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Abstract

In the present work, the effect of MgO incorporation on the catalytic performance of a
conventional 20%Ni/SiO, catalyst in the direct methane decomposition for COy-free H,
production at an optimum temperature of 600 °C was investigated. A series of MgO modified
20%Ni/SiO, catalysts of Mga/Niy ratio of 0.1-2.2 were prepared by the co-impregnation
method and the physico-chemical properties characterized using ICP, BET, H;-
chemisorption, TPR and XRD. The highest pseudo steady state methane conversions for all
the catalysts were in the range of 45-55%. The effect of MgO incorporation in the
20%Ni/SiO, catalyst on the nature of the coke was also investigated. TEM, TGA, Raman and
IR spectroscopy studies on the coke revealed that the MgO had little effect on the nature of
the coke. CHNS analysis revealed that high coke yields were obtained with catalysts with an
average Ni particle size of 36 nm, high degree of reduction and low MgO content, indicating
that Ni catalysed methane decomposition is dependent on the size of Ni particle, the
reducibility of the nickel species and perhaps MgO enhanced coke gasification. The
unmodified 20%Ni/SiO had the best performance in terms of coke capacity (3.0gc/gcar). The
optimum ratio of Mga/Nis in 20%Ni/SiO, for methane decomposition was 0.1, with a coke
capacity of 2.6gc/gcar. Initial attempts to separate the coke from the spent catalyst are also

presented.
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CHAPTER 1 INTRODUCTION

1.0 Introduction

The ecological problem of global warming has led experts to assert that capitalism has
reached its natural limit. This is because of capitalism’s reliance on fossil fuel. Globally,
fossil fuels are the main source of energy yet their reserves are estimated to be exhausted
by 2040 [1]. Fossil fuel combustion is one of the greatest emitters of carbon dioxide
(COy), a greenhouse gas linked to global warming. Other greenhouse gases responsible
for increased global warming are methane (CH4) and oxides of nitrogen (NOy) [2].
Global warming is a phenomenon causing frequent flooding, arid regions and climate
change [3]. Ascending levels of CO,, CHs and NOy are largely as a result of the

expansion of agriculture and industry, reflecting a rapid rise in the world population [4].

As early as the 1970, measures to ensure that energy security has been replaced by
concerns over renewable energy sources. Renewable energy is energy from natural
resources that can naturally replenished without depletion of the resources. Examples of
these resources include: hydroelectricity, gas from sewage, landfills and waste, solar
energy, biofuels, geothermal energy and wave power [5]. By early 2006, climate experts
had estimated that the global atmospheric capacity to absorb greenhouse gases had
reached its limit beyond which, any increase will inevitably cause irreversible climate
change [5]. For this reason hydrogen, the most abundant, and energy efficient element in

the atmosphere was posed as a lucrative source of energy [3].

Hydrogen has intrinsic advantages over methane or gasoline in that, it generates
sufficient energy for electricity generation and has an environmentally benign

combustion product [7]. The challenges/ disadvantages to H, usage are that conventional

1



approaches to H, production from hydrocarbons emit huge quantities of CO; into the
atmosphere [8]. The H, production processes include steam reforming of methane (1.1),
partial oxidation of heavy oil, coal gasification, thermo-chemical water decomposition
and water [9]. Although H, production by water electrolysis and steam reforming are
important industrial processes, steam reforming of natural gas has so far been the most

economic near-term Process;

CH, + H,0 — CO + 3H, AH’»0s=-198 kI mol"  (1.1)

1.1  Project Justification

Owing to its high H:C ratio, Ni catalysed direct decompostion of methane at moderate
temperatures (1.2) is considered a better alternative to “COy-free” H, production with

minimum NOy emissions [11] One such example is that reported by Italiano et al. [12].

CH; — C + 2H, AH’»05=75.6 kI mol" (1.2)

Italiano et al [12] reported a massive production of coke as a by-product of the reaction
but with a deactivation of the catalyst. The coke generated during the hydrogen
production was not fully characterized as the main interest was on hydrogen production.
The spent catalysts were regenerated through combustion of the coke. However oxidative
regeneration of metal catalysts in the direct catalytic decomposition of methane for
hydrogen production may contribute to COx contamination of hydrogen in the production

stream. Further gas purification would then be required [13].



The discovery of some novel properties possessed by the deposited coke, in the form of
carbon nanofilaments, has triggered intense research into further studies on the process.
Examples of novel properties of the carbon nanofilaments include: high surface area,
electrical conductivity [7], porosity and high tensile strength [14]. Carbon nano filaments
have found their way into industrial applications such as: polymer and elastomer filers,
commercial hydrogen storage systems, radiowave-absorbing composites, lithium battery
electrodes, construction composites, oil additives, gas-distribution layers for fuel cells,
filters and absorbents [14]. However carbon nano-filaments have limitations to their use

because of difficulties with the separation of the metal and the carbon [12].

Nickel has a good carbon carrying capacity and is more efficient in methane
decomposition at moderate temperatures than Fe and Co [15]. The price of nickel is
highest among common non-ferrous metals and the incentives for recovering and
recycling nickel effectively at all stages of the fabrication and use cycle are also very
strong. Nickel can be acid leached from carbon and be used for electroplating purposes
[16]. However, according to IUPAC, the acceptable regeneration activity is 90% of the
original activity [17]. Owing to growing environmental concerns associated with CO,
emissions [4] and nickel disposal implications [16], there is a need to devise methods of
utilizing the coke [14], and simultaneously retaining Ni catalyst activity for other possible

uses [ 18], to economically sustain the industrial process.

Italiano et al used a series of MgO-modified 20%Ni/SiO, catalysts in the form of thin
layer plates with no pressure drop in the reactor [12]. The MgO-modified 20% Ni/SiO,
catalyst with Mg,/Niy ratio of 0.5 gave the best carbon capacity (C/Ni index) at a
temperature range of 500-600 °C . In the present study, a similar catalyst formulation was
adopted for MgO-modified 20%Ni/SiO, catalysts for methane decomposition. The
promotional effects of MgO on 20%Ni/SiO; catalyst and the characteristics of the coke

deposited during the methane decomposition were investigated. Catalyst preparation and



reaction conditions were adopted from the work by Italiano et a/ [11] with some

modifications where necessary.

1.2 Aims of the project

The overall aim of the study was to investigate the relationship between the physico-
chemical properties of the 20%Ni/SiO, conventional catalysts and the nature of coke
deposited on the Ni based catalyst for methane decomposition. The project was

undertaken with the objectives listed below in mind.

1. To synthesize a series of MgO-modified 20%Ni/SiO; catalysts with a Mga/Niy

ratio in the range 0.1-2.2 by the co-impregnation method.

2. To study the characteristics of the coke obtained from methane decomposition
over the MgO-modified 20%Ni/SiO, catalysts and determine the mechanism of
catalyst deactivation, by analysing the catalyst after exposure to methane at

moderate temperatures (500-800 °C).

3. To monitor the activity of the MgO modified Ni/SiO, catalysts and the
composition of the coke obtained at the optimum methane decomposition

temperature.

4. In an initial manner; recover the coke and Ni from spent Ni/SiO, catalysts for

other possible applications.



1.3 Outline of the dissertation

The dissertation of 5 chapters covers aspects related to the study of 20%Ni/SiO, based

catalytic decomposition of methane and coke characterisation.

Chapter 2 contains the literature review section of the dissertation. A brief discussion on
issues related to energy production and the contribution of CO; and methane to
global warming is given. The chapter also reviews the preparation of Ni -based
catalysts for direct methane decomposition as well as the possible uses of

recovered carbon and Ni.

Chapter 3 serves as the experimental section of the dissertation. A description of the
various characterisation techniques used to study the promotional effects of MgO
on 20%Ni/SiO; and the coke deposited during the methane decomposition is

given.

Chapter 4 provides and discusses the results obtained in the preliminary study of the
promotional effects of MgO on 20% Ni/Si0, catalysts and the characteristics of
the coke deposited during the methane decomposition for COx-free H, production.
The results show the physico-chemical effects of the Ni-based catalysts on

methane decomposition and the nature of the coke.

Chapter 5 presents the overall conclusion of the study, research deliverables and

recommendations for future research.
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CHAPTER 2 LITERATURE REVIEW

2.0 Introduction

The increase in global pollution has raised environmental awareness with regards to energy
usage, CO, emission, catalyst regeneration and disposal. This has called for reviews and new

approaches to undertake industrial processes.

This chapter discusses the rationale for South Africa's interest in hydrogen, fuel-cell, carbon
capture and storage technologies as well as issues related to energy and hydrogen production,
including the use of catalysts in methane decomposition, catalyst deactivation and regeneration.
The use and possible applications of carbon and spent catalyst from methane decomposition,

citing recent research, will also be covered.

2 .1 Background

Currently, approximately 89% of South Africa energy is derived from fossil fuel with CO,
emissions of about 400 million tons a year representing 1% of total emissions on a global scale
[1]. Removing CO, produced from fossil fuels through a process called carbon capture and
storage (CCS) is now a South African national research priority. The initiative aims to address
global climate change and clean coal technologies by stabilising CO, emissions between 2020

and 2025 [1]. Figure2. 1 illustrates estimated world carbon dioxide emissions. It can be observed



from the Figure 2.1, that the imbalance in the global atmospheric capacity to absorb CO, as a

greenhouse gas to the present political economy cannot be over emphasised.

Top 20 Countries
2006 CO2 Emissions

Million Metric Tons Carbon Dioxide

0.00 1,000.00 2,000.00 3,000.00 4,000.00 5,000.00 5,000.00 7,000.00
China | ' ' ' ' ' 3 China, 6,019
United States | 1 United States, 5903
Russia | 1 Russia, 1,704

Indig [ | dia, 1,293
Japan [=—————————— Japan, 1247
Germany [ Garmany, G55
Canada [=—————m Canada, 614
United Kingdom = Uniited Kingdom, 586
Korea, South “E=——o Kaorea, South, 515
Iran === lran, 471
ltaly | Italy, 458
Sauth Affica [ South Africa, 444

Mexico === Mexico, 436

Saudi Arabia [/ Saudi Arahia, 424
France === France, 418
Australia [ Australia, 417
Brazil === Brazil, 377
Spain === Spain, 373
Ukraine === Ukraine, 329
Poland === Poland, 303

Figure2.1 An illustration of estimated global carbon dioxide emissions [2].

Although CO; contributes about 77.6% of the earth's global warming potential [3], methane is 20
times more effective in absorbing infrared radiation than CO, as a greenhouse gas in the
atmosphere [4]. Methane in its minute levels contributes about 20% of the overall additional
greenhouse effect [4]. According to data from the Intergovernmental Panel on Climate Change
(IPCC) in 2007, human activities such as animal husbandry, rice cultivation, biomass burning
and waste management reflect about 60% of the global methane emissions [5]. Another

contributor is nitrous oxide, produced from vehicle engine exhausts and nitrate fertilisers [6].

In view of the energy and environmental crises, methane is an underutilized resource to liquid

fuels and non toxic energy carriers like hydrogen that can replace the rapidly exhausting crude



oil reserves [7]. Currently, methane is used for electricity generation, domestic and industrial
heating. Figure 2.2 illustrates the geographical distribution of proven natural gas reserves [8].
The major challenge in the utilisation of methane is the transportation of the gas from the

reserves to the potential industry through pipelines. This would be expensive [9].

Canada World Total
USA 163 (44) & Mexico 137 (3.7) 5000 tof
Europe 192 (5.2) (1 34 tcm)
South America 204 (5.5) ~ 4%
Asia Pacific
330 (8.9)
Africa 337 (9.1) CIS 2000 tcf
(54 tcm)

Saudi Arabia
186 (5.0)
World Consumption
Iran 744 (20) 80 tcfly
US consumption
20 tcfly

Figure 2.2 Geographical distribution of proven natural gas reserves [8]

Methane is a primary component of natural gas (95%) and has the highest H:C ratio amongst the
hydrocarbons, which makes its direct decomposition a lucrative source of hydrogen with
minimum COy and NOy emissions [10]. The carbon produced from methane decomposition is
very pure as it is easy to separate from the product hydrogen [11]. Furthermore, the process
simultaneously removes methane from the atmosphere. Besides hydrogen, filamentous carbon is
formed by direct decomposition of methane [12]. The carbon nanofilaments; carbon nanotubes
(CNTs) and carbon nanofilaments (CNFs) have novel properties such as high surface area and
high electrical conductivity and they can be employed as an electrocatalyst support in hydrogen

fuel cell systems [12].
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Carbon nanotubes and carbon nanofilaments have not been used in direct carbon fuel cells. A
Direct Carbon Fuel Cell (DCFC) is a fuel cell that utilizes a carbon source such as coal, coke,
char or a nonfossilized source of carbon as a fuel. Although the combustion of the carbon and
oxygen emits carbon dioxide as a by-product, the direct fuel cell is twice as efficient (~70%) as

the conventional combustion reaction [13]. The overall reaction of the cell is:

C+02—> C02 (21)

The high thermal stability of methane is a challenge to using methane as a source of hydrogen.
Non-catalytic decomposition of methane is not economically viable as effective methane
decomposition occurs at temperatures >1200 °C [3]. An estimated 440 kJ/mol is required to

break the strong sp’ hybridized C-H bonds [3].

CHy — C, + H; AH’505=75.6 kJ mol’! (2.2)

Hydrogen as a major energy source possesses intrinsic advantages over fossil fuels in that it has a
non-polluting by product, water and is abundant in nature, and is an efficient energy carrier that
can be used in fuel cell systems [14]. Furthermore the mixture of hydrogen and unreacted
methane is a more effective fuel for internal combustion engines and gas turbine power plants
than natural gas [15]. The use of hydrogen can be used not only as a source of fuel, but can be
used as a reactant in chemical processing, electronics, food processing, and metal manufacturing
[16]. Apart from electrolysis, the challenges to H, usage are that conventional approaches to H,
production are major sources of CO and CO; emissions into the atmosphere [17]. Furthermore,
CO and CO; in H; streams are difficult to separate [18]. Amongst the conventional processes of
hydrogen production mentioned in Chapter One, steam reforming of natural gas has so far been

the most economic near-term process [3]:
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CH, + H,0 — CO + 3H, AH’395= 206 kJ mol™ (2.3)

The above reaction is reversible and additional hydrogen together with CO, can be recovered by

the WGS (water gas shift) reaction at high temperatures produced: [19]

CO+H,0 — CO,+H, AH’305=-412kIJ mol"  (2.4)

Furthermore, steam reforming often generates some CO. The CO contamination of the hydrogen,
even in small concentrations, is undesirable especially where the hydrogen is to be used in fuel
cells equipped with platinum electrodes [15]. The CO poisons the platinum electrodes used in the

proton exchange membrane (PEM) fuel cells [20].

2.2 The Effect of Metals in Catalytic Methane Decomposition

Metal-catalysed direct decomposition of methane is of most practical importance to curb climate
change and sustain economic development. Among the metals of the iron subgroup (Fe, Co, Ni),
supported Ni exhibits the best catalytic function for methane decomposition from temperatures
as low as (450-500) °C [21]. Co and Fe exhibit lower activity and lower carbon capacity in
methane decomposition than Ni on similar supports under the same reaction conditions [22].
Generally Ni catalysts produce filamentous carbon [23]. Furthermore, Co is expensive and toxic.
Hu et al produced 90 % purity SWNTSs over Co/MgO catalyst at 1273 °C while Colomer et al
obtained 70-80 % pure SWNTs at 100 °C using Co/MgO [24]. Tron on the other hand is non
toxic and resistant to high temperature deactivation [15]. Fe/Al,O; catalysts are very efficient in

carbon deposition at a temperature range of 600-650 °C, [25].

12



The addition of the right promoter to produce a bimetallic catalyst, may improve the carbon
capacity, influence the type and morphology of carbon and catalyst lifetime. Reshetenko et al
discovered that introducing Cu into Ni/Al,O3 improves carbon capacity from 22.4g./gc.c to 525
g./g.t and prolongs the catalyst lifetime from 2 h to 54 h at 625 °C [26]. Lu et al reported the
absence of armorphous carbon in CNTs obtained over Fe/Mo/Al,O3 [27].

The highest carbon capacity of 1170 g./gca on the palladium promoted Ni/SiO, bimetallic system
was reported by Takenaka et al [28]. Italiano et al reported a carbon capacity index (C/Ni,
number of CH4 molecules converted per Ni atom until complete catalyst deactivation)) of about
170 at 600 °C in catalysts with an atomic ratio of Mg,/Niy as 0.5 in MgO-modified 20%
Ni/Si0,/ silica cloth than bare 20% Ni/SiO,/ silica cloth in the direct decomposition of methane
[29].

2.3 The effect of support in the catalytic methane decomposition

It is generally accepted that the most important factors influencing carbon deposition during
metal catalyzed methane decomposition are the particle size, dispersion and stabilization of the
metallic catalyst particles, which are strongly influenced by the nature of metal-support
interactions [30]. There are no typical strong metal-support interactions (SMSI) with Ni/SiO,
catalysts. In addition, silica, compared to other supports, usually ensures a better dispersion of

nickel, regardless of the method of preparation [31].

Interaction of components in the catalyst greatly affects catalytic properties differently even if Ni
particle sizes are similar. Carbon yield over a Ni catalyst on Al,O3, ZrO,, MgO and TiO; have
been reported to be lower than on a SiO, despite similar [15] particle size, although the yield of

carbon is possibly related to the average size of the nickel particles on the fresh catalysts [32].
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Nickel particle with diameters in the range of 60-100 nm have been observed to have the longest
catalytic lifetime for methane decomposition and maximum carbon yield [11]. Takenaka et al
studied the catalytic activities and lifetimes of Ni supported on different supports and they
reported that Ni catalysts supported on SiO,, TiO, and graphite showed high activities and long
lifetimes for methane decomposition, whereas the catalysts supported on Al,O3;, MgO and

Si0,/MgO were inactive for the reaction [11].

As mentioned before, Ni catalysts produce filamentous carbon [23] but an abnormality is
observed with Ni supported on the H-ZSM-5 zeolite. The combination of Ni/H-ZSMS5 does not
produce filamentous carbon [23]. Nickel particles larger than 100 nm in size are incapable of
producing filaments, since graphitic carbon isolates them from the reaction medium. Thus,

carbon nanotubes with diameters exceeding 100 nm are unstable and rarely grown [11, 22].

Although MgO as a catalyst support has advantages over Al,O3 and SiO; in that MgO can be
acid-leached to separate it from carbon nanofilaments, MgO supported metals display low
catalytic activity towards methane decomposition. However MgO supported Ni catalysts has
been used effectively in the CO, reforming of methane. Zirconia-supported Ni has been reported

to show a lower methane conversion, lower carbon capacity and higher deactivation rate [11].

Silica has been reported to be the most complementary support for methane decomposition,
although the Ni/SiO, systems can sinter to sizes larger than 150 nm, which are catalytically
inactive for methane decomposition [11]. This result could be due to poor metal-support
interactions between the Ni and the SiO; support. Methane decomposition over Ni/SiO, catalysts
occurs at a minimum temperature of 450 °C with highest activity at moderate temperatures of
500-600 °C [11]. Italiano et al studied methane decomposition using MgO-modified
20%Ni/SiOy/silica cloth thin layer catalysts in the range 450-600 °C and reported the highest
carbon capacity and H, productivity when compared to unmodified 20%Ni/SiO, at 600 °C [29].

14



The longest catalyst lifetime of a single catalyst system (70 h) has been displayed by a
40%Ni/Si0O, at 500 °C. At temperatures higher than 650 °C, silica supported catalysts cannot
decompose methane efficiently. Titania supported nickel on the other hand, has the lowest
methane activation energy (~ 60 kJ/mol) over 13% wt Ni/TiO,. Methane conversions of up to
92% have been achieved with Ni/TiO, at 900 °C without rapid deactivation. Furthermore,
catalytic activity in Ni/TiO; is superior to that of Ni/SiO, in that methane decomposition is kept
high with successive regeneration cycles as the metal particle size approaches the optimum size

for methane decomposition (60-100 nm) [11].

As discussed above, Ni-based catalysts have optimum catalytic activity at moderate temperatures
of 600 °C. At 600 °C, methane conversion is thermodynamically limited such that hydrogen
streams (H,>60%) cannot be attained using a nickel based catalyst. Takenaka et a/ reported that
at a temperature of 500 °C a typical 40% Ni/SiO, catalyst with a nickel particle size of 60-100
nm achieved a carbon capacity of 491g./gn;. Furthermore, Ermakova et al reported that at 550 °C,
90% Ni/SiO; catalyst with nickel particles in the range 10-40 nm size had a carbon carrying
capacity of 385gC/gNi, while other supports such as TiO,, MgO, ZrO, and Al,O3 gave relatively

lower carbon yields [30].

Nickel particles with diameters in the range of 60-100 nm have the longest catalytic lifetime for
methane decomposition and the maximum yield being observed in the range of 20-60 nm [11].
Nickel supported on titania on the other hand, has the lowest methane activation energy of 60
kJ/mol over 13% wt Ni/TiO,. Methane conversions of up to 92% have been achieved with
Ni/Ti0, at 900 °C without rapid deactivation. Moreover, catalytic activity in Ni/TiO, is superior
to Ni/SiO; in that methane decomposition is kept high with successive regeneration cycles as the
metal particle size approaches the optimum size for methane decomposition (60-100 nm).
Ni/SiO; systems sinter to sizes larger than 150 nm, which are catalytically inactive for methane

decomposition [11].
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The deactivation of a catalyst is greatly influenced by the mode of growth of the carbon which is
directly related to the metal-support interaction (MSI). Hernadi et al have reported that the
catalyst support exerts effects on both the production of hydrogen and carbon [33]. Pease et al
proposed that there NiO-SiO; interactions that are induced by the formation of SiO4 groups in
the lattice of the NiO crystal at temperatures as low as 550 °C [34]. The formation of silicates
may hinder Ni particle reconstruction, sintering and fragmentation of faces which are necessary

for growth of filamentous carbon [35].

Catalysts with strong metal-support interaction (SMSI) favour base growth carbon formation
over tip growth formation [29]. Small Ni particles with SMSI also prevent carbon nucleation on
the rear side of the Ni particle hindering growth of carbon filaments [11, 29]. Strong metal
support interaction can exist between easily reducible metal oxides and transition metals in the
presence of hydrogen [36]. Essentially, a less porous support with a large surface area provides

more surface sites for anchoring the catalyst precursor, resulting in better catalyst dispersion

[11].

2.4 Catalyst Deactivation

Like any catalyzed process, catalyst deactivation however, is the major hindrance to the methane
decomposition process. Postulated factors contributing to catalyst deactivation in hydrocarbon
processing include coke formation, sulphur poisoning, thermal sintering and attrition, physical
attrition and volatilization of active component. Chief among the catalyst deactivation factors in
industrial processes is coke formation [37]. Figure 2.3 shows some of the deactivation

mechanisms.
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Figure 2.3 Deactivation mechanisms: (A) coke formation, (B) poisoning, (C) sintering of active
metal particles and (D) sintering and solid-solid phase transitions and encapsulation of active

metal particles [38]

2.4.1Coke Deposition/ Formation

Coke may be defined as an unwanted by-product formed by the polymerisation and
dehydrogenation (condensation) of organic molecules present in the feed or formed as product,
adsorbed on the surface of solid catalysts during organic catalytic reaction [23]. It may consist of
a large number of aromatic components with hydrogen deficient carbonaceous material [39]. It is

a question of taste whether this is referred to as coke or carbon, although the latter term is most
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often used. Carbon deposition is usually the main cause of catalyst deactivation as the carbon

blocks the active sites of the catalyst [40].

Depending on the conditions (temperature, partial pressures of reactants and products), different
morphologies of coke may exist, that is: pyrolytic carbon, encapsulating carbon, whisker and
carbides. However the nature and morphology depends on the active metal, metal particle size,
and hydrocarbon source and reaction temperature [29]. At high temperatures poly-aromatic or
even graphitic compounds that deactivate the catalyst are formed. Coke formation may block the
active nickel sites [15]. The coke accumulation may cause pressure drops which lead to
nonisothermal conditions in reactors. Loss of catalytic activity may also occur through pore

blockage, encapsulation of the metal crystal, or collapse of the catalyst support [29].

As mentioned before, the deactivation of a catalyst is greatly influenced by the mode of growth
of the carbon which is directly related to the metal-support interaction (MSI) [41]. Catalyst
deactivation caused by carbon deposition depends on the amount, type and location of
carbonaceous species formed. The reactivity of coke deposits towards gasification is primarily
determined by the structure, which in turn depends on the mechanisms of carbon formation [23].
Generally, Ni catalysts have been reported to give long filamentous carbon nanofilaments at
relatively low methane decomposition rates, low operating temperatures and long residence time
[42]. This filamentous carbon can be in the form of CNTs and CNFs [11]. The carbon
nanofilaments with increasing time on stream become the support of the Ni catalyst particle in a
tip-based mode of growth, prolonging the catalyst life time. Breakage of the carbon

nanofilaments may lead to loss of catalyst particle exposure [29].
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2.4.2 Sintering and Attrition

Sintering describes a strongly temperature dependent process in heterogeneous catalysts, where
small catalytically active particles grow in size. However, a reduction in total surface energy is
the main driving force of sintering. The rate of nickel particle sintering also depends on the
atmosphere over the catalyst. Two mechanisms for sintering have been proposed: (i) particle
migration over the support followed by coalescence, (ii) metal transport species emitted from one
crystallite, migrate over the support or via the gas phase and are captured by another crystallite

[43].

The sintering mechanism is directly related to the melting temperature and is defined by the so-
called Hiittig and Tamman temperatures which indicate the temperature at which sintering starts.
The semi-empirical relations for the Huttig and Tamman temperatures are defined in equations
2.7 and 2.8 respectively [37]. When the low Huttig temperature is reached, atoms at defects
become mobile. While upon reaching the Tamman temperature, atoms from the bulk will exhibit
mobility, and at the melting temperature, the mobility will be so high that liquid-phase behaviour
is observed.

THuttig =03 Tmelting (2.7

TTamman =0. 5Tmelting (28)

where Tieliing 1S the melting point of Ni, is equivalent to 1453 °C [44].

It has been proposed that the increased rates of sintering at temperatures above 600 °C are due to
a change in sintering mechanism from particle migration to atom migration. Sintering in an
H,/H,O atmosphere at temperatures above approximately 600 °C is accelerated. However, at
600°C particle migration dominates [43]. During transport and loading of the catalyst in the
reactor catalyst particles may experience strong stresses in their life cycle: during start up heating

and during cooling down. During catalyst regeneration, the expansion and contraction of the
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reactor mechanical degradation through catalyst break-down may occur. This mechanical

degradation is known as attrition [37].

2.4.3 Sulpur Poisoning

Hydrocarbon feeds usually contain sulfur compounds that can be converted into hydrogen sulfide
under reaction conditions. The sulfur atom in the hydrogen sulfide adsorbs irreversibly at the

active nickel site:

H,S + Ni surface — Ni surface — S + Ho (29)

Thus, the maximum sulphur poison capacity for the nickel catalysts is related to the nickel
surface area and the shape of the catalyst pellet. On a weight basis, 440 ppm S per m’g”’ of
metallic nickel can adsorb irreversibly. Sulphur poisoning has also been related to the extent of

sintering in steam reforming. Sulphur poisoned catalysts are usually inactive at temperatures

below 700 °C [43].

2.5 Mechanism of Coke formation

The catalytic decomposition of methane can be referred as a catalytic chemical vapour
deposition of volatile carbon to solid non-volatile carbon product. The formation of coke

includes several steps [45];

(1) adsorption and decomposition of methane molecule at the nickel surface,
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(i1) dissolution and diffusion of carbon through the metal particle,
(ii1) surface diffusion of carbon species, and

(iv) precipitation of the carbon species at the rear/ top face of the metal particle.

Generally it has been accepted that bulk or surface diffusion of carbon in the nickel particles is
the main pathway for carbon transport and that the driving force for carbon diffusion could be

the temperature gradient through the metal particle and the carbon concentration gradient [45].

Carbon nanofilaments have an external diameter between a few nanometers to about one
hundred nanometers. Carbon nanofilaments exceeding 100 nm diameters are rarely grown [11].
CNFs and CNTs differ in the arrangements of graphite sheets. The main difference in the two
carbon nanofilaments is that CNFs lack a hollow cavity. CNFs are formed by graphite sheets at a
determined angle with respect to the growth axis. In single walled carbon nanotubes, SWNT, a
hollow is created by a single sheet of graphite while in multi-walled carbon nanotubes (MWNTs)
the hollow is formed by several concentric sheets with increasing diameter. Temperature, carbon
source and the presence of hydrogen may also determine the morphology and properties of the
carbon nanofilaments [12]. Figure 2.3 shows a schematic illustration of the mechanism of CNT

formation.

A tip-growth and a base growth mechanism for CNT growth has been proposed. These growth
mechanisms are based on the locations of the active metallic particles. The growth model
manifested depends on the strength of the metal-support interactions. For catalysts with weak
MSI, the catalytic particle is easily detached from the anchoring support during CNT growth,
thus tip growth dominates. CNTs/CNFs grown on catalysts with SMSI are subject to base a

growth mechanism [11, 29].
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Figure 2.4 An illustration of growth process of the CNTs [11].

Apart from the influence of temperature carbon diffusion depends on several factors such as (i)
the thickness of the particle; (i1) metal surface area; (iii) concentration of carbon at the metal-gas
interface; and (iv) concentration of carbon at the metal-support interface. Chen et a/ found that
the size of the nickel crystal had an influence on both the coking rate and the initiation or
nucleation of carbon nanofilaments from methane decomposition. Small nickel particles are
poor carbon nucleation centres as the short length for effective carbon diffusion saturates the
concentration of carbon, lowering the driving force for carbon diffusion and carbon diffusion
rate. The low driving force of diffusion results in fast catalyst deactivation. Thus, the carbon on
the Ni surface polymerises and encapsulates the active Ni particle isolating it from the methane
gas [46]. On large Ni particles the carbon diffusion is lower than the surface carbon formation
rate so coke accumulates on the metal surface blocking the Ni active sites [29]. It is supposed
that there is a critical methane partial pressure that corresponds to the diffusion rate of carbon
atoms in the catalyst. At a methane partial pressure higher than the critical value, catalytic
methane decomposition is constant, independent of the methane partial pressure at a given

temperature [47].
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2.5.1 The effect of reaction temperature

The major concern in reaction temperature selection is to produce effective methane conversion
with good carbon carrying capacity. As mentioned before, methane decomposition with Ni/SiO,
catalysts occurs at a minimum temperature of 450 °C with optimum catalytic activity at moderate
temperatures as low as 500-600 °C. Reaction temperature has a strong influence because at
temperatures higher than 650 °C, decomposition of methane over Ni/SiO, catalysts is not
efficient. Although at temperatures above 650 °C methane decomposition over Ni/SiO; is not
efficient, MWNTs formation is favorable at 700 °C whilst CNFs are formed at temperatures
around 500 °C. Furthermore, the diameters of carbon nanofibers CNFs and CNTS decrease with
temperature elevation. Carbon nanotubes produced at high temperatures have smaller interlayer

distances and high crystallinity [11].

At low temperatures, the rate determining step is the rapid pre-equilibrium adsorption of
methane. The rate determining step is the dissolution of surface C atoms into nickel particles.
The solubility of carbon decreases with elevation of temperature leading to accumulation of
carbon atoms on the surface of the catalyst as graphite layers on the surface of Ni particles [47].

The carbon accumulation on the catalyst particle is aggravated on small particles [29].

2.6 Approaches to coke suppression

Heterogeneous catalysts in hydrocarbons processing have had their catalytic activity and
selectivity enhanced through the incorporation of small amounts of various elements which act

as promoters. The promoter may exhibit its beneficial effect in a limited concentration range.
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The promoter need not be catalytically active but may directly or indirectly affect the overall

catalytic performance of the active element [48, 49].

Beneficial promotional effects can be structural, electronic or synergistic. Structural promoters
affect the formation, dispersion and stability of the active phase of a catalyst material. Electronic
promoters affect the local electronic structure of an active metal mostly by adding or
withdrawing electron density near the Fermi level in the valence band of the metal. This directly
affects the chemisorption properties of the active metal and the elementary steps involved in each

turnover on the catalyst [48].

Synergistic promotion effects may alter the local feed composition or may, due to its catalytic
properties, influence the overall reaction production distribution. Possible synergistic promotion
effects may occur through increased H,S tolerance, hydrogenation/dehydrogenation and coke
burning during regeneration. A single promoter may induce several effects on the catalyst

performance making it difficult to distinguish its specific effect [48].

The right catalyst promoter may improve the carbon capacity; influence the type of selectivity
and morphology of carbon and lengthen the catalyst lifetime [11]. Several catalyst formulations
have been made to suppress coke accumulation as the mechanism of deactivation, including

addition of alkali, earth alkali elements and basic oxides like MgO and CaO as promoters [36].

Density Functional Theory (DFT) calculation studies on Ni catalysed methane reforming,
undertaken by Bengaard et al. have revealed that carbon atoms adsorb stronger at step sites than
at terrace sites. Thus the step sites are better nucleation sites for carbon. The transport of carbon
proceeds via the nickel surface and the nickel-graphite interface [43]. Some researchers have
suggested that hydrocarbons decompose favourably on the Ni (100) and Ni (110) faces whilst the
Ni (111) and Ni (311) faces are the favourable rear faces. Therefore, it may be argued that
filamentous carbon predominantly grows from the (111) and (311) steps for carbon

nanofilaments which grow by the tip-growth mechanism and vice versa [50].
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The DFT studies suggest that promoter or poisoning species such as potassium, sulfur, and gold
are preferentially located at step sites. Sulfur and gold have been reported to be 48 and 36 kJ/mol
more stable at steps than at terrace sites, while potassium as -K-O-K-O- rows along nickel steps
have 75 kJ/mol more stablility than at terraces [43]. Thus, the carbon suppression effect of these
promoters arises through the blocking of the nickel steps fundamental for carbon nucleation sites
for graphite formation. The nickel step density may depend on the nickel particle size. Van
Hardeveld and van Montfoort also suggested that there is a strong decrease in the number of step

sites per surface area with increasing particle size [43].

Italiano et al studied the influence of MgO incorporation on the catalytic performance of 20% Ni
/Si0,/Silica Cloth systems in COy-free H, production and decomposition of methane and
reported improved catalyst stability to deactivation and better catalyst regeneration relative to an
unmodified 20% Ni /SiO,/Silica Cloth system. Since the overall catalyst deactivation is the
outcome of the competing reactions: coke deposition and coke gasification (hydrogenation in the
present case), the effect of MgO on Ni based catalysts may be assumed to be the formation of
easily gasifiable carbon. The high activity and stability of the MgO modified catalysts in
Italiano’s work can be attributed to the strong Lewis basicity of MgO on the relatively neutral
silica support surface and strong metal support interaction induced by the NiyMg; O solid
solution, which inhibits carbon deposition and sintering of nickel particle to catalytically inactive

particles [51].

MgO has also been used as a promoter in the production of syngas (CO and H;) by CO,
reforming of methane (CH4 + CO, — 2H;, + 2CO). The effect of MgO on the process has been
favourable at a low H,/CO ratio (1: 1) and is also observed for carbon monoxide hydrogenation
in Fischer Tropsch synthesis. This is because higher H,/CO ratios favours methanation and
suppresses chain growth [51]. Wang et al reported that MgO improved CO, adsorption affinity,
and depressed CO disproportionation and methane decomposition such that the catalyst
deactivation was retarded [51]. To determine the reactivity of the coke obtained in CO,
reforming of methane over nano-MgO supported Ni catalyst (Ni/MgO-AN), temperature
programmed hydrogenation (TPH) studies were conducted. Comparative temperature
programmed hydrogenation (TPH) studies of coke formed under atmospheric and high pressure
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CO; reforming of methane over a Ni/MgO-AN catalyst have revealed that there are two forms
of coke deposits: alpha-C and beta-C. At atmospheric pressure only coke in the alpha-C form is
formed from the decomposition of methane on Ni catalysts while beta-C is formed at high
pressure from the disproportionation of CO. The beta-C is the more stable form that usually

leads to poisoning of the Ni catalysts in CO, reforming of methane [36, 51].

With reference to CO, reforming of methane, MgO reduces the electron-donor ability of metallic
Ni in the activation of CO molecules, leading to efficient inhibition of the disproportionation
reaction of CO [51]. Jeong et al found that addition of MgO to supported Ni catalysts for CO,
reforming reduced the size of the Ni’ metal and produced highly dispersed Ni° species,
significantly suppressing carbon deposition in CO, reforming [36]. The presence of MgO in
pumice supported nickel catalysts has been reported to favour the formation of C;" hydrocarbons

in the hydrogenation of CO [52].

Generally MgO modified Ni catalysts maintain a balance on competing reactions of deposition
and gasification of coke at the surface as well as a strong resistance of the small Ni particles to
sintering under the working conditions [29]. However it should be noted that the reason why Ni
catalysts are usually regarded as methanation catalysts and are not used in carbon monoxide
hydrogenation catalysts is that are highly selective to methane and have low selectivity to high
molecular weight hydrocarbons [48]. Thus, hydrogasification of coke could lead back to methane

formation.

2.7 Methods of catalyst preparation

Catalyst preparation methods are crucial in achieving the desired promotional effect. The
promoter elements should be added in a precise and controlled manner as they only exhibit their
beneficial effect in a limited concentration range. However the catalyst preparation methods
should also be applicable to large-scale industrial production of Ni-based catalysts for methane

decomposition.
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The most common methods of heterogeneous catalyst preparation are impregnation, ion
exchange, adsorption and deposition-precipitation [53]. lon-exchange involves replacing an ion
in an electrostatic interaction with the surface of a support by another catalytically active species.
In adsorption, ionic species from aqueous solution are attracted electrostatically by charged sites
on a solid surface. Adsorption allows the controlled anchorage of a precursor in an aqueous
solution on the support. Deposition-precipitation involves two processes: (i) precipitation from
bulk solutions or from pore fluids; (ii) interaction with the support interface. Sufficient amounts
of the salt and alkali are required to cause precipitation of the desired component in the pores of

the support and not outside the support.

Impregnation consists of contacting a solid with a certain volume of liquid containing the
components (precursor) to be deposited on the surface. The procedure is carried out with a
certain volume of solution containing the precursor of the active phase that is contacted with the
solid support, which, in a subsequent step, is dried to remove the imbedded solvent. Depending
on the volume of solution, two methods of contact can be distinguished, namely wet
impregnation and incipient wetness impregnation. In wet impregnation excess solvent is used
and then removed by drying. Incipient wetness impregnation requires precise volumes of
appropriate concentration of solution of the precursor to be more or less equal to the pore volume
of the support. The controlling variable for both methods is temperature which influences the
precursor solubility and solution viscosity. Co-impregnation involves introducing two or several
active components to a support in a single step. Co-impregnation with uniform distribution and
without segregation of species is extremely difficult to achieve [53]. It is generally accepted that
impregnation, results in inhomogeneous distribution of the active component and low dispersion

[31].
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2.8 Catalyst Regeneration and Component Recovery

Catalyst deactivation is inevitable for most processes prompting research into the development of
design and operation of commercial processes. On economic grounds, catalyst regeneration is
preferred, but only when 90% of the original activity is achieved [35]. The regeneration of
catalysts can only work for a while but eventually catalysts deactivate to the point of disposal
[54]. The regeneration and component recovery or disposal of deactivated catalysts depends on
chemical, economic and environmental factors [54]. This prompts the need to devise methods of
utilizing the carbon at the same time retaining catalyst activity and to economically sustain the
industrial process. A spent catalyst can also be used in another application. A summary of the

possible applications of spent catalysts are shown in Table 2.1.

Regeneration procedures are often specific to the catalyst and the species causing deactivation.

Removal of coke deposited on a catalyst is possible through: oxidation, reaction with water to
form carbon monoxide and hydrogen, methanation, and the Boudouard reactions. Of these, the
oxidation reaction is most efficient producing heat which results in sintering. Sensitive catalysts
may be regenerated with Hj, but the rates of the reaction are slow and the process inefficient.
Oxidative regeneration through steam is endothermic and more efficient. However, sintering of
catalysts is accelerated by steam conditions. Thus, regeneration procedures are a compromise of
good temperature-programming and steam control. Often mixtures of air and steam are used

[35].

The most common approach to recover totally the metals in the catalyst is through roasting and
leaching [54]. In this instance when recovery carried out on spent silica-supported Ni-based
catalysts used for methane decomposition is accompanied by coke deposition. Roasting is
unnecessary as it leads to undesired CO, emissions. It is, however, possible to carry out selective
leaching of the components of the spent catalyst [54]. To use a spent catalyst the soluble

hydrocarbons can be removed through Soxhlet extraction [23, 55]. The remaining insoluble

28



component of the spent catalysts is then separated from the silica support by dissolution [23].
After the support has been removed the nickel and magnesium oxide can be acid leached from

the coke and filtered [11].

2.9 Applications of CNFs and CNTs

Today, carbon nanofilaments represent one of the most active research fields but have limitations
to their use because of difficulties with the separation of metal and carbon without loss of
catalytic activity. This major problem associated with carbon nanofilament production has led to
catalyst regeneration by oxidation of carbon leading to massive CO, emissions to the atmosphere
[29]. However oxidative regeneration of metal catalysts in direct catalytic decomposition of
methane for hydrogen production contributes to COy contamination of hydrogen and
consequently the need for further purification steps [18]. This has increasingly led to devising
methods of utilizing the carbon at the same time retaining catalyst activity, to economically
sustain the industrial process. Studies on the properties and applications of as grown CNTs have
been made to improve and control their properties through different functionalization methods

[56, 57].

Industrial applications of the carbon nanofilaments include: polymer and elastomer fillers,
commercial hydrogen storage systems, radiowave-absorbing composites, lithium battery
electrodes, construction composites, oil additives, gas-distribution layers for fuel cells, filters and
absorbents [58]. CNFs are used in composite materials, scanning microscopy tips, carrier
material for various catalysts in petrochemistry and gene delivery [65]. CNT pores have also
found their way as "nanoscale chemical reactors" and for gas storage owing to their favourable
surface and porosity properties. CNTs have also displayed positive results in hydrogen fuel cells

and as electrocatalyst supports due to their CO poisoining resistance [12]. CNTs have been used
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as catalyst supports due to their mechanical strength [12]. In methane decomposition, the carbon
based catalysts are superior to metal based catalysts in that they are available, cheap and sulphur

and temperature resistant [3].

It has been reported that K and Li doping of MWNTSs enhanced hydrogen storage capacities at
ambient pressure and temperature [59]. The use of CNTs, especially SWNTs, has also been
extended to replacing platinum electrodes in hydrogen fuel cells, owing to their resistance to CO
poisoning, large surface area, porosity and low weight. Dai et al discovered that vertically
aligned CNTs, in which some of the carbon atoms have been swapped with nitrogen, reduce
oxygen in alkaline solution more effectively than the platinum catalysts that have been favored in

fuel cells since the 1960s [ 56].

A computational study on SWNTs as CO, adsorbent has reported a CO, adsorption capacity of
SWNTs to be twice that of activated carbon [57]. 3-aminopropyl-triethoxysilane (APTS)-
modified CNTs have also exhibited increased CO, adsorption in gas streams [60]. In both cases,
CO; is physisorbed even at ambient temperatures. Koo et al reported that MgO incorporation
improved the adsorption of CO, on MgO-modified nickel catalyst in CO, reforming of methane
due to increased in base strength [61]. From the work done by Cinke et al/, it is clear that CNTs
might play a big role in CO; detection, bioremediation [57] and Carbon Capture and Storage
(CSS). Table 2.1 shows a summary of the possible applications for other components of the

spent Ni catalysts.
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Table 2.1 A summary of the possible applications for other components of the spent Ni catalysts

Extractable Component

Use

Carbon encapsulated Ni nanoparticles

Nanomechanical and nanoelectronic devices,
magnetic recording media, and biological sensors

[62].

Nickel sulphate

Mainly used in electroplating [63].

Magnesium sulphate

Fertilizer, in medicine as a laxative, relief in
asthma patients, lowering blood pressure and bath

salts [64].
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CHAPTER 3 EXPERIMENTAL

3.0 Introduction

Owing to the vast range of industrial applications of heterogeneous catalysts, catalyst preparation
methods are crucial in achieving a reproducible, desired catalytic performance such as activity,
yield and selectivity. The composition and surface structure of the catalyst are key factors that
control catalytic performance. In the case of supported metals, the nature of the support used to
disperse the active metal also determines the catalytic activity through the nature of the metal-
support interactions. Furthermore, modifiers/ promoters may exert intrinsic surface properties on
the supported phase. As such, modifiers/promoters are incorporated into catalyst in a precise and

controlled manner as they only exhibit their beneficial effects at a limited concentration [1].

This chapter will introduce the theories of the experimental techniques used, citing the reasons
behind the choice of technique and the advantages and limitations of the technique. The chapter
is broken into three parts, of which the first part begins with the preparation of the silica
supported catalysts. The first part provides, by means of catalyst characterization, insights into
the promotional effects of MgO in 20%Ni/Si0, catalysts used in direct methane decomposition.
Catalyst characterisation techniques applied were; Induced Coupled Plasma - Atomic Emission
Spectroscopy (ICP-AES), Nitrogen Physisorption, X-ray Diffraction (XRD), Temperature
Programmed Reduction (TPR), H; -chemisorption and Oxygen titration.

The second part deals with the determination of the catalyst performance and the characterization
of coke obtained from the series of the unmodified and MgO-modified 20%Ni/SiO, catalysts.
Techniques used to provide information in this section were: Gas Chromatography (GC), Fourier
Transform Infrared (FTIR) Spectroscopy, Raman Spectroscopy, Carbon/ Hydrogen/ Sulphur/
Nitrogen elemental analysis (CHNS), Thermogravimetric analysis (TGA), and Electron

Microscopy (EM). A combination of the above techniques was used to obtain the overall effect
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of MgO incorporation in 20%Ni/SiO, catalysts towards coke characteristics. The final part

describes issues relating to the spent catalyst component recovery.

3.1 Catalyst Preparation

A series of MgO-modified 20% Ni/SiO; catalysts was prepared by co-impregnation of colloidal
silica, with crystals of Ni(NOs),.6H,0O and Mg(NO3),.6H,O. The MgO dosage exploited the
Mg, /Niy ratio of 0.1- 2.2. The precursor slurry was then dried in an oven at 120 °C before
calcination at 600 °C for 3 h [2]. The catalyst was heated at a rate of 10 °C/min to 600 °C. The

calcined catalysts were ground to a mesh size < 150 um.

3.1.1 Inductively Coupled Plasma -Atomic Emission Spectroscopy (ICP-AES)

The chemical composition of the catalysts was determined by Induced Coupled Plasma- Atomic
Emission Spectrscopy (ICP-AES SPECTRO Analytical Instruments). The samples were first
digested in aqua-regia, microwaved in a closed system before dilution to concentrations within
the detection range of the instrument. The technique exploits the fact that excited electrons emit
energy at a given wavelength as they return to the ground state after excitation by a high
temperature argon plasma. The intensity of the emitted energy at the chosen wavelength is

proportional to the concentration of that element in the sample being analysed [3].

3.1.2 Nitrogen Physisorption

Textural characteristics such as the specific surface areas and pore volume were carried out using
nitrogen adsorption and desorption isotherms, measured at -196 °C in a static volumetric
apparatus (Micrometrics Tristar Sorptometer). About 0.3 g was used in each case for

measurements. Prior to the analysis the samples were outgassed in a nitrogen flow at 150 °C for
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6 h under vacuum. The Brunauer -Emmett -Teller (BET) equation and the single point method
were applied for the calculation of the total surface area and the average pore volume

respectively.

3.1.3 X-Ray Diffraction (XRD)

X-ray diffraction studies on freshly ground calcined catalysts were performed on a Bruker AXS
D8 diffractometer (Cu K radiation, A = 0.15418 nm), equipped with a graphite monochromator
using silicon as an internal standard. Phase identifications were carried out by comparing the

collected spectra with spectra in the database. Data were collected in the 20 range of 10° to 90°.

3.1.4 Temperature Programmed Reduction (TPR)

The reduction kinetics of a catalyst are crucial as they aid in determining the number of reducible
species, the nature of metal-support interaction and the influence of MgO on the reducibility of
NiO. Chemical reduction of the active component is a complex process that depends on: the
nature of the precursor, particle size, surface pretreatment and stoichiometry. The reduction of

NiO in the bulk of the active phase proceeds as follows:

NiO+ H, — Ni+ H0 (3.1)

In a typical TPR procedure, about 0.1 g of the calcined catalysts was loaded in a U-shaped quartz
micro-reactor heated by an electrical furnace. Prior to the temperature-programmed reduction,
samples were degassed in N, at a pressure of 1 bar and temperature of 150 °C. Upon cooling, 5%
H, in argon mixture was passed over the catalyst at a flow rate of 50 ml/min at 1 bar whilst
heating at 10 °C/ min to 900 °C. The H, consumption was measured by analyzing the effluent
gases with a thermal conductivity detector (TCD). The steam formed during the reduction was
removed by a cooling trap. The H, consumption profiles obtained were then integrated and

recorded using Clarity software.
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3.1.5 H, Chemisorption and O, Titration Analysis

Catalytic activity has been logically related to particle size distribution and dispersion of Ni
particles which can be related to the physico-chemical characteristics of the support. H, gas
chemisorption and O; titration were used to determine (i) the particle size of the Ni metal and (ii)
the effect of MgO addition in silica supported Ni based catalysts on the dispersion of the metal
on the support, sintering and the degree of reducibility. The methods applied for these techniques

were adopted from Italiano et al [2] and Bartholomew et al [4]

About 0.2 g of the fresh calcined catalyst sample were loaded into a U-shaped quartz tube and
evacuated. For the O, titration, samples were treated in oxygen (30 ml/min) for 30 mins at 400
°C and then reduced at 650 °C in H, (100 ml/min) for 3 h. The system was then flushed with pure
He (100 ml/min) at 650 °C before reoxidising the exposed metallic metal with O, at 650 °C. The
O, uptake at 650 °C was used to calculate the extent of reduction of NiO to Ni° for the Ni based

catalysts.

Typical room temperature adsorption isotherms for H, chemisorption were determined by
plotting micromoles of H, adsorbed vs pressure. The uptake due to chemisorption was then
determined by extrapolating the straight-line portion of the isotherm to zero pressure.

The dispersion, % D was calculated from H, uptake according to equation (3.2) below assuming
that the unreduced nickel was present in a separate dispersed layer in intimate contact with the

support [4].

1.17X
%D=-=1"
T W (3.2)

where X = H; uptake in micromoles per gram of catalyst, W = weight percentage of nickel, and f

= fraction of nickel oxide reduced to the metal.
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The surface average Ni particle size, ds was calculated by means of the equation (3.3) proposed
by Smith et al [1]. The equation is based on the assumption that the metallic Ni particles are

spherical.

_101
" %D (3.3)

3.1.6 Vibrational Spectroscopy

Vibrational spectroscopy was used to identify the nature/molecular composition of surfaces
because it is specific for chemical bonds in molecules. The most common vibrational
spectroscopies are FTIR and Raman. Raman and IR complement each other because not all
molecular vibrations are both Raman active and IR active. Upon interaction with the incident
radiation IR active molecules produce asymmetric vibrations while Raman active samples
produce symmetric vibrations [5]. Raman spectroscopy was limited to the analysis of the spent

catalysts and is discussed in detail in section 3.2.5.

3.1.6.1 Infrared Spectroscopy (IR)

Conventional Fourier Transform Infrared (FTIR) spectroscopy was used to analyse the
interaction of IR radiation with sample chemical functional groups which absorb IR radiation at
certain frequencies. FTIR spectroscopy identifies functional groups based mainly on the
stretching vibrations of molecules in the mid IR region of 400 cm™ to 4000 cm™. The spent

catalysts were analysed using Bruker Tensor 27 equipped with a diamond tip probe.
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3.2 Catalytic activity and characterisation of coke

The relationship between the catalyst physico-chemical properties and the nature of carbon
deposited on unmodified and MgO-modified 20% Ni/SiO, catalyst was based on the catalyst

characterization techniques and coke characterization techniques.

3.2.1 Methane Decomposition: Experimental

The catalytic activity tests were carried out on a bench scale using a horizontal reactor. A
schematic diagram for the reactor system used is presented in Figure 3.1. About 1 g of a catalyst
was placed in a boat and activated in situ by reduction at atmospheric pressure under a H;
(99.99%) flow (150 ml/min) at 650 °C for 3 h. Before the decomposition of methane, the system
was flushed with argon ((99.99%) gas. The methane (>99.5%) gas feed was then passed over the
activated catalyst for 72 h. After the reaction, the system was cooled down to room temperature
in an argon atmosphere and the spent catalyst was subsequently removed from the reactor. The
reactor temperature was controlled by electronic temperature controllers connected to the system

through a thermocouple.

All the gases were supplied by AFROX (African Oxygen) Ltd. The activities of the Ni-based
catalysts were compared in terms of methane conversion and the carbonaceous yield. Changes in
catalytic activity and composition of the carbonaceous deposit were related to the dynamic,

chemical and physical properties of the catalyst [1].

41



900°C

. 0
GCG-TCD

Figure 3.1 A schematic diagram for the reactor system.

3.2.2 Gas Chromatography (GC)

The exit gas was analyzed by off-line gas chromatography. Gas chromatography is a powerful
tool widely used for separation, identification and quantification of components in a mixture. In
the technique, the gaseous sample is swept into a thermally-controlled column for analysis.
Argon was used as a carrier gas in the GC. A GC chromatograph equipped with a thermal
conductivity detector (TCD), and a Carboxen-1000 capillary column was used to determine

methane conversion using Clarity software.

A typical chromatogram of the product gas analysis is illustrated in Figure 3.2. A calibration
standard was injected into the GC and the retention times of the various components were used
to identify components of the product gas. Methane conversion was expressed in terms of

percentage areas of converted methane according to equation (3.4).
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CH, Conversion = [CH‘”N —CHaour JIOO (3.4)
CH4|N

Voltage

Figure 3.2 A typical gas chromatogram of the exit gas obtained from catalytic methane

decomposition over 20%Ni/Si0O; catalyst.

3.2.3 Carbon, Hydrogen, Sulphur and Nitrogen Analysis (CHNS)

After each methane decomposition experiment, the boat loaded with the spent catalyst was
weighed to determine the amount of deposited carbonaceous material. The carbon yield was also
used to determine the best decomposition temperatures. The Carbon/ Hydrogen/Nitrogen /
Sulphur (CHNS) elemental analysis was used to determine the actual elemental yield in the

carbonaceous deposit in order to interpret the behaviour of the catalyst.

Quantitative analysis of the carbonaceous deposit was performed simultaneously on the LECO
CHNS 932, equipped with thermal conductivity and infrared detectors. About 2 mg of sample
was wrapped in a tin catalyst and dropped into a high frequency oven simultaneously with O,

and combusted at 1000 °C. The product gases were carried by helium to a reducing environment
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with copper wires heated at 800 °C. Oxides of nitrogen and sulphur were reduced to N, and SO,
respectively and their concentrations were measured using a gas chromatogram equipped with a
thermal conductivity detector [6]. The released CO, and H,O from carbon and hydrogen
respectively are then measured by an infrared detector. Carbon yield was calculated as the
fraction of total mass of the spent catalyst using CHNS analysis data using the following

equation:

Carbon Yield =M™ “0Cchins (3.5)
where, My is the mass of the spent catalyst.

In evaluating the promotional effect of incorporating MgO in silica supported nickel catalysts for
hydrogen and carbon production, the carbon carrying capacity (C/Ni) of the unmodified and
MgO-modified Ni/SiO; catalysts were recalculated taking into account the actual fraction of NiO

reduced per gram of catalyst spent [2]. The following equation was applied:

C My 0
= o x%C 3.6
Ni__ (m ij O cHNS (36)

cat

where Mcy; s the mass of the fresh catalyst and f is the fraction of nickel oxide reduced to the

metal.

3.2.4 Electron Microscopy (EM)

The spent Ni/SiO, catalysts surface structure and topography were examined by electron
microscopy, a technique based on optical contrast. The overall optical contrast associated with
the sample and photon interaction is caused by differential absorption of photons (amplitude
contrast) or diffraction phenomena (phase contrast). EM provides identification of phase and

structural information on crystals, direct images of surfaces, elemental composition and
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distribution. In this study Conventional Transmission Electron Microscopy and Analytical

Electron Microscopy were employed [7].

3.2.4.1 Conventional Transmission Electron Microscopy (CTEM)

The CTEM utilizes the amplitude contrast (bright field imaging mode), generating in favourable
cases, and information on the active metal location on the support, particle size distributions,

morphology and structural information on crystals [7].

3.2.4.2 Analytical EM - Energy Dispersive X-ray Analysis (EDX)

X-rays may be generated in the EM unit upon impingement of analyte sample with the incident
beam/photon. A CTEM coupled to an EDX allows the analysis of characteristic X-rays generated
in an EM unit. The patterns obtained are then compared with existing pattern in the database,

allowing identification and quantification of elements with atomic number of at least 6 [7].

All ground TEM specimens were suspended in ethanol under ultrasonic vibration. The
suspension produced was then transferred onto a perforated copper grid. The grid was then
placed into the FEI Tecnai G* Spirit TEM transmission electron microscopy coupled to a double
tilt holder of the EDX. The TEM apparatus operated at 120KeV. However CTEM was limited to
analysing carbonaceous deposits because there was not enough contrast between the nickel oxide

particles and silica support.

3.2.5 Raman Spectroscopy

Raman spectroscopy is based on the inelastic scattering of monochromatic radiation or photons
upon impingement with the sample. The change in wavelength of the scattered radiation or

photon provides the chemical and structural information of the sample. Raman scattering was
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used to study the structural disorder of the carbonaceous deposit obtained over the 20%Ni/SiO,
catalysts [5]. Ground carbonaceous samples were loaded into a sample holder in a micro-Raman
spectrometer equipped with a laser source. The analysis was performed at a wavelength of 532

nm on the Jobin-Yvon T64 000 micro Raman Spectrometer.

3.2.6 Thermogravimetric Analysis (TGA)

TGA is a thermal analysis technique in which the mass of the sample is monitored, against time
or temperature, while the temperature of the sample, in a specified atmosphere, is programmed.
TGA is used to measure changes in the mass of a sample as a function of temperature in a
controlled atmosphere. From TGA curves, data on mass changes, thermal stability,
decomposition temperatures, composition, and corrosion/oxidation reaction kinetics can be

obtained.

In TGA, about 10 mg of sample was loaded into an aluminium cup supported by an analytical
balance located outside the furnace chamber. The balance was zeroed and the sample cup heated
according at 10 °C/ min. The sample was continuously weighed while being heated to 900 °C in

an oxidative atmosphere. The thermogravimetric analyzer used was the Perkin Elmer STA 4 000.

3.3 Spent Catalyst Component Recovery

In the spent catalyst, the soluble hydrocarbons can be removed through Soxhlet extraction. A
Soxhlet extractor is a piece of apparatus designed to extract substances with a low solubility in a
heated extracting solvent. It does this by allowing condensed solvent to wash through a paper
thimble placed in the extractor which is designed to return the washings to the boiling flask by

siphon action. [8]
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About 15 g of the spent catalyst was placed in a cellulose thimble and loaded into the extractor
with toluene heated at 110 °C for 12 h. The solvent was removed from the extract under vacuum
using a rotary evaporator and concentrated to a volume of about 5 ml. The concentrated solvent

was then analysed with a GC equipped with a FID [9].

Nickel leaching was proceeded by silica support removal [10]. After the Soxhlet extraction
experiment, the dried spent catalyst was refluxed in 100 ml of 1M KOH aqueous solution for 2 h.
The solid residue was washed with distilled water and dried. The Ni was then leached with
sulphuric acid. The dried residue was then refluxed at 80 °C in 100 ml of 2M H,SOy for 1 h. The
amount of leached Ni was determined with ICP and recorded as percentage recovery [11]. The

residual coke was washed and dried and taken for TEM analysis.
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CHAPTER 4 RESULTS AND DISCUSSION

4.0 Introduction

This chapter presents and discusses results on the relationship between the catalyst physico-
chemical properties and the nature of carbon deposited on unmodified and MgO-modified 20%
Ni/Si0O; during catalytic methane decomposition. Properties of the catalysts and carbon produced
from the Ni supported catalysts were investigated using the methods presented in Chapter 3. It

should be noted that the term coke refers to the carbonaceous species deposited on the catalyst.

4.1 Catalyst characterization

4.1.1 Inductively Coupled Plasma -Atomic Emission Spectroscopy (ICP-AES) analysis

The amount of Ni and MgO loaded on the SiO, support was confirmed using ICP-AES analysis.
Table 4.1 shows the results of the ICP-AES analysis of the various catalysts after calcination. In
Table 4.1 M = Mg, N = Ni. The co-efficient represent the relative atomic ratios of Mg and Ni in
the catalyst.

From the ICP-AES data in Table 4.1, it can be observed that the Mg,/Ni, in the range of 0.1- 2.2
was successfully attained. The lower values for Ni loading in catalysts with high MgO loading
may be due to the formation of NixMg;.<O solid solutions during calcination which might

interfere with the acid leaching of ions [1].
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Table 4.1 Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) analysis

results

Catalyst Ni (%)loading Mg (%0)loading Mgat/Nigt ratio
N-SiO, 90 | -
1MON-SIO; 19.9 0.8 0.1
1M4N-SiO, 19.9 0.8 0.2
1M2N-SiO; 19.9 4.1 0.5
1M1N-SiO; 18.5 7.6 1.1
2M1N-SiO; 18.5 17.0 2.2

4.1.2 Physico-chemical properties of the 20%Ni/SiO, catalysts

Catalytic activity depends on various factors including Ni particle size, dispersion and degree of
reduction. The factors influencing catalytic activity will depend on the different nature of
interaction between the active nickel species, MgO and the silica support. The basicity of the
support may also play an important role [2]. Table 4.2 presents physico-chemical properties of
the 20%N1/S10; catalysts.

The results in Table 4.2 indicate that the surface area of the Ni catalysts decreases with addition

of MgO. The decrease in surface area with progressive addition of MgO suggests that MgO is
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not a textural promoter [3]. Loss of surface area can be attributed to coverage of pores upon

introducing MgO.

Table 4.2 Physico-chemical properties of the 20%Ni/SiO, catalysts.

Catalyst SAger (m?/g) | NiO reduction | Dispersion (% | Average size ds
+5% degree £ 0.15% | D) £ 0.15% (nm) +2nm
N-SiO; 135 1.00 2.1 49
1M9N-SIO, 133 1.00 2.2 47
1M4N-SiO, 131 0.85 2.2 46
1M2N-SiO, 110 0.87 2.6 40
1M1N-SiO; 85 0.61 2.8 36
2M1N-SiO; 54 0.34 2.2 46

The Ni particles show high dispersion on the silica support although the catalysts were prepared
by the impregnation method which is usually associated with inhomogeneous distribution of the
active component and low dispersion [4]. This result is consistent with reports in the literature
that, when compared to other supports silica, usually ensures a better dispersion of nickel,

regardless of the method of preparation [4].

It is generally accepted that supports with large surface area have better dispersion [5]; however
Table 4.2 indicates that in the IM1N-SiO, and 1M2N-SiO, catalysts, Ni particle dispersion is

even higher than in other catalysts despite progressive addition of MgO and consequently loss of
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catalyst surface area. The presence of MgO in IMIN-SiO, and 1M2N-SiO; catalysts seems to
reduce the size of the Ni particles. These results are consistent with the findings of Jeong et al
that addition of MgO to Ni/HY catalysts reduced the size of the Ni particles [6]. This result could
be due to the formation of NiyMg; O solid solution which hinders the reduction of nickel ions
and is more pronounced in catalysts with high MgO loadings [2]. Catalysts with a higher degree
of reduction show a smaller nickel dispersion and large Ni particle size. For the 2M1N-SiO,
catalyst, the low degree of reduction may have been due to excess MgO covering the nickel
species [7]. Furthermore the loss of catalytic surface area due to the formation of the NiyMg,; O
solid solution may have promoted sintering leading to the large Ni particle size in the 2M1N-

Si0; catalyst [8].

The difficulty in reduction of the Ni-based catalysts is also related to the formation of the nickel
silicate species. The nickel silicate species could have been formed during calcination at 600 °C.
Pease et al proposed that NiO-SiO, interactions are induced by the formation of SiO4* groups in
the lattice of the NiO crystal at temperatures as low as 550 °C [9]. During reduction, a Si-Ni

alloy may form, which might cause a lowering in the degree of reduction [2].

4.1.3 X-Ray Diffraction analysis (XRD)

The diffraction patterns of the Ni-based catalysts were analysed to determine the phases of
components present in the catalyst. As discussed earlier in Chapter 2, not all Ni faces are
favourable for hydrocarbon decomposition. Diffraction planes for MgO, NiO and SiO; in the

catalyst are shown in Figure 4.1.

It is known that the NiO and MgO components in the catalyst exhibit similar diffraction planes.
This is because the Ni*" and Mg2+ ions have similar valences, ionic radius values [r (Ni*") = 0.07
2+

) =

nm and r (Mg 0.065 nm], and crystal cell dimensions. Thus, the NiO and MgO components

in the catalyst can easily form a NixMg; O solid solution due to the excellent mutual solubility
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between them [10], as shown in Figure 4.1. Hence, the characterization of fresh catalysts by
XRD did not allow particle size determination amongst the modified 20%Ni/SiO, catalysts due
to the formation of the Ni,Mg; O solid solution.

Based on diffraction patterns in Figure 4.2 and Figure 4.3, the diffraction peak in the range 15 -
30 ° confirmed the presence of amorphous SiO,. This result is consistent with the characteristics
of armophous SiO; [11]. The (111), (200), (220), (311) and (222) crystal planes for both MgO
and NiO are observed around 37.5 °,43.4°,62.9 °, 75.5 ° and 79.5 ° on the 2 theta scale [12,13].
Some studies have suggested that hydrocarbons decompose favourably to produce CNTs, on the
Ni (100) and Ni (110) faces whilst the Ni (111) and Ni (311) faces are the favourable rear faces.
The absence of the Ni (100) and Ni (110) suggests that methane decomposition occurred on the
rear of the Ni (111) and Ni (311) crystal planes of the Ni particle [14]. Aroora et al also
suggested that nickel/silica systems have predominated Ni (111) faces [9].
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Figure 4.1 Typical XRD pattern for IM2N-SiO, catalyst.
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Figure 4.2 XRD patterns of SiO,, N-SiO,, IMIN-SiO,, IM4N-SiO,, 1IM2N-SiO,, IM1N-SiO,
and 2M1N-Si10,.

4.1.4 Temperature Programmed Reduction (TPR)

The reduction profiles of the series of 20%Ni/SiO, catalysts were determined by TPR. The
reduction profiles of the catalysts are shown in Figure 4.3. The TPR profile for the supported Ni
catalysts is interpreted by invoking various degrees of interaction between NiO, MgO and SiO,,
generally shown by three stages of H, consumption. A high H, consumption reflects the ease of
reduction of a certain species in the catalyst sample. It can be observed that the relative rates of

H, consumption at temperatures below 700 °C decline with progressive MgO loading.
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Figure 4.3 TPR profile for NiO, N-SiO;, IM9N-SiO;, 1M4N-SiO,, 1M2N-SiO,, 1MIN-SiO,
and 2M1N-Si0; catalysts

From Figure 4.3, it can be observed that the region between 300 °C and 487 °C corresponds to
the reduction of the bulk NiO and highly dispersed NiO on the support. In this work one
reduction peak was observed for bulk NiO, hence the variations of the H, consumption with
temperature are not attributed to the presence of nickel ions in different oxidation states. NiO
was assumed to be the dominant species present [15]. Hydrogen consumption in the region
between 487 °C and 700 °C corresponds to the NiO species in interaction with SiO,, possibly as
silicate species [15]. The reduction occurring in the region above 750 °C is attributed to the

formation of hard to reduce NixMg; O solid solution [3].
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With the MgO-modified catalysts, a shift of the reduction signals to a higher temperature region
is observed. The TPR profile indicates a lower H, consumption for the nickel silicate species
with progressive addition of MgO to the catalysts than for the hard to reduce NiyMg; O solid
solution. This result suggests that the MgO inhibits Ni-SiO, interactions by forming the hard to
reduce NixMg; <O solid solution, due to the excellent mutual solubility between NiO and MgO.
The effect of MgO is similar to the metal-support interaction inhibiting effect of K in K-
promoted Ni/Al,O5 catalysts [7]. The degree of reduction (Table 4.2) follows an analogous trend
to the TPR profile of all samples.

It is generally accepted that large supported NiO particles are reduced at lower temperatures
while small NiO particles are reduced at higher temperatures. Large NiO particles are reduced
through a nucleation and fast propagation mechanism producing large Ni particles [16]. The
hydrogen consumption in the region of 600-700 °C can be attributed to the reduction of stable Ni
phyllosilicates which are characteristic of the reduction of small Ni particles in stronger
interaction with SiO; hence the higher reduction temperature [16]. The low mobility of the Ni
species during the propagation step gives the high dispersion [16]. This proposal is consistent
with the result that the Ni species in IM1N-SiO, and 2M1N-Si0, catalysts in the region of 600-
700 °C show enhanced reduction relative to the other catalysts due to the smaller particle sizes

and consequently higher dispersion.

4.2 Catalytic activity and characterisation of coke

4.2.1 Methane Conversion

The activities of the Ni based catalysts were compared in terms of methane conversion using
chromatograms similar to that shown in Figure 3.2. Both N, and CO gas peaks were observed in
the chromatograms of the exit gas. However the CO peak was not observed in the

chromatograms of by-passed methane. However the percentage areas due to these peaks were
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less than 0.1%. This suggested that the CO peak was due to the reaction of product carbon and
oxygen. The oxygen was derived from the support lattice [17]. The N, peak in both the by-
passed methane and product exit gas suggested a systematic error probably due to a minor leak in
the system. Percentage areas due to methane were used to calculate percentage methane
conversion. After the decomposition of methane, the actual carbon yield obtained over the
unmodified and MgO-modified 20%Ni/SiO, were determined by use of CHNS elemental

analysis.

4.2.2 The Effect of Temperature on Methane Decomposition

CHNS analysis data was used to determine the actual amount of carbon deposited at each given
temperature. The choice of the optimum temperature of operation was made based on the amount
of carbon deposited on the unmodified 20%Ni/SiO, (N-Si0O,) in a temperature range of 500-800
°C. A graphical representation of the amount of the carbon deposited on the catalyst, and the
corresponding temperature, is shown in Figure 4.4 below. In Figure 4.4, it can be observed that
increasing the temperature from 700 °C to 800 °C does not have much effect on the performance
of N-SiO,. The results indicate that over a temperature range of 500-800 °C, the unmodified
20%Ni/SiO; exibits an optimum temperature of methane decomposition at about 600 °C. Hence,
all experiments on the catalytic effect of MgO on Ni/SiO; in methane decomposition were

conducted at 600 °C.

Some researchers have reported the sintering of Ni particles from temperatures as low as 600 °C
which they consider as the Tamman temperature [2]. According to Moulijn et al, Ni particles
become more mobile as they approach the Tamman temperature (~ 726 °C) and consequently
sinter to larger particles [18]. On the other hand, the solubility of carbon in Ni particles decreases
with increase of hydrocarbon decomposition temperature. Furthermore, the diffusion of carbon

on larger Ni particles is lower than the surface carbon formation rate; hence, at high temperatures
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carbon accumulates on the surface of the active Ni particles, isolating them from the reactant gas
[19]. Therefore, the low yield of carbon at temperatures of 700 °C and 800 °C suggests that the

polymerization of carbon atoms might have occurred on nickel particles.

It is generally accepted that at low temperatures, the rate determining step is the adsorption of
methane on the catalyst surface while at high temperatures the rate determining step is the
dissolution of carbon atoms [19]. At 500 °C and 600 °C, the unmodified 20%Ni/SiO, catalyst
gave a higher carbon yield than at 700 °C and 800 °C. This suggests that the adsorption of

methane has less effect on the rate determining step than carbon dissolution.

500 600 700 800

Temperature ("C)

Figure 4.4 Carbon yield obtained over N-SiO, in the range of 500 - 800°C.

58



4.2.3 Effect of MgO in 20%Ni/SiO; on carbon yield

A graphical illustration of amount of the carbon obtained at 600 °C on the unmodified and MgO-
modified 20%Ni/SiO;, catalysts is presented in Figure 4.5. The data shows that the N-SiO,
catalyst had the highest carbon carrying capacity of 3.0g¢/gc.. The lower carbon yields observed
for the MgO-modified 20%Ni/Si10, catalysts suggests that the MgO exerts a carbon suppression

effect on  20%Ni/SiO, catalyst and consequently = methane  decomposition.

3.0
2.5 4
2.0 4
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Catalyst

Figure 4.5 Carbon yield on N-SiO,, IMIN-SiO,, IM4N-SiO,, IM2N-SiO,, IMIN-SiO,, 2M1N-
Si0O; catalysts at 600 °C after 72 h.

With reference to Table 4.2, the IM1N-SiO, catalyst with an average Ni particle size of 36 nm
had a fairly high carbon yield despite a low degree of reduction, suggesting that particle size may

have a major contribution towards the effective decomposition of methane. This result is
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consistent with the findings of Chen et al that the optimum Ni particle size for methane

decomposition is in the range of 20-40 nm [5].

These results are also consistent with the suggestions of van Hardeveld et al that the specific
nickel step density decreases with an increase in particle size [20]. Density Functional Theory
studies (DFT) suggest that reactions at step sites dominate the overall activity [20]. This implies
that the nickel step density may depend on the size of the nickel particle and consequently that

the big particles are less efficient in decomposing methane.

The conflicting results concerning the variations in carbon yield over IMIN-SiO,, 1M4N-SiO,,
and 2MIN-SiO, catalysts (Figure 4.5) regardless of similar Ni particle dispersion and size
(Table 4.2), also suggests that the degree of reduction also plays an important role. The lower
carbon yields obtained over 2M1N-SiO, and 1M4N-SiO, catalysts could be attributed to a
decreased number of available active nickel sites for methane decomposition. It can be observed
from Figure 4.5 and Table 4.2, that the 2M1N-SiO, catalyst with a lower degree of reduction
than the 1IM4N-SiO; catalyst has a similar carbon yield and Ni particle size. This result suggests
that high reduction degree presents numerous particles that could easily sinter and not facilitate
carbon deposition while a low degree of reduction presents very few nickel sites for methane
decomposition. Excess MgO may also cover the most active Ni step sites in the 2M1NSiO,

[20,7].

The carbon carrying capacity (gc¢/gcat) of the unmodified and MgO-modified Ni/SiO, catalysts
were recalculated taking into account the actual fraction of NiO reduced in one gram of catalyst
spent. The recalculated values of g¢/ge. per gram of catalyst spent were reported as gc¢/gnired and
plotted against the corresponding catalyst. A graphical illustration for the calculated values of

gc/gnired for the unmodified and MgO-modified Ni/SiO; catalysts is presented in Figure 4.6.
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The calculated values of gc/gnired per gram of catalyst spent indicate that the presence of MgO
only exhibits its beneficial effect over N-SiO; (16 gc/gnired) 11 2MIN-SiO; (22 gc/gnired), With
Mg,/Niy ratio of 2.2 and 1IMIN-SiO; (21 gc/gnired), With Mg,/Niy ratio of 1.0) catalysts, in
terms of carbon yield per reduced fraction of NiO particles per gram of catalyst spent. This result
is not consistent with the findings of Italiano et al that reported a saturation-shaped trend with a
plateau in gc/gnired for Mga/Niy ratio higher than 0.5 in Ni/SiO,/Silica Cloth catalysts at a
temperature of 600 °C [3].

24 5
22
20

18

N-Si0,  1MYN-Si0, IM4N-SiO, IM2N-SiO, IMIN-SiO, 2MIN-SiO,

Catalyst

Figure 4.6 Graphical illustrations of gc¢/gnired corrected values for yields obtained over N-SiO,,
IMON-SiO,, IM4N-Si0,, IM2N-Si0,, IMIN-SiO, and 2M1N-SiO; catalysts at 600 °C.

However, by considering the actual carbon yield per gram of catalyst spent (Figure 4.5), it can

be observed that the highest carbon carrying capacity of 3gc¢/gca and was obtained over N-SiO,
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catalyst. Therefore we can conclude that it is not worthwhile to modify the 20%Ni/SiO; catalysts

with MgO for direct methane decomposition.

4.2.4 TEM analysis

TEM studies were conducted on the coke deposited on unmodified and MgO-modified Ni/SiO,
catalysts at 600 °C. The TEM micrographs in Figures 4.7a-4.11a of the coke deposited on
unmodified and MgO-modified Ni/SiO, catalysts revealed that the coke deposited on unmodified
and MgO-modified Ni/SiO, catalysts has a filamentous structure. The corresponding diameter
distributions of the carbon nanofilament obtained over the respective catalysts are shown in
Figures 4.7b-4.12b. The carbon nanofilaments had diameters in the range of 20-100 nm. Carbon
nanofilaments with diameters exceeding 100 nm were not grown. The carbon nanofilament
diameter was assumed to be similar to the size of Ni particle from which it was grown. Therefore
the results suggest that Ni particles with particle sizes exceeding 100 nm do not facilitate carbon
deposition and consequently methane decomposition at 600 °C. These findings are consistent
with the carbon nanotubes with the diameter of 20-100 nm commonly produced, while carbon

nanotubes with the diameter exceeding 100 nm are unstable and are rarely grown [15,21].

The filamentous structure of carbon nanofilaments on both the unmodified and MgO-modified
Ni/SiO; catalysts suggest that the presence of MgO does not modify the structural characteristics
of the coke. The variation in carbon nanofilament diameter distribution suggests that sintering
and attrition of the Ni particles, although some studies suggest that Ni particles in Ni/SiO; do not
sinter significantly in H, atmosphere and that a carbon containing gas is a pre-requisite for
sintering [22]. Upon exposure to the methane, Ni particles become more fluid under the action of
carbon dissolved and sinter to large particles [15]. The TEM micrographs indicate the absence of
encapsulating carbon. In this study the lack of amorphous carbon was attributed to the resistance

of methane towards self-pyrolysis, up to temperatures as high as 800 °C.
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Some studies have suggested that there is no typical strong metal-support interaction (SMSI)
between Ni and silica in Ni/SiO, catalyst systems [4]. The TPR profiles also suggest that the
addition of MgO to the 20%Ni/SiO; catalysts further inhibits SMSI. This idea suggests that
carbon nanofilament formation may occur by the tip growth mechanism. Italiano et al also
reported carbon nanofilament growth by the tip growth mechanism [3]. Other studies have
suggested that hydrocarbons decompose favourably on the rear Ni (111) and Ni (311) faces [14].
Based on XRD patterns, it may be argued that filamentous carbon predominantly grows from the

Ni (111) and Ni (311) faces by the tip-growth mechanism.

It can be observed from the TEM micrographs that most of the carbon nanofilaments appear
broken. The breaking of the carbon nanofilaments as supports may contribute to loss of catalytic
activity [3]. The carbon nanofilaments may break during the long synthesis times and the
continuous deposition of carbon on the walls of carbon filaments. Carbon deposition might not
occur along the layers parallel to the tube but randomly on the tube. The carbon nanofilament
breakage may occur due to strain caused by continuous deposition of carbon on defective walls

[23].

400 nm

Figure 4.7a TEM micrograph of carbon nanofilaments obtained over the N-SiO; catalyst at 600
°C.
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Figure 4.7b Diameter distribution of carbon nanofilaments obtained over the N-SiO, catalyst at
600 °C.

Figure 4.8a TEM micrograph of carbon nanofilaments obtained over the IM9N-SiO, catalyst at
600 °C.
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Figure 4.8b Diameter distributions of carbon nanofilaments obtained over the 1M9N-SiO,
catalyst at 600 °C.

Figure 4.9a TEM micrograph of carbon nanofilaments obtained over the 1M4N-SiO, catalyst at
600 °C.
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Figure 4.9b Diameter distributions of carbon nanofilaments obtained over the 1M4N-SiO,

catalyst at 600 °C.

Figure 4.10a TEM micrograph of carbon nanofilaments obtained over the 1M2N-SiO; catalyst at
600 °C.
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Figure 4.10b Diameter distributions of carbon nanofilaments obtained over the 1M2N-SiO,

catalyst at 600 °C.

Figure 4.11a TEM micrograph of carbon nanofilaments obtained over the IMIN-SiO; catalyst
at 600 °C.
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Figure 4.11b Diameter distributions of carbon nanofilaments obtained over the 1MIN-SiO,

catalyst at 600 °C.

Figure 4.12a TEM micrograph of carbon nanofilaments obtained over the 2M1N-SiO, catalyst
at 600 °C.
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Figure 4.12b Diameter distributions of carbon nanofilaments obtained over the 2M1N-SiO,

catalyst at 600 °C.

Figure 4.13 TEM micrograph of a carbon nanofiber obtained over the IM2N-SiO, catalyst at
500 °C, showing the presence of the Ni particle at the tip of the carbon nanofiber.
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Spectrurn 1

Figure 4.14 Corresponding EDX pattern of the carbon nanofiber obtained over the IM2N-SiO,
catalyst at 500 °C.

The TEM micrograph in Figure 4.13 and EDX pattern (Figure 4.14) of carbon nanofiber
obtained over IM2N-SiO, catalyst at 500 °C confirm the presence of the Ni particle at the end of
the carbon nanofiber. From the EDX patterns and TEM studies we can assume that the growth of
the carbon nanofilaments occurs by the tip growth mechanism. This result is consistent with the
Ni particle being the active site for methane decomposition and suggests that MgO does not
directly take part in the decomposition of methane [3]. The coke deposited does not block the
active Ni metal but may act as a support for the active Ni particle with increasing time on stream.
Hence, the active Ni metal is still exposed to the reactant gas. However filamentous carbon

causes the breakage of the catalyst structure and may lead to pressure drop in the reactor [3].
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4.2.5 BET analysis

Surface area and pore volume measurements obtained from nitrogen physisorption are presented
in Table 4.3. The BET data of the catalysts shows an increase in surface area for all the Ni based
catalysts after methane decomposition. The increase in surface area is due to the formation of

high surface area carbon nanofilaments as shown in TEM micrographs.

Table 4.3 Surface area and pore volume measurements from nitrogen physisorption.

Fresh Catalyst Spent Catalyst
Catalyst SAser  (m°/g) | Pore Volume | SAger  (m?/g) | Pore Volume
+5% cm¥/g+5% | +5% cm®/g + 5%
N-SiO; 135 0.40 148 0.27
1M9N-SiO, 133 0.38 142 0.24
1M4N-SiO, 131 0.38 128 0.25
1M2N-SiO, 111 0.38 121 0.28
1M1N-SiO, 86 0.27 95 0.28
2M1N-SiO, 54 0.29 63 0.30

Based on the BET data and TEM analysis, catalyst deactivation cannot be attributed to blocked
pores, since the coke is in the form of carbon nanofilaments. Italiano et al also suggested that the
tip growth mechanism of carbon nanofilament formation invokes the detachment of the active

nickel particle leading to the break down the catalyst structure [3]. Therefore the active Ni
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particle will be continuously being exposed to the reactant gas until the carbon nanofilament
breaks. The presence of hydrogen also ensures fresh Ni surfaces, which further enhance the

catalytic reactivity and active sites for the formation of carbon nanofilaments.

4.2.6 The Effect of MgO-modified 20%Ni/SiO, on methane decomposition

Methane conversion profiles obtained from the Ni catalysts at 600 °C are shown in Figure 4.15.
Generally the methane decomposition graph activity exibits 3 stages of activity: the initial stage
characterized by high initial methane decomposition, the pseudo steady state and the catalyst
deactivation stage. High initial methane conversions were obtained for all the catalysts. The
initial methane conversions might have declined due to initial coke deposition on most of the
active sites on the catalysts. The pseudo steady state might have been reached due to the growth
of carbon nanofilaments. Considering the pseudo steady state, the highest methane conversions
for the catalysts were in the range of 45-55 %. This result is consistent with the literature in that
methane conversion at 600 °C is thermodynamically limited such that (H,> 60%) cannot be
attained [24]. It has also been suggested that high hydrogen concentrations retard the growth of
the carbon filaments and catalyst deactivation through competitive adsorption of the active sites

between CH4 and H; [25].

It can be observed in Figure 4.15 that the N-SiO, catalyst had lower methane conversions than
the MgO-modified catalysts during the pseudo steady state. Although MgO addition to Ni/SiO,
seems to enhance methane conversion in the pseudo steady state, the MgO modified Ni-based
catalysts accumulated less coke than the bare Ni catalyst. The inhibition of coke deposition on

MgO-modified Ni/SiO; can be attributed to the Lewis basicity of MgO on the silica support [26].
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The higher activity of the MgO-modified catalysts during the pseudo steady state may be
explained by considering the contact of MgO species on the support and the nickel particle at the
tip of the filamentous carbon. Over time there is less contact between MgO and the active nickel
particle (which is the point of carbon growth). This suggests that the carbon formation is less
hindered and hydrogasification occurs to a lesser extent [7]. However after 2 000 mins, (Figure
4.4) deactivation is abrupt for catalysts with a relatively high MgO loading. The reason for this
might require further study.

The slower catalyst deactivation rate shown by the N-SiO,, IMIN-SiO,, 1M4N-SiO,, 1M2N-
Si0; and 2M1N-Si0O; catalysts with larger average Ni particles than in the IMIN-SiO, catalyst
may be explained by the difference in the carbon diffusion rates in small and large Ni particles.
Large Ni particles provide a smaller catalytic surface area and a longer diffusion length leading

to lower carbon saturation and hence a slower deactivation rate [5].

Since the overall catalyst deactivation is the outcome of the reversible competing reactions, coke
deposition and coke gasification (hydrogasification in this case) [27], the carbon suppressing
effect of MgO on 20%Ni/Si0; based catalysts may be assumed to be the formation of easily
gasifiable carbon. A reasonable hypothesis on the promoter effects of MgO can be analogous to
the behaviour of potassium promoted nickel catalysts in steam reforming, where potassium is
preferentially located along the more stable nickel step sites. The MgO as a carbon formation
suppressor may block the nickel steps, eliminating the carbon nucleation sites [20]. The
hydrogasification of carbon occurs at the nickel/carbon nanofilament interface, catalyzed by the

nickel particle itself (Equation 4.1).

C/Ni + H, — CH4 + N1 (41)
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Figure 4.15 Methane conversion profiles of the 20% Ni/SiO; catalysts; N-SiO,, 1IMIN-SiO,,
IM4N-SiO,, IM2N-SiO,, IMIN-SiO, and 2M1N-SiO, catalysts at 600 °C.

Although it is known that MgO species acting as promoters in steam reforming can lead to the
formation of C;" hydrocarbons [28], C," hydrocarbons in the exit gas were not detected for MgO
modified Ni based catalysis.

4.2.7 Raman Spectroscopy

Raman spectroscopy measurements were taken at a 532 nm laser excitation wavelength. A
typical Raman spectrum of carbon nanofilaments is shown in Figure 4.16. Two main spectral

regions were detected for the carbon nanofilaments in the range 800 — 3000 cm™. The spectra
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were consistent with the findings of Donato et al [29]. The two main regions are characterized

as;

(a) the first-order Raman scattering attributed to the sp® hybridized carbon atoms vibration bands

in the range of 1200-1700 cm™, and

(b) the corresponding second order harmonic with vibration bands above 2400 cm™'[29].
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Figure 4.16 A typical Lorenztian-Gaussian fit of a Raman spectrum obtained from coke

deposited on the IMIN-SiO; catalyst at 600 °C.

Prominent vibration bands around 1338 cm'l, 1567 cm’' and 2687 ¢cm™ can be observed in
Figure 4.16. Vibration bands around 1567 cm™ are characteristic of the G-band arising from
typical stretching modes of C=C bonds of graphite. The vibrational mode around 1338 cm™
designated the D (disorder)-band is characteristic of defective/disordered features in graphite
sheets. The D-band emanates from double resonance attributed to the vibrations of carbon
dangling bonds, in plane terminations of disordered graphite or amorphous carbon. The D-band
is also associated with defects and impurities in CNTs [30]. The corresponding second order
harmonic has vibration bands at 2687 cm™". The second order harmonic is usually associated with

the degree of crystallinity of the CNTs and the presence of MWNTs [31].
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The D/G band area ratios (Ap/Ag) determine the structural disorder originating from the
formation of defects in the graphite sheets [29]. The lower the Ap/Ag ratio, the more graphitic
and orderly the carbon nanofilaments are and vice versa [32]. The Raman spectra of carbon
nanofilaments obtained in the methane decomposition temperature range of 500-600 °C are

presented in Figure 4.17.
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Figure 4.17 Raman spectra of carbon nanofilaments obtained over N-SiO, at; (a) 500 °C, (b) 600
°C, (¢) 700 °C and (d) 800 °C.

Although methane decomposition in Ni/Si0O;, systems is less efficient at temperatures higher than
650 °C, MWNTs formation has been reported to be highly favourable at 700 °C [21]. In the
current work, the second order harmonic is absent in carbon nanofilaments obtained at 500 °C.
This is because at 500 °C, CNFs formation is more favorable (Figure 4.13) than CNTs
formation. This result is consistent with the findings of Takenaka et al that carbon nanofibers are

formed at a temperature of 500 °C [21]. Therefore the appearance of the second order harmonic
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around 2687 cm’' first observed on carbon nanofilaments formed at 600 °C suggests that

methane decomposition from temperatures as low as 600 °C produces MWNTs.

The (Ap/Ag) ratios of the carbon nanofilaments formed on unmodified 20%Ni/SiO, catalyst (N-
Si0O,) at corresponding methane decomposition temperatures are presented in Table 4.4. The
high (Ap/Ag) value of 1.3 presented in Table 4.4 indicates that there is high structural disorder in
the carbon nanofilaments formed in the temperature range of 500-700 °C. However the lower
Ap/Ag of 0.9 presented by carbon nanofilaments obtained at 800 °C suggests the improved order
in the carbon deposit. The deterioration in orderliness at lower temperatures could be because of
higher carbon deposition rates on the walls of the carbon nanofilaments. Carbon deposition may
not occur along the layers parallel to the nanofilament but randomly on the nanofilament. The
carbon nanofilament may break because of continuous deposition of carbon on defective walls

[23].

Table 4.4 Effect of temperature on structural disorder.

Catalyst/decomposition Ap/Ac
temperature

N-Si10,,Tr500 1.3
N-Si10, Tr600 1.3
N-Si0, , Tr700 1.3
N-Si0, ,Tr800 0.9

The Raman spectra of carbon nanofilaments obtained on unmodified-Ni/SiO, and MgO-
modified Ni/SiO; catalysts are presented in Figure 4.18. It can be observed from Figure 4.18
that the carbon nanofilaments obtained over all Ni/SiO, based catalyst have vibrational modes

around 2687 cm’’.
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Figure 4.18 Raman spectra of carbon nanofilaments obtained over unmodified- Ni/SiO, and
MgO- modified Ni/SiO, catalysts; (a) N-SiO,, (b) 1IMIN-SiO,, (c) 1M4N-SiO,, (d) IM2N-Si0,,
(e) IMIN-SiO; (f) 2M1N-SiO, at 600 °C.

The effect of MgO addition on carbon nanofilament structural order was evaluated using Ap/Ag
ratios. The results are presented in Table 4.5. From the data presented in Table 4.5, it can be
observed from the Ap/Ag ratios that there is a high degree of disorder in the carbon obtained with
the unmodified and MgO-modified 20%Ni/SiO, catalysts. TEM analysis of the carbon
nanofilaments also suggests that these materials contain numerous defects at the ends of the
filaments. The degree of disorder in the carbon nanofilaments obtained over the unmodified and

MgO- modified 20%Ni1/SiO; catalysts are almost similar suggesting that there is temperature
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dependence for the degree of structural order in carbon nanofilaments. The results suggest that
there is no distinct relationship between the degree of crystallinity or the amount of MgO added
to the 20%N1/S10; catalysts.

Table 4.5 Effect of MgO addition on carbon nanofilament structural disorder.

Catalyst Ap/Ac

N-SiO; 1.3
1M9N-SIO; 1.2
1M4N2-SiO; 1.2
1M2N-SiO; 1.2
1M1N-SIiO; 1.2
2M1N-SiO; 1.3

4.2.8 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) experiments were performed in air. The TGA provided
information on the oxidative stability of the carbon nanofilaments. The reactivity of the carbon
nanofilaments towards oxygen manifest in the TGA weight loss profile. The oxidative stability

curves of carbon nanofilaments when heated to 900 °C in air are shown in Figure 4.19.
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Figure 4.19 The oxidative stability curves for the carbon nanofilaments obtained at 600 °C over
the unmodified and MgO-modified Ni/Si0O, catalysts; N-SiO,, IM9N-SiO,, IM4N-SiO,, IM2N-
Si0,, IMIN-Si0O; and 2M1N-SiO,,

The variation in the degree of steepness of the slope and consequently a higher reactivity toward
oxidation may result from the difference in diameter and lattice defect site density. A smaller
diameter results in a higher degree of steepness and subsequently a higher reactivity toward
oxygen, while defects enable oxygen to permeate the carbon nanofilaments facilitating rapid

oxidation [33].

During the thermogravimetric analysis the simultaneous reactions of carbon and nickel oxidation

may lead to inaccurate results regarding the amount of carbon in the sample [27]. No weight gain

was observed in the TGA profile. This result suggests that Ni particles in the sample might have
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been partially oxidized during handling considering the nanometric nature of the Ni particles
[34]. However, further oxidation of nickel to nickel oxide might result from the peeling away of
graphite sheets through combustion [33]. It has been suggested that the presence of Ni might
catalyze the oxidation of the carbon nanofilaments, however the exact nature of the mechanism

is unknown [35].
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Figure 4.20 The differential curve for the carbon nanofilaments obtained at 600 °C over the
IM2N-Si0; catalyst.

A typical differential curve of the oxidative stability of the carbon nanofilaments is shown in
Figure 4.20. The differential curves of the oxidative stability curves of both the unmodified and

MgO-modified 20%Ni/SiO, spent catalysts did not reveal major differences in the overall
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stability of the carbon nanofilaments. The differential curves of all the samples showed two sharp
peaks and a broad peak centred around 600 °C, 630 °C and 740 °C respectively. This result
suggested that there is no major difference in the overall oxidative stability of the carbon
nanofilaments obtained from both the unmodified and MgO-modified 209%Ni/SiO, catalysts. The
result could be because there is no significant variation in crystallinity of the carbon
nanofilaments obtained over the catalysts as suggested by the data obtained from Raman

spectroscopy.

4.2.9 Infrared Spectroscopy (FTIR)

The IR transmission spectra of the spent catalyst are shown in Figure 4.21. With reference to the
TEM images of the coke obtained it can be observed that the carbonaceous material is mainly
CNFs/CNTs. To date, not much IR spectral information on as- grown CNTs has been collected
[36].
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Figure 4.21 FTIR transmission spectra of the spent catalyst obtained over (a) spent N-SiO,, (b)
spent IMIN-SiO; catalysts at 600 °C.
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It can be observed from Figure 4.21 that the as- grown carbon nanofilaments strongly absorbed

infrared radiation over the mid IR region (600- 4000 cm™). Spectral features (aromatic bands) of

conventional coke are usually seen bands at 1590, 1460, 1390 and 1380 cm'l, which characterize

aromatic C-C stretching, -CH, and —CHj; bending respectively [37]. The spectral features

characteristic of conventional coke was not observed. The characterization of the spent catalysts

by FTIR did not reveal much information on the nature of carbon contained in the solids.

4.3 Spent Catalyst Component Recovery

The unmodified 20%NiSiO; spent catalyst (N-SiO,) was weighed before and after Soxhlet

extraction. The mass of the spent catalyst before and after Soxhlet extraction was recorded in

Table 4.6. The absence of a significant mass loss indicates that there were relatively no toluene-

soluble organic components in the spent catalyst.

Table 4.6 Mass of the spent catalyst before and after Soxhlet extraction.

Catalyst Mass of catalyst before | Mass of catalyst after | Change in mass of
extraction (g) + 0.0001g extraction (g) £ 0.0001g | catalyst (g) + 0.0001g
N-SiO, 14.5047 14.4979 0.0068

Chromatograms of toluene before and after Soxhlet extraction of the coke are shown in Figure

4.22 and Figure 4.23 respectively. The chromatograms were obtained from obtained from a GC

equipped with a FID. There was no significant change in the integrated peak areas of the toluene

before and after Soxhlet extraction. Furthermore the absence of new peaks in the chromatogram
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of toluene after Soxhlet extraction (compare Fig 4.22 and Fig 4.23) also suggests that there were

no extractable components in the coke.
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Figure 4.22 Chromatogram of neat Toluene before Soxhlet extraction.
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Figure 4.23 Chromatogram of Toluene after Soxhlet extraction.

Upon treatment of the N-SiO, catalyst with sulphuric acid, some nickel was removed. The
amount of nickel in solution was determined by ICP-AES and converted to mass in grams.

Results on nickel leaching are presented in Table 4.7.
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Table 4.7 Results for nickel leaching.

Catalyst Expected mass of nickel in | Mass of nickel in | Percentage mass of
solution (g) = d solution (g) = d nickel recovered (%)+ d
N-SiO, 1.23 0.08 6.71

The results indicate that nickel leaching with sulphuric acid was not effective as expected. The

difference in the mass expected and recovered could be due to the mild conditions used in an

effort to avoid extreme etching of the carbon nanofilaments. The TEM micrograph of the carbon

nanofilaments after nickel leaching is shown in Figure 4.24.

Figure 4.24 TEM micrograph of the carbon nanofilaments obtained over N-SiO, catalyst at 600

°C after nickel leaching.

85




The TEM micrograph of the carbon nanofilaments after nickel leaching shows that the sulphuric
acid etched the carbon nanofilaments to some extent. The rough surface of the etched carbon
nanofilaments would provide good catalyst anchoring sites and act as support. However because
sulphuric acid was used in Ni leaching, the carbon nanofilaments use as support would be limited
to catalytic processes resistant to sulphur poisoning. The etched carbon nanofilaments could be

used as nanocomposite fillers.
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CHAPTER 5 CONCLUSION AND RECOMMENDATIONS

5.0 Conclusion

This chapter is mainly based on the results obtained in the study of the promotional
effects of MgO on 20%Ni/SiO, and on the characteristics of the resulting coke
deposited over the catalysts. In summary, a two step method for the production of
hydrogen and carbon from direct methane decomposition on 20%Ni/SiO, catalysts
was achieved. The direct decomposition of methane overcomes the limitation of a
major COy contamination of the hydrogen gas experienced in other hydrogen

production process involving hydrocarbons.

A series of MgO-modified 20%Ni/SiO, catalysts of Mg./Niy ratio of 0.1-2.2 were
successfully prepared by the co-impregnation method. The highest pseudo steady
state methane conversions for all the catalysts were in the range of 45-55% at an
optimum temperature of 600 °C. The study revealed that high coke yields on the
unmodified and MgO modified 20%Ni/SiO, occurred on a catalyst with an optimum
particle size of 36 nm, high degrees of reduction and low MgO loadings. This result
suggested that Ni catalysed methane decomposition is dependent on the size of the Ni

particle and the reducibility of the nickel species.

Characterization of the physico-chemical properties of the conventional unmodified
and MgO-modified 20%Ni/SiO; catalysts suggest that the incorporation of MgO in
20%Ni/SiO-, catalysts increased the dispersion and reduced the size of the Ni particles
on the support. The excellent mutual solubility between NiO and MgO brought about
by their similar crystal dimensions as shown by XRD patterns, favours the formation
of NixMg:-xO solid solution reducing the interaction of the NiO with the silica support
and consequently inhibiting the formation of the nickel silicate species. However the
NixMg:xO solid solution is hard to reduce, hence the progressive addition of MgO to
20%Ni/SiO, catalysts reduces the degree of reduction of the NiO species. The shift of
the reduction signals to higher temperatures in TPR profiles of MgO-modified

20%Ni/SiO;, catalysts also indicates a decrease in the reducibility of the NiO species.
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The formation of NixMg;«O solid solution reduces the fraction of Ni active sites

available for methane decomposition.

The TEM studies revealed that coke, in the form of carbon nanofilaments, grew by the
tip growth mechanism on both the unmodified and MgO-modified 20%Ni/SiO;
catalysts. This suggests that the incorporation of MgO in 20%Ni/SiO, catalysts did
not promote strong metal-support-interactions (SMSI) to promote the carbon
nanofilament base growth mechanism; hence the Ni particle was detached from the
support during carbon nanofilament growth. The tip growth mechanism suggests that
the growth of the carbon nanofilaments may lead to the carbon nanofilament acting as
a support to the active Ni particle, ensuring that it is continuously exposed to the
reactant methane gas. The tip growth mechanism suggests that catalyst deactivation

through pore blockage is unlikely.

A higher coke yield was obtained over the unmodified 20%Ni/SiO, (N-SiO;) catalyst
compared to the MgO-maodified catalyst (IM9N-SiO;) regardless of the similar degree
of reduction, Ni particle dispersion and size. This result suggests that the addition of
MgO to the 20%Ni/SiO, catalyst exerts a coke suppression effect. High methane
conversions exhibited by MgO-modified catalysts during the pseudo-steady state may
be explained by considering reduced contact between the active Ni particle at the tip

of the carbon nanofilament and the MgO on the support.

The N-SiO, catalyst had the best catalytic performance in terms coke capacity
(3.0gc/Qcar). The optimum ratio of Mga/Nix in 20% Ni/SiO, for methane
decomposition was 0.1 in the 1M9N-SiO, catalyst with a coke capacity of 2.6gc/gcat.
Values of C/Niwq per gram of spent catalyst indicate that the presence of MgO only
exhibits its beneficial effect over N-SiO; (16 gc/Qnired) i 2M1N-SiO,, with Mga/Nig
ratio of 2.2 (22 gc/Qnired) and LM1N-SiO,, with Mga/Niy ratio of 1.0 (21 gc/Onired)
catalysts, in terms of carbon yield per reduced fraction of NiO particles per gram of
spent catalyst. These results indicate that it is not worthwhile to modify the

20%Ni/SiO,, catalysts with MgO for direct methane decomposition.

The 1M1N-SiO; catalyst with an average Ni particle size of 36 nm had higher coke
yield than the other MgO-modified 20%Ni/SiO, catalysts with bigger particle sizes
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and higher degrees of reduction. The carbon nanofilament diameter was assumed to
be similar to that of the Ni particle from which it was grown. The carbon
nanofilaments diameters were within a range of 20 nm-100 nm. No carbon
nanofilaments exceeded a diameter of 100 nm. Therefore it is suggested that Ni
particles in 20%Ni/SiO, catalysts exceeding 100 nm do not facilitate methane

decomposition.

The 1M9N-SiO;, 1M4N-SiO, and 2M1N-SiO, catalysts had similar Ni particle
dispersion and size but different degrees of reduction had variations in coke yield. The
highest coke yield was obtained over the 1IM9N-SiO, catalyst with highest degree of
reduction. This result suggested that high degrees of reduction of catalysts were

important in methane decomposition.

Raman spectroscopy studies on the carbon nanofilaments obtained over unmodified
and MgO-modified 20%Ni/SiO; catalysts at 600 °C did not show variation in the
Ap/Ag ratios indicating that the MgO presence had no effect on the degree of
structural order of the carbon nanofilaments. All the carbon nanofilaments obtained

on the catalysts showed a high degree of disorder at 600 °C.

Thermogravimetric analysis of the carbon nanofilaments in air showed that all the
carbon nanofilaments had an onset oxidative reactivity from temperatures as low as
600 °C. A reasonable explanation could be that there is no variation in the degree of
order in the carbon nanofilaments as suggested by the Raman spectroscopy data.
However, after the onset temperature of oxidation (600 °C), the degree at which the
carbon oxidised varied slightly within the samples, probably due to differences in
defect site densities and carbon nanofilament diameters. Defect sites are permeable to
oxygen and consequently facilitate rapid oxidation. Smaller diameter structures are

highly reactive toward oxygen.
Infrared spectroscopy studies revealed that the coke obtained adsorbed strongly and

hence did not reveal much information on adsorbed species present on the spent

catalysts.
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The processing of the spent catalyst for reuse was attempted through the separation of
metal and carbon nanofilament but was found to be inefficient. The possible
applications for reuse included; (a) sulphuric acid-leached Ni for use in electroplating
as nickel sulphate and (b) purified carbon nanofilaments for use in nanocomposites.
The coke had little toluene-soluble components and attempts at separating coke from
the spent catalyst through nickel leaching with sulphuric acid were ineffective as the
amount of nickel leached was too low. Furthermore, upon leaching treatment the
carbon nanofilaments were rough due to acid etching. The rough carbon

nanofilaments could be possibly be used for as fillers in nanocomposites

5.1 Recommendations

e Develop methods of catalyst preparation that vary Ni particle size in
20%Ni/SiO,, catalysts for methane decomposition.

e Recommend a more comprehensive study on CO, capture and storage will
need to be performed to ensure the sustainability of H, production from

methane.
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