon deposited on them. Zeolite-supported catalysts were examined because
of their potential further application for dehydroaromatisation of methane to
valuable aromatics and higher hydrocarbons and selective poisoning of highly
active catalysts could prove a novel route towards methane dehydroaromatisation
catalysts.
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2. Experimental
2.1. Introduction
The details of experimental techniques used in this study are presented in four separate
sections: waste materials containing iron as catalysts, catalyst preparation, catalytic testing,
and catalyst characterisation.
2.2. Waste materials containing iron as catalysts
Three iron containing waste materials (Landfill sample, Factory sample and Red Mud
sample) have been employed as catalysts for the direct catalytic cracking of methane into
hydrogen and carbon. These materials have been procured from three different locations.
Landfill and Factory samples have been named according to where the samples have been
collected whereas Red Mud is a known waste material [161]. The following sections will
present more details about these samples.

2.2.1 Landfill and Factory samples
The Landfill sample was collected from the River Allander in Milngavie, a town close to
Glasgow in the United Kingdom. Figure 2-1 is a photograph of the site from which it was
obtained. From the photograph, a clearly orange/red colouration associated with ochre is
observable on the river bank. The Landfill sample was collected from the river at this
location. This area was once used for Landfill dumping, as such it is expected that a part of
the leachate originated from the Landfill waste.
The Factory sample was procured from a residue from a historic manufacturing site,
Lennoxtown Nail Works. Lennoxtown is a town near to Glasgow in the United Kingdom
Figure 2-2 is a photograph of the site in the Lennoxtown Nail Works from where the
Factory sample was obtained.
Prior to receiving these samples they were washed with distilled water to removal of debris
such as twigs and then dried in a laboratory oven at 110 °C. These procedures were kindly
performed by Drs Pulford and Flower’s groups at the University of Glasgow.
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Figure 2-1 The site in the River Allander from where the Landfill
sample was obtained.

Figure 2-2 The site in the Lennoxtown Nail Works from where the
Factory sample was obtained.

As will be shown in Chapter 3, the Landfill sample is in the form of biogenic iron oxide,
originating from Leptothrix bacteria in the river, whereas the Factory sample is a
heterogeneous mixture of phases. These samples were used as received and also following
calcination, acid washing and palladium doping.
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2.2.2 Red Mud sample (RM)
Red Mud is a waste product of the aluminium industry, originating from bauxite
processing using the Bayer Process. It is known that the major component of the Red Mud
is iron oxide. The Red Mud sample used in this study was collected from a site in Southern
India in 2008. This sample was employed as received without further modification. The
Red Mud sample was kindly provided by Dr. Batra at the Centre for Energy and
Environment, TERI, India.

2.2.3 Modification of Landfill and Factory sample
As previously mentioned, the Landfill and Factory samples were employed in both as
received and modified forms. The purpose of the modifications was to attempt to enhance
catalyst activity for the methane cracking reaction. These modifications included
calcination at different temperatures, washing with hydrochloric acid and palladium
doping.

2.2.3.1 Calcination of iron-containing waste materials
The Landfill and Factory samples were calcined in static air at temperatures of 300, 500,
700 and 900 °C for 5 hours applying a heating ramp rate of 10 °C/min. Approximately 0.6
g of sample was placed in a quartz boat, and was then calcined inside a tube furnace
(Carbolite MTF 10/25/130). The calcined samples were stored in glass vials.

2.2.3.2 Acid washing of iron-containing waste materials
After the initial treatment, the Landfill and Factory samples were washed with
hydrochloric acid (37 %, Sigma-Aldrich). Approximately 1.5 g of the samples were
immersed in 50 mL of 0.5 M hydrochloric acid. The resulting mixture was stirred for 30
minutes at room temperature. The obtained mixture was filtered and the residue was
washed with distilled water several times. The samples were dried overnight at 100 °C and
then calcined in static air at 500 °C for 5 hours applying a heating ramp rate of 10 °C/min.
The treated samples were stored in glass vials.
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2.2.3.3 Palladium addition to iron-containing waste materials
The Landfill and Factory samples were doped with palladium. Approximately 0.4 wt% Pd
loadings were prepared by incipient wetness impregnation. An aqueous solution of
palladium (II) nitrate hydrate (Aldrich, Pd(NO3)2.xH2O) containing the 0.01 g of
Pd(NO3)2.xH2O dissolved in deionised water was added to 1 g of the samples. The
impregnated sample was dried at 100 °C for 24 hours and calcined in air at 500 °C for 16
hours applying a heating ramp rate of 10 °C/min.

2.3. Catalyst preparation
A number of different catalysts were prepared for the second part of this project. Pd, Ni,
Cu, Fe and Co were loaded onto zeolite H-ZSM-5.
Different modifications of the Pd/H-ZSM-5 and Ni/H-ZSM-5 catalysts were performed to
determine their effect upon performance. These modifications consisted of doping with
other transitional metals and altering the loading of nickel. Pd and Ni utilising different
supports were also investigated.

2.3.1 Preparation of Pd/H-ZSM-5 catalyst and its doping
The approximately 0.4 wt% Pd/HZSM-5 catalyst utilised in this work was prepared by
incipient wetness impregnation of zeolite HZSM-5 (Catal, Si/Al ratio = 23) in powder
form. Aqueous solutions of palladium nitrate (Pd(NO3)2.xH2O) were utilised as the
palladium precursor. The impregnated sample was dried at 80 °C for 24 hours and calcined
in static air at 500 °C for 16 hours. Care was taken to minimise the potential effects of deep
bed steaming - materials were calcined as shallow beds in a quartz calcination boat.
The preparation of ca. 0.4 wt% Pd/HZSM-5 materials comprising additional metal cations
were prepared by consecutive stages of impregnation. The first stage involved the initial
incorporation of the palladium component onto the zeolite as previously mentioned. In the
next stage additional impregnation of the zeolite with the second metal precursor salt was
undertaken. After every stage, the resulting slurry was dried at 80 °C for 24 hours before
undergoing calcination in static air at 500 °C for 16 hours. The 0.4 wt% Pd/H-ZSM-5
catalyst was doped with Fe3+, Ni2+, Co2+ and Cu2+. The molar ratio of the dopant metal (M)
added to Pd/H-ZSM-5 was ca. 0.25 (M/Pd).
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Table 2-1 presents the precursors and quantities of materials used in the preparation for ca.
2 g of each catalyst. The quantities of these materials were arranged in the table depending
upon the quantity of catalyst required.
Table 2-1 the precursors and quantities of materials used in the preparation of 2 g of
0.4 % Pd/H-ZSM-5 catalyst, and those impregnated with Fe3+, Ni2+, Cu2+ and Co2+.

Catalyst

Precursors

Quantity
(g)

ZSM-5
Quantity(g)

0.4 % Pd/HZSM-5

Pd(NO3)2.xH2O (Aldrich)

0.019

2.000

0.4 % Pd-Ni/HZSM-5*

Pd(NO3)2.xH2O (Aldrich),
Ni(NO3)2.6H2O (98.5, Aldrich)

0.019
0.010

2.000

0.4 % Pd-Fe/HZSM-5*

Pd(NO3)2.xH2O (Aldrich),
Fe(NO3)3.9H2O (99 %, Janssen)
Pd(NO3)2.xH2O (Aldrich),
Co(NO3)2.6H2O (98 %, Aldrich)
Pd(NO3)2.xH2O (Aldrich),
Cu(NO3)2.3H2O (99.5 %,Analar)

0.019
0.015
0.019
0.010
0.019
0.008

2.000

0.4 % Pd-Co/HZSM-5*
0.4 % Pd-Cu/HZSM-5*

2.000
2.000

*dopant metal ion/Pd molar ratio of 0.25

2.3.2 Preparation of Pd/H-ZSM-5 catalyst by different precursors
Three palladium precursors were applied for preparation of 0.4 wt% Pd/HZSM-5 catalysts
by incipient wetness impregnation using the drying and calcination conditions shown in
Section 2.3.1. Palladium nitrate (Pd(NO3)2), palladium chloride (PdCl2) and palladium
acetylacetonate Pd(C5H7O2)2 were employed as palladium sources for the preparation of
the 0.4 wt% Pd/H-ZSM-5 catalysts. The catalysts prepared from palladium nitrate and
chloride were obtained by zeolite impregnation with aqueous solutions of these salts, while
the sample prepared from palladium acetylacetonate was obtained by zeolite impregnation
with a benzene solution of this precursor. The quantities of materials employed in the
preparation for 2 g of each catalyst are presented in Table 2-2.
Table 2-2 The quantities of materials used in the preparation of 0.4 % Pd/ H-ZSM-5
catalyst by different precursors.

Catalyst

Precursors

Quantity
(g)

ZSM-5
Quantity(g)

0.4 % Pd/HZSM-5

Pd(NO3)2.xH2O (Aldrich)

0.019

2.000

0.4 % Pd/HZSM-5

PdCl2 (JMO)

0.014

2.000

0.4 % Pd/HZSM-5

Pd(C5H7O2)2 (99 %, Strem chemicals)

0.024

2.000
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2.3.3 Preparation of Pd based catalyst on non-zeolite supports
0.4 wt% Pd supported on γ-Al2O3 and SiO2 (Aldrich) were separately prepared by using
the incipient wetness impregnation technique with the same conditions of drying and
calcination as described in Section .3.1. It should be mentioned that the γ-Al2O3 was
prepared by calcination of boehmite (HiQ-30) at 500 °C for 5 hours. The γ-Al2O3 phase
was confirmed by XRD powder diffraction as will be shown in Chapters 5 and 6. The
quantities of materials employed in the preparation for 2 g of each catalyst are presented in
Table 2-3.
Table 2-3 The quantities of materials used in the preparation of 0.4 % Pd/γ-Al2O3 and
0.4 % Pd/SiO2 catalyst.

Catalyst

Precursors

Quantity
(g)

Support
Type

Quantity(g)

0.4 wt% Pd/γ-Al2O3

Pd(NO3)2.xH2O (Aldrich)

0.019

γ-Al2O3

2.000

0.4 wt% Pd/SiO2

Pd(NO3)2.xH2O (Aldrich)

0.019

SiO2

2.000

2.3.4 Preparation of Cu/H-ZSM-5, Ni/H-ZSM-5 with different Ni
loadings and doping Ni/H-ZSM-5 with Pd
The preparation of Ni/HZSM-5 catalyst with different Ni loadings of 0.4, 4 and 8 wt% was
carried out. Doping of 0.4 wt% Ni/HZSM-5 catalyst with Pd as a second metal (dopant Pd
ion/Ni molar ratio of 0.25) was undertaken and 0.4 wt% Cu/HZSM-5 catalysts were also
prepared. These catalysts were prepared using incipient wetness impregnation as detailed
in Section 2.3.1. Table 2-4 presents the quantities of materials employed in the preparation
for ca. 2 g of each catalyst.
Table 2-4 The quantities of materials used in the preparation of Ni/HZSM-5 with
different Ni loading, 0.4 % Ni-Pd/HZSM-5 and 0.4 % Cu/HZSM-5 catalyst.

Catalyst

Precursors

Quantity
(g)

ZSM-5
Quantity(g)

0.4 wt % Ni/HZSM-5

Ni(NO3)2.6H2O (98.5 %, Aldrich)

0.040

2.000

4 wt % Ni/HZSM-5

Ni(NO3)2.6H2O (98.5 %, Aldrich)

0.400

2.000

8 wt % Ni/HZSM-5

Ni(NO3)2.6H2O (98.5 %, Aldrich)

0.800

2.000

Ni(NO3)2.6H2O (98.5 %, Aldrich)
Pd(NO3)2.xH2O (Aldrich)
Cu(NO3)2.3H2O (99.5 %,Analar)

0.040
0.005

2.000

0.031

2.000

0.4 wt % Ni-Pd/HZSM-5*
0.4 wt % Cu/HZSM-5

* dopant Pd ion/Ni molar ratio of 0.25
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2.3.5 Preparation of Ni based catalyst on non-zeolite supports
In this work, 0.4 % Ni supported on γ-Al2O3, SiO2 (Aldrich) and silicic acid (SiO2.xH2O,
Mallinckrodt) were separately prepared and tested. The preparation technique used as
detailed in Section 2.3.1. The quantities of materials employed in the preparation for ca. 2g
of each catalyst are presented in Table 2-5.
Table 2-5 The quantities of materials used in the preparation of 0.4 wt% Ni/γ-Al2O3, 0.4
wt% Ni/SiO2 and 0.4 wt% Ni/SiO2.xH2O catalyst.
Catalyst

0.4 wt% Ni/γ-Al2O3
0.4 wt% Ni/SiO2
0.4 wt%
Ni/SiO2.xH2O

Precursors

Quantity
(g)

Ni(NO3)2.6H2O (98.5 %,
Aldrich)
Ni(NO3)2.6H2O (98.5 %,
Aldrich)
Ni(NO3)2.6H2O (98.5 %,
Aldrich)

Support
Quantity
Type
(g)

0.040

γ-Al2O3

2.000

0.040

SiO2

2.000

0.040

SiO2.xH2O

2.000

2.3.6 Synthesis of 2-line ferrihydrite
Approximately 330 mL of 1 M

OH (≥ 5 %, Aldrich) solution was added to 500 mL of

0.1 M Fe(NO3)3.9H2O (99 %, Janssen) solution with stirring to bring the pH to 7-8, with
the last few mL of KOH being added slowly in order not to exceed this pH. The resultant
suspension was centrifuged and washed with distilled water several times. The solid
product was collected and cooled in an ice bath for 1 day and was then left at room
temperature for drying. The sample was stored in glass vials. The method of this syntheses
is derived from the literature [130, 132].
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2.4. Catalytic testing
A schematic of the micro-reactor applied for the methane cracking experiments, which was
designed, built and commissioned is shown in Figure 2-3.

Figure 2-3 Schematic representation of the reactor system.

The quartz reactor (33 cm length and 1cm internal diameter) was suitably designed for
methane cracking in the absence of a gas-phase oxidant as shown in Figure 2-3. The ironcontaining waste, zeolite, alumina and silica catalysts were each used in the form of
powders. Each was charged centrally within the heated zone of a quartz micro-reactor
between quartz wool plugs.
The reactions were performed at various temperatures under ambient pressure. A K-type
thermocouple was attached to the exterior surface of the quartz micro-reactor tube, at the
catalyst bed position, to measure the temperature of the reaction at the reactor wall.
Although, in an ideal situation, the measurement of temperature within the catalyst bed is
desirable, the non-inert nature of the thermocouple can affect the reaction and/or sample
behaviour. Therefore, the appropriate compromise was the attachment of the thermocouple
on the reactor wall.
The feed gas composition applied was a mixture of 75 % methane and 25 % nitrogen
(BOC, 99.98 %) which was passed over a ca. 0.4 g of the sample at a total flow rate of 12
mL/min resulting in gas hourly space velocity (GHSV) typically of 720 h-1. Product
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analysis was performed by on-line Hewlett Packard 5890A GC. For H2 quantification a
Molecular Sieve 13X packed column of 12 feet in length and TCD were employed. The
GC carrier gas employed was argon (BOC).
The GC set-up, however, was not configured to detect carbon oxides. When required, to
measure the COx formation, offline FTIR spectroscopy was used. COx quantification was
measured by FTIR analysis of aliquots of the effluent reactor stream which were sampled
by passage through a gas-phase FTIR cell. FTIR Spectrum was analysed using a Jasco
4100 FTIR Spectrometer operating in the 400–4000 cm-1 spectral range acquiring 64 scans
for each spectrum at a resolution of 4 cm-1 following background subtraction. This method
is limited, because of CO2 background subtraction complications.

2.4.1 Gas calibrations
Hydrogen is the main product in these studies. Hence, the calibration of hydrogen was
carried out to obtain the response factor for hydrogen. Gas mixtures of different
compositions were analysed and the arithmetic mean of six consistent measurements for
each data point was taken. A line of correlation between the GC area counts and
concentration was found from which a response factor was determined. The response
factor of hydrogen was then used for the subsequent calculation of GC data.
Calibration of CO and CO2 also was performed. A transmission IR cell (12 cm path length)
was thoroughly flushed then filled with a known concentration of CO and CO2, using a gas
mixture which consisted of 10 % H2, 10 % CH4, 10 % CO, 10 % CO2 and 60 % argon
(BOC). The IR spectra obtained were then employed as a standard reference, since both the
intensity of the bands (2360 cm-1 for CO2 and 2170 cm-1 for CO) and the concentration of
CO and CO2 are known. Therefore, the concentration of CO and CO2 produced during the
reaction could be calculated.

2.4.2 Catalytic testing procedure
A quartz reactor tube with 1 cm internal diameter was charged with 0.4 g of the sample
(waste samples containing iron or catalysts prepared), which was placed between plugs of
quartz wool. Initial studies on the effect of reaction temperature were carried out with a
temperature programme from 600 to 900 °C. Catalytic testing of waste materials was

41
carried out using a temperature programme from 600 to 800 °C. All zeolite, alumina and
silica catalysts were examined isothermally at 800 °C. A mixture of 75 % methane and
25 % nitrogen (BOC, 99.98 %) was introduced into the reactor at 12 mL/min flow rate by
using a calibrated Brooks Model 5878 mass flow controller. Nitrogen was used as an
internal standard. The tail gas was sampled periodically and analysed through the gas
chromatograph.

2.4.3 Manipulation of GC Data
In this work, reaction data was reported in terms of specific formation rates of products
(hydrogen or carbon oxides). This approach has been applied because, at generally low
levels of conversion, the measurement of a small difference in the GC data may be
subjected to a relative large degree of random error. This is a particular concern in the
present study because the reaction never attains steady state, it is generally either in
activation or deactivation phase. Based on the literature, expressing data for this reaction as
formation rates is a fairly common practice, for example [51, 161, 162]. Appendix 1 shows
the equations used for the calculation of reaction data. Methane conversion data for all
catalysts were evaluated. The plots are presented in Appendix 2.

2.5. Characterisation of the catalyst
The catalyst was characterised using different methods as described in the following
subsections.

2.5.1 X-ray powder diffraction (XRD)
Powder X-ray diffraction was performed on a Siemens D5000 diffractometer using Cu

α

radiation. Data were collected over a range of 2 values from 5 to 85 º using a step size of
0.02 º and a counting rate of 2 seconds per step. Samples were prepared by compaction
into silicon sample holders.

2.5.2 Hot stage X-ray powder diffraction (XRD)
Hot stage XRD analyses was also performed on the Siemens D5000 diffractometer using
an Anton-Paar XRK reaction cell. The samples were heated in situ from room temperature
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at a rate of 10 °C/min under a 20 mL/min flow rate of a mixture of 75 % methane and
25 % nitrogen (BOC, 99.98 %). Cu

α radiation was employed and the data were

investigated over a range of 2 values from 10 to 85 º using a step size of 0.02 º and a
counting rate of 2 s/step. Scans were taken at room temperature, 500, 600 and 700 °C. At
each temperature increment the sample was held for 1 hour.

2.5.3 Thermal gravimetric analysis (TGA)
TGA was carried out on a TA Instruments TGA Q500 series instrument under air. The
catalyst charge was 8 mg and the flow rate of air used was 50 mL/min. The catalyst was
heated from room temperature to 1000 °C in an air stream applying a ramp rate of 10
°C/min.

2.5.4 Elemental analysis (CHN)
CHN analyses were performed by combustion using a CE-440 elemental analyser. Mrs.
Kim Wilson, University of Glasgow, kindly performed these analyses.

2.5.5 N2-physisorption
N2-physisorption measurements were undertaken at -196 °C on a Micromeritics Gemini III
2375 Surface Area Analyser. The resulting adsorption isotherms were analysed using the
BET equation to determine the specific surface area of each sample. Prior to analysis, a
known mass of sample, roughly 0.05 g, was degassed overnight under a flow of N2 at 110
°C.

2.5.6 Raman Spectroscopy
Raman spectra of post-reaction samples were carried out using a Horiba Jobin Yvon
LabRAM High Resolution spectrometer. A Kimmon IK series He-Cd 532.17 nm laser was
used as the excitation source for the laser. Laser light was focused for 10 seconds using a
50x objective lens and a grating of 600. The scattered light was collected in a back
scattering configuration and was detected using a CCD detector. The spectral range
examined was in the region of 500 to 3000 cm-1.
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2.5.7 Scanning Electron Microscopy (SEM)
SEM images of the pre- and post-reaction samples were taken using a Philips XL30 ESEM
tungsten filament operating at 25 kV and secondary electron detector. The samples were
dispersed on adhesive carbon stubs and the samples were then coated using a Polaron
SC7640 Auto high resolution sputter coater with a gold / palladium target to improve
image quality. In addition, the SEM system was equipped with an energy dispersive X-ray
spectroscopy (EDXS) device, Oxford Instruments X-Act 10 mm2, for chemical elemental
analyses.

2.5.8 High resolution transmission Electron Microscopy (HRTEM)
HRTEM was carried out on samples using a Jeol JEM 2011 fitted with a LaB6 filament and
a resolution of 1.8 Å. Samples were prepared for TEM by dispersed in acetone and
dropped onto holey carbon grids and allowed to dry. Mr. Ross Blackley, University of St.
Andrews, kindly performed this analysis.

2.5.9 Inductively coupled plasma optical emission spectroscopy
(ICP-OES)
ICP optical emission spectroscopy (ICP-OES) was used to obtain information regarding
the elemental composition of the waste samples containing iron oxide. The ICP-OES
instrument used in this work was a ICPS-7000 SHIMADZU. Approximately 0.3 g of the
sample as well as certified reference material, Soil IAEA 7, were placed in a Teflon
pressure vessel and 6 mL nitric acid (65 % extra pure, Riedel-Deltaёn) and 4 mL
hydrofluoric acid (40%, Qualikems) were added. The vessels were capped, sealed and
heated following the digestion method cycles reported elsewhere with some modification
[163], then the vessels were cooled down for 2 hours. The aqua regia solution was used to
complete the digestion, where 12 mL of aqua regia was added to samples. Each vessel was
sealed and heated which followed the above procedure. After digestion, the samples were
transferred to a volumetric flask and diluted with deionised water to 100 mL. Mr. Matar
Al-shalwi, King Saud University, kindly performed these measurements.
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2.5.10

Fourier Transform Infrared spectroscopy (FTIR)

FTIR spectra of a side product produced from the reaction of methane cracking over the
Factory sample was recorded by using a Fourier Transform Infrared Spectrometer (FTIR8400S, Shimadzu). The spectrum was collected at a spectral resolution of 2 cm-1, with 35
scans over the range of 600- 4000 cm-1 being made. Background subtraction was applied.

2.5.11
1

NMR spectroscopy

H NMR and 13C NMR spectra were recorded in CDCl3 solutions for also a side product

produced from the reaction of methane cracking over the Factory sample at room
temperature using Bruker DPX 400 spectrometer. These measurements were kindly
performed by the group of Professor Graeme Cooke at the University of Glasgow.
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Results
3. Waste

iron

oxides

as

catalysts

for

hydrogen

production via direct cracking of methane
3.1. General introduction
As discussed in Chapter 1, the direct cracking of methane is one of the methods used for
hydrogen production and also one of the most promising technologies in this field. The
process is technologically simple and involves one step

. Moreover, this

process is environmentally friendly and does not produce harmful gases such as CO and
CO2, whereas traditional hydrogen production methods tend to pollute the environment and
contribute to the greenhouse effect. However, non-catalytic thermal cracking of methane
requires high temperatures of over 1200 °C for complete conversion. Therefore, an
alternative approach is to employ a catalyst which can contribute to reducing the operating
temperatures of the process and increase the rate of methane decomposition, thereby
increasing the hydrogen yield. This greatly improves the economics of the process. Metal
catalysts for direct cracking of methane are usually based on Ni, Co and Fe, which are
well-known active catalysts for hydrocarbon decomposition. Catalysts based on Ni and Fe
have been revealed to be the most effective [164, 165]. In addition, the reaction of catalysts
based on a combination of metals has been studied previously, including Co/Mo/Al2O3 or
Ni/Cu/Al2O3 [166] and Ni/Al2O3 or Ni/Cu/Al2O3 [167].
Noble metals and metal oxides are popular catalyst components for numerous industrial
applications. However, their high price is one of the economic problems facing
industrialists. Therefore, the use of waste materials as catalysts is encouraged for
environmental and economic reasons. The use of either natural or industrial solid wastes
that contain metals with catalytic properties as alternative sources for commercial catalysts
can enable a reduction in the cost of production [168, 169], although this may involve a
compromise in terms of performance. There would also be less of an economic penalty for
disposal of deactivated materials obtained from such sources.
It is possible that the employment of waste materials with catalytic properties for the direct
cracking of methane will drastically reduce the cost of hydrogen production as well as help
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the environment and contribute to sustainability by providing an alternative use for unused
waste.
A publication by Hargreaves and co-workers [161] was the first study on the direct
cracking of methane over Red Mud, a waste product of the aluminium industry. They
demonstrated that Red Mud possessed significant activity for the cracking of methane,
producing hydrogen and a carbon containing magnetic material. This study has been
followed by the same researchers to study the nature of carbon deposited during methane
decomposition over Red Mud and the phase transformation sequences of Red Mud during
the catalytic reaction [162]. Their study addressed some important aspects, such as the
large surface area of the Red Mud sample having significant carbon growth, the evaluation
of the formation of CO and CO2 associated with hydrogen production in the initial phase of
sample reduction and the observation of different carbon morphologies including
nanospheres and multiwalled nanotubes (MWNT).
This chapter details and discusses the potential of using new waste materials for direct
catalytic cracking of methane into hydrogen and carbon. These materials are ironcontaining wastes procured from three locations—the leachate from a former Landfill site,
residue from an old nail Factory and a waste product of the aluminium industry. As
outlined in Chapter 2, these materials are named "Landfill sample", "Factory sample"
(residue from an old nail Factory) and "RM" (a waste product of the aluminium industry,
Red Mud) according to the place where they have been collected from or as per the known
name of the waste. It must be noted that the Landfill sample is a biogenic iron oxide, which
is formed by bacteria, while the other samples are merely industrial waste. A review of
existing literature reveals that biogenic iron oxide does not appear to have been used before
as a catalyst for direct decomposition of methane. As mentioned above, RM has been
studied previously [161, 162], but it is used in this study for comparison with Landfill and
Factory samples.
In the following sections, the characterisation of raw materials, reaction data and
characterisation of post-reaction samples are presented and discussed. Moreover, an iron
oxide compound that exhibits a similar phase composition to the Landfill sample has been
prepared to test and compare with the Landfill sample. In situ XRD studies and the effect
of reaction temperature on the Landfill sample have been applied to investigate the phase
transformation sequences of the raw Landfill sample.
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3.2.

Results and discussion

3.2.1. Characterisation of raw Red Mud, Landfill and Factory
samples
Characterisation of raw Landfill, Factory and RM samples have been made to identify
those properties that are correlated with their catalytic performance. Many techniques such
as XRD, ICP, TGA, CHN elements analysis, BET surface area, HRTEM and SEM have
been used. The characterisation of these materials is described below.

3.2.1.1.

XRD patterns

Powder X-ray diffraction was performed on raw Landfill, Factory and RM samples and the
results are illustrated in Figures 3-1 to 3-3. The XRD pattern of the raw Landfill sample
exhibits an amorphous pattern with two very broad reflections, which is similar to 2-line
ferrihydrite (Fe5HO8.4H2O), as illustrated in Figure 3-1 [132, 170]. Figure 3-2 depicts the
XRD pattern of the raw Factory sample. It is evident that it is more crystalline than the
Landfill sample and it is apparent that it possesses a number of different phases as a result
of a combination of precipitated iron and other minerals. This pattern was matched using
the database of the Joint Committee on Powder Diffraction Standards (JCPDS) and the
results showed that it is probably a mixture of several phases such as quartz (SiO2),
haematite (Fe2O3), clinoferrosilite (FeSiO3), aluminium oxide (Al2O3) and iron oxide
phosphate (Fe9O8PO4).
Figure 3-3 presents the powder X-ray diffraction of raw RM. It is evident that the RM is
highly crystalline and contains numerous phases. These phases can be matched to goethite
(FeOOH), haematite (Fe2O3), gibbsite (Al(OH)3) and quartz (SiO2). This result is in good
agreement with the result obtained by Hargreaves and co-workers [161], who used the
same RM and studied its composition using powder X-ray diffraction.
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Figure 3-1 Powder X-ray diffraction pattern of the raw Landfill sample which is consistent
with the 2-line ferrihydrite structure Fe5HO8.4H2O.
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Figure 3-2 Powder X-ray diffraction pattern of the raw Factory samples. 1: quartz (SiO2)
33-1161; 2: haematite (Fe2O3) 33-0664; 3: clinoferrosilite (FeSiO3) 17-0548; 4: silicon
oxide (SiO2) 43-0596; 5: aluminium oxide (Al2O3) 31-0026; 6: iron oxide phosphate
(Fe9O8PO4) 38-0031.
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Figure 3-3 Powder X-ray diffraction patterns of the raw RM samples. 1: goethite (FeOOH)
17-0536; 2: haematite (Fe2O3) 13-0534; 3: gibbsite (Al(OH)3) 29-0041; 4: quartz (α-SiO2)
05-0490.

49

3.2.1.2.

ICP analysis of raw Landfill, Factory and Red Mud

samples
Table 3-1 presents the elemental composition of the raw Landfill, Factory and RM samples
as analysed using ICP-OES, as described in Chapter 2. As they are new materials, a wide
scan of the raw Landfill and Factory samples was undertaken. Aware restricted analysis of
the RM sample was undertaken as the elemental composition of the used RM sample in
this study was previously reported by Hargreaves and co-workers [161]. The elemental
composition was determined by ICP. The researchers assumed that the elements are
present in the form of pure oxides as is common for this material. They observed that iron,
aluminium and silicon compounds are major components. Additionally, Ti, Ca, Mg, Na, K,
P and Mn were found to be present. The results obtained here are similar to the values that
they obtained if we assume that elements are present in the form of pure oxides. In
addition, it is noteworthy that the total weight percentages for the Landfill and Factory
samples do not total 100%. This may be because some unstable components may have
been lost under the harsh chemical digestion method, thereby resulting in a change in the
mass of samples.
It has been reported that the major elements of RM include iron, aluminium, silicon and
titanium [171] and that their relative concentration depends on the geographical location of
the source of the Red Mud. In addition, RM contains a range of alkali and alkaline earth
compounds such as those containing sodium and calcium [161]. It is evident that the
Landfill sample contains the highest weight percentage of iron (36.00 wt%), while the
amount of iron in the Factory and RM samples are comparable to one another (22.70 and
25.00 wt%, respectively). Furthermore, the results reveal that the weight percentage of
aluminium is the highest in the RM sample at 10.00 wt%, followed by the Factory sample
at 3.80 wt% and the least in the Landfill sample at 1.20 wt%. It is not surprising that the
RM sample contains the largest value of aluminium because it is a waste product of the
aluminium industry and is generated from bauxite ore from which aluminium extraction is
incomplete. It must be noted that the Landfill, Factory and RM samples contain a high
proportion of silicon—17.30 wt%, 24.00 wt%, 9.50 wt%, respectively. In addition, the
Landfill and Factory samples contain small amounts of a wide range of alkali metals,
alkaline earth metals and transition metals.
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Table 3-1 ICP-OES analysis for elemental content of the raw Landfill,
Factory and RM samples.

Element
Fe
Al
Si
Ca
Na
K
Mg
Mn
Ti
B
Co
Ni
Cu
Zn
V
Cd
Mo
Cr

3.2.1.3.

Landfill sample
wt (%)
36.00
1.20
17.30
2.50
3.95
0.70
0.09
0.40
0.02
1.90
0.001
0.001
0.001
0.020
0.002
0.004
0.001
0.002

Factory sample
wt (%)
22.70
3.80
24.00
1.44
4.80
1.25
1.20
0.47
0.30
2.70
0.004
0.005
0.006
0.040
0.020
0.002
0.001
0.005

RM sample
wt (%)
25.00
10.00
9.50
1.60
6.10
0.36
-

CHN analysis of raw Landfill, Factory and Red Mud

samples
CHN analysis for raw Landfill, Factory and Red Mud samples was conducted. The results
are presented in Table 3-2. It is evident that all raw materials contain carbon. As mentioned
earlier, the Landfill sample is biogenic iron oxide and as such may contain bacterial
residue. Hence, the carbon content of the Landfill sample can be attributed to the presence
of bacterial residue although it should be noted that the level of N was below the detection
limit. In two separate studies, Emerson and Ghiorse [172, 173] investigated the
ultrastructure and chemical composition of biogenic iron oxide sheaths, which were
formed by Leptothrix bacteria. They found that these structures contain a protein and some
sugars. Therefore, it is probable that this carbon is found due to the existence of sugars or
organic sediments. In the case of the Factory sample, it is observed that there is a larger
amount of carbon which may possibly arise from carbonate phases. The lowest carbon
content was noted in the RM which may arise from carbonate phases.
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Table 3-2 CHN analysis for raw Landfill, Factory and RM samples
Mean value, wt%
Sample Code
C

H

N

Raw Landfill

4.52 ± 0.02

1.29 ± 0.00

-

Raw Factory

10.70 ± 0.01

1.70 ± 0.05

-

Raw RM

1.00 ± 0.10

1.30 ± 0.01

-

3.2.1.4.

SEM, EDX spectroscopy and HRTEM analysis of the

raw Landfill, Factory and Red Mud samples
SEM, HRTEM and EDX spectroscopic analyses of samples have been undertaken. SEM
images of raw Landfill, Factory and RM samples are presented in Figure 3-4. It is evident
from the image that there are differences in the morphology of the three samples. From the
image in Figure 3-4 (A), it is evident that the Landfill sample comprises a component with
a unusual morphology, which are either tubes or sheaths of iron oxide. It is believed that
these hollow tubes of iron oxides have been formed by Leptothrix bacteria, whose single
cells assume the shape of straight rods and it is considered that these tubes sheath these
cells. It has been suggested that bacteria can gain energy through biotic reactions, which
include the microbial oxidation of soluble Fe (II) to insoluble Fe (III) with extracellular
precipitation of iron oxide sheaths with tube structures [131, 132]. In addition, it has been
assumed that these sheaths serve various functions for the cells; for example, sheaths can
provide physical protection for bacterial cells and play an important role in their nutrition
system [133, 174]. Thus, micro-organisms can create attractive materials with unique
morphologies and nanostructures which cannot be synthesised artificially. Figure 3-4 (B)
depicts an image of the Landfill sample that reveals the inner and outer diameters of these
tubes. According to the number of tubes in this image, the average outer diameter is 1.30
µm, while the inner one is 663 nm. These dimensions are consistent with bacterial size
ranges. Moreover, it is observed that the Landfill sample does not contain only tubes of
iron oxides, but also aggregations of a poorly crystallised agglomeration as well. Takada et
al. [131] studied some features of iron oxide sheaths formed by Leptothrix bacteria. Their
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characterisation showed that the sheath was formed by hollow tubes whose average inner
and outer diameters were found to be 1.1 and 1.4 µm, respectively.
The morphology of the raw Factory and RM samples is somewhat similar to one another.
From the images presented in Figure 3-4 (C) and (D), irregularly shaped aggregates and
various particles of different sizes and shapes have been observed in both cases. Generally,
the accumulation of irregular particles is found to be the dominant in all these samples; the
exception being the Landfill sample, which is also comprises the tubular morphology
component.

A

B

C

D

Figure 3-4 SEM images of (A) raw Landfill sample, (B) a scanned image of the raw
Landfill sample to reveal the inner and outer diameters of the tubes, (C) raw Factory
sample and (D) raw RM sample.

Since the Landfill sample has two types of morphology, tubular and non-tubular, an EDX
spectroscopic analysis was employed to conduct a detailed investigation of the
composition of the different regions of the sample. Figure 3-5 demonstrates the SEM
images of the raw Landfill sample with EDX spectra of selected spots from the two areas
(as indicated by squares). It is evident that the EDX spectra for both morphologies are
similar except for the different relative intensity of the peaks. Further, the major elements
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that can be detected in these regions are Fe, Si, and Ca. It should be mentioned that Au and
Pd peaks in spectra arise as a consequently of the sample coating undertaken to reduce the
charge of sample during their analysis. In Figure 3-5 (A,B), the EDX spectra shows the
chemical composition of the selected tube. The chemical composition was determined to
be approximately Fe:Si:Ca = 92.80:4.10:3.10 (O, C, Au and Pd are not included in this
analysis).The chemical composition of non-tubular region selected was determined to be
Fe:Si:Ca = 94.55:3.30:2.15, (again excluding O, C, Au and Pd).

A

B

C

D

Figure 3-5 SEM images and EDX analysis for the raw Landfill sample. (A) SEM images
indicated by a square for the tubular shape. (B) EDX analysis for the selected spot
indicated by the square in the SEM image (A). (C) SEM image that is indicated by a
square for the non-tubular shape. (D) EDX analysis for the selected spot indicated by a
square in the SEM image (C).

HRTEM images for raw Landfill and Factory samples are presented in Figure 3-6. The
image in Figure 3-6 (A) illustrates both tubular and non-tubular components of the Landfill
sample. In addition, there are dark areas which can be attributed to sample thickness
effects. A high magnification image of the tube wall is presented in Figure 3-6 (B). The
morphology was observed to be irregular.
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Figure 3-6 (C and D) presents the HRTEM images of the Factory sample with different
magnification. It is evident from these images that the sample particles are aggregated. In
general, the Landfill sample was composed of smaller particles than the Factory sample.
This difference in dispersion may play an important role in the surface area of the samples
in addition to their catalytic activity.

A

B

C

D

Figure 3-6 HRTEM images of raw Landfill and Factory samples. (A) Low magnification
image of the raw Landfill sample, (B) high magnification image of the raw Landfill sample,
the sheath surface, (C) low magnification image of the raw Factory sample and (D) high
magnification image of the raw Factory sample.

3.2.1.5.

BET surface area measurements

The surface areas for raw Landfill, Factory and RM samples were measured. Table 3-3
presents the surface areas of the raw materials. It is evident that the surface area of the raw
Landfill sample is significantly larger than that of other samples, whereas the RM sample
has the smallest surface area. These results are consistent with the observation reported in
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the previous section for the Landfill and Factory samples and that in the literature for RM
[161].
Table 3-3 BET surface area analysis of raw Landfill, Factory and RM samples

Sample Code

BET surface area, m2/g

Landfill

254

Factory

43

RM

20

3.3. Reaction data
The direct cracking of methane over the Landfill, Factory and RM samples under similar
reaction conditions was conducted. The samples were used as obtained, without additional
modification. These samples were not exposed to reduction or calcination processes prior
to the reaction. During reaction, methane acted as a reductant for the iron oxide phases in
these samples, and oxygen was removed by the formation of CO, CO2 and H2O. Hence, all
the hydrogen observed represents net production since in many studies reported in the
literature more hydrogen is used in the preparation of reduced active phases than is
recovered by methane cracking. This leads to the achievement of an important objective of
this study, which is the valorisation of two waste materials. However, few researchers have
employed this approach in their study; for example, Hargreaves et al. [161] studied the
direct cracking of methane over Red Mud while Otsuka et al. [51] and Muradov [175]
studied supported Fe2O3 systems.
The results of the hydrogen formation rate against time-on-stream for the Landfill, Factory
and RM samples are presented in Figure 3-7. The methane cracking experiments over the
Landfill and Factory samples were conducted at least three times, while those for the RM
sample were conducted twice to confirm the reproducibility of the experimental spread of
data results. Temperature-programmed reactions were conducted in which the temperature
was increased from 600 to 800 °C. It is apparent that all these samples are active for the
direct decomposition of methane, and that at 600 °C, all samples produced a small amount
of hydrogen. Furthermore, it is observed that for each stage of temperature increase —650,
700 and 750 °C—there was an increase in the hydrogen formation rate followed by a
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gradual decrease. In the temperature range of 600 to 750 °C, and even in the initial phase
of reaction at 800 °C, the RM sample exhibited the lowest hydrogen production. The
hydrogen formation in the Landfill and Factory samples was rather similar in the
temperature range of 600 to 700 °C, while at 750 °C the Factory sample had the highest
hydrogen formation rate compared with the other samples. Moreover, in the first hour of
the time-on-stream at 800 °C, the Factory sample had the highest hydrogen formation rate
among other samples. However, beyond this point, the activity of the Landfill sample was
significantly superior to the RM and Factory samples. In addition, the deactivation period
was not observed in all samples and activity was apparently increasing for all samples at
the point at which reaction was stopped although this could be related to the development
of reactor blockage.
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Figure 3-7 Hydrogen formation rates as a function of TOS for CH4
cracking over the Landfill, Factory and RM samples in the temperature
programme from 600 to 800 °C. The CH4/N2 flow rate was 12 mL/min
and 0.4 g sample mass.

It is evident that the composition and surface area of these materials play a role in their
activity. The results of the ICP analyses presented in Table 3-1 indicates the quantities of
iron in these samples, active phase, where were found to be 36.00, 25.00 and 22.70 wt%
for the Landfill, RM and Factory samples, respectively. The relative order of maximum
hydrogen formation rate at 800 °C corresponds to the relative order of iron content. In
addition, the BET surface area of these samples, as shown in Table 3-3, were found to be
254, 43 and 20 m2/g for the Landfill, Factory and RM samples, respectively. Therefore, the
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apparent high activity of the Landfill sample at 800 °C can be attributed to the amount of
iron and its surface area, while the delay in the reduction and activity of the RM could be
due to its low surface area. However, the difference in the amount of iron between the
Factory and RM samples is not large, as shown in Table 3-1; moreover, it is suggested that
the high amount of carbon in the raw Factory sample, shown in Table 3-2, potentially had a
negative impact on its activity.
Alkali metals are known to be poisons for the decomposition of methane [161, 176].
Despite their presence, all materials were observed to be active and no direct relationship
could be discerned between their concentration and catalytic efficacy.
Hargreaves et al. [161] studied hydrogen production from the direct decomposition of
methane over three RM samples denoted RM4, RM6 and RM7. These samples were
analysed by ICP and BET surface area and were used without modification at 800 °C and
60 mL/min flow of a mixture of 80% CH4 and 20% N2. Their ICP result revealed that the
RM4 contains a higher concentration of iron, whereas the concentration of iron in RM6
and RM7 is similar and lower than that in RM4. Additionally, the concentration of alkali
metals and TiO2 in RM6 was higher than that in other samples. Moreover, the BET
surfaces areas for these samples were low and almost similar in the range from 8–15 m2/g.
They found that RM4 was the most active sample, followed by RM7 and then RM6. They
attributed the higher activity of the RM4 sample to high iron content and a lower
concentration of alkali metal, while the activity of RM7 was ascribed to the low iron
content. They also proposed that the RM6 sample was less active due to the high
concentration of TiO2, which may have led to a strong metal-support interaction effect.
The carbon monoxide and carbon dioxide formation rates against time-on-stream for the
Landfill and Factory samples are presented in Figure 3-8 and 3-9. Production of carbon
monoxide and carbon dioxide which are associated with hydrogen formation is a result of
reduction procedures, as shown in the following equation:

e.g.

Fe2O3 + 2CH4

2Fe +CO + CO2 + 4H2

Possible further secondary reactions may occur, such as the water gas shift reaction:
CO + H2O  CO2 + H2
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Moreover, the production of carbon monoxide is noted throughout the reaction and clearly
implies that the reduction process was not completed.
It was observed that the formation rates of carbon monoxide and carbon dioxide increase
with the increase in temperature up to 800 °C and then drop significantly, particularly in
the case of carbon dioxide. This indicates that 800 °C is the temperature at which reduction
occurs. The formation rates of CO and CO2 are higher in the Landfill sample. This may be
due to the presence of a larger proportion of oxidic phases, particularly iron oxides,
compared with the Factory sample. It must be noted that the formation rates of CO and
CO2 were studied using infrared spectroscopy; however, this method is limited because it
is not sensitive at low levels of CO2 below those used for background subtraction. It should
be noted that the time on stream for the reaction of the Landfill sample is shorter than that
another samples. The Landfill sample was on stream for 680 minutes whereas the Factory
and RM samples were on stream for 740 minutes. This is due to pressure-drop effects as a
result of carbon deposition on the Landfill sample, while it was not noted in the Factory
and RM samples.
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Figure 3-8 CO formation rates as a function of TOS for CH4 cracking
over the Landfill and Factory samples in the temperature programme
from 600 to 800 °C. The CH4/N2 flow rate was 12 mL/min and 0.4 g
sample mass.
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Figure 3-9 CO2 formation rates as a function of TOS for CH4 cracking
over the Landfill and Factory samples in the temperature programme
from 600 to 800 °C. The CH4/N2 flow rate was 12 mL/min and 0.4 g
sample mass.

It is interesting that there is formation of a side product during the reaction of methane
cracking over the Factory sample in the temperature range from 600 to 650 °C. This was
observed only for the Factory sample and not for the other samples. The side product was
evident on the walls of the reactor, as depicted in Figure 3-10. It was an oily light brown
liquid. It is difficult to definitively attribute the production of this product from the reaction
of methane with the Factory sample because it may be produced due to the heating of
sample, particularly since this sample is a waste material for which there is little
understanding of all its components and it has a high pre-reaction carbon content.

To reveal the identity of the side product, FTIR and NMR analyses were undertaken.
Figure 3-11 (A–C) presents the results of these investigations. However, it was difficult to
establish its identity. The IR spectrum showed the presence of a strong absorption band
that at 2924 cm-1 which can be attributed to C-H stretching and the bands at 1456, 1377
and 735 cm-1 could be from the bending vibration of C-H. Moreover, it showed
a characteristic absorption band at 2361 cm-1, corresponding to CO2 stretching. The NMR
spectra clearly indicated that the product is aliphatic in which no aromatic protons or
carbons were observed. The 1H NMR spectrum showed different types of protons that
resonated within the region of 0.75–2.75 ppm. Also, the 13C NMR spectrum of the product
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showed the presence of aliphatic carbons that resonated between 15 and 32 ppm. Due to its
liquid-state the side product was not submitted to CHN analysis.

Figure 3-10 The side product on the walls of the reactor in the
temperature range of 600 to 650 °C.
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Figure 3-11 The results of spectral analysis for the side product. (A) The FTIR spectrum,
(B) the 1H NMR spectrum and (C) the 13C NMR spectrum.
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3.3.1. Characterisation of post-reaction for the Landfill, Factory
and Red Mud samples
The post-reaction of the Landfill, Factory and RM samples were characterised to observe
the changes that occurred in these materials upon reaction. The characterisation was
performed using different techniques such as XRD, TGA, CHN elemental analysis, BET
surface area measurements, HRTEM and SEM.

3.3.1.1.

XRD patterns

Post-reaction XRD patterns of the Landfill, Factory and RM samples are presented in
Figures 3-12 to 3-14. It is evident from Figure 3-12 that the direct cracking of methane
over raw Landfill under the employed reaction conditions has strongly altered the initial
amorphous phase of 2-line ferrihydrite Fe5HO8.4H2O, as shown in Figure 3-1, and
transformed it into other phases with sharp reflections which match the positions of Fe,
Fe3C and graphite. The resultant XRD pattern when methane is decomposed over the
Factory sample is shown in Figure 3-13. It is evident that the phases of the raw Factory
sample—as shown in Figure 3-2—have changed to FeO, Fe3C, FeFe4(PO4)4(OH)2.2H2O,
SiO2 and graphite upon reaction. Figure 3-14 shows that the major reflections of the postreaction in the RM sample are Fe, Fe3C, SiO2 and graphite as reported previously [161].
It should be noted that there is a degree of similarity among the post-reaction samples in
terms of the component phases. Fe, Fe3C and graphite is present in the Landfill and RM
samples, while the metallic Fe is not visible in the Factory sample. Moreover, FeO can be
observed in the XRD pattern of the post-reaction Factory sample, suggesting that it was not
completely reduced. This result is another possible reason for the relatively low catalytic
activity of the Factory sample in comparison with the other two samples, where it may be
assumed that the low catalytic activity for the Factory sample may be related to the low
amount of iron in the sample. It may be that the presence of the large amount of carbon in
the pre-reaction Factory sample, as shown in Table 3-2, may have led to the apparent
suppression in the reduction.
The formation of Fe3C and Fe has been widely reported in existing literature related to the
decomposition of methane over iron-based materials. For example, Hargreaves et al. [161]
studied the direct decomposition of methane over three types of RM samples. They
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demonstrated that the reflections of post-reaction X-ray diffraction for all RM samples
correspond to Fe and Fe3C as well as graphite, quartz and alumina. Otsuka et al. [51]
investigated the decomposition of methane over 77 wt% Fe/Al2O3 at 800 °C, and they
reported that the XRD patterns of the post-reaction catalyst reveal the existence of Fe metal
and Fe3C phases after 60 minutes of time-on-stream. Murata et al. [177] conducted the
decomposition of methane over 10 wt% Fe/Al2O3 at 600 °C for 5h and their XRD analysis
for post-reaction catalyst evidenced the formation of Fe and Fe3C.
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Figure 3-12 X-ray pattern for post-reaction Landfill sample. 1: iron (Fe) 060696; 2: cohenite (Fe3C) 34-0001; 3: iron (Fe) 31-0619; 4: graphite-3R 261079.
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Figure 3-13 X-ray pattern for post-reaction Factory sample. 1: iron oxide
(FeO) 39-1088; 2: iron carbide (Fe3C) 03-0989; 3: cohenite (Fe3C) 35-0772;
4: giniite (FeFe4(PO4)4(OH)2.2H2O; 5: graphite (C) 23-0064; 6: quartz (SiO2)
33-1161.
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Figure 3-14 X-ray pattern for post-reaction RM sample. 1: iron (Fe) 060696; 2: iron carbide (Fe3C) 03-0989; 3: quartz (SiO2) 04-0359; 4: graphite
(C) 25-0284

As previously mentioned in relation to the reaction data, no deactivation period was
observed for the samples. From the resultant XRD patterns of post-reaction materials, as
illustrated above, it is probable that the metallic Fe and Fe3C species played a significant
role in the activity of these samples because they are catalytically active for methane
cracking. Otsuka et al. [51] investigated the direct decomposition of methane over 77 wt%
Fe2O3/Al2O3 catalysts. They suggested that Fe3C and Fe are the catalytically active phases
for methane decomposition. In addition, they suggested that iron carbide decomposes to
metallic iron and carbon to form filamentous carbons. In a related study, Muradov [175]
studied the thermocatalytic decomposition of methane over 10 wt% Fe2O3/Al2O3 and
attributed the high catalytic activity to the presence of metallic iron and iron carbide
phases.

3.3.1.2.

Post-reaction CHN and TGA analysis

The post-reaction CHN analysis of the Landfill, Factory and RM samples are presented in
Table 3-4. It is evident from the results that there is significant deposition of carbon in all
samples as a result of their reaction with methane. The largest amount of carbon deposition
was observed for the Landfill sample, whereas that for the Factory sample was much
lower. In the case of RM sample, the quantity of carbon deposited was higher than that in
the Factory sample and lower than that in Landfill sample.
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Table 3-4 Post-reaction CHN analysis of the Landfill, Factory and RM
samples
Mean value,
Sample Code
wt%
C

H

N

Landfill

64.91 ± 0.90

-

-

Factory

41.60 ± 0.20

-

-

RM

48.40 ± 0.10

-

-

Figure 3-15 and 3-16 depict the TGA oxidation profiles under air and corresponding firstderivative profiles of the post-reaction samples. It is evident from Figure 3-15 that there is
an initial weight increase between 350 and 500 °C, followed by a decrease up to 700 °C.
The weight increase that occurred could be attributed to oxidation reactions for the reduced
iron phases, iron carbide, metallic iron and/or even FeO. The weight loss can be ascribed to
the combustion of carbon, which is consistent with the post-reaction CHN analysis. It is
evident from the TGA profiles in Figure 3-15 that the weight loss, which represents the
amount of deposited carbon, is almost 58, 31 and 42 wt% for the Landfill, Factory and RM
samples, respectively. These carbon content values are less than their counterparts,
obtained by the CHN analysis, as illustrated in Table 3-4. It would be anticipated that the
general trend in the amount of carbon deposited on these samples is the same for the postreaction CHN analysis and TGA profiles. It is possible that these results from a
combination of sample inhomogeneity and the small amount of material required to
implement these post-reaction techniques. The contribution of oxidation should also be
taken into account.
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Figure 3-15 TGA profiles for the post-reaction Landfill, Factory
and RM samples.
It should be observed that the inflection in the mass loss profile for the Landfill sample, as
shown in Figure 3-15, is reproducible and may be due to a high quantity of carbon species
within a narrow reactivity distribution, which lead to a "high-burst" of carbon combustion
at ca. 580 °C. TGA analysis of these samples was conducted three times to confirm the
reproducibility of these results.
The proposed interpretation of these results may be supported by the first-derivative weight
changes profiles of the post-reaction samples, as illustrated in Figure 3-16. From these
profiles, the differences between the samples are more obvious than those in Figure 3-15. It
is evident that the post-reaction Landfill showed two mass loss areas—that is, low and high
temperature combustion of carbon at ca. 580 and 600 °C, respectively. The appearance of
an intense peak at 580 °C can be ascribed to a narrow distribution of carbon species.
However, there are two mass loss peaks in the Factory sample, at ca. 480 and 600 °C,
which indicate the presence of two different forms of carbon. In the case of the RM
sample, there is only one broad peak, at approximately 600 °C, which could be attributed
to a wide distribution in the nature of the carbonaceous species. Furthermore, it should be
born in mind that the components of the sample may function as oxidation catalysts. It
must be noted that all species three samples demonstrated a similar mass loss peak, at
approximately 600 °C.
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Figure 3-16 TGA profiles for the post-reaction Landfill, Factory and
RM samples

3.3.1.3. Post-reaction BET surface area measurements
The surface areas of the post-reaction Landfill, Factory and RM samples were measured.
From Table 3-5, it is evident that the post-reaction surface area of the Landfill sample
decreased significantly from 254 to 41 m2/g. In contrast, it increased significantly for the
post-reaction Factory sample from 43 to 152 m2/g and the RM sample demonstrated a
slight increase in surface area from 20 to 28 m2/g. It seems possible that the destruction of
the morphology of the Landfill sample and deposition of a large amount of carbon caused a
decrease in the surface area. Moreover, it is proposed that the increase in the surface area
of the latter two samples can be due to mass normalisation effects and the relative density
of carbon. Batra et al. [162] found that the surface area of three different types of RM
samples increased after direct exposure to methane in in situ XRD studies. Gao et al. [178]
also studied the cracking of CH4 over synthesised La2NiO4 catalyst on a stainless steel
mesh and they reported that the carbon deposited on the catalyst as a result of methane
cracking increases the surface area of the catalyst.
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Table 3-5 BET surface area analysis of post-reaction Landfill, Factory and RM
samples

Sample Code

BET surface area, m2/g

Landfill

41

Factory

152

RM

28

3.3.1.4. Post-reaction SEM and HRTEM images
The SEM images of the post-reaction Landfill, Factory and RM samples are reproduced in
Figure 3-17. Figure 3-17 (A, B) depicts two images of the post-reaction Landfill sample.
These images are taken from two different areas of the sample. It is evident from
Figure 3-17 (A) that filamentous carbon is present in the sample, but it was not dense and
not all over the sample. This may be due to the accumulation or/and interference between
the carbon and the components of the sample. Such a structure has also been reported by
Pinilla et al. [179] when they studied the production of hydrogen and filamentous carbon
in the decomposition of methane over Fe/MgO at 800 °C. However, a significant
observation of this analysis is that remnants of tubular morphology, or tubes of iron oxides,
are found in the sample and these are not affected by the reaction conditions, as shown in
Figure 3-17 (B). It must be mentioned that the existence of these iron oxide tubes was not
commonly observed throughout the sample. This observation is consistent with the
proposal that the reduction process was not completed, as previously mentioned.
However, the SEM images of the post-reaction Factory sample exhibited negligible
apparent growth of any carbon structures, as depicted in Figure 3-17 (C). Figure 3-17 (D)
depicts the SEM image of the deposited carbon in the RM sample after the reaction. It is
evident that the RM sample can form filamentous carbon. This result supports the results
of previous research, which showed that the cracking of methane over Red Mud leads to
the formation of filamentous carbon [162].

68

A

B

C

D

Figure 3-17 SEM images of the post-reaction Landfill, Factory and RM sample. (A) The
post-reaction Landfill sample shows the formation of carbon filaments, indicated by
arrows, (B) the post-reaction Landfill sample shows the remnants of the tubular
morphology in the sample, (C) the post-reaction Factory sample and (D) the postreaction RM sample shows the presence of carbon filaments.

The TEM images of the post-reaction Landfill and Factory samples are presented in
Figures 3-18 and 3-19, respectively. It is evident from the images in Figure 3-18 that
several nanocarbon structures have been formed over the Landfill sample during the
methane decomposition. Figure 3-18 (A) indicates that the formation of chain-like carbon
fibres and iron metal (as indicated by regions of high contrast) could be found in the centre
of the carbon fibres. In addition, an encapsulating type of carbon was observed. Further, it
is evident from Figure 3-18 (B and C) that there are various shapes and sizes of onion-like
carbon nanospheres that are comprised by graphitic layers. This type of carbon deposited
was observed with some findings in other studies. For example, Batra et al. [162] analysed
the deposited carbon on the RM as a result of the cracking of methane by HRTEM. They
noted that the deposited carbon was in the form of carbon nanospheres and straight-chain
bamboo-like nanotubes. In another study, Otsuka et al. [51] studied the direct cracking of
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methane over Fe2O3/Al2O3 and Fe2O3/SiO2. They revealed that the deposited carbon had
various structures such as chain-like carbon fibres and spherical carbon units.

A

B

C

Figure 3-18 TEM images of the post-reaction Landfill sample. (A) The post-reaction
Landfill sample shows that the formation of chain-like carbon fibres and iron metal could
be found at the centre of the carbon fibres (B) and (C) onion-like carbon nanospheres.

On the contrary, the HRTEM images of the post-reaction Factory sample did not present
any significant formation of carbon nanostructures, as illustrated in Figure 3-19. It is
evident from Figure 3-19 (A-B) that there was sintering, aggregation of metals and
encapsulation by carbon. This result may help to identify another reason for the low
activity in the Factory sample at 800 °C, which leads to suppression of the reduction
process of the Factory sample, as shown in the XRD analysis in Figure 3-13 where the
presence of iron metal was not observed.
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A

B

Figure 3-19 TEM images of the post-reaction Factory sample. A and B depict the
sintering, aggregation of metals and encapsulation of carbon.
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3.4. Effect of reaction temperature on methane cracking over the
Landfill sample
3.4.1. Reaction data
The effect of reaction temperature on the activity of Landfill sample for the direct cracking
of methane into hydrogen and carbon was studied. The temperature employed in this study
was 600 °C, a temperature programme from 600 to 700 °C and a temperature programme
from 600 to 750 °C. The results of the hydrogen formation rates against time-on-stream for
the Landfill sample at different temperatures are presented in Figure 3-20. It appears from
Figure 3-20 (A) that the hydrogen formation rate at 600 °C is low. In addition, there is an
initial burst of hydrogen formation followed by a gradual decline in the production with
time-on-stream. The maximum in hydrogen formation rate at 600 °C is 0.28 × 10-4 mol H2
g-1 min-1. Figure 3-20 (B) depicts the hydrogen formation rate in the temperature
programme from 600 to 700 °C. It is evident that the hydrogen formation rate increased
with each increase in temperature. When the temperature reached 700 °C, there was a
sharp rise in the hydrogen formation rate, followed by rapid decline in the production with
time-on-stream. In addition, it is apparent that the maximum in hydrogen formation rate
was noted at 700 °C where is 0.64 × 10-4 mol H2 g-1 min-1.
It is evident from Figure 3-20 (C) that the Landfill sample exhibited the highest activity
and hydrogen formation rate (7.70 × 10-4 mol H2 g-1 min-1 in maximum) at 750 °C, which
is close to the result from the reaction at 800 °C, as illustrated in Figure 3-7 and 3-29.
Moreover, it should be observed that the activation time of the Landfill sample at 750 °C is
longer than that at 800 °C, as shown Figure 3-7 and 3-29. It seems that the temperature of
800 °C accelerated the activation of sample by the reduction of iron oxides. However, the
reaction was stopped after 750 minutes on stream due to the pressure-drop effects as a
result of carbon deposition, which was observed. Based on the results obtained, it can be
suggested that the reaction temperatures beyond 700 °C are appropriate to activate the
Landfill sample.
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Figure 3-20 H2 formation rate as a function of TOS for cracking of CH4 over the
Landfill sample at different temperatures. (A) At 600 °C, (B) in the temperature
programme from 600 to 700 °C, (C) in the temperature programme from 600 to
750 °C. The CH4/N2 flow rate was 12 mL/min and 0.4 g sample mass.
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3.4.2. XRD studies
The powder X-ray diffraction patterns for the post-reaction Landfill samples after reaction
at different reaction temperatures have been recorded. Figure 3-21 shows the XRD patterns
for raw and post-reaction Landfill samples as a function of reaction temperature. As
described earlier, the powder X-ray diffraction of the raw Landfill sample is consistent
with 2-line ferrihydrite (Fe5HO8.4H2O), a poorly crystalline iron oxide/hydroxide with two
very broad reflections apparent in its powder XRD pattern. It is evident from Figure 3-21
that the reaction temperature played a significant role in the phase transformations in
ferrihydrite. The XRD pattern of the post-reaction Landfill sample at 600 °C shows that the
ferrihydrite has transformed to wustite (FeO). However, the XRD pattern of post-reaction
Landfill sample in temperature programming regime from 600 to 700 °C demonstrates
transformation of the ferrihydrite phase into wustite (FeO) and metallic iron. In the case of
the post-reaction Landfill sample in the run from 600 to 750 °C, the XRD pattern shows
that the 2-line ferrihydrite phase exposed to the complete reduction process led to the
disappearance of wustite and formation of other phases including graphitic carbon, metallic
iron (Fe) and iron carbide (Fe3C).
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Figure 3-21 The XRD patterns for the post-reaction Landfill sample at
different temperatures at 600 °C, from 600 to 700 °C and from 600 to 750 oC.
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The appearance of metallic Fe and Fe3C species in the post-reaction Landfill sample after
the 600 to 750 °C temperature programme regime explains the high activity of the Landfill
sample because these species have a catalytic effect in methane cracking [51, 175]. The
latter result is similar with that found in the XRD pattern of the post-reaction Landfill
sample in the temperature programme from 600 to 800 °C in terms of the high activity of
the hydrogen production and the appearance of the same phases, as illustrated in
Figure 3-12; there are differences in the intensity of peaks where they are higher at 800 °C
and this is expected due to the increased reduction process and a higher crystallinity of the
reduced phases. This indicates that 750 °C is the appropriate temperature for reducing the
Landfill sample with methane to transform iron oxide to its active iron phase.

3.4.3. CHN and TGA analysis
CHN analysis and TGA studies for the post-reaction Landfill sample run under different
reaction temperature regimes have been undertaken. Table 3-6 illustrates the results of
CHN analyses. From this data, it is evident that the amount of carbon in the post-reaction
sample at 600 °C and in the temperature programme from 600 to 700 °C is low and almost
the same. This result is not surprising as the hydrogen formation rate was low and the
results of the XRD patterns revealed no presence of carbon containing phases such as Fe3C
and graphite. It can be assumed that the carbon produced in the cracking of methane is
consumed in reaction with oxygen in the components of the Landfill sample to produce
carbon dioxide and carbon monoxide during the reduction procedure. Methane itself is a
reductant when it is applied directly [51, 161, 175]. However, the amount of deposited
carbon at 750 °C after temperature programming from 600 to 750 °C is very large
compared to the other results. This is due to the high activity in the Landfill sample for
methane decomposition after completing the reduction process at this temperature range, as
is depicted in Figure 3-20 (C). In addition, carbon containing phases in the XRD pattern
are clearly present in the sample components, as illustrated in Figure 3-21. It is worth
noting that the amount of deposited carbon on the sample in the temperature programme
from 600 to 750 oC is similar to that at 800 °C, after temperature programming from 600 to
800 °C, as shown in Table 3-4; however, it must be noted that the time-on-stream at
750 °C is longer than that at 800 °C.
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Table 3-6 CHN analysis for the post-reaction Landfill sample at different
temperatures
Mean value,
wt%

Sample Code
C

H

N

Post-reaction 600 °C

3.30 ± 0.10

-

-

Post-reaction temperature
programme from 600 to 700 °C

3.80 ± 0.08

-

-

Post-reaction temperature
programme from 600 to 750 °C

62.40 ± 0.03

-

-

TGA studies in the presence of air have been carried out for spent Landfill samples at
different temperatures to estimate the amount of carbon formed in the Landfill sample and
to determine its reactivity profile with respect to air. Figure 3-22 depicts the TGA profiles
of the post-reaction Landfill samples. It is evident from the TGA result of the post-reaction
Landfill sample at 600 °C, as shown in Figure 3-22 (A), that there is a slight initial
decrease in weight probably as a result of water loss followed by weight gain in the region
of 200 °C. For this, it is possible to link the results of the TGA analysis with those of the
XRD analysis because the increase in weight implies the oxidation of wustite (FeO), as
observed in XRD patterns in Figure 3-21. The observed weight gain was followed by a
decrease in the weight in temperatures beyond 400 °C, which is identical to the amount of
carbon obtained from the CHN analysis. Figure 3-22 (B) depicts the TGA profile of the
post-reaction Landfill sample after temperature programming from 600 to 700 °C. It must
be noted that the weight of the sample increased significantly in two regions at ca. 200 and
500 °C and there was no decrease in weight. Further, the XRD analysis demonstrated that
the phases present in the post-reaction Landfill sample at a temperature programme from
600 to 700 °C are wustite (FeO) and metallic iron. These phases are strongly subject to
oxidation reactions.

The comparison between the TGA profile for the post-reaction

Landfill sample at 600 °C, Figure 3-22 (A), and the TGA profile for the post-reaction
Landfill at a temperature programme from 600 to 700 °C reveals that the weight increase at
ca. 200 °C is attributable to the oxidation of wustite (FeO), while at ca. 500 °C is
attributable to the oxidation of metallic iron. In addition, the absence of weight loss due to
the burning of carbon, which is observed in the result of the CHN analysis, may be due to
the dominance of the iron oxidation reaction.
Figure 3-22 (C) illustrates the TGA profile of the post-reaction Landfill sample after
temperature programming from 600 to 750 °C. It is obvious from the TGA result that there
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is an initial weight increase between 400 and 500 °C, followed by a decrease in the weight
at a temperature of up to 700 °C. The increase in weight is assumed to be due to the
oxidation reactions for the metallic iron and iron carbide phases, which are present in the
XRD pattern in Figure 3-21. In addition, the estimated amount of carbon from the TGA
analysis is almost 50 wt %, which is again lower than that measured in the CHN analysis.
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Figure 3-22 The TGA profiles for the post-reaction Landfill samples at different
temperatures.(A) At 600 °C, (B) temperature programming from 600 to 700 °C and (C)
temperature programming from 600 to 750 °C.

3.4.4. SEM and HRTEM images
Post-reaction SEM and HRTEM images of the Landfill sample run under different
temperature regimes are presented in Figures 3-23 to 3-25. The SEM images for the postreaction Landfill sample at 600 °C are depicted in Figure 3-23 (A, B). It is obvious that the
tubes of biogenic iron oxide remain in all parts of the sample and they were not affected by
the temperature. In addition, the associated residues with the raw sample—non-tubular
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morphology—became agglomerated and spherical, as shown in Figure 3-23 (B). It is
suggested that the appearance of spherical morphology clearly in the sample is related to
the appearance of the wustite (FeO) phase in the post-reaction Landfill sample at 600 °C,
as seen in the XRD pattern presented in Figure 3-21.
Figure 3-24 (A and B) shows the SEM images of the post-reaction Landfill sample after
the temperature programme from 600 to 700 °C. It is evident that the temperature regime
applied played a significant role in the morphology of sample. Figure 3-24 (A) shows that
the tubes of biogenic iron oxide are still remaining. In addition, they began to melt and
formed a magma like-shape or molten wax like-shape, as illustrated in Figure 3-24 (B).
This suggests that the temperature of 700 °C led to the beginning of the destruction of
biogenic iron oxide tubes. It can be assumed that the appearance of the "molten" tubes led
to the emergence of the metallic iron phase in the XRD pattern, as depicted in Figure 3-21.

The post-reaction SEM images of the Landfill sample after temperature programming from
600 to 750 °C are shown in Figure 3-25 (A and B). The images are presented at different
magnification to enable better visibility. It is evident that the shapes of the hollow tubes
have disappeared and the carbon deposited was in the form of filamentous structures which
were lumpy, convoluted and interlaced. Thus, the activity of the Landfill sample at 750 and
800 °C is associated with the collapse of the hollow tubes of biogenic iron oxide and their
merger with non-tubular morphology, which could lead to re-dispersion and then facilitate
the reduction process to form the active phases of iron, metallic iron and iron carbide.
A

B

Figure 3-23 SEM images of the post-reaction Landfill sample at 600 °C. (A) The
remaining tubular morphology and (B) the appearance of a spherical morphology
component.
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A
A

B

Figure 3-24 SEM images of the post-reaction Landfill sample at the temperature
programme from 600 to 700 °C. (A) The remaining tubular morphology and (B) the
appearance of melted biogenic iron oxide tubes.

A

B

Figure 3-25 SEM images of the post-reaction Landfill sample at the temperature
programme from 600 to 750 °C. (A) Low magnification image and (B) high magnification
image.

Post-reaction HRTEM images of the Landfill sample after different temperature regimes
are presented in Figures 3-26 and 3-27. The image of the post-reaction Landfill sample at
600 °C is shown in Figure 3-26 (A). It can be seen that the tubular and non-tubular
morphology are still present. It is obvious the non-tubular morphology in the case of
accumulation and agglomeration.
Figure 3-26 (B-C) depicts the TEM images for the post-reaction Landfill sample after
temperature programming from 600 to 700 °C. The image in Figure 3-26 (B) illustrates the
collapse of the tube structure and dispersion of iron on the surface (as evident from sample
contrast), whereas Figure 3-26 (C) exhibits a very dense area. It is observed from the SEM
image in Figure 3-24 (B) that a part of the iron oxide tubes is "molten" at the temperature
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programme from 600 to 700 °C. Thus, this dense area could be related to this "molten"
morphology.

A
A

B

C

Figure 3-26 TEM images of the post-reaction Landfill sample at different temperatures.
(A) at 600 °C, (B) and (C) at the temperature programme from 600 to 700 °C.

The deposited carbon on the post-reaction Landfill sample in the temperature programme
from 600 to 750 °C is different from that observed in the previous cases and similar to that
in the post-reaction Landfill sample in the temperature programme from 600 to 800 °C, as
shown in Figure 3-18. Figure 3-27 depicts the TEM images of the post-reaction Landfill
sample after the temperature programme from 600 to 750 °C at different magnification. It
is evident from Figure 3-27 (A) that a graphitic structure is present. The formation of
nanospheres with a graphitic structure, either hollow or filled with metal particles
(encapsulated within graphitic layers), was commonly observed in the sample.
Figure 3-27 (B) depicts a hollow nanosphere structure. It has been proposed that the metal
particles in the core of the nanospheres experience pressure as a result of the accumulation
of layers of carbon graphite and are forced to escape, leaving an empty core [125].
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A

B

Figure 3-27 TEM images of the post-reaction Landfill sample in the temperature
programme from 600 to 750 °C. (A) the nanospheres graphitic structure and iron particles
are encapsulated within graphitic layers and (B) the hollow nanosphere structure.

3.4.5. BET surface area
The surface areas for the post-reaction Landfill samples at different temperatures have
been measured. Table 3-7 presents the surface areas for the raw and post-reaction samples.
It is evident that the surface area of the Landfill sample decreased at all reaction
temperatures employed. Although only a small amount of carbon was deposited on the
sample at 600 and 700 °C, as evident from the CHN analysis in Table 3-6, the surface area
was also considerably lowered. This suggests that a change occurred in the morphology of
the post-reaction samples, thereby resulting in a low surface area. It should be noted that
the surface area after the temperature programme from 600 to 700 °C was the lowest. The
BET value is correlated to the total surface area of the particles, with a high surface area
indicating a small particle size [180]. Hence, it could be that the particle size of the
Landfill sample increased with the increasing temperature of the reaction. However, it also
could be that the beginning of the fusion of the iron oxide tubes at 700 °C—as shown in
the SEM images in Figure 3-24 (B)—increased the particle size of the sample, which led to
the lowest surface area at this temperature, before it increased again at higher temperature
due to increasing carbon deposition.
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Table 3-7 Analysis of surface area for the Landfill sample both before
and after exposure to methane at different temperatures
BET surface area, m2/g

Sample
Code

Temperature °C

Pre-reaction

600 °C
Landfill

53

Temperature programming
from 600 to 700 °C

254

Temperature programming
from 600 to 750 °C

3.5. Direct

cracking

of

methane

Post-reaction

33
47

over

synthesised

2-line

ferrihydrite for hydrogen production
3.5.1. Introduction
Ferrihydrite, Fe5HO8.4H2O, a reddish-brown mineral is widespread in surface
environments. It is characterised by poor crystallinity and low stability. It is regarded as
one of the main types of iron oxide/oxyhydroxide. Ferrihydrite can be formed in the
natural environment and can be easily synthesised in the laboratory. It is classified into two
types based on the order of the crystalline structure; 2-line ferrihydrite and six-line
ferrihydrite. The XRD analysis of the 2-line ferrihydrite shows an amorphous structure
with only two broad peaks, while the six-line ferrihydrite shows six broad peaks as
structural order increases [132, 181]. Natural ferrihydrites usually contain significant
amounts of Si. The presence of silica in the ferrihydrite component increases its stability. It
is proposed that the existence of silica in ferrihydrite crystals may poison the surface and
prevent further development or that silica substitutes the iron, which may lead to
distortions in the structure and then to limited transformation. Natural and synthetic 2-line
ferrihydrite containing silica is generally very poorly crystalline [170, 182]. Chukhrov et
al. [181] found that synthesised ferrihydrite transformed to hematite after two weeks
storage at 60 °C, whereas natural ferrihydrite containing 6 % SiO2 did not change under the
same conditions. They concluded that the presence of silica in the ferrihydrite structure
reduces the rate of structural transformation.
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Previously, as discussed, the XRD analysis of the raw Landfill sample demonstrated that it
contains natural 2-line ferrihydrite. Therefore, a 2-line ferrihydrite comparison material has
been prepared in the lab, as described in Chapter 2, and tested under similar conditions.

3.5.2. Results and discussion
3.5.2.1.

Reaction data

Figure 3-28 presents the hydrogen, carbon monoxide and carbon dioxide formation rates
against time-on-stream in the temperature programme from 600 to 800 °C as a result of the
direct cracking of methane over synthetic 2-line ferrihydrite. It is evident that the hydrogen
formation rate is at a very low level and is close to the associated formation rates of CO
and CO2. Moreover, the hydrogen formation rate is almost steady from 650 to 800 °C with
a slight increase in the rate when the temperature was increased. In addition, the CO
formation rate is lower than the hydrogen production rate and has similar behaviour. It is
evident that there is an initial burst in CO2 formation. This "burst" is apparent at each
increase in temperature and is followed by a reduction in the formation rate.
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Figure 3-28 H2, CO and CO2 formation rates as a function of TOS for
CH4 cracking over the synthetic 2-line ferrihydrites in the temperature
programme from 600 to 800 °C. The CH4/N2 flow rate was 12 mL/min
and 0.4 g sample mass.
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However, Figure 3-29 depicts the comparison of the activity between the synthetic 2-line
ferrihydrite and the natural 2-line ferrihydrites (the Landfill sample) for direct cracking of
methane and hydrogen production under the same conditions. It is evident that there is
significant difference in their activity. Natural 2-line ferrihydrites display a high level of
hydrogen production, whereas the synthetic 2-line ferrihydrite possesses very low activity.
Moreover, the CO and CO2 formation rates are higher in natural 2-line ferrihydrites, as
depicted in Figures 3-8 and 3-9, compared to those in the synthetic 2-line ferrihydrite.
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Figure 3-29 H2 formation rates as a function of TOS for CH4 cracking
over the synthetic 2-line ferrihydrite and the natural 2-line ferrihydrites
(the Landfill sample) in the temperature programme from 600 to
800 °C. The CH4/N2 flow rate was 12 mL/min and 0.4 g sample mass.

The low activity of the synthetic 2-line ferrihydrite can probably be attributed to the
presence

of

potassium

in

the

sample

component.

KOH

was

added

to

Fe(NO3)3·9H2O during the preparation of the 2-line ferrihydrite, as reported in Chapter 2.
Alkali metals elements are known to function as poisons in the decomposition of methane
[161, 176]. Therefore, the presence of potassium in the component can play an important
role in the deactivation of the synthetic 2-line ferrihydrite, particularly if the amount added
is high. Valenzuela et al. [183] studied the effect of calcium and potassium addition on the
activity of 30 wt% Ni/SiO2 at 580 °C and they found that the presence of 3 wt% Ca and 3
wt% K in the catalyst composition lead to low activity. However, the result of the ICP
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analysis, presented in Table 3-1, illustrated that the Landfill sample (natural 2-line
ferrihydrites) contains many of the elements that may have played a role in the activity.

3.5.2.2.

XRD studies

The XRD patterns of the synthetic 2-line ferrihydrite in the fresh and post-reaction forms
are depicted in Figure 3-30. It is evident that the XRD pattern of the fresh synthetic 2-line
ferrihydrite is consistent with the structure of the 2-line ferrihydrite (Fe5HO8.4H2O), as
reported in the literature [132, 170, 184]. Moreover, it is evident that the structure of the
synthetic 2-line ferrihydrite has been transformed to a more crystalline phase after reaction.
The XRD pattern of the post-reaction synthetic 2-line ferrihydrite shows that the structure
of the 2-line ferrihydrite transformed into wustite (FeO). From this result, it is apparent
that the reduction process was not complete and metallic iron was not observed in the XRD
analysis, explaining the low rate of hydrogen production observed.
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Figure 3-30 The XRD patterns for the fresh and post-reaction
synthetic 2-line ferrihydrite.

Although the reaction conditions employed are similar, the natural 2-line ferrihydrite in the
Landfill sample was reduced and showed high activity for methane cracking, while the
synthetic 2-line ferrihydrite sample has not been completely reduced and did not show any
noticeable activity. Thus, it is suggested that the presence of potassium ions around the
iron oxide suppress reduction leading to low activity for the methane cracking. It is
possible that a high reaction temperature of over 800 °C is required to reduce the synthetic
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2-line ferrihydrite sample. Shah et al. [46] studied hydrogen production by catalytic
decomposition of methane over 5 % Fe/Al2O3 catalyst at different reactor temperatures. In
their study, ferrihydrite was employed as precursor for preparation of 5 % Fe/Al2O3
catalyst. In addition, they assumed that the 5 % Fe/Al2O3 catalyst requires high
temperature (1000 °C) to reduce the catalyst to a metallic state and claimed that the
catalyst pre-reduced at lower temperatures (700 or 850 °C) is not completely reduced and,
so was not as effective in methane decomposition at lower reactor temperatures.

3.5.2.3.

Post-reaction CHN and TGA analysis

CHN and TGA analyses for the post-reaction synthetic 2-line ferrihydrite have been
undertaken. The CHN analyses revealed that the post-reaction sample does not contain
carbon. TGA analysis of the post-reaction synthetic 2-line ferrihydrite is illustrated in
Figure 3-31. It is evident that the weight of the sample gradually increased from 200 to
1000 °C. This is due to the oxidation of the sample which leads to an increase in the
weight. This result is in good agreement with both XRD and CHN analyses which revealed
that there is no carbon deposited on the sample. Upon oxidation wustite transforms to
other iron oxides, such as magnetite (Fe3O4) [185].
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Figure 3-31 TGA profile for the post-reaction synthetic 2-line ferrihydrite samples.
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3.5.2.4.

BET surface area measurements

The BET surface area of the synthetic 2-line ferrihydrite was measured for fresh and postreaction and the data are presented in Table 3-8. It can be noted that the BET results
demonstrate that the surface area of the fresh synthetic 2-line ferrihydrite is slightly higher
than the natural 2-line ferrihydrite (Table 3-3). Surface areas in the range 200 to 400 m2/g
are commonly reported for natural ferrihydrites [132]. Weidler [186] prepared 2-line
ferrihydrite and measured its BET area as 277 m2/g, in close agreement with the value in
Table 3-8. Although the synthetic 2-line ferrihydrite had a slightly higher surface area than
that of the natural 2-line ferrihydrite, the raw Landfill sample, it did not display any
noticeable activity and this did not facilitate complete reduction. The BET surface area of
the post-reaction synthetic 2-line ferrihydrite is significantly decreased. However, the CHN
and TGA analyses do not reveal any deposited carbon that affect the surface area, thereby
suggesting that the loss of surface area can be attributed to sintering and/or the loss of
porosity.
Table 3-8 BET surface area analysis for the fresh and post-reaction synthetic 2line ferrihydrite
BET surface area, m2/g
Sample Code
Synthetic 2-line
ferrihydrite

3.5.2.5.

Pre-reaction

Post-reaction

273

11

SEM images

Figure 3-32 depicts the SEM images for the fresh and post-reaction synthetic 2-line
ferrihydrite sample. It is evident from the images that there is a significant change in the
morphology. The SEM image of the fresh synthetic 2-line ferrihydrite sample, Figure 3-32
(A), reveals various particles with different sizes and shapes. In contrast, the SEM image
of the post-reaction synthetic 2-line ferrihydrite sample, Figure 3-32 (B), demonstrates that
the vast majority of particles are uniform with similar shapes and sizes, and are contiguous
and coherent. This may indicate the occurrence of sintering, which may have led to a series
of observed effects such as delays in reduction, low surface area and then low activity.
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This was not observed for the post-reaction Landfill sample, as illustrated in Figure 3-17
(A and B).
A

B

Figure 3-32 SEM images for the fresh and post-reaction synthetic 2-line ferrihydrite
sample. (A) The fresh synthetic 2-line ferrihydrite sample and (B) the post-reaction
synthetic 2-line ferrihydrite sample.

3.5.3. In situ XRD studies and the reaction pathway over the
Landfill sample
In situ XRD was conducted to investigate the phase transformation sequences of the raw
Landfill sample during the reaction with methane. The reaction cell was charged by the
raw Landfill sample and heated from room temperature to 700 °C, at a rate of 10 °C/min
under a 20 mL/min flow of a mixture of 75 % CH4 and 25 % N2. The employed feed gas
was the same gas that was used in all the experiments in this research. Scans were taken at
room temperature, 500 , 600 and 700 °C. At each temperature, the sample was held for 1h
before the scan was taken. The results of in situ XRD patterns are shown in Figure 3-33.
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Figure 3-33 In situ XRD patterns for the Landfill sample at room
temperature, 500, 600 and 700 ◦C.

It is evident that the pattern of the raw Landfill sample recorded in situ under the CH4
atmosphere at room temperature corresponds to 2-line ferrihydrite. A transformation of the
structure at 500 °C is evident with the appearance of reflections which match wustite
(FeO), magnetite (Fe3O4) and graphitic carbon. At 600 °C, the peaks due to magnetite
phase are no-longer clear, while the metallic iron peaks began to appear. In addition,
wustite (FeO) and graphitic carbon phases are also evident along with metallic iron. As the
wustite (FeO) peaks became more intense, the XRD pattern at 700 °C revealed the
complete disappearance of iron oxide phases and the appearance of new phases of metallic
iron, iron carbide and graphite.

Methane was applied directly to reduce iron oxides in this sample. As mentioned
previously, methane itself is a reductant and the initial decomposition of methane is
responsible for the reduction of iron oxide where oxygen is eliminated by the formation of
CO, CO2 and H2O. However, a few studies have employed this approach and suggested the
pathway of methane decomposition over iron oxides. Otsuka et al. [51] used X-ray powder
diffraction to study the phase transformation sequences of 77 wt% Fe2O3/Al2O3 catalyst
during the direct decomposition of methane at 800 ◦C. They found that the XRD pattern of
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fresh iron oxide based on alumina reveals the haematite (Fe2O3) phase. After a few minutes
of the reaction, they found that the Fe2O3 phase disappeared and the magnetite (Fe3O4)
phase became apparent. When the time-on- stream continued for between 27 and 40
minutes, there was a reduction in the peaks of Fe3O4 and the wustite (FeO) and Fe metal
phases began appearing. After 60 minutes of time-on-stream, the FeO phase disappeared
completely and they observed the appearance of new phases which matched metallic Fe
and iron carbide (Fe3C). From these results, it is evident that researchers have
demonstrated that the haematite (Fe2O3) phase in the fresh catalyst is reduced stepwise by
methane during the reaction in the following manner:

Fe2O3

Fe3O4

FeO

Fe metal + Fe3C

In a related study, Batra et al. [162] investigated the phase transformation sequences of
Red Mud during the direct cracking of methane. Their investigation was performed by in
situ XRD in the temperature range from 100 to 500 °C. The haematite (Fe2O3) was the
main phase identified in the Red Mud sample. They revealed that the haematite (Fe2O3)
was reduced to produce the magnetite (Fe3O4) phase at 400 °C. Additionally, small peaks
of wustite (FeO) were observed. Iron and iron carbide began appearing at 400 °C, but their
peaks were not very intense at this stage. At 500 °C, graphite was also clearly present along
with Fe2O3, Fe metal and Fe3C.
In another major study, Gemmi et al. [187] studied the anaerobic combustion of methane
over a 28 wt% Fe2O3/CeO2 catalyst using in situ time-resolved synchrotron X-ray powder
diffraction and mass spectrometry measurements. Before the reaction, methane was
employed as a reductant for 28 wt% Fe2O3/CeO2 at 920 °C and the phase transformation
sequences during the reduction process were evident. They claimed that the initial main
products of the reaction are CO2, H2O and magnetite (Fe3O4), according to the following
reaction:

12Fe2O3 + CH4

8Fe3O4 + CO2 + 2H2O

(1)

After the occurrence of the above reaction, a further reduction begins and wustite (FeO) is
formed as well as CO2, CO, H2 and H2O, as indicated below:

4Fe3O4 + CH4

12FeO + CO2 + 2H2O

(2)
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Fe3O4 + CH4

3FeO + CO + 2H2

(3)

The reduction process continues with the wustite to form metallic Fe, in the following
reaction:

FeO + CH4

Fe + CO + 2H2

(4)

They noted that when metallic Fe was formed, the decomposition of CH4 to H2 and C
begins to occur. The mass spectrometry revealed a high production of H2, with a
simultaneous decrease in the outgoing CH4 flow. It was observed that the continuation of
this reaction led to formation of iron carbides. This finding is in good agreement with the
results of Otsuka [51].

The majority of studies that have been conducted for this type of reaction used haematite
(α-Fe2O3), as precursor of Fe-based catalysts. In our study, the phase of the Landfill sample
is 2-line ferrihydrite (Fe5HO8.4H2O). Therefore, according to previous studies and based
on our results obtained from the effect of the reaction temperature and in situ XRD studies,
it can be suggested that the following reaction pathway occurs with the Landfill sample:

Fe5HO8.4H2O + 3CH4
Fe3O4 + 2FeO + 3CH4

3FeO + 2Fe + 4CH4

Fe3O4 + 2FeO + 2CO + CO2 + 2H2O + 17/2H2
3FeO + 2Fe + CO + CO2 + 6H2 + C

2Fe + Fe3C + CO + CO2 + 8H2 + C

(1)
(2)

(3)
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3.6. Summary
The objective of this chapter was to investigate the possibility of using various waste
materials containing oxidic iron components as catalysts to produce hydrogen from the
direct cracking of methane. Three types of waste material were used, which were procured
from three places—the leachate from Landfill (Landfill sample), residue from an old nail
Factory (Factory sample) and a waste product of the aluminium industry (Red Mud
sample, RM). The characterisation of raw materials demonstrated that the Landfill sample
possess distinctive properties. The XRD patterns revealed that Landfill contains one
phase—2-line ferrihydrite—while the Factory and RM samples comprise multiple phases.
The ICP analysis revealed that the amount of iron in the Landfill sample is larger than that
in other samples. Further, SEM images illustrated a unique morphology which was tubular
in structure, and the surface area of the Landfill sample was greater than that of the other
samples.
The reaction data demonstrated that the hydrogen formation rate as a result of methane
cracking was higher in the Landfill sample, followed by the RM sample and then the
Factory sample, respectively.
Characterisation of post-reaction materials was undertaken. The XRD patterns showed that
the phase raw materials transformed to form Fe metal, iron carbide and graphitic carbon,
except for the Factory sample which was not completely reduced and iron oxide and nonmetallic iron remained. The CHN analyses revealed a large amount of deposited carbon on
the post-reaction samples, particularly for the Landfill sample. The cracking of methane
and the large amount of deposited carbon and led to a reduction in the BET surface area.
The SEM and HRTEM images of the post-reaction materials illustrated the formation of
carbon nanostructures in the Landfill and RM samples, whereas this was not observed in
the Factory sample.
2-Line ferrihydrite, the main phase of the Landfill sample, was synthesised to simulate the
Landfill sample and tested under the same reaction conditions that were employed for
those materials. The reaction data demonstrated that the activity of synthesised 2-line
ferrihydrite is very poor compared to the natural Landfill sample. Further, characterisation
of the fresh and post-reaction synthesised 2-line ferrihydrite was undertaken to elucidate
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some of the expected reasons for the low performance and this was related to sintering
and/or the presence of potassium containing resides.
The influence of the reaction temperature on the performance of the Landfill sample has
been studied. At 600 °C and the temperature programme from 600 to 700 °C, there was no
significant activity and the performance was very poor, while it was very active in the
temperature programme from 600 to 750 °C as well as in the temperature programme from
600 to 800 °C. In addition, XRD, SEM, HRTEM, BET, CHN, and TGA analyses were
undertaken. SEM images of the post-reaction Landfill sample illustrated that the tubular
morphology was not altered at 600 °C, whereas the tubes began melting at 700 °C. The
XRD patterns revealed that the Landfill sample was not completely reduced at 600 oC and
in the temperature programme from 600 to 700 °C. All characterisation of the post-reaction
Landfill sample after the temperature programme regime from 600 to 750 °C showed
significant similarity with that in the temperature programme regime from 600 to 800 °C.
In situ XRD was conducted to investigate the phase transformation sequences in the
Landfill sample during the reaction. Scans were taken at room temperature, 500, 600 and
700 °C. At 500 °C, the phase of 2-line ferrihydrite (Fe5HO8.4H2O) was transformed to
wustite (FeO), magnetite (Fe3O4) and graphitic carbon. When the temperature was
increased to 600 °C, the metallic iron phase appeared along with the wustite (FeO) and
graphitic carbon. At 700 °C, new phases of metallic iron, iron carbide and graphite were
appeared. Based on the results of the XRD patterns of the post-reaction Landfill sample at
different temperatures and the result of in situ XRD patterns, a reaction pathway over the
Landfill sample has been proposed.
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4. Modification of Landfill and Factory samples for hydrogen
production from direct cracking of methane
4.1. Introduction
As shown in Chapter 3, the Landfill and Factory samples were used as obtained for direct
cracking of methane to produce hydrogen and carbon. These sample revealed high
catalytic activity, especially the Landfill sample. CHN analysis for raw samples showed
that the Landfill and Factory samples contained 4.52 and 10.70 wt % carbon, respectively.
In addition, ICP analysis for the components of raw Landfill and Factory samples
illustrated that these samples contain alkali and alkaline earth metals such as Na+, K+, Li+,
Mg2+ and Ca2+. These elements are known to be poisons for the methane decomposition
reaction [127, 176]. Valenzuela et al. [183] studied the effect of Ca2+, and K+ addition on
the activity of 30 wt% Ni/SiO2 at 580 °C and confirmed that their presence led to low
activity.
Calcination and acid washing of the waste iron based samples may improve their catalytic
properties. The purpose of calcination is to decompose and remove unwanted component
in the samples [188]. Moreover, washing with acids may enhance the catalytic activity by
removal of poisonous metal cations via cation exchange. For example, one of the most
popular chemical modifications of clays is their acid activation. This comprises the
treatment of clay with acid solution, usually HCl or H2SO4. The main purpose is to obtain a
high specific surface area, porosity and surface acidity [189].
On the other hand, Pd catalysts display unique performance for methane decomposition
[45, 83]. Shah and co-workers [46] studied the catalytic decomposition of methane into
hydrogen and carbon using 5 % Fe/Al2O3 and binary 0.5 % Pd-4.5 % Fe/Al2O3 catalysts at
700 °C. They observed that the loading of Pd as second metal into Fe/Al2O3 catalyst
improved the catalyst activity resulting in a high concentration of hydrogen. In a similar
study, Ogihara et al. [63] investigated the formation of hydrogen through methane
decomposition over Pd-based alloy catalysts supported on alumina. In their study, they
noted that a Pd-based alloy containing Fe increased the methane conversion at 700 °C from
ca.15 % for Pd/Al2O3, to ca. 23 % for Pd-Fe/Al2O3, as well as extending the lifetime of the
catalyst.
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Based on the above studies, the Landfill and Factory samples were subjected to
modification in an attempt to improve their performance for hydrogen production from
direct cracking of methane. These modifications included the effect of calcination at
different temperatures, washing by acids and Pd addition.

4.2. Results and discussion- Effect of calcination temperature on
Landfill and Factory samples
4.2.1 Characterisation of calcined Landfill and Factory samples
The raw Landfill and Factory samples have been calcined in static air at different 300, 500,
700 and 900 °C. Characterisation of calcined samples was undertaken to determine the
changes that occurred. A range of techniques including XRD, CHN elemental analysis,
BET surface area and SEM have been used. The characterisation of these materials is
described below.

4.2.1.1 XRD patterns and Raman spectroscopy
Figure 4-1 shows the powder XRD patterns of the raw Landfill and Landfill samples
calcined at 300, 500, 700 and 900 °C. It can be seen that calcination results in a phase
change from the 2-line ferrihydrite of the raw material. At 300 and 500 °C, the 2-line
ferrihydrite structure transformed to maghemite (γ-Fe2O3), while at 700 and 900 °C, it
transformed to haematite (α-Fe2O3). It is observed that in the range of 300 - 500 °C
maghemite with a similar degree of crystallinity is formed. In addition, the haematite
formed at 700 °C is fairly amorphous and its crystallisation increased dramatically at 900
°C. It should be noted that 2-line ferrihydrite (Fe5HO8.4H2O) is an oxyhydroxide whereas
maghemite and haematite are oxides. This clearly implies that dehydration reaction took
place during calcination as expected. Maghemite can be synthesised in the laboratory by
several methods. One of these methods involves heating of ferrihydrite in air at 450 °C
[132].
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Figure 4-1 Powder X-ray diffraction patterns of the raw Landfill sample and
calcined Landfill at different temperature.

Moreover, the results of the XRD studies, Figure 4-1, for the phase transformation
sequence of the raw Landfill sample, 2-line ferrihydrite, is in agreement with a number of
studies which revealed that maghemite is an intermediate phase in the thermal
transformation between ferrihydrite and haematite. Barron and Torrent [190], studied the
effect of time on the phase transformation sequences of 2-line ferrihydrite at 150 °C. Their
XRD results showed that the ferrihydrite phase changed to maghemite after 3 days and the
phase then lasted for 14 days. After 90 days, they observed that the ferrihydrite was then
converted into a mixture of maghemite, haematite and residue of ferrihydrite. Pure
haematite was apparently formed after 120 days.

Although, X-ray diffraction is important for the identification and characterisation of iron
oxide phases, the identification of magnetite (Fe3O4) and maghemite (γ-Fe2O3) phases by
X-ray diffraction is quite complicated, because both phases possess a similar spinel
structure and almost identical lattice parameters [191]. Therefore, Raman spectroscopy has
been used to distinguish between maghemite and magnetite and to confirm the maghemite
structure. Figure 4-2 illustrates the Raman spectrum for the Landfill samples calcined at
different temperatures. It is reported that maghemite shows broad bands around 350, 500,
and 700 cm-1 whereas magnetite has a main band centred at around 670 cm-1. In addition,
the position of the bands for haematite are at 225, 247, 293, 299, 412, 498 and 613 cm-1
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[132, 192-194]. From Figure 4-2, it can be seen that the Raman spectra for the Landfill
samples calcined at 300 and 500 °C are assigned only to the maghemite phase. The XRD
pattern of the calcined Landfill sample at 700 °C in Figure 4-1 revealed the presence of
haematite and an amorphous component. The Raman spectrum for this sample indicates
that it is in fact, a mixture of maghemite and haematite. The Raman spectrum of Landfill
sample calcined at 900 °C confirms the formation of haematite.
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Figure 4-2 Raman spectra of Landfill samples after being calcined at
different temperature.

The powder XRD patterns of the raw Factory and calcined Factory samples at 300, 500,
700 and 900 °C are presented in Figure 4-3. As described in Chapter 3, haematite (αFe2O3) and silica (SiO2) are the main phases of the raw Factory sample. From Figure 4-3, it
can be seen that the calcination temperature did not affect the phase composition for the
Factory sample, although it apparently played a significant role in increasing the sample
crystallinity. Under oxidising conditions, haematite is thermodynamically the most stable
compound and it is often the end phase for many transformation routes of iron oxides
[132]. It can be observed from the XRD patterns in Figure 4-3 that silica was present in the
raw and calcined samples. This is expected, especially as the Factory sample contains a
relatively high amount of silicon, as shown in Chapter 3 using ICP elemental analysis. In
addition, the intensity of the SiO2 reflections relatively increased from raw sample to
calcined sample at 500 °C and then decreased relatively at 700 and 900 °C. The haematite
phase was of low crystallinity in the raw sample and samples calcined at 300 and 500 °C,
but became more pronounced and crystalline at 700 and 900 °C.
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Figure 4-3 Powder X-ray diffraction patterns of the raw Factory
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4.2.1.2 CHN elemental analysis
Table 4-1 presents the CHN analyses of the raw and calcined Landfill and Factory
samples. It is clear that the calcination of raw samples at different temperatures led to a
reduction of the carbon and hydrogen content due to “burn off” and dehydration. This loss
in the amount of carbon and hydrogen was reduced gradually with increasing temperature
of calcination. It is observed that the carbon in Landfill sample was completely lost at 900
°C while it is completely lost in the Factory sample by 500 °C.
Table 4-1 CHN analysis for raw and calcined Landfill and Factory samples at 300,
500, 700 and 900 °C.
Calcination
temperature

Mean value, wt% for

Mean value, wt% for

Landfill sample

Factory sample

C

H

N

C

H

N

Raw sample

4.52 ± 0.02

1.29 ± 0.00

-

10.70 ± 0.01

1.70 ± 0.05

-

At 300 °C

0.78 ± 0.08

0.36 ± 0.01

-

2.34 ± 0.03

0.34 ± 0.05

-

At 500 °C

0.75 ± 0.04

-

-

-

-

-

At 700 °C

0.65 ± 0.07

-

-

-

-

-

At 900 °C

-

-

-

-

-

-
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4.2.1.3 BET surface area measurements
The surface areas of the various raw and calcined Landfill and Factory samples were
measured. Table 4-2 presents the results. It can be observed that calcination caused a
decrease in the surface area of the Landfill samples. The surface areas, after calcination at
300 or 500 °C, are quite similar and are about half of the surface area of the raw sample.
The surface areas of calcined Landfill sample at 700 and 900 °C reduced to 67 and 14
m2/g, respectively. The BET value can be related to the total surface area of the particles,
with high surface area corresponding to small particle size [180]. Hence, it is possible that
the particle size of Landfill sample increased with the increasing calcination temperature as
a result of sintering. However, from previous characterisation, it is noted that the calcined
Landfill sample at 300 or 500 °C possessed similar characteristics.
Table 4-2 BET surface area analysis for raw Landfill and Factory samples
and those calcined at 300, 500, 700 and 900 °C.
Calcination
BET surface area, m2/g
temperature
Landfill sample
Factory sample
Non-calcined
sample

254

43

At 300 °C

128

88

At 500 °C

126

80

At 700 °C

67

50

At 900 °C

14

14

The surface area of the raw Factory sample increased from 43 to 88 m2/g at a calcination
temperature of 300 °C. It seems that there are changes occurred in the sample component
led to this increase in surface area. The results of the CHN analyses, Table 4-1, showed the
quantity of carbon in this sample dropped sharply at 300 °C and was completely removed
by 500 °C. At 500 °C it is noted that the surface area began to decline gradually reaching
14 m2/g at 900 °C. Interestingly, it observed that the surface areas of the Landfill and
Factory samples calcined at 900 °C are quite similar.
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4.2.1.4 SEM images
Figure 4-4 presents SEM micrographs of raw and calcined Landfill samples. The image
(A) in Figure 4-4 shows the raw Landfill sample whereas the images (B, C) illustrate the
samples calcined at 300 and 500 °C, respectively. It is clear that the tubular morphology of
the Landfill sample was not affected by calcination at 300 and 500 °C. However, the
morphology of the Landfill samples calcined at 300 and 500 °C are somewhat similar
which supports the previous characterisation and suggests that the sample has stability in
this range of calcination temperature.
The image in Figure 4-4 (D) illustrates the effect of calcination temperature on Landfill
sample at 700 °C, where it can be seen that the tubes apparently started to melt and merge.
This is in good agreement with the result obtained during the study of the effect of reaction
temperature on methane cracking over the Landfill sample at 700 °C, as shown in Chapter
3, where the SEM images of post-reaction Landfill sample also showed that the tubes of
iron oxides began to melt at this temperature indicating that this is effect of temperature
rather than reaction atmosphere. The fusion between the components led to large particle
size which is consistent with the reduced surface area as noted in Table 4-2.
A significant change can be observed in the Landfill sample calcined at 900 °C,
Figure 4-4(E). It can be seen that the sample morphology completely changed. Moreover,
the image reveals large agglomerates of spherical particles and a very few remnants of the
tubular morphology component.
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Figure 4-4 SEM images of (A) Raw Landfill sample, (B) Landfill sample calcined at
300 °C, (C) Landfill sample calcined at 500 °C, (D) Landfill sample calcined at 700 °C and
(E) Landfill sample calcined at 900 °C.

The SEM images of the Factory samples are shown in Figure 4-5. From image (A), it can
be seen that the raw or non-calcined Factory sample possess bulky particles which may
correspond to its relatively low surface area. Due to agglomeration of particles, it is
difficult to estimate the particle size but it can be observed the changes occur upon
calcination. It can be observed that the morphology of the raw Factory sample changed
after calcination at 300 °C to yield smaller particles and agglomerates, as illustrated in
Figure 4-5(B). The image in Figure 4-5 (C) shows the calcined Factory sample at 500 °C. It
can be observed that the particles of Factory sample have agglomerated more than in the
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300 °C calcined samples. As the calcination temperature was increased to 700 °C the
particles increased further in size as shown in Figure 4-5(D).

From the image in

Figure 4-5(E), it can be seen that the calcination temperature of 900 °C produced smaller
particles with large agglomeration, which may explain the sharp decline of the surface
area.

A

B

C

D

E

Figure 4-5 SEM images of (A) Raw Factory sample, (B) Factory sample calcined at
300 °C, (C) Factory sample calcined at 500 °C, (D) Factory sample calcined at 700 °C
and (E) Factory sample calcined at 900 °C.
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4.2.2 Reaction data
4.2.2.1 Effect of calcination temperature on the Landfill sample
Figure 4-6 presents the hydrogen formation rates against time on stream for a temperature
programmed reaction from 600 to 800 °C as a result of direct cracking of methane for the
raw and calcined Landfill samples. In addition, the formation rates of carbon monoxide
and carbon dioxide associated with the hydrogen production were studied and are
presented in Figures 4-7 and 4-8, respectively. From Figure 4-6, it can be seen that the
calcination temperature played significant role in the performance of the Landfill sample.
Both non-calcined and calcined Landfill samples showed high levels of hydrogen
formation, but the calcined Landfill samples demonstrated a delay in the onset of
maximum hydrogen formation rate compared to the non-calcined sample. Moreover, the
hydrogen formation rate for all calcined Landfill samples is low and quite similar in the
temperature range from 600 to 750 °C and in the initial phase of reaction at 800 °C
whereas the non-calcined sample showed a higher hydrogen formation rate. Also, it is
observed that the hydrogen formation rate with the non-calcined Landfill sample was
increased by each temperature increase, at 650, 700 and 750 °C, and followed by a gradual
decrease. It increased sharply when the temperature was increased to 800 °C. This sharp
increase in the hydrogen formation rate preceded increases for the other samples. However,
it is notable that the hydrogen formation rates for all calcined Landfill samples are low and
steady in the temperature range from 600 to 700 °C, but they increased slightly when the
temperature rose to 750 °C and remained steady without a gradual decrease at this
temperature. When the temperature was increased again at 800 °C, the hydrogen formation
rates for these samples slightly increased and remained steady up to 600 minutes of time
on steam followed by a dramatic increase in the hydrogen formation rates. It is clear that
amongst these samples, the sample calcined at 900 °C demonstrated the highest hydrogen
formation rate, whilst the calcined Landfill sample at 300, 500 and 700 °C demonstrated a
similar activity and lower hydrogen formation rates. All the samples did not show any
deactivation and the hydrogen formation rates were still increasing at the end of each
experiment. It is likely that they will show high rates of hydrogen formation at prolonged
time on stream. The activity of calcined Landfill sample at 500 °C is close to that the
calcined Landfill sample at 300 °C as can be anticipated from their similar characteristics.
It should be noted that the pressure drop effects due to carbon deposition are observed after
680 minutes on stream for the non-calcined sample as well as beyond 740 minutes on
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stream for the sample calcined at 900 °C. In contrast, such effects were not observed for
the remainder of the calcined samples.

10

750

8

700
6

650
600

4
550
500

2

Temperature (°C )

10E4 H2 formation rate /mol H2 g

-1

min

-1

800

450
0

400
0

100

200

300

400

500

600

700

800

Time on stream/min
Raw Landfill sample
Landfill sample calcined at 500 °C
Landfill sample calcined at 900 °C

Landfill sample calcined at 300 °C
Landfill sample calcined at 700 °C
Temperature programme

Figure 4-6 Hydrogen formation rates from 600 to 800 °C as a function of
time on stream for CH4 cracking over the raw Landfill sample and
calcined Landfill samples. The CH4/N2 flow rate was 12 mL/min and 0.4
g sample mass.

It can be suggested that the delay in activity of the calcined samples results from their
relatively small surface area, unlike the non-calcined sample that has a high surface area,
as evident in Table 4-2. Although, the initial performance of non-calcined sample was high
it did not show a maximum hydrogen formation rate as high as the sample calcined 900 °C.
It may be that the early activity of non-calcined sample led to early carbon deposition,
which suppresses its performance.
The SEM images presented in Figure 4-4 illustrate the changes in the sample morphology
as a result of calcination. It was noted that the morphology of Landfill samples calcined at
700 and, particularly, 900 °C differ from the remainder of the samples. It may be that the
collapse of the tubular morphology and its integration with the non-tubular component to
form a new morphology plays a role in the enhanced performance of the 900 °C calcined
sample.
The carbon monoxide and carbon dioxide formation rates against time on stream for the
Landfill samples are shown in Figures 4-7 and 4-8, respectively. Production of carbon
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monoxide and carbon dioxide are associated with the hydrogen formation as a result of
reduction procedures, as mentioned previously in Chapter 3.
From Figure 4-7, it can be seen that the production of carbon monoxide for all samples
occurred throughout the reaction, which possibly indicates the on-going occurrence of
reduction processes. The non-calcined Landfill sample revealed the highest carbon
monoxide formation rate in the temperature range from 600 to 750 °C. It increased at each
stage of the temperature increase and was followed by a gradual decrease, but increased
sharply after 60 minutes of time on stream at 800 °C followed by sharp decline. This can
be associated with the observed hydrogen formation. However, all calcined Landfill
samples demonstrated lower CO formation rates than the non-calcined Landfill sample in
the temperature range from 600 to 800 °C, except the Landfill sample calcined at 900 °C,
which showed the highest carbon monoxide formation rate among all samples at 800 °C
and time on stream 620 minutes, which corresponds to the apparent burst in hydrogen
formation rate as shown in Figure 4-6. Moreover, the carbon monoxide formation rates for
the Landfill samples calcined at 300, 500 and 700 °C are somewhat similar. They increase
and remain steady with temperature increase, but they dropped after 230 minutes of time
on stream at 800 °C. Again, it can be observed that there is a relationship between the
carbon oxides formation rates and the hydrogen formation rates. However, the carbon
monoxide formation rates for all samples declined at 800 °C in opposition to the increase
in the hydrogen formation rates, as shown in Figures 4-6 and 4-7. This may be the
consequence of the interplay between the reduction process and the formation of active
sites.
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Figure 4-7 CO formation rates at 600 to 800 °C as a function of time
on stream for CH4 cracking over the non-calcined Landfill and
calcined Landfill samples. The CH4/N2 flow rate was 12 mL/min and
0.4 g sample mass.

Figure 4-8 illustrates the carbon dioxide formation rates for all the samples tested in the
temperature range from 600 to 800 °C. It can be noted that there is an initial burst in the
CO2 formation rate at 600 °C, except for the Landfill sample calcined at 900 °C, which
showed the lowest initial CO2 formation rate. It is observed that the CO2 formation rates
for all samples increased with temperature increase and were followed by a gradual
decrease. The non-calcined Landfill sample demonstrated a rapid drop in the CO2
formation rate at 800 °C, which almost corresponds to the lowering CO formation rate at
800 °C. This reveals that the non-calcined Landfill sample has rapid reduction compared to
calcined samples. The samples calcined at 300, 500 and 700 °C displayed similar rates of
carbon dioxide formation, which is also similar to their carbon monoxide production
behaviour.
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Figure 4-8 CO2 formation rates at 600 to 800 °C as a function of time
on stream for CH4 cracking over the non-calcined Landfill and
calcined Landfill samples. The CH4/N2 flow rate was 12 mL/min and
0.4 g sample mass.

4.2.2.2 Effect of calcination temperature on the Factory sample
The hydrogen formation rates against time on stream at temperatures from 600 to 800 °C
as a result of the direct cracking of methane over non-calcined and calcined Factory
samples are presented in Figure 4-9. It can be seen from the profile of the non-calcined
sample that it behaves differently from the calcined samples. It is noted that calcination at
300, 500 and 700 °C did not display any beneficial effects and all these samples showed
low hydrogen formation rates. In addition, it is observed that the Factory sample calcined
at 500 °C exhibits the lowest hydrogen formation rate. It can be observed that the noncalcined sample generally showed the highest hydrogen formation rate in the temperature
range from 600 to 800 °C and throughout the reaction run. In the case of the Factory
sample calcined at 900 °C, its behaviour was similar to the samples calcined at 300, 500
and 700 °C in the temperature range from 600 to 750 °C, but it exhibited superior activity
and indeed the highest hydrogen formation rate of all samples after 60 minutes when the
reaction temperature increased to 800 °C. Moreover, it was observed that the hydrogen
formation rates for all samples rose with each temperature increase and then gradually
decreased in the temperature range from 600 to 750 °C. It should be noted that the effects
of pressure drop from carbon deposition were observed after 650 minutes on stream for the
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Factory sample calcined at 900 °C. Although calcination at 300, 500 and 700 °C increased
the surface area of samples as shown in Table 4-2, their performances were low. It is
possible that the calcination at these temperatures retarded the reduction process of the
samples more than non-calcined sample and the sample calcined at 900 °C. The SEM
images in Figure 4-5 illustrated that the particles of Factory sample gradually agglomerated
upon calcination from 300 to 700 °C and they became more ordered at 900 °C. Hence, it
can be proposed that the morphology of these samples played a role in the reduction
process and consequently their performance.

It should be mentioned that the formation rates of CO and CO2 were not studied for
technical reasons.
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Figure 4-9 Hydrogen formation rates at 600 to 800 °C as a function of time
on stream for CH4 cracking over the raw Factory sample and calcined
Factory samples. The CH4/N2 flow rate was 12 mL/min and 0.4 g sample
mass.

For both the Landfill and Factory samples calcination at 900 °C resulted in the highest
hydrogen formation rates. These samples are similar in some respects, for example, the
XRD patterns, BET surface area and CHN analyses. The powder XRD patterns for these
samples displayed that haematite (α-Fe2O3) is the major phase, as illustrated in Figures 4-1
and 4-3. It is hard to attribute the high activity solely to the haematite phase, because
haematite is also evident in many of the other samples. Although haematite is the major
phase in the raw Factory sample and that calcined at 300, 500 and 700 °C, they did not
show high activity for methane decomposition.
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4.2.3 Characterisation of post-reaction calcined Landfill and
Factory samples
Post-reaction samples were characterised. Various techniques such as XRD, CHN
elemental analysis, TGA, BET surface area and SEM have been employed.

4.2.3.1 XRD patterns
Post-reaction XRD patterns for the non-calcined and calcined Landfill and Factory samples
are presented in Figures 4-10 and 4-11, respectively. Previously, it has been shown that the
pre-reaction Landfill samples contain various iron oxides. The XRD patterns in Figure 4-1,
showed that the raw or non-calcined Landfill samples comprises 2-line ferrihydrite
(Fe5HO8.4H2O), the calcined Landfill samples at 300 and 500 °C are maghemite (γ-Fe2O3)
and the Landfill samples calcined at 700 and 900 °C are haematite (α-Fe2O3).
In Figure 4-10, the XRD patterns of the post-reaction non-calcined and calcined Landfill
samples at 300, 500 and 700 °C show reflections indicative of metallic iron (Fe), iron
carbide (Fe3C) and graphite, while the post- reaction calcined Landfill samples at 900 °C
can be matched to metallic iron and graphite. These phases have been marked on the
patterns. It is clear that these phases have been formed as a result of the reduction of iron
oxides by methane at the conditions employed. According to the results obtained on
Chapter 3 and literature, the reduction processes of iron oxides are stepwise as follows
[51]:
Fe2O3

Fe3O4

FeO

Fe

Fe3C

However, it has reported [51] that metallic iron (Fe) and iron carbide (Fe3C) are active
phases for methane decomposition. At the end of reaction, the samples did not show any
deactivation and rather the hydrogen formation rates were still increasing, as shown in
Figure 4-6. It is observed that the peak intensity of iron carbide (Fe3C) in the post-reaction
non-calcined Landfill sample is higher than post-reaction Landfill samples calcined at 300,
500 and 700 °C and the reflection intensity of metallic iron (Fe) is lower compared to the
same samples and calcined samples at 900 °C. It could be that the delay in the reduction
process for these samples led to a delay in the appearance of Fe3C phase. It was observed
from the formation rates of carbon monoxide in Figure 4-7 that the non-calcined Landfill
sample showed early the highest carbon monoxide formation rate, whereas the Landfill
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sample calcined at 900 °C revealed the lowest formation rate of carbon monoxide, except
in the narrow area of time on stream (between 600 to 650 minutes at 800 °C) that showed
the highest carbon monoxide formation rate amongst all samples. Also, the CO2 formation
rate for this sample, Figure 4-8, was low compared to other samples, which indicate the
delay in the reduction process and delay in the formation of Fe3C phase.
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Figure 4-10 Powder x-ray diffraction patterns for post-reaction non-calcined and
calcined Landfill samples at different temperature.

Figure 4-11 illustrates the XRD patterns of the post-reaction non-calcined and calcined
Factory samples. It can be seen that the XRD patterns of the post-reaction non-calcined
Factory sample and those calcined at 300, 500 and 700 °C are quite similar. As shown and
discussed in Chapter 3, the XRD pattern of the post-reaction raw Factory sample showed
reflections indicative of FeO, Fe3C, FeFe4(PO4)4(OH)2.2H2O, SiO2 and graphite.
However, the XRD pattern for the post-reaction Factory sample calcined at 900 °C shows
completely different phase composition than the rest of the other samples. It can be
observed that the metallic iron (Fe), quartz (SiO2) and graphite, as have been marked on
the pattern, are the only phases in this sample. It is apparent from this result that the noncalcined Factory sample and those calcined at 300, 500 and 700 °C have not completed the
process of reduction, whereas the Factory sample calcined at 900 °C is more fully reduced.
This may explain the higher activity of the 900 °C calcined sample.
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Figure 4-11 Powder x-ray diffraction patterns for post-reaction non-calcined and
calcined Factory samples. 1: iron oxide (FeO); 2: iron carbide (Fe3C); 3: cohenite (Fe3C);
4: giniite FeFe4(PO4)4(OH)2.2H2O; 5: graphite (C); 6: quartz (SiO2).

4.2.3.2 Post-reaction CHN and TGA analysis
The post-reaction CHN analyses of non-calcined and calcined Landfill and Factory
samples are shown in Table 4-3. From this data, it is clear that the non-calcined Landfill
sample has the largest amount of carbon deposited on it (64.91 wt%) after the reaction and
the calcined Landfill sample at 300 °C has the lowest amount of carbon (45.10 wt%). It is
observed that the amount of carbon deposited on the calcined Landfill samples gradually
increases with calcination temperature. This result parallels the results of the catalytic tests
for the calcined Landfill samples, Figure 4-6, where the catalytic activity for methane
decomposition over the calcined Landfill samples gradually increases with pre-calcination
temperature.
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Table 4-3 CHN analyses for the post-reaction non-calcined and calcined Landfill and
Factory samples at 300, 500, 700 and 900 °C.
Mean value, wt% for
Mean value, wt% for
Calcination
Landfill sample
Factory sample
temperature
C
H
N
C
H
N
Raw sample

64.91 ± 0.90

-

-

41.60 ± 0.20

-

-

At 300 °C

45.10 ± 0.09

-

-

20.60 ± 0.15

-

-

At 500 °C

49.50 ± 1.98

-

-

8.60 ± 0.10

-

-

At 700 °C

50.83 ± 1.8

-

-

15.00 ± 0.11

-

-

At 900 °C

59.70 ± 0.51

-

-

47.10 ± 0.60

-

-

Although the performance of non-calcined Landfill sample was not the highest and the
time on stream was the shortest because of pressure drop effects as a result of rapid carbon
deposition (64.91 wt%). The early onset of activity for this sample at temperatures below
800 °C may explain the reason of the largest amount of carbon deposited. Although the
calcined Landfill sample at 900 °C displayed the highest hydrogen formation rate, the
amount of carbon deposited (59.70 wt %) is lower than the amount of carbon deposited on
the non-calcined Landfill sample. This can be attributed to the delay in its activity and the
fact that its highest activity only occurred over a short reaction time. The CHN analysis for
the post-reaction non-calcined and calcined Factory sample is also shown in Table 4-3. It
can be seen that non-calcined and calcined Factory samples at 900 °C have a significant
deposition of carbon being 41.60 and 47.10 wt% for the non-calcined and 900 °C calcined
samples, respectively. Further, the Factory sample calcined at 500 °C has the lowest
amount of carbon deposited (8.60 wt%). The amount of carbon deposited on the calcined
Factory samples at 300 and 700 °C are 20.60 and 15.00 wt%, respectively. These quantities
of carbon deposited are in agreement with those of reaction rates in Figure 4-9. For noncalcined sample and Factory samples calcined at 300, 500 and 700 °C, the amounts of
carbon deposited is present in the form of iron carbide (Fe3C) and graphitic carbon whilst it
is only graphitic carbon in the calcined Factory samples at 900 °C as shown by the XRD
studies presented in Figure 4-11.
TGA studies in the presence of air have been performed for the post-reaction Landfill and
Factory samples to estimate the amount of carbon deposited on them and to determine their
reactivity profile with respect to air. Figure 4-12 presents the TGA profiles for the postreaction Landfill samples. It is clear that there is an initial weight increase in the region of
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450 °C, followed by weight loss within the region of 600 °C. The weight increase that
occurred could be attributed to oxidation reactions for the reduced iron phases, iron carbide
and metallic iron, which are observed in the XRD analyses, Figure 4-10. The weight loss
can be ascribed to the combustion of carbon. In addition, it is apparent from the TGA
profiles in Figure 4-12 that the weight loss, which represents the amount of carbon
deposited, is roughly 57.50, 24.00, 30.00, 33.00 and 48.00 wt% for the non-calcined
Landfill, Landfill calcined at 300 °C, Landfill calcined at 500 °C, Landfill calcined at 700
°C and Landfill calcined at 900 °C samples, respectively. These carbon content values are
lower than those determined by CHN analyses, as illustrated in Table 4-3. It should be
noted that the general trend in the amount of carbon deposited on these samples is the same
for the post-reaction CHN analysis and TGA profiles. As discussed in Chapter 3, it is
possible that this is due to the small amount of material required to carry out these postreaction techniques. This suggests that there could be a degree of inhomogeneity in the
dispersion of carbon in the samples. It may also be a consequence of the off-set of the mass
gain and mass loss processes.
A study of the direct decomposition of methane over three types of Red Mud sample
reported post-reaction sample XRD reflections to correspond to Fe and Fe3C as well as
graphite, quartz and alumina [161]. In addition, TGA analyses for the post-reaction
samples showed an initial mass increase between 350-550 °C followed by a decrease
which extends beyond 800 °C. They attributed this increase in mass to the oxidation of the
reduced Fe3C and/or Fe phases and the mass decrease to oxidation of carbon.
However, it should be noted that the inflection in the weight loss profile for the noncalcined Landfill and calcined Landfill samples at 900 °C, as shown in Figure 4-12, may
be due to the high intensity of carbon species within a narrow distribution, which lead to a
"high-burst" of carbon combustion at ca. 580 °C (it is more evident by the first-derivative
weight change profiles as depicted in Figure 4-13). TGA analysis of these samples was
conducted three times to confirm the reproducibility of these results.
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Figure 4-12 TGA profiles for the post-reaction Landfill samples.

The first-derivative weight change profiles for the post-reaction Landfill samples are also
presented in Figure 4-13. From these profiles, the differences between the samples will be
clearer than those shown in Figure 4-12. From Figure 4-13 (A), it can be seen that the postreaction non-calcined has two mass loss regions that is, “low” and “high” temperature
combustion of carbon at ca. 570 and 600 °C, respectively. The intense peak at 570 °C
occurring in the non-calcined sample can be ascribed to a narrow distribution in the nature
of carbon species present. Landfill samples calcined at 300, 500 and 700 °C demonstrated
only one mass loss region at 580 °C, corresponding to the “high” temperature combustion
region. The general similarity of the profiles denotes that the deposited carbon species have
similar reactivity. The TGA profiles in Figure 4-13 (B) show the post-reaction noncalcined and 900 °C calcined Landfill samples have the same two mass loss regions that is,
“low” and “high” temperature combustion of carbon at ca. 570 and 600 °C, respectively.
This indicates that these two samples have a similar form of carbon deposited with the
main apparent difference being the amount of narrow distribution of carbon species at ca.
570 °C.
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Figure 4-13 TGA profiles for the post-reaction non-calcined and calcined Landfill
samples; (A) non-calcined and Landfill samples calcined at 300, 500 and 700 °C; (B) noncalcined and Landfill samples calcined at 900 °C.

The TGA profiles for the post-reaction Factory samples are presented in Figure 4-14. It is
obvious that there is an initial weight increase in the region of 400 °C, followed by weight
loss within the region 500 to 660 °C. The weight increase that occurred could be ascribed
to oxidation reactions for the iron phases, iron carbide and FeO, which corresponding to
the XRD patterns displayed in Figure 4-11. Moreover, the initial weight increase is greater
with the post-reaction Factory samples calcined at 300, 500 and 700 °C than those
observed for the non-calcined and Factory sample calcined at 900 °C. It seems that there is
a greater presence of more easily oxidised phases in 300, 500 and 700 °C samples than for
the non-calcined and Factory sample calcined at 900 °C. Previously, the results of CHN
analysis, Table 4-3, for the post-reaction Factory samples calcined at 300, 500 and 700 °C
have shown that these samples have a low amount of carbon deposited, whereas the noncalcined sample and Factory calcined sample at 900 °C have the largest amounts of carbon
deposited. Also, XRD results have demonstrated the presence of iron oxide phase (FeO) in
the post-reaction non-calcined and calcined Factory samples at 300, 500 and 700 °C.
However, the carbon content values for all Factory samples are less than those obtained in
the analysis of the CHN, as illustrated in Table 4-3.
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Figure 4-14 TGA profiles for the post-reaction Factory samples.

Figure 4-15 shows the first-derivative weight change profiles for the post-reaction noncalcined and Factory samples calcined at different temperatures. It can be seen that the
post-reaction non-calcined and Factory samples calcined at 300, 500 and 700 °C have two
weight loss regions that is, “low” and “high” temperature combustion of carbon at ca. 500
and 620 °C, respectively. In addition, the weight increase is at ca. 430 °C is pronounced.
These profiles are similar in terms of appearance, but their intensity is different due to the
amount of carbon deposited on them. This is not surprising, since these samples showed
similar phase composition, Figure 4-11. In the case of the post-reaction Factory sample
calcined at 900 °C, the TGA profile is different. It showed to have one weight loss region
at 570 °C, which was not observed with another samples. This refers to the formation of a
different form of carbon species over this sample compared to other samples.
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Figure 4-15 TGA profiles for the post-reaction Factory samples.

4.2.3.3 BET surface area measurements
Table 4-4 shows the surface areas for the pre-reaction and post-reaction non-calcined and
calcined Landfill and Factory samples. It is obvious that the post-reaction surface area of
all Landfill samples, decreased significantly except for the Landfill sample calcined at 900
°C. It seems possible that the deposition of a large amount of carbon, as shown from CHN
analysis in Table 4-3, on the surface areas of the sample caused a decrease in the surface
area. Han et al. [195] studied the decomposition of methane over carbon black at different
temperatures. They demonstrated that the specific surface area decreased as the amount of
deposited carbon increased. However, the surface areas of the post-reaction Factory
samples show a greater degree in variation. In the case of non-calcined and Factory sample
calcined at 900 °C, a significant increase in the surface area is noted from 43 to 152 m2/g
and from 14 to 40 m2/g, respectively. The increase in the surface area for post-reaction
Factory samples calcined at 700 °C is smaller. These increases in the surface area of the
post-reaction may be due to the presence of carbon species. Thus, this may be an additional
reason, which reveals the high activity of these samples, especially for those non-calcined
and Factory samples calcined at 900 °C. In addition, the surface areas for calcined Factory
samples at 300 and 500 °C are decreased from 88 to 68 m2/g and from 80 to 33 m2/g,
respectively. It was observed that the amount of carbon deposited on the post-reaction
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Factory samples calcined at 300 and 500 °C were the lowest amount compared to other
samples. In addition the results of the TGA showed that the nature of the carbon deposited
on these samples is similar to the non-calcined and Factory samples calcined at 700 °C
except for the Factory samples calcined at 900 °C. This indicates that the amount and
nature of the deposited carbon may have not played a role in the decrease of surface area of
Factory samples calcined at 300 and 500 °C. Hence, it can be suggested that there is a high
agglomeration of sample particles during the reaction, which caused to low surface area
and then low reaction rates.
Table 4-4 BET surface area analysis for the pre-reaction and post-reaction
non-calcined and calcined Landfill and Factory samples at different
temperature of 300, 500, 700 and 900 °C.

BET surface area, m2/g
Calcination
temperature

Landfill sample

Factory sample

Pre-reaction

Post-reaction

Pre-reaction

Post-reaction

Non-calcined
sample

254

41

43

152

At 300 °C

128

10

88

68

At 500 °C

126

15

80

33

At 700 °C

67

9

50

56

At 900 °C

14

16

14

40

4.2.3.4 SEM images
Figure 4-16 and 4-17 present the images for the post-reaction non-calcined and calcined
Landfill and Factory samples. From the images in Figure 4-16, it is clear that the tubular
morphology of the Landfill sample, which was observed in the pre-reaction non-calcined
and calcined Landfill samples has been lost upon reaction. Moreover, it can be noted that
carbon filaments were not formed over the calcined Landfill samples during the reaction
conditions employed, while they are observed on the non-calcined Landfill sample, as
marked with arrows in Figure 4-16 (A). As shown and discussed in Chapter 3, the noncalcined Landfill sample demonstrated the formation of carbon filaments. The high
magnification SEM and TEM images confirmed their presence.
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However, it can be seen that the morphology for the post-reaction calcined samples is
similar particularly for those calcined at 500 and 700 °C. In addition, it can be noted that
particle size of the samples became larger than that in non-calcined sample as a result of
the agglomeration or/and sintering of the particles during the calcination process and under
reaction conditions.
It is reported in the literature that the catalyst performance and the formation of carbon
filaments is strongly dependent on the catalyst particle size in the decomposition of
methane. Beyond a certain size range, being either too small or too big, metal particles will
be inappropriate for filament growth. As a result it may be that the particle size of the
calcined Landfill samples is not appropriate for carbon filamentous formation. Chen and
co-workers [39] studied the influence of the crystal size of Ni on the growth of carbon
nanofibres during the decomposition of methane. They revealed that small Ni crystals
result in a low growth rate, whereas large Ni crystals reduce the growth rate because of
their low surface area. In addition, they demonstrated that the optimum growth rate and
yield of carbon nanofibres can be achieved on optimally sized Ni crystals of ca. 34 nm
diameter. Lazaro et al. [196] investigated the effect of the preparation method and
calcination temperature (450, 600, 800, and 1000 °C) on the activity of Ni–TiO2 and Ni–
Cu–TiO2 catalysts in the catalytic decomposition of methane at 700 °C. They found that
the increase of the calcination temperature increases the particle size and that they
observed that the largest Ni particles did not promote the formation of carbon filaments.
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Figure 4-16 SEM images for the post-reaction (A) non-calcined Landfill sample, (B)
Landfill sample calcined at 300 °C, (C) Landfill sample calcined at 500 °C, (D) Landfill
sample calcined at 700 °C and (E) Landfill sample calcined at 900 °C.

Figure 4-17 presents the images for post-reaction non-calcined and calcined Factory
samples. It can be seen that there is a difference among the morphology of the samples in
terms of particle agglomeration and size. The images of all samples have been taken at
same magnification except for one image for the Factory sample calcined at 900 °C where
high magnification is used for clarification the surface of this sample. From these images,
it is noted that the carbon filaments were not formed over the non-calcined and Factory
samples calcined at 300, 500 and 700 °C, while they are clearly present in Factory sample
calcined at 900 °C, as shown in Figure 4-17 (E, F).
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Comparison between the images displayed in Figure 4-17 (A-D), indicates an increase of
agglomeration of particles. Previously, it has been noted that the calcination of raw Factory
sample at different temperatures led to agglomeration of sample particles, as presented in
Figure 4-5. Therefore, the employed reaction conditions seemed to result in further
sintering. It should be mentioned that it is difficult to determine the exact particle size but
it can be observed the changes that have taken place.
By looking at the image (C) in Figure 4-17, it appears that the post-reaction Factory sample
calcined at 500 °C possess the largest particle size. This may be a reason for the fact that
this sample exhibits the lowest activity of all the samples. Echegoyen et al. [197] studied
the effect of three different methods of preparation on the methane decomposition over Ni–
Mg catalysts at 700 °C. They noted that the activity of these catalysts is different. The
variation in the performance of these catalysts was attributed to the particle size of spent
catalysts. They claimed that the highest particle size of Ni led to the lowest hydrogen
production and the smallest particle size of Ni results in the highest hydrogen yield.
However, image (E) in Figure 4-17 illustrates the morphology of post-reaction the Factory
sample calcined at 900 °C. It is clear that the morphology of this sample has a “fluffy
cotton” li e shape, resulting from formation of filamentous carbon. The high magnification
image in Figure 4-17 (F), shows filamentous carbon on the surface of the post-reaction
sample. It suggests that calcination at high temperatures (900 °C) for this sample and the
reaction condition produced a suitable morphology and particle size for the formation of
these filaments in addition to the high activity of this sample as observed in Figure 4-9.
However, further investigation is required to define the most suitable morphology and
particle size.
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Figure 4-17 SEM images for the post-reaction (A) non-calcined Factory sample, (B)
Factory sample calcined at 300 °C, (C) Factory sample calcined at 500 °C, (D) Factory
sample calcined at 700 °C and (E,F) Factory sample calcined at 900 °C.
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4.3. Effect of acid treatment on Landfill and Factory samples
4.3.1 Introduction
By analogy to the treatment of clays, Landfill and Factory samples were treated with
hydrochloric acid in an attempt to improve their catalytic performance. The treatment of
clays with acids is one of the most common methods to activate them as catalysts that by
improving their physical and chemical properties. There are many published studies that
showed the activation of clay for catalytic purposes by acids, for example, Sivasankar and
co-workers [198] studied the cracking of cumene over two types of clay activated with
hydrochloric acid. They treated these materials with different concentrations of HCl and
revealed that this treatment led to leaching out of the exchangeable cations and some
amount of aluminium without seriously disrupting the clay structure. Also, they found that
the surface area and the acidity increase with increase in the concentration of acid. The
conversion of cumene to other hydrocarbons was found to increase linearly as a function of
acidity for these samples of clay.

As outlined in Chapter 2, 50 mL of 0.5 m HCl was added to 1.5 g of as obtained Landfill
and Factory samples. The resulting solution was stirred for 30 minutes at room
temperature. The obtained solution was filtered and the residue was washed with distilled
water several times. The samples were dried at 100 °C for overnight and calcined in air at
500 °C for 5 h. The characterisation of pre-reaction treated samples, reaction data and the
characterisation of post-reaction for treated samples are presented below. A number of
characterisation techniques such as XRD, ICP, TGA, CHN elemental analysis, BET
surface area measurement and SEM have been applied.

4.3.2 Reaction data
Figures 4-18 and 4-19 present the hydrogen formation rates against time-on-stream in the
temperature programme from 600 to 800 °C as a result of the direct cracking of methane
over the raw and HCl treated samples. In Figure 4-18, it can be seen that the treatment of
Landfill sample with HCl led to a significant decline in the activity. For both untreated and
treated samples, it is observed that for each stage of temperature increase there was an
increase in the hydrogen formation rate. At 800 °C, it is clear that the raw Landfill sample
showed superior performance whereas the treated sample showed only a modest initial
activity increase followed by a gradual decrease.
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Figure 4-18 Hydrogen formation rates at 600 to 800 °C as a function
of time on stream for CH4 cracking over the raw Landfill sample and
Landfill sample treated with HCl. The CH4/N2 flow rate was 12 mL/min
and 0.4 g sample mass.

Figure 4-19 presents the formation rate data for hydrogen production against time-onstream in the temperature programme from 600 to 800 °C as a result of the direct cracking
of methane over the raw Factory sample and Factory samples treated with HCl. It can be
seen from Figure 4-19 that the treatment of Factory sample with HCl decreased the activity
of the raw Factory sample. It is noted for both untreated and treated samples that for each
stage of temperature increase there was an increase in the hydrogen formation rate. At
800 °C, it is evident that raw Factory sample showed higher performance while the treated
sample with HCl showed a more gradual increase for hydrogen production. In addition, no
deactivation was observed for either sample. It may be possible that the treated sample
with HCl shows high performance beyond 750 minutes and no deactivation was noted.
From comparison between the performance of the Factory sample calcined at 500 °C (no
treatment with HCl) as shown in Figure 4-9, and Factory samples treated with HCl, it is
evident that the performance of treated Factory samples with HCl is higher at 800 °C. This
indicates that the sample composition has altered to be more active than the Factory sample
calcined at 500 °C for methane cracking reaction.
The characterisation of pre-reaction and post-reaction samples may shed light upon the
reasons which affected the activity of these samples.
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Figure 4-19 Hydrogen formation rates at 600 to 800 °C as a function
of time on stream for CH4 cracking over the raw Factory sample and
Factory sample treated with HCl. The CH4/N2 flow rate was 12
mL/min and 0.4 g sample mass.

4.3.3 ICP analysis of Landfill and Factory samples treated with
HCl
Table 4-5 presents the results of ICP-OES analyses for some elements of the Landfill and
Factory samples to observe the changes that have occurred on the components of these
samples upon HCl treatment. For the samples treated with HCl, the weight percentages of
Fe, Al, Si, Ca, Na, K and Mg were measured. Also the weight percentage of these elements
in the raw samples is presented for comparison. It can be seen that the amount of iron in
both samples increased after treatment with acid. This indicates that some components of
the samples were removed and that the acid may not have affected the iron component or
may have a very limited relative impact upon it. The weight percentage of Fe increased
from 36.00 to 58.00 wt% for the Landfill sample, whereas it increased from 22.70 to 32.20
wt% for the Factory sample. It is observed that the amount of aluminium in the treated
samples slightly decreased compared to the raw sample counterparts. For silicon, it is clear
that its amount dramatically decreased from 17.30 to 7.00 wt% for the Landfill sample,
whereas it increased from 24.00 to 35.00 wt% for Factory sample. This suggests that the
silicon in Landfill sample is less acid-stable than that of the Factory sample.
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Table 4-5 ICP-OES analysis for elemental content of the raw Landfill and Factory
samples and Landfill and Factory samples treated with HCl.

wt (%)

Landfill sample
after treatment
with HCl
wt (%)

wt (%)

Factory sample
after treatment
with HCl
wt (%)

Fe

36.00

58.00

22.70

32.20

Al

1.20

0.82

3.80

3.51

Si

17.30

7.00

24.00

35.00

Ca

2.50

0.72

1.44

1.24

Na

3.95

5.16

4.80

2.23

K

0.70

0.18

1.25

0.89

Mg

0.09

0.04

1.20

0.97

Element

Raw Landfill
sample

Raw Factory
sample

Moreover, it is noted the amount of Ca, K and Mg in the treated sample decreased
compared to raw samples. The amount of Na in the treated Landfill sample increased from
3.95 to 5.16 wt%, whereas it decreased from 4.80 to 2.23 wt% in the treated Factory
sample. It is possible that sodium species are different in both samples where it is nonsoluble or has low solubility in HCl in Landfill sample whilst it is dissolved in the Factory
sample.
However, from the ICP results in Table 4-5, it was noted that the amount of Fe and Na
increased whereas the amount of Si decreased. Thus, the low activity of the treated Landfill
sample could be attributed to the increase in the relative amount of Na (Na is an alkali
metal, which is known to function as poison in the decomposition of methane).
Although the results of the ICP analysis for the HCl treated Factory sample apparently
favourably improve the performance of the sample, it was limited. Therefore, it could be
the morphology or particle size of the treated sample played a role in the low performance.

4.3.4 XRD patterns
The XRD patterns of the pre- and post-reaction forms of the HCl treated Landfill and
Factory samples are shown in Figures 4-20 and 4-21, respectively. From Figure 4-20, it is
obvious that the treatment of Landfill sample transforms the 2-line ferrihydrite phase
(Fe5HO8.4H2O) to amorphous maghemite (-Fe2O3) and clinoferrosillite (FeSiO3).
However, the XRD pattern of the post-reaction treated Landfill sample shows that the iron
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oxide phases have transformed to metallic iron (Fe). This indicates that the sample is
completely reduced to metallic iron. Although metallic iron is an active phase for methane
cracking the sample does not appear to possess any significant activity. Also, iron carbide,
which is proposed to be an active phase for methane cracking did not form. This suggests
that the sample is completely reduced to metallic iron and the narrow reflections observed
indicate the iron particles sintered.

5000

1: Maghemite (-Fe2O3)

3

2: Clinoferrosillite (FeSiO )
3
3: Iron (Fe)

Intensity (a.u.)

4000

3

3000

3
1

2000

1,2
1,2

2

2

1000

2
2

1,2

1

1

2
2 1,2

2
2

10

20

30

40

2

50

60

70

80

Pre-reaction Landfill sample treated with HCl
Post-reaction Landfill sample treated with HCl

Figure 4-20 Powder X-ray diffraction patterns for pre- and postreaction HCl treated Landfill samples. 1: maghemite (γ-Fe2O3), 2:
Clinoferrosillite (FeSiO3) 017-0548 and 3: Iron (Fe) 06-0696.

The XRD patterns of the pre- and post-reaction treated Factory samples are presented in
Figure 4-21. It can be observed that the XRD pattern of the pre-reaction treated Factory
sample is similar to those for the Factory samples calcined at 300 and 500 °C, as shown in
Figure 4-3, which match to haematite (α-Fe2O3) and silica (SiO2). This indicates that the
Factory sample is not much affected by acid treatment, but it was affected by the
calcination process despite the change of element ratio. However, the XRD pattern of the
post-reaction treated Factory sample displays the formation of many phases including
metallic iron (Fe), iron carbide (Fe3C), silica (SiO2) and graphite (C). This suggests that the
treated Factory sample reduced substantially upon reaction. This behaviour was not
observed in the patterns of the post-reaction raw Factory sample and the Factory samples
calcined at 300, 500 and 700 °C, which demonstrated the formation of FeO, Fe3C,
FeFe4(PO4)4(OH)2.2H2O, SiO2 and graphite, as previously shown in Figure 4-11.
Therefore, it can be concluded that the treatment of the Factory sample with HCl assists in
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the reduction of the Factory sample during the reaction run. It is difficult to find a clear
reason from the results of XRD patterns for the apparent low performance of treated
Factory sample compared to the raw Factory sample as the ICP and XRD analyses would
suggest that improved activity may be expected.
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Figure 4-21 Powder X-ray diffraction patterns for pre- and postreaction HCl treated Factory samples.1: Haematite (α-Fe2O3) 24-0072,
2: Silica (SiO2) 42-1401, 3: Iron (Fe) 06-0696, 4: Iron carbide (Fe3C)
35-0772, 5: Silica (SiO2) 38-0360, 6: Graphite (C) 25-0284.

4.3.5 CHN and TGA analysis
CHN analyses for the pre- and post-reaction HCl treated Landfill and Factory samples are
presented in Table 4-6. The data for the corresponding non-treated samples are also
presented for comparison. It can be seen that the treatment of these samples led to loss of
the carbon and hydrogen from the Landfill and Factory raw samples. It is observed that the
post-reaction HCl treated Landfill sample does not contain carbon is due to its low reaction
performance. XRD patterns support this result where the peaks of iron carbide or/and
graphite were not observed, as shown in Figure 4-20. The post-reaction treated Factory
sample contains 13.53 wt% carbon but this is still lower than the post-reaction non-treated
Factory sample. Again, this can be related to its low reaction performance compared to raw
Factory sample. For comparison between the amount of carbon deposited on treated
Factory sample and on calcined Factory sample at 500 °C (as shown in Table 4-1), it can

128
be noted that the amount of carbon deposited on the treated Factory sample is larger than
the amount of carbon deposited on the Factory sample calcined at 500 °C being 13.53 and
8.60 wt%, respectively. This is also due to the poorer reaction performance of the calcined
Factory sample calcined at 500 °C.
Table 4-6 CHN analysis for the Non-treated Landfill and Factory samples
and their post-reaction form and Pre-reaction treated Landfill and Factory
sample with HCl and their post-reaction form.
Mean value, wt%
Sample

Non-treated Landfill sample

C

H

N

4.52 ± 0.02

1.29 ± 0.00

-

Pre-reaction HCl-treated
Landfill sample
Post-reaction Non-treated
Landfill sample
Post-reaction HCl-treated
Landfill sample

-

-

-

64.91 ± 0.90

-

-

-

-

-

Non-treated Factory sample

10.70 ± 0.01

1.70 ± 0.05

-

Pre-reaction HCl-treated
Factory sample

-

-

-

Post-reaction Non-treated
Factory sample

41.60 ± 0.20

-

-

Post-reaction HCl-treated
Factory sample

13.53 ± 0.25

-

-

TGA studies in the presence of air have been performed for the post-reaction treated
Landfill and Factory samples to evaluate the amount of carbon formed in both samples and
to determine their reactivity profiles with respect to air. Figure 4-22 (A and B) presents the
TGA profiles for the post-reaction treated Landfill and Factory samples. From Figure 4-22
(A), it can be seen that the weight of the post-reaction treated Landfill sample gradually
increased in the region from 200 to 750 °C followed by no further increase up to 1000 °C.
It was noted from XRD pattern of this sample that metallic iron is the main phase and it is
the only phase apparent, as shown in Figure 4-20. Therefore, the increase of weight can be
attributed to the oxidation of metallic iron. Furthermore, it is noted that there is no loss in
weight, in good agreement with the CHN data. The TGA profile in Figure 4-22 (B) of the
post-reaction treated Factory sample exhibits an initial weight increase of ca. 7 wt%,
followed by a decrease in the weight of the sample in temperatures beyond 480 °C. The
weight increase can be attributed to the oxidation of the metallic Fe and/or Fe3C phases, as
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observed in the XRD pattern in Figure 4-21. In addition, the weight decrease can be
ascribed to the burning off carbon deposited on the sample, which is about 8 wt%.

108

132

(B)

0.04

(A)

116
112

-0.08

108
104

-0.12

o

-0.04

Weight (%)

120

Deriv. Weight (%/ C)

106

o

124

Deriv. Weight (%/ C)

128

Weight (%)

0.08

0.00

104
0.00
102
-0.04

100

100
98

0

200

400

600

800

1000

Temperature (°C )

0

200

400

600

800

-0.08
1000

Temperature (°C )

Figure 4-22 TGA profiles for the post-reaction HCl treated Landfill sample (A) and Factory
samples (B).

4.3.6 BET surface area measurements
Table 4-7 presents the surface areas of the pre-and post-reaction HCl treated Landfill and
Factory samples. Their non-treated counterparts are included for ease of comparison. From
the data, it can be seen that the surface area of the Landfill sample reduced from 254 to 140
m2/g as a result of the treatment process, while the surface area of the Factory sample
increased from 43 to 81 m2/g. However, it can be noted that the surface areas of postreaction raw and treated Landfill samples dropped to 41 and 14 m2/g, respectively. The
decrease in the surface area of the post-reaction raw Landfill sample was attributed to the
large amount of carbon deposited. The post-reaction treated Landfill sample did not show
the presence of any deposited carbon although a decrease in the surface area of the postreaction treated Landfill sample was observed. Based on this result, this may be the major
reason of decline in the performance of this sample.
However, it can be observed that the surface area of the post-reaction raw Factory sample
increased from 43 to 152 m2/g, whilst the surface area of the post-reaction treated Factory
sample decreased from 81 to 43 m2/g. The increase in the surface area of post-reaction
non-treated Factory samples was attributed to mass normalisation effects and the density of
the carbon deposited, while the decrease in the surface area of the post-reaction treated
Factory sample could be ascribed to sintering.
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Table 4-7 BET surface area analysis for the pre- and post-reaction raw and
treated Landfill and Factory samples.

BET surface area, m2/g

Sample

Raw Landfill
sample

Landfill
sample
treated with
HCl

Raw Factory
sample

Factory
sample
treated with
HCl

Pre-reaction

254

140

43

81

Post-reaction

41

4

152

43

4.3.7 SEM images
Figure 4-23 presents the SEM images of the pre- and post-reaction treated Landfill and
Factory samples in addition to the SEM images of raw Landfill and Factory samples. The
images (A and B) in Figure 4-23 show the morphology of the raw Landfill sample and the
pre-reaction treated Landfill sample, respectively. It can be observed that the treatment
process of Landfill sample results to reduce the occurrence of the tubular morphology
phase and increases sample agglomeration, which may reduce the surface area of the
treated Landfill, as shown in Table 4-7. The image (E) shows the morphology of the postreaction treated Landfill sample. From this image, it can be seen that the tubular
morphology completely disappeared and the agglomeration of the sample particles
increased to generate much larger particles.
The images (C and D) in Figure 4-23 present the morphology of raw and pre-reaction
treated Factory samples, respectively. From these images, it can be observed that the
treatment of Factory sample produced a slightly smaller particle size compared to the raw
Factory sample, despite the morphology of both samples being generally similar. The
formation of small particle size for the treated Factory sample may be the reason for the
increase in the surface area of the sample, as shown in Table 4-7. The image (F) illustrates
the morphology of the post-reaction treated Factory sample. This image shows that no
filamentous carbon is formed and the particles size appears to be smaller and agglomerated
compared to the pre-reaction treated Factory sample.

131
It should be mentioned that all characterisation, which has been made for the pre-reaction
and post-reaction treated Factory sample, shows that the chemical and physical properties
of this sample have been modified, but its performance remains lower than that of raw
sample. This cannot at present be explained.

A

B

C

D

E

F

Figure 4-23 SEM images of (A) raw Landfill sample, (B) pre-reaction treated Landfill
sample, (C) raw Factory sample (D) pre-reaction treated Factory sample, (E) post-reaction
treated Landfill sample, (F) post-reaction treated Factory sample.
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4.4. Effect of palladium dopant on the Landfill and Factory
samples
4.4.1 Introduction
The major metal in the Landfill and Factory samples is iron and as mentioned in the
introduction of this chapter, palladium based catalysts have high activity for the methane
cracking reaction. In addition, palladium has been used as promoter for Fe based catalysts.
Ogihara and co-workers [63] studied the methane decomposition for hydrogen production
over Pd-based alloy catalysts supported on alumina. They found that the hydrogen yield
increased 5x following Pd addition at 700 °C respectively. Shah et al. [46] also
investigated the effect of Pd addition to Fe/Al2O3 catalyst for methane decomposition and
hydrogen production as a function of increasing temperature. They found that Pd-Fe/Al2O3
catalyst showed a higher activity than Fe/Al2O3 catalyst. Therefore, palladium has been
used as promoter for the Landfill and Factory samples in an attempt to enhance their
catalytic activity.
As outlined in Chapter 2, 0.4 wt% Pd/Landfill and 0.4 wt% Pd/Factory samples were
prepared by incipient wetness impregnation of Landfill and Factory samples. An aqueous
solution of palladium nitrate (Pd (NO3)2.xH2O) containing the required amount of Pd was
added to Landfill and Factory samples. The impregnated sample was dried at 100 °C for 24
h and calcined in air at 500 °C for 16 h. The 0.4 wt% Pd/Landfill and 0.4 wt% Pd/Factory
samples were subjected to the same reaction conditions applied to the raw and modified
Landfill and Factory samples. The characterisation of pre-reaction and post-reaction 0.4
wt% Pd/Landfill and 0.4 wt% Pd/Factory samples has been undertaken.

4.4.2 Reaction data
The hydrogen, carbon monoxide and carbon dioxide formation rates against time-onstream in the temperature range from 600 to 800 °C for the 0.4 wt% Pd/Landfill and 0.4
wt% Pd/Factory samples are shown in Figures 4-24 to 4-28. The data for the raw Landfill
and Factory samples is also shown for comparison. From Figure 4-24, it is evident that the
0.4 wt% Pd/Landfill sample demonstrated a low level of the hydrogen formation rate in the
temperature range from 600 to 750 °C and even in the initial stage of temperature at
800 °C, being lower than that in raw Landfill sample. In addition, it is observed that the
hydrogen formation rate with 0.4 wt% Pd/Landfill sample increased at each stage of
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temperature increase and remained steady. This is different from the raw sample for which
an increase with the temperature increase was followed by a gradual decrease observed
after each temperature increment. When the temperature was increased to 800 °C, the
hydrogen formation rate with raw Landfill sample gradually increased along with the
temperature increase to achieve a maximum of 6.61x10-4 mol H2 g-1 min-1, while the
hydrogen formation rate with 0.4 wt% Pd/Landfill sample increased slightly and remained
steady around 150 minutes followed by a sharp increase to achieve roughly 7.5 x 10-4 mol
H2 g-1 min-1, which is higher than that in the raw sample. It should be noted that the
activation time of 0.4 wt% Pd/Landfill sample at 800 °C is longer than for the raw sample.
Also, deactivation was not observed and both reactions were stopped due to the reactor
blockage as a result of carbon deposition and an increased pressure drop through the fixed
bed.
It can be suggested that the low performance of 0.4 wt% Pd/Landfill sample at
temperatures below 800 °C and the delay of the high performance of the sample at 800 °C
is attributed to the delay of the reduction process to form active sites for the cracking
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Figure 4-24 Hydrogen formation rates at 600 to 800 °C as a function of
time on stream for CH4 cracking over the raw Landfill sample and 0.4 wt%
Pd/Landfill. The CH4/N2 flow rate was 12 mL/min and 0.4 g sample mass.

Figures 4-25 and 4-26 illustrate the carbon monoxide and carbon dioxide formation rates
for the raw and Pd doped Landfill samples in the temperature range from 600 to 800 °C,
respectively. As mentioned in Chapter 3, production of carbon monoxide and carbon
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dioxide are associated with hydrogen production, which is a result of reduction of the
metal oxides, particularly iron. It can be seen from Figure 4-25 that the formation rate of
CO for the raw Landfill sample is higher than the formation rate of CO for the 0.4 wt%
Pd/Landfill sample. Also, the CO formation rates for both samples increased for each
temperature increment. However, the stability at each isothermal step varied between raw
and Pd-promoted samples where the raw sample showed evidence of decrease during each
step and the Pd-promoted sample only clearly decreased at 800 °C. The maximum and the
sharp drop of CO formation rate was observed at 800 °C and ca. 450 minutes of time on
stream for the raw Landfill sample, while it occurs at ca. 600 minutes time on stream for
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Figure 4-25 CO formation rates at 600 to 800 °C as a function of time
on stream for CH4 cracking over the raw Landfill and 0.4 wt%
Pd/Landfill samples. The CH4/N2 flow rate was 12 mL/min and 0.4 g
sample mass.

However, the raw Landfill sample demonstrated a high initial CO2 formation rate at 600 °C
compared to 0.4 wt% Pd/Landfill sample and at 650 °C, as shown Figure 4-26. Similar
values of CO2 formation rate at 700 and 750 °C occurred for both samples. Again the CO2
formation rates for both samples were increased at each temperature increment followed by
a gradual decrease. Moreover, a sharp drop of the CO2 formation rate was observed at
800 °C and ca. 450 minutes of time on stream for the raw Landfill sample, while it is noted
at ca. 570 minutes of time on stream for the 0.4 wt% Pd/Landfill sample.
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Figure 4-26 CO2 formation rates at 600 to 800 °C as a function of
time on stream for CH4 cracking over the raw Landfill and 0.4 wt%
Pd/Landfill samples. The CH4/N2 flow rate was 12 mL/min and 0.4 g
sample mass.

Since the CO formation rate over Pd/Landfill sample is lower than that the raw Landfill
sample and the formation rate of CO and CO2 dropped at a later time on stream, it seems
that the Pd/Landfill sample is reduced more slowly, which may be resulted in the delay of
the high performance of this sample at 800 °C. In addition, for both samples, when the CO
and CO2 formation rates increased to their maximum values and then sharply dropped, the
hydrogen formation rates increased.
Figure 4-27 shows the hydrogen formation rate versus time on stream in the temperature
range from 600 to 800 °C for the raw and Pd doped Factory samples. From Figure 4-27, it
is evident that the performance of 0.4 wt% Pd/Factory was very low compared to the raw
Factory sample. In addition, it is lower than those calcined Factory sample at 500 °C and
Factory samples treated with HCl, as illustrated in Figures 4-9 and 4-19.
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Figure 4-27 Hydrogen formation rates at 600 to 800 °C as a function
of time on stream for CH4 cracking over the raw Factory sample and
0.4 wt% Pd/Factory sample. The CH4/N2 flow rate was 12 mL/min and
0.4 g sample mass.

It is surprising that the addition of palladium into Factory sample acted as a poison,
especially since palladium is such an active metal for methane cracking. However the
addition of palladium sample enhanced the Landfill performance at 800 °C. Moreover, a
few studies have revealed that the addition of palladium to iron based catalysts or vice
versa, enhance their activity. During the procedure of modification of the Factory sample
with Pd, it may be an undesirable component may have formed or some other effect
occurred, which is not clear, particularly as this sample is a waste material for which there
is incomplete understanding of all its components.

Figures 4-28 and 4-29 present the carbon monoxide and carbon dioxide formation rates for
the raw Factory and Pd doped Factory samples in the temperature range from 600 to
800 °C, respectively. It can be observed from Figure 4-28 that the formation rate of CO for
the Pd/Factory sample is higher than for the raw Factory sample especially in the
temperature range from 650 to 800 °C. Also, it is noted that the CO formation rates for
both samples are quite similar at temperature 600 °C, followed by increased differences at
each stage of the temperature increase.
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Figure 4-28 CO formation rates at 600 to 800 °C as a function of time
on stream for CH4 cracking over the raw Factory and 0.4 wt% Pd/
Factory samples. The CH4/N2 flow rate was 12 mL/min and 0.4 g
sample mass.

Figure 4-29 illustrates the CO2 formation rates for the raw and Pd doped Factory samples
in the temperature programme range from 600 to 800 °C. It can be observed that both
samples showed an initial high CO2 formation rate at 600 °C, followed by a sharp decline.
The CO2 formation rates for two samples were quite similar in the temperature range from
600 to 750 °C. Also, their behaviour was quite similar where they were increased in each
stage of the temperature increase and followed by a gradual decrease. Moreover, it was
noted that the CO2 formation rate for the raw Factory sample sharply dropped after 60
minutes of time on stream at 750 °C, while it was sharply declined after 30 minutes of time
on stream at 800 °C for the Pd doped Factory sample.
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Figure 4-29 CO2 formation rates at 600 to 800 °C as a function of
time on stream for CH4 cracking over the raw Factory and 0.4 wt%
Pd/ Factory samples. The CH4/N2 flow rate was 12 mL/min and 0.4 g
sample mass.

Again, the production of CO and CO2 are a result of reduction procedures of the sample.
Therefore, it would seem from the data in Figure 4-28 and 4-29 that the 0.4 wt%
Pd/Factory sample is more reducible than raw Factory sample. This finding is unexpected;
especially the 0.4 wt% Pd/Factory sample did not show high activity. The characterisation
of pre-reaction and post-reaction for these modified samples could lead to elucidation of
the reasons.

4.4.3 XRD patterns
Figures 4-30 and 4-31 present the XRD patterns of the pre- and post-reaction 0.4 wt%
Pd/Landfill, respectively. From Figure 4-30 (A), it is evident that the addition of Pd to the
Landfill sample results in transformation the 2-line ferrihydrite phase (Fe5HO8.4H2O) to
maghemite (γ-Fe2O3) a significant amorphous component. The palladium added into the
Landfill sample was not detected suggesting that the Pd containing component remains in a
highly dispersed form. This XRD pattern of the pre-reaction 0.4 wt% Pd/Landfill sample is
similar to those XRD patterns of Landfill samples calcined at 300 and 500 °C as well as
the Landfill sample treated with HCl. This suggests that calcination at 500 °C in these
samples played an important role in the similarity of these phases.
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However, the XRD pattern for the post-reaction 0.4 wt% Pd/Landfill sample shows the
formation of iron (Fe), iron carbide (Fe3C) and graphite phases, as marked on the pattern.
This indicates that the sample is reduced during reaction. This result is in a good agreement
with the phases that formed during cracking of methane over the raw and calcined Landfill
samples. As mentioned in Chapter 3, the metallic Fe and Fe3C species have a catalytic
effect in methane cracking and when these phases are formed in Landfill sample, the high
activity appears. Although these phases were noted in the post-reaction 0.4 wt%
Pd/Landfill sample, the raw Landfill sample and Landfill sample calcined at 500 °C, the
0.4 wt% Pd/Landfill sample showed the highest maximum H2 formation rate amongst
them. Hence, it is suggested that the palladium addition to Landfill sample increased the
activity of Landfill sample, although an extended time on stream was necessary.
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Figure 4-30 Powder X-ray diffraction patterns for the pre-reaction (A) and the postreaction (B) 0.4 wt% Pd/Landfill sample.

Figure 4-31 presents the XRD patterns of the pre- and post-reaction 0.4 wt% Pd/Factory
samples. From Figure 4-31 (A), it can be noted that the XRD pattern of the pre-reaction 0.4
wt% Pd/Factory sample is similar to those for the pre-reaction Factory sample calcined at
500 °C and Factory sample treated with HCl, as shown in Figure 4-3 and 4-21, which can
be matched with the haematite (α-Fe2O3) and silica (SiO2). Furthermore, the palladium
component was not detected. This indicates that the Factory sample is not much affected
by the palladium addition.
The XRD pattern of the post-reaction for 0.4 wt% Pd/Factory sample is shown in
Figure 4-31 (B). It can be observed that the positions of reflections correspond to metallic
Fe and SiO2 phases, as marked on the pattern. This reveals that the haematite (α-Fe2O3)
phase in the pre-reaction 0.4 wt% Pd/Factory sample has been reduced and transformed to
metallic iron (Fe) and the silica (SiO2) phase still remaining. This finding could lead to
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understanding the cause of the low performance of the 0.4 wt% Pd/Factory sample. Since
the iron carbide phase is absent and the metallic iron is formed, this indicates that the
sample was completely reduced and the severe sintering may have occurred. In addition,
iron carbide is active phase for methane cracking and its absence in the sample could lead
to lose a part of its activity.
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Figure 4-31 Powder X-ray diffraction patterns for pre-reaction (A) and post-reaction (B)
0.4 wt% Pd/Factory sample.

It is somewhat surprising that the modified Factory sample in three cases (calcined at 500
°C, treated with HCl and Pd doped) have a quite similar resemblance in their pre-reaction
phases, but their post-reaction phases are different. For example, the XRD pattern of the
post-reaction Factory sample calcined at 500 °C shows that the sample was not completely
reduced and iron oxide (FeO) was still present, in addition to the presence of iron carbide
(Fe3C) and silica (SiO2), whereas the post-reaction HCl treated Factory sample showed that
the sample was completely reduced and metallic iron, iron carbide (Fe3C) and silica (SiO2)
were formed. In case of the 0.4 wt% Pd/Factory sample, only metallic iron (Fe) and silicon
oxide (SiO2) were apparent.

4.4.4 CHN and TGA analysis
Table 4-8 presents the CHN analyses for the pre- and post-reaction 0.4 wt% Pd/Landfill
and 0.4 wt% Pd/Factory samples. The data for the pre- and post-reaction raw Landfill and
Factory samples is also presented for comparison. It can be observed that the modification
procedures of Landfill sample with Pd results in a reduction of the amount of carbon and
hydrogen from 4.52 to 0.28 wt% and from 1.29 to 0.26 wt%, respectively. However, it is
noted that the modification of the Factory sample with Pd led to the loss of all the carbon
and hydrogen content.
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CHN data for the the post-reaction 0.4 wt% Pd/Landfill sample shows that the amount of
carbon deposited is 61.53 wt%. This value is marginally lower than amount of carbon
deposited on the post-reaction raw Landfill sample, which is 64.91 wt%. Despite the
reaction rate of 0.4 wt% Pd/Landfill sample being higher than that raw Landfill sample at
800 °C, the amount of carbon deposited is lower. The high amount of carbon deposited on
the post-reaction raw Landfill sample can be attributed to its high reaction rate during the
temperature programme from 600 to 750 °C and even in the first stage of reaction at 800
°C, as shown Figure 4-24. The post-reaction CHN analysis of the 0.4 wt% Pd/Factory
sample shows a very low amount of carbon deposited, which is 1.48 wt%. This is expected
as the overall reaction rate was very low for this sample.
Table 4-8 CHN analysis for the pre- and post-reaction 0.4 wt% Pd/Landfill and
0.4 wt% Pd/Factory samples and the pre- and post-reaction raw Landfill and
Factory samples.
Mean value, wt%
Sample
C

H

N

Raw Landfill sample

4.52 ± 0.02

1.29 ± 0.00

-

Pre-reaction 0.4 wt%
Pd/Landfill sample

0.28 ± 0.08

0.26 ± 0.03

-

Post-reaction raw Landfill
sample

64.91 ± 0.90

-

-

Post-reaction 0.4 wt%
Pd/Landfill sample

61.53 ± 0.30

-

-

Raw Factory sample

10.70 ± 0.01

1.70 ± 0.05

-

Pre-reaction 0.4 wt%
Pd/Factory sample

-

-

-

Post-reaction raw Factory
sample

41.60 ± 0.20

-

-

Post-reaction 0.4 wt%
Pd/Factory sample

1.48 ± 0.08

-

-

TGA studies in air have been carried out for the post-reaction 0.4 wt% Pd/Landfill and 0.4
wt% Pd/Factory samples to estimate the amount of carbon deposited upon them and to
determine their reactivity profiles with respect to air. Figure 4-32 (A, B) depict the TGA
oxidation profiles for the post-reaction 0.4 wt% Pd/Landfill and 0.4 wt% Pd/Factory
samples. Figure 4-32 (A) illustrates the TGA profile for the post-reaction 0.4 wt%
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Pd/Landfill sample. It is obvious that there is an initial weight increase between 400 and
500 °C, followed by a decrease up to 700 °C as for other samples, the weight increase that
occurred could be ascribed to oxidation reactions for the metallic iron and iron carbide
phases, which have been observed in the XRD pattern reproduced in Figure 4-30. In
addition, the weight loss can be attributed to the oxidation of carbon. The value of the
estimated carbon from the TGA result is almost 52 wt%. This value is lower than that in
the CHN analysis. This difference may relate to the reasons described earlier. Figure 4-32
(B) illustrates the TGA profile for the post-reaction 0.4 wt% Pd/Factory sample. It can be
observed that the sample weight increases sharply in the region from 200 to 700 °C
followed by a gradual weight decrease up to 1000 °C. It was observed in the XRD pattern
of this sample that metallic iron and silica are the main phases, as shown in Figure 4-31.
Therefore, the weight increase can be ascribed to the oxidation of metallic iron in air.
Additionally, it is observed that there is slightly weight decrease in the region beyond 700
°C, which may be due to the burning of small amount of carbon that have been observed in
the result of CHN analyses.
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Figure 4-32 TGA profiles for the post-reaction 0.4 wt% Pd/Landfill (A) and 0.4 wt%
Pd/Factory samples (B).

4.4.5 BET surface area measurements.
Table 4-9 shows the surface areas for the pre- and post-reaction 0.4 wt% Pd/Landfill and
0.4 wt% Pd/Factory samples. The data for the pre- and post-reaction raw Landfill and
Factory samples is also shown for comparison. It can be noted that the Pd addition to
Landfill sample decreases the surface area of the raw Landfill sample from 257 to 99 m2/g.
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It can be assumed that the decrease in the surface area is due to the calcination process
during modification the Landfill sample with Pd. In the previous section; it was observed
that the surface area of the Landfill sample decreased with the calcination temperature
increase; this was attributed to the sintering process and concomitant increase in particle
size. It can be suggested that the low activity for the 0.4 wt% Pd/Landfill sample in the
temperature range from 600 to 750 °C and even at an early stage at 800 °C is due to the
decrease in the surface area, which played a role in the delay the reduction process.
However, The BET surface areas for the post-reaction raw Landfill and 0.4 wt%
Pd/Landfill samples dropped to 41 and 19 m2/g, respectively. It seems possible that the
decrease in the surface area of these samples is due to the large amount of carbon deposited
on them.
The BET surface area of the Factory sample was enhanced after modification with Pd and
increased from 43 to 75 m2/g. Although the surface area of the 0.4 wt% Pd/Factory sample
is higher than the raw Factory sample it showed very low performance and a low hydrogen
production rate. However, The BET surface area for the post-reaction raw Factory sample
significantly increased from 43 to 152 m2/g. As shown and discussed in Chapter 3, this
increase was attributed to mass normalisation effects and the density of carbon deposited.
In addition, it is observed that the surface area for the post-reaction 0.4 wt% Pd/Factory
sample decreased from 75 to 5 m2/g, although it did not show a large amount of carbon
deposited. In fact the amount of carbon deposited on it was very low, around 1.48 wt%. A
possible explanation for this might be that the sintering has occurred, which may have
played an important role in the low activity of the 0.4 wt% Pd/Factory sample.
Table 4-9 BET surface area analysis of raw Landfill and Factory samples
and those doped with Pd.

BET surface area, m2/g
Sample

Raw Landfill
sample

0.4 wt%
Pd/Landfill
sample

Raw Factory
sample

0.4 wt%
Pd/Factory
sample

Pre-reaction

254

99

43

75

Post-reaction

41

19

152

5
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4.4.6 SEM images
Figures 4-33 and 4-34 present the SEM images for the pre- and post-reaction 0.4 wt%
Pd/Landfill and 0.4 wt% Pd/Factory samples, in addition to the SEM images of raw
Landfill and Factory samples which are presented for comparison. The images (A and B)
in Figure 4-33 show the morphology of raw Landfill sample and the pre-reaction 0.4 wt%
Pd/Landfill sample, respectively. It can be noted from the image of pre-reaction 0.4 wt%
Pd/Landfill sample that the tubular morphology is retained and the morphology of tubular
and non-tubular component may have become more agglomerated, which may result in a
reduction of the surface area of the 0.4 wt% Pd/Landfill sample, as shown in Table 4-9.
From the image (C) in Figure 4-33, it can be seen that the tubular morphology completely
disappeared and no filamentous carbon is observed in the sample. In addition, it is noted
that there are some bright spots, which may be due to the aggregation of metallic iron or
metallic Pd.
B

A

C

Figure 4-33 SEM images of (A) raw Landfill sample, (B) pre-reaction 0.4 wt% Pd/Landfill
sample, (C) post-reaction 0.4 wt% Pd/Landfill sample.
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Figure 4-34 presents the SEM images for the raw Factory sample and pre-reaction 0.4 wt%
Pd/ Factory. From the image (B), it appears that the particle size of pre-reaction 0.4 wt%
Pd/Factory sample may be smaller than the raw Factory sample as a result of the procedure
of Pd addition to the Factory sample. Hence, the increase of surface area of the prereaction 0.4 wt% Pd/ Factory sample, as shown in Table 4-9, can be attributed to the
smaller particle size. However, Figure 4-34 (C) presents the image the post-reaction 0.4
wt% Pd/Factory sample. From this image, it can be seen that the particle size of the postreaction 0.4 wt% Pd/Factory sample is agglomerated and stacked compared to the prereaction sample. This may have led to the decline of the surface area of the sample and
hence to low activity. Moreover, it is clear that most of the sample surface is bright, which
suggests that most of the sample component is metallic iron as well as metallic Pd. This
supports the XRD result, as illustrated in Figure 4-31, which demonstrated that the metallic
Fe and SiO2 are two major phases.
B

A

C

Figure 4-34 SEM images of (A) raw Factory sample, (B) pre-reaction 0.4 wt% Pd/Factory
sample, (C) post-reaction 0.4 wt% Pd/Factory sample.
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4.5. Summary
The present study was designed to investigate the effect of some modifications on
behaviour of the Landfill and Factory samples for hydrogen production from the direct
cracking of methane. The effect of calcination temperature, acid treatment and palladium
addition for both samples were studied. Both Landfill and Factory samples were calcined
at 300, 500, 700 and 900 °C. The main phase of the Landfill sample, 2-line ferrihydrite,
transformed to maghemite (γ-Fe2O3) at calcination temperatures of 300 and 500 °C, while
it transformed to haematite (α-Fe2O3) at 700 and 900 °C. These phases were confirmed by
Raman spectroscopy. The calcination temperature did not affect the phase transformation
of the Factory sample (haematite, α-Fe2O3, and silica, SiO2), but it played significant role
in increasing the sample crystallinity. Moreover, the calcination temperature caused the
removal of carbon content, which was observed in the raw samples. In addition, the surface
area of the Landfill sample was decreased gradually with increase in calcination
temperature. In contrast, it was increased for the Factory sample. SEM images for the
calcined Landfill sample showed that the increase of the calcination temperature led to the
agglomeration of tubular and non-tubular morphology at 300 and 500 °C which started to
merge with each other at 700 °C. At 900 °C, the tubular morphology disappeared. The
SEM images of Factory samples calcined at 300 and 500 °C illustrated that their particle
sizes are smaller than for the raw Factory sample and they begin to agglomerate and
increase in size beyond 700 °C.
The reaction data showed that the hydrogen formation rates for all calcined Landfill
samples are lower than the non-calcined Landfill sample in the temperature range from 600
to 750 °C. At 800 °C, the non-calcined Landfill sample showed a rapid increase in the
hydrogen formation rate, while the other calcined Landfill samples demonstrated a delay in
the high hydrogen formation rate. Among all Landfill samples, the Landfill sample
calcined at 900 °C showed the highest hydrogen formation rate. However, it was found
that the Factory samples calcined at 300, 500 and 700 °C demonstrated the lowest
hydrogen formation rates, whereas the Factory sample calcined at 900 °C exhibited the
highest hydrogen formation rate observed. Generally, the calcination temperature of
900 °C enhanced the performance of Landfill and Factory samples and they displayed the
highest hydrogen formation rates among all samples.
Characterisation of post-reaction calcined Landfill and Factory samples was undertaken.
The XRD patterns for post-reaction calcined Landfill samples showed that the phases are
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metallic

iron

(Fe),

iron

carbide

(Fe3C)

and

graphite,

whereas

FeO,

Fe3C,

FeFe4(PO4)4(OH)2.2H2O, SiO2 and graphite occurred for the post-reaction Factory samples
calcined at 300, 500 and 700 °C. Metallic iron (Fe), silica (SiO2) and graphite were the
only phases detected in the post-reaction Factory sample calcined at 900 °C. The CHN
analysis revealed the amount of deposited carbon for the post-reaction calcined Landfill
samples, which is in the range from 45 to 65 wt%, whilst it is in the range from 8 to 47
wt% for the post-reaction calcined Factory samples. The SEM images of the post-reaction
calcined Landfill samples illustrated that the carbon filaments were not formed over
samples calcined at 300, 500, 700 and 900 °C. The SEM images of the post-reaction
calcined Factory sample illustrated that there is not significant carbon deposition on
Factory samples calcined at 300, 500 and 700 °C, while the carbon filaments were
observed over the Factory sample calcined at 900 °C.
Landfill and Factory samples were treated with HCl. The purpose of this study was to
attempt to enhance their catalytic activity. The characterisation of pre-reaction treated
samples was undertaken. ICP analyses showed that the acidic treatment process caused an
increase in the amount of relative iron in both samples, while the amounts of some other
elements decreased. The XRD patterns showed that the phases present in the pre-reaction
treated Landfill sample are maghemite (γ-Fe2O3) and FeSiO3. However, the haematite (αFe2O3) and silica (SiO2) phases were observed in the pre-reaction treated Factory sample.
CHN analysis demonstrated that the acid pre-treatment process removed the carbon
content. Moreover, the acidic treatment process reduced the surface area of the Landfill
sample, whereas it increased the surface area of Factory sample. The SEM images of the
treated Landfill sample showed that the tubular morphology fraction decreased and the
agglomeration of sample particles increased. The SEM images of the treated Factory
sample suggested that particle sizes are slightly smaller compared to the raw Factory
sample.
Reaction data showed that this attempt was not successful for enhancing the activity of
these samples. Both treated Landfill and treated Factory samples exhibited low hydrogen
formation rates compared to their raw counterparts.
Characterisation of post-reaction treated samples was conducted. The XRD patterns
showed that the phase formed for the post-reaction treated Landfill sample is only metallic
iron (Fe). However, Fe, Fe3C, SiO2 and graphite phases were evident in the post-reaction
treated Factory sample. CHN analysis revealed that no carbon was deposited on the post-
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reaction treated Landfill sample, whereas 13.53 wt% was deposited on the post-reaction
treated Factory samples. Moreover, the surface area for the post-reaction treated Landfill
and Factory samples were decreased. The SEM images for the post-reaction treated
Landfill sample illustrated that the tubular morphology completely disappeared and
manifestations of sintering are clear. The SEM images for the post-reaction treated Factory
sample showed the absence of filamentous carbon.
This chapter has also described the effect of palladium dopant on the Landfill and Factory
samples. The characterisation of the pre-reaction doped samples was conducted. The XRD
pattern for the pre-reaction 0.4 wt% Pd/Landfill sample revealed the formation of an
amorphous maghemite (γ-Fe2O3) containing phase. However, haematite (α-Fe2O3) and
silica (SiO2) were detected in the pre-reaction 0.4 wt% Pd/Factory sample. In addition, the
reflections of palladium were not detected in both samples. CHN analyses revealed that the
procedures of palladium addition removed carbon content. Moreover, the preparation
procedures reduced the surface area of Landfill sample, while increasing the surface area
of the Factory sample. In addition, the SEM images for the pre-reaction 0.4 wt%
Pd/Landfill sample showed that the tubular morphology was still retained and the both
tubular and non-tubular morphologies became more agglomerated. In the case of the prereaction 0.4 wt% Pd/Factory sample, the SEM images revealed that its particle size was
smaller than that for the raw Factory sample. These prepared samples were applied to the
direct cracking of methane. The reaction data showed that the addition of palladium into
the Landfill sample reduced its performance in the temperature range from 600 to 750 °C,
while it enhanced the performance at 800 °C. However, the addition of palladium into the
Factory sample led to deactivation of the Factory sample and showed only low levels of
hydrogen production.
The characterisation of post-reaction Pd doped samples has been undertaken. The XRD
pattern for the post-reaction 0.4 wt% Pd/Landfill sample showed the presence of iron (Fe),
iron carbide (Fe3C) and graphite phases, whereas it showed metallic iron (Fe) and silica
(SiO2) for the post-reaction 0.4 wt% Pd/Factory sample. CHN analysis demonstrated a
large amount of carbon deposited on the post-reaction Pd/Landfill sample, whereas the
amount of carbon deposited on the post-reaction 0.4 wt% Pd/Factory sample was very low,
which is 1.48 wt%. Furthermore, the surface area of the post-reaction 0.4 wt% Pd/Landfill
sample and 0.4 wt% Pd/Factory samples were decreased. The SEM images for the postreaction 0.4 wt% Pd/Landfill sample demonstrated that the tubular morphology completely
disappeared and that no filamentous carbon was formed. The SEM images for the post-
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reaction 0.4 wt% Pd/Factory sample illustrated the agglomeration of particles and
sintering.
Generally, the calcination temperature of 900 °C for both Landfill and Factory sample
enhanced the performance of these samples for hydrogen production from methane
cracking. The treatment of Landfill and Factory samples with HCl resulted in low
hydrogen formation rates compared to their raw counterparts. The palladium dopant on the
Landfill and Factory samples caused to enhance the activity of Landfill sample at 800 °C,
while it led to the deactivation of the Factory sample and showed only low levels of
hydrogen production.
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5. Cracking of methane over Pd based catalysts for the
production of hydrogen and carbon nanostructures
5.1. Introduction
From reviewing the literature, it can be seen that the Pd/H-ZSM-5 has been widely applied
for the catalytic combustion of methane as well as nitric oxide reduction [199-203].
Moreover, few studies in the literature have reported the decomposition of methane over
the Pd/H-ZSM-5 catalyst. Liu and co-workers [83] investigated the decomposition of
methane over a plasma reduced Pd/H-ZSM-5 at 700 °C. They demonstrated that carbon
nanotubes (CNTs) were formed and that metal particles were located on the tips of the
carbon nanotubes. In addition, their study included the decomposition of methane over the
hydrogen reduced Pd/H-ZSM-5 catalyst to compare the effectiveness of CNT growth with
plasma reduced Pd/H-ZSM-5 catalyst.
Hargreaves and co-workers [45] studied the direct cracking of methane into hydrogen and
carbon over a 3 % Pd/H-ZSM-5 catalyst at 700 °C. They showed that the Pd/H-ZSM-5
catalyst showed very high activity initially where hydrogen formation rate was roughly
77x10-7 molH2 g-1s-1. Also, TEM images of post-reaction 3 % Pd/H-ZSM-5 catalyst
illustrated that carbon nanotubes were formed.
Due to the relative lack of studies conducted on Pd/H-ZSM-5, this chapter presents and
discusses the effect of many parameters on the activity of Pd/H-ZSM-5. The effects of
palladium precursor, the reaction temperature, the flow rate of the feed gas, the addition of
dopants and the support type were all studied.
It is worth mentioning, the system of reaction in this study is perhaps related to those
catalytic systems in which methane can be converted to aromatic hydrocarbons, mainly
C6H6. Recently, the direct conversion of methane under non-oxidative conditions into
aromatics has received a lot of attention [204, 205]. It was found that zeolites support,
notably ZSM-5, ZSM-8 and ZSM-11, are the best supports for transition metal ions
especially Mo for methane dehydroaromatisation [206]. Therefore, interest in this catalyst
(Pd/H-ZSM-5) may extend towards methane dehydroaromatisation where the zeolite
support may improve aromatics selectivity.
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5.2. Effects of reaction temperature on direct cracking of methane
over 0.4 wt% Pd/H-ZSM-5 catalyst
5.2.1 Introduction
As previously mentioned, Pd/HZSM-5 has been little explored for methane cracking [45,
83]. However, a lot of studies have focused on the use of nickel. These studies have been
concerned with the optimisation of the catalyst formulation by varying the composition,
the type of textural promoter and the concentration of various additives [40, 48, 62, 207209]. Studies of reaction conditions are fewer despite the crucial role they play in methane
conversion, the deactivation of catalyst and the nature of the deposited carbon. In order to
make the process of catalytic methane decomposition economically feasible, a complete
understanding of these determinant parameters is necessary. For example from reviewing
the literature, it does not appear that the Pd/H-ZSM-5 catalyst has been studied for the
direct cracking of methane at different reaction temperatures.
This study aims to address this omission for a 0.4 wt% Pd/H-ZSM-5 catalyst. The flow rate
of methane was fixed at 12 mL/min and catalyst mass was held at 0.4 g. The catalysts were
characterised using techniques such as XRD, CHN, TGA, SEM, TEM and Raman
spectroscopy to observe any changes in the catalyst and to characterise carbon deposited
on them. However, it should be pointed out that the time on stream for the experiments
described in this section is longer than those applied in other sections.

5.3. Results and discussion
5.3.1 Reaction data
Figure 5-1 shows the hydrogen formation rates against time on stream for 0.4 wt% Pd/HZSM-5 catalysts run at different reaction temperatures in the range from 600 to 900 °C. It
can be seen that the hydrogen formation rates generally increased with increase of reaction
temperature as would be expected. It appears that the lowest hydrogen formation rate is
observed at 600 °C where it is ca. 0.5x10-4 mol H2 g-1 min-1, while the highest peak
formation rate is noted at 750 °C where it is ca. 3.5x10-4 mol H2 g-1 min-1. Moreover, it is
clear that the hydrogen formation rate sequentially increases from 600 to 750 °C. In
addition, the hydrogen formation rates gradually increased with time on stream and
deactivation was not observed in this range of temperature. At 800 °C, the catalyst showed

152
the highest initial hydrogen formation rate at 30 minutes of time on stream, after which the
hydrogen formation rate dropped within ca. 80 minutes and then remained almost steady.
The behaviour of the catalyst at 900 °C, resembled the runs at 700 and 750 °C where the
hydrogen formation rate gradually increased up to ca. 2.5x10-4 mol H2 g-1 min-1 at 120
minutes followed by relative stability in the hydrogen formation rate until ca. 240 minutes
of time on stream after which it slowly decreased for the rest of the run. It should be noted
that the time on stream for the reaction at 700 and 750 °C is shorter than the other
reactions. The reason for this is that the reaction was stopped due to a pressure drop effect
which was observed. Solymosi et al [47] studied the hydrogen production from methane
decomposition over 5 % Pd/SiO2 at reaction temperatures in the range from 200 to 330 °C.
They observed that at 200 °C, methane was decomposed and with increase the temperature
the hydrogen formation rate increased.
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Figure 5-1 Hydrogen formation rates as a function of time on stream for methane
cracking over 0.4 wt% Pd/H-ZSM-5 catalyst at different temperatures in the range
of 600 to 900 °C, the methane flow rate was 12 mL/min and 0.4 g catalyst mass.

The rapid deactivation of the catalyst at 800 °C can be attributed to the rapid deposition of
carbon on the catalyst surface and the nature of carbon deposited, which may be an
encapsulating type of carbon. Furthermore, it is possible that sintering of palladium has
occurred beyond 750 °C. SEM and TEM images for the post-reaction catalysts are
presented later in this chapter in relation to these suggestions.
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5.3.2 XRD patterns
Figure 5-2 presents the XRD patterns for the pre and post-reaction 0.4 wt % Pd/H-ZSM-5
samples. The pattern for the pre-reaction 0.4 wt % Pd/H-ZSM-5 displays the characteristic
reflections of H-ZSM-5 with the main 2θ values of ca. 8°, 9° and 23-25o. No palladiumcontaining phases were apparent.

Pre-reaction
8000

o

600 C
o

650 C
Intensity (a. u.)

o

700 C

6000

o

750 C
o

800 C
o

900 C

4000

2000

0
5

10 15 20 25 30 35 40 45 50 55 60 65 70 75

2

Figure 5-2 XRD patterns of 0.4 wt % Pd/H-ZSM-5 in the pre- and postreaction forms run at different temperatures.

The XRD patterns of the post-reaction catalysts confirm that the zeolite framework
remains intact even at high reaction temperatures. The only obvious change among the
patterns is that the post-reaction catalysts appear to show lower crystallinity as the peaks
are slightly less intense, which may be as consequence of carbon deposited on the
catalysts.

5.3.3 Post-reaction carbon and TGA analysis
The post-reaction carbon analysis and TGA profiles for the 0.4 wt % Pd/H-ZSM-5 catalyst
at different reaction temperature are shown in Table 5-1, Figures 5-3 and 5-4, respectively.
It should be noted that these catalysts did not have similar periods of time on stream. It was
observed that the time on stream for the reactions at 700 and 750 °C were shorter than
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other reactions. From the data in Table 5-1, it can be seen that the lowest amount of carbon
deposited is observed on the catalyst at reaction temperature of 600 °C (1.25 wt %),
whereas the largest is at the reaction temperature of 900 °C (21.12 wt %). Although the
time on stream was less at 700 and 750 °C due to the pressure drop, the catalyst produced a
relatively large amount of carbon compared to other temperatures, which are 15.75 and
14.20 wt%, respectively. This is not surprising because the catalyst displayed a high rate of
reaction at these temperatures. However, the amount of carbon deposited on the catalyst at
reaction temperature of 650 and 800 °C is quite similar where they are 11.76 and 11.25
wt %, respectively. It could be that the observed drop in the reaction rate at ca. 50 minutes
of time on stream for the reaction at 800 °C led to low amount of carbon produced, while
the reaction rate was gradually increases at 650 °C.
Table 5-1 CHN analysis for the post-reaction 0.4 wt% Pd/H-ZSM-5 catalyst at
different reaction temperature.
Reaction
Catalyst
Temperature
C wt%
H wt%
N wt%
o
( C)
600
1.25 ± 0.09
0.57 ± 0.04

0.4 wt% Pd/H-ZSM-5

650

11.76 ± 0.01

0.49 ± 0.06

-

700

15.75 ± 0.05

0.59 ± 0.09

-

750

14.20 ± 0.07

0.45 ± 0.01

-

800

11.25 ± 0.13

0.30 ± 0.01

-

900

21.12 ± 0.11

0.30 ± 0.00

-

TGA studies in the presence of air have been carried out for the post-reaction 0.4 wt%
Pd/H-ZSM-5 catalysts to estimate the amount of carbon deposited on them and to
determine their reactivity profile with respect to air. Figure 5-3 displays the TGA profiles.
The total mass changes in these profiles are in good agreement with the carbon analyses.
Furthermore, it can be seen that there is a small weight loss below 250 °C which can be
ascribed to desorption of adsorbed water on the catalyst. This weight loss is more
pronounced for catalysts run at lower reaction temperatures and it is not so clear in the
post-reaction catalyst at 900 °C, but it is the highest in the post-reaction catalyst at 600 °C.
This could be associated with increasing hydrophobicity and decreasing available pore
volume as a function of increasing carbon content. The weight loss that is apparent
between ca. 550 and 760 °C is due to burning off coke that has been formed on the
catalyst.
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Figure 5-3 TGA profiles of post-reaction 0.4 wt % Pd/H-ZSM-5
catalyst at different reaction temperatures.

The first-derivative weight change profiles from 250 °C onwards for the post-reaction 0.4
wt% Pd/H-ZSM-5 catalysts are presented in Figure 5-4. From these profiles, the
differences between the samples are more apparent than those in Figure 5-3. It can be
observed that the post-reaction 0.4 wt% Pd/H-ZSM-5 which were run at 600, 650, 700 and
800 °C have two mass loss regions, while those run at 750 and 900 °C have only one mass
loss region. Moreover, the position of the oxidation peaks has gradually shifted to higher
oxidation temperature with increase in reaction temperature from 600 to 900 °C. This
indicates the formation of different species of carbon deposited. Whilst it may be possible
that the amount and density of the carbon deposited led to the high oxidation temperature it
is possible that e.g. the carbon is becoming more graphitic at higher reaction temperature.
It is known that the carbon formed from the catalytic decomposition of methane can
include amorphous carbon and filamentous carbons, which comprise single-walled carbon
nanotubes (SWCNTs), multi-walled carbon nanotubes (MWCNTs) and carbon nanofibres
(CNFs) [49, 52, 84]. The nature of the carbon deposited on the catalyst is generally
complex and its reactivity depends on the formation conditions and mechanism. The
carbon materials possess characteristic weight loss temperatures, when submitted to TGA
in an oxidising atmosphere. It has been reported that the oxidation temperature is about
330 °C for amorphous carbon, 500-600 °C for SWCNTs and around 700 °C for MWCNTs
[85]. Carbon nanofibres (no hollow cavity) have been found to be resistant to temperatures
in the range 500–600 °C under an oxidising atmosphere [87, 210]. In addition, the

156
oxidation of graphitic carbon can occur at high temperatures of around 700 °C or beyond
[211]. The weight loss can be also shifted towards the high oxidation temperature region as
a result of the increased amount of carbon deposited on the catalyst [212]. However, the
presence of residual metal in the sample can catalyse the oxidation of the carbon species
may lower the temperature at which the maximum oxidation rate occurs [97, 211].
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Figure 5-4 TGA profiles of post-reaction of 0.4 wt % Pd/H-ZSM-5
catalyst at different reaction temperatures.

Based on the discussion above and from derivative weight changes profiles in Figure 5-4,
it can be suggested that amorphous carbon was not formed, while MWCNTs and carbon
nanofibres can be present in all post-reaction samples. Also, the post-reaction samples run
at 750, 800 and 900 °C can be contained graphitic carbon. In general, it is possible that a
mixture of carbon species have formed on each sample, which depends on the reaction
temperature employed. SEM and TEM images for the carbon deposited on these samples
(will be shown and discussed later) may support this finding.

5.3.4 Post-reaction SEM and HRTEM images
SEM and HRTEM studies of the post-reaction 0.4 wt% Pd/H-ZSM-5 catalyst have been
undertaken. Figure 5-5 presents the SEM images of the 0.4 wt% Pd/H-ZSM-5 catalyst run
at different reaction temperatures. From these images, no deposited carbon is observed at
600 °C and the sample surface seems bright possibly as a result of the very low amount of
carbon deposited. For the post-reaction 0.4 wt% Pd/H-ZSM-5 catalyst samples run at
temperatures in the range from 650 to 900 °C, it is clear that carbon filaments (CFs) were
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formed over the catalysts. In addition, the carbon filaments formed on the catalysts, run at
reaction temperatures from 650 to 800 °C are more pronounced than those formed on the
catalyst run at 900 °C. Therefore, higher magnification studies of the post-900 °C catalyst
were taken.
Moreover, it can be seen from these images that the palladium particles are located at the
tip of the grown CF and they are clearly visible in the CF formed on catalyst at
temperatures in range from 650 to 750 °C. This is evident from the images where the
filaments have bright tips. This indicates that the carbon filaments have formed by the tipgrowth mechanism.
Although the carbon filaments formed over the catalyst run at 800 °C were dense and
location of palladium particles on the tip of the CF appears very limited. Due to the low
presence of CF in the catalyst carried out at 900 °C, it is hard to determine the location of
palladium particles.
The mechanism of carbon filament formation resulting from the decomposition of
hydrocarbons over metal catalysts has been extensively investigated and two mechanisms
have been proposed: the “tip-growth” and “base-growth” mechanisms [104, 109, 213,
214]. Where the tip-growth mechanism involves the catalyst particle being lifted up by the
growing CF and continues to promote CF growth at its tip. The hydrocarbon
decomposition at the gas–metal interface is followed by dissolution of carbon into the
metal and diffusion through the particle. The carbon then precipitates at the metal–support
interface, detaching the metal particle from the support and forming a filament with an
exposed metal particle at its tip. The rate-determining step of this process is believed to be
the diffusion of carbon through the metal particle. This mode of carbon accumulation
allows the catalyst to maintain its activity for an extended period of time without
deactivation [215].
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Figure 5-5 SEM images of post-reaction 0.4 wt % Pd/H-ZSM-5 catalyst at different
temperatures in the range from 600 to 900 °C.

Zhang and Amiridis [72] studied hydrogen production via the direct cracking of methane
over Ni/SiO2 catalysts. Their SEM and TEM characterisation for the spent catalyst showed
that carbon deposits were present on the catalyst in the form of hollow cylindrical
filamentous, with a nickel particle located on the tip of each filament. They revealed that
the catalyst deactivation was not caused by the formation of carbon filaments per se, but it
was because these filaments began to entwine with each other and the silica surface, due to
the spatial limitations of the pore structure of the catalyst.
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Zabidi et al. [58] studied the production of hydrogen from catalytic decomposition of
methane over Ni/M-based (M= Mn, Fe, Co, and Cu) catalysts at 725 °C. They
demonstrated that Ni/Mn catalyst showed high activity and stability without deactivation
compared to other catalysts. In their study, TEM images were presented. Based on this,
they attributed the Ni/Mn catalyst stability to the presence of Ni particles at the tip of the
carbon filaments. They found that the other catalysts have produced encapsulating type of
carbon, which led to their deactivation.
The presence of the metal particles at the tips of the carbon filaments contributes to the
high and stable methane conversion as metal particles continually interact with incoming
methane molecules.
Based on the SEM images and the above discussion, the activity of 0.4 wt % Pd/H-ZSM-5
catalyst at different reaction temperatures can be interpreted. It was observed that the
catalyst was active, no deactivation period is observed, at reaction temperatures of 650,
700 and 750 °C. These activities can be ascribed to the presence of Pd particles on the tip
of filaments. The rapid deactivation of the catalyst at 800 °C could be attributed to the
formation of encapsulating type of carbon, i.e. Pd particles encapsulated within carbon
filaments or other types of encapsulating carbon. At 900 °C, it can be suggested that there
is a sintering process or re-dispersion of palladium, which could lead to the high activity
and a low growth of carbon filaments. Chena and co-workers [39] investigated the effect of
the crystal size of Ni on the growth of carbon nanofibres (CNFs) during the decomposition
of methane. They found that small Ni crystals result a low growth rate, while large Ni
crystals reduce the rate of growth due to low surface area. Furthermore, they argued that
the optimum growth rate and yield of carbon nanofibres can be achieved on optimally
sized Ni crystals, about 34 nm. Noda et al. [86] studied the methane decomposition over 1
wt% Ni/SiO2 and 5 wt% Ni/SiO2 catalysts at different reaction temperature from 625 to
800 °C in a fixed bed quartz tube reactor for the formation of CNT. They found that the
amount of CNT decreased at high temperature for both catalysts due to sintering.
Figure 5-6 presents the TEM images for the post-reaction 0.4 wt% Pd/H-ZSM-5 catalyst
at reaction temperatures of 650, 700 and 750 °C, while Figure 5-7 presents the TEM
images for the post-reaction catalyst at 800 and 900 °C. From these images, the particles
size can be seen to vary with each sample i.e. a large and small size are visible for each
sample, but it is generally observed that the particles size tends to increase with increasing
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reaction temperature although caution must be exercised in such a conclusion due to the
statistical limitations of the technique (i.e. only a very small fraction of sample is imaged).
It may be possible that the sintering process is different between the surface and the
channels of the H-ZSM-5 zeolite support. Moreover, the large particle size is responsible
for the growth of carbon filaments. However, it can be seen that the type of carbon
filaments formed on all post-reaction catalyst is nanofibres (CNFs). Carbon nanofibres
(CNFs) are graphitic filamentous structures which differ from nanotubes in the orientation
of the graphite monolayer planes. In nanotubes (CNTs), the graphite monolayer planes are
parallel to the tube axis, while in nanofibres, the layers of graphite are arranged vertical to
the fibre axis, stacked form, or at an angle to the axis, herringbone form [111].
The TEM image in Figure 5-6 for the post-reaction catalyst at 650 °C illustrates the
formation of carbon nanofibres, as indicated with the palladium particle located at the tip
of the CNF as marked by the arrow. Also, it is noted that the shape of fibre is irregular; its
diameter being roughly 33 nm. However, the TEM image in Figure 5-6 for the postreaction catalyst at 700 °C shows the presence of two types of carbon nanofibres, marked
by numbers 1 and 2. The CNF number of 1 is free of Pd particles and is close-ended. This
suggests that this CNF is formed by a “base-growth” mechanism. So, it could be that not
all CNFs formed with “tip-growth” mechanisms, although most are. In addition, it is
observed that the shape is irregular; the average diameter being around 41 nm. The CNF
number of 2 shows a smaller diameter, 12 nm, and there is a Pd particle at the tip.
Two TEM images (750 °C A and 750 °C B) for the post-reaction catalyst at 750 °C are
presented in Figure 5-6. It can be seen from the image (750 °C A) that the CNFs are
present in both the stacked (marked with the orange arrow) and the herringbone–bamboo
nanotube (marked with the red arrow) form. Also, it is noted that the tip of stacked form of
CNFs have a central empty core surrounded by graphite layers. This suggests that the CNF
grow to a certain extent then stop growing and then form closed hollow nano-spheres of
carbon layers. This may indicate that the growth mechanism is “tip-growth”. It has been
reported that the metal particle present in the core of the nano-sphere is under pressure and
is forced to escape leaving an empty core [162]. The loss of palladium particles from the
core of the nano-spheres may lead to the emergence new catalytically active surfaces. This
may explain that the activity of the catalyst at this temperature is highest as well as the
presence of palladium particles at the tip of CNF as illustrated in SEM images. The TEM
image of 750 °C (B) in Figure 5-6 is an addition image for the post-reaction 750 °C
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catalyst, which demonstrates the stacked form of CNF and a Pd particle at the tip of the
filament.
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Figure 5-6 TEM images of post-reaction 0.4 wt % Pd/H-ZSM-5 catalyst at different
temperatures in the range from 650 to 750 °C.

Figure 5-7 illustrates the TEM images for the post-reaction 0.4 wt % Pd/H-ZSM-5 catalyst
run at 800 and 900 °C. The TEM images of 800 °C (A) and 800 °C (B) show the presence
of carbon deposited on the catalyst. It can be seen that the carbon nanofibres (herringbone–
bamboo nanotube form) are formed. It is hard to determine their growth mechanisms due
to the absence of Pd particles in their structure. Based on the SEM images, Figure 5-5, and
TEM images, it can be suggested that their formation mechanisms are “base-growth”. The
diameter average of CNFs is 17 nm. Furthermore, it can be observed from the image of
800 °C (A) that the Pd particles, black dots, seem that they are covered by encapsulating
carbon. Also, it can be seen from TEM image of 800 °C (B) that the Pd particles have
sintered and are encapsulated by layers of graphitic carbon. The encapsulation of the
catalyst particles leads to the prevention of the catalyst particles contacting CH4 molecules,
resulting in deactivation. Therefore, the observed rapid deactivation of the catalyst at a
temperature of 800 °C can be attributed to the occurrence of carbon encapsulation.
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Choudhary et al. [19] investigated the effect of various supports on the catalytic activity of
Ni. The supports were HY, HZSM-5 and SiO2. The results of their study indicated that
Ni/SiO2 and Ni/HY catalysts have superior catalytic activity and a longer lifetime than an
Ni/HZSM-5 catalyst, which deactivated rapidly. TEM images revealed the reason for the
rapid deactivation of the Ni/HZSM-5 catalyst, showing that encapsulating carbon
formation on the catalyst particles obstructs the reactant molecules access to the active
sites, while in the case of Ni/SiO2 and Ni/HY catalysts the carbon forms in filaments. The
researchers suggested that the presence Ni particles at the tip of the filaments acted to
increase the lifetime of the catalyst.

800oC (B)

800oC (A)

900oC

Figure 5-7 TEM images of post-reaction 0.4 wt % Pd/H-ZSM-5 catalyst at reaction
temperatures of 800 and 900 °C.

It is observed from the TEM image of 900 °C in Figure 5-7 that the carbon nanofibres
(herringbone–bamboo nanotube form) are produced with large diameter, 57 nm, and the Pd
particle is located at the tips of the CNFs. Also, it can be noted that the particles size of Pd
are varying, large size is at the tip of CNF and small size are dispersed on the surface of
zeolite. Moreover, the small Pd particles sizes appear to be non-encapsulated with a layer
of carbon. The presence of the Pd particle at the tip of the CNF and the apparent lack of
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encapsulating carbon may explain the high activity of catalyst at 900 °C compared to the
activity of catalyst at 800 °C.
It should be mentioned that the structure of the CNFs observed in this study are analogous
to the structures of CNFs prepared by Hargreaves and co-workers [45] and Liu and coworkers [83] when they studied the decomposition of methane over Pd/H-ZSM-5 despite
difference in the preparation of catalyst and the reaction conditions.

5.3.5 Raman spectroscopy
Raman spectroscopy has played an significant role in the characterisation of structural
graphitic materials and has been widely applied in the last four decades to characterise
graphitic systems, such as carbon fibres, glassy carbon and carbon nanotubes [216]. The
Raman spectra of graphitic materials usually comprise two significant bands. These bands
are the so-called G and D bands. The G band appears at around 1582 cm-1 and is attributed
to the vibration of sp2 bonded carbon atoms in the ordered carbon graphite and carbon nano
tubes, while the D band at about 1350 cm-1 is assigned to the vibration of the carbon atoms
with dangling bonds in plane terminations of disordered structures. The intensity ratio ID/IG
for the D band and G band is widely used for characterising the defect quantity in graphitic
materials. The larger value of intensity ratio reveals the more defects in graphitic structure
[216, 217].
Raman spectroscopy was used to investigate the graphitisation degree in the carbon
produced during methane decomposition over 0.4 % Pd/H-ZSM-5 catalyst run at different
reaction temperatures. Figure 5-8 presents the Raman spectra for the post-reaction 0.4 %
Pd/H-ZSM-5 catalyst run at the different reaction temperatures (except for that at 600 °C
due to the bands not being visible for this sample). From the Raman spectra, the two main
bands at 1352 cm-1 (D band) and at 1590 cm-1 (G band) are observed.
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Figure 5-8 Raman spectra for the post-reaction 0.4 wt % Pd/H-ZSM5 catalyst at different reaction temperatures.

Table 5-2 shows the intensity ratio ID/IG for the D band and G band from Raman spectra
for carbon produced at different reaction temperatures. It should be mentioned that the
intensity ratio ID/IG was calculated based on the band areas. From the data in Table 5-2, the
highest ID/IG value was observed after reaction at 750 °C (ID/IG=1.51), indicating that the
structure of graphitic carbon is the most disordered, while the lowest value was observed
after reaction at 800 °C (ID/IG=0.76), which indicates the lowest disordered.
Table 5-2 The result of intensity ratio ID/IG for the D band and G band from
Raman spectra for carbon produced at different reaction temperatures.

Catalyst

0.4 % Pd/H-ZSM-5

Reaction temperature (oC )

Peak area ratio (ID/IG)

650

1.34

700

1.41

750

1.51

800

0.76

900

0.93
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5.4. Effect of feed gas flow rate on direct cracking of methane
over 0.4 wt% Pd/H-ZSM-5 catalyst
5.4.1 Introduction
Flow rate is an important parameter that plays a role in catalyst activity due to its impact
on the gas residence time in the reactor. Therefore, the effect of flow rate on hydrogen
production and the nature of the carbon deposited from direct cracking of methane over 0.4
wt% Pd/H-ZSM-5 catalyst were studied.
Methane flow rates of 12, 24, 36, and 48 mL/min were employed at reaction temperature
of 800 °C and time on stream of 300 minutes using a constant catalyst mass of 0.4 g. It
should be noted that the time on stream in this section is shorter than that in the previous
section. The catalysts were characterised using the same techniques.

5.4.2 Reaction data
Figure 5-9 shows the results of the hydrogen formation rates against time on stream for
0.4 % Pd/H-ZSM-5 catalysts at different flow rates of feed gas (75 % CH4+25 %N2). The
employed reaction temperature is 800 °C. It can be seen that the increasing the flow rate
increases the initial hydrogen formation rates at the beginning of the reaction. In addition,
the increase of flow rate of gas feed leads to rapid deactivation of catalyst in the following
order: 48 > 36 > 24 > 12 mL/min. The lowest peak hydrogen formation rate is observed at
12 mL/min, while the highest hydrogen peak formation rate is at 36 mL/min. Furthermore,
it is obvious that the behaviour of catalyst at 12 mL/min differs from the behaviour of the
catalyst at other flow rates. At 12 mL/min there is a delayed burst of hydrogen formation
rate followed by a gradual decline until the end of run. At 24, 36 and 48 mL/min the
catalyst displayed similar behaviour with the peak high hydrogen formation occurred
initially and then dramatically declined up to 60 minutes of time on stream, after which it
remained steady for the rest of the run. After 60 minutes of time on stream, the highest
hydrogen formation rate is exhibited at 12 mL/min, whereas the lowest hydrogen
formation rate is at 48 mL/min. In general, increase of flow rate results in deactivation of
catalyst decreasing the hydrogen production. A plausible explanation is the deposition of
carbonaceous species on the catalyst leading to active site blockage.
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Figure 5-9 Hydrogen formation rates as a function of time on stream
for 0.4 wt % Pd/H-ZSM-5 catalyst with varying flow rates at a reaction
temperature of 800 °C and 0.4 g catalyst mass.

A number of studies in the literature are consistent with this result. For example, Suelves et
al. [49] studied the effect of the CH4 flow rate on the hydrogen production and CH4
conversion over 65 wt% Ni/SiO2-Al2O3 catalyst at reaction temperature of 700 °C. They
reported enhanced deactivation at higher flow rate.
Zabidi et al.[58] studied the effects of CH4 flow rate on the Ni/Mn based catalyst for
methane decomposition to hydrogen. Their results showed that by increasing the flow rate
the yield of hydrogen decreased. They attributed the low yield of hydrogen to short contact
time between the methane molecule and catalyst.

5.4.3 XRD patterns
XRD powder diffraction studies of the 0.4 % Pd/H-ZSM-5 catalysts were undertaken.
Figure 5-10 displays the XRD patterns for all runs. It can be seen that the zeolite structure
is maintained. However, there is a slight possible decrease in the intensity of the
characteristic peaks of ZSM-5, between 23 and 25o 2, suggesting a decrease in the
crystallinity of the catalyst as a result of the carbon deposited on the catalysts. The
palladium content was not apparent.
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Figure 5-10 XRD patterns of 0.4 wt % Pd/H-ZSM-5 in the pre- and
post-reaction forms at different CH4 flow rates.

5.4.4 Post-reaction CHN and TGA analysis
The post-reaction CHN analysis of the 0.4 wt% Pd/H-ZSM-5 run at different flow rates is
presented in Table 5-3. It can be observed that the amount of carbon deposited is increased
with increasing flow rate. The lowest amount of carbon deposited is 10.80 wt% at 12
mL/min, while the largest amount of carbon deposited is 14.92 wt% at 48 mL/min. Also,
the amount of carbon deposited at flow rate 24 and 36 mL/min are 13.29 and 14.52 wt%,
respectively. Although the increase in the flow rate of CH4 resulted in catalyst deactivation,
it is observed that the amounts of carbon increased with increasing the flow rate. It was
observed from the profiles of hydrogen formation rate in Figure 5-9 that increasing of flow
rate led to a significant increase in the initial reaction rate followed by a dramatic decline.
Hence, it could be that the greatest total amount of deposited carbon was attained before
the catalyst deactivated. Moreover, it could be the cause of the deactivation of the
catalysts.
These findings of the current study are consistent with those of Suelves et al. [218] who
investigated the effect of space velocity on the evolution of the hydrogen concentration and
the properties of carbon deposited from the decomposition of methane in a fixed bed
reactor using a NiCuAl catalyst at 700 °C. They demonstrated that increasing space

168
velocity lead to increasing methane decomposition reaction rate and caused an increase in
the rate of catalyst deactivation. Also, the amount of carbon deposited was increased with
increasing space velocity. They attributed these increases to increases in the initial reaction
rate. There are other studies which indicate that increasing methane flow rate increases the
amount of carbon deposited [219, 220].
Table 5-3 CHN analysis for the post-reaction of 0.4 wt % Pd/H-ZSM-5
catalyst at different CH4 flow rates.

Catalyst

0.4 % Pd/H-ZSM-5

Mean value, wt%

Flow rate
(mL/min)

C

H

N

12

10.80 ± 0.10

0.50 ± 0.04

-

24

13.29 ± 0.00

0.30 ± 0.00

-

36

14.52 ± 1.60

0.35 ± 0.04

-

48

14.92 ± 1.45

0.31 ± 0.01

-

TGA studies in the presence of air have been performed for the post-reaction 0.4 % Pd/HZSM-5 catalysts. Figures 5-11 and 5-12 show the TGA profiles. From Figure 5-11, it can
be seen that there is a weight loss before 250 °C, which is attributed to desorption of water.
In addition, the weight loss in the region between 600 to 700 °C resulting from the loss of
deposited carbon. Once again, it can be observed that the results of TGA and CHN analysis
are in good agreement.
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Figure 5-11 TGA profiles for the post-reaction of 0.4 wt % Pd/H-ZSM5 catalyst at different CH4 flow rates.

169
Figure 5-12 displays the first-derivative weight changes profiles for the post-reaction 0.4 %
Pd/H-ZSM-5 catalysts at different CH4 flow rate. These profiles illustrate the differences
between the samples more clearly. It can be seen that there are three peaks in the burningoff-coke region at ca. 615, 665 and 715 °C, suggesting that different types of carbonaceous
species were deposited. Also, it can be noted that all samples have the same types of
carbon species except for the catalyst run at the highest flow rate where there are only two
regions of coke loss, 615 and 665 °C. Furthermore, it is observed that the area of the peaks
at 615 and 665 °C gradually increased with increasing flow rate as a result of the amount
of carbon deposited, whilst the peak at 715 °C gradually decreased with increasing the
flow rate from 12 to 36 mL/min and completely disappeared at the flow rate of 48 mL/min.
It was mentioned in previous section that the region between 500 to 700 °C related to
filamentous carbons and graphitic carbon. However, SEM images (will be showed and
discussed later) suggested that the amount of filamentous carbons formed gradually
decreased with increasing flow rate.
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Figure 5-12 TGA profiles for the post-reaction of 0.4 wt % Pd/H-ZSM5 catalyst at different CH4 flow rates.

5.4.5 Post-reaction SEM images
Figure 5-13 illustrates the SEM images of carbons deposited on 0.4 wt % Pd/H-ZSM-5
catalyst at different CH4 flow rates at 800 °C. From these images, it can be seen that the
variation of the CH4 flow rate seemed to play a role in the growth rate and density of
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carbon filaments. It is observed that the growth of carbon filaments decreased with
increasing methane flow rate. The significant growth of carbon filaments with different
diameters is observed at 12 mL/min, whilst low growth of carbon filaments is noted at 48
mL/min. At 24 mL/min, it can be seen that the density of carbon filaments is apparently
lower than that at 12 mL/min. Also, the diameter of filamentous carbon seems smaller and
more uniform. The filamentous carbon formed at 36 mL/min is less dense compared to that
formed at 24 mL/min. Moreover, the image for post-reaction 0.4 wt% Pd/H-ZSM-5
catalyst at 48 mL/min showed a high reduction in the filamentous carbon growth. It can be
suggested that the increase of flow rate led to the rapid deposition of carbon on the catalyst
surface, which covered the active sites. As a result, hydrogen production and the growth
rate of filamentous carbon are reduced. In addition, it may be possible that the high flow
rate favours encapsulation type carbon for active particles by formed graphene layers,
which deactivated hydrogen production and the growth of filamentous carbon.

12 mL/min

36 mL/min

24 mL/min

48 mL/min

Figure 5-13 Post-reaction SEM images for 0.4 wt% Pd/H-ZSM-5 catalyst at different CH4
flow rates in the range from 12 to 48 mL/min.
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5.4.6 Raman spectroscopy
The Raman spectra for the post-reaction 0.4 wt % Pd/H-ZSM-5 catalysts were measured.
The Raman spectra are shown in Figure 5-14. It can be seen that there are two main bands
at 1350 cm-1 (D band) and at 1596 cm-1 (G band), which reveals the presence of graphitic
structural carbon.
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Figure 5-14 Raman spectra for the post-reaction 0.4 wt % Pd/HZSM-5 catalyst at different CH4 flow rates in the range of 12 to 48
mL/min.

The intensity ratios ID/IG of the D band and G band are presented in Table 5-4. Again the
intensity ratio ID/IG calculated based on the bands area. It can be seen from the data in
Table 5-4 that the highest ID/IG value was noted after reaction at flow rate of 12 mL/min
(ID/IG=1.97), indicating that the graphitisation degree is the most disordered, while the
lowest value was observed after reaction at flow rate of 24 mL/min (ID/IG=1.50), which
indicates the lowest apparent degree of disorder amongst all samples.
Table 5-4 The result of intensity ratio ID/IG for the D and G bands from Raman
spectra for carbon produced at different CH4 flow rates in the range from 12 to 48
mL/min.

Catalyst

0.4 wt% Pd/H-ZSM-5

Flow rate (mL/min)

Peak area ratio (ID/IG)

12

1.97

24

1.50

36

1.68

48

1.70
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5.5. Effects of dopants on the activity of 0.4 wt% Pd/H-ZSM-5
catalyst for direct cracking of methane
5.5.1 Introduction
Promotion of activity involves the enhancement of at least one of the catalyst properties,
with respect to product formation, by the addition of a minor component. These properties
are conversion improvement, selectivity enhancement and increased catalyst lifetime.
Generally, it has been reported in many studies that the presence of a second metal in the
catalyst systems can have a significant influence on activity. However, for methane
decomposition over Pd-based catalysts, very few studies of this have been reported.
Ogihara et al. [63] studied the effect of doping with Ni, Cu, Co, Fe, Ag and Rh on the
activity of Pd /Al2O3 catalyst for hydrogen production from methane decomposition at 973
K. They found that all metals added to the Pd/Al2O3 catalyst led to high activity and long
life time except for the addition of Ag which led to deactivation.
On the other hand, palladium has been found to be a good dopant for other catalyst systems
for the methane decomposition reaction. For example, it was found that the addition of Pd
to Fe/Al2O3 catalyst enhanced its activity [46]. Also, it was reported that the introduction
of Pd into the Ni/SiO2 catalyst improved significantly the catalytic life and hydrogen yield
[221].
From the results of the effect of the reaction temperature study (the first section of this
chapter) on the activity of 0.4 wt% Pd/H-ZSM-5, it was observed that the temperature of
800 °C resulted in the highest initial burst of hydrogen which was followed by a sharp
decline in hydrogen production. This behaviour was not observed for the other reaction
temperatures, which showed a gradual increase in the hydrogen production rate, as shown
in Figure 5-1.
In an attempt to enhance the performance and stability of 0.4 wt% Pd/H-ZSM-5 catalyst at
800 °C, the catalyst was modified by addition of other metal species. Transition metals
such as Fe, Ni and Co are known to possess the highest activity for methane cracking in
general [40, 51, 55, 56, 126, 179, 222]. Hence, Fe3+, Ni2+, Co2+ and Cu2+ were added to the
0.4 wt% Pd/H-ZSM-5 catalyst as dopants. The choice of copper metal as promoter in this
study was based upon a number of studies which demonstrated the role of copper in
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improving the performance and stability of nickel-based catalysts for the methane
decomposition reaction [60, 223, 224].
It should be mentioned that the molar ratio of the dopant metal added (M= Fe3+, Ni2+, Co2+
and Cu2+) to Pd/H-ZSM-5 was 0.25 (M/Pd). A number of characterisation techniques such
as XRD, TGA, CHN elemental analysis and SEM have been applied to characterise the
resultant pre- and post-reaction catalysts.

5.5.2 Reaction data
The effect of the addition of Fe3+, Ni2+, Co2+ and Cu2+ dopants on the activity 0.4 wt%
Pd/H-ZSM-5 catalyst was investigated. Figure 5-15 shows the hydrogen formation rates as
a function of time on stream for methane cracking over 0.4 wt% Pd/H-ZSM-5 catalyst and
those doped with Fe3+, Ni2+, Co2+ and Cu2+. The molar ratio of the dopant metal (M) added
to Pd/H-ZSM-5 was 0.25 (M/Pd). From the hydrogen production profiles in Figure 5-15, it
is observed that the addition of these dopants reduced the performance of 0.4 wt% Pd/HZSM-5 throughout the run. The Cu2+ doped 0.4 wt% Pd/H-ZSM-5 catalyst showed initially
the lowest hydrogen formation rate compared to other catalysts, which gradually dropped
and was similar to those doped with Fe3+, Ni2+, and Co2+ at extended times on stream. In
addition, the Ni2+ doped 0.4 wt% Pd/H-ZSM-5 catalyst displayed a high initial hydrogen
formation rate, which is higher than Cu-Pd/H-ZSM-5 catalyst and lower than Fe-Pd/HZSM-5 and Co-Pd/H-ZSM-5.
However, it is noted that the behaviour of all doped catalysts is similar to the parent 0.4
wt% Pd/H-ZSM-5 catalyst where there was the initial burst in H2 formation followed by a
sharp drop, except for the Cu-Pd/H-ZSM-5 catalyst which demonstrated a more gradual
decrease. This may suggest that the presence of these dopants in the catalyst led to
obstruction of part of the active sites of the palladium i.e. a part of the palladium content is
still active whereas the other part is not due to obstruction. This finding is somewhat
surprising especially these metals (Fe3+, Ni2+ and Co2+) are known to be active for methane
cracking. As mentioned in the introduction of this section, it was found that the addition of
Fe, Ni and Co into Pd/Al2O3 catalyst enhanced its activity especially Pd–Ni/Al2O3 and Pd–
Co/Al2O3 displayed the highest hydrogen yields from methane cracking [63]. Also, it was
shown that the addition of Pd into Ni/SiO2 catalyst improved the catalytic performance for
methane decomposition [221].
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Figure 5-15 Hydrogen formation rates as a function of time on stream
for the parent 0.4 wt % Pd/H-ZSM-5 catalyst, and those doped with
Fe3+, Ni2+, Cu2+ and Co2+ (dopant metal M/Pd atomic ratio of 0.25), the
reaction temperature was 800 °C and 0.4 g catalyst mass.

It may be that these metals are inactive in the presence of the zeolite support and/or that
access to the Pd metal is limited by coverage and/or pore blockage by the 1 st row transition
metal dopants. Therefore, Fe/H-ZSM-5, Ni/H-ZSM-5, Co/H-ZSM-5 and Cu/H-ZSM-5
catalysts were prepared to test their activity for methane cracking. Preparation of these
catalysts employed the same method as for the parent catalyst and their loadings were
equivalent to the parent catalysts.
Figure 5-16 displays the hydrogen formation rates as a function of time on stream for
methane cracking over calcined H-ZSM-5 (support), 0.1 wt% Fe/H-ZSM-5, 0.1 wt% Ni/HZSM-5, 0.1 wt% Co/H-ZSM-5 and 0.1 wt% Cu/H-ZSM-5 catalysts. It can be seen that the
activity of 0.1 wt% Fe/H-ZSM-5 and 0.1 wt% Co/H-ZSM-5 catalysts are low and quite
similar to the support (calcined H-ZSM-5), while 0.1 wt% Ni/H-ZSM-5 and 0.1 wt%
Cu/H-ZSM-5 catalysts had higher activities.
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Figure 5-16 Hydrogen formation rates as a function of time on stream
for methane cracking over calcined H-ZSM-5, 0.1 wt % Fe/H-ZSM-5,
0.1 wt %Ni/H-ZSM-5, 0.1 wt % Co/H-ZSM-5 and 0.1 wt % Cu/H-ZSM5 catalysts, the reaction temperature was 800 °C, the methane flow
rate was 12 mL/min and 0.4 g catalyst mass.

From the results in Figure 5-16, it seems that there is a so-called strong metal-support
interaction effect (SMSI) for 0.1 wt% Fe/H-ZSM-5 and 0.1 wt% Co/H-ZSM-5 i.e. there is
strong interaction between the Fe and Co with the zeolite (support). The strong MSI may
lead to the difficulty of reduction of the precursor oxide which may require higher
temperatures or even be irreducible. Also, the strong MSI prevents metal mobility on the
support [225, 226]. Therefore, it may be that SMSI resulted in the low activity of 0.1 wt%
Fe/H-ZSM-5 and 0.1 wt% Co/H-ZSM-5 catalysts. On the other hand, this effect may be
absent in the case of 0.1 wt% Ni/H-ZSM-5 and 0.1 wt% Cu/H-ZSM-5 catalysts, meaning
that these metal ions were more easily reduced leading to enhanced activity. Furthermore,
it could be that Ni and Cu possess mobility on the surface of zeolite.
From the above, it can be suggested that Fe and Co species are segregated in the 0.4 %
Pd/H-ZSM-5 catalyst as a result of strong MSI and possibly deactivate a part of the Pd
sites around where it is situated or blocked part of the Pd sites. It is pertinent to note that
the addition of these metals is made after the addition of palladium into zeolite during the
preparation procedures. If the additional metal located at the mouth of the channels, pore
blockage could result limiting accessibility to the more active intra-channel dispersed Pd
species. Another possible reason may be that there is the formation of a mixed phase such
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as Fe-Pd and Co-Pd, which displays different behaviour from the Pd-alone containing
phase.
It was reported that the formation of Ni carbides (Ni3C) during methane decomposition
over Ni- based catalyst lead to the deactivation of the catalyst [227, 228]. Takenaka et al.
[229] studied the methane decomposition into hydrogen and carbon nanofibres over
Ni/SiO2 and Pd-Ni/SiO2 catalysts. They revealed that the addition of Pd into Ni/SiO2
enhanced the catalytic activity and life for methane decomposition into hydrogen and
carbon nanofibres. These catalysts was characterised by measuring the Ni and Pd K-edge
XANES and EXAFS. The characterisation showed that Ni metal in the Ni/SiO2 catalyst
was transformed into Ni carbides at the deactivation period, while the Pd-Ni/SiO2 catalyst
did not show a change in the structure and average crystallite size during methane
decomposition and it was resistant to phase transformation. It seems possible that the
addition of Ni into Pd/H-ZSM-5 catalyst did not form Ni-Pd alloy, which is considered an
active phase for methane decomposition. It may be that the support has played a role in the
lack of Ni-Pd formation. Therefore, the effect of Ni and Cu can be explained considering
mobility on the surface of zeolite. The higher mobility of Ni and Cu particles at reaction
temperature of 800 °C may be caused the sintering or/and agglomeration of Ni or Cu
particles and thus prevent methane molecules to contact with palladium particles (more
active sites) or even may have led to the formation of carbides. In addition, it could be that
there is a formation of a mixed phase of Cu-Pd, which may has low activity compared to
the Pd containing phase alone.
Moreover, the nature of the carbon deposited should be considered where these dopants
added to Pd/H-ZSM-5 may have led to the formation of encapsulation carbon resulting in
the deactivation of catalyst. Further investigations are required to explain more about these
negative effects.

5.5.3 XRD patterns
Figure 5-17 (A, B) presents the XRD patterns for the pre and post-reaction catalysts. All
XRD patterns of the pre and post-reaction catalysts for the parent 0.4 wt% Pd/H-ZSM-5
and those doped with Fe, Ni, Co and Cu completely matched with the pattern of H-ZSM-5,
which indicates that the reaction conditions and the modiﬁcation procedures has no
obvious effect on the zeolite structure. Palladium or dopant metal phases were not
apparent.
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It is observed that there are differences between the relative intensities of the reflections at
8-9° and 23-25o 2 between the pre-reaction and post-reaction catalysts. It can be seen that
the intensities of peaks at 8-9o 2 in the post-reaction catalysts are higher than those in prereaction catalysts particularly in the post-reaction Cu-Pd/HZSM-5, Ni-Pd/HZSM-5 and
Co-Pd/HZSM-5 catalysts. Also, it is noted that the intensities of these peaks in the postreaction Cu-Pd/HZSM-5 is the highest among all catalysts.
It was reported that the intensities of peaks below 10o 2 in the pattern of ZSM-5 are
sensitive to the presence of any species inside the channels where the intensities of peaks
decrease when metals occupy the channels of zeolite [230]. Therefore, it can be suggested
that the addition of these metals into the parent 0.4 wt% Pd/H-ZSM-5 catalyst lead to low
dispersion of these metal as well as palladium on the zeolite channels and keep them on the
external surface of zeolite crystals. This also suggests the occurrence of sintering or/and
agglomeration of palladium with dopant metals on the external surface of zeolite. On the
other hand, it may be that there is high dispersion and too small particle size of metals on
the surface of the zeolite, which is inactive for methane cracking. As mentioned in the
previous chapter, the catalyst performance in the methane cracking is highly dependent on
the metal particle size and there is optimisation for the size of particles where too small or
too big metal particles could be inappropriate.
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Figure 5-17 XRD patterns of 0.4 wt % Pd/H-ZSM-5 and those doped
with Fe, Ni, Co and Cu in the pre-reaction (A) forms, and post-reaction
(B) forms, dopant metal M/Pd atomic ratio of 0.25.

5.5.4 Post-reaction CHN and TGA analysis
The post-reaction CHN analyses of the doped catalysts and the 0.4 wt% Pd/H-ZSM-5
catalyst are presented in Table 5-5. It is evident from the results that all doped catalysts
show low quantities of carbon deposited on them compared to the non-doped parent
catalyst, 0.4 wt% Pd/H-ZSM-5. It can be observed that the largest amount of carbon
deposited was observed for the non-doped catalyst, 10.80 wt%, whereas the Cu2+ doped
catalyst has the lowest amount of carbon deposited, 4.25 wt%. The carbon content in the
Fe and Ni doped catalyst is almost similar, which is ca. 8.20 wt%. The quantity of carbon
deposited on the Co2+ doped catalyst is ca. 6.05 wt%, which is smaller than the parent
catalyst, 0.4 wt% Pd/H-ZSM-5, and those doped with the Fe and Ni. It seems that the
catalyst activity can be correlated with the amount of carbon deposited.
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Table 5-5 CHN analysis for the post-reaction 0.4 wt % Pd/H-ZSM-5 catalyst
and those doped with Fe, Ni, Co and Cu (dopant metal M/Pd atomic ratio of
0.25).

Mean value, wt%

Catalyst
C

H

N

0.4 wt % Pd/H-ZSM-5

10.80 ± 0.10

0.50 ± 0.04

-

Fe doped 0.4 wt % Pd/H-ZSM-5

8.17 ± 0.10

0.30 ± 0.00

-

Ni2+ doped 0.4 wt % Pd/H-ZSM-5

8.20 ± 0.50

0.30 ± 0.00

-

6.05 ± 0.16

0.30 ± 0.00

-

4.25 ± 0.10

0.41 ± 0.00

-

3+

2+

Co doped 0.4 wt % Pd/H-ZSM-5
2+

Cu doped 0.4 wt % Pd/H-ZSM-5

TGA studies of the oxidation of post-reaction carbon species have been carried out. The
TGA profiles recorded for the 0.4 wt% Pd/H-ZSM-5 and those doped with Fe, Ni, Co and
Cu are displayed in Figure 5-18.
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Figure 5-18 TGA profiles of post-reaction 0.4 wt % Pd/H-ZSM-5 and
those doped with Fe, Ni, Co and Cu (dopant metal M/Pd atomic ratio
of 0.25).

As can be seen from the profiles in Figure 5-18, there is a low weight loss below 250 °C,
which is ascribed to desorption of adsorbed water on the catalyst, while the major weight
loss is that in the region from 600 to 750 °C resulting from the oxidation of carbon
deposited. Furthermore, it can be observed that there is good agreement between the results
of CHN and TGA analysis.
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The first-derivative weight changes profiles for the post-reaction for the 0.4 wt% Pd/HZSM-5 and those doped with Fe, Ni, Co and Cu are also presented in Figure 5-19.
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Figure 5-19 TGA profiles for the post-reaction 0.4 wt % Pd/H-ZSM-5
and those doped with Fe, Ni, Co and Cu (dopant metal M/Pd atomic
ratio of 0.25).

From Figure 5-19, it can be seen that there is a difference between the carbons deposited
on these catalysts. The non-doped catalyst showed three regions of weight loss at roughly
615, 665 and 715 °C, which relates to different species of carbon deposited, possibly
carbon nanotube, carbon nanofibre and/or graphitic carbon. As previously mentioned
amorphous carbon is oxidised about 330 °C. Hence, it seems that it is not formed in these
samples. However, the third oxidation region for the non-doped catalyst of 0.4 wt% Pd/HZSM-5 was missing in all doped catalysts. The catalysts doped with Fe3+ and Co2+ showed
main peak oxidation at approximately 665 °C and a small shoulder to the main peak that
was almost 630 °C. The main peak oxidation is corresponding to second oxidation region
in the parent catalyst of 0.4 wt% Pd/H-ZSM-5, which indicates they may have one species
of carbon. With respect to the catalysts doped with Ni2+ and Cu2+, it is apparent that there
is only one oxidation region at 670 and 675 °C, respectively.
One of the factors affecting on the nature of the carbon formed is the nature of active
phase. From above, it was noted that there is a similarity in the nature of the carbon
deposited on the parent catalyst of 0.4 wt% Pd/H-ZSM-5 and those doped with Fe3+ and
Co2+. In addition, it was observed that the non-doped catalyst and those doped with Fe3+
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and Co2+ had similar profiles for hydrogen production regardless of their activity.
Therefore, it can be suggested that the Fe3+ and Co2+ dopants had a lower effect on metallic
Pd in the 0.4 wt% Pd/H-ZSM-5 catalyst resulting in an unaffected fraction of metallic Pd.
The Ni2+ and Cu2+ dopants had a greater effect on metallic Pd in the parent catalyst, which
led to different behaviour for hydrogen production and the formation of different species of
carbon.

5.5.5 Post-reaction SEM images
Figure 5-20 (A-E) presents the SEM images for the post-reaction non-doped 0.4 wt%
Pd/H-ZSM-5 catalyst (A) and those doped with Fe, Ni, Co and Cu (B-E). From the images,
it can be seen that filamentous carbon was formed over all catalysts. It is hard to determine
the growth mechanism of these filaments. However, it is observed that the doped catalysts
showed filamentous carbons, which are possibly thinner than those in the non-doped 0.4
wt% Pd/H-ZSM-5 catalyst although caution must be exercised in view of the statistical
limitations of this observation. From the SEM image in Figure 5-20 (E), it can be observed
that the filamentous carbons formed on Pd-Cu/HZSM-5 are the thinnest and smallest
compared to the filamentous carbon formed on all another catalysts.
The size of metal particle is believed to affect the diameters of the resulting filamentous
carbon [231]. Many studies have been reported that the carbon nanotube (CNT) diameter is
determined by the catalyst particle size [232-234]. Cheung et al. [235] used iron
nanoclusters with average values of diameter of 3, 9 and 13 nm to define the diameters of
carbon nanotubes grown by chemical vapor deposition (CVD). They found that the
average diameters of carbon nanotubes produced are roughly 3, 7 and 12 nm, respectively,
which is related to the diameters of the metal particles. Suelves and co-workers [236]
studied the performance of a NiCu/MgO catalyst for catalytic methane decomposition
reaction. They demonstrated that the type of carbon formed is nanofibre structure with
diameters that correlated with the nickel particle size.
Wen et al. [237] prepared Pd/ZSM-5 and Pd-Fe/ZSM-5 by exchanging Pd from a dilute
aqueous solution of [Pd(NH3)4](NO3)2 into either H/ZSM-5 or Fe/ZSM-5. They found that
there is a significant difference between Pd/ZSM-5 and Pd-Fe/ZSM-5 after calcination.
The Pd in Pd/ZSM-5 is present as large PdO particles, but in Pd-Fe/ZSM-5 it is highly
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dispersed over the zeolite. Also, the authors suggested that the Fe ions and/or Fe oxo ions
act as very effective chemical anchors.
Ogura et al. [238] prepared Pd-Co/ZSM-5 catalyst by ion-exchange for reduction of nitric
oxide (NO) with methane as a reductant. They showed that Pd and Co are well dispersed
inside the zeolite when the concentrations of Pd and Co are less than 1 wt%. While the
increase of Co loading causes aggregation of Pd on the ZSM-5.
According to the above and to our SEM images in Figure 5-20, it can be proposed that the
addition of these metals (Fe, Ni, Co and Cu) into 0.4 wt% Pd/H-ZSM-5 catalyst led to
increase the palladium dispersion. This effect would normally enhance the performance of
doped catalysts but the opposite effect was observed. Therefore, the effect of the nature of
the carbon deposited must be taken into account.
It was observed in the SEM images in Figure 5-20, that carbon filaments were formed over
all post-reaction catalysts and it was difficult to determine their growth mechanism due to
the metal particles not being apparent. Hence, a higher magnification image of 0.4 wt%
Pd/H-ZSM-5 doped with Ni was studied. The image is illustrated in Figure 5-21. It can be
seen from the image that there are bright spots, marked with arrows, in the middle of the
filaments of carbon. This suggested that the metal particles are encapsulated inside the
carbon filaments (penetration of metal atoms deep into the filament), which prevents
access of the methane molecules. This type of deactivation by formation of the
encapsulated carbon for the metal active sites is so-called intercalation or erosion [239].
In general, it may be that the addition of these metals into 0.4 wt% Pd/H-ZSM-5 catalyst
formed encapsulated carbon for catalyst particles, which caused deactivation for the
performance of the doped catalysts. HRTEM analysis would be required for more detailed
investigation about the location of metal particles in the filamentous carbon and the zeolite.
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Figure 5-20 SEM images of post-reaction (A) non-doped catalyst 0.4 wt % Pd/H-ZSM-5,
(B) doped with Fe3+, (C) doped with Ni2+, (D) doped with Co2+ and (E) doped with Cu2+
(dopant metal M/Pd atomic ratio of 0.25).
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Figure 5-21 SEM image of post-reaction Pd-Ni/H-ZSM-5 (dopant
metal Ni/Pd atomic ratio of 0.25).

5.6. The effect of palladium precursor on the activity of 0.4 wt%
Pd/H-ZSM-5 catalyst for direct cracking of methane
5.6.1 Introduction
The nature of the precursor salt plays a significant role in both the nature of the species
present on the catalyst surface, and on its surface area. It was found that the type of the
precursor employed can affect the dispersion of Pd and the form in which it occurs on the
surface of supported catalyst [240, 241]. From reviewing the literature and regardless of
the support type, it is apparent that the Pd precursor most frequently used for methane
cracking into hydrogen and carbon is palladium chloride (PdCl2) [47, 63, 83, 221, 229]
with a few studies emphasising palladium nitrate (Pd(NO3)2) [45, 46]. Surveying the
literature, it seems that the effect of precursor has not been addressed. Therefore, the effect
of the type of the palladium precursor in the preparation of 0.4 wt% Pd/H-ZSM-5catalysts
on their catalytic activity was studied in this section.
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Three palladium precursors have been employed. Palladium chloride (PdCl2), palladium
nitrate (Pd (NO3)2) and palladium acetylacetonate Pd(C5H7O2)2 were used as palladium
sources for the preparation of the 0.4 wt% Pd/H-ZSM-5 catalysts.
The samples prepared from palladium chloride and nitrate were obtained by zeolite
impregnation with aqueous solutions of these salts, whereas the sample prepared from
palladium acetylacetonate was obtained by zeolite impregnation with a benzene solution of
this precursor. The samples were named 0.4 wt% Pd/H-ZSM-5 (Cl), 0.4 wt% Pd/H-ZSM-5
(NO) and 0.4 wt% Pd/H-ZSM-5 (AcAc) catalysts relating to (PdCl2), (Pd(NO3)2) and
Pd(C5H7O2)2 precursors, respectively.

5.6.2 Reaction data
The effect of the type of palladium precursors on the catalyst activity of 0.4 wt% Pd/HZSM-5 catalyst for hydrogen production from direct cracking of methane was studied.
Figure 5-22 presents the hydrogen formation rates as a function of time on stream for
methane cracking. It can be seen that the palladium precursor has strong effect on the
catalyst activity. It was observed that the catalyst prepared from palladium nitrate, 0.4 wt%
Pd/H-ZSM-5 (NO), had the highest hydrogen formation rate, while the catalyst prepared
from palladium chloride, 0.4 wt% Pd/H-ZSM-5 (Cl), showed the lowest hydrogen
formation rate. The catalyst prepared from palladium acetylacetonate, 0.4 wt% Pd/H-ZSM5 (AcAc), showed initially medium activity and then dropped to have a similar
performance of 0.4 wt% Pd/H-ZSM-5 (Cl) catalyst. In general, the 0.4 wt% Pd/H-ZSM-5
(NO) catalyst demonstrated the highest hydrogen formation rate throughout the run,
whereas 0.4 wt% Pd/H-ZSM-5 (Cl) and 0.4 wt% Pd/H-ZSM-5 (AcAc) catalysts had
similar behaviour beyond 90 minutes of time on stream despite the differences in the
activities at the beginning of reaction. Furthermore, it is observed that the 0.4 wt% Pd/HZSM-5 (NO) and 0.4 wt% Pd/H-ZSM-5 (AcAc) catalysts showed an initial burst of
hydrogen formation followed by rapid decline, while the 0.4 wt% Pd/H-ZSM-5 (Cl)
catalyst showed gradual increase in hydrogen formation rate up to 60 minutes of time on
stream followed by gradual decrease.
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Figure 5-22 Hydrogen formation rates as a function of time on stream
for methane cracking over 0.4 wt % Pd/H-ZSM-5 catalyst prepared
from different palladium precursors, the reaction temperature of
800 °C, the methane flow rate was 12 mL/min and 0.4 g catalyst
mass.

Roth et al. [240] prepared a series of Pd/Al2O3 catalysts by using several precursors
(H2PdCl4, Pd(NO3)2 and Pd(AcAc)2) for methane oxidation. Their characterisation showed
that the highest Pd dispersions were obtained by using Pd(AcAc)2 as a precursor, while the
lowest dispersion was noted by using PdCl2 as a precursor.
Andre et al. [242] used PdCl2 and Pd(acac)2 as a precursors for preparation of Pd/Al2O3
and Pd/CeO2/Al2O3 catalysts. They found that the dispersion of Pd in Pd/Al2O3 catalyst
was approximately equal for all precursors. Moreover, they observed that the dispersion of
Pd in the Pd/CeO2/Al2O3 catalyst became different where the PdCl2 precursor led to low Pd
dispersion.

Panpranot and co-workers [243] prepared a series of silica (SiO2 and MCM-41)-supported
Pd catalysts from different Pd precursors such as Pd(NO3)2, PdCl2, and palladium acetate
(Pd(OOCCH3)2) for hydrogenation of 1-hexene reaction. They demonstrated that the use of
PdCl2 as a precursor for both SiO2 and MCM-41 support resulted in smaller Pd particles
and higher dispersion, while the other precursors showed close value of particle size and
dispersion in all supports.
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From above, it is possible to say that the type of the precursor plays an important role in
the catalyst properties depending on the type of support used. Hence, on the basis of the
literature cited, it could be suggested that the 0.4 wt% Pd/H-ZSM-5 catalyst prepared from
the Pd(NO3)2 precursor resulted in the highest dispersion and/or appropriate particle size
for direct cracking of methane, whilst the 0.4 wt% Pd/H-ZSM-5 catalyst prepared from the
PdCl2 precursor resulted in the lowest dispersion and/or inappropriate particle size for the
direct cracking of methane reaction.
Moreover, the size of these precursors may play an important role in the dispersion of
palladium. Palladium chloride (PdCl2) has smaller size, which could lead to higher
dispersion of palladium inside the zeolite channels. Blockage of channels can be occurred
either by sintering of palladium or carbon deposition. As a result, this prevents the methane
from access to the active sites, which result in low activity of catalyst. Palladium
acetylacetonate Pd(C5H7O2)2 has larger size, which may reduce or prevent the dispersion
of palladium particles inside the zeolite channels and so it will probably remain on the
outer surface of the zeolite. This can reduce the total dispersion of palladium on the
support. In case of the palladium nitrate (Pd(NO3)2), it appears medium size, which can
be dispersed in the channels and on the outer surface of the zeolite. This may explain the
high performance of catalyst, prepared from palladium nitrate (Pd(NO3)2).

5.6.3 XRD patterns
Figure 5-23 (A, B) presents the XRD patterns for the pre and post-reaction 0.4 wt% Pd/HZSM-5 forms that prepared from different Pd precursors. From Figure 5-23 (A), it can be
seen that the patterns of the pre-reaction catalysts display the characteristic reflections of
H-ZSM-5 with the main 2 values of ca. 8°, 9° and 23-25o. Again, no evidence of Pdcontaining phases could be found. However, from these patterns, another different reason
that might elucidate the different performance of catalysts can be investigated. As
mentioned in the previous section, the intensities of peaks below 10o 2 in the pattern of
ZSM-5 are sensitive to the presence of any species inside the channels where the intensities
of peaks decreases when metals occupy the channels of zeolite. Therefore, it is observed
from the XRD patterns for the pre-reaction catalysts, Figure 5-23 (A), that the relative
intensity of peaks at ca. 2 8° and 9o are higher in the order of Pd/H-ZSM-5 (AcAc) >
Pd/H-ZSM-5 (NO) > Pd/H-ZSM-5 (Cl). This suggests that the palladium in Pd/H-ZSM-5
(Cl) catalyst is dispersed inside the channels of zeolite more than other catalysts, followed

188
by Pd/H-ZSM-5 (NO) catalyst. While the palladium in Pd/H-ZSM-5 (AcAc) is least
dispersion inside the channels of zeolite. Hence, in case of Pd/H-ZSM-5 (Cl) catalyst, it
may be the most of cracking of methane occurs inside zeolite channels, which may be
trapped the palladium atoms in intersections of zeolite as result of carbon deposition and
then preventing the access of methane molecules to the active site. Subsequently, the
deactivation of catalyst occurs. Moreover, it seems that the Pd/H-ZSM-5 (NO) catalyst has
highest deposition in both channels and outer surface of zeolite.
The patterns of the post-reaction catalysts are presented in Figure 5-23 (B). It can be
observed that the reaction conditions and different palladium precursors did not affect on
zeolite structure and they remain intact. In addition, the palladium crystals were not
detected; it may be due to the reasons that mentioned earlier.
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Figure 5-23 XRD patterns of 0.4 wt % Pd/H-ZSM-5 in the pre-reaction
(A) and post-reaction (B) forms that prepared from different Pd
precursors.
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5.6.4 Post-reaction CHN and TGA analysis
The post-reaction CHN analysis for the 0.4 wt% Pd/H-ZSM-5 catalysts prepared from
different Pd precursors are presented in Table 5-6. It is evident from the results that there is
a varying in the amount of carbon deposited on samples as a result of their reaction with
methane. The largest amount of carbon deposition was observed for the 0.4 wt% Pd/HZSM-5 (NO) catalyst where it was 10.80 wt%, whereas that for the 0.4 wt% Pd/H-ZSM-5
(Cl) catalyst was much lower at 2.50 wt%. The amount of carbon deposited on the 0.4 wt%
Pd/H-ZSM-5 (AcAc) was 6.10 wt%. Furthermore, these amounts of carbon deposited are
in agreement with the reaction rates previously showed in Figure 5-22, i.e. the highest
hydrogen formation rate was observed with the 0.4 wt% Pd/H-ZSM-5 (NO) catalyst, while
the lowest hydrogen formation rate was observed with the 0.4 wt% Pd/H-ZSM-5 (Cl)
catalyst.
Table 5-6 CHN analysis for the post-reaction 0.4 wt% Pd/H-ZSM-5
catalyst prepared from different Pd precursors.

Catalysts

Mean value, wt%
C

H

N

0.4 wt% Pd/H-ZSM-5 (Cl)

2.50 ± 0.02

0.34 ± 0.04

-

0.4 wt% Pd/H-ZSM-5 (NO)

10.80 ± 0.10

0.50 ± 0.04

-

0.4 wt% Pd/H-ZSM-5 (AcAc)

6.10 ± 0.52

0.42 ± 0.01

-

TGA studies in the presence of air were conducted for post-reaction samples that prepared
from different Pd precursors. Figures 5-24 and 5-25 depict the TGA oxidation profiles
under air and corresponding first-derivative profiles of the post-reaction samples,
respectively.
It can be observed from Figure 5-24 that there is weight loss before 250 °C, which is
attributed to desorption of adsorbed water. Additionally, the weight loss in the region
between 600 to 700 °C resulting from the burning off carbon deposited is evident. There is
a good agreement between the results of TGA and CHN analysis.
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Figure 5-24 TGA profiles of post-reaction 0.4 wt% Pd/H-ZSM-5
catalysts prepared from different Pd precursors.

Figure 5-25 depicts the first-derivative weight changes profiles for the post-reaction 0.4
wt% Pd/H-ZSM-5 catalysts that prepared from different Pd precursors. These profiles can
reveal the differences between these samples more clearly. From Figure 5-25, it is obvious
that there are differences among the TGA profiles. It can be seen that there are three peaks
in the burning off coke region for the samples prepared from palladium acetylacetonate
and nitrate. These regions are ca. 615, 665 and 715 °C for the samples prepared from
palladium nitrate and ca. 640, 665 and 715 °C for the samples prepared from palladium
acetylacetonate. The samples prepared from palladium chloride showed two oxidation
peaks in the regions at ca. 665 and 730 °C. In addition, it is observed that all samples have
similar oxidation region, which is at 665 °C as well as oxidation peak at the region beyond
700 °C. The difference between these samples is in the region before 650 °C where the
first oxidation peak has slightly shifted to high region temperature for the sample prepared
from palladium acetylacetonate and it is absent in the sample prepared from palladium
chloride.
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Figure 5-25 TGA profiles for the post-reaction 0.4 wt% Pd/H-ZSM-5
catalysts prepared from different Pd precursors.

This suggests that these samples have similar carbonaceous species in the region 650 °C
and the region beyond 700 °C, while they differ more significantly in the region before
650 °C. Previously, it was mentioned that the oxidation region beyond 500 °C is related to
filamentous carbons (carbon nanofibres or nanotubes) and layers of graphitic carbon.
However, SEM images (shown and discussed later) showed that the filamentous carbons
were formed on all samples, but their amount in the sample prepared from palladium
chloride seems to be low. Therefore, it is possible that the absence of a peak in the region
of 615 °C is related to the filamentous carbons. From this, it can be suggested that the
oxidation peak at 615 and 665 °C are attributed to filamentous carbons, whereas the
oxidation peak beyond 700 °C is attributed to graphitic carbon.
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5.6.5 Post-reaction SEM images
Figure 5-26 presents SEM micrographs of the post-reaction 0.4 % Pd/H-ZSM-5 catalysts
that prepared from different Pd precursors. From the images, it can be seen that the
filamentous carbons were formed in all post-reaction samples. However, it is observed that
there is a lower density of filamentous carbon formed on the 0.4 % Pd/H-ZSM-5 (Cl)
catalyst and their diameters seem relatively small. The low amount of carbon filaments
formed on the 0.4 % Pd/H-ZSM-5 (Cl) catalyst is consistent with the CHN results and
TGA analysis, which showed a small amount of carbon deposited. In addition, the zeolite
particles are clearly visible.
The SEM image for the 0.4 % Pd/H-ZSM-5 (NO) catalyst showed a large amount of
filamentous carbon formed with filaments possessing a range of diameters. Also, it can be
noted that the filamentous carbons are present on most of the catalyst surface. CHN and
TGA analyses, Table 5-6 and Figure 5-24, demonstrated that the largest amount of carbon
deposited was observed in the 0.4 % Pd/H-ZSM-5 (NO) catalyst. The SEM image suggests
that the majority of this carbon deposited is from the filamentous carbon.
It can be seen from the SEM image for the 0.4 % Pd/H-ZSM-5 (AcAc) catalyst that there is
a dense amount of filamentous carbons formed with thin diameter. Additionally, it is
observed that the catalyst surface was covered by these filaments.
As previously mentioned, the diameter of the carbon fibres should be roughly equal to the
diameters of the metal particles. Furthermore, it has been reported that small catalyst
particles lead to a low growth rate and high initial reaction rates but fast deactivation,
whereas catalysts with large particles have low initial activities and a short life. Therefore,
it is apparent that there is an optimum particle size, for which maximum catalyst activity
and carbon growth rate is exhibited [39, 207, 236].
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Figure 5-26 SEM images of post-reaction 0.4 wt % Pd/H-ZSM-5 catalysts prepared from
different Pd precursors.

According to the above SEM images, it seems that the palladium precursors play a
significant role in the dispersion and particles size of palladium, which affected the catalyst
activity and formation of carbon. It can be assumed that the use of palladium chloride
(PdCl2) as precursor produces a low dispersion on the outer surface of the zeolite. In
addition, a few small particles can be present on the outer surface, which led to the
formation of carbon filaments. However, the palladium acetylacetonate Pd(C5H7O2)2 seems
to have produced the smallest particles because the diameters of the carbon filaments are
thinner. In case of catalyst prepared from palladium nitrate (Pd(NO3)2) it seems that the
diameters of the carbon filaments are thicker than the diameters of the carbon filaments
formed from the catalyst prepared from palladium acetylacetonate Pd(C5H7O2)2 , which
indicates a larger particle size. Thus, it seems that the particle size of catalyst prepared
from palladium nitrate (Pd(NO3)2) is more effective compared with other catalysts i.e. they
are not very small and not very large as well. Again, it seems that there is an optimum
particle size of Pd leads to the high catalyst activity and high rate of carbon formation.
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Further investigation is required to show the role of palladium precursors in the formation
of various particle sizes and to determine the optimum particle size for catalyst activity.

5.6.6 Raman spectroscopy
Figure 5-27 presents the Raman spectra for the post-reaction 0.4 wt % Pd/H-ZSM-5
catalyst prepared from different Pd precursors. From the spectra, it can be seen that there
are two main bands at 1350 cm-1 (D band) and at 1594 cm-1 (G band), which indicate the
presence of graphitic carbon.
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Figure 5-27 Raman spectra of post-reaction 0.4 wt% Pd/H-ZSM-5
catalyst prepared from different Pd precursors.

Table 5-7 depicts the intensity ratio ID/IG for the D band and G band from Raman spectra
for carbon produced by 0.4 wt% Pd/H-ZSM-5 catalyst prepared from different Pd
precursors. From Table 5-7, it can be observed that the highest ratio of ID/IG is 1.97 for
carbon produced by 0.4 wt% Pd/H-ZSM-5 catalyst prepared from palladium nitrate (Pd
(NO3)2) , indicating that the graphitisation species are the most disordered, whereas the
lowest ratio was noted with carbon formed by 0.4 wt% Pd/H-ZSM-5 catalyst prepared
from palladium chloride (PdCl2) where it is 0.52, suggesting 0.4 % Pd/H-ZSM-5 (Cl)
catalyst produces more organised carbon structures compared to another catalysts.
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Table 5-7 The result of intensity ratio ID/IG for the D and G bands
from Raman spectra for carbon produced by 0.4 wt% Pd/H-ZSM-5
catalysts prepared from different Pd precursors.

Catalyst

Peak area ratio (ID/IG)

0.4 % Pd/H-ZSM-5 (Cl)

0.52

0.4 % Pd/H-ZSM-5 (NO)

1.97

0.4 % Pd/H-ZSM-5 (AcAc)

1.50

5.7. Effect of support on the activity of palladium catalysts for
direct cracking of methane
5.7.1 Introduction
The support material plays an important role in the properties of catalysts, which directly
affects methane conversion and the nature of carbon deposition. The most important
factors affecting during metal-catalysed methane decomposition are the surface area,
particle size, dispersion and stabilisation of the metallic catalyst particles, which can be
controlled by selecting an appropriate support. Metal–support interaction (MSI) is
important factor, which can influence the reduction of metal oxide precursors and
dispersion of metal. A strong MSI inhibits the sintering or/and agglomeration of the metal
particles on the support surface enhancing the dispersion of metal particles thus resulting in
a high density of the catalytic sites [225, 226]. On the other hand, a strong MSI may lead to
the difficulty of reduction of the precursor oxide which may require higher temperatures or
even be irreducible. Furthermore, a suitable strength of MSI results in to prevent metal
particles from aggregation and forming unwanted large particles.
It has been found that metal–support interaction (MSI) plays a role in the mechanism of
carbon filaments growth. A weak MSI lead to a “tip-growth” mechanism, i.e. the catalyst
particle is detached from the support and localised on the tip of carbon filaments, while
strong interaction results in a “base-growth” mechanism, i.e. carbon filaments grows up
with the catalyst particle rooted at its base [109].

A number of studies have investigated the effect of support on the hydrogen and carbon
production from methane cracking. Solymosi et al. [47] studied the effect of support on Pd
catalyst supported on TiO2, Al2O3, SiO2 and MgO for methane decomposition. The
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reaction data showed that the most effective catalyst for hydrogen formation was Pd/TiO 2
followed by Pd/Al2O3, Pd/ SiO2 and Pd/MgO. They believed that the reason for the
variation in catalyst activity was due to the differences in crystal size of the Pd and/or with
the ease of carbon migration from the Pd to the support, producing free Pd surface on the
catalyst.

Takenaka et al.[62] studied the influence of different supports for Ni-based catalysts on the
activity and stability of the methane decomposition reaction. The results of catalytic tests
showed that Ni catalysts supported on SiO2, TiO2 and graphite displayed high activities
and long lifetimes for the reaction, while the catalysts supported on Al 2O3, MgO and
SiO2·MgO were inactive. Characterisation of the catalysts showed that Ni species in the
active catalysts were present as crystallised Ni metal particles, while Ni species in the
inactive catalysts were formed an oxide compound with the support. Moreover, the
researchers studied the catalytic activity of the Ni catalysts supported on silicas with
different specific surface areas and pore structures. They found that the silica support with
no pore structure was found to enhance catalyst activity and lifetime. In another study from
the same group [55], Co-based catalysts supported on various supports (MgO, Al2O3, SiO2
and TiO2) were tested. The reaction results demonstrated that the activity of Co/Al2O3 and
Co/MgO were superior to those of Co/TiO2 and Co/SiO2 catalysts. They revealed that the
activity of Co/Al2O3 and Co/MgO catalysts is due to the small size of cobalt particles
where they possessed diameters of 10–30 nm, whereas Co particles over 30 nm had no
activity. In addition, they found that the diameter of Co metal particles, which were located
at the tip of carbon nanofibres is similar to the diameter of the corresponding fibre.

In view of these studies, when metal species are loaded on different supports, it is
generally accepted that the catalytic activity of metal species depends on the type of
support due to its effect on the crystal size and the dispersion of the metal.
In this section, the effect of different supports on the catalytic activity of Pd based catalyst
was studied for the cracking of methane. H-ZSM-5, γ-Al2O3 and SiO2 were employed as
supports. The supported Pd catalysts used were prepared by impregnating the supports
with aqueous solutions of Pd(NO3)2. The reactions were performed at similar conditions,
0.4 wt% loading, reaction temperature is 800 °C, at 12 mL/min flow rate and using a
catalyst mass of 0.4 g.
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5.7.2 Reaction data
Figure 5-28 shows the hydrogen formation rate profile as a result of methane cracking at
800 °C over Pd catalysts supported on various supports. The catalysts tested are 0.4 wt%
Pd/H-ZSM-5, 0.4 wt% Pd/SiO2 and 0.4 wt% Pd/-Al2O3. From Figure 5-28, it can be seen
that the activity of catalysts at the initial period of reaction were higher in the order of
Pd/-Al2O3 > Pd/SiO2 > Pd/H-ZSM-5. However, the 0.4 wt% Pd/-Al2O3 catalyst showed
superior activity and the highest peak hydrogen formation rate (ca. 7.02x10-4 mol H2 g-1
min-1) throughout the run conducted compared to other catalysts. Also, it is observed that
hydrogen formation rate increased initially followed by a gradual decline as a result of
deposited carbon. It should be noted that the time on stream is shorter than another
catalysts because of reaction was stopped as a result of pressure drop effects. The peak
hydrogen formation rate for 0.4 wt% Pd/H-ZSM-5 catalyst was ca. 3.20x10-4 mol H2 g-1
min-1, which consider as the lowest hydrogen formation rate among the catalysts. The 0.4
wt% Pd/SiO2 catalyst demonstrated an initially high rate of hydrogen production (ca.
4.40x10-4 mol H2 g-1 min-1) then rapidly decline until 60 minutes of time on stream
followed by a slow decline for the rest of the run. In addition, it is observed that the
hydrogen formation rates for 0.4 wt% Pd/H-ZSM-5 and 0.4 wt% Pd/SiO2 after 60 minutes
of time on stream are comparable.
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Figure 5-28 Hydrogen formation rates as a function of time on stream
for 0.4 wt% Pd/H-ZSM-5, 0.4 wt% Pd/SiO2 and 0.4 wt% Pd/-Al2O3,
the reaction temperature was 800 °C, the methane flow rate was 12
mL/min and 0.4 g catalyst mass.
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From the result above, there are several possible explanations for these different activities.
The ranking of catalyst activity as a function of support material does not correlate with
support acidity because zeolites are generally considered more acidic than silica yet both
supports provided similar activities. Surface areas of catalysts, dispersion and the particle
size of palladium could play a role in the catalyst behaviour. The BET surface areas of the
catalysts were measured. Table 5-8 presents the results. It is obvious that the surface area
of the 0.4 wt% Pd/H-ZSM-5 catalyst is larger than that of other catalysts, whereas the 0.4
wt% Pd/SiO2 catalyst has the smallest surface area. According to the BET results, it is
evident that there is no correlation between surface area and the catalysts activity. It should
also be noted that application of the BET method to the H-ZSM-5 catalyst is not strictly
correct, so the absolute value of this surface area should be taken with caution.
Table 5-8 BET surface area analysis of 0.4 wt% Pd/H-ZSM-5, 0.4 wt% Pd/SiO2
and 0.4 wt% Pd/-Al2O3 samples.
Sample Code

BET surface area, m2/g

4 % Pd/H-ZSM-5

251

0.4 % Pd/SiO2

203

0.4 % Pd/-Al2O3

210

However, it seems that the dispersion and particle size of these catalysts may vary leading
to the observed differences.
SEM for the carbon deposited on these catalysts, will be shown and discussed later, may
assist in the interpretation of the cause of the variation of catalyst activity. It was noted that
carbon filaments were formed on 0.4 wt% Pd/-Al2O3 catalyst surface and they largely
covered the surface of catalyst with very thin diameter filaments (they cannot be measured
with certainty) compared to other catalysts. For the 0.4 wt% Pd/H-ZSM-5 and 0.4 wt%
Pd/SiO2 catalysts, the carbon filaments were also formed with similar diameters from ca.
145 to 436 nm. In addition, it was observed that some parts of the 0.4 wt% Pd/H-ZSM-5
catalyst had larger diameter of carbon filaments that reached 692 nm, which indicates
larger Pd particle size. Moreover, it was noted that carbon filaments formed on 0.4 wt%
Pd/SiO2 catalysts developed in different parts of the sample, which implied low dispersion
of Pd metal particles.
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It can be concluded that the highest activity for 0.4 wt% Pd/-Al2O3 is attributed to highest
dispersion and smallest particle size of Pd, whilst 0.4 wt% Pd/H-ZSM-5 and 0.4 wt%
Pd/SiO2 showed larger diameter of carbon filaments as a result of large particle size. The
apparently lowest activity of 0.4 wt% Pd/H-ZSM-5 catalyst may possibly be ascribed to it
having the largest particle size. Also, it should be noted that the zeolite structure contains
channels that may be blocked by the deposition of carbon, thus preventing the reactants
from access to the active sites.
Moreover, the influence of nature of carbon deposited should be taken into account.

5.7.3 XRD patterns
Figures 5-29 and 5-30 present the XRD patterns of the pre- and post-reaction 0.4 wt %
Pd/SiO2 and 0.4 wt% Pd/-Al2O3 catalysts, respectively. The XRD patterns of the pre- and
post-reaction 0.4 wt% Pd/H-ZSM-5 catalysts were shown and discussed in a previous
section, Figure 5-22, where it was seen that no change in zeolite structure for both pre- and
post-reaction forms occurred.
From Figure 5-29, it can be seen that the XRD pattern of the pre and post-reaction 0.4 wt%
Pd/SiO2 catalyst shows only the reflections corresponding to amorphous silica. No
palladium-containing phases were apparent. The only obvious visible change between the
two patterns is that the post-reaction catalyst exhibits a small peak at 26o, which has been
marked on the patterns and which matches to graphite.
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Figure 5-29 XRD pattern of 0.4 wt% Pd/SiO2 in the pre- and postreaction forms.
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The XRD patterns of the pre- and post-reaction 0.4 wt% Pd/-Al2O3 catalysts are shown in
Figure 5-30. The powder diffraction pattern of 0.4 wt% Pd/-Al2O3 displays the
characteristic reflections of the -Al2O3 phase. The XRD pattern for the post-reaction 0.4
wt% Pd/-Al2O3 catalyst again shows the appearance of high intensity peak at 26 o θ that
can be assigned to graphite. The graphite reflection is wide that may indicate that the
crystals of graphite carbon are small and/or disordered. Neither of the XRD patterns
exhibited reflections indicative of any palladium phases, which imply to high dispersion of
the palladium, with a particle size under the detection limit of XRD technique.
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Figure 5-30 XRD pattern of 0.4 wt% Pd/-Al2O3 in the pre- and postreaction forms.

5.7.4 Post-reaction CHN and TGA analysis
CHN analysis and TGA studies for the post-reaction 0.4 % Pd/H-ZSM-5, 0.4 % Pd/SiO2
and 0.4 % Pd/-Al2O3 catalysts have been undertaken. Table 5-9 illustrates the results.
From this data, it is obvious that the amount of carbon deposited on 0.4 % Pd/-Al2O3 is by
far the largest (43.8 wt%) compared to other samples. This result is not surprising as the
hydrogen formation rate was the highest and the results of the XRD patterns showed the
strong evidence for the presence of graphite. The amounts of carbon deposited on the 0.4
% Pd/H-ZSM-5 and 0.4 % Pd/SiO2 catalysts are roughly similar.
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Table 5-9 CHN analysis for the post-reaction 0.4 wt% Pd/H-ZSM-5, 0.4
wt% Pd/SiO2 and 0.4 wt% Pd/-Al2O3 catalysts.

Mean value, wt%
Catalysts
C

H

N

0.4 % Pd/H-ZSM-5

10.80 ± 0.10

0.50 ± 0.04

-

0.4 % Pd/SiO2

10.10 ± 0.30

-

-

0.4 % Pd/-Al2O3

43.80 ± 1.90

-

-

Figure 5-31 depicts the TGA oxidation profiles under air for the post-reaction catalysts. It
is evident that the 0.4 % Pd/H-ZSM-5 and 0.4 % Pd/-Al2O3 catalysts showed a degree of
weight loss before 250 °C, which is ascribed to desorption of adsorbed water, while it is
almost absent in the 0.4 % Pd/SiO2. In addition, there is weight loss in the region beyond
600 °C resulting from the burning off carbon formed on the samples. However, it is noted
that there is reasonably good agreement between the results of TGA and CHN analysis.
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Figure 5-31 TGA profiles for the post-reaction 0.4 wt% Pd/H-ZSM-5,
0.4 wt% Pd/SiO2 and 0.4 wt% Pd/-Al2O3 catalysts.

Figure 5-32 displays the first-derivative weight change profiles for the catalysts. From the
profiles, it can be observed that the carbon deposited on 0.4 wt% Pd/SiO2 and 0.4 wt%
Pd/-Al2O3 catalysts have two peaks in the coke burning off region at ca. 640 and 665 °C
for 0.4 wt% Pd/-Al2O3 catalyst, and at 665 and 700 °C for 0.4 wt% Pd/SiO2 catalyst. As
described and discussed in the previous section, the first-derivative weight changes profile
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for the post-reaction 0.4 % Pd/H-ZSM-5 shows three peaks in the burning off coke region
at ca. 615, 665 and 715 °C. These differences in the position of oxidation peaks for all
samples indicate that there are different types of carbonaceous species deposited on the
catalyst surfaces. Also, it can be seen that all samples have one common region of cokeburning-off at 665 °C, which may imply a similar species is formed for all samples. The
TGA profile for 0.4 wt% Pd/-Al2O3 catalysts demonstrate an intense peaks that can be
ascribed to a narrow distribution of two types of carbon species.
However, SEM images (shown later) illustrated that all samples form carbon filaments.
Therefore, it may be that these carbon filaments are different and that there is also graphitic
carbon, resulting in the appearance of different regions of coke removal.
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Figure 5-32 TGA profiles for the post-reaction 0.4 wt% Pd/H-ZSM-5,
0.4 wt% Pd/SiO2 and 0.4 wt% Pd/-Al2O3 catalysts.

5.7.5 Post-reaction SEM images
Figure 5-33 presents the SEM images for the post-reaction 0.4 wt% Pd/H-ZSM-5, 0.4 wt%
Pd/SiO2 and 0.4 wt% Pd/-Al2O3 catalysts. For each sample, there are two images
corresponding to high and low magnification.
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Figure 5-33 (A, B) depicts two images of the post-reaction 0.4 wt% Pd/H-ZSM-5 catalyst.
From the low magnification image (A), it can be seen that the filamentous carbon is highly
distributed on the surface of the catalyst. The high magnification image (B) illustrates
carbon filaments with measured diameters. According to the measured diameters of the
filamentous carbon, it is obvious that the diameters range from ca. 145 to 422 nm, which
can be similar to the possible diameter of palladium particles.
Two images of the post-reaction 0.4 wt% Pd/SiO2 catalyst are presented in Figure 5-33 (C,
D). It can be observed from low magnification image (C) that the carbon filaments were
not fully distributed on the surface of catalyst and they are clustered in different parts. This
may indicate a low dispersion of palladium particles. The diameters of some of these
filaments were measured and they are shown by high magnification in image (D). The
diameters of these filamentous carbons are in the range from 195 to 436 nm, which could
correspond to the diameters of the palladium particles from which they form.
Figure 5-33 (E, F) present low and high magnification images of the post-reaction 0.4 wt%
Pd/-Al2O3 catalyst, respectively. The image (E) shows the catalyst surface, it is noted that
the surface of catalyst is covered highly with very small carbon filaments, denoting a high
dispersion of palladium. The high magnification image (F) clearly shows the carbon
filaments formed on the catalyst surface. It can be seen that these filaments are small and
have very thin diameters that imply a small palladium particle size. This finding may be
supportive of the XRD result where it was found that the peak of graphite structure was
wide, which suggests small domains of graphite. It seems that the alumina support formed
a small particle size and high dispersion of the palladium leading to the superior activity of
this catalyst. Moreover, the images of samples did not show the particles of palladium to
be at the tip of the carbon filaments, suggesting the occurrence of the “base-growth”
mechanism.
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Figure 5-33 SEM images of post-reaction (A,B) 0.4 wt% Pd/H-ZSM-5, (C,D) 0.4 wt%
Pd/SiO2 and (E,F) 0.4 wt% Pd/-Al2O3 catalysts.

5.7.6 Raman spectroscopy
The Raman spectra for the post-reaction 0.4 wt% Pd/H-ZSM-5, 0.4 wt% Pd/SiO2 and 0.4
wt% Pd/-Al2O3 catalysts is presented in Figure 5-34. The Raman spectra confirm the
presence of graphitic structure with two main bands at 1350 cm-1 (D band) and at 1595 cm1

(G band), being present.
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Figure 5-34 Raman spectra for the post-reaction 0.4 wt% Pd/H-ZSM-5,
0.4 wt% Pd/SiO2 and 0.4 wt% Pd/-Al2O3 catalysts.

Table 5-10 presents the intensity ratio ID/IG for the D band and G band, calculated from the
Raman spectra. It can be seen that the highest ratio of ID/IG is 2.00 for carbon formed by
0.4 % Pd/-Al2O3 catalyst, indicating that the graphitisation degree is the most disordered,
whereas the lowest ratio was noted with carbon formed by 0.4 % Pd/SiO2 catalyst where it
is 1.76, which suggests 0.4 % Pd/SiO2 catalyst produces more organised carbon structures
compared to another catalysts. The greater degree of disorder in the graphite produced in
the Pd/γ-Al2O3 catalyst may also be consistent with the broader reflection evident at ca.
° θ, as shown in Figure 5-30.
Table 5-10 ID/IG ratios for the D band and G band from Raman
spectra for carbon produced by 0.4 wt% Pd/H-ZSM-5, 0.4 %
Pd/SiO2 and 0.4 % Pd/-Al2O3 catalysts.

Catalyst

Peak area ratio (ID/IG)

0.4 % Pd/H-ZSM-5

1.97

0.4 % Pd/SiO2

1.76

0.4 % Pd/-Al2O3

2.00
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5.8. Summary
The purpose of this study was to determine the effect of some parameters on the activity of
Pd/H-ZSM-5 catalyst for hydrogen and carbon production from the direct cracking of
methane. The effects of reaction temperature, the flow rate of feed gas, the addition of
dopants, the palladium precursor and the support type were investigated.
The results of reaction temperature effect on the activity of 0.4 wt% Pd/H-ZSM-5 catalyst
in the range from 600 to 900 °C show that the hydrogen formation rate generally increased
with increasing reaction temperature. The lowest peak hydrogen formation rate was
observed at 600 °C, while the highest peak formation rate is noted at 750 °C. The
behaviour of the catalyst at 650, 700, 750 and 900 °C was similar (the hydrogen formation
rates gradually increased during the reaction) for the fact that deactivation was observed
after 200 minutes of time on stream at 900 °C. At 800 °C, the catalyst showed different
behaviour where there was a relatively high initial hydrogen formation rate at 30 minutes
of time on stream, after which a sharp drop occurred within ca. 80 minutes of time on
stream. CHN and TGA analysis demonstrated that the lowest amount of carbon deposited
was observed for the sample run at 600 °C and the largest amount was noted for the sample
run at 900 °C. SEM images for the post-reaction 0.4 % Pd/H-ZSM-5 catalyst at different
temperatures illustrated the formation of filamentous carbon over the catalyst except at
600 °C. In addition, HRTEM images showed the types of carbon deposited.
The influence of methane flow rate on the performance of 0.4 wt% Pd/H-ZSM-5 catalyst at
800 °C was studied. The flow rates used were 12, 24, 36 and 48 mL/min. The reaction data
displayed that increase of flow rate increased the initial peak hydrogen formation rate
which was followed by a sharp decline. The CHN and TGA analyses revealed that the
increase of flow rate increased the amount of carbon deposited from roughly 10 to 16 wt%.
Moreover, SEM images showed that the increase of methane flow rate resulted in low
growth of carbon filaments.
The effects of various dopants on the activity of 0.4 wt% Pd/H-ZSM-5 catalyst were
studied. Fe3+, Ni2+, Co2+ and Cu2+ were employed as dopants. It was observed that these
additives led to a reduction of catalyst activity, showing the palladium loaded on zeolite to
be sensitive to these additives. The quantity of carbon deposited was determined by CHN
and TGA analyses. All carbon produced from doped catalysts was less than that produced
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on the non-doped catalyst. SEM images for the post-reaction doped 0.4 % Pd/H-ZSM-5
catalyst with Fe3+, Ni2+, Co2+ and Cu2+ demonstrated that carbon filaments were formed.
The diameter of the carbon filaments formed over the doped catalyst is thinner than those
formed on non-doped 0.4 % Pd/H-ZSM-5 catalyst.
Three types of palladium precursor were used to investigate activity for methane cracking.
Palladium chloride (PdCl2), palladium nitrate (Pd(NO3)2) and palladium acetylacetonate
Pd(C5H7O2)2 were used as palladium sources for the preparation of 0.4 wt% Pd/H-ZSM-5
catalysts. It was found that the catalyst prepared from palladium nitrate had the highest
hydrogen formation rate, while the catalyst prepared from palladium chloride showed the
lowest hydrogen formation rate. The CHN and TGA analyses revealed a large amount of
deposited carbon was observed on catalyst prepared from palladium nitrate and the lowest
amount was on the catalyst prepared from palladium chloride. SEM micrographs illustrated
the formation of filamentous carbon on all post-reaction catalysts. The carbon filaments
formed in the catalysts prepared from either palladium nitrate or palladium acetylacetonate
was dense with differences in their diameters. Growth was negligible in the catalyst
prepared from palladium chloride.
The performance of Pd catalyst supported on H-ZSM-5, -Al2O3 and SiO2 for methane
cracking was investigated. The initial hydrogen formation rates were in the order of Pd/Al2O3 > Pd/SiO2 > Pd/H-ZSM-5. The 0.4 wt% Pd/-Al2O3 catalyst exhibited superior
activity and the highest hydrogen formation rate throughout the run compared to 0.4 wt%
Pd/SiO2 and 0.4 wt% Pd/H-ZSM-5 catalysts. CHN and TGA analyses revealed that the
quantity of carbon deposited on Pd/-Al2O3 catalyst to be the largest with both Pd/SiO2 and
Pd/H-ZSM-5 catalysts exhibiting similar quantities of deposited carbon. SEM images for
these catalysts after reaction showed that the filamentous carbon was formed over all
catalysts.
In general, the results of this study show that the highest performance of 0.4 wt% Pd/HZSM-5 for hydrogen production from methane cracking was obtained at a temperature of
750 °C. The 0.4 % Pd/H-ZSM-5 catalyst showed good activity at 12 mL/min flow rate and
a reaction temperature of 800 °C. Fe3+, Ni2+, Co2+ and Cu2+ dopants resulted in reduction of
the performance of 0.4 % Pd/H-ZSM-5 catalyst at 800 °C and 12 mL/min. The use of
palladium nitrate (Pd(NO3)2) as a source of palladium for the preparation of 0.4 wt% Pd/HZSM-5 catalyst exhibited the highest activity for hydrogen production. The palladium

208
supported on -Al2O3 displayed superior activity and the highest hydrogen formation rate
compared to H-ZSM-5 and SiO2.
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6. Cracking of methane over Ni- and Cu-based catalysts
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the

production
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nanostructures
6.1. Introduction
In recent years, there has been an increasing interest in the cracking of methane into CO xfree hydrogen and carbon [161, 164, 179, 183, 224, 228]. The direct cracking of methane
displays a promising alternative to the conventional hydrogen production methods such as
methane steam reforming (MSR) and partial oxidation of methane (POM) because there is
no further co-product except carbon [227].

Nickel is the most commonly used metal as a catalyst for methane cracking due to its high
activity [19, 244]. The associated problem with Ni-based catalysts during methane
cracking is the rapid deactivation of catalyst as a result of carbon deposition. The carbon
deposited on the catalyst surface can cover the active sites or accumulate at the entrance of
the pores to block further access of the reactants due to pore-mouth plugging [48]. In
addition, the carbon deposited is in the form of carbon filaments or as encapsulating carbon
and the latter form as well as catalyst sintering are believed to be the reasons of catalyst
deactivation [19, 74].
Nickel catalysts are sensitive to the reaction conditions of methane cracking. It was
reported that the operation stability of nickel catalysts is in the narrow temperature range of
500-550 °C [53]. Takenaka et al.[40] investigated the effect of reaction temperature on the
performance of a 40 % Ni/SiO2 catalyst. The range of temperature applied was from 500 to
700 °C. The reaction data showed that the increase of reaction temperatures led to the rapid
deactivation of the catalyst whereas the reaction temperatures of 500 and 530 °C displayed
the highest catalyst stability and high yields of hydrogen and carbon. In addition, SEM
images showed the formation of carbon nanofibres on deactivated catalysts at all reaction
temperatures. It was found that the average diameters of carbon nanofibres become smaller
with increasing reaction temperature.
Croiset and co-workers [64] studied the influence of reaction temperature in the range from
500 to 650 °C on the activity of a 5 % Ni/-Al2O3 catalyst. They found that the reaction can
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be best carried out between 500 and 550 °C. Also, they observed that the density of the
carbon filaments decreases with increasing reaction temperature.
Supported Ni catalysts are not generally employed at elevated temperatures for methane
cracking reaction due to their rapid deactivation. The introduction of a second metal was
found to enhance the activity and stability of Ni catalysts at high temperatures. Chen et al.
[61] showed that the doping of Cu into a Ni/Al2O3 catalyst improved the activity and
stability of the Ni/Al2O3 catalyst for methane decomposition to produce COx-free hydrogen
and nanocarbon materials at 740 °C. Takenaka et al. [221] studied the influence of the
addition of different metals (Cu, Rh, Pd, Ir, and Pt) upon Ni/SiO2 catalysts. They found
that the addition of Pd significantly increased the catalytic lifetime and the accumulated
yields of hydrogen and carbon at the complete deactivation of the catalyst, while the
addition the other metals resulted in the decrease of yields compared to those for Ni/SiO2.
It was found that the support plays an important role in activity of Ni catalysts. Takenaka
et al. [62] reported on the effect of the support for Ni catalysts at 500 °C. They studied the
catalytic activity and the longevity of Ni catalysts with different supports (SiO2, TiO2,
graphite, ZrO2, SiO2·Al2O3, Al2O3, MgO and MgO.SiO2). The Ni catalysts supported on
SiO2, TiO2 and graphite possessed the highest activity and longevity in the reaction, while
the catalysts supported on Al2O3, MgO and MgO.SiO2 did not show any worthy activity in
the reaction. Characterisation demonstrated that the Ni species in the high activity catalysts
were present in the metallic state whereas the Ni species on the inactive catalysts were
mainly present as NiO, suggesting the formation of a compound oxide between Ni and the
supports. Inaba and co-workers [245] studied the use of various types of zeolite as supports
at 650 °C. They demonstrated that Ni-supported by a USY zeolite (Si/Al = 14,360) had a
longer catalytic lifetime compared to other zeolite supports. The authors attributed this to
the small diameter of the nickel particles, the lower amount of solid acid and the larger
outer surface area. In addition, the SEM results showed that the carbon deposited on the
catalyst was in the form of filaments.
The catalytic activity for hydrogen and carbon filaments depended strongly on the Ni
loading. Venugopal et al. [48] studied the impact of Ni loading on the catalytic activity of
Ni/SiO2 at 600 °C. The Ni loading amounts ranged from 5 to 90 wt%. They found that a Ni
loading of 30 wt% had good activity and longevity and resulted in the highest yield of
hydrogen and carbon filaments. In addition, they suggested that the catalyst lifetime of 30
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wt% Ni/SiO2 for methane decomposition was dependent on the particle size of the Ni
metal.
This chapter comprises a study of the effects of different parameters on the direct cracking
of methane for hydrogen and carbon production over Ni-based catalysts. This study
includes a comparison of 0.4 wt% Ni/H-ZSM-5 and 0.4 wt% Pd/H-ZSM-5 catalysts, the
effect of the reaction temperature on 0.4 wt% Ni/H-ZSM-5 catalyst, the effect of Ni
loading on Ni/H-ZSM-5 catalyst and the influence of the type of support will be presented
and discussed. Additionally, 0.4 wt% Cu/H-ZSM-5 catalyst has been compared with the
0.4 wt% Ni/H-ZSM-5 and 0.4 wt% Pd/H-ZSM-5 catalysts.

6.2. Direct catalytic cracking of methane over 0.4 wt% Ni/HZSM-5,
0.4 wt% Pd/HZSM-5 and Pd-Ni/HZSM-5 catalysts for hydrogen
and carbon production: comparative study
6.2.1 Introduction
In this section, a comparative study between the 0.4 wt% Ni/HZSM-5 and 0.4 wt%
Pd/HZSM-5 catalysts for direct cracking of methane for hydrogen and carbon production is
described. These catalysts were prepared by the same method, as outlined in Chapter 2. In
addition, the 0.4 wt% Ni/HZSM-5 catalyst was doped with Pd to observe its promotional
effect on the catalytic activity. The molar ratio of the dopant Pd added to Ni/H-ZSM-5 was
0.25 (Pd/Ni). It should be mentioned that these catalysts were calcined at 500 °C and they
were not treated with hydrogen to reduce the metals loaded on zeolite.

6.2.2 Reaction data
The direct cracking of methane over the 0.4 wt% Ni/HZSM-5, 0.4 wt% Pd/HZSM-5 and
0.4 wt% Ni/HZSM-5 Pd-doped catalysts under similar reaction conditions was conducted.
Figure 6-1 shows their hydrogen formation rate against time on stream. It can be seen that
the 0.4 wt% Pd/HZSM-5 catalyst showed a burst in hydrogen formation rate at the
beginning of the reaction which was apparently the highest hydrogen formation rate among
all catalysts and which was followed by a sharp drop to the lowest apparent hydrogen
formation rate after 120 minutes of time on stream. On the contrary, 0.4 wt% Ni/HZSM-5
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catalyst displayed a more gradual increase in the hydrogen formation rate, which became
higher than 0.4 wt% Pd/HZSM-5 catalyst after 90 minutes of time on stream before
gradually declining. In general, the 0.4 wt% Ni/HZSM-5 catalyst showed better
performance than the 0.4 wt% Pd/HZSM-5 catalyst beyond 90 minutes time on stream
until the end of run.
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Figure 6-1 Hydrogen formation rates as a function of time on stream
for 0.4 wt% Ni/H-ZSM-5, 0.4 wt% Pd/H-ZSM-5 and Pd-Ni/H-ZSM-5
catalysts (dopant metal Pd/Ni atomic ratio of 0.25), the reaction
temperature of 800 °C, the methane flow rate was 12 mL/min and 0.4 g
catalyst mass.

As mentioned previously, these catalysts have not been treated with hydrogen to prereduce the metals loaded on the zeolite. Therefore, it could be that the reduction process
played a role in the hydrogen production rates. According to some of the literature, the
temperature-programmed reduction (TPR) of Ni/H-ZSM-5 and Pd/HZSM-5 catalysts
revealed that there is a difference between Ni/H-ZSM-5 and Pd/HZSM-5 catalysts in the
reduction temperature. It was reported that Ni/H-ZSM-5 may be reduced by 5 % H2–Ar in
the temperature range of 550-600 °C under comparable conditions [246, 247], whereas
Pd/H-ZSM-5 has been reported as being reducible by H2 below 130 °C (ramp rate not
specified) [248] and by CH4 at approximately 325 °C under comparable conditions to those
of references [246, 247]. Both indicate Pd to reduce more readily than Ni when supported
by H-ZSM-5. As a result of the reduction temperature, it can be suggested that the 0.4 wt%
Pd/HZSM-5 catalyst was reduced in the early phase of reaction, which explains its
apparent high activity at the beginning of the reaction. However, it was shown in previous
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chapter that the reason for the deactivation of Pd/HZSM-5 catalyst was due to the
formation of encapsulating carbon on Pd particles. In the case of 0.4 wt% Ni/HZSM-5
catalyst, the gradual increase in performance could be attributed to a slow reduction
process where complete reduction of the Ni particles only occurs at 90 minutes on stream.
The gradual deactivation of the 0.4 wt% Ni/HZSM-5 catalyst beyond 90 minutes can be
ascribed to the carbon deposited on the catalyst surface, as discussed in the introduction to
this chapter. Moreover, consideration should be given to the relative atomic masses
involved. 0.4 wt% of Ni in Ni/H-ZSM-5 contains a larger number of nickel atoms (12.10 x
1013 atoms), in Ni/H-ZSM-5 catalyst, compared to Pd atoms in the 0.4 wt% Pd/H-ZSM-5
catalyst (6.36 x 1013 atoms). This could provide an additional explanation for the activity
of the Ni catalyst as well.
The effect of Pd doping of 0.4 wt% Ni/HZSM-5 catalyst was also presented in Figure 6-1.
It can be observed that the Pd-Ni/HZSM-5 catalyst had similar traits to both Ni/H-ZSM-5
and Pd/H-ZSM-5 catalysts. It is clear that there is a burst in hydrogen formation rate at the
beginning of the reaction which is similar to the behaviour of the 0.4 wt% Pd/H-ZSM-5
catalyst and the hydrogen formation rate was lower than that noted in the 0.4 wt% Pd/HZSM-5 catalyst – this could be due to the low amount of Pd doped in the 0.4 wt%
Ni/HZSM-5 catalyst. In addition, the behaviour of the Pd-Ni/H-ZSM-5 catalyst after 60
minutes of time on stream was similar to the behaviour of the non-doped Ni/H-ZSM-5
catalyst. It seems that there is no evident synergy between the Ni and Pd from the
beginning of the reaction to 240 minutes of time on stream. However, it can be noted after
240 minutes of time on stream that the catalyst showed greater stability. This may be
because a phase change occurred at this stage of reaction and then enhanced the catalyst
performance. Takenaka et al. [221] showed that Pd doping of the Ni/SiO2 catalyst for
methane decomposition into hydrogen and carbon at 550 °C led to improvement of the
Ni/SiO2 catalyst and an increase in its life time compared to the non-doped Ni/SiO2. It was
observed in Chapter 5 that the addition of Ni into the 0.4 wt% Pd/H-ZSM-5 catalyst
resulted in catalyst deactivation. It may be that the order of introduction of the precursors
of these metals into the zeolite plays a role in the activity of the catalyst. Further
investigations are required to clarify this expectation.
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6.2.3 XRD patterns
Figure 6-2 (A, B) presents the XRD patterns for the pre- and post-reaction catalysts. All
XRD patterns of the pre- and post-reaction catalysts for the 0.4 wt% Ni/HZSM-5, 0.4 wt%
Pd/H-ZSM-5 and Pd-Ni/H-ZSM-5 catalysts matched with the pattern of H-ZSM-5. This
indicates that the reaction conditions and the modiﬁcation procedures of Pd-Ni/H-ZSM-5
catalyst did not affect on the zeolite structure and it remains intact.
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Figure 6-2 XRD patterns of 0.4 wt% Ni/HZSM-5, 0.4 wt% Pd/H-ZSM-5
and the 0.4 wt% Ni/HZSM-5 doped with Pd in the pre-reaction (A)
forms, and post-reaction (B) forms.

6.2.4 Post-reaction CHN and TGA analyses
CHN analysis and TGA studies for the post-reaction 0.4 wt% Ni/HZSM-5, 0.4 wt% Pd/HZSM-5 and Pd-Ni/H-ZSM-5 catalysts have been undertaken. Table 6-1 presents the results

215
of CHN analyses. From this data, it is evident that the amount of carbon deposited on the
post-reaction catalysts is quite similar and is in the range of 10.20 to 10.80 wt%.
Table 6-1 CHN analysis for the post-reaction 0.4 wt% Ni/H-ZSM-5, 0.4 wt%
Pd/H-ZSM-5 and Pd-Ni/H-ZSM-5 catalysts.

Mean value (wt%)

Catalyst
C

H

N

0.4 wt% Ni/H-ZSM-5

10.55 ± 0.15

-

-

0.4 wt% Pd/H-ZSM-5

10.80 ± 0.10

0.50 ± 0.04

-

0.1 wt% Pd-0.4 wt% Ni/HZSM-5

10.20 ± 0.10

-

-

TGA studies in the presence of air were performed for the post-reaction 0.4 wt% Ni/HZSM-5, 0.4 wt% Pd/H-ZSM-5 and Pd-Ni/H-ZSM-5 catalysts to estimate the amount of
carbon deposited and to determine its reactivity profile with respect to air. Figure 6-3
shows the TGA profiles for the post-reaction 0.4 wt% Ni/H-ZSM-5, 0.4 wt% Pd/H-ZSM-5
and Pd-Ni/H-ZSM-5 catalysts. It is clear that there is a small weight loss below 250 °C,
which is attributed to desorption of adsorbed water on the catalyst, with the weight loss in
the region from 550 to 700 °C resulting from the burning off of deposited carbon. In
addition, it can be observed that the results of CHN and TGA analyses are in good
agreement.
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Figure 6-3 TGA profiles for the post-reaction of 0.4 wt% Ni/HZSM-5,
0.4 wt% Pd/H-ZSM-5 and the 0.4 wt% Ni/HZSM-5 doped with Pd
(dopant metal Pd/Ni atomic ratio of 0.25).
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The first-derivative weight changes profiles for the post-reaction 0.4 wt% Ni/H-ZSM-5,
0.4 wt% Pd/H-ZSM-5 and Pd-Ni/H-ZSM-5 catalysts are presented in Figure 6-4. These
profiles can indicate any differences in the nature of carbon deposited on the catalysts.
From the profiles, it is evident that there is one peak in the burning off coke region at
approximately 640 °C for the post-reaction 0.4 wt% Ni/H-ZSM-5 and Pd-Ni/H-ZSM-5
catalysts, whereas there were three peaks in the burning off coke region at approximately
615, 665 and 715 °C for the post-reaction 0.4 wt% Pd/H-ZSM-5 catalyst. This reveals that
the carbonaceous species in 0.4 wt% Pd/H-ZSM-5 catalyst differs from those deposited on
0.4 wt% Ni/H-ZSM-5 and Pd-Ni/H-ZSM-5 catalysts although consideration has to be
made of the catalytic effects of the metal components with respects to carbon oxidation. In
addition, it seems apparent that the 0.4 wt% Ni/H-ZSM-5 and Pd-Ni/H-ZSM-5 catalysts
had similar carbon species despite the differences in the composition of catalyst and
reaction profile. This suggests that the Ni metal in the Pd-Ni/H-ZSM-5 catalyst may have
played the major role for carbon deposition.
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Figure 6-4 TGA profiles for the post-reaction of 0.4 wt% Ni/HZSM-5,
0.4 wt% Pd/H-ZSM-5 and the 0.4 wt% Ni/HZSM-5 doped with Pd
(dopant metal Pd/Ni atomic ratio of 0.25),.

6.2.5 Post-reaction SEM images
SEM images of the post-reaction 0.4 wt% Ni/H-ZSM-5, 0.4 wt% Pd/H-ZSM-5 and PdNi/H-ZSM-5 catalysts are presented in Figure 6-5. From the image (A) it appears that
carbon filaments were not formed over the 0.4 wt% Ni/H-ZSM-5 catalyst, while they
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clearly formed over the 0.4 wt% Pd/H-ZSM-5 catalyst, as seen in image (B). The Pd-Ni/HZSM-5 catalyst showed very low formation of carbon filaments, which are marked with
arrows. The formation of filamentous carbon in the Pd-Ni/H-ZSM-5 catalyst can be
attributed to the palladium content in the catalyst.
Goodman and co-workers [19] studied hydrogen production via catalytic decomposition of
methane over a 10 wt% Ni/H-ZSM-5 catalyst at reaction temperatures of 450 and 700 °C.
They demonstrated that no filamentous carbon was observed on Ni/H-ZSM-5 catalyst at
700 °C, whereas they were formed at 450 °C. In addition, they stated that graphitic carbon
was formed at high temperatures, which led to the deactivation of catalyst by encapsulation
of Ni particles limiting the growth of filamentous carbon. This study conflicts with the
finding by Chai et al. [249] who reported that carbon nanofibres were grown over a 10
wt% Ni/H-ZSM-5 catalyst at 550 and 700 °C.
Ziebro et al. [250] synthesised filamentous carbon over a 4 wt% Ni/ZSM-5 catalyst by the
chemical vapour deposition of methane in the relatively low temperature range of 400–550
°C. The SEM and TEM micrographs showed that the formation of filamentous carbon
occurred at temperature range 400–550 °C. Moreover, they claimed that methane
decomposition at 400 °C mainly took place in the channels of the zeolite, while above 400
°C the carbon deposited was observed on the surface of the 4 wt% Ni/ZSM-5 catalyst.
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Figure 6-5 SEM images for the post-reaction 0.4 wt% Ni/HZSM-5 (A), 0.4 wt% Pd/HZSM-5 (B), and the 0.4 wt% Ni/HZSM-5 doped with Pd (C).

At high temperature, it was suggested that Ni-based catalysts will appear in a quasi-liquid
state where the catalyst particles may easily convert into small particles which are easily
encapsulated by the carbon layers formed during methane decomposition, contributing to
faster catalyst deactivation. On the contrary, at low temperature, the catalyst was proposed
to remain in the solid state instead, remaining active during the catalysis process [61].
Moreover, the high reaction temperature above 700 °C caused sintering of Ni particles to
form large Ni particles, which deactivate and reduce the formation of carbon filaments
[86].
From the above studies, it seems that the temperature used in this work is not appropriate
for formation of filamentous carbon over the 0.4 wt% Ni/ZSM-5 catalyst. In the next
section, the effect of reaction temperature on the activity of the 0.4 wt% Ni/ZSM-5 catalyst
for methane cracking into hydrogen and carbon will be described.
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6.3. Effects of reaction temperature on the direct cracking of
methane over the 0.4 wt% Ni/H-ZSM-5 catalyst
6.3.1 Introduction
From reviewing the literature, the maximum temperature used for the cracking of methane
over Ni/H-ZSM-5 catalysts was 700 °C [19, 249, 250]. In this study, different reaction
temperatures were used in the range from 600 to 900 °C for methane cracking over the 0.4
wt% Ni/H-ZSM-5 catalyst. The flow rate of methane was fixed at 12 mL/min and catalyst
mass at 0.4 g. The catalysts were characterised using different techniques such as XRD,
CHN, TGA, SEM, to observe the occurred changes in catalysts and carbon deposited on
them. However, it should be mentioned that the time on stream for the experiments
detailed in this section is longer than for those in other sections.

6.3.2 Reaction data
The effect of the reaction temperature on the activity of 0.4 wt% Ni/H-ZSM-5 was studied.
Figure 6-6 shows the data of the hydrogen formation rates against time on stream at
different temperatures in range from 600 to 900 °C. It is apparent from the profile of
hydrogen production that as expected hydrogen formation rates were increased by
increasing reaction temperature. The performance of the catalyst was not significantly
noticeable in the range of 600 to 700 °C while it was remarkable between 750 and 900 °C.
However, catalyst deactivation rate is observed clearly and it is faster at the higher
cracking temperatures whereas it is not observed at temperatures in the range from 600 to
750 °C. The rapid deactivation of the catalyst, which occurred at high temperatures, could
be attributed to the production of large amounts of carbon in addition to other factors such
as sintering and/or the formation of encapsulated carbon on the catalyst particles.
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Figure 6-6 Hydrogen formation rates as a function of time on stream for
methane cracking over 0.4 wt% Ni/H-ZSM-5 catalyst at different
temperatures in range of 600 to 900 °C, the methane flow rate is 12
mL/min and 0.4 g catalyst mass.

Inaba et al. [245] investigated the methane decomposition over nickel-based catalysts on
different types of zeolite at 650 °C. They found that the 10 wt% Ni/H-ZSM-5 catalyst was
completely deactivated after 4 h. Chai et al. [249] studied the direct decomposition of
methane over 10 wt% Ni/H-ZSM-5 catalyst at 550 and 700 °C. They demonstrated that a
10 wt% Ni/H-ZSM-5 catalyst at 550 °C had good activity and stability throughout the
experiment, while it showed high initial methane conversions (roughly 47 %) followed by
rapid drop to be below 2 % at 700 °C.
In the current study, the 0.4 wt% Ni/H-ZSM-5 catalyst showed low activity and high
stability at temperatures in range from 600 to 750 °C.

6.3.3 XRD patterns
Figure 6-7 presents the XRD patterns for the pre- and post-reaction 0.4 wt% Ni/HZSM-5
catalysts run at different reaction temperatures. It can be seen that no modification of
phases is observed (except for a certain loss in the intensity of the principal diffraction
lines of H-ZSM-5 which are at ca. 23-25o 2θ as a result of carbon deposited on the
catalysts). However, the nickel contained in the catalyst was not detected by XRD. This
suggests that Ni crystallites may remain in a highly dispersed form on the surface or in the
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channels of the H-ZSM-5 zeolite or their amount is too small to be identified by the XRD
technique.

8000
7000

Intensity (a. u.)

6000
5000
4000
3000
2000
1000
0
10

20

30

Pre-reaction
o
750 C

40

o

2

600 C
o
800 C

50

60

o

650 C
o
850 C

70

80

o

700 C
o
900 C

Figure 6-7 XRD pattern of 0.4 wt% Ni/H-ZSM-5 in the pre- and postreaction forms at run different temperatures.

6.3.4 Post-reaction CHN and TGA analyses
CHN and TGA analyses for the post-reaction 0.4 wt% Ni/H-ZSM-5 catalysts have been
undertaken. Table 6-2 presents the results of the CHN analyses. It can be observed that no
deposited carbon can be detected on the post-reaction catalyst at 600 and 650 °C. In
addition, it can be noted that the amount of carbon deposited on the post-reaction 0.4 wt%
Ni/H-ZSM-5 catalysts is increased with increasing reaction temperature from 700 to
900 °C. These increases in the amount of carbon deposited are consistent with the increase
in the reaction rates observed in Figure 6-6.
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Table 6-2 CHN analysis for the post-reaction 0.4 wt% Ni/H-ZSM-5 catalyst at
different reaction temperatures.

Mean value (wt%)

Reaction
Temperature (oC)

Catalyst

0.4 wt% Ni/HZSM-5

C

H

N

600

-

0.61 ± 0.03

-

650

-

0.58 ± 0.02

-

700

1.10 ± 0.10

0.53 ± 0.04

-

750

5.00 ± 0.10

0.48 ± 0.01

-

800

12.04 ± 0.16

0.47 ± 0.02

-

850

16.32 ± 0.15

0.34 ± 0.02

-

900

21.30 ± 0.13

0.48 ± 0.01

-

Figure 6-8 shows their TGA oxidation profiles under air. From these profiles, it can be
seen that a small weight loss below 250 °C occurs which can be ascribed to desorption of
adsorbed water on the catalyst, whereas the weight loss between almost 550 and 780 °C is
due to the burning off of coke that has been deposited on the catalyst. It is observed that
there is a good agreement between the results of CHN and TGA analyses since the weight
percentage of carbon deposited is increased with increasing temperature from 700 to
900 °C. Additionally, no weight loss beyond 250 °C is observed for the post-reaction
catalysts at 600 and 650 °C.
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Figure 6-8 TGA profiles for the post-reaction of 0.4 wt% Ni/H-ZSM-5
catalyst run at different reaction temperatures.
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The first-derivative weight change profiles are presented in Figure 6-9. From these
profiles, the differences among the carbon deposited on catalysts are more apparent than
those evident in Figure 6-8. It can be observed that the post-reaction 0.4 wt% Ni/H-ZSM-5
catalysts run at reaction temperatures of 700, 800 and 850 °C possess one oxidation peak,
while at 750 and 900 °C there is an additional small shoulder to the main weight loss.
Moreover, the position of the oxidation peaks has gradually shifted to the high oxidation
temperature with increase reaction temperature from 700 to 900 °C. This possibly indicates
the formation of different species of carbon deposited and/or due to increasing density of
the carbon deposited. However, it can be observed that the post-reaction 0.4 wt% Ni/HZSM-5 catalysts at 700 to 800 °C have somewhat similar carbonaceous materials in the
region 620 to 640 °C. Also, the post-reaction 0.4 wt% Ni/H-ZSM-5 catalyst at 750 °C
showed a second oxidation peak at the higher temperature of 680 °C. For the post-reaction
catalysts which were run at 850 and 900 °C, it can be seen that these two catalysts
possessed similar carbonaceous materials in the region of 665 to 675 °C, apart from a
small shoulder after the main peak at roughly 740 °C for the post-900 °C material.
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Figure 6-9 TGA profiles for the post-reaction of 0.4 wt% Ni/H-ZSM-5
catalyst run at different reaction temperatures.
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6.3.5 Post-reaction SEM images
Figure 6-10 presents SEM images of the post-reaction 0.4 wt% Ni/H-ZSM-5 catalysts.
From these images it is clear that carbon filaments (CF) were not formed. Hence it seems
that H-ZSM-5 supported nickel, at the loading employed, cannot be used to produce
filamentous carbon. This is unlike palladium, which showed its potential for the production
of carbon filaments under the same conditions.
Takenaka et al. [62] studied the decomposition of methane over Ni catalysts supported on
silicas with different specific surface areas and pore structures. They found that the silica
support with no pore structure was found to have the highest catalytic activity and the
longest catalyst lifetime. They interpreted this finding as that the growth of carbon
filaments in the pores of the silica supports has a high probability of the collision with
other carbon filaments in the pores or with the inside walls of the supports, which may
deactivate the catalyst and preventing extended growth of carbon filaments. Therefore, the
non-porous silica was the most effective support.
It is known that the framework of H-ZSM-5 zeolite contains channels and pores. Also, the
Ni loading in this study is low. Therefore, it can be suggested that nickel is highly
dispersed and the majority of the methane cracking reaction occurs within the pore
structure which limits the growth of carbon filaments on the surface of the zeolite. This is
in contrast to palladium, which can be dispersed in the channels and on the outer surface of
zeolite.
However, the amount of Ni loading on Ni/ZSM-5 catalyst in this study is low. Therefore, it
may be that the low loading of Ni is not suitable to form filamentous carbon on Ni/ZSM-5
catalyst. In next section this aspect was further studied.
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Figure 6-10 SEM images of the post-reaction 0.4 wt% Ni/H-ZSM-5 catalyst run at different
reaction temperatures.
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6.4. Effect of nickel loading on the direct cracking of methane
over the Ni/H-ZSM-5 catalyst
6.4.1 Introduction
In the previous two sections, it was observed that no carbon filaments were formed on the
Ni/H-ZSM-5 catalyst. Also, as mentioned previously the Ni loading in previous
experiments was low (0.4 wt %) which possibly plays a role in the apparent lack of
formation of carbon filaments. Elsewhere, studies have showed the formation of
filamentous carbon over Ni/H-ZSM-5 catalyst regardless of reaction temperature, at 4 wt%
and 10 wt% Ni loadings [19, 249, 250].
Moreover, some of the studies that have examined the effect of the amount of nickel
loaded on the support did not show and discuss the formation of carbon filaments at low
loadings of nickel. For example, Venugopal et al. [48] studied the effect of Ni loading on
the catalytic activity of Ni/SiO2 for methane decomposition at 600 °C. The Ni loading
amounts in the Ni/SiO2 ranged from 5 to 90 wt%. They demonstrated the formation of
filamentous carbon over 30 and 50 wt% Ni/SiO2, but they did not refer to the formation of
carbon filaments over the catalyst with lower amounts of Ni. Takenaka and co-workers
[40] also studied the impact of Ni loading on silica for hydrogen and carbon production
from methane decomposition at 500 °C. The amount of Ni loading was in the range 1 to
90 wt%. They showed the formation of filamentous carbon over 13, 40 and 70 wt%
Ni/SiO2, but they did not refer to the formation of carbon filaments over the lower amount
of Ni loaded on the support.
However, Noda et al. [86] studied the effect of Ni loading and reaction temperature on the
formation of carbon nanotubes from methane catalytic decomposition over Ni/SiO2. The
amount of Ni loading was 1 and 5 wt%. They showed that a low loading of Ni (1 wt%)
produced a low quantity of carbon nanotubes, while higher loading of Ni (5 wt%)
produced a large quantity of carbon nanotubes. Also, they demonstrated that the amount of
carbon nanotubes decreased with increasing the reaction temperature for both catalysts due
to sintering effects.
The aim of the work described in this section was to investigate the formation of carbon
filaments on the surface of Ni/H-ZSM-5 catalyst as a function of Ni loading.
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Ni/H-ZSM-5 catalysts with Ni loadings of 0.4, 4 and 8 wt% were prepared as described in
Chapter 2. These catalysts were calcined at 500 °C and they were not pre-treated with
hydrogen to reduce the nickel loaded on zeolite.

6.4.2 Reaction data
Direct cracking of methane at 800 °C over Ni/H-ZSM-5 catalyst with different loadings
was performed. Figure 6-11 displays the data of the hydrogen formation rates against time
on stream. It can be seen that increasing the nickel loading increases the initial hydrogen
formation rates at the beginning of the reaction. 8 wt% Ni/H-ZSM-5 showed the highest
initial hydrogen formation rate followed by 4 wt% Ni/H-ZSM-5 catalyst. 0.4 wt% Ni/HZSM-5 catalyst demonstrated the lowest initial hydrogen formation rate. 8 wt% Ni/HZSM-5 and 4 wt% Ni/H-ZSM-5 catalysts showed initially a rapid decline in hydrogen
formation rates, whereas the 0.4 wt% Ni/HZSM-5 catalyst displayed gradual increase in its
hydrogen formation rate. After 50 minutes of time on stream, 0.4 wt% Ni/HZSM-5 and 4
wt% Ni/H-ZSM-5 catalysts had quite similar and hydrogen formation rates until the end of
reaction. In contrast, 8 wt% Ni/H-ZSM-5 was the most active up to 60 minutes of time on
stream and then gradually dropped to show the lowest hydrogen formation rate.
It seems that the increase of nickel loading (from 0.4 to 4 and 8 wt %) in the catalyst
increases the nickel particle size on the support. As a result, reactions run at the high
temperature of 800 °C could lead to accelerated sintering because the Tamman temperature
of Ni is 590 °C [66, 251]. This may explain the reason for the rapid deactivation of the
catalyst at the higher loading. Conversely, the presence of a low loading of Ni (0.4 wt %)
in the catalyst may result in less sintering because the nickel particles are highly dispersed
and spaced from each other. Hence, the deactivation period was not observed at the
beginning of the reaction, but it was noted after 150 minutes of time on stream as a result
of carbon deposited.
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Figure 6-11 Hydrogen formation rates as a function of time on stream
for methane cracking over Ni/H-ZSM-5 catalysts loaded with different
amounts of Ni: 0.4, 4 and 8 wt%, the reaction temperature of 800 °C,
the methane flow rate was 12 mL/min.

6.4.3 XRD patterns
The XRD patterns for the pre- and post-reaction Ni/H-ZSM-5 catalysts are presented in
Figure 6-12 (A, B). From Figure 6-12 (A), it can be seen that the XRD patterns of the prereaction 0.4 and 4 wt% Ni/H-ZSM-5 catalysts show the characteristic reflections of HZSM-5. In addition, the 8 wt% Ni/H-ZSM-5 catalyst displayed additional reflections at 2
= 37.28o, 43.30o, 62.80o, 75.30o and 79.40o, which can be attributed to the NiO phase.
Furthermore, it can be observed that the intensity of H-ZSM-5 reflections particular at 2
of ca. 8, 9 reduced with increasing the amount of Ni loading from 0.4 to 8 wt%. This is
possibly due to the increase of NiO in the channels of the H-ZSM-5 zeolite.
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Figure 6-12 XRD patterns of the pre- (A) and post-reaction (B) Ni/HZSM-5 catalysts loaded with different amounts of Ni: 0.4, 4 and 8 wt%.

Figure 6-12 (B) presents the XRD patterns for the post-reaction materials. It can be seen
that the XRD pattern for the post-reaction 0.4 wt% Ni/HZSM-5 catalyst did not change
correspondings to the XRD pattern for the pre-reaction 0.4 wt% Ni/HZSM-5 catalyst,
which matches the pattern of H-ZSM-5. This indicates that nickel is still highly dispersed
and/or its quantity is too small to be identified by the XRD technique. In case of 4 and 8
wt% Ni/H-ZSM-5 catalysts, the appearance of a new phase additional to H-ZSM-5
reflections is evident. This new phase matches metallic nickel at 2 = 44.20o, 51.70o and
76.40o. The presence of metallic Ni in the post-reaction catalysts confirms reduction of the
NiO phase to form metallic Ni during reaction.
Since the NiO phase in the 4 wt% precursor cannot be seen by XRD this suggests that the
reaction conditions caused sintering or agglomeration process of Ni particles, increasing
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their particle size. Therefore, it can be assumed that sintering is a deactivation route in
addition to carbon deposition.
Also, it can be observed from the XRD patterns, Figure 6-12 (B), for the post-reaction 4
and 8 wt% Ni/H-ZSM-5 catalysts that there is change in the peak at 2 = 26.10o where the
peak appeared to be somewhat more intense and broad. This indicates that graphitic carbon
was formed in these two samples.

6.4.4 Post-reaction CHN and TGA analyses
Table 6-3 displays the post-reaction CHN analysis for the post-reaction catalysts. It can be
seen that the quantity of carbon deposited increased in the following order: 10.80 < 12.90 <
14.71 wt% with the increasing amount of Ni loading. Although the increases between these
quantities are not large they may have affected the catalysts’ activity, as shown in
Figure 6-11.
Table 6-3 CHN analyses of the post-reaction Ni/H-ZSM-5 catalysts loaded
with different amounts of Ni: 0.4, 4 and 8 wt%.

Mean value (wt%)
Catalysts
C

H

N

0.4 wt% Ni/H-ZSM-5

10.55 ± 0.15

-

-

4 wt% Ni/H-ZSM-5

12.90 ± 0.50

0.33 ± 0.08

-

8 wt% Ni/H-ZSM-5

14.71 ± 0.40

0.30 ± 0.00

-

Figure 6-13 shows the TGA oxidation analysis under air for the post-reaction catalysts.
From the TGA profiles in Figure 6-13, it can be seen that again there are two main weight
loss regions. The weight loss in the region below 250 °C is attributed to water loss,
whereas the weight loss in the region between 500 to 700 °C is due to the burning off of
the carbon deposited.
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Figure 6-13 TGA profiles of the post-reaction Ni/H-ZSM-5 catalysts
loaded with different amounts of Ni: 0.4, 4 and 8 wt%.

The first-derivative weight changes profiles for the post-reaction materials are shown in
Figure 6-14. It can be seen from these profiles that all post-reaction catalysts have one
weight loss region between 500 to 700 °C. These weight loss regions are at roughly 635,
615 and 600 °C for the post-reaction 0.4 wt% Ni/H-ZSM-5, 4 wt% Ni/H-ZSM-5 and 8
wt% Ni/H-ZSM-5 catalysts, respectively. However, the difference among them is in the
areas under the peaks, relating to the amount of carbon deposited, and also in the position
of the oxidation peaks.
Furthermore, it is observed that the position of the oxidation peaks (weight loss regions) is
shifted from 635 to 600 °C with increase the amount of Ni loading on catalyst. As
mentioned in the previous chapter, the presence of residual metal in the sample can
catalyse the oxidation of the carbon species and may lower the temperature at which the
maximum oxidation rate occurs. As a result, an increase in the amount of nickel in the
sample may promote the oxidation reaction of carbon at lower temperatures. Therefore, the
burning off carbon deposited on the 8 wt% Ni/H-ZSM-5 catalyst showed a relatively low
oxidation temperature at roughly 600 °C, while it occurred at a relatively high oxidation
temperature of 635 °C for the 0.4 wt% Ni/H-ZSM-5 catalyst.
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Figure 6-14 TGA profiles of the post-reaction Ni/H-ZSM-5 catalysts
loaded with different amounts of Ni: 0.4, 4 and 8 wt%.

6.4.5 Post-reaction SEM images
Figure 6-15 (A-C) presents SEM images for the post-reaction catalysts. In images B and C,
it can be seen that carbon filaments were formed over the 4 and 8 wt% Ni/H-ZSM-5
catalysts, while they were not formed over the 0.4 wt% Ni/H-ZSM-5 catalyst (image A).
However, it appears that the increase of Ni loading from 4 to 8 wt% led to an increase in
the growth of filamentous carbon. This confirms that the Ni loading has a significant
influence on carbon filament growth. It is possible that the increase of Ni loading led to an
increased Ni content on the outer surface of zeolite and thus resulted in form the
filamentous carbon over the catalyst. Indeed, the observation of NiO reflections suggests
that particles > 30 Å were formed which would be too large to be accommodated within
the ZSM-5 channel structure.
Moreover, it was reported that the particles size of Ni metal were increased gradually with
the increase of Ni loading as a result of the agglomeration of Ni metal particles [48, 252].
Also, it was mentioned in Chapter 4 that the formation of carbon filaments is highly
dependent on the catalyst particle size in the decomposition of methane. Beyond a certain
size range, being either too small or too big, metal particles are inappropriate for filament
growth [39, 196]. Hence, it can be suggested that the high loading of Ni, 4 and 8 wt%, over
H-ZSM-5 support led to particles sizes of Ni metal appropriate for filament growth.
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Figure 6-15 SEM images of the post-reaction 0.4 wt% Ni/H-ZSM-5 catalyst (A), 4 wt%
Ni/H-ZSM-5 catalyst (B) and 8 wt% Ni/H-ZSM-5 catalyst (C).

6.5. Effect of support on the activity of nickel catalysts for the
direct cracking of methane
6.5.1 Introduction
As mentioned in the previous chapter, the support material can directly influence the
methane cracking reaction by affecting the surface area of the loaded metal by stabilisation
of the metallic catalyst particles and by influencing the metal’s electronic state. Several
supports have been used for preparation nickel-based catalysts such as SiO2, TiO2, Al2O3,
MgO, ZrO2 and graphite for methane cracking [62, 207, 253]. Among these, silicasupported-Ni (Ni/SiO2) is well known to be one of the most effective catalysts [40, 48, 72,
86, 215]. Furthermore, different types of zeolite supports have been employed for nickel
catalysts for methane cracking [59, 245, 249].
Goodman and co-workers [19] investigated the decomposition of methane on several Nisupported catalysts at 550 °C. SiO2, HY and H-ZSM-5 were used as supports. They
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showed that the initial activity were comparable for all three catalysts. Complete
deactivation was observed for the Ni/ZSM-5 catalyst after roughly 1 h while the Ni/SiO2
and Ni/HY catalysts displayed catalytic activity for methane decomposition for more than
12 h. The authors attributed the rapid deactivation of the Ni/H-ZSM-5 catalyst to the
formation of encapsulating graphitic carbon on the Ni particles. But in the cases of Ni/HY
and Ni/SiO2 catalysts, there was evidence for filamentous carbon formation which resulted
in the longer lifetime of these catalysts.
Ashok et al. [59] studied hydrogen production by catalytic decomposition of methane over
Ni supported on HY, USY, SiO2 and SBA-15 at 550 °C. They found that the catalytic
activity for these catalysts was in the order of HY > USY > SiO2 > SBA-15. They
attributed this activity to the particle size of Ni where HY and USY zeolite possessed the
smallest particle size. Ni supported on HY zeolite and SiO2 showed long life time
compared to other supports.
Chai et al. [249] investigated the effect of various supports on the catalytic activity of 10
wt% Ni for direct decomposition of methane at 550 and 700 °C. The supports were SiO2,
HZSM-5, CeO2 and Al2O3. The results showed that the catalytic performance of supportedNiO catalysts decreased in the order of NiO/SiO2 > NiO/HZSM-5 > NiO/CeO2 >
NiO/Al2O3 at reaction temperatures of 550 and 700 °C. TEM images showed that the
carbons deposited on these catalysts were in filamentous carbon form at both reaction
temperatures.
In this study, the influence of H-ZSM-5, -Al2O3 and SiO2 supports for the Ni catalysts
have been investigated and the range has been extended to include silicic acid (SiO2.xH2O).
Ni-supported catalysts (0.4 wt%) were prepared by impregnating the supports with
aqueous solutions of Ni(NO3)2.6H2O. The reactions were performed under comparable
conditions in which the reaction temperature was 800 °C, the flow rate of feed gas was 12
mL/min and catalyst mass was 0.4g.

6.5.2 Reaction data
Figure 6-16 displays the hydrogen formation rate profile at 800 °C over Ni catalysts
supported on different supports. The catalysts tested are 0.4 wt% Ni/H-ZSM-5, 0.4 wt%
Ni/SiO2, 0.4 wt% Ni/-Al2O3 and 0.4 wt% Ni/SiO2.xH2O (silicic acid). From Figure 6-16,
it can be seen that the activity of 0.4 wt% Ni/SiO2 catalyst at the initial period of reaction
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was the highest followed by 0.4 wt% Ni/SiO2.xH2O. The peak hydrogen formation rate
was ca. 8.00 x 10-4 mol H2 g-1 min-1 for 0.4 wt% Ni/SiO2, while it was ca. 6.40 x 10-4 mol
H2 g-1 min-1 for 0.4 wt% Ni/SiO2.xH2O. These two catalysts showed initially high
hydrogen formation rates at the beginning of the reaction, which dropped rapidly after 30
minutes of time on stream to be the lowest hydrogen formation rates, below ca. 0.5 x 10-4
mol H2 g-1 min-1, among all catalysts for the rest of the run. Also, it is evident that the
activity of these catalysts is similar after 30 minutes of time on stream. In contrast, 0.4
wt% Ni/H-ZSM-5 and 0.4 wt% Ni/-Al2O3 catalysts showed lower apparent activity at the
early stage of reaction. 0.4 wt% Ni/HZSM-5 catalyst exhibited gradual increase in the
hydrogen formation rate up to 120 minutes of time on stream followed by a gradual decline
until the end of reaction, whereas 0.4 wt% Ni/-Al2O3 showed a gradual increase in the
hydrogen formation rate up to 90 minutes of time on stream and then remained steady for
the rest of the run. Moreover, it can be observed that the behaviour of 0.4 wt% Ni/SiO2 and
0.4 wt% Ni/SiO2.xH2O is quite similar which is possibly not expected. Also, 0.4 wt%
Ni/H-ZSM-5 and 0.4 wt% Ni/-Al2O3 catalysts possessed similar behaviour.
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Figure 6-16 Hydrogen formation rates as a function of time on stream
for 0.4 wt% Ni/H-ZSM-5, 0.4 wt% Ni/SiO2, 0.4 wt% Ni/-Al2O3 and 0.4
wt% Ni/SiO2.xH2O (silicic acid), the reaction temperature of 800 °C,
the methane flow rate was 12 mL/min and 0.4 g catalyst mass.

From the above data, it is apparent that the support played a crucial role in activity. In an
attempt to understand the differences in the activities of these catalysts, BET surface areas
were determined. Table 6-4 shows the results. It is obvious that the surface area of the 0.4
wt% Ni/SiO2.xH2O catalyst is the highest, while the 0.4 wt% Ni/SiO2 catalyst has the
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lowest surface area. According to the BET results, it is obvious that there is no correlation
between surface area and catalyst activity.
Table 6-4 BET surface area analyses of Ni/H-ZSM-5, Ni/SiO2, Ni/-Al2O3 and 0.4
wt% Ni/SiO2.xH2O samples.

Sample Code

BET surface area (m2/g)

0.4 wt% Ni/H-ZSM-5

271

0.4 wt% Ni/SiO2

208

0.4 wt% Ni/SiO2.xH2O

290

0.4 wt% Ni/-Al2O3

238

As mentioned in Chapter 5, the support can affect with catalyst properties such as metal
particle size and stability. In addition, the interaction between the metal and support
depends on the type of support. A strong metal–support interaction (MSI) prevents the
sintering or/and agglomeration of the metal particles on the support surface that enhance
the dispersion of metal particles, while the catalyst with weak MSI leads to sintered metal
particles. Also, a strong MSI may lead to the difficulty of reduction of the precursor oxide
in catalyst. However, an appropriate strength of MSI is required to prevent metal particles
from aggregation to form unwanted large particles and to maintain catalyst activity.
Silica-supported-Ni (Ni/SiO2) is well known to be one of the active catalysts for the
decomposition of methane at low temperature reaction in range from 500 to 600 °C [48,
62, 244, 249]. The detachment of catalyst particles from the support and their localisation
on the tip of carbon filaments results from a weak MSI. A number of studies have revealed
that Ni metal particles were located at the tips of carbon nanofibres produced from
methane cracking over Ni/SiO2 at 500 °C [40, 62]. Also, it was found that the sintering
process in Ni/SiO2 occurred during methane decomposition at 750 °C and also catalyst
regeneration forming large particles that reach up to 200 nm, which are inactive for
methane decomposition [86, 254]. Takenaka and co-workers [40] studied the effect of
temperature on the activity of Ni/SiO2 in range from 500 to 700 °C. They observed that
increase of reaction temperature accelerates the catalyst deactivation. Also, there was rapid
drop in the catalyst activity at 700 °C noted at ca. 20 minutes time on stream.
From the above, it appears that the interaction between Ni and SiO2 is weak, which can
result in sintering of Ni particles especially at high reaction temperature. In this work, the
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reaction temperature applied was 800 °C, which is a high reaction temperature particularly
for Ni/SiO2. Therefore, a possible explanation for the rapid deactivation of 0.4 wt%
Ni/SiO2 and 0.4 wt% Ni/SiO2.xH2O catalysts may be that the severe aggregation of Ni
particle has occurred at 800 °C and/or it may be that there is rapid deposition of carbon on
the catalysts as a result of high initial reaction rate, as observed in the early phase of the
reaction, Figure 6-16.
Chai et al. [249] prepared and tested the Ni/Al2O3 (XRD pattern reported suggest -Al2O3
but reflections are very weak) for methane decomposition. They showed that the activity
was low at 500 and 700 °C. In addition, they emphasised that there is a strong metal–
support interaction (MSI) between Ni and the Al2O3 support, which leads to deactivation.
Chen and co-workers [255] prepared NiO/-Al2O3 catalyst with various nickel loadings.
The reducibilities of NiO over these catalysts were examined by the temperatureprogrammed reduction (TPR) technique. They found that there is strong interaction
between NiO and Al2O3 especially at low nickel loadings. In relation to the strong metalsupport interaction, there have been reports of nickel aluminate spinel formation which is
difficult to reduce [50, 256, 257]. Hence, the initial low and gradually increasing activity of
Ni/Al2O3 catalyst in this study could be attributed to the strong metal–support interaction
which led to more difficult, and hence prolonged, reduction of the nickel oxide in this
catalyst.
In case of Ni/H-ZSM-5 catalyst, Zakaria et al. [247] demonstrated that Ni species can be
dispersed in three positions of H-ZSM-5 – the outer surface of zeolite, nickel ions that are
associated within the charge compensation sites of ZSM-5 and those inside the channels of
H-ZSM-5 that are more difficult to reduce. Therefore, the low activity of the catalyst at the
beginning of the reaction and gradual increase of the hydrogen production rate can be
attributed to the dispersion of Ni particles inside the channels of zeolite. The possibly
strong interaction between nickel and the aluminium sites/species of the zeolite may also
impact upon the observed activity.

6.5.3 XRD patterns
Figure 6-17 (A-C) shows the XRD patterns of the pre- and post-reaction 0.4 wt% Ni/SiO2,
0.4 wt% Ni/SiO2.xH2O and 0.4 wt% Ni/-Al2O3 catalyst. The XRD pattern of the pre- and
post-reaction 0.4 wt% Ni/H-ZSM-5 catalyst was presented and discussed previously.
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It can be seen from Figure 6-17 (A, B) that the 0.4 wt% Ni/SiO2 and 0.4 wt%
Ni/SiO2.xH2O possessed similar patterns for both pre- and post-reaction. In addition, it is
observed that the XRD patterns of the pre-reaction 0.4 wt% Ni/SiO2 and 0.4 wt%
Ni/SiO2.xH2O are assigned only to amorphous silica (SiO2) additional nickel containing
phases were not apparent. However, the XRD patterns of the post-reaction 0.4 wt%
Ni/SiO2 and 0.4 wt% Ni/SiO2.xH2O catalysts showed the appearance of low intensity
metallic Ni peaks at 2 = 44.20o, 51.70o, as marked on the patterns.
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Figure 6-17 XRD patterns of the pre- and post-reaction 0.4 wt%
Ni/SiO2, 0.4 wt% Ni/SiO2.xH2O and 0.4 wt% Ni/-Al2O3 catalysts.
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Figure 6-17 (C) presents the XRD patterns of the pre- and post-reaction 0.4 wt% Ni/Al2O3 catalyst. It can be observed that these show only the characteristic reflections of the
-Al2O3 phase. Moreover, no evidence of the nickel crystallites containing could be
observed in the post-reaction catalysts. This suggests that Ni crystals remained highly
dispersed on the surface of alumina. Hence, this implies that there is a strong metal–
support interaction (MSI) between Ni and the -Al2O3 support, preventing sintering.

6.5.4 Post-reaction CHN and TGA analyses
The post-reaction CHN analyses of the post-reaction samples are presented in Table 6-5. It
can be seen that the amount of carbon deposited on the 0.4 wt% Ni/H-ZSM-5 and 0.4 wt%
Ni/-Al2O3 catalysts is similar, in the range of 10.50 to 11.50 wt%, and larger than those
deposited on 0.4 wt% Ni/SiO2 and 0.4 wt% Ni/SiO2.xH2O catalysts. It can be observed
also that the amount of carbon deposited on 0.4 wt% Ni/SiO2 and 0.4 wt% Ni/SiO2.xH2O
catalysts is quite similar, which is roughly 3.00 wt%. Although the quantity of carbon
deposited on the 0.4 wt% Ni/SiO2 and 0.4 wt% Ni/SiO2.xH2O catalysts is small compared
to 0.4 wt% Ni/H-ZSM-5 and 0.4 wt% Ni/-Al2O3 catalysts, the catalysts showed rapid
deactivation. This suggested that the main reason for the rapid deactivation of 0.4 wt%
Ni/SiO2 and 0.4 wt% Ni/SiO2.xH2O catalysts is the sintering of Ni particles at the reaction
temperature of 800 °C.
Table 6-5 CHN analyses of the post-reaction 0.4 wt % Ni/H-ZSM-5, 0.4 wt
% Ni/SiO2, 0.4 wt % Ni/-Al2O3 and 0.4 wt % Ni/SiO2.xH2O catalysts.

Mean value (wt%)

Catalysts
C

H

N

0.4 wt% Ni/H-ZSM-5

10.55 ± 0.15

-

-

0.4 wt% Ni/SiO2

3.00 ± 0.05

-

-

0.4 wt% Ni/SiO2.xH2O

3.10 ± 0.10

-

-

0.4 wt% Ni/-Al2O3

11.21 ± 0.10

-

-

Figure 6-18 shows the TGA oxidation profiles under air for the post-reaction 0.4 wt%
Ni/H-ZSM-5, 0.4 wt% Ni/SiO2, 0.4 wt% Ni/SiO2.xH2O and 0.4 wt% Ni/-Al2O3 catalysts.
From these profiles, it is evident that the 0.4 wt% Ni/H-ZSM-5 and 0.4 wt% Ni/-Al2O3
catalysts exhibited weight loss before 250 °C, which is attributed to the loss of adsorbed

240
water, while it is almost absent in the 0.4 wt% Ni/SiO2 and 0.4 wt% Ni/SiO2.xH2O. Also,
the weight loss in the region beyond 500 °C results from the burning off of the carbon
formed on the samples. However, it is observed that there is an agreement between the
results of TGA and CHN analyses.
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Figure 6-18 TGA profiles of the post-reaction 0.4 wt% Ni/H-ZSM-5,
0.4 wt% Ni/SiO2, 0.4 wt% Ni/SiO2.xH2O and 0.4 wt% Ni/-Al2O3
catalysts.

The first-derivative weight change profiles for the post-reaction catalysts are presented in
Figure 6-19. It can be seen from these profiles that all post-reaction samples showed one
weight loss region. This indicates that each sample contains homogeneous species of
carbon. However, these weight loss regions are at approximately 570, 640, 630 and 675 °C
for the post-reaction 0.4 wt% Ni/-Al2O3, 0.4 wt% Ni/H-ZSM-5, 0.4 wt% Ni/SiO2.xH2O
and 0.4 wt% Ni/SiO2, respectively.
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Figure 6-19 TGA profiles of the post-reaction 0.4 wt% Ni/H-ZSM-5, 0.4
wt% Ni/SiO2, 0.4 wt% Ni/SiO2.xH2O and 0.4 wt% Ni/-Al2O3 catalysts.

6.5.5 Post-reaction SEM images
Figure 6-20 (A-D) illustrates the SEM images of the post-reaction catalysts. It can be seen
from the images (A,B,D) that carbon ﬁlaments were not formed on 0.4 wt% Ni/H-ZSM-5,
0.4 wt% Ni/SiO2 and 0.4 wt% Ni/-Al2O3, respectively, while they can be observed in 0.4
wt% Ni/SiO2.xH2O catalyst (image (C)).
In the case of the Ni/H-ZSM-5 catalyst, it was found in the previous section that the
amount of nickel loading played a role in the formation of carbon filaments. It was
suggested that the dispersion of a low amount of nickel took place inside the zeolite
channels which inhibited the formation of carbon filaments, whilst increasing the amount
of nickel loaded on zeolites led to an increase in the quantity of nickel on the outer surface
of the zeolite, which can produce the carbon filaments.
From image (B) in Figure 6-20, it can be seen that the carbon filaments were not formed on
the 0.4 wt% Ni/SiO2 catalyst. This result is in agreement with the study by Noda et al.
[86]. They reported that no carbon filaments were formed over Ni/SiO2 at reaction
temperatures above 700 °C because of the particles size increase as a result of the sintering
to form large particles in the range of 100 to 200 nm which are inappropriate for carbon
filament formation. Also, they reported that low loadings of Ni (1 wt%) produced a small
amount of carbon nanotubes in the reaction temperature range from 625 to 700 °C. As a
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result, it could be that the reaction temperature of 800 °C led to sintering in the Ni/SiO2
catalyst to form Ni particles of increased size, negatively impacting on the catalyst activity
and the formation of carbon filaments.
A

B

C

D

Figure 6-20 SEM images of the post-reaction (A) 0.4 wt% Ni/H-ZSM-5, (B) 0.4 wt%
Ni/SiO2, (C) 0.4 wt% Ni/SiO2.xH2O and (D) 0.4 wt% Ni/-Al2O3 catalysts.

It can be seen from image (C) in Figure 6-20 that carbon filaments were formed on the 0.4
wt% Ni/SiO2.xH2O catalyst. It should be mentioned that they were relatively sparse. A
possible explanation for the apparent difference might be that the morphology of the silicic
acid support (SiO2.xH2O) is different from the silica support (SiO2), which may have kept
some of the nickel particles in a small and/or appropriate size to form the filamentous
carbon. However, it was noted from the first-derivative weight change profiles in
Figure 6-19 that there is a difference in the temperature of the weight loss region between
the post-reaction 0.4 wt% Ni/SiO2 and 0.4 wt% Ni/SiO2.xH2O catalysts. It may be that the
presence of carbon filaments is the reason for this difference. Further, TEM analyses
would be required to develop more understanding of this aspect.
As can be seen in image (D) of Figure 6-20, carbon filaments were not formed in the 0.4
wt% Ni/γ-Al2O3 catalyst. However, it was reported that the carbon filaments can be formed
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over Ni/Al2O3 catalyst as a result of methane cracking at different reaction temperatures in
the range from 500 to 800 °C [64, 89, 249, 258]. In these reports, the amount of Ni on
Al2O3 is between 5 and 10 wt%. Also, it was found that the increase of the amount of Ni
loading on support led to an increase in the Ni particle size [48, 252]. Furthermore, it was
shown that the small Ni particles yield a low growth of the carbon filaments and
additionally the large particle size of Ni suppresses the growth of the carbon filaments.
Thus, there is optimum particle size that can show the high carbon filament growth nickel
[39, 256]. Therefore, it may be the case that the amount of Ni loading in 0.4 wt% Ni/Al2O3 catalyst is too low to form the suitable size of Ni particles necessary for the
formation of carbon filaments. Also, it can be suggested that the strong metal–support
interaction (MSI) between Ni and Al2O3 support and nickel aluminate spinel formation
prevent the formation of the appropriate particles size of nickel especially at the low
loading thus lowering carbon filament formation. Further, TPR investigations on a range of
supports may provide greater insight into this phenomenon.
In general, the low amount of Ni loaded may be played a role in the decline the growth
rates of carbon filaments.
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6.6. Direct catalytic cracking of methane over 0.4 wt% Cu/HZSM-5
catalyst for hydrogen and carbon production
6.6.1 Introduction
Copper has been used as a promoter for Ni-based catalysts. It was reported that the
addition of a Cu component to the Ni-based catalysts enhances the performance of the
catalyst [60, 61, 167]. However, only a few reports have demonstrated the possibility of
using copper itself as a catalyst for methane cracking.
Matsukata et al. [259] studied the decomposition of methane over Ni/SiO2 and Cu/SiO2
catalysts using a fluidised bed at 600 and 750 °C. They reported that the activity and
amount of hydrogen produced by the Cu/SiO2 catalyst was very low compared to the
Ni/SiO2 catalyst.
Ammendola et al. [260] studied methane decomposition over Cu/Al2O3 over a wide range
of reaction temperatures. They observed that the rates of methane decomposition and of
hydrogen production strongly increased at 600 °C and the maximum value of methane
conversion (> 40 %) was reached at 800 °C which was followed by a rapid deactivation as
a result of carbon deposition. In addition, they investigated the effect of copper loading in
the range from 0.4 to 8.4 wt% and showed that 8.4 wt% Cu/Al2O3 catalyst produced the
highest amount of hydrogen.
From reviewing the literature, there do not seem to be any reports relating to the Cu
supported on H-ZSM-5. Therefore, 0.4 wt% Cu/HZSM-5 catalyst was prepared and tested
to investigate its activity and compare it with the 0.4 wt% Ni/HZSM-5 catalyst.

6.6.2 Reaction data
The hydrogen formation rate against time on stream for 0.4 wt% Cu/HZSM-5 is shown in
Figure 6-21 and the data for the 0.4 wt% Ni/HZSM-5 catalyst, is also shown for
comparison. From the hydrogen profile, it is evident that 0.4 wt% Cu/HZSM-5 behaves in
a similar manner to 0.4 wt% Ni/HZSM-5 catalyst. Both Cu/HZSM-5 and Ni/HZSM-5
catalysts showed an apparent gradual increase in the hydrogen formation rate up to 90
minutes of time on stream for Cu/HZSM-5 and 120 minutes for Ni/HZSM-5 followed by a
gradual decrease. It is interesting to observe that Cu/HZSM-5 showed relatively higher
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activity between 30 and 90 minutes of time on stream compared to Ni/HZSM-5. After 120
minutes of time on stream, both Cu/HZSM-5 and Ni/HZSM-5 catalysts exhibited similar
activity and hydrogen formation rate until the end of reaction.
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Figure 6-21 Hydrogen formation rates as a function of time on stream
for 0.4 wt% Cu/H-ZSM-5 and 0.4 wt% Ni/H-ZSM-5, the reaction
temperature of 800 °C, the methane flow rate was 12 mL/min and 0.4
g catalyst mass.

In this work the materials were not pre-reduced and were readily reduced under reaction
conditions. The difference in activity between Cu/H-ZSM-5 and Ni/H-ZSM-5 over 30-120
minutes time-on-stream, Figure 6-21, may be attributed to Cu/HZSM-5 reducing more
readily than the Ni catalyst in the initial stage of reaction. It has been reported that the
Cu/HZSM-5 catalyst can be reduced by 10% H2–N2 with ramp rate of 10 °C/min and by
5 % H2–Ar with ramp rate of 5 °C/min in the temperature range of 230-250 °C [261, 262],
whereas Ni/H-ZSM-5 was reported as being reducible by 5 % H2–Ar with ramp rate of
20 °C/min in the temperature range of 550-600 °C under comparable conditions [246,
247].

6.6.3 XRD patterns
Powder X-ray diffraction was performed on the pre- and post-reaction 0.4 wt% Cu/HZSM5 catalysts and the results are presented in Figure 6-22. It can be seen from Figure 6-22 that
the XRD pattern of the pre-reaction 0.4 wt% Cu/HZSM-5 catalyst matches the pattern of
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H-ZSM-5 and there were no reflections indicative of any additional copper phases. The
XRD pattern of the post-reaction 0.4 wt% Cu/HZSM-5 showed the appearance of a small
reflection at 43.6o, which is marked with an arrow, which is consistent with metallic
copper indicates that the copper oxide has been reduced to form metallic copper and the
relatively narrow refection width suggests this to comprise a large particle size.
The sintering process of copper can occur more readily than for nickel since that the
Tamman temperature for copper is 405 °C, while the Tamman temperature for nickel is
590 °C [66]. However, the reaction temperature in this study is 800 °C, significantly higher
than both Tamman temperatures.
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Figure 6-22 XRD patterns of the pre- and post-reaction 0.4 wt%
Cu/HZSM-5 catalysts.

6.6.4 Post-reaction CHN and TGA analyses
Table 6-6 presents CHN analyses of the post-reaction 0.4 wt% Cu/H-ZSM-5 and 0.4 wt%
Ni/H-ZSM-5 samples. From this data, it is evident that the amount of carbon deposited on
the post-reaction catalysts is similar being in the range of 10.55 to 10.93 wt%. This is not a
surprising since that the reaction profiles of both catalysts were similar.
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Table 6-6 CHN analysis for the post-reaction 0.4 wt% Cu/H-ZSM-5 and
0.4 wt% Ni/H-ZSM-5.

Mean value (wt%)
Catalyst
C

H

N

0.4 wt% Cu/H-ZSM-5

10.93 ± 0.20

0.31 ± 0.01

0.4 wt% Ni/H-ZSM-5

10.55 ± 0.15

-

-

TGA studies in the presence of air were carried out for the post-reaction 0.4 wt% Cu/HZSM-5 and 0.4 wt% Ni/H-ZSM-5 samples to evaluate the nature of the carbon deposited.
Figure 6-23 displays the TGA profiles for the post-reaction 0.4 wt% Cu/H-ZSM-5 and 0.4
wt% Ni/H-ZSM-5 samples. It is obvious that there is a small weight loss below 250 °C that
is ascribed to the loss of adsorbed water. The major weight loss is that in the region from
500 to 700 °C resulting from the combustion of the carbon deposited. Also, it can be
observed that there is good agreement between the results of CHN and TGA analyses.
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Figure 6-23 TGA profiles of the post-reaction 0.4 wt% Cu/H-ZSM5 and 0.4 wt% Ni/H-ZSM-5.

Figure 6-24 shows the first-derivative weight changes profiles for the post-reaction 0.4
wt% Cu/H-ZSM-5 and 0.4 wt% Ni/H-ZSM-5 samples. It can be observed that there is a
slight difference between the carbons deposited on these catalysts. The 0.4 wt% Cu/HZSM-5 sample exhibited two weight loss regions at 525 and 625 °C, whereas the 0.4 wt%
Ni/H-ZSM-5 sample displayed a single weight loss region at 640 °C. It was stated
previously that the region between 500 to 700 °C is usually related to filamentous carbons
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and graphitic carbon. In the previous sections of this chapter, SEM images demonstrated
that the filamentous carbon was not formed on the 0.4 wt% Ni/H-ZSM-5 catalyst. Hence, it
may be that the carbon deposited on this catalyst is graphitic. However, SEM images for
the post-reaction 0.4 wt% Cu/H-ZSM-5 (as shown later) illustrated that the filamentous
carbons were formed. Therefore, it could be that these two weight loss regions at 525 and
625 °C are attributed to filamentous carbons and graphitic carbon.
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Figure 6-24 TGA profiles of the post-reaction 0.4 wt% Cu/H-ZSM-5
and 0.4 wt% Ni/H-ZSM-5.

6.6.5 Post-reaction SEM images
Figure 6-25 presents the SEM images with high and low magnification for the postreaction 0.4 wt% Cu/H-ZSM-5 catalyst. The SEM images for the post-reaction 0.4 wt%
Ni/H-ZSM-5 were shown and discussed previously. It can be seen that the carbon
filaments were formed over the 0.4 wt% Cu/H-ZSM-5 catalyst. In addition, the copper
particles do not appear to be located on the tip of these filaments. This suggests that the
growth mechanism of these filaments is “base-growth”. However, it should be mentioned
that the formation of the filaments was not dense.
This result contrasts with the findings reported by Ammendola et al. [260] who studied the
methane decomposition over a Cu/Al2O3 catalyst and reported that no carbon fibres grew
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on the catalyst surface up to 800 °C. The difference between their result and the result in
this study can be possibly ascribed to the type of support.

Figure 6-25 Post-reaction SEM images of 0.4 wt% Cu/H-ZSM-5 catalyst.

Although the 0.4 wt% Ni/H-ZSM-5 and 0.4 wt% Cu/H-ZSM-5 had a similar behaviour and
amount of carbon deposited it was noted that the filamentous carbons were not formed on
0.4 wt% Ni/H-ZSM-5. It seems that copper disperses on the outer surface of the zeolite
whereas nickel does not. The apparently large Cu particle size, as indicated by the narrow
Cu reflection in the XRD pattern of the post-reaction catalyst, is consistent with this
suggestion. Also, it may be that the enhanced sintering process of copper led to the
formation of a suitable particle size for the formation of carbons filaments.

6.7. Summary
This study set out to investigate the direct cracking of methane over Ni-based catalysts for
the production of hydrogen and carbon. This study included a comparative study between
the 0.4 wt% Ni/HZSM-5 and 0.4 wt% Pd/HZSM-5 catalysts, the effect of reaction
temperature on the activity of 0.4 wt% Ni/HZSM-5 catalyst, the effect of the nickel loading
and the effect of support. In addition, a comparative study between the 0.4 wt% Ni/HZSM5 and 0.4 wt% Cu/HZSM-5 catalysts was presented.
The reaction data from the comparison study between the 0.4 wt% Ni/HZSM-5 and 0.4
wt% Pd/HZSM-5 catalysts showed that the 0.4 wt% Pd/HZSM-5 catalyst displayed an
apparently high initial hydrogen formation rate followed with a sharp decline to be the
lowest hydrogen formation rate after 120 minutes of time on stream. The 0.4 wt%
Ni/HZSM-5 catalyst showed a gradual increase in the hydrogen formation rate with time
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on stream, which became higher than the 0.4 wt% Pd/HZSM-5 catalyst after 90 minutes of
time on stream and then exhibited a gradual decline. Moreover, palladium was added to 0.4
wt% Ni/HZSM-5 catalyst as promoter. The reaction data showed that palladium enhances
the initial performance of the 0.4 wt% Ni/HZSM-5 catalyst. The results of CHN and TGA
analyses revealed that the quantity of carbon deposited on the 0.4 wt% Ni/HZSM-5, 0.4
wt% Pd/HZSM-5 and Pd- Ni/HZSM-5 catalysts was somewhat similar. SEM images of
post-reaction catalysts showed carbon filament growth over 0.4 wt% Pd/HZSM-5 and PdNi/HZSM-5 catalysts but not over 0.4 wt% Ni/HZSM-5.
The effect of reaction temperature on the activity of the 0.4 wt% Ni/H-ZSM-5 catalyst in
the range from 600 to 900 °C, demonstrated that the hydrogen formation rates increased
with increasing reaction temperature as would be expected. In addition, it was observed
that the increase of reaction temperature led to rapid deactivation of the catalyst. CHN and
TGA analyses showed that the amount of carbon deposited also increased with increasing
reaction temperature. SEM images of the post-reaction 0.4 wt% Ni/H-ZSM-5 catalyst,
obtained at different reaction temperatures, illustrated that no filamentous carbon was
formed with this material.
Different loadings of nickel on H-ZSM-5 zeolite were studied at 800 °C. The nickel
loadings were 0.4, 4 and 8 wt%. It was observed that the increasing of nickel loading
increases the initial hydrogen formation rates. 8 wt% Ni/H-ZSM-5 catalyst exhibited the
highest initial hydrogen formation rate followed by 4 wt% Ni/H-ZSM-5 catalyst, while the
0.4 wt% Ni/H-ZSM-5 catalyst demonstrated the lowest initial hydrogen formation rate.
Also, it was found that the increasing of nickel loading resulted in an enhanced decline in
hydrogen formation rate and increased the quantity of carbon deposited. Furthermore,
SEM images revealed that the filamentous carbon was formed at the higher loadings of
nickel and their density increased with increasing loading.
The performance of 0.4 wt% Ni supported on H-ZSM-5, -Al2O3, SiO2 and SiO2.xH2O for
methane cracking at 800 °C was studied. The initial hydrogen formation rates were higher
in the order of Ni/SiO2 > Ni/SiO2.xH2O > Ni/H-ZSM-5  Ni/-Al2O3. The Ni/SiO2 and
Ni/SiO2.xH2O catalysts showed similar behaviour, which was a high hydrogen formation
rate initially followed by a rapid drop after 30 minutes of time on stream to the lowest
hydrogen formation rates, whereas the Ni/H-ZSM-5 and Ni/-Al2O3 catalysts displayed
initially lower activity followed by a gradual increase in hydrogen formation rates. The
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results of CHN and TGA analyses demonstrated that the amount of carbon deposited on
Ni/H-ZSM-5 and Ni/-Al2O3 catalysts was larger than for Ni/SiO2 and Ni/SiO2.xH2O.
Moreover, SEM images illustrated that filamentous carbon was formed with Ni/SiO2.xH2O
but not for the other catalysts.
The direct cracking of methane over 0.4 wt% Cu/H-ZSM-5 was studied. It was observed
that 0.4 wt% Cu/HZSM-5 is active for hydrogen production and it behaves in a similar
manner to 0.4 wt% Ni/HZSM-5. In addition, both Cu/HZSM-5 and Ni/HZSM-5 catalysts
exhibited gradual increase in the hydrogen formation followed by gradual decrease in the
rate of the hydrogen formation. CHN and TGA analyses showed that the quantity of
carbon deposited on the post-reaction Cu/H-ZSM-5 and Ni/H-ZSM-5 catalysts was similar.
Furthermore, SEM images for the post-reaction Cu/HZSM-5 catalyst showed that
filamentous carbon was formed.
Generally, this study showed that the activity of Pd/HZSM-5 catalyst was higher than
Ni/H-ZSM-5. The addition of palladium into Ni/HZSM-5 catalyst enhanced the initial
performance of 0.4 wt% Ni/HZSM-5. Increasing reaction temperature increased the
activity of 0.4 wt% Ni/HZSM-5 catalyst where the catalyst showed the highest
performance at the highest reaction temperature of 900 °C. Increase of nickel loading led
to an increase in the initial hydrogen formation rate and the formation of filamentous
carbon. Nickel supported on SiO2 and SiO2.xH2O displayed the highest hydrogen
formation rate compared to H-ZSM-5 and -Al2O3. The filamentous carbons were not
formed on Ni/SiO2, Ni/H-ZSM-5 and Ni/-Al2O3, whereas they were observed on
Ni/SiO2.xH2O. The 0.4 wt% Cu/HZSM-5 catalyst was active for hydrogen production and
exhibited similar behaviour to the 0.4 wt% Ni/HZSM-5 catalyst. In addition, it was
observed that filamentous carbons were formed over Cu/HZSM-5.
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7. Conclusions and Future work
This project was focused on the investigation of the catalytic cracking of methane into
hydrogen and carbon. An extensive study was undertaken on two categories of materials,
namely iron-containing wastes and prepared catalysts which include palladium-based
catalysts, nickel-based catalysts and copper-based catalyst. The following conclusions are
drawn from the investigations.
Three kinds of iron-containing wastes investigated, namely Landfill (biogenic iron oxide
sample), Factory (residue from an old nail Factory) and Red Mud (a waste product of the
aluminium industry) samples. Characterisation of these materials showed the variation in
the properties of these materials. For example, SEM images of Landfill sample showed
that this sample has unique tubular morphology and it also possessed the highest surface
area and iron content compared to the other waste iron samples. The activity of these
samples at reaction temperature of 800 °C was in the following order: Landfill > Red Mud
> Factory, as would be expected on the basis of their iron content and surface area.
Temperature programmed studies showed the Landfill sample to provide its highest
activity after 700 °C associated with the loss of tubular morphology. Also, the carbon
produced for all samples was in the form of filaments and encapsulating graphite. The CO
and CO2 produced with hydrogen production during the cracking of methane over Landfill
and Factory samples was evaluated and the level of CO was found to be too high for direct
application as a feed for PEM based fuel cells.
The effect of modification on Landfill and Factory samples has been studied. They were
calcined at 300, 500, 700 and 900 °C. It was found that the calcination of these samples
significantly affected properties such as surface area, phase and morphology. For Landfill
sample, a calcination temperature of 300 and 500 °C resulted in more compact
morphology. At 700 °C, the biogenic tubes began to merge with each other, while they
were lost by 900 °C. The calcination of Landfill and Factory samples at 900 °C resulted in
enhancement of their performance. Also, the highest observed hydrogen formation rate
obtained from Landfill sample calcined at 900 °C was 8.57 x10-4 molH2 g-1 min-1 compared
to 6.61 x10-4 molH2 g-1 min-1 for raw Landfill sample, whereas the highest hydrogen
formation rate observed from Factory sample calcined at 900 °C was 6.85 x10-4 molH2 g-1
min-1 compared to 4.15 x10-4 molH2 g-1 min-1 for the raw Factory sample. The growth of
carbon filaments were not observed in the case of post-reaction investigations on all
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calcined Landfill samples, whereas they were formed for the Factory sample calcined at
900 °C.
Pre-treatment of the Landfill and Factory samples with HCl was conducted. Although this
treatment increased the relative proportion of iron in both samples and the surface area of
the Factory sample, resultant activity appeared to be poisoned. The modification of
Landfill and Factory samples was extended doping with palladium. This reduced the
performance of the Landfill sample below 800 °C, whereas it enhanced the performance at
800 °C. Pd-doping of the Factory sample was not beneficial to hydrogen production.
The peak hydrogen formation rates for different metal-zeolite containing were found to be
in the following order: Pd/H-ZSM-5 > Cu/H-ZSM-5 > Ni/H-ZSM-5. In addition, it was
noted that the quantity of carbon produced over these catalysts was similar. However,
filamentous carbon was formed on Pd/H-ZSM-5 and Cu/H-ZSM-5 catalyst, whereas it was
not observed on Ni/H-ZSM-5.
For both Pd/H-ZSM-5 and Ni/H-ZSM-5 catalysts, it was observed that the hydrogen
formation rates and carbon deposited generally increased with increase of reaction
temperature from 600 to 900 °C. The performance of Pd/H-ZSM-5 catalyst was higher
than that Ni/H-ZSM-5 catalyst in range from 600 to750 °C, while Ni/H-ZSM-5 catalyst
showed high activity from 800 to 900 °C, but this was accompanied by rapid deactivation.
The growth of carbon filaments was observed for Pd/H-ZSM-5 catalyst run between of 650
to 900 °C, but they were not formed over the Ni/H-ZSM-5 catalyst.
H-ZSM-5, -Al2O3 and SiO2 were used as supports for palladium. It was found that the
initial hydrogen production rates were in the order of Pd/-Al2O3 > Pd/SiO2 > Pd/H-ZSM-5
for reactions at 800 °C. Moreover, Pd/-Al2O3 catalyst showed the highest hydrogen
formation rate and a superior performance throughout the reaction run compared to
Pd/SiO2 and Pd/H-ZSM-5 catalysts. The diameters of the carbon filaments produced by
this catalyst were smaller than those from the other samples, possibly indicating there to be
a higher Pd dispersion. Carbon filaments formed over all the catalysts.
Ni was supported on H-ZSM-5, -Al2O3, SiO2 and SiO2.xH2O. It was found that the initial
hydrogen formation rates were higher in the order of Ni/SiO2 > Ni/SiO2.xH2O > Ni/HZSM-5  Ni/-Al2O3. Although the Ni/SiO2 and Ni/SiO2.xH2O catalysts exhibited the
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highest peak hydrogen formation rates initially, they rapidly deactivated. The Ni/H-ZSM-5
and Ni/-Al2O3 catalysts possessed different behaviour, which were initially lower
performance followed by a gradual increase in hydrogen formation rates. In addition, it
was found that the quantity of carbon produced on Ni/H-ZSM-5 and Ni/-Al2O3 catalysts
was larger than for Ni/SiO2 and Ni/SiO2.xH2O. Filamentous carbon was only formed over
Ni/SiO2.xH2O.
Ni-doping of the Pd/H-ZSM-5 catalyst resulted in lowered hydrogen formation rate and
carbon produced, while Pd-doping of the Ni/HZSM-5 catalyst enhanced the initial
hydrogen formation rate and produced similar amount of carbon compared to parent
catalyst. However, the addition of Pd into Ni/HZSM-5 catalyst led to the growth of carbon
filaments.
It was observed that the phase of Pd precursor play a role in the performance of the Pd/HZSM-5 catalyst. The reaction data showed that the hydrogen formation rates and the
quantity of carbon produced at 800 °C to follow the order: Pd(NO3)2 > Pd(C5H7O2)2 >
PdCl2. Filamentous carbon were formed on all post-reaction catalysts with a difference in
their growth intensity where their growth rate decreased in the following above order.
For Ni/H-ZSM-5 catalyst, it was found that the amount of Ni loading on zeolite plays a
significant role in the formation of carbon filaments. It was observed that no carbon
filaments was formed over 0.4 wt% Ni/H-ZSM-5, whereas they formed over 4 wt% Ni/HZSM-5 and 8 wt% Ni/H-ZSM-5 catalysts and their density increased with increasing
loading, which suggest the increase of Ni dispersion over zeolite surface and formation of
appropriate particles size for carbon filaments growth.
Tables 7-1 and 7-2 summarise the behaviour, under comparable reaction conditions
(temperature, flow rate, mass of sample) of the iron-containing wastes materials and
prepared catalysts, respectively, which were investigated in this thesis. Also, the quantity
and morphology of carbon deposited are presented in these tables. The carbon morphology
is inferred from SEM and/or TEM analyses. The deposited carbon on the surface of
catalysts was in the filamentous or non-filamentous form. In most cases of the ironcontaining wastes materials, no carbon nanostructure was observed. In raw Landfill
sample, filamentous carbon and onion-like carbon nanospheres were observed, similarly in
Red Mud sample and in Factory sample calcined at 900 °C filamentous carbon was
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observed. In raw factory sample, encapsulating type of carbon was observed. However, in
the case of prepared catalysts, more carbon filaments were observed compared to these
samples.
Since H2 formation is not monitored continuously, carbon deposition is perhaps a more
reliable indicator of overall catalyst activity.
Table 7-1 the behaviour of the iron-containing wastes materials, in the temperature
programme from 600 to 800 °C. The CH4/N2 flow rate was 12 mL/min and 0.4 g
sample mass.
Peak H2
Postformation
reaction
rate
Sample
Carbon morphology
carbon
measured
-1
analyses
(mol H2 g
-1
(wt %)
min )
Raw Landfill sample (a)

6.62

64.91

Raw Factory sample (b)

4.20

41.60

Red Mud (b)

4.97

48.48

Synthetic 2-line ferrihydrite (c)

0.09

NO carbon

Landfill sample calcined at 300 °C (c)

6.10

45.10

Landfill sample calcined at 500 °C (c)

6.21

49.50

Landfill sample calcined at 700 °C (c)

6.87

50.83

Landfill sample calcined at 900 °C (b)

8.57

59.70

Factory sample calcined at 300 °C (b)

2.34

20.60

Factory sample calcined at 500 °C (b)

2.15

8.60

Factory sample calcined at 700 °C (b)

2.52

15.00

Factory sample calcined at 900 °C (d)

6.85

47.10

HCl treated Landfill (b)

0.76

NO carbon

HCl treated Factory (b)

2.53

13.53

Pd/Landfill (c)

7.50

61.53

Pd/Factory (b)

0.70

1.48

Filamentous Carbon and
onion-like carbon nanospheres
are formed
Encapsulating type of carbon
was observed
Filamentous Carbon was
formed
No Carbon nanostructure was
observed
No Carbon nanostructure was
observed
No Carbon nanostructure was
observed
No Carbon nanostructure was
observed
No Carbon nanostructure was
observed
No Carbon nanostructure was
observed
No Carbon nanostructure was
observed
No Carbon nanostructure was
observed
Filamentous Carbon was
formed.
No Carbon nanostructure was
observed
No Carbon nanostructure was
observed
No Carbon nanostructure was
observed
No Carbon nanostructure was
observed

(a) Time on stream is 680 minute (Pressure drop was observed)
(b) Time on stream is 740 minute (Pressure drop was observed with Landfill sample calcined
at 900 °C )

(c) Time on stream is 800 minute.
(d) Time on stream is 650 minute (Pressure drop was observed).
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Table 7-2 the behaviour of prepared catalysts, the reaction temperature was 800 °C,
the methane flow rate was 12 mL/min, time on stream was 300 minutes and 0.4 g
catalyst mass.
Peak H2
Post-reaction
formation rate
Sample
Carbon morphology
carbon
measured (mol
analyses (wt %)
H2 g-1 min-1)
Filamentous Carbon was
formed; carbon nanofibres type
Pd/H-ZSM-5
3.21
10.80
(herringbone–bamboo nanotube
form)
No Filamentous carbon was
Ni/H-ZSM-5
1.92
10.55
observed
Cu/H-ZSM-5
1.99
10.93
Filamentous Carbon was formed
Pd/SiO2

4.39

10.10

Filamentous Carbon was formed

Pd/-Al2O3

7.02

43.80

Filamentous Carbon was formed

Ni/SiO2

7.97

3.00

Ni/-Al2O3

1.61

11.21

Ni/SiO2.xH2O

6.41

3.10

No Filamentous Carbon was
observed
No Filamentous carbon was
observed
Filamentous Carbon was formed
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7.1. Future work
Although this work has showed a number of interesting results regarding the direct
cracking of methane into hydrogen and carbon there still remains a number of ideas that
may yet be explored:


Investigation of the application of the post-reaction waste iron oxides samples to
observe their performance for water treatment since these materials carbon
containing composite which possess magnetic properties. The application of waste
materials for methane cracking is also interesting from a viewpoint of their disposal
upon deactivation.



Further Pd EXAFS studies on the Fe, Ni, Co and Cu doped Pd/H-ZSM-5 catalysts
to improve understanding of the nature and form of the metal component.



Investigation of partial poisoning of the dehydrogenation components of the metalzeolite catalysts components of catalyst (Pd/H-ZSM-5 catalyst) to try to promote
selectivity switch towards methane dehydroaromatisation. This proposed work can
be a new approach for the development of improved activity catalysts for benzene
production from methane. In the literature, benzene production by the
dehydroaromatisation of methane has attracted a lot of interest e.g. [204, 205]. It
was reported that Mo/H-ZSM-5 catalyst is effective for the methane
dehydroaromatisation reaction since that the Mo species and the BrØnsted acid sites
of the zeolite are necessary components of an active catalyst [45, 206]. Numerous
studies with little success were carried out to improve the performance this catalyst.
However, the partial poisoning of high activity catalysts for methane cracking (such
as Pd/H-ZSM-5) may result in improved rate for benzene production compared to
the conventional MoO3/ZSM-5 system which has low activity necessitating
operation at low space velocities to approach equilibrium conversion.
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8. Appendix
8.1. Appendix 1
Nitrogen was used as an internal standard, calculation of product formation rate is
conducted taking into account the change in volume on reaction using the following
expressions:

[

]

[

]

[

(

)

]
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8.2. Appendix 2
Methane conversion with time on stream for the cracking of methane over the samples
(catalysts) used in this study for different reaction conditions, are presented from
Figure 8-1 to 8-19. These data correspond to the hydrogen formation rates, which are
presented throughout this thesis.
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Figure 8-1 Methane conversion as a function of TOS for CH4
cracking over the Landfill, Factory and RM samples in the
temperature programme from 600 to 800 °C. The CH4/N2 flow rate
was 12 mL/min and 0.4 g sample mass. These conversions
correspond to hydrogen formation rates in Figure 3-7.
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Figure 8-2 Methane conversion as a function of TOS for cracking of CH4 over the Landfill
sample at different temperatures. (A) At 600 °C, (B) in the temperature programme from
600 to 700 °C, (C) in the temperature programme from 600 to 750 °C. The CH4/N2 flow
rate was 12 mL/min and 0.4 g sample mass. These conversions are corresponding to
hydrogen formation rates in Figure 3-20.
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Figure 8-3 Methane conversion as a function of TOS for CH4 cracking
over the synthetic 2-line ferrihydrite and the natural 2-line ferrihydrites
(the Landfill sample) in the temperature programme from 600 to
800 °C. The CH4/N2 flow rate was 12 mL/min and 0.4 g sample mass.
These conversions are corresponding to hydrogen formation rates in
Figure 3-29.
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Figure 8-4 Methane conversion as a function of TOS for CH4 cracking
over the raw Landfill sample and calcined Landfill samples in the
temperature programme from 600 to 800 °C. The CH4/N2 flow rate
was 12 mL/min and 0.4 g sample mass. These conversions
correspond to hydrogen formation rates in Figure 4-6.
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Figure 8-5 Methane conversion as a function of TOS for CH4 cracking
over the raw Factory sample and calcined Factory samples in the
temperature programme from 600 to 800 °C. The CH4/N2 flow rate
was 12 mL/min and 0.4 g sample mass. These conversions
correspond to hydrogen formation rates in Figure 4-9.
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Figure 8-6 Methane conversion as a function of TOS for CH4 cracking
over the raw Landfill sample and the Landfill sample treated with HCl
in the temperature programme from 600 to 800 °C. The CH4/N2 flow
rate was 12 mL/min and 0.4 g sample mass. These conversions
correspond to hydrogen formation rates in Figure 4-18.
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Figure 8-7 Methane conversion as a function of TOS for CH4 cracking
over the raw Factory sample and the Factory sample treated with HCl
in the temperature programme from 600 to 800 °C. The CH4/N2 flow
rate was 12 mL/min and 0.4 g sample mass. These conversions
correspond to hydrogen formation rates in Figure 4-19.
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Figure 8-8 Methane conversion as a function of TOS for CH4 cracking
over the raw Landfill sample and 0.4 wt% Pd/ Landfill sample in the
temperature programme from 600 to 800 °C. The CH4/N2 flow rate
was 12 mL/min and 0.4 g sample mass. These conversions
correspond to hydrogen formation rates in Figure 4-24.
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Figure 8-9 Methane conversion as a function of TOS for CH4 cracking
over the raw Factory sample and 0.4 wt% Pd/ Factory sample in the
temperature programme from 600 to 800 °C. The CH4/N2 flow rate
was 12 mL/min and 0.4 g sample mass. These conversions
correspond to hydrogen formation rates in Figure 4-27.
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Figure 8-10 Methane conversion as a function of time on stream for
methane cracking over 0.4 wt% Pd/H-ZSM-5 catalyst at different
temperatures in the range of 600 to 900 °C, the methane flow rate
was 12 mL/min and 0.4 g catalyst mass. These conversions
correspond to hydrogen formation rates in Figure 5-1.

265

18
12 mL/min
24 mL/min
36 mL/min
48 mL/min

Methane conversion (%)

16
14
12
10
8
6
4
2
0
0

50

100

150

200

250

300

Time on stream/min

Figure 8-11 Methane conversion as a function of time on stream for
methane cracking over 0.4 wt % Pd/H-ZSM-5 catalyst with varying
flow rates at a reaction temperature of 800 °C and 0.4 g catalyst
mass. These conversions correspond to hydrogen formation rates in
Figure 5-9.
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Figure 8-12 Methane conversion as a function of time on stream for
CH4 cracking over the parent 0.4 wt % Pd/H-ZSM-5 catalyst, and
those doped with Fe3+, Ni2+, Cu2+ and Co2+ (dopant metal M/Pd
atomic ratio of 0.25), the reaction temperature was 800 °C and 0.4 g
catalyst mass. These conversions correspond to hydrogen formation
rates in Figure 5-15.
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Figure 8-13 Methane conversion as a function of time on stream for
methane cracking over 0.4 wt % Pd/H-ZSM-5 catalyst prepared from
different palladium precursors, the reaction temperature of 800 °C,
the methane flow rate was 12 mL/min and 0.4 g catalyst mass..
These conversions correspond to hydrogen formation rates in Figure
5-22.
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Figure 8-14 Methane conversion as a function of time on stream for
methane cracking over 0.4 wt% Pd/H-ZSM-5, 0.4 wt% Pd/SiO2 and
0.4 wt% Pd/-Al2O3, the reaction temperature was 800 °C, the
methane flow rate was 12 mL/min and 0.4 g catalyst mass.. These
conversions correspond to hydrogen formation rates in Figure 5-28.
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Figure 8-15 Methane conversion as a function of time on stream for
methane cracking over 0.4 wt% Ni/H-ZSM-5, 0.4 wt% Pd/H-ZSM-5
and Pd-Ni/H-ZSM-5 catalysts (dopant metal Pd/Ni atomic ratio of
0.25), the reaction temperature of 800 °C, the methane flow rate was
12 mL/min and 0.4 g catalyst mass. These conversions correspond to
hydrogen formation rates in Figure 6-1.
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Figure 8-16 Methane conversion as a function of time on stream for
methane cracking over 0.4 wt% Ni/H-ZSM-5 catalyst at different
temperatures in range of 600 to 900 °C, the methane flow rate is 12
mL/min and 0.4 g catalyst mass. These conversions correspond to
hydrogen formation rates in Figure 6-6.
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Figure 8-17 Methane conversion as a function of time on stream for
methane cracking over Ni/H-ZSM-5 catalysts loaded with different
amounts of Ni: 0.4, 4 and 8 wt%, the reaction temperature of 800 °C,
the methane flow rate was 12 mL/min. These conversions correspond
to hydrogen formation rates in Figure 6-11.
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Figure 8-18 Methane conversion as a function of time on stream for
methane cracking over 0.4 wt% Ni/H-ZSM-5, 0.4 wt% Ni/SiO2, 0.4
wt% Ni/-Al2O3 and 0.4 wt% Ni/SiO2.xH2O (silicic acid), the reaction
temperature of 800 °C, the methane flow rate was 12 mL/min and 0.4
g catalyst mass. These conversions correspond to hydrogen
formation rates in Figure 6-16.
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Figure 8-19 Methane conversion as a function of time on stream for
methane cracking over 0.4 wt% Cu/H-ZSM-5 and 0.4 wt% Ni/H-ZSM5, the reaction temperature of 800 °C, the methane flow rate was 12
mL/min and 0.4 g catalyst mass. These conversions correspond to
hydrogen formation rates in Figure 6-21.
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