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Abstract

The use of catalytic systems operating on waste products such as biogas offers a potentially
attractive alternative for renewable and sustainable energy generation. To investigate the potential
viability of such catalytic systems for operation on biogas, a detailed study of nickel-based
catalysts for the reforming of simulated biogas (methane:carbon dioxide = 2) to synthesis gas has
been undertaken. The influence of oxygen addition in varied concentrations to the simulated biogas
mixture has been investigated with regards to catalyst activity, selectivity and stability. This

influence has been studied over an extended temperature range from room temperature to 1000 °C.

Additionally, the effect of H,S within the simulated biogas mixture on the catalyst activity,
selectivity and stability has been studied. Also, the influence of ceria-doping of the nickel catalyst

on catalytic behaviour has been investigated.

Temperature programmed and conventional catalytic reaction measurements have been used to
analyse the catalytic behaviour and long term stability of the catalyst system over a full range of
reaction temperatures. Carbon deposits from the simulated biogas reforming were analysed using
post-reaction temperature programmed oxidation to assess the extent and nature of carbon

deposition.

The addition of oxygen significantly increases catalyst activity and shows a variation in product
selectivity with temperature. Increased catalyst stability through reduced carbon deposition and
increased sulfur tolerance is also observed with oxygen addition. Doping of the nickel catalyst with
ceria enhances the influence of oxygen, apart from at high oxygen levels where total oxidation of
methane is prevalent. Catalyst regeneration from sulfur poisoning has also been shown through

oxygen addition to the simulated biogas mixture and ceria-doping of the nickel catalyst.

Fuel cell studies have shown the successful operation of solid oxide fuel cells on simulated biogas
and the substantial improvements in electrical performance through addition of oxygen and

increased temperature.
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1. Introduction

1 Introduction

1.1 The energy situation

One of the primary challenges to current society is the issue of energy supply and climate change
[1, 2]. This issue has become increasingly apparent and time-sensitive over the previous twenty
years due to increasing world population, increased affluence and also diminishing fossil fuel

reserves [2, 3].

The human population has increased substantially to over 6 billion over the last 50 years, as shown
in Figure 1.1 below. This increasing population, when coupled with the increasing proportion of
society considered affluent and also increased energy use, has resulted in worldwide energy
consumption increasing at a rate that is unsustainable with current energy production methods

(+8.7 % from 1990 to 2008) [4].
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Figure 1.1: World population trends and forecast (Taken from page 5 of reference [5]).

The increasing energy consumption, fuelled primarily by fossil fuels (approximately 80 %) [2], has

resulted in increased greenhouse gas emissions and subsequent climate change. The relationship
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between increasing global temperature and increasing greenhouse gas emissions since 1880 is

shown in Figure 1.2 [1, 2].
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Figure 1.2: Variation in global mean temperature and greenhouse gas emission from 1880 to

2010 (Taken from page 24 of reference [1]).

There is a financial incentive for nations to actively reduce their greenhouse gas emissions due to
the targets that have been agreed by the United Nations Framework Convention on Climate Change
(UNFCCC) [6]. Failure to meet such targets can result in substantial fines and stricter targets
moving forward. The UK has set its own emissions targets to reduce greenhouse gas emissions by
18 % of 2008 emissions by 2020 [1] in addition to those set by the UNFCCC. One of the primary
measures to achieve this target is to increase electricity production from renewable sources to
approximately 30 % by 2020 [1]. Significant advances are required in the next decade to reach this

target, with current production of electricity from renewable sources at 9.4 % [7].

A potentially more urgent and time-sensitive issue to society, particularly to the UK, is the secure

supply of energy for the future. With decreasing fossil fuel reserves, and also the instability of
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many of the fossil fuel-rich nations, there is a strong drive towards the utilisation of renewable
energy sources and increasing the efficiency and performance of current sources. The strong
dependence of the UK on importing energy is illustrated in that UK energy production has reduced
by 13.2 % in 2011 compared to 2010, and the dependency on energy imports has increased by 36
% from 2010 to 2011 [7], which is also shown in Figure 1.3 below. Despite the fact that power
generation through renewable resources in the UK is increasing (6.8 % of total electricity
generation in 2010 to 9.4 % in 2011 [7]), the figures regarding the decreased electricity generation
in the UK and increased dependence on other nations for energy shows that significantly greater

developments are necessary to enable the UK to secure a future energy supply.

Percentage of energy supphy
3
||
A7

e W

-w-mmm
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Figure 1.3. United Kingdom import dependency from 1970 -2011 (Adapted from [3])

One particular source of renewable energy that is significantly underdeveloped is that of bioenergy.
Bioenergy contributed 4.2 % of the total energy supplied from renewable sources worldwide in
2010 [2]. This area is evidently one that has potential to accommodate significant expansion and
potentially offer a substantially greater supply of renewable energy. The economic and
environmentally positive potential of bioenergy and particularly waste to energy is apparent when
the emissions released from biological waste are considered. This provides the prospect of not only
producing energy in a clean and sustainable manner using waste, but also to reduce emissions of
greenhouse gases by utilising a material that would otherwise emit significant quantities of such

gases. Atmospheric methane emissions are particularly environmentally harmful as the global
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warming potential is 23 times greater than that of carbon dioxide. Bioenergy and energy from

waste, and the emissions associated are discussed in detail in Section 2.1.

Although the utilisation of bioenergy and energy from waste is increasing, the current techniques
for energy generation are inefficient and dated [2]. For bioenergy and energy from waste to become
a stable, primary energy source, more advanced and efficient techniques such as catalysis and fuel
cells are required. To allow such techniques to become economically viable and therefore widely

available, substantial research and investment is needed to improve efficiency and performance.

1.2 Foundations for research

The approach to using catalysis and fuel cells as a technique to generate energy from waste offers a
clean and efficient alternative to current energy generation techniques and also for synthesis gas
production as a chemical commodity. This technique has been researched extensively by many
groups worldwide, including over the previous 15 years by the Clean Energy and Technology
Group at Keele University led by Professor R. Mark Ormerod, and is discussed in detail throughout

Section 3.

During this period, research has been focused towards several different aspects of catalysis and
methane reforming. This includes the different individual methane reforming approaches (steam
reforming, partial oxidation and dry reforming) and optimisation of these approaches through
variations in operating conditions, catalyst composition and method of catalyst manufacture. A
large feature of the research conducted by the Clean Energy and Technology Group is in the use of
waste biogas as a methane source, and also the operation and optimisation of fuel cells powered on
biogas and natural gas [8-12]. Researchers at Keele University were one of the first to illustrate the
potential for fuel cells to be powered by biogas in 1998 [13], where a solid oxide fuel cell was
powered successfully and the power output compared between different landfill gas samples and

pure hydrogen gas.
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This original publication has led to substantial advances in the field, particularly exhibited in the
recent publication by C Laycock et al. [14] in which the performance of catalytic techniques and
fuel cells powered by biogas were optimised through variation in temperature, addition of H,S and

also variation in the catalyst material.

Through assessment of previous research, from both inside and outside of the research group, it is
apparent that certain issues are still restricting the development of catalysis and fuel cell
technology. These are discussed in more detail in Section 3. Through this research project, the
controlled addition of oxygen as a co-oxidant is used to try and reduce the extent of these issues

and increase the performance, and therefore viability of these techniques.

Research aim: To assess the potential of using waste biogas for synthesis gas production or energy
generation using catalysis through simulating biogas composition over nickel
based catalysts and optimising the active catalyst material and operating

conditions

The specific objectives set throughout this project to progress towards the research aim are:

o To assess the influence of oxygen addition on the activity and selectivity of Ni/YSZ for

the catalytic reforming of simulated biogas.

o To assess the influence of oxygen concentration on the activity and selectivity of

Ni/YSZ for the catalytic reforming of simulated biogas.

. To assess the influence of oxygen addition and concentration on the tolerance of
Ni/YSZ towards deactivation via carbon deposition during the reforming of simulated

biogas.
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o To assess the influence of 5 mol% CeO, addition to Ni/YSZ on catalytic behaviour
during simulated biogas reforming and variation of operating conditions, including

oxygen addition and temperature dependence.

. To assess the influence of oxygen addition and concentration on the tolerance of both
Ni/YSZ and 5 mol% CeO,-Ni/Y SZ towards deactivation via sulfur poisoning during the
reforming of simulated biogas and also the influence of oxygen on recovery from sulfur
deactivation.

. To assess the influence of oxygen addition and concentration on the performance of a

solid oxide fuel cell with a Ni/YSZ anode material operating on simulated biogas.

. To assess the influence of oxygen addition and concentration on the performance of
solid oxide fuel cell with a 5 mol% CeO,-Ni/YSZ anode material operating on

simulated biogas.

It is hoped that from the research conducted throughout this study, and the subsequent findings, the
potential for viable use of catalysis and fuel cells as a primary energy technology and method of

synthesis gas production as a chemical feedstock from waste biogas will be further demonstrated.
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2. Literature study

2 Literature study

To fully understand the nature and potential of biogas reforming through use of nickel based

catalysts, an extensive study of the appropriate literature was performed.

2.1 Biofuels including biogas

Biofuels are one source of renewable energy that is substantially under-utilised. Biofuel can be
distinguished into two main categories; high value biofuel and biofuel from waste. High value
biofuel consists of any biomass that is purposely grown for use as a fuel. This can include plants
such as rapeseed, soybean, palm, and sunflower for the production of biodiesel. High value biofuels
can also include high yield crops (energy crops) such as poplar [1], willow [2], and miscanthus [3].
Whilst such high value biofuel crops may provide some capacity for a reduction in the use of non-
renewable energy, they also require large land areas, significant investment and long term

commitments to be economically viable.

However, with biofuels obtained from waste, the main input is the technology required to harness
their potential. Biofuels from waste can be utilised in a variety of different methods. The primary
method for the utilisation of solid biomass is through combustion [4]. This method is inefficient
(approximately 30 % [5]) due to heat loss and produces a significant quantity of carbon dioxide.
Also, the solid matter (ash) remaining post-combustion has little value or use as it contains easily
soluble salts, heavy metals and dioxins which are detrimental to the environment [6].
Consequently, it is usually disposed of by adding to construction materials such as concrete or by

placing in landfill [6-8].

Certain biofuels from waste can also be utilised to produce liquid biodiesel through
transesterification [9]. This approach has a limited capacity as the waste must not contain oils from
animal or food waste. Biodiesel production from waste is often supplemented using high value oil
crops due to this limited capacity. This supplementation results in biodiesel having a greater cost
than petroleum based diesel, therefore making it economically unfavourable. There is also
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significant concern that the requirement for crops to produce biodiesel will compete with the

requirement for food production [10].

The second most popular method of utilizing energy from waste is through gasification to produce
biogas. Biogas is a methane-rich gas produced from organic waste and has been used as an energy
source for over 100 years [11]. Biogas can be generated by two distinct methods. One method is to
use a fast, high temperature process known as pyrolysis to convert biomass to biogas. The
temperature used determines the phase of the product whether it be solid charcoal, liquid bio-oil or
biogas [5, 9]. This method requires a significant energy input and also produces ash as a waste
product. Alternatively, biogas can be produced from the digestion of the organic matter in the
absence of oxygen. The low temperatures required for anaerobic digestion and the production of a
high value digestate that can be used as a fertiliser [12-14] makes the production of biogas through

anaerobic methods significantly more attractive than through pyrolysis.

2.1.1 Anaerobic digestion

Anaerobic digestion is a naturally occurring process and occurs to produce biogas in various
sources such as municipal solid waste and landfill, agricultural waste, animal manure and
wastewater. The natural prevalence and availability makes biogas a potentially viable major source
of renewable energy. It is estimated that over 100 million tonnes of organic material that could be
used to produce biogas are generated in the UK each year. The UK Government suggest that this
biogas could contribute 10-20 TWh of energy by 2020, providing approximately 3.8-7.5 % of the

legal requirement that 15 % of UK energy is derived from renewable sources by 2020 [12, 15].

The typical composition of biogas is 48-65 % methane, 36-41 % carbon dioxide, <1-17 % nitrogen,
<1 % oxygen, hydrogen sulfide concentrations ranging from >0.1 — 427 ppm and a number of trace
compounds can also be present [16]. The composition can vary significantly depending on type of
organic material, location and age of source. Factors such as temperature and humidity have a

significant influence on the gas composition [17-19]. Bogner and Spokes [18] suggest that the
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water content of the biogas source is the most influential factor determining biogas production and

composition.

Temperature influences the biogas composition and rate of production through determining the
bacteria cultures present. Anaerobic digestion is often classified by which temperature range it

operates most efficiently at [9]:

e Psychrophilic (Optimum temperature range: 12-16 °C)
Occurs naturally and is prevalent in biomass sources such as landfill and wastewater.

e Mesophilic (Optimum temperature range: 35-37 °C)
Can occur naturally providing climate is appropriate. This is the dominant temperature
range used within man-made anaerobic digesters,

e  Thermophilic (Optimum temperature range: 55-60 °C)

Only occurs within man-made digesters or geothermally heated systems.

Temperature increases within each range can increase the biogas production rate due to an
increased metabolic rate of the bacteria. This increases to an optimum temperature, above which

the particular bacteria cannot survive and biogas production ceases.

Higher temperature ranges have shown increased rates of biogas production due to the higher
metabolic rate of the particular bacteria. Zupancic and Ros [20] showed that thermophiles have a
significantly greater metabolic rate than mesophiles digesting similar organic matter. Despite this
improved rate of biogas production, the energy input required to operate digestion at thermopbhilic

temperatures has inhibited its use.

The process of anaerobic digestion occurs in four stages as shown in Figure 2.1.
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Figure 2.1: Anaerobic digestion pathway. Adapted from Deublien [11]

During the hydrolysis stage of anaerobic digestion, organic, water soluble polymeric units are
broken down into smaller monomeric or dimeric units. Hydrolases break down carbohydrates to
produce short chain sugars, proteases break down proteins to amino acids and peptides and lipases
break down fats to produce glycerine and fatty acids. Borja et al [21] suggest that the hydrolysis

stage is the rate limiting step of anaerobic digestion.

In the acidogenesis (fermentation) stage, the products from hydrolysis are further decomposed to
give a range of molecules including hydrogen, carbon dioxide, hydrogen sulfide, alcohols, acids
and small chain (C;-Cs) molecules. In particular, short chain sugars are degraded to pyruvate,
which can then be further degraded through the methymalonyl, acetyl, or butyric pathway to
produce a number of different compounds. Amino acids are degraded by Clostridium botulium to
produce ammonia, acetate and carbon dioxide [11]. Fatty acids are degraded by a range of

bacterium, producing alcohols and acetate.
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The acetogenic stage of anaerobic digestion is the primary hydrogen production stage in which the
products from acidogenesis are further degraded. The main products of this stage are hydrogen,
carbon dioxide, acetate and various acids. Gerardi [22] suggests that the acetogenic stage acts as
the rate determining step within the digestion of complex organic molecules whereas for poorly
biodegradable compounds, hydrolysis is more likely to be the rate determining step, supporting the

suggestion by Borja et al. [21].

The methanogenic stage occurs simultaneously with the acetogenic stage as the methanogenic
bacteria require high hydrogen partial pressures and a strict anaerobic environment. During this
stage, the products of acetogenesis hydrolyse, reduce or decompose to produce primarily methane
and carbon dioxide. A summary of the reactions occurring during the methanogenic stage is shown

in Table 2.1

Table 2.1: Summary of reactions occurring during the methanogenic stage in anaerobic

digestion [11]

Chemical reaction AG’t (kJ mol™)
4H,+ HCO 3+ H'— CH, + 3H,0 -1354
CO, +4H, — CH,4 + 2H,0 -131.0
4HCOO + H,0 + H" — 3HCO; -130.4
CH;COO" + H,O0 — CH4 + HCO; -30.9
4CH;0H — 3CH, + HCO3 + H" + H,0 -314.3
CH;0OH + H, — CH4; + H,0 -113.0
2CH;3;CH,0OH + CO, — CH4 + 2CH3;COOH -116.3

2.1.2  Sources of biogas

Municipal Solid Waste (MSW) is by far the largest contributor of biogas worldwide due to the
quantity of biomass associated with it. In the UK alone, 26.5 million tonnes of MSW were
generated in 2009, of which 47 % was disposed of in landfill [23] whilst Themelis and Ulloa [24]
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estimate that globally, 1.5 billion tonnes of MSW is placed in landfill per year. MSW that is not
disposed of in landfill sites is either recycled or combusted to produce energy as discussed in
Section 2.1. Landfill sites are sealed vessels in which the MSW is left to decompose naturally. As
the organic material decomposes, biogas is produced which is either dissipated into the atmosphere
or flared [25]. Flaring concerns the controlled combustion of biogas and takes place to reduce the
methane concentration surrounding the landfill site to reduce the risk of explosion that can occur
with high methane concentrations [25]. Both of these approaches waste a potential energy source
whilst also releasing environmentally harmful methane and carbon dioxide into the atmosphere. In
2006, approximately 23 % of the methane produced in the US was from landfill emissions,
equivalent to an estimated 30 million metric tonnes of carbon equivalent [26]. Projected increases
of methane emissions from landfill sites [27, 28] makes this an issue requiring attention. Despite
the lower quantity of methane emitted than carbon dioxide, the greater potency of methane as a
greenhouse gas due to its greater ability to form radicals and decompose ozone makes the control

and reduction of methane emissions highly desirable.

Generally, biogas is constantly extracted from landfill sites through a network of vertical pipes
throughout the site which are used to direct the gas as required [29]. The utilization of landfill gas
through catalytic reforming [30-36] has been extensively studied including early work by this
research group [37-39]; however the major issues with catalytic reforming discussed in Section 2.6

have restricted its use.

A clean and efficient method in which biogas is produced is through an anaerobic digester. This is
very similar to a landfill site in principle, as municipal solid waste is anaerobically decomposed
within a sealed tank to produce biogas. The advantages with this approach are that the optimum
conditions for anaerobic digestion can be employed to maximise biogas production and the issues
with leaching and gas pressure are not present. Due to the lack of environmental issues and the
relative small sizes available for anaerobic digesters, they have become a popular method of waste
utilization and energy generation for isolated or small communities or farms, especially in

developing countries [40].
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Biogas can also be produced from wastewater and sewage, industrial waste and manure or
agricultural waste. Due to the prevalence of landfill, this will be the primary focus to which this
research will be aimed. Also, prior work by this research group has been focused towards the

utilization of landfill gas through catalytic reforming [37-39].

2.1.3 Methods of biogas utilization

Biogas can be utilized in a number of ways with varying levels of efficiency and current use. The
primary method of biogas utilization is through combustion to produce heat. Despite the greater
applicability of this approach, the high levels of CO, produced are undesirable from an
environmental viewpoint. This method is used extensively worldwide, particularly in developing
countries where biogas is used as a replacement for natural gas and is extensively used for cooking

and heating.

Biogas can also be used through combustion to produce electricity and heat in a combined heat and
power (CHP) plant. This is achieved through the production of steam which is then used with
devices such as steam turbines, steam piston engines, organic Rankine cycle systems and Cheng
power systems [11, 41]. The carbon dioxide emissions from this approach make it environmentally
unfriendly. Alternatively, combined heat and power can be generated through combustion in an
internal combustion engine or gas turbine [41]. This is an established method of natural gas
utilization and is therefore highly applicable for use with biogas. The main problem with using
biogas within combustion engines is the lower methane content compared to natural gas and the
variability in the composition of biogas. Increased concentrations of CO, within biogas
significantly decrease the engine efficiency and can result in ignition problems at low methane
levels [42]. Contaminants within the biogas can also result in corrosion of the system causing

further decreases in efficiency [43].

One method of biogas utilization is through upgrading to be fed into the natural gas network. This

method is desirable due to the current extensive, widespread use of natural gas. The main issue
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with biogas is the strict specifications required in order to feed into the natural gas network, which

are shown below in Table 2.2.

Table 2.2: UK requirements for feeding to natural gas network [44].

Content Requirement

H,S <5mg/ m’

Total Sulfur (including H,S) <50 mg/ m®

H, <0.1 % (molar)

O, < 0.2 % (molar)

Impurities Gas shall contain no solids or liquids.

Odour Stenching agent to be added to any gas below 7
bar.

Wobbe Number (Calorific value/ density) 47.20 —51.41 MJ/ m®

The cost associated with biogas upgrading can be substantial, with a CH,4 content of >96 % [11]
required before in-feeding, and the quantity of CO, that must consequently be removed. The CO,
can be removed using various methods such as pressure swing adsorption, water absorption, carbon
molecular sieves, membrane separation and polyethylene glycol absorption, all of which have

significant costs associated with them [11, 45, 46].

Another issue with the upgrading of biogas is the estimated £10 bn cost associated with the
alterations required in infrastructure to accommodate widespread biogas in-feeding [47]. Despite
this, the probability for biogas in-feeding to the UK natural gas network is high, with significant

financial incentives available through the UK government.

Another method of biogas utilisation without combustion is through catalysis. This process
involves the reforming of the major components within biogas, CH4 and CO,, to produce H, and
CO (synthesis gas). The details of methane reforming are discussed in Section 2.3 with specific
reference to CO, reforming of methane in Section 2.3.3. The catalytic approach to biogas
utilization is environmentally friendly as all undesirable products (H,O and CO,) can be recycled
within the catalyst system and the synthesis gas produced has a number of different applications

such as an energy source or as a chemical feedstock for other chemical processes. The uses of
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synthesis gas as a chemical feedstock and energy source are discussed in Sections 2.4 and 2.5

respectively.

In comparison to the other methods of biogas utilization, catalytic reforming is the least established
and widespread. The environmentally friendly nature and under-development of this approach

provides significant incentive for further research and development.

2.2 Catalysis

The process of catalysis is and has been key in the discipline of chemistry. The definition of a
catalyst described by Friedrich Ostwald states: “a catalyst accelerates a chemical reaction without
affecting the position of equilibrium”. A catalyst is used to lower the activation energy required for
the rate determining step of a reaction and can be used to influence the activity and/or selectivity of
a reaction. It is known that the properties of a catalyst can alter during reaction processes but do so
in a cyclic fashion that allow for their continuous involvement with the reaction. Catalysis can
either occur homogenously (same phase) or heterogeneously (different phase). With respect to the
use of gaseous reagents, heterogeneous catalysis is usually operated with the catalyst present in
solid form. Catalysts in heterogeneous reactions are used to adsorb reagents which interact with
other reagents within the gas phase through surface-gas interactions, or adsorbed on the catalyst
surface through surface-surface interactions, and influence reaction characteristics through

increasing the concentration of absorbents at a particular site.

2.2.1 Physisorption and chemisorption

The process of adsorption can occur either through physisorption or chemisorption. Physisorption
consists of adsorption through weak van der Waal’s interactions between the catalyst and
adsorbate. Due to the nature of the interaction, the adsorbate does not undergo any dissociation and
therefore can only bind associatively to the catalyst. The occurrence of substantial physisorption

within a catalytic reaction such as methane reforming discussed in Section 2.3 is highly unlikely
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due to the necessity for methane to dissociate to be able to reform and the high temperatures used

mean that any physisorbed species would be lost almost instantaneously.

Chemisorption consists of adsorption through a chemical bond. In chemisorption, adsorbates can
undergo dissociation to allow the reagent to chemically bond to the catalyst. This dissociation or
fragmentation of adsorbates is often the primary operation in catalysts and the driving force for the
reaction to occur. Adsorbates can also bind associatively if there is a site for bonding available

without dissociation and reagents are stable, such as aromatic hydrocarbon structures.

2.2.2 Eley-Rideal and Langmuir-Hinshelwood mechanisms

Heterogeneous catalysis is described to occur by one of two standard mechanisms, the Eley-Rideal
mechanism (Figure 2.2) or the Langmuir-Hinshelwood mechanism (Figure 2.3). The Eley-Rideal
mechanism dictates that the reaction occurs between a gas phase molecule and a molecule adsorbed

on the catalyst surface.

Catalyst Surface
DR RN R

Figure 2.2: Simple representation of the Eley-Rideal mechanism on a catalyst surface.

Examples of industrial scale catalytic reactions proposed to occur via Eley-Rideal mechanisms are

shown in Equations 2.1 — 2.3 [48].

CO; + Hy(ags) = H20 + CO (2.1)
2NHj3 + 3/2 Oy(adqs) = N, + 3H,0 (Pt catalyst) (2.2)
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HC = CH + Hp(aqs) = H,C = CH,  (Ni or Fe catalyst) (2.3)

The Langmuir-Hinshelwood mechanism assumes that for the reaction to occur, all involved species

must adsorb onto the catalyst surface on which they can react.

Catalyst Surface
NN R NN N NN

Figure 2.3: Simple representation of the Langmuir-Hinshelwood mechanism on a catalyst

surface.

Examples of industrial scale catalytic reactions proposed to occur via Langmuir-Hinshelwood

mechanisms are shown in Equations 2.4 — 2.8 [48].

2CO0 + 0, = 2C0, (Pt catalyst) (2.4)
CO + 2H, — CH30H (ZnO catalyst) (2.5)
C,H, + H, = C,Hg (Cu catalyst) (2.6)
N,0 + H; - N, + H,0 (Ptor Au catalyst) 2.7)
CH, = CH, + 0, - CH3;CHO (Pd catalyst) (2.8)

Both mechanisms have been suggested for catalytic reforming processes, however the support for
Langmuir-Hinshelwood type mechanisms seems to be greater [49]. It is feasible that neither one of

the two mechanisms completely dominate a reaction and that a combination of the two processes
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occurs. Examples of both types of mechanisms with particular reference to methane reforming are

discussed in Section 2.3.

2.3 Methane reforming

The reforming of methane is an established chemical process with a huge number of applications
worldwide. Methane reforming is classified by the nature, or lack of reformant used to convert the
methane into hydrogen and carbon monoxide (synthesis gas). The production of hydrogen is the
primary required product from the majority of methane reforming processes due to the high
hydrogen requirements of the chemical industry and also the increased requirement of hydrogen for

energy generation.

The reforming can occur without a reformant, where temperature alone is used to decompose the
methane, whilst steam, carbon dioxide and oxygen are all possible reformants, each with particular
advantages and disadvantages that are discussed within this chapter. Reforming in the absence of a
reformant is known as autothermal reforming and consists of methane decomposition to produce

hydrogen and significant quantities of solid carbon (Equation 2.9) [50].

The reforming of methane within a heterogeneous catalyst system is highly complex with
interactions between gas-solid, bulk-surface, surface-surface, gas-gas as well as diffusion and

transfer effects of which a number of these reactions can occur simultaneously.

2.3.1 Elementary reactions

There are numerous reactions that occur within all methods of methane reforming. Each of these
reactions can have a significant influence on the characteristics of the overall reforming reactions.
The Ellingham diagram showing the influence of temperature on the thermodynamic potential of

these elementary reactions is shown in Figure 2.4.
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Figure 2.4: Ellingham diagram for elementary gas phase reactions that occur within methane

reforming (Red = Equation 2.9, Blue = Equation 2.11, Green = Equation 2.10,

Purple = Equation 2.12). Produced using data from Lide [51].

2.3.1.1 Methane decomposition

Methane decomposition (Equation 2.9) occurs when there is not sufficient reformant available or at
very high temperatures (>700 °C). Despite being advantageous in terms of hydrogen production,

the solid carbon deposited can cause significant deactivation as discussed in Section 2.6.2.

CH4 - ZHZ + C(s) (29)

Solymosi et al. [52] and Erdohelyi et al. [53] showed that the decomposition of methane over a

palladium and rhodium catalyst respectively can occur at temperatures as low at 200 °C.

2.3.1.2 Water gas shift and reverse water gas shift reactions

CO + H,0 = H, + CO, (2.10)
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The water gas shift and reverse water gas shift reactions occur to a significant extent in all
reforming reactions due to the presence of the species involved. Vermeiren et al. [54] show that
increased temperatures favour the reverse water gas shift reaction as AG,® increases with
temperature towards 0 kJ mol™ at ca. 750 °C for the forward reaction. This observation is supported

by free energy calculations which are shown in Figure 2.4.

2.3.1.3 Boudouard Reaction

2C0 = €O, + Cgq (2.11)

The Boudouard reaction and its reverse reaction can contribute significantly to the reaction activity
and selectivity through the substantial influence of deposited carbon. The forward reaction occurs
at lower temperatures due to its exothermicity as shown in Figure 2.4 and results in unfavourable
carbon deposition and an increase in the H,:CO ratio, whilst the reverse reaction can act to clean
the catalyst surface of deposited carbon and decrease the H,:CO ratio. A number of studies [55, 56]
incorporating the use of isotopes within CO, reforming of CH,4 have suggested that for rhodium in
particular, the Boudouard reaction is the primary source of carbon deposition whereas for nickel,
the Boudouard reaction is not believed to contribute significantly to carbon deposition. The extent
to which these reactions occur can vary substantially with reaction conditions such as temperature,
oxidant and carbon/oxidant ratio. The Boudouard and reverse Boudouard reaction are discussed in

more detail in Section 2.7.1.

2.3.1.4 CO reduction

CO + Hy - Hy0 + Cgg (2.12)

CO reduction to produce water and solid carbon is undesirable as it increases carbon deposition,
whilst also reducing H, and CO product yields. As can be seen from Figure 2.4 the hydrogenation

of CO is thermodynamically favourable below 670 °C. Above this temperature, the reverse reaction
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becomes thermodynamically favourable and is desirable due to its potential to remove solid carbon

from the catalyst surface.

2.3.1.5 Total oxidation

CH, + 20, = CO, + 2H,0 (2.13)

The occurrence of total oxidation is largely undesirable due to the product composition and energy
release incorporated with such a highly exothermic reaction that can produce hotspots, which are
discussed in more detail in Section 2.3.4. The presence of NiO is proposed to favour total oxidation
due to the increased oxidation potential [57, 58], whilst lower temperature and increased O,
concentration also favour total oxidation. Total oxidation is proposed to have a significant

influence on partial oxidation, as discussed in Section 2.3.4.

2.3.1.6 Methane Coupling

2CH, + 1/20, = C,Hg + H,0 (2.14)

CHy+Z = ZCH; + H 2ZCH; = C,Hg (2.15)

(where Z denotes an adsorption site)

The specific coupling of methane to produce ethane, ethene and ethyne (acetylene) has been
researched since the 1980°s with Keller and Bhasin [59] reporting a range of active catalysts for
the proposed reaction. Keller and Bhasin proposed that the most active catalysts for C, formation
were the oxides of tin, lead, antimony, bismuth, titanium, cadmium and manganese and that the
activity of nickel towards oxidative methane coupling was minimal (1 % vyield). More recently,
Dooley and co-worker [60-62] have shown that through the addition of potassium and calcium, the
activity of nickel for oxidative methane coupling is increased. It is suggested that the redox ability
of the catalyst and presence of available oxygen significantly influences its ability to couple

methane as oxygen assists in the formation of methyl radicals [59, 63]. Certain research has shown
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that doping with alkaline earth or rare earth oxides improves the catalyst activity towards oxidative
methane coupling through the presence of basic sites at which CH, dehydrogenation and C,

formation can occur [60, 63].

Erdéhelyi et al. [53, 64] have shown that ethane can be produced from methane decomposition on
rhodium and palladium. They suggest this occurs through the dimerization of CH; species, as
shown in Equation 2.15, although no CHj; species were isolated and analysed and as such, propose
that CH, species have a very short lifetime. Verykios [55] also found that no CH, species could be
isolated and analysed through infra-red spectroscopy, however isotope studies conducted support

the presence of CHj species.

The major drawback of methane coupling is the low yield (maximum 20 %) due to the high

reactivity of higher hydrocarbons making them difficult to isolate [65, 66].

2.3.2  Steam reforming

CH, + H,0 - 3H, + CO  AH%s = +206k] mol~! (2.16)

The primary method of methane reforming used throughout the world is steam reforming (Equation
2.16). This is especially evident in the USA, where 95 % of all hydrogen production (9 million
tonnes/year) is via steam reforming of methane [67]. Steam reforming of methane was first
published in 1924 by Neumann and Jacob, and the first commercial steam reformer was
commissioned in 1936 in Baton Rouge, USA by Standard Oil [68 and references therein]. Due to
the maturity and prevalence of steam reforming, the knowledge of the process in terms of kinetics
and mechanisms is far more advanced than for the other methods of reforming. Steam reforming is
an endothermic reaction that is generally perceived to proceed first order with respect to methane
[69]. Due to the excess quantity of steam present within the system required to inhibit carbon
deposition, the water gas shift reaction (Equation 2.10) will occur simultaneously [69] at

appropriate temperatures.
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The nature of the steam reforming reaction and the combination with the water gas shift reaction
results in a hydrogen:carbon monoxide ratio of between 3 and 4 [70]. This is the highest ratio that
can be obtained through methane reforming excluding methane decomposition and is one of the
primary reasons behind its widespread use. The cost involved with producing and using large
quantities of steam has led to an increased effort to improve the efficiency and viability of the other
methane reforming approaches [71]. The coupling of the methane steam reforming reaction and the

water gas shift reaction gives the overall reaction shown in Equation 2.17.
CH, + 2H,0 — CO, + 4H, AH9y5 = +165k] mol~? (2.17)

The mechanism of steam reforming has been extensively studied and a number of mechanisms
have been proposed [72-74]. However, there is still no universally agreed mechanism. This is due
to the range in catalyst material, method of manufacture and different temperatures and pressures in
which the steam reforming has been studied [75, 76]. One of the earliest and most popular

mechanisms was proposed by Temkin in 1989 [77] as shown in Table 2.3.

Table 2.3: Early mechanism of steam reforming proposed by Temkin [77] including
elementary steps and the extent to which each elementary step occurred within

the steam reforming reaction (2.16) and water gas shift reaction (2.10).

No. of elementary steps within reaction

Elementary step Equation 2.16 Equation 2.10

CH, + Z = ZCH, + H, 1 0

ZCH, + H,0 = ZCHOH + H,

ZCHOH = ZCO + H,

ZC0=Z+CO

Z+H,0 =20 +H,

ISZ IR L ol < A I o
ol o r| k|
L k| o o o

Z0+CO =7+ CO,

In the mechanism above, Z represents a free adsorption site on the nickel catalyst surface and if Z

precedes a chemical species, this implies that the species is chemisorbed to the adsorption site.
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Steps 1-4 are associated with the methane steam reforming reaction (Equation 2.16) and Steps 5-6
are associated with the water gas shift reaction (Equation 2.10). with the stoichiometric quantities

for each step shown for each reaction equation.

A more recent expansion of this mechanism has been performed by Xu and Froment [73] which
took into account the possibility of adsorbed species reacting with each other through surface
species migration. This mechanism identifies the sequential dissociation of methane that occurs

during the reforming reaction.

Avetisov et al. [74] have proposed variations of the Temkin and Xu/Froment mechanisms by
carrying out methane steam reforming with variations in temperature, steam partial pressure,
overall pressure and isotope substitution. From this study, they propose the mechanism shown in

Table 2.4.

Table 2.4: Early mechanism of steam reforming proposed by Avetisov et al. [74] including
elementary steps and the extent to which each elementary step occurred within the

steam reforming reaction (2.16) and water gas shift reaction (2.10).

No. of elementary steps with reaction
Order | Elementary step Equation 2.16 Equation 2.10
1. CH4 + 2Z = ZCH; + ZH 1 1
2. ZCH; +Z = ZCH, + ZH 1 1
3. ZCH, +Z <= ZCH+ ZH 1 1
4, ZCH+Z<=ZC+ ZH 1 1
5. ZC+ Z0OH = ZCOH + Z 1 1
6. ZCOH+ Z = ZCO + ZH 1 1
7. ZC0=Z+CO 1 0
8. ZCO0+Z0 = 2Z + CO, 0 1
9. H,0 + 2Z = ZOH + ZH 1 2
10. ZOH+Z =70+ ZH 0 1
11. 2ZH = 2Z + H, 3 4
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In the above mechanism, Z represents an adsorption site as with the mechanism shown in Table 2.3
whilst the = symbol is used to illustrate a quasi-equilibrium step. The numbers to the right of the
mechanism show the stoichiometric number associated with the relevant reaction. This mechanism
identifies the occurrence of the steam reforming reaction (Equation 2.16) and also the coupling of
steam reforming with the water gas shift reaction (Equation 2.10). The difference from the
Xu/Froment mechanism is minimal, but focuses on the improbability of methane binding to the

catalyst surface without dissociation.

Jones et al. [78] studied steam reforming over a range of catalyst materials including group VI
and noble metals. From this study, they proposed that the Rate Determining Step (RDS) for steam
reforming changes with temperature and catalyst activity, in that at lower temperatures and with
less active catalysts, CO formation is the RDS whereas at higher temperature and more active
catalysts, CH, dissociation becomes the RDS. They suggest that the change in RDS is a primary
reason for the inconsistency present with steam reforming studies and different mechanisms
proposed. This is also suggested by Bodrov et al. [69] and Temkin et al. [77]. Hou and Hughes
support the proposal that CO formation is the RDS, whilst also suggesting that the other reactions
between species absorbed on the catalyst surface, such as step 6 in the mechanism shown in Table

2.4, are also rate determining steps [75].

2.3.3 CO, (Dry) reforming

CH, + CO, —» 2H, +2CO0 AHY = +247k] mol™? (2.18)

Dry reforming was first published by Franz Fischer and Harold Tropsch in 1928 but has not
become as common as steam reforming due to its highly endothermic nature and high capacity for
carbon deposition. Despite the issue concerning carbon deposition, this approach is attractive due
to the low H,:CO ratio which is desirable for the production of oxygenated chemicals [79] and is
environmentally favourable due to the utilization of two greenhouse gases in CH4 and CO,. The

process of carbon deposition and methods of inhibition are discussed in Section 2.6.2.
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For studies involving the reforming of biogas, the dry reforming reaction is fundamental due to the
high levels of CO, in biogas. The reforming of biogas without CO, removal is highly desirable due

to the added cost associated with such CO, removal, as discussed in Section 2.1.3.

The dry reforming reaction is widely used within the CALCOR process developed by Caloric
GmbH to produce high purity CO as a feedstock for the production of organic acids,
polycarbonates and phosgene. The CALCOR process involves the reforming of methane with
excess CO, using low pressure and high temperatures to produce a syngas with a H,:CO ratio of
0.42:1. The exit gases undergo CO, removal and possible H, removal depending on the purity of

the CO required [80].

Another industrial process that successfully operates dry reforming is the SPARG (Sulfur
Passivated Reforming) process in which sulfur is used to reduce the system activity to an extent
where carbon deposition is reduced. This process was studied by Rostrup-Nielsen [81] amongst
others using steam reforming of methane, but has also been shown to reduce carbon deposition
with dry reforming [82]. The SPARG process and influence of sulfur on methane reforming and

catalyst activity is discussed in greater detail in Section 2.6.1.

Dry reforming of methane has been studied extensively over a wide range of catalyst materials and
conditions, with the primary focus towards the reduction of carbon deposition on the active catalyst
material. As with steam reforming, there is no universally agreed mechanism for dry reforming, in
part due to the range of conditions in which the dry reforming reaction has been studied. It is
generally agreed however, that the reaction proceeds with first order kinetics with respect to CO,
and CH, [76, 83]. It has been shown by various studies that the choice of catalyst material can have
a very significant influence on catalytic activity, which can influence the mechanism [76]. Several
studies [84, 85] have shown that the catalyst support can also influence the mechanism due to the
preferential reactivity of the support. The occurrence of carbon deposition and ability to favour
certain reactions such as the reverse Boudouard reaction can increase the difficulty in

determination of reaction mechanisms through distorting product yields and ratios.
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There are two main mechanisms suggested for dry reforming of methane which differ in the extent
to which surface-surface interactions occur. The Eley-Rideal type mechanism (Section 2.2.2) has
been suggested, as shown by Equation 2.19 and 2.20 [53, 64, 83, 86, 87]. This mechanism is
concerned primarily with the decomposition of methane, followed by the reverse Boudouard
reaction. The water gas shift reaction and process of steam reforming are suggested to accompany

the mechanism. The decomposition of methane is proposed as the RDS.

CH, + Z = ZC + 2H, (2.19)

ZC+C0, =2C0+Z (2.20)

Alternatively, a Langmuir-Hinshelwood type mechanism (See Section 2.2.2) has been suggested as

shown in Equation 2.21 — 2.33 [76, 88-90].

CH, + 2Z = ZCH; + ZH (2.21)
ZCHs + Z = ZCH, + ZH (2.22)
ZCH, + Z = ZCH + ZH (2.23)
ZCH+Z = ZC+ ZH (2.24)
H,0 + Z = ZH,0 (2.25)
ZH,0 + Z = ZOH + ZH (2.26)
ZC+ ZOH = ZZCHO (2.27)
CO, + 2Z = ZZCO, (2.28)
Z7CO, + ZH = ZZCOOH + Z (2.29)
ZZCOOH + ZH + 2Z = ZZCHO + ZOH + 2Z (2.30)
ZZCHO + 3Z = ZZCO + ZH + 2Z (2.31)
ZZCO = CO +2Z (2.32)
2ZH=H, +2Z (2.33)

As with prior mechanisms, Z represents an adsorption site.
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This Langmuir-Hinshelwood type mechanism places significant emphasis towards the interactions
between chemisorbed species and is very similar to that suggested for steam reforming of methane
(Table 2.4). Rostrup-Nielsen and Hansen [76] amongst others [68 and references therein, 91]
suggest that the primary function of CO, within dry reforming is to produce H,O through the
RWGS reaction, which then reforms the methane through the mechanism shown in Table 2.4. The
main discrepancy within the mechanism shown in Equations 2.21 — 2.33 is the manner in which
CO, adsorbs and also the rate determining step. CO, adsorption has been suggested to occur non-
dissociatively as shown in Equation 2-28, dissociatively [55, 92-94] as shown in Equation 2.34, and

also through reacting with hydrogen as shown in Equation 2.35 [53, 55].

CO, + 2Z = ZCO + ZO (2.34)

7C0, + ZH = ZCO + ZOH (2.35)

Due to the range of catalysts and support materials which have been used to study dry reforming of
methane, a number of rate determining steps have been proposed including methane dissociation
[95], CH,O decomposition [95], CHO formation [90], CO, adsorption [94] and the surface reaction

between adsorbed CH, and O [96].

2.3.4 Partial oxidation
CH,+1/20, - 2H, + CO  AHy5 = —38k] mol~! (2.36)

Partial oxidation of methane is an established technology and has been used industrially with and
without the use of a catalyst. Non-catalytic partial oxidation however, requires high pressure and
temperatures above 1200 °C, whereas catalytic partial oxidation does not require pressure and can
be achieved at temperatures below 1000 °C [97]. The H,:CO ratio produced through partial
oxidation is suitable for Fischer-Tropsch synthesis and the exothermicity of the reaction makes it a
highly desirable process. However, this exothermicity is also problematic. Highly exothermic total

oxidation can often occur when methane and oxygen are initially mixed under temperature. This
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results in a significant temperature increase which can cause catalyst or equipment damage, and
explosions can also occur in severe cases [98]. Industrial scale partial oxidation reforming plants
require a pre-mixing facility to ensure the methane and oxygen are mixed thoroughly before heat is

applied.

The occurrence of temperature increases at the inlet of the catalyst bed, known as hotspots, have
resulted in differences in kinetic and mechanistic studies. Two main mechanisms are proposed for
the partial oxidation of methane; Direct Partial Oxidation (Equations 2.37 — 2.45) [71, 99-102] and
Indirect Partial Oxidation (Equations 2.46 — 2.54) [103-108]. The mechanisms could also be
thought of as Eley-Rideal type (Direct) and Langmuir-Hinshelwood type (Indirect). Both
mechanisms will undergo the elementary reactions described in Section 2.3.1 to a certain extent. It
is suggested that the primary factor in determining whether direct or indirect partial oxidation
occurs is the oxidation state of the metal catalyst or the presence of oxygen species on the catalyst
surface, such as lattice oxygen. The increased oxidative ability will shift the reaction towards the
indirect route [57, 101, 109]. Therefore, the catalyst and support materials used have a significant
influence on the mechanism of partial oxidation that occurs. Rhodium and platinum have been
suggested to catalyse the direct mechanism [110], whereas iron and nickel catalyse the indirect

mechanism [108, 111].

Direct partial oxidation is concerned primarily with the dissociation of methane and oxygen and the
interaction between the dissociation products, or between the dissociated methane and gas-phase
oxygen and is illustrated in Equations 2.37 — 2.45. Where more than one species on the left of the

equilibrium is adsorbed to the surface, this illustrates a Langmuir-Hinshelwood type mechanism.

CH, + 2Z = ZCH; + ZH (2.37)
ZCH; + Z = ZCH, + ZH (2.38)
ZCH, +Z = ZCH + ZH (2.39)
ZCH+Z = ZC+ ZH (2.40)
0, +2Z = 270 (2.41)
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ZC+Z0 = ZCO (2.42)
ZC0 = CO (2.43)
ZH+ZH = ZH, + Z (2.44)
ZH, 2 Hy + Z (2.45)

Indirect partial oxidation takes into account the occurrence of total oxidation at the inlet of the
catalyst to produce H,O and CO, which then act as the main reforming agent and is illustrated in

Equation 2.46 — 2.54.

CH, + 2Z = ZCH; + ZH (2.46/2.37)
ZCH; + Z = ZCH, + ZH (2.47/2.38)
ZCH, + Z = ZCH + ZH (2.48/2.39)
ZCH+Z = ZC+ZH (2.49/2.40)
ZC+ 0, = CO, 4 Z (2.50/2.44)
ZH+ZH = ZH, + Z (2.51)
2ZH, + 0, = 2H,0 + 2Z (2.52)
Dry Reforming: CH, + CO, = 2H, + 2CO (2.53)
Steam Reforming: CH, + H,0 = 3H, + CO (2.54)

Prettre et al. [112] were one of the first to suggest the indirect method as they saw a varied
temperature profile which exhibited a temperature rise at the inlet, which was attributed to
exothermic total oxidation, and a temperature decrease at the outlet, which was attributed to the
endothermic steam and dry reforming reactions. The significant quantities of CO, and H,O
produced also support the proposal of the indirect mechanism. Heitnes et al. [107] saw similar
temperature profiles to that shown by Prettre et al. [112]. Product compositions within these studies
have also suggested the occurrence of total oxidation as significant quantities of CO, and H,0O are

formed which are unlikely to be attributed to the water gas shift or Boudouard reactions, due to the
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lack of sufficient carbon deposition [57]. This does not suggest however, that carbon deposition
does not occur during partial oxidation of methane as Tsipouriari et al. [108] demonstrated. The
likelihood of carbon deposition for this reforming method is significantly less than for the dry
reforming reaction. Carbon deposition occurs due to a lack of oxygen present. One issue with
partial oxidation is the requirement for a limited oxygen content to reduce the extent to which total
oxidation can occur. The range in which partial oxidation can occur without carbon deposition and
minimal total oxidation is very small. Therefore, the development of a catalyst that neither

encourages total oxidation or carbon deposition is highly sought after.

It has been suggested by Fleys et al. [106] that direct partial oxidation occurs at lower temperatures
and contact times, whereas at high temperatures and contact times both direct and indirect partial

oxidation occur simultaneously.

Due to the similarity between the partial oxidation and the steam reforming and dry reforming
reactions, it is plausible to assume that the rate determining step for partial oxidation is the same as
for dry reforming and steam reforming, with Hu and Ruckenstein [101] stating that the surface

reaction between adsorbed carbon and oxygen was the RDS.

A substantial review on the mechanisms of partial oxidation of methane over various transition

metals, including nickel, has been published by Enger et al. [98].

2.3.5 Oxidative steam reforming

CH, + H,0 4+ x0, —» yH, +zCO (2.55)

The combination of steam reforming and partial oxidation of methane is a widely used approach
and is often known as autothermal reforming. This is however, a completely different process from
the autothermal reforming described in Section 2.3. The oxidative steam reforming of methane was

first used in the 1950’s by Societe Belge de 1’Azote and Haldor Topsoe where a nickel based
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catalyst was used to produce syngas for use in methanol and ammonia synthesis [113]. This method
of reforming is advantageous in that oxygen is not as expensive as steam and that the coupling of
the endothermic steam reforming reaction with the exothermic partial oxidation reaction lowers the
system energy requirements. Another advantage of the combined oxidative steam reforming is the

ability to control the H,:CO product ratios through variation in reactant gas composition [114, 115].

2.3.6 Combined steam and dry reforming

As with oxidative steam reforming, the combination of steam and dry reforming of methane is
often known as autothermal reforming. This method of reforming is rarely used due to the energy
requirements of both processes. Steam has been used in addition with reforming of CH,/CO,
containing mixtures as a method of reducing carbon deposition and also to improve reforming in
CH, rich gas mixtures, such as biogas where extra reformant is required. One advantage, as with

oxidative steam reforming, is the ability to control the H,:CO product ratio [116-120].

2.3.7 Oxidative CO, reforming

2CH, + CO, + x0, - yH, + zCO (2.57)

Oxidative CO, reforming consists of a combination of dry reforming and partial oxidation. As with
the other combined approaches, it is often known as autothermal reforming. Oxidative CO,
reforming was first reported by Vernon and co-workers [121, 122] in the early 1990’s. This
approach is relatively undeveloped in comparison to the other reforming methods. The reasons for
this are not obvious, other than that the use of steam has dominated the reforming industry and that

when combinations of reformants are used, the reaction system becomes more complex. Despite
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the under-development of this approach, the combination of the endothermic dry reforming

reaction with the exothermic partial oxidation offers numerous advantages:

The combination of an endothermic reaction with an exothermic reaction results in a lower
energy requirement than if the dry reforming reaction occurs individually.

The hot-spot issue discussed in 2.3.4 is reduced as the heat is utilised though the dry
reforming reaction [123, 124], whilst also improving reforming activity at lower reaction
temperatures [125].

The composition of biogas discussed in Section 2.1 and its high carbon nature means that
reforming of pure biogas will inevitably result in significant carbon deposition. The
addition of oxygen can reduce the extent to which carbon deposition occurs through
reducing the amount of unreformed methane, whilst also acting to oxidize surface carbon
that may be deposited [123].

Through variation in reactant gas compositions, the H,:CO product ratio can be tailored to

a particular requirement [121-123, 125-127].

The main disadvantages of the oxidative CO, reforming approach is that oxygen can oxidize the

catalyst if excess oxygen is present [128], oxygen addition can result in increased total oxidation

and therefore loss of CO vyield, and that the addition of pure oxygen to the system increases the

cost.

Oxidative CO, reforming has been selected for this research due to the relative under-development

of the approach, its applicability to biogas as a methane source and its potentially greater economic

viability compared to steam-based approaches.

2.4 Uses of synthesis gas

Synthesis gas and its uses have been mentioned previously within Section 2.3, with respect to

particular reforming processes. This section describes the uses of synthesis gas in more detail. The
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extensive use of synthesis gas as a feedstock for a wide range of different chemical processes and

applications has been reviewed in detail by Wender [79].

The main processes in which synthesis gas is used are methanol synthesis, Fischer-Tropsch
synthesis, hydroformylation of olefins, ammonia synthesis and as a fuel within a number of
different devices for electricity generation. The primary use of synthesis gas is the utilisation of the
hydrogen content within the Haber process for ammonia synthesis (Equation 2.58). The Haber
process was first demonstrated in 1913 and was the first industrial scale chemical process to use
high pressure [48, 129]. In 2002, ammonia production reached approximately 108 million tonnes
[129] and this figure has continued to increase to-date. Steam reforming is the primary method to

produce synthesis gas for use in ammonia synthesis due to its high H,:CO ratio.

N, + 3H, > 2NH;  AHS4 = —92.22k] mol ! (2.58)

Methanol synthesis and Fischer-Tropsch synthesis are the two largest consumers of synthesis gas
that also utilise its CO content. Methanol synthesis (Equation 2.59) was first performed industrially

in 1923 by BASF [48, 79].

CO+2H, = CH;0H  AH&g = —92k] mol™? (2.59)

Methanol production reached approximately 42 million tonnes in 2009, of which approximately 30

% was used for formaldehyde synthesis [130].

Fischer-Tropsch synthesis involves the synthesis of higher hydrocarbons from synthesis gas
through the hydrogenation of CO. The first industrial scale Fischer-Tropsch plant was built in 1935
by BASF [79]. This process is used to produce alkanes (Equation 2.60), alkenes (Equation 2.61)
and alcohols (Equation 2.62) which can be used to produce synthetic fuels [79]. Elementary
reactions (Water Gas Shift, Boudouard, CO hydrogenation) discussed in Section 2.3.1 also occur

within the Fischer-Tropsch process.
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(2n + 1)H; + nCO —» C,H;, 42 + nH,0 (2.60)
2nH, + nCO - C,H,, + nH,0 (2.61)
2nH, + nCO - CyHyp4,0H + (n — 1H,0 (2.62)

Both methanol and Fischer-Tropsch synthesis require a H,:CO ratio of 2, which can be achieved

through the partial oxidation of methane.

The use of synthesis gas through oxo-synthesis involves using syngas with olefins to produce
aldehydes and alcohols with a chain length one unit greater than the olefin chain length (Equation

2.63) [79].

H,C = CH, + CO + H, —» CH;CH,CHO (2.63)

Oxo-synthesis was first performed by Roelen in 1938 and the production rate of hydroformylated
products in 1998 was 9.3 million tonnes [48, 131]. The dry reforming process is most applicable

for the production of synthesis gas with a H,:CO ratio of 1 required for oxo-synthesis.

Electrochemical devices such as fuel cells offer significant potential for syngas utilization and
energy production. The low emissions and range of fuel sources possible for fuel cells, including
renewable sources such as biogas, makes their development and operation highly desirable. There
are various types of fuel cells that are classified by the nature of the electrolyte material used.

These are discussed in detail (Section 2.5), with a particular emphasis on Solid Oxide Fuel Cells.

2.5 Fuel cells

The concept of using hydrogen as a fuel to produce electricity using electrochemical devices was

first demonstrated by Christian Schénbein in 1839 and Sir William Grove in 1842 [132]. However,
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significant advances in fuel cells were not made until the mid-1900’s despite numerous suggestions
that hydrogen could become one of the main fuel sources in the 20™ century. The first practical fuel
cell was produced in 1933 by Thomas Bacon, yet despite this development, the potential of fuel
cells has still not been achieved, with fuel cells only being operated in small scale units or still
being in the research and development stage. Possible reasons for this lack of development were
the apparent abundance of fossil fuels and the lack of knowledge towards their limits, lack of
knowledge towards the importance of greenhouse gas emissions and climate change during the late
20™ and early 21% centuries, and also the associated cost required for fuel cells to become primary
energy generation devices. There is presently a significant move towards the use and discovery of
renewable fuels, and significant reductions in greenhouse gas emissions, which have made the

widespread commercial deployment of fuel cells highly desirable.

A fuel cell is a device that produces direct current from the electrochemical oxidation of the fuel.
The primary fuel for fuel cells is generally hydrogen, which is electrochemically oxidised to
produce water as the only direct product (Equation 2.65). The two electrochemical half equations
that contribute to the overall reaction within a Solid Oxide Fuel Cell fuelled with hydrogen are
shown in Equation 2.65 and 2.66. All fuel cells consist of three main components; anode,
electrolyte and cathode. The nomenclature of fuel cell types are derived from the type of
electrolyte. A schematic of a solid oxide fuel cell fuelled with hydrogen is shown in Figure 2.5. The

different types of fuel cells and some of their characteristics are shown in Table 2.5.

Overall: H, + 20, — H,0 (2.64)
Anode: H, + 02~ - H,0 + 2e” (2.65)
Cathode: 30, + 2e~ —» 0%~ (2.66)
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Figure 2.5 Simple representation of a solid oxide fuel cell.
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Table 2.5: Table showing types of fuel cells and their characteristics [11, 48, 133, 134]

Electrolyte | Power Operating Development Status Applications Fuel
Range Temperature
(°C)

Alkaline Fuel Liquid >100 kW | 90-100 Mature Used in space systems. | H;
Cells (AFC) alkaline Expensive, used in few Transport

(KOH) niche applications. demonstration.
Phosphoric Phosphoric | 200 kwW- | 175-200 Mature, 200kW systems | Tested with biogas H, reformed
Acid Fuel Cells | Acid 11 MW available. (separate reformer), methane
(PAFC) (H3POg3) CHP, stationary power.
Proton Solid >00’s kW | 60-120 Marketable in niche Stationary power, CHP, | H,, reformed
exchange Polymer applications. 1-2kW Transport Methanol
membrane fuel commercial products demonstration. and methane
cells (PEMFC) available.
Direct Methanol | Solid 50-150 W | 60-120 Advanced product trials, | Portable equipment, Methanol
Fuel Cells Polymer commercialisation transport possible.
(DMFC) imminent.
Molten Molten 25 kW-2 600-800 Further R & D required, | CHP, stationary power | Methane, H,
Carbonate Fuel | carbonate MW 5-20 kW prototype units, | generation, transport CO
Cell (MCFC) (Li,COs- 1-2 MW plants demonstration.

K,COs3) demonstrated.
Solid Oxide Solid oxide | 100 W- 10 | 600-1000 Marketable, significant 250kW demonstrations, | Methane, Hy,
Fuel Cells (Yttria- MW costs apply, long CHP, stationary power, | CO
(SOFC) doped lifetimes exhibited. transport.

N_\Omv
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Utilisation of renewable energy, in particular biogas, is key to the direction of this study due to
issues with emissions reductions and reducing fossil fuel dependence. Therefore, only the fuel cells
with high operating temperatures that provide the direct capacity to use methane (MCFC and

SOFC) will be discussed in detail.

2.5.1 Molten Carbonate Fuel Cells (MCFC)

Molten carbonates were first examined as electrolyte materials in 1960 by Broers and Ketelaar
[132]. As the name suggests, the electrolyte material in a Molten Carbonate fuel cell is a molten
mixture of carbonates (Li,CO; and K,COs3). The CO0,% ion within this mixture acts as the charge

carrier for the fuel cell, resulting in the half reactions shown in Equation 2.67 and Equation 2.68.

Anode: H, + C05%~ - CO, + H,0 + 2e~ (2.67)

Cathode: 0, + CO, + 2e~ - CO5*~ (2.68)

The high operating temperature and use of CO, within MCFCs makes them highly applicable for
use with biogas and CH,/CO, gas mixtures. As MCFCs are not poisoned by carbon oxide species,
CO can also be used as a fuel in a similar fashion to H, with the CO being oxidised to produce CO,

(Equation 2.69) on the anode.

Anode: CO + CO32~ - 2C0, + 2e” (2.69)

The high operating temperatures associated with MCFCs enables non-precious metals to be used as
catalysts, which significantly reduces costs. Common materials used within MCFCs are

nickel/chromium (anode) and lithiated nickel oxide (cathode) [48, 135-137].

The primary disadvantages of MCFCs are [11, 132, 134, 135, 138]:
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e Corrosive nature of the electrolyte material results in deterioration of the fuel cell, resulting
in short lifetime.

e Costs associated with high temperature operation.

o Deterioration of electrolyte on cooling during shutdown or start-up makes discontinuous
power generation unviable, therefore reducing the range of applications.

e High intolerance to sulfur (<1.5 ppm) causes deterioration of anode.

e Liquid electrolyte poses issues with handling.

¢ Nickel oxide anode can incorporate into electrolyte, decreasing efficiency.

2.5.2 Solid Oxide Fuel Cells (SOFC)

In solid oxide fuel cells, (see Figure 2.5) a ceramic material is used as the electrolyte and oxygen
vacancies within the material act as the oxide (charge) carrier. The oxygen vacancies result in the

half reactions shown in Equations 2.70 and 2.71.

Anode: H, + 0%~ - H,0 + 2e~ (2.70)

Cathode: 0, + 2e~ —» 0%~ (2.71)

As with MCFCs, SOFCs are not poisoned by carbon oxides but use CO as a fuel similar to H,, to
produce CO, at the anode (Equation 2.72). The use of oxide ions as charge carriers allow for any

combustible gas to be used as a fuel source.

Anode: CO + 02~ - CO, + 2e~ (2.72)

Common materials used within SOFCs are Yttria-Stabilised-Zirconia (electrolyte), Ni/Yttria-
Zirconia (anode) and calcium or strontium doped LaMnO; (cathode) [132, 135, 139-142]. The high
temperature allow for non-precious metals to be used. SOFCs are combined to improve

performance through an interconnect material that is resistant to high temperatures and both
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reducing and oxidising environments. The combination of SOFCs is called a stack and can be of

tubular, planar or monolithic design, which differ in the orientation that the cells are stacked [143].

The primary disadvantages of SOFCs are [132, 139]:

High operating temperatures can cause significant deterioration of cells with time through
agglomeration (sintering) of catalyst particles. This is discussed in detail in Section 2.6.3.
High operating temperatures necessitate that the fuel cell components must have similar
thermal expansion coefficients to ensure the cell is not damaged on heating and cooling.
Moderate intolerance to sulfur, particularly at the anode (Section 2.6.1).

Carbon deposition can occur due to the presence of carbon containing fuel sources. This is
discussed in detail in Section 2.6.2.

Cost associated with high temperature operation

SOFCs are deemed superior to MCFCs in the following aspects:

A higher power density can be achieved through an SOFC than a MCFC [132].

There are no issues with electrolyte handling are associated with an SOFC as the
electrolyte is solid.

SOFCs have a significantly greater tolerance to sulfur (<50 ppm).

Electrolyte deterioration is significantly lower for SOFCs than for MCFCs on start-up and
shutdown, making SOFCs applicable for use with transport as well as stationary power.
High temperature operation does present certain issues with transport applications
however.

The use of oxide ions as charge carriers allow for a wider range of fuels to be used within

SOFCs. This is desirable due to the presence of higher hydrocarbons with biogas.

The catalyst material used as a basis for this research project is chosen to represent a possible

anode material within a SOFC. This stems from prior research conducted within this research
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group led by Professor R. Mark Ormerod into the utilisation of biogas over such catalyst materials
[37-39], and also the greater potential of SOFCs as an economically viable technology for the

production of energy and commodity chemicals from renewable sources such as biogas.

2.6 Catalyst deactivation

Catalyst deactivation is one of the main limitations with methane reforming and the use of fuel
cells. The loss in activity and therefore limited lifetime of catalysts used for methane reforming is
caused by three primary processes; poisoning of the active site, blocking of the active site and
reduction in active surface area due to thermal degradation. Each of these processes can induce
deactivation in various ways and are often highly complex processes influenced significantly by

numerous variables, particularly temperature, as will be discussed in the following subsections.

2.6.1  Sulfur poisoning

One of the primary issues associated with operating nickel based catalysts is their propensity for
deactivation through poisoning. Numerous electronegative species such as phosphorous arsenic,
antimony, oxygen, sulfur, selenium and tellurium are known to deactivate Group 8 metals due to

their strong interaction with the partially filled d-orbital of the metal [144].

Sulfur is a poison of particular interest due to its presence within methane containing sources.
Hydrogen sulfide is produced naturally within biogas through the degradation of proteins to
produce sulphates, which are then reduced to H,S [145]. Although other sulfur-containing species
are also present within biogas, they will be converted to H,S in a high temperature reforming
environment [146, 147]. Natural gas contains a small quantity of sulfur containing compounds
which are added in ppm concentrations to act as an odorant and are a legal requirement for any

natural gas used within the national grid, as mentioned in Table 2.2.
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2.6.1.1 Method of poisoning

Deactivation through sulfur poisoning can occur though different mechanisms, which poison to
different extents and are influenced by various factors. The primary mechanism of sulfur
deactivation is through the reversible chemisorption of sulfur on the catalyst metal surface

(Equation 2.73) [148-152].

HZS(g) + Nl(s) = Nis(ads) + HZ(g) (273)

The adsorption of sulfur onto metal sites actively blocks the metal active site for methane
reforming and therefore reduces activity. Due to the high electronegativity of the sulfur atom and
the partially unfilled d-orbital of nickel, sulfur desorption is unlikely apart from at high

temperatures (>800 °C) [153, 154].

Temperature has been shown to have an influence on the manner in which H,S can bind to nickel.
At lower temperatures it has been suggested that the H,S binds dissociatively [150, 155, 156] using
either 3 or 4 metal sites, as can be seen in Equation 2.74 and Equation 2.75 respectively. At higher
temperatures, the hydrogen will desorb and it has been proposed that S binds to a single metal site
as shown in Equation 2.73 [151, 155]. Rostrup-Nielsen and Pedersen [157] also suggest that the
presence of a chemisorbed sulfur atom on nickel can partially deactivate adjacent nickel atoms in a

close packed structure through electronic interactions.

Por
—Ni—=Ni—=Ni— +H,S= —Ni—Ni—Ni- (2.74)
H S H
I A% |
—Ni—=Ni—=Ni—=Ni—- +H,S= —Ni—Ni—Ni—Ni— (2.75)

Page|2-37]



2. Literature study

Deactivation through sulfur poisoning has also been suggested to occur through the formation of
bulk nickel sulfides (NisS,, NisS;). Numerous studies have reported the presence of bulk nickel
sulfides, particularly through the use of Raman spectroscopy [158, 159]. However, this has been
rejected by Cheng and Liu [160] who performed in situ and ex situ Raman spectroscopy and
discovered that the bulk nickel sulfides were seen in ex situ studies, in agreement with other
findings [159], but were not present at high temperature in situ studies. This was attributed to the
formation of bulk nickel sulfides on cooling prior to ex situ studies. Zaza et al. [161] and
Lohsoontorn et al. [162] predicted that bulk nickel sulfides are not possible at low H,S

concentrations below 100 ppm and temperatures above 400 °C.

It has also been proposed that sulfur can induce a change in the structure and morphology of the
catalyst to cause deactivation. This is primarily attributed to the formation of bulk sulfides which
have a significantly greater volume than nickel, therefore causing structural change [160].
However, as the formation of bulk sulfides is uncertain, this mode of deactivation should be viewed
with caution. Such structural changes are likely to result in irreversible damage which may explain
an inability to recover complete activity upon sulfur removal, as discussed in Section 2.6.1.2 [163].
Surface reconstruction due to sulfur binding to nickel has also been suggested in which a change in
the distribution of more active sites, such as edges and steps changes, resulting in a less active

surface [155].

Numerous studies have shown that sulfur deactivation with time occurs through different phases
due to different mechanisms of deactivation [160, 164]. The first phase of deactivation is rapid and
is caused by the initial chemisorption of sulfur on the catalyst surface, preventing the reforming
reaction [160]. As this phase of deactivation ends and the activity becomes more stable, this shows
the catalyst surface has become saturated with sulfur or that the equilibrium between chemisorption
and desorption is being approached. The position at which this point is achieved is highly
influenced by sulfur concentration and temperature. As sulfur concentration increases, the rate at

which surface saturation is achieved will increase as will the coverage at which the reaction
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approaches equilibrium. The influence of temperature is complex as the chemisorption of sulfur on

nickel is an exothermic process and the desorption process is endothermic.

The second stage of deactivation is comparatively very slow and considered as more irreversible.
Possible causes for this stage are the chemisorption of sulfur on less accessible nickel such as in

pores, formation of bulk sulfides or changes to surface or bulk structure [160].

2.6.1.2 Regeneration from poisoning

One approach to improving activity and increasing lifetime of catalysts that have undergone
deactivation through sulfur poisoning is through post-reaction recovery. The largely reversible
nature of sulfur chemisorption means that the majority of activity can often be recovered by

desorption of the sulfur from the nickel, which can be achieved using various methods.

One method of recovering catalyst activity is through carrying out the reaction with H,S-free fuel
gas at high temperatures [146, 165-168]. The high temperature is used to facilitate the endothermic
desorption of sulfur (S,) from nickel. The hydrogen-rich atmosphere present during methane
reforming also enhances the desorption of sulfur through the formation of H,S. Regeneration can
also be achieved using high temperatures and inert gas. However, this is a very slow process and
requires very high temperatures to form S,. The influence of temperature on sulfur desorption is
shown by Marecot et al. [169] who propose the presence of three sulfur species (surface metal

sulfides, polysulfides and bulk sulfides), which each desorb at different temperatures.

Another method is through using hydrogen, steam or oxygen. Hydrogen is used extensively to
assist in the desorption of sulfur from nickel due to the formation of H,S [146, 148, 152, 155, 169,
170]. Hydrogen is often favoured over steam and oxygen for recovery as it does not result in the
oxidation of the nickel that can occur when using steam or oxygen. Despite the potential for nickel
oxidation when steam or oxygen are used to encourage sulfur desorption, their use has been shown

in numerous studies to exhibit a greater capacity to induce S desorption through the formation of
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SO, [163, 171-174]. As SO, is more stable than H,S, the possibility for its decomposition and

further poisoning is significantly less [175].

An alternative method of surface regeneration when poisoning is occurring within a fuel cell
system is through increasing the current to electrochemically oxidize sulfur to SO, (Equation 2.76

and 2.77). However, this method has significant issues regarding oxidation of nickel [175].

H,S + 302~ = H,0 + SO, + 6e~ (2.76)

S+ 202" = SO, + 4e” 2.77)

Regeneration of nickel catalysts deactivated by sulfur poisoning has been shown to varied extents.
Numerous studies have shown that complete regeneration can be achieved [176, 177], whereas
other studies have shown that only partial regeneration is achievable, even over significant
timescales [148, 152, 163]. The extent of recovery is influenced significantly by temperature and
gas atmosphere. Lack of complete recovery is primarily attributed to formation of bulk nickel

sulfides, inaccessible nickel-sulfides and changes to the catalyst structure [161, 178].

2.6.1.3 Influence of sulfur chemisorption on nickel with regards to carbon deposition

Despite the significant detrimental effect that sulfur poisoning can have on reforming activity, the
presence of sulfur has also been shown to have a positive effect regarding the partial inhibition of
carbon deposition. This competitive process has been optimised using a small level of deactivation
from sulfur poisoning to inhibit the greater deactivation that would be caused by carbon deposition,
to give an improved long-term stability. The improvements available through this approach are
significant and have been introduced into industrial scale reforming through what is known as the

SPARG (Sulfur Passivated Reforming) process [179].

Three primary explanations are used to explain how sulfur chemisorption can cause a significantly

greater loss in the carbon depositing reactions than the methane reforming reactions.
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One explanation is the inhibition of carbon dissolution through the nickel particle due to the
presence of sulfur preventing any carbon-containing species adsorbing to the nickel [153, 157].
This lack of dissolution will prevent the formation of any filamentous carbon species, discussed in
Section 2.6.2.1. This was reported by Rostrup-Nielsen [81], who observed filamentous carbon for
the steam reforming of methane reaction in the absence of H,S, whereas only amorphous carbon is

observed when H,S is present.

Another explanation proposed is the effect of ensemble size. This has been proposed primarily by
Rostrup-Nielsen and co-workers [81, 153, 157] and suggests that a nickel ensemble of 3-4 particles
is required for methane reforming (H,C-H bond cleavage), whereas an ensemble size of 6 or
greater is required for carbon formation reactions (CO dissociation/ Boudouard, C-H bond
cleavage). It is also suggested that an ensemble greater than 4 is required for sulfur adsorption,
therefore competing with the carbon formation reactions to a greater extent than the reforming

reactions.

The third explanation relates to the activity of sites with different coordination numbers. It is well
established that step and edge sites are highly reactive and are favoured by sulfur and also carbon
forming reactions (CO dissociation/ Boudouard, C-H bond cleavage) [154, 180, 181]. The methane
reforming reactions have a lower energy requirement than the carbon formation reactions and can
occur on a range of other sites. The competitive adsorption between sulfur and carbon on step sites
has been extensively reported [81, 159, 167, 174, 180-182]. Bengaard et al. [183] have shown that
atomic carbon is more stable on step sites than on terraces on a Ni(211) crystal structure. They also
showed that the energy barrier for sulfur adsorption on nickel is significantly less for step sites
rather than terraces. Step sites have been proposed as the primary sites for nucleation of carbon by
numerous researchers [159, 167, 180, 184]. This provides a possible explanation as to why
Rostrup-Nielsen [81] saw a change in carbon morphology from filamentous to amorphous on the
introduction of H,S to the reactant gas feed. As a result of the lack of step sites available for

carbon in the presence of sulfur, carbon will migrate to less active surfaces. The lower stability of
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the carbon on these surfaces means there is greater potential for carbon gasification, which results

in a lower overall carbon deposition [81, 159].

2.6.1.4 Approaches for increasing the sulfur tolerance of catalysts

The deactivating nature of sulfur-containing compounds within methane sources such as biogas and
landfill gas, mean it is often common practice to implement sulfur removal techniques on the feed
gas prior to reforming. However, the high cost of using pre-reforming sulfur removal methods
makes the development of sulfur tolerant catalyst materials and operating conditions highly
desirable. As discussed in Section 2.6.1.2, one method of improving sulfur tolerance is through the
use of very high temperatures to achieve optimum sulfur desorption. However, this method has
issues in relation to increased sintering and methane decomposition. Another method to increase
sulfur tolerance is by adding a reductant or oxidant to the gas feed to such an extent to encourage
production of H,S or SO,. The issue with this method as noted previously, is the tendency for

catalyst oxidation when using an oxidant, as well as the additional cost associated.

A common method of increasing sulfur tolerance is through catalyst modification and doping the

catalyst with oxide materials such as ceria (CeO,) [164, 170, 177, 185-188]. The high redox

capacity of these materials increases the potential for sulfur oxidation to SO, or reduction to H,S,

shown through Equations 2.78 — 2.81.

Ce0, + (2 —n)H, = CeO + (2 — n)H,0 (2.78)

2Ce0, + H,S + (2n — 3)H, = Ce,0,S + 2(n — 1)H,0 (2.79)

Ce,0,S + H, = 2Ce0 + H,S (2.80)

Ce,0,S + 0, = 2Ce0 + SO, (2.81)
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2.6.2 Carbon deposition

Carbon deposition is of particular importance for biogas reforming due to the high carbon content
within the feed gas and therefore, the increased potential for carbon deposition. Carbon deposition
is often considered as the primary source of deactivation for nickel based catalysts. This is due to
the greater solubility of carbon within nickel than other catalyst materials [76]. Rostrup-Nielsen et
al. [76] showed that the order of carbon formation over a range of catalyst materials at 500 °C was
Ni > Rh > Ir > Ru > Pt > Pd. It is well supported that non-noble metal catalysts are significantly

more susceptible to carbon deposition than noble metal catalysts [76, 122, 189-193].

As discussed previously in Section 2.3.1, carbon deposition occurs via three processes in methane
reforming; CH,4 decomposition (CH, = 2H, + C), Boudouard reaction (2CO = CO, + C) and CO
reduction (CO + H, = H,0 + C). The extent of each of these processes is influenced significantly
by temperature (see Figure 2.4) and the catalyst material as shown by Au et al. [194] for methane
decomposition. Goula et al. [56] and Osaki and Mori [195] have suggested through isotopic studies
that the primary mechanism of carbon deposition over nickel catalysts is via methane
decomposition, whilst Verykios [55] used isotopic studies to suggest that carbon deposition over

rhodium is primarily caused by the Boudouard reaction.

Carbon deposition can cause a reduction or complete loss in catalyst activity through reducing the
availability of active sites for methane reforming or through mechanical failure, often resulting in
severe damage to the system. The availability of active sites is reduced through either the
competitive chemisorption of carbon onto the active site or through the blocking of pores within
the catalyst material, reducing the flow of fuel. Mechanical failure is caused by the formation of
large carbon structures which exert physical pressure on the reaction system or through the physical
blocking of the reaction system, inhibiting the flow of fuel to the catalyst and causing back pressure

in the system.

The manner in which carbon deposition causes catalyst deactivation is determined by the
morphology of the carbon that is formed. There is a lack of universally agreed nomenclature for the
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various types of carbon, possibly due to the extent to which the types can vary and the range of
variables that influence their formation. For the purpose of this study, the types of carbon that will
be discussed are encapsulating, filament and pyrolytic carbon. The types chosen are those primarily
discussed in relation to methane reforming and can be used to encompass variations of each type as

is discussed below [144].

2.6.2.1 Carbon morphologies

Encapsulating carbon is the primary carbon morphology associated with reducing the active surface
area available for methane reforming, through chemisorption of carbon onto the metal to an extent
to which the nickel particle is completely enveloped in a thin layer of carbon (See Figure 2.6)
[196]. Encapsulating carbon is often described as atomic, which concerns a layer of individual
carbon atoms that are highly reactive to gasification. Alternatively, encapsulating carbon can also
be described as a type of pyrolytic or graphitic carbon in which the polymeric structures can form
on the metal particles. Pyrolytic or graphitic carbon however, is not limited to encapsulation as is
discussed later in this section. Encapsulation of nickel particles can extend up to 30-40 layers of
carbon, forming a significant barrier to methane chemisorption on the metal [197] and can also

detach the metal particle from the support, reducing stability [198].

Carbon
monolayers

Figure 2.6: Graphical representation of nickel encapsulation with carbon (not to scale)
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Carbon filaments are ordered structures that can raise the metal particles from the catalyst bed but
cause minimal loss in activity due to only a very small reduction, if any, in the available surface
area of the active metal [192, 199-201]. This can be seen in Figure 2.7, where the carbon binds to
the surface of the nickel and diffuses through the metal to the support. The lower solubility of noble
metals compared to non-noble metals means filament formation is not as prevalent with noble
metals. The carbon forms layered graphite sheets producing filamentous structures. The driving
force behind the diffusion of carbon to the support side of the metal is the concentration gradient
caused by the high concentration of carbon that is adsorbed on the top of the nickel particle [202,
203]. Therefore, carbon filament formation is significantly influenced by the C/O and C/H ratios
within the gas [204]. Filaments can also grow through nucleation if the temperature and carbon
concentration are sufficient [205].

High carbon
concentration layer

D}n

Diffusion of C
through Ni T I L ——Ni
v
. <] Graphite
¢ N />|ayers
5 N
v N ]
Support Support

Figure 2.7: Graphical representation of carbon filament formation. Adapted from [197, 202,

205].

Temperature has a significant influence on the morphology of the filament and also the extent to
which the nickel particle is deformed. At lower temperatures, carbon diffusion through the metal
particle is slow, resulting in a highly ordered filament which reduces the interaction between the
metal and the support. At higher temperatures, the diffusion is faster resulting in less order and
increasing the metal-support interaction. This can cause the metal particle to deform into a ‘pear’

shape as shown in Figure 2.8. High metal distortion can be caused from the formation of hollow
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filaments (Figure 2.8), which occur at high temperatures when the rate of nucleation is greater than
the rate of diffusion, causing filaments to only grow at the three phase boundary [205]. The lack of
carbon between the metal and the support means that the metal-support interaction is very strong,

resulting in the distortion shown in Figure 2.8.

C
/J‘>L—-—-—-—'—*N'I

:LG raphite
layers

Support
Figure 2.8: Graphical representation of a hollow carbon filament and metal deformation.

Adapted from [205].

Filamentous carbon is used as a general term used to incorporate other carbon structures, such as
carbon nanotubes. Carbon nanotubes differ from standard filaments in the orientation of the
graphite layers towards the tube axis. Carbon filaments contain layers that are not parallel to the
tube axis and can be perpendicular, whereas nanotubes contain parallel layers as shown in Figure
2.9 [197, 206]. Despite the minimal decrease in activity caused by carbon filaments through
reduction in surface area, filamentous structures can be highly damaging to reactor systems as they
can result in mechanical failure from plugging or shattering of the catalyst and operating system

[207].
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Figure 2.9: Graphical representation of multiwalled carbon nanotube on Ni. Adapted from

[197].

Pyrolytic carbon consists of graphite crystallites that, unlike with graphitic structures, contain a
level of disorder in the form of lattice defects and imperfections [208]. The disorder within
pyrolytic carbon allows for numerous different structures to form including columnar (which can
lead to filament formation), laminar (which can lead to encapsulation) and isotropic (small grains
of carbon). Isotropic carbon is the primary form of pyrolytic carbon considered within this

research.

2.6.2.2 Factors influencing carbon deposition

The morphology and extent of carbon deposited is determined by a number of different variables;
temperature, particle size, relative gas ratios, catalyst material and duration of processes. The
influence of temperature on carbon deposition has been discussed in Section 2.3.1, with regard to
the extent to which the carbon formation reactions (Boudouard, methane decomposition and CO

reduction) occur as a function of temperature.

The relationship between carbon morphology and temperature is complex and is affected by other
variables, such as gas ratio and catalyst material. High temperatures favour the deposition of carbon
but also the decomposition or gasification of carbon deposits. At lower temperatures, more reactive

and less structured types of carbon such as amorphous and atomic carbon are formed. As
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temperature increases, the capacity to form less reactive and more structured carbon morphologies
such as filaments, graphite sheets and pyrolytic increases [50, 144]. These less reactive carbon
morphologies can be produced directly or indirectly through the polymerisation and conversion of
more reactive species [144]. The indirect conversion is favoured at high temperatures and duration
[55]. The complex interaction between carbon deposition and temperature is amplified by the
different stabilities of different morphologies. Increased temperatures required to produce more
structured morphologies are also required for the oxidation or hydrogenation in high O/C or H/C
conditions, illustrating the influence of gas ratio on carbon deposition. That hydrogen is required
for filament formation and not nanotube formation also demonstrates the influence of gas ratio on

carbon morphology [197, 208].

The influence of catalyst particle and ensemble size on carbon deposition has been discussed
significantly within the literature [93, 206, 209-214]. It is well supported that increased metal
particle size results in an increase in the overall level of carbon deposition. Catalyst particle size
also has a significant influence on carbon morphology, especially regarding the formation of
filamentous structures. Numerous studies [93, 153, 206] suggest that the diameter of the filament is
proportional to the size of the particle to which it is bound. Tang et al. [207] and Kock et al. [215]
both suggest that the minimum nickel particle size that carbon filaments can form upon is 10 nm,
whereas Martinez et al. [211] suggest a minimum size of 9 nm. Italiano et al. [204] suggest that
filaments will only form on nickel particles that have a diameter between 20-100 nm, as below 20
nm the interaction between metal and support is large enough to inhibit carbon deposition between
the metal and the support, and above 100 nm, the diffusion of carbon through the particle becomes
unfavourable. Sinnott et al. [216] suggest that filament formation is unfavourable at low metal
particle size as a result of the stress placed on the graphite planes within the filament due to their

close proximity, and that nanotubes will be favoured at lower particle sizes.

Ensemble size has been suggested to influence the extent of carbon deposition, Chen et al. [217]
have suggested that an ensemble of 6 nickel atoms is required for encapsulating carbon to form,

compared to 3 for the methane reforming reaction. Ensemble size can significantly influence the
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extent of deactivation via sulfur poisoning as discussed in Section 2.6.1. Thermal agglomeration or
sintering can occur during reforming reactions and is a primary cause of increased particle size, and

is discussed in detail in Section 2.6.3.

The nature of the catalyst material and support has been shown to have a significant influence on
the extent of carbon deposition and morphology. As discussed previously, nickel catalysts are
significantly more susceptible to carbon deposition than noble metal catalysts, due to the greater
solubility of carbon within nickel. The activity of the catalyst material towards methane reforming
also determines the quantity of metal, or loading, required for sufficient performance. This
significantly influences the catalyst particle size, as increased loading increases the potential for
particle agglomeration [93, 218] which as discussed previously, can lead to increased carbon

deposition [219].

Catalyst support basicity has also been suggested to have a significant influence on the extent of
carbon deposition during methane reforming reactions. With increased basicity, the availability to
accept an electron from C-H bond cleavage decreases. This therefore reduces the potential for
methane decomposition and subsequent carbon deposition [209, 211, 220]. Increased basicity also
increases the potential for donation of electrons into the vacant antibonding orbital of CO,,
resulting in its decomposition. CO, decomposition favours the reverse Boudouard reaction
(Equation 2-11) and acts to reduce the level of carbon deposited [220, 221]. Lercher et al. [93] have
shown that carbon deposition is favoured on the metal-support-gas boundary, often known as the

Three Phase Boundary (TPB).

The catalyst material can also be doped with a small quantity of material to influence the activity
and selectivity of the reforming reaction, and also the susceptibility to carbon deposition. Dopant
materials can be used to increase the availability of oxygen within the catalyst material. One
example of this is doping with rare earth oxides, such as ceria (CeO,). The high redox/oxygen
storage capacity of these dopants increases the presence of surface oxygen and therefore the

potential for the oxidation of any carbon deposits [222-225]. Doping can also act as a barrier
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between active metal particles, therefore reducing the potential for sintering and increased particle

size [211, 225] which, as discussed previously, can influence carbon deposition.

The presence of sulfur within the gas feed can have a significant influence on the extent to which
carbon deposition occurs. The adsorption of sulfur on the metal particles competes with the
adsorption of methane and carbon monoxide on the metal particles and the subsequent carbon
deposition that can occur. The competitive binding of sulfur to metal particles is discussed in detail

in Section 2.6.1.

2.6.2.3 Non-deactivating carbon

As discussed previously, certain carbon morphologies have a limited or negligible effect on catalyst
activity and are often discussed as spectator species [55]. However, these species will inevitably
influence activity through the sheer quantity of carbon present. Carbon deposition has been shown
to be a partially reversible process through the use of dopant materials with high oxygen storage
capacity such as ceria [225], and also when placed under electrical load within a fuel cell, which

can remove surface carbon through electrochemical oxidation [142].

Deposited carbon is also suggested to be a favourable process within some catalytic materials.
Otsuka et al. [226] have shown the successful use of methane reforming over nickel supported on
carbon fibres, whilst Naito [66] reported the significant activity of surface carbides for methane

reforming reactions.

2.6.3 Thermal degradation

Thermal degradation or sintering involves the increase in metal particle size at high temperature.
This process plays a significant role in catalyst deactivation due to the influence of particle size on
both sulfur poisoning and carbon deposition, as discussed in Sections 2.6.1 and 2.6.2 respectively.

An increase in metal particle size also results in a decreased active surface area, therefore
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decreasing the reforming activity of the catalyst. A number of studies have shown the substantial
particle size growth when nickel is subjected to temperatures in excess of 700 °C [207, 227] , with
Zhang et al. [228] suggesting that nickel can undergo coalescence at temperatures as low at 470 °C
(Hittig Temperature). Three mechanisms have been proposed for thermal degradation; particle

migration, vapour transport and Ostwald ripening [144].

Particle migration concerns the movement of complete metal particles across the support and the
subsequent coalescence of particles when they come into contact. Vapour transport concerns the
movement of metal particles through the gas phase. This process will only occur at very high
temperatures due to the energy required to break the metal-support interaction. Ostwald ripening,
or atom migration as it is also known, concerns the movement of metal atoms from one metal
particle across the support to a different larger metal particle which receives the atom and
subsequently increases in size. The high surface energy and high solubility of smaller particles is
the driving force for atom migration [229-233]. Sehested [147] and Rostrup-Nielsen et al. [234]
have suggested that particle migration is the dominant mechanism at lower temperatures (<600 °C)
and that at higher temperatures, Ostwald ripening dominates. In contrast, Rasmussen et al. [232]
suggest, using particle size distributions, that atom migration does not contribute to sintering until
approximately 800 °C. A significant disparity appears to be present regarding the use of particle
size distributions to assess mechanisms of sintering, and the influence of parameters such as
atmosphere and catalyst character makes assigning an accurate temperature at which one
mechanism dominates very problematic [229, 232]. Particle and atom migration are shown in

Figure 2.10 and Figure 2.11 respectively.

BRI

Figure 2.10: Schematic diagram of crystallite growth via particle migration.
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Figure 2.11: Schematic diagram of crystallite growth via atom migration (Ostwald ripening).

Unlike with sulfur poisoning and carbon deactivation, degradation through thermal methods is
largely irreversible. A small number of studies have shown a recovery from thermal degradation by
redispersion of catalysts particles using highly specific conditions. Bartholomew [144] discusses
this recovery as a process of crystallite decomposition and subsequent redispersion of catalysts
particles. This process is favoured under O, or Cl, rich atmospheres due to the formation of volatile
oxides and chlorides which easily decompose. This recovery from thermal degradation has also
been seen by Hashemnejad and Parvari [146] using CO, as a partial oxidative atmosphere. The
main factors that influence the type and rate of thermal degradation are temperature, atmosphere,

nature of the metal, metal dispersion and loading, and nature of the support.

Temperature is understandably seen as the primary factor in influencing the rate of thermal
degradation and has been shown to have a strong relationship with sintering rate [144, 232, 235].
The influence that the atmospheric composition has on the rate of thermal degradation has been
discussed widely and is viewed as one of the most influential factors [144, 147, 233, 236, 237]. The
presence of steam in particular has been shown to significantly enhance the sintering rate due to the
formation of hydroxyl species, such as Ni,OH [147, 236]. These species have a lower activation
energy and higher diffusivity than metal adatoms, therefore increasing their mobility and potential
for agglomeration. The ability of species adsorbing on the metal to enhance the rate of sintering has
sometimes been attributed to an interaction known as the skyhook effect [147, 238]. This effect
concerns the adsorbent on the metal reducing the electron density localized on the face of the metal
interacting with the support. This therefore reduces the bond strength and increases bond length

between the metal and support, increasing the mobility of the metal from the support [238]. The
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ability of hydrogen to reduce sintering and oxygen to facilitate sintering has been discussed by

Bartholomew [144], whilst the effect of CO, has been discussed previously.

The nature of the catalyst material significantly affects the susceptibility to sintering due to the
particle size, bond strength to the support and also the activity towards reforming, as this will
control the loading. Low metal loading and small particle size favour high dispersion. High
dispersion is favourable for increased activity and surface area but is also prone to sintering due to
the minimal distance between metal atoms and associated high probability for collisions and
coalescence. Bond strength between metal and support can vary significantly with metal and
support [239, 240]. Numerous studies have been conducted illustrating the influence on sintering
rate through the addition of a dopant to the catalyst. Pompeo et al. [225] and Liu et al. [218] have
both shown a reduction in sintering rate through the doping with mixed metal oxides. These
dopants can reduce sintering by reducing the metal mobility through acting as spacers to prevent
coalescence of particles and also through acting as trapping agents which produce strong
interactions with the metal atoms [144, 230, 233, 235]. In contrast, Rasmussen et al. [232] and
Sehested et al. [233] have shown that doping of nickel catalysts with alkali metals can enhance

sintering rate.
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3 Experimental

3. Experimental

3.1 Catalyst formulation

3.11

A 90 wt% Ni supported on 10 wt% Y SZ catalyst was produced using the standard physical mixing

procedure, using the reagents and quantities displayed in Table 3.1.

Table 3.1: Reagents and quantities used for the formulation of Ni/YSZ catalyst

909% Nickel supported on 10% Yttria Stabilized Zirconia (Ni/YSZ)

Reagent Supplier Purity Accurate Mass/ g
11 mol% Y,0; Supported on Unitec Ceramics 99.9+ % 1.8030

Zr0O, (YSZ)

NiO Alfa Aeser 99 % 19.0529

1, 1, 1, Trichloroethene BDH Chemicals Ltd. | 99 % 5.8000

MeOH Sigma-Aldrich Analytical grade | 4.4200
Glyceroltrioleate BDH Chemical Ltd. | 299 % 0.3990

ZrO, (Supported on 11 mol% Y,0;) was calcined prior to its use as a reagent to increase
crystallinity and reduce the range in particle size. This is shown in the XRD pattern of both
calcined and uncalcined samples shown in Figure 3.1. The calcination temperature program used
was from room temperature to 1200 °C with increments of 10 °C/minute and held at 1200 °C for 2

hours. The calcined YSZ was then sieved using a sieve with 150 pm apertures.

The resulting slurries from mixing of the reagents shown in Table 3.1 were milled within
polyethylene containers containing 5 Zirconia beads for 3 hours. Zirconia beads were used to
enhance the mixing of the reagents. Once milled, a spatula tip of polyvinyl butyral was added to act
as a binding agent and the container milled for a further 5 minutes. The slurry was then poured into
88 x 15 x 11 mm high refractory material combustion boats purchased from Fisher Scientific Ltd
and calcined using a temperature program consisting of an incline from room temperature of 1
°C/minute to 500 °C followed by an incline of 5 °C/minute from 500 °C to a maximum of 1200 °C.

The temperature was then held for 60 minutes followed by a decline of 10 °C/minute from 1200 °C
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3. Experimental

to room temperature. The temperature program described is shown in a visual manner in Figure

3.2.
16000
Calcined YSZ particle size = 33.87 nm
Uncalcined YSZ particle size = 17.2619 nm
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Figure 3.1: XRD pattern for uncalcined (red) and calcined (blue) samples of 11 mol%o Yttria

on ZrO,. Particle sizes measured using Scherrer equation (Equation 3.15)
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3. Experimental

Figure 3.2: Visual representation of furnace temperature program used for catalyst

calcination

After calcination, the resulting product was present as a brittle solid that was bright green in colour.
This product was ground using a ceramic pestle and mortar, then sieved using a stainless steel sieve
with 150 um size apertures to restrict the range of particle size and therefore the influence it may

have on catalyst performance.

3.1.2 90% Nickel supported on 10% Yttria Stabilised Zirconia with the addition of 5 mol%

Ceria (5 mol% CeO,-Ni/YSZ)

This catalyst was also produced through the standard physical mixing procedure using the reagents

shown in Table 3.2.

Table 3.2: Reagents and quantities used for the formulation of 5 mol% CeO,-Ni/YSZ

Reagent Supplier Purity Accurate Mass/ g
11 mol %Y ,05 supported on Unitec Ceramics 99.9+ % 1.8020
Zr0, (YSZ)
NiO Alfa Aeser 99 % 19.0182
1, 1, 1, Trichloroethene BDH Chemicals Ltd. | 99 % 5.8024
MeOH Sigma Aldrich Analytical grade 4.4079
Glyceroltrioleate BDH Chemicals Ltd. | =299 % 0.4486
CeO, Aldrich 99.9% trace metals | 2.1938
basis

The mass of CeO, used produces a catalyst with a CeO, content of 5 mol% with respect to the

number of moles of Ni. The mass of CeO, required was derived using the equations below.

M; NiO = 58.69 + 15.9994 = 74.6894 (3.1)

Ni _ 5869
NiO ~ 74.6894

= 0.7858 = 78.58% (3.2)
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19.0182g Ni0 X 78.58% = 14.9445g Ni (3.3)
Mol = M;:S = =22 = 0.2546mol (3.4)
0.2546mol X 5% = 0.0127mol (3.5
M, CeO, = (15.9994 x 2) + 140.12 = 172.1188 (3.6)
Mass = Mol X M, = 0.0127 x 172.1188 = 2.1859g CeO, (3.7)

The milling, calcination and sieving were all conducted in an identical fashion to what was used for

the undoped Ni/YSZ catalyst discussed in Section 3.1.1.

After calcination, the 5 mol% CeO,-Ni/YSZ catalyst was a brittle solid as with the undoped
Ni/YSZ catalyst, however the 5 mol% CeO,-Ni/YSZ catalyst was of a lighter green colour than the

undoped catalyst.

All catalyst calcination took place in a 3 L capacity RHF 1600 chamber furnace supplied by

Carbolite Ltd.

3.2 Experimental setup

A custom designed system was used to conduct all reactions, both temperature-programmed and

conventional catalytic measurements. This custom design is shown schematically in Figure 3.3.
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Figure 3.3: Schematic representation of experimental setup used to perform all catalyst

performance testing

All tubing used from gas cylinder to heated gas sampling system was 1/8 inch diameter stainless
steel seamless tubing purchased through Swagelok Ltd. The solid line from the heated gas
sampling system in Figure 3.5 represents a metre long capillary tube used to deliver product gases
to a Quadrupolar Mass Spectrometer (QMS). This length of capillary was enclosed within a heated
sheath to ensure no phase changes post reaction. Connections and switches were all high quality
vacuum products purchased through Swagelok Ltd. All gas cylinders were purchased from BOC
Chemicals Ltd and were of a high purity (>99 %). These gases are passed through individual 13X
molecular sieves consisting of 10 A zeolites housed within a stainless steel tube (internal diameter
= 5 mm) to absorb any water or impurities present. The molecular sieves were prepared through

drying in the catalyst furnace at 145 °C with a flow of helium to purge any water present.

Each gas was controlled individually using a Mass Flow Controller (See Table 3.3) with the
exception of a helium line that was used as a bypass gas to ensure the continuous flow of gas
through the QMS during setup of reactant gas composition. This line was controlled using a

Swagelok needle valve. All lines apart from bypass Helium then converge into a single line, which
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proceeds to a four-way valve, which determines whether the bypass Helium or the controlled gases
pass through to the furnace. The convergence of all lines was carried out in a way to ensure that the
pressure of combined gases cannot inhibit any individual gas flow. Helium was used within the
system as a diluent and ensured an overall flow rate of 20 ml min™ (+ 0.5 ml min™) for each test.
This ensures a steady gas flow through the quadrupolar mass spectrometer and a standard contact

time on the catalyst.

Table 3.3: Details of mass flow controllers associated with individual gas flows

Gas Mass Flow Controller | Model Calibrated | Maximum flow
Manufacturer for: (ml/min™)

Helium Manger & Wittman D-5111 | Helium 50
Hydrogen/Methane | Manger & Wittman D-5111 | Methane 20

Carbon Dioxide Manger & Wittman D-5111 | Oxygen 20

Oxygen Manger & Wittman D-5111 | Oxygen 20

Hydrogen Sulphide | Manger & Wittman D-5111 | Hydrogen | 20

(20 ppm in Helium)

The furnace consisted of two partially hollowed furnace bricks with the dimensions 210 X 210 X
110 mm. Each furnace brick contained 900 mm of temperature-annealed Ni/Cr wire with a
resistance of 2 MCQ/ m purchased from Advent Research Materials Ltd. This length of wire was
wound around six alumina tubes (60 mm in length) and connected to a temperature controller. The
temperature controller used was an 818 type Eurotherm with a K type thermocouple positioned
within the furnace to measure the temperature. The temperature controller allows for temperatures
between room temperature and 1000 °C to be used and also the use of temperature programs

including multiple ramps and dwell periods.
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A quartz tube (240 mm in length) with an inner diameter of 5 mm and thickness of 1 mm passed
through the centre of the furnace. This quartz tube was used to house the catalyst, which was held
in position by plugging with filtration grade quartz wool purchased through Fischer Scientific.
Cajon Ultra-Torr reducing unit fittings with Fluorocarbon FKM O-rings purchased through

Swagelok were used to connect the quartz tube to the gas flow system.

All gas flow rates were accurately measured using a standard bubble flow meter. The individual
reactant gases could be directed through the bypass line to the heated gas sampling system, where it
could then be directed direct into the bubble flow meter. The bypass system allowed for all reactant
gas flow rates to be measured without coming into close proximity with the furnace and also means
that helium can be passed through the furnace and on to the quadrupolar mass spectrometer whilst

the reactant gas flows are measured.

A bubble flow meter was favoured over the QMS and RGA program display to measure the
reactant gas quantities as due to the nature of a QMS, certain gases are ionised to varied extents and
therefore cannot give an accurate account of the reactant quantity unlike the bubble flow meter,

with which the only error involved is human.

The heated gas sampling system consisted of a four-way valve located within a heated steel vessel.
The vessel was heated using a small brick furnace similar in design to those used to heat the
catalyst material and quartz tube. This system was used to ensure that no phase changes occurred
and particular that there is no accumulation of carbon or water at the four way valve. The
temperature of the heated gas sampling system was controlled separately from the main furnace

using a variable transformer.

The quadrupolar mass spectrometer used was a Leda Mass Spectra Satellite Model. The system
was placed under vacuum using an Edwards and a Pfeiffer Rotary pump in conjunction with a
Varian V70 LP MacroTorr Turbo pump operating at 70 KRPM. The ionisation source used was a

Thoria coated Iridium filament purchased through MKS Instruments Inc.
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RGA (Residual Gas Analyser) for Windows was used as the software to control the analyser and

display a real-time analysis of chosen masses. All data was stored using the RGA for Windows

program onto the interfaced computer in a text format. Microsoft Excel was then used to format the

data into Excel format and this was the standard program used to manipulate and display the data.

3.3 Catalyst pre-treatment — Temperature Programmed Reduction (TPR)

The prefix of TPR is used to identify any pre-treatment undertaken on the catalysts samples. Prior
to all catalytic activity tests, each catalyst sample was subject to a standard pre-treatment method.
The standard method consists of a flow of 10 % H, in He passing over the catalyst, whilst being
heated to 900 °C using increments of 10 °C min™. This action was taken to ensure that the Ni
present within the catalyst was fully reduced to metallic Ni and not NiO. To ensure complete
reducibility of reducible species within the different catalysts, the reduction proceeded to 900 °C
and was then held at this temperature until the H, quantity had stabilised and H,O was no longer
produced. The first measurement of bulk NiO reduction was reported by Benton and Emmett in
1924 [1], whilst Taylor and Starkweather [2] were one of the first to study the rate of reduction in

metal oxides through monitoring hydrogen consumption.

As can be seen from the example TPR shown in Figure 3.4, H, is consumed and H,O produced
from the NiO reduction, as displayed in Equation 3.8. The CeO, present within the 5 mol% CeO,-
Ni/YSZ can also be reduced during the temperature-programmed reduction as displayed in
Equation 3.9, often producing a slightly different pattern of H, consumption and H,O production.

Any variation between the TPR graphs are identified and discussed in Section 4.3.
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Figure 3.4: H, consumption and H,O evolution from the reduction of Ni/YSZ (45.1 mg)

across a temperature profile.
NiO + H, —» Ni + H,0 (3.8)

CeO2 + nH; —»Ce02., + nH20 (3.9

3.4  Temperature Programmed Reactions (TPX)

The prefix of TPX is used to identify any catalytic activity data that has been produced using a
temperature program. Two different temperature programs were used within this research; these are
a forward temperature program and a reverse temperature program. With the forward temperature
program, the measured reactant gas mixture was passed over the catalyst material at room
temperature. At this point, the gases were monitored using the QMS and RGA program at this
temperature to give a measure of the gas quantities to allow for calculations to be made once the
reaction had been completed. All of the calculations are shown in Section 3.9. The furnace
temperature was then raised to 1000 °C using 5 °C min™ increments. Once the furnace temperature

reached 1000 °C, the reactant gas flows were directed through the bypass and measured. The gases
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were measured to ensure that no change in the reactant gas quantities had occurred during the
course of the reaction. In the reverse temperature program, the measured reactant gases were
passed through the bypass system and monitored using the QMS and RGA program, whilst the
furnace temperature was raised to 1000 °C. When the furnace was at 1000 °C, the reactant gases
were passed over the catalysts material and the furnace temperature was reduced to room
temperature at increments of 5 °C min™. Once the reaction has reached room temperature, the gases

were measured to ensure no change in gas quantities had occurred during the course of the reaction.

3.5 Isothermal (conventional) reactions (ISO)

The prefix ISO is used to identify any catalytic activity data that has been produced using an
isothermal (conventional) reaction. All isothermal reactions were conducted at a constant
temperature for a period of 20 hours. The measured reactant gas mixture was passed through the
bypass system and monitored using the QMS and RGA program, whilst the furnace was heated to
the required temperature. Once the furnace was at the required temperature, the reactant gas
mixture was directed over the catalyst material for the 20 hour period. At the end of this period, the
reactant gas mixture was passed through the bypass and measured whilst the furnace cooled. The
following isothermal temperatures have been used during this research; 600 °C, 700 °C, 800 °C,
900 °C and 1000 °C. These temperatures were chosen as they cover the operating temperatures of
SOFC’s and the majority of temperatures at which nickel can catalyse methane reforming for

synthesis gas production.

3.6  Catalyst post-treatment — Temperature programmed oxidation (TPO)

The prefix TPO is used to identify any data concerned with the treatment of the catalyst material
following a catalyst activity reaction. Following a catalyst activity reaction, the catalyst material
underwent a standard post-treatment method [3-5]. This standard method consists of a flow of 12.5
% O, in He passing over the catalyst, whilst being heated to 900 °C with increments of 10 °C min™.

This post-treatment was undertaken to oxidize any carbon that may have been deposited on the
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catalyst surface and surroundings during the catalyst activity test. The oxidized carbon was
detected using the QMS as either CO (Mass 28) or CO, (Mass 44). This post-treatment allows for
the level of carbon produced during the catalyst activity test to be quantified using a calibration
graph. This calibration is discussed in further detail in Section 3.7.2. During the TPO, the Ni metal

present within the catalyst was also reoxidized to NiO. An example of a TPO is shown in Figure

3.5.
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Figure 3.5: CO, and CO production and O, consumption from the oxidation of 5 mol%

CeO,-Ni/YSZ (45.3 mg) following a CH4+%CO,+%0, reaction at 700 °C for 20

hours (Blue = O,, Dark Green = CO,, Red = CO)

3.7 Quadrupolar Mass Spectrometry (QMS)

3.7.1  Theory of QMS

Quadrupolar Mass Spectrometry is a branch of mass spectrometry which was developed in the
1950°s and was first reported by Wolfgang Paul in 1953 [6]. A quadrupolar mass spectrometer

operates in a similar manner to all other mass spectrometers in that the sample atoms are ionised
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and the separated by their m/z ratios (m = mass, z = charge). In this research, a Yttria coated Thoria
filament is used as the ion source. The quadrupole aspect of the mass spectrometer consists of four
metal poles positioned parallel to each other, along which a fixed DC current and a variable
radiofrequency are applied. The voltage applied to these poles causes the ions to oscillate as they
pass through the quadrupole and control their trajectory. The voltage applied controls which
specific m/z will have a stable trajectory through the quadrupole. All other m/z will have unstable
trajectories and will collide with the poles. Only the ion with the stable trajectory will pass through
to the detector. Therefore, through a variation in the radiofrequency, ions of specific m/z can be
selected and quantified. This allows for a range of particular masses to be chosen to produce a mass
spectrum by continuously varying the radiofrequency [7]. The masses which are focused on in this

research are shown in Table 3.4.

The quadrupolar mass spectrometer provides the user with an on-line spectrum of masses to allow
the user to determine what is passing through the system at any one time. Therefore, the reaction
products can be seen at any particular time or temperature and can produce product composition

profiles along temperature programs or time periods.
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Detector

Figure 3.6: Illustration of the main aspects of a QMS. Red line illustrates non-resonant ion,

blue line illustrates stable resonant ion

3.7.2 Calibration of QMS

Due to the manner in which a QMS operates, different gases are ionized to different extents. This
means that for certain masses, there is a greater possibility of fragmentation. Therefore, the
guantity of each gas that is analysed by the QMS analyser will be slightly distorted. Due to this, it

is necessary to perform a calibration in order to be able to quantify the data accurately.

The masses shown in Table 3.4 are monitored in detail and therefore require correction.
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Table 3.4: Masses and appropriate compounds selected for detection on QMS

Mass Appropriate compound
2 Hydrogen

4 Helium

15 Methane fragment
16 Methane

18 Water

26 Possibly ethene
27 Possibly ethene
28 Carbon monoxide
29 Possibly ethane
30 Possibly ethane
32 Oxygen

44 Carbon dioxide

Each mass is corrected relative to one particular mass. The mass used is 2 due to its lack of

fragmentation within the QMS.

3.7.2.1 Room temperature calibration procedure

For each reactant gas, the following procedure was used to assess its relative response compared to

mass 2 (Hydrogen):

o A series of flow values were chosen for each respective gas. These were chosen to relate
closely to a series of values chosen for the standard gas, which in this case is hydrogen. In
the case of methane (mass 15), the flow values of 1.0, 1.5, 2.0 and 2.5 ml min™ were
chosen alongside the same values for hydrogen flow. Each of the methane flows were
directed into the QMS at the same time as the corresponding or the next greatest flow of
hydrogen. Therefore, a methane flow of 1.0 was seen together with either 1.0 or 1.5 ml
min™ of hydrogen.

¢ Helium was added to each gas combination appropriately to ensure that an overall flow rate
of 20 ml min™ was passing to the QMS.

e At each different combination of flow rates, the pressure of the appropriate gases shown by

the QMS was recorded.
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e For each combination, Equation 3.10 was used to produce a figure that is indicative of the
variation between the quantity of the gases measured using a bubble flow meter and

measured using the QMS.

Hydrogen flow rate Methane pressure

3.10
Methane flow rate Hydrogen pressure (3.10)

e A value was produced for each combination using this equation. Using these values, an
average was calculated to give the sensitivity value for the particular gas, in this case,
methane.

e This value was then used in conjunction with those produced during the temperature

programmed calibration procedure to give a final average.

3.7.2.2 Temperature programmed calibration procedure

To ensure a greater accuracy in the sensitivity value produced and to obtain a sensitivity value for
H,O (Mass 18), it was necessary to perform a number of simple experiments under a temperature

program. These simple experiments are shown in Equations 3.11 and 3.12 below:
Water reaction: H, + 0.5 0, —» H,0 (3.11)

Synthesis Gas experiment: H, + CO + 0, — H,0 + CO, (3.12)

In each of these experiments, the following reaction was conducted using a standard temperature
program of 10 °C min™ and 45 mg (+0.2) of Ni/YSZ catalyst. For each experiment, the quantity of
each gas consumed or produced was calculated and then divided by the quantity of hydrogen

consumed.

The gases were passed through to the QMS at a ratio of 2:1 for H,:O, with the appropriate quantity
of Helium. At lower temperatures, the reaction does not occur and the QMS records the pressures
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of each gas. As the temperature increases, H, and O, were consumed and H,O produced. At 900
°C, the reaction equilibrium has fully shifted to the right and all of the H, is consumed. The amount
of H, and O, consumed and H,O produced can then be calculated from the difference in pressure
for each gas between room temperature and 900 °C. Equation 3.13 shows how the relative

sensitivity for H,0 is calculated:

H,0 produced

H, O relative sensitivity = Hoconsumed
2

(3.13)

3.7.2.3 Incorporation of relative sensitivity value into experimental data

To ensure that all data is relative and comparable, the data obtained using the QMS during any
TPR, TPO, TPX or ISO reactions was corrected using the relative sensitivity values calculated.
This accommodates for any change in diluent level that may have occurred during the course of the

reaction. The correction is shown in Equation 3.14 and 3.15.

Gas pressure at particular time or temperature . .
xHelium correction value

corresponding relative sensitivity value

(3.14)

He pressure at particular time or temperature

Helium correction value = —
Original He pressure atr.t or 0: 00

(3.15)

3.7.24 Calibration of carbon monoxide and carbon dioxide production from known

quantities of carbon for use with TPO

As previously mentioned in Section 3.6, a calibration graph was required for use with all TPO data

to allow for any carbon deposited during the catalytic activity reactions to be quantified.
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The calibration graph was produced by weighing a certain mass of carbon into the quartz tube and
passing 12.5 % O, in He over it, whilst under a temperature program and holding at 900 °C until
CO or CO, production ceases. The quantity of CO and CO, was monitored using the QMS and then
summed to give the quantity of CO and CO, produced from a known mass of carbon. This was
repeated with different quantities of carbon to produce a calibration graph such as Figure 3.7. This
was then used to estimate the quantity of carbon produced during a reaction by summing the

amount of CO and CO, produced during the TPO.

1.40E-05

1.20E-05 -

1.00E-05 H~

8.00E-06 -

6.00E-06 -

Pressure (a.u)

4.00E-06 - 7S

2.00E-06 -

0.00E+00 T T T . .
0 2 4 6 8 10 12
Mass of Carbon (mg)

Figure 3.7 Carbon calibration graph demonstrating the quantity of CO + CO, produced from

the oxidation from known amounts of carbon (produced April 2010.)

One difficulty with the TPO procedure was that due to the limited nature of the oxidant, in this case
12.5% in Helium (2.5 ml min™ O, in 17.5 ml min™ He), it means that if an excessively large
quantity of carbon is deposited during the reaction (approx. >30 mg) then incomplete combustion
occurs. This means that the regime to which the oxygen was used to produce carbon monoxide and
carbon dioxide changes to one where the oxygen was used to produce only carbon monoxide due to
the limited oxygen. This change in regime means that for any TPO’s that exhibit incomplete
combustion, the carbon deposition cannot be accurately quantified using the carbon calibration

graph as shown above. An example of a TPO that has bottomed out is shown in Figure 3.8.
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Figure 3.8: CO; and CO production and O, consumption of a TPO following the CH,;+ 0.5

CO,+ 0.170, reaction over 5 mol% CeO, -Ni/YSZ at 1000 °C for 20 hours.
Bottoming out occurs from 500-1100 °C. Data shown above 900 °C is where the

reaction temperature is held at 900 °C (Blue=0O,, Green=CO,, Red=CO)

3.8 Data analysis calculations

To effectively compare the quantity of data that is produced from these experiments, it is necessary
to perform a number of different calculations on the corrected data so that the key reaction
characteristics can be identified. These key characteristics are methane conversion (%), hydrogen
yield (%), carbon monoxide yield (%), hydrogen:carbon monoxide ratio, water production (%),

carbon dioxide consumption (%). The equations used to calculate these characteristics are shown

from Equations 3.16 — 3.21.
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CHL C fon (%) = CH,4 Original — CH, Current % 100
4 Lonversion t) = CH, Original

H, Current

o
Ha Yield (%) = 55 = Original <

100

. CO Original \
/ CO Current — (co2 Original x (Wrigiml))
CO Yield (%) = | | x 100

(CO, Original + CH, Original)

H, Current

H,:CO Ratio = ———
2 aHo CO Current

H,0 Production (%) H,0 Current — H,O0 Original
= X
20 Froduction t6) = 5 CH, Original) + 0,Original

) CO, Original — CO, Current
CO, Conversion (%) = — x 100
CO, Original

temperature in question.

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

(3.21)

All values noted as ‘Current’ or ‘Original’ are obtained from the QMS and RGA program.
‘Original’ values correspond to those measured whilst the gas in question is passing through the

bypass system. ‘Current’ values correspond to the QMS/RGA display at a particular time or

Equation 3.18 was used to calculate CO yield and takes into account the fragmentation of CO, to

CO within the QMS. The proportion of CO present due to this fragmentation is therefore calculated
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and subtracted to give a more accurate value of the original CO quantity in the reactant gas

mixture.

It should be noted, that in addition to the normalisation and calculations conducted on the data,
repeat experiments were carried out and have shown a maximum variation of 6.5 % for the
calculated values, such as CH,4 conversion and H, yield. This valuee should be considered when

analysing the data shown in Sections 5-8.

3.9 Catalyst characterisation techniques

To provide a more detailed assessment of the catalyst properties and structure, specific
characterisation tests were conducted on the catalysts and the raw materials. The findings of these
characterisation tests are discussed in Section 4. BET adsorption analysis was conducted to assess
the surface area of the materials and XRD analysis was conducted to provide an indication of

catalyst composition and purity.

3.9.1 BET apparatus

All BET adsorption analysis was conducted using a Quantochrome Autosorb-1 Surface Area and
Pore Size analyser. Approximately 1 g of catalyst was used per sample from which analysis was
gained towards the surface area per gram. Prior to each measurement, the sample was degassed at
200 °C for 12 hours to remove surface contaminants such as oil and water from the sample
material. Following the degassing, the sample was brought to a constant temperature of 77 K
through immersing the sample holder in liquid nitrogen. BOC scientific high purity (>99.9995%)

nitrogen gas was used as the adsorbate for the adsorption measurements.
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3.9.2 BET theory

BET theory for the analysis of surface area and pore distribution was originally proposed by
Brunauer, Emmett and Teller in 1938 [8]. At equilibrium, a surface will adsorb a certain quantity
of gas at a certain temperature and pressure. Through variation of the pressure, an adsorption
isotherm can be produced. The adsorption isotherm and BET equation (Equation 3.22) can then be
used to calculate the surface area of the material [9].

1 1 + C-1 (P) (3.22)

W((B)-1)  WimC ' WinC \Pg

W, = volume of adsorbate gas constituting a monolayer
W = volume of gas adsorbed

P = equilibrium pressure at temperature of adsorption
P, = saturation pressure at temperature of adsorption

C = BET constant (relative to energy of adsorption of first monolayer)

From the adsorption isotherm, a linear plot of 1/(W(P/P)-1) against P/P, is produced. From the

slope and intercept of the linear plot, W, can be deduced (Equation 3.23 and 3.24):

s = Woe (3.23)
, 1
L= (3.24)

Using Wi, the total surface area can be calculated using Equation 3.25:

W NAg

(3.25)

N = Avagadro’s constant

A = Cross sectional area of adsorbate molecule (N,=16.2 A?)
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The surface area per gram can then be calculated simply by dividing the total surface area by the
mass of sample analysed. The analytical technique used in this study automatically calculates the

BET surface area per gram from the adsorption isotherm generated.

3.9.3 XRD apparatus

All X-Ray diffraction data was obtained using a Bruker D8 Advance. Diffraction patterns were
measured using a step size of 0.2° and a time per step of 5 seconds across the range of 5-80°. Each
sample was loaded onto a PMMA specimen holder with a 25 mm diameter and 1 mm depth which

was then mounted onto an automated sample changing unit.

All X-Ray diffraction data was evaluated within the DIFFRAC™ EVA program. K, stripping was
performed on the patterns to remove any contribution from Ka, radiation. The XRD patterns were
compared using the DIFFRACP™ SEARCH and ICDD-PDF-2 powder diffraction databases to
assess the nature of the peaks and reference all diffraction patterns. All XRD patterns were then

transferred into Microsoft Excel to allow for manipulation/annotation and display purposes.

3.9.4 XRD theory

X-ray diffraction was suggested in 1923 by a German physicist named Max von Laue [10] and
was developed by William and Lawrence Bragg [11], with the first atomic structure determined
using x-ray scattering in 1914.

X-ray diffraction operates through directing x-rays into a crystalline material and measuring the
interference from objects (atoms) in its path. The x-rays are produced through bombarding a metal
with high-energy electrons. These electrons cause an electron within the metal to be expelled,
leaving a vacancy. A higher energy electron then moves into this lower energy vacancy, emitting
the excess energy as it does so. This excess energy is in the form of an x-ray photon. The Xx-ray’s

produced using the instrument described in 5.9.3 are produced using a Copper metal which expels
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x-rays with a wavelength of 154 pm due to the expulsion of an electron from the K shell and the
movement of an electron from an outer electron into the vacancy.

Crystalline materials are highly ordered and consist of unit cells which can be categorised
depending on their symmetry. The ordering of the crystal structure means that planes of symmetry
through atoms are present and the distance between these planes is known as the d-spacing. This is
calculated using the Bragg law (Equation 3.14). Bragg’s law states that the angle in which the x-
rays are reflected is proportional to the d-spacing, therefore through varying the incidence angle of
the x-rays using a monochromator and monitoring any reflection that may occur, the d-spacing

value can be obtained.

A =2dsin0 (3.1)

In Equation 3.1, A is the wavelength, d is the d-spacing value and 6 the reflection angle.

Through x-ray diffraction, it is possible to calculate the particle size for each element. This is

achieved using the Scherrer equation (Equation 3.15).

kA

Particle size = 3.2)

(%)(Bz—bz)% cosO
In Equation 3.15, k = particle shape factor (0.89), B®> = peak width at half maximum, b? =
instrumental line broadening, 6 = diffraction angle. All particle size values are shown in radians.
The particle factor value shown above is for spherical particles. The instrumental line broadening
value was specific to this apparatus and calculated using a material of known particle size. All

particle size values are shown in Section 4.2.
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3.10 Solid oxide fuel cell operation

All fuel cells were manufactured by John Staniforth using the procedure described in the PhD

thesis by John Staniforth in 2000 and are illustrated schematically in Figure 3.9 below [12].

Fuel cell cross section

Anode (NifYSZ or 5mol% CeO,-Ni/'YSZ
Electrolyte (YSZ)

<« Cathode (LSM)

Figure 3.9. Schematic illustration of Solid Oxide Fuel Cell used to test anode materials and

operating conditions (not to scale).

To accommodate for the fuel cell tests, the experimental setup was altered in that a tubular fuel cell
illustrated above (Figure 3.9) replaced the quartz tube within the furnace to ensure that the reactive
gases flowed through the inside of the tubular fuel cell and across the anode material. The cathode
material was open to the furnace environment to allow for oxide ions to be generated. To assess the
electrical performance of the cells, standard i-V curves (discussed in more detail in Section 9.1)
were conducted with a voltage range of 0.1-1V and the current generated was measured using a
Sycopel Scientific Ltd, Analytical Electrochemical Workstation AEW2-1000mA potentiostat that
was attached to both the cathode and anode of the cell using silver wire. Data was recorded using
the ProcessEye program provided with the potentiostat whilst Microsoft Excel was used to

manipulate and display the data.
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A significant issue associated with operation of the fuel cell above 900 °C was that thermal failure
and degradation occurred within the cell attributed to the melting of the silver wire to break the
electrical circuit. Therefore, temperatures above 900 °C were not researched in this study and

further research is required to enable operation of these cells at such temperatures.
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4  Catalyst Characterisation

To provide a further insight into the nature of the catalyst materials used within this study, several
analytical characterisation techniques have been used including temperature programmed reduction

(4.3), powder X-ray diffraction (4.4) and BET surface area analysis (4.5).

4.1 Nickel as an active catalyst material for methane reforming

The discovery of nickel was made in 1751 by Alex Cronstedt. Since then it has become one of the
most widely used metals in current society. Nickel is found in numerous ores/minerals such as
pentlandite, garnierite and limonite and although abundance is low in the Earth’s crust, it is
proposed that nickel is highly abundant below the Earth’s Crust and that the primary metal within
the Earth’s core is nickel. Uses of nickel are wide-ranging with primary uses including within
coins, rechargeable batteries and steel alloys. The use of nickel within currency is evident
particularly within the USA currency denomination of a nickel ($0.05) which is composed of 25 %
nickel. The role of nickel within rechargeable batteries is through operation of Nickel (I11) Oxide as
the cathode material. The largest use of nickel is within steel alloys such as stainless steel to
increase steel strength and resistance to corrosion. It is reported that over 70 % of nickel

consumption in the USA is in the production of steel alloys [1].

Nickel is a transition metal with an electronic configuration of [Ar] 4s? 3d® or [Ar] 4s' 3d° with

oxidation states of 0, +1, +2, +3 and +4, with +2 the most common state.

The majority of Group VI1II elements have been shown to be active for methane reforming by many
researchers. An extensive review of the literature reporting the use of Group VIII elements for
methane reforming has been published by Enger et al. [2]. Noble metals such as platinum and
palladium are used substantially in methane reforming as they show very high activity and

resistance towards carbon deposition [3]. However, the substantial costs associated with the noble
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metals make the formulation and use of non-noble metal catalysts highly desirable. Nickel has been
shown to have comparable activity to noble metals at higher temperatures [4, 5], while its
widespread availability and relatively low cost compared to precious metal based catalyst materials
makes nickel a preferred metal for use as a solid oxide fuel cell anode material or as a stand-alone
methane reforming catalyst. The major limitations of use of nickel compared to other catalyst
materials is the significantly greater susceptibility towards carbon deposition [4, 6-8] and

deactivation by poisons such as sulfur [6, 9-12], which is discussed in Sections 2.6.1 and 2.6.2.

4.2 Yttria-Stabilised Zirconia (YSZ) as a support material

Yttria-Stabilised Zirconia is a ceramic oxide material used as an electrolyte material in high
temperature solid oxide fuel cells. The mixing of Yttria (Y,03) in zirconia (ZrO,) introduces
oxygen vacancies within the structure as Zr** cations are partially replaced by Y3* cations within
the ZrO, lattice [13-15]. These oxygen vacancies and also the high thermal stability of yttria-
stabilised zirconia (YSZ) provides the capacity for its use as an electrolyte material. In this study,
YSZ is used as a support material to increase the dispersion, surface area and thermal stability of

the nickel metal.

4.3 Temperature-Programmed Reduction (TPR)

Prior to all catalytic measurements, a temperature-programmed reduction (TPR) measurement was
performed on all catalyst samples. Details on how the TPR study was carried out are provided in
Section 3.3. Temperature programmed reduction as a characteristic technique was first reported by
Benton and Emmett in 1924 [16]. It is performed to reduce the nickel from a +2 or +3 oxidation
state (nickel oxide) present in the catalyst material to nickel metal with an oxidation state of 0, as

this is an active nickel state for methane reforming.

Variations in reduction temperature can be caused by the nature of the oxide material, for example

whether the oxide is present as a bulk or surface species, the extent of the interaction between the
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oxide species and other species within the catalyst such as the support material, the oxidation state

of the metal, particle size and dispersion and the nature of the reducing atmosphere.

From the TPR profile of NiO/YSZ shown in Figure 4.1, it is apparent that reduction occurs over the
temperature range 310-800 °C and that two peaks may be present, suggesting the presence of two
different forms of reducible species. The reduction temperature of these peaks is characteristic of
the reduction of nickel oxide [17]. It is difficult to draw definitive conclusions from the TPR
profile as the possible second peak is only present as a shoulder of the overall peak. However, this

behaviour is observed for all TPR profiles performed with this NiO/Y SZ material.

Peak | | | Peak Il

35
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20 +

15 4

H, Consumption (%)
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Temperature (°C)

Figure 4.1: Hydrogen consumption during temperature-programmed reduction of NiO/YSZ

with 10% H, in helium
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Figure 4.2: Hydrogen consumption during temperature-programmed reduction of 5 mol%

CeO,-NiO/YSZ with 10% H; in helium

Comeparison of the TPR profiles for NiO/YSZ (Figure 4.1) and 5 mol% CeO,-NiO/YSZ (Figure
4.2) show that the onset reduction temperature for 5 mol% CeO,-NiO/YSZ is ca. 50 °C greater than
that for NiO/YSZ and that the reduction process continues to a greater maximum temperature.
Peaks | and Il are more discernible in the profile for 5 mol% CeO,-Ni/YSZ than for Ni/YSZ as
Peak Il occurs at a slightly higher temperature. In addition, a third peak is also evident for 5 mol%
Ce0,-NiO/YSZ at ca. 770 °C, which may be due to the reduction of the CeO, species present

within the sample, which has been reported to reduce in the temperature range 750-850 °C [17-19].

Temperature programmed reduction suggests that different forms of nickel oxide may be present
within the NiO/YSZ sample and that similar forms are seen for the 5 mol% CeO,-NiO/YSZ, with

the additional presence of a third peak that may be due to the reduction of the CeO..

4.4  Powder X-Ray Diffraction

X-ray diffraction analysis was performed on all reagents used (NiO, YSZ, CeO,) and catalysts

samples prior to any pre-treatment to act as a method of quality control to establish sample purity
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and chemical composition. The nature of XRD as a technique is discussed in detail in Section 3.9,

as is the Scherrer equation which is used to calculate crystallite size.

The XRD patterns for all samples are shown in Figure 4.3. From this figure, it can be seen that each
catalyst sample contains the desired components and that no impurities or undesired phases can be

identified.

The average NiO crystallite sizes have been calculated using the Scherrer equation (Equation 3.15)
to give some insight into any influence that CeO, addition can have on particle size. The majority
of the published literature suggests that doping of nickel with CeO, acts to reduce the nickel
crystallite size through acting as a barrier for nickel crystallite agglomeration. Table 4.1 suggests

the addition of CeO, has resulted in a larger nickel crystallite size.

NiYSZ5%Ce0, | - _ || I N n
NiYSZ | - J | _A
CeO, | i A L A
[ysz N
NiO
10 20 30 40 .4 50 60 70 — 80

Figure 4.3: Powder X-Ray diffraction pattern for reagents (NiO, YSZ, CeO,) and catalyst
materials (NiO/YSZ, 5 mol% CeO,-NiO/YSZ). Red = NiO, Blue = YSZ, Green =

CeOz
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Table 4.1: Approximate nickel crystallite size determined using the Scherrer Equation for

NiO, Ni/YSZ and 5 mol% CeO,-Ni/YSZ.

NiO raw material Ni/YSZ 5 mol% CeO,-Ni/YSZ
Peak position (26/°) 37.10 43.13 37.06 | 43.039 37.12 43.15
Crystallite size (nm) 69 82 86 127 119 178
Average nickel
o 76 107 148
crystallite size (nm)

4.5 BET surface area analysis

BET surface area analysis was performed on both catalyst samples to determine their comparative
total surface area. More detail regarding the nature of BET and apparatus used is discussed in
Section 3.9. It is apparent from Table 4.2 that the addition of 5 mol% to Ni/YSZ induces a

substantial increase in the total surface area.

Table 4.2: NiO/YSZ and 5 mol% CeO,-NiO/YSZ surface area analysed using BET

Catalyst Surface area (m?/g)
NiO/YSZ 1.00
5 mol% CeO,-NiO/YSZ 1.40

4.6 Summary

Sample characterisation has only been used within this research as a relatively simple qualitative
approach to providing a greater insight into the nature of the catalyst samples due to the small
quantity of different catalysts used and also the extensive prior use of catalysts prepared by the
same method within the research group [20, 21]. Temperature programmed reduction of the
different catalyst materials has shown the presence of multiple forms of reducible species in that

two peaks are seen for Ni/YSZ and three peaks seen for 5 mol% CeO,-Ni/YSZ. The additional
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peak for 5 mol% CeO,-Ni/YSZ may be due to the reduction of CeO,. X-ray diffraction studies have
shown that the required composition for both catalyst materials has been achieved with no
undesired impurities or phase changes. X-ray diffraction has also been used to show that catalyst
preparation method results in a greater nickel crystallite size compared to pure nickel oxide and
ceria doping results in a greater nickel crystallite size compared to the undoped catalyst. BET
surface area analysis has illustrated a significant increase in the total surface area of the catalyst

material with ceria doping.

More detailed characterisation work could be focused towards the influence that the pre-reaction
temperature programmed reduction procedure can have on the catalyst nature and how this is
affected when CeQ, is present within the catalyst, including at different concentrations of ceria
doping. Post-reaction analysis would also provide more insight into the extent of sintering of nickel

oxide in the catalyst samples and whether variations in reaction atmosphere can influence this.
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5 Influence of O, addition in varied concentrations on the CO, reforming

of CH, over Ni/YSZ catalyst

5.1 Biogas reforming and potential for improvement through O, addition

The catalytic reforming of biogas is highly inefficient due to its methane-rich nature and
susceptibility towards carbon deposition. One approach towards improving the efficiency of biogas
reforming and reducing the propensity towards carbon deposition is through the addition of a
reformant to the reaction gas mixture. In this study, oxygen has been chosen as the additional
reformant. To study the influence of O, on the activity of the reforming reaction, various different
oxygen concentrations have been used. A study has been undertaken in the absence of additional
O, to provide an understanding into the nature of biogas reforming. Subsequently, a detailed study
has been undertaken with O,:CH, ratios of 0.17, 0.25 and 0.33 which represent oxygen deficient,
sufficient oxygen and excess oxygen respectively, assuming an ideal situation in which only the

dry reforming reaction and partial oxidation reactions occur without side reactions.

The addition of oxygen to the CH4:CO, biogas simulating mixture has been proposed to
substantially improve activity and reduce carbon deposition [1], whilst also providing the ability for
a degree of control regarding the H,:CO product ratio [2-4]. In this research, both temperature
programmed and isothermal studies have been conducted to assess how the addition of oxygen to
the CH,4:CO, mixture, and the subsequent influence on reforming varies with temperature and time.
Temperature programmed studies, whilst useful, should be viewed with caution as surpassed
temperatures can substantially distort the reforming characteristics at certain temperatures through

features such as ‘light-offs’ and carbon deposition.
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5.2 Temperature programmed CO, reforming over Ni/YSZ with addition of O, in

different quantities

Initial temperature programmed reactions were performed with reaction mixtures of CH, + 0.5CO,
+ X0, where x=0.00, 0.17, 0.25 and 0.33. Temperature programmes were conducted from room
temperature to 1000 °C at a rate of 5 °C min™. Figures 5.1 — 5.5 show the influence of O, addition

to the biogas simulated mixture on reaction characteristics.

From the temperature programmed studies, it is clearly apparent that the addition of O, to the
CH,4:CO, mixture results in a significant change in the reaction characteristics. For the reaction in
the absence of O,, the activity increases steadily above approximately 510 °C. It can also be seen
that the methane conversion is low (50-60 %), even at the highest temperature. This is not
surprising, due to the 1:1 stoichiometry of the dry reforming reaction coupled with the 2:1
CH,:CO, ratio used. As the methane conversion exceeds 50 % above 900 °C, this indicates the
occurrence of methane decomposition. Methane decomposition is thermodynamically favourable
above 700 °C as illustrated by the Ellingham diagram shown in Figure 2.4. The reaction in the
absence of oxygen also shows a significant difference from those in the presence of O, in that there

is essentially no ‘light off” feature present.

Addition of O, to the CH4:CO, mixture results in a substantial increase in overall activity across the
complete temperature range. At lower reaction temperatures (400-600 °C), the addition of O,
increases the methane conversion without increasing the H, or CO vyield. This can be attributed to
an increase in the extent of the total oxidation of methane reaction (Equation 5.1), where the
reaction in the presence of O, results in significant production of CO, and H.,0O, as can be seen in
Figure 5.4 and Figure 5.5 respectively. The greater exothermic nature of the total oxidation of
methane reaction favours the selectivity of total oxidation over partial oxidation (Equation 5.2) at
lower reaction temperatures. As may be expected, the extent of total oxidation increases with O,

concentration.
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CH4 + 20, = CO, + 2H,0 AH%9gx = —890Kk] mol~1 (5.1)

CH, + %02 = 2H; +CO AH3ogx = —36k] mol~* (5.2)

At approximately 650 °C, a ‘light off” feature is observed when O, is present in the reaction
mixture. This ‘light off” feature results from a high concentration of oxidant in the atmosphere
surrounding the catalyst at lower temperatures, resulting in a sudden saturation of the catalyst with
oxidant when a temperature is reached at which partial oxidation becomes spontaneous. This
results in a sudden increase in the conversion of CH, and production of H, and CO. Immediately
following the ‘light off” feature, a substantial drop in catalyst activity is visible. This is due t0o a
sudden lack of available active surface due to the prior saturation of the catalyst. The activity then
steadily increases with temperature as the catalyst surface becomes more available and the
reforming reactions increase in rate. It can be seen that the O, concentration influences the
temperature at which the light off occurs. As O, concentration increases, the light off temperature
increases slightly. This is due to the increased capacity for total oxidation with increased O,
concentration, which delays the shift to partial oxidation, as shown in Figure 5.6. This behaviour
was also published by Eriksson et al. [5] regarding partial oxidation of methane with different

CH,:0, ratios.

At higher reaction temperatures (800-1000 °C), the influence of temperature on catalyst activity
decreases as the reaction becomes reactant limited. At these higher temperatures, the addition of
oxygen results in an increase in reforming activity due to increased reactant availability. This is
seen to a lesser extent with the methane conversion at high reaction temperatures due to increased
capacity for methane decomposition, and the reaction becoming methane limited. Figure 5.1 shows
that the methane conversion increases with increasing O, concentration. However, from Figure 5.2
and Figure 5.3 it can be seen that increasing the O, concentration actually decreases the H, and CO
yields. This can explained by increased total oxidation, and subsequent production of CO, and H,O

occurring at these temperatures, which can be seen in Figure 5.4 and Figure 5.5 respectively.
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Figure 5.6: Ellingham diagram illustrating the thermodynamic potential for partial oxidation
and total oxidation of methane with xO,:CH where x=0.17, 0.25 and 0.33. Data

taken from Lide [6].

5.3 CO; reforming of CH4 over Ni/YSZ with and without addition of O,

Following the temperature programmed studies, conventional catalytic studies were carried out
over the 600-1000 °C temperature range at 100 °C intervals over a 20 hour period to examine the
reaction characteristics over time and the influence of O, on the reaction characteristics. The
reaction temperatures range was selected on the basis of the activity shown in the temperature
programmed experiments. The influence of O, addition and variation with time has been assessed
for each isothermal temperature and then the variations across the temperature range are analysed.
All variations with time discussed are from after 5 hours reaction duration to exclude any initial
activity that is uncharacteristic of the reaction. The extent to which carbon deposition occurred

during the isothermal studies was measured using post-reaction temperature programmed
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oxidation, as described in Section 3.6. Details of CH, conversion and H,:CO ratio that are not

included in this section are available in Appendix B.

5.3.1 Reaction of CH,+ 0.5CO, + xO, over Ni/YSZ at 600 °C

The reforming characteristics of the reaction of CH, + 0.5CO, with and without oxygen addition
over Ni/YSZ at 600 °C over a 20 hour period are shown in Figures 5.7-5.12. All reforming
characteristics are shown for this reaction temperature to provide an illustration of the variations
that can occur over the 20 hour reaction duration. For other reaction temperatures, only the
reforming characteristics exhibiting substantial variation over time are shown, while those without

are shown in tabular format or discussed within the text.

From the methane conversion shown in Figure 5.7, it is evident that the addition of O, to the
CH4/CO, mixture results in a significant increase in reforming activity due to the increased
availability of reformant. All O, levels exhibit stable methane conversion over the 20 hour reaction

duration.
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Figure 5.7: CH,4 conversion for reaction of CH, + 0.5CO, + xO, over Ni/YSZ at 600 °C for 20

hours (x=0.00, 0.17, 0.25, 0.33)

The hazardous nature of using methane conversion as the sole parameter to indicate activity is
illustrated by the variation between methane conversion and H, yield. This is because of the extent
to which total oxidation and other side reactions can occur. As hydrogen and carbon monoxide are
the primary desired products, it is more accurate to use H, yield and CO yield as a measure of

activity with methane conversion to provide additional insight.

The H, yield shown in Figure 5.8 shows a similar trend to methane conversion in that the addition
of O, increases catalyst activity. One substantial difference is that methane conversion increases
with O, concentration whereas the H, yield, and also the CO shown in Figure 5.9 is higher when
x=0.17 than 0.25. One explanation for this is that total oxidation is occurring to a greater extent at
higher O levels, therefore reducing the H, and CO yields when x=0.25. However, from analysis of
the CO, consumption and H,O production, shown in Figure 5.11 and Figure 5.12 respectively, the
extent of total oxidation occurring for x=0.25 appears to be slightly less than for x=0.17. The small
differences in H, yield (<4 %) and CO vyield (<2 %) between x=0.17 and 0.25, suggest that this
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anomaly may be due to experimental error. Errors involved with H, and CO yield are greater than
those with H,O production or CO, consumption as yields incorporate all sources of H, and CO,
whereas H,O production and CO, consumption rely purely upon the changes in H,O or CO,

concentration.
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Figure 5.8: H, yield for reaction of CH, + 0.5CO, + xO, over Ni/YSZ at 600 °C for 20 hours

(x=0.00, 0.17, 0.25, 0.33)

High stability is seen when x=0.25 in H, and CO vyield over the 20 period, whereas when x=0.17
and x=0.33 there is a small reduction in yield with time. This is attributed to total oxidation
occurring to a greater extent over time which can be seen in Figure 5.11 and Figure 5.12. For
x=0.17, the increase in total oxidation over time may be due to carbon deposition, which can be
seen in Figure 5.24, reducing the active catalyst surface area, therefore increasing the relative
concentration of oxygen per available nickel site and potential for total oxidation. However, the
lack of carbon deposition which occurs when x=0.33 dismisses this explanation. A possible cause
for the increased total oxidation over time for x=0.33 may be a result of sintering. The high nickel

content of the catalyst means there is a high potential for sintering at high temperatures. Sintering
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of the catalyst would reduce the available surface area and increase the relative concentration of

oxygen per nickel site. As variations are small, it may also be attributed to the reaction approaching
a steady state.

In the absence of O,, a small CO yield is exhibited (<5 %) despite almost no methane conversion
and negligible H, yield (<1 %). This suggests that the reverse Boudouard reaction (Equation 5.3) to
produce CO from deposited carbon is occurring. The very small H,O production for x=0.00
suggests the reverse water gas shift reaction (Equation 5.4) may also be occurring. However, as the

H,O production is extremely low it may be insignificant.

C(sy + €O, = 2CO (5.3)

H, + CO, = CO + H,0 (5.4)

CO Yield (%)

0 5 10 15 20
Time (h)

Figure 5.9: CO yield for reaction of CH, + 0.5CO, + xO, over Ni/YSZ at 600 °C for 20 hours

(x=0.00, 0.17, 0.25, 0.33)

Page |5-11|



5. Influence of O,

The H,:CO product ratio increases upon the addition of oxygen to the CH4:CO, mixture, as shown
in Figure 5.10. This increase is primarily attributed to the complete lack of methane conversion in
the absence of O, at 600 °C and the greater H,:CO stoichiometry of the partial oxidation of

methane (Equation 5.5) compared to the dry reforming of methane (Equation 5.6).
CH, +1/20, - 2H, 4+ CO  AHSys = —38k] mol~? (5.5)

CH,+CO, » 2H, +2CO0  AH&g = +247k] mol™? (5.6)

The decreasing H,:CO ratio over time when x=0.17 and x=0.25 can be attributed to a reduction in
reforming activity coupled with the reverse Boudouard reaction (Equation  5.3) and reverse water
gas shift reaction (Equation 5.4). When x=0.33, the decreasing H,:CO is due to increased
selectivity towards total oxidation over partial oxidation and the subsequent greater decrease in H,

than CO due to the stoichiometry of the partial oxidation.

3.5

H,:CO Ratio

0 5 10 15 20
Time (h)

Figure 5.10: H,:CO product ratio for reaction of CH, + 0.5CO, + xO, over Ni/YSZ at 600 °C

for 20 hours (x=0.00, 0.17, 0.25, 0.33)
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Through analysis of the CO, consumption and H,O production, the extent to which total oxidation
occurs can be assessed. This is an important parameter in assessing the activity of the catalyst, as
has been seen earlier regarding H, and CO yield. The increasing extent of total oxidation when
x=0.17 and 0.33 in particular has been attributed to carbon deposition and sintering respectively. A
noticeable feature shown within the CO, consumption when x=0.00 is the increasing CO,
consumption up to ca. 12 hours, followed by a sudden shift to decreasing CO, consumption up to
the termination of the reaction. As this is not reflected through any other analysis, it is feasible to

attribute this feature to a slight variation in flow of CO, through the reactor system.
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Figure 5.11: CO, consumption for reaction of CH,;+ 0.5CO, + xO, over Ni/YSZ at 600 °C for

20 hours.
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Figure 5.12: H,O production for reaction of CH, + 0.5CO, + xO, over Ni/YSZ at 600 °C for

20 hours (x=0.00, 0.17, 0.25, 0.33)

5.3.2 Reaction of CH,+ 0.5CO, + xO, over Ni/YSZ at 700 °C

At 700 °C, significant variation in reforming characteristics is seen compared to that at 600 °C. The
addition of O, to the CH4/CO, mixture results in a significant increase in methane conversion.
Unlike at 600 °C however, significantly greater deactivation is observed over the 20 hour period
for all O, levels, particularly x=0.33. This deactivation can also be seen in the corresponding H,

and CO yield shown in Figure 5.13 and Figure 5.14 respectively.
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Figure 5.13: H, yield for reaction of CH,;+ 0.5CO, + xO, over Ni/YSZ at 700 °C for 20 hours

(x=0.00, 0.17, 0.25, 0.33)
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Figure 5.14: CO yield for reaction of CH,;+ 0.5CO; + xO, over Ni/YSZ at 700 °C for 20 hours

(x=0.00, 0.17, 0.25, 0.33)
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In the absence of O,, a stable methane conversion and H, yield are seen together with a slight
decrease (2 %) in CO yield. This may be attributed to a loss in reforming activity which is not
manifested in the CH,; conversion and H, yield due to an increased extent of methane
decomposition (Equation 5.7). This explanation is supported by the reduction in CO, consumption
shown in Figure 5.15, and the significant quantity of carbon deposition at this reaction temperature
(Figure 5.24). Methane decomposition becomes thermodynamically favourable at temperatures

above 700 °C, as shown in Figure 2.4.

CH4_ - 2H2 + C(s) (57)

The deactivation seen in the methane conversion and H, and CO yields for the reactions in the
presence of oxygen can be attributed to an increase in the extent to which the total oxidation
reaction (Equation 5.1) occurs. This can be seen in the decreasing CO, consumption and increasing
H,0 vyield in Figures 5.15 and 5.16 respectively. As may be expected, the increased concentration

of oxygen favours increased potential towards total oxidation over partial oxidation.
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Figure 5.15: CO, consumption for reaction of CH,; + 0.5CO, + XO, over Ni/YSZ at 700 °C for

20 hours (x=0.00, 0.17, 0.25, 0.33)
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Figure 5.16: H,O production for reaction of CH,; + 0.5CO, + xO, over Ni/YSZ at 700 °C for

20 hours (x=0.00, 0.17, 0.25, 0.33)
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As at 600 °C, the level of increase in activity upon addition of increasing quantities of oxygen is
substantially greater for the H, yield than the CO yield, which can be attributed to the greater

H,:CO stoichiometry of the partial oxidation reaction compared to the dry reforming reaction.

The variations in H,:CO product ratio are minor, with the H,:CO ratio increasing with increased O,
concentrations in a similar manner to that observed at 600 °C. This is again attributed to the
occurrence of the reverse Boudouard reaction (Equation 5.3) and reverse water gas shift reaction

(Equation 5.4).

5.3.3 Reaction of CH, + 0.5CO, + xO, over Ni/YSZ at 800 °C

The reaction data for the studies performed at 800 °C is shown in Table 5.1. Methane conversion
follows the deactivation shown for the H, and CO yield and the H,:CO ratio is highly stable
(maximum variation of 0.101) for all added oxygen concentrations over the 20 hour reaction
duration and are therefore excluded from the table. Values are taken after 5 hours on-line to ensure
the initial saturation effect is not considered and after 20 hours to most accurately reflect the

stability of the reaction.

Table 5.1: Reforming analysis for reaction of CH, + CO, + xO, (x=0.00, 0.17, 0.25, 0.33) over

Ni/YSZ at 800 °C after 5 hours and 20 hours duration

H, Yield (%) CO Yield (%) H,O Production | CO, Consumption
(%) (%)
Time (h)

CH,:x0O, 5 20 5 20 5 20 5 20
x=0.00 37.2 34.1 46.0 42.8 1.0 1.8 79.7 60.9
x=0.17 70.5 68.7 51.8 47.8 3.3 4.3 77.0 70.0
x=0.25 84.0 80.4 58.4 55.5 2.7 3.3 84.9 81.1
x=0.33 90.8 88.3 61.8 62.1 54 5.4 75.0 73.7
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A small reduction in methane conversion, H, yield and CO vyield over time is observed across all
CH,:xO, ratios. For the reactions in the presence of O,, this slight reduction can be attributed to an
increased extent of total oxidation, which is shown by an increasing H,O production and
decreasing CO, consumption. The deactivation observed in the absence of O, can be attributed to
carbon deposition, which is confirmed by the substantial quantity of carbon detected during the
post-reaction temperature programmed oxidation (Figure 5.24). The carbon deposition seen is also
expected from the H,:CO ratio as a H,:CO ratio of greater than 1 suggests that methane
decomposition is occurring. Methane decomposition is likely to be the main contributing reaction

towards the deposition of carbon at this temperature and high CO, concentration.

The substantially greater decrease in CO, consumption compared with the CO yield for the reaction
in the absence of O, suggests that the reverse Boudouard reaction (Equation 5.3) is occurring to an
extent. This is consistent with the thermodynamic potential for this reaction to occur at
temperatures above 700 °C shown in Figure 2.4, and also the high quantity of carbon present on the

catalyst surface.

5.3.4 Reaction of CH,+ 0.5CO, + xO, over Ni/YSZ at 900 °C

As for 800 °C, CH, conversion and H,:CO product ratio are excluded from the table below for the
reasons discussed previously. From Table 5.2, it can be seen that the reaction in the absence of
oxygen shows greater stability compared to reactions carried out with the addition of oxygen. In
addition to the greater stability, increases in H, and CO yields are also seen, whereas the reactions
in the presence of oxygen exhibit deactivation with time. The increased H, yield (ca.5 %) and CO
(ca.2 %) yield with a stable methane conversion coupled with a decrease in CO, (ca.10 %)
conversion suggests that methane decomposition and the reverse Boudouard reaction are occurring
to a greater extent as reaction duration increases. This is supported by the high level of carbon

deposition observed for this reaction as shown in Figure 5.24. Also, the H,:CO ratio of 1.5 for this
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reaction suggests that methane decomposition is occurring as the product stoichiometry of the dry

reforming reaction is 1.

Table 5.2: Reforming analysis for reaction of CH, + CO, + xO, (x=0.00, 0.17, 0.25, 0.33) over

Ni/YSZ at 900 °C after 5 hours and 20 hours duration.

H, Yield (%) CO Yield (%) H,O Production | CO, Consumption
(%) (%)
Time (h)

CH,;:x0O, 5 20 5 20 5 20 5 20
x=0.00 38.4 43.6 40.5 42.1 0.0 0.0 100.0 90.1
x=0.17 86.6 67.9 56.9 47.4 6.8 12.9 943 77.9
x=0.25 112.0 98.8 73.0 67.0 0.7 2.6 97.8 88.0
x=0.33 77.6 71.3 54.3 48.6 6.4 7.3 78.8 73.9

At x=0.17 and 0.25, a substantial decrease in methane conversion, H, yield and CO yield is seen
over the reaction duration. This can again be attributed to increased selectivity towards total
oxidation of methane over partial oxidation, which can also be seen by the decreasing CO,
consumption and increasing H,O vyield. Similar behaviour is observed for x=0.33, however less
deactivation occurs due to the greater quantity of total oxidation occurring at the start of the
reaction. The H, yield of >100 % for x=0.25 may be caused by a variation in sensitivity that is a

particularly issue for H, due to the low H, sensitivity of the equipment.

5.3.5 Reaction of CH, + 0.5CO, + xO, over Ni/YSZ at 1000 °C

The reactions carried out at 1000 °C in the presence of O, show similar high stability to those
carried out at 800 °C and 900 °C, as shown in Figure 5.17 and Table 5.3. In the absence of O,, the
reaction profile shows a significant feature at ca. 9 hours. This feature is due to the physical

blocking of the reactor tube which is caused by a build-up of deposited carbon. This blockage
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restricts gas flow through the reactor and therefore any data derived from experiments where this
occurs is not accurate and, as such, are not included. The extent of carbon deposition is shown in

Figure 5.24.
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Figure 5.17: CH,4 conversion for reaction of CH4+ 0.5CO; + xO, over Ni/YSZ at 1000 °C for

20 hours (x=0.00, 0.17, 0.25, 0.33)

For reactions with greater O, levels (x=0.25 and 0.33), insignificant variations (<2 %) in reforming
characteristics with time are seen, whereas when x=0.17, greater variations are present. High
stability is seen for the reactions when x=0.25 and x=0.33 as no carbon deposition is seen to occur
(Figure 5.24) , due to a lack of unreformed methane available to decompose. Also, unlike at lower
temperatures, the increased rate at which the catalytic reactions occur at this temperature would
mean that any sintering and resulting loss in surface area would have substantially less effect upon

performance.

The slightly greater variation shown when x=0.17 can be attributed to a greater tendency to
undergo methane decomposition and carbon formation. The stability in CH, conversion, slight
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increase in H, yield (ca.3 %) and decrease in CO vyield (ca.3 %) coupled with a stable H,O
production, CO, consumption and high quantity of deposited carbon present for this reaction all
suggest an increasing extent of methane decomposition occurring with time. This is attributed to
the deposition of carbon reducing the active catalyst surface area, resulting in an increase in
unreformed methane available to decompose. Carbon deposition is expected at this temperature and

carbon:oxygen ratio due to the lack of sufficient reformant for the quantity of methane.

Table 5.3: Reforming analysis for CH, + CO, + xO, (x=0.17, 0.25, 0.33) reaction at 5 hours

and 20 hours duration at 1000 °C.

H, Yield (%) CO Yield (%) H,O Production | CO, Consumption
(%) (%)
Time (h)

CH,4:x0O, 5 20 5 20 5 20 5 20
x=0.17 113.3 116.1 62.5 59.6 0.0 0.0 100.0 99.6
x=0.25 1105 111.8 72.2 71.0 1.0 1.4 97.2 96.2
x=0.33 85.4 86.6 60.0 59.6 7.3 7.5 80.1 80.0

5.3.6 Influence of isothermal reaction temperature for reaction of CH, + 0.5CO, + xO, over

Ni/YSZ using average comparisons

Averages are taken as a mean value from 2 hours to 20 hours on-line to ensure that any initial
saturation effects that are uncharacteristic of the overall reaction are not considered. Despite the
variations with time discussed previously, mean averages are considered as the most effective and
accessible approach for analysing the influence of O, addition at different reaction temperatures.

These average comparisons are shown in Figures 5.18 — 5.23.

As expected for all reactions with or without oxygen addition, increasing reaction temperature
results in substantially greater methane conversion (Figure 5.18), due to the increase in reaction

Kinetics and increased thermodynamic favourability for the dry reforming and methane
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decomposition reactions. This is particularly evident for the reaction in the absence of O, where an

almost linear increase in methane conversion is seen with increasing reaction temperature.

The addition of O, to the CH,:CO, mixture results in a substantial increase in methane conversion
(Figure 5.18) as is also reported by Ruckenstein and Hu [4] and Gao et al.[7]. This behaviour has
been attributed to the increased availability of reformant. With the addition of O, a different trend
is observed compared to that in the absence of O, in that the extent of increase in conversion
decreases with increasing reaction temperature. This is due to the methane-limited nature of the
reaction at high temperatures. As discussed in Section 5.2.5, the average taken for the dry
reforming reaction at 1000 °C is representative only from 2 hours to 8.5 hours due to the physical
blockage that occurred at ca. 9 hours as a result of carbon deposition and consequently should be

treated with caution.
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Figure 5.18: Average CH, conversion for reaction of CH, + 0.5CO,; + xO, over Ni/YSZ for 20

hours across the temperature range of 600-1000 °C (x=0.00, 0.17, 0.25, 0.33)

Despite the overall similarity between the methane conversion (Figure 5.18) and H, yield (Figure

5.19), substantial variations are also present, in that above 800 °C the reaction with x=0.33 shows a
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lower H, yield than the reactions with x=0.17 and 0.25, whereas methane conversion is greater with
x=0.33. This is also reflected within the variation in CO yield with reaction temperature (Figure
5.20). This behaviour may be attributed to an increase in the total oxidation of methane above 800
°C or an increase in the oxidation of H, and CO to H,O and CO, respectively. An increase in the
reverse water gas shift reaction (Equation 5.4) is unlikely as this would result in decreased H, yield
and not CO yield. The increases in H, yield and CO yield with x=0.33 between 900 °C and 1000
°C may be due to increased CH, decomposition to increase H, yield and the carbon deposited

inducing the reverse Boudouard reaction to increase CO yield .

The substantial increase (+32.1%) in H; yield for x=0.17 upon increasing the temperature between
900 °C and 1000 °C suggests increased methane decomposition (Equation 5.7), which is consistent
with the much smaller increase in CO yield (+5.57), and also the extent of carbon deposition, as
seen in Figure 5.24. The H,:CO ratio of greater than 2 also suggests the occurrence of methane
decomposition. The less significant increase in total oxidation products also (Figure 5.21 and 5.22)
suggests increased methane decomposition. The high H,O production for x=0.17 at 900 °C (Figure
5.21) is against the trend seen for other temperatures and oxygen levels. Therefore, the possibility

of it being an erroneous value should be considered.
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Figure 5.19: Average H, yield for reaction of CH, + 0.5CO, + xO, over Ni/YSZ for 20 hours

across temperature range of 600-1000 °C (x=0.00, 0.17, 0.25, 0.33)
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Figure 5.20: Average CO yield for reaction of CH4 + 0.5CO, + xO, over Ni/YSZ for 20 hours

across the temperature range of 600-1000 °C (x=0.00, 0.17, 0.25, 0.33)
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Figure 5.21: Average H,O production for reaction of CH, + 0.5CO, + xO, over Ni/YSZ for 20

hours across temperatures range of 600-1000 °C (x=0.00, 0.17, 0.25, 0.33)
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Figure 5.22: Average CO, consumption for reaction of CH, + 0.5CO, + xO, over Ni/YSZ for

20 hours across the temperatures range of 600-1000 °C (x=0.00, 0.17, 0.25, 0.33)
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The addition of O, to the CH,;:CO, mixture results in a substantial increase in the H,:CO product
ratio, and the increase observed upon O, addition reduces with temperature (Figure 5.23). The
increases in H,:CO ratio can be attributed to the greater H,:CO product stoichiometry of the partial
oxidation reaction (Equation 5.5) compared to the dry reforming reaction (Equation 5.6). The
smaller increase with temperature upon oxygen addition is due to the increased reforming activity
of the dry reforming reaction with temperature coupled with the reduced thermodynamic potential
for the partial oxidation reaction and also the increased thermodynamic potential for methane

decomposition, as shown in Figure 2.4.

The influence of oxygen concentration on the H,:CO product ratio seen in Figure 5.23 shows
opposing effects below and above 800 °C in that below 800 °C, increasing O, concentration leads

to an increased H,:CO ratio, whereas the opposite is seen above 800 °C. The effect below

800 °C is attributed to the greater extent of partial oxidation occurring and the significantly greater
H,:CO stoichiometry of the partial oxidation reaction. This effect decreases with increasing
reaction temperature as the extent to which the dry reforming reaction occurs increases. The greater
H,:CO ratio above 800 °C with lesser concentrations of oxygen is attributed to an increased extent
of methane decomposition. The decreasing H,:CO ratio for x=0.33 above 800 °C (illustrated in
Figure 5.23) is similar to the work published by Choudhary et al. [8], using oxidative CO,

reforming with excess O,.

A discussed in Section 2.3.7, the ability to tailor the H,:CO product ratio of a methane reforming
reaction is highly desirable due to the different H,:CO ratios required by different applications.
Figure 5.23 illustrates the potential to tailor the H,:CO ratio through variations in O, concentration
and reaction temperature. The ability to tailor H,:CO ratio through reaction temperature and O,

concentration has also been studied by Guo et al. [9] in a fluidized bed system.
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Figure 5.23: Average H,:CO product ratio for reaction of CH, + 0.5CO, + xO, over Ni/YSZ
for 20 hours across the temperatures range of 600-1000 °C (x=0.00, 0.17, 0.25,

0.33)

5.3.7 Carbon deposition during reaction of CH, + 0.50, +xO, over Ni/YSZ as a factor of

reaction temperature and O, concentration

The deposition of carbon onto the catalyst surface during the reforming reaction is one of the
primary methods of catalyst deactivation which are discussed in Section 2.6.2. Post-reaction
temperature programmed oxidation described in detail in Section 3.6 enables for the extent to
which carbon was deposited in the reactor and over the catalyst material during the 20 hour
reactions to be estimated. For those reactions in which an excess of 30 mg carbon was deposited,
incomplete combustion of carbon occurred in which all oxygen was consumed, and is illustrated

with an arrowhead in Figure 5.24. This behaviour is discussed in greater detail in Section 3.6.
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From Figure 5.24 it is apparent that the addition of O, to the CH,4:CO, mixture significantly reduces
the extent of carbon deposition, and that increasing the O, concentration results in a further
reduction in carbon deposition. This is due to a reduction in the extent of methane available to
decompose, an increased availability of CO, to induce the reverse Boudouard reaction to remove
surface carbon and an increased potential for oxidation of any carbon deposited during the reaction.

This is consistent with the findings of O’Connor and Ross [1].

For the reaction in the absence of O,, the mass of carbon deposited increases substantially with
temperature. This is attributed to an increase in methane decomposition and also a decrease in the
availability of CO, to induce the reverse Boudouard reaction and remove carbon. Carbon formed at
lower temperatures (<700 °C) is likely to be produced though the Boudouard reaction, whereas at
higher temperatures (>700 °C), carbon can primarily be attributed to methane decomposition. This
is illustrated by the thermodynamic potentials shown in Figure 2.4. When x=0.17 and 0.25, small
quantities of carbon (<2 mg) are produced at 600 and 700 °C through the Boudouard reaction.
Substantial carbon (>30 mg) is deposited for x=0.17 at 1000 °C via methane decomposition which
occurs at this oxygen concentration due to the availability of unreformed methane. The lack of
carbon deposition observed for x=0.17 at 800 and 900 °C is unexpected when compared to the
significant carbon deposition seen at 1000 °C. One potential cause for this may be a slight error in

the experiments and therefore the carbon deposition should be viewed with caution.
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Figure 5.24: Mass of carbon deposited during 20 hour isothermal reaction of CH, + 0.5CO, +
xO, at temperatures between 600 — 1000 °C. Carbon masses measured through
post-reaction temperature programmed oxidation and limited to 30 mg of
carbon deposited. An arrowhead is used in the figure to illustrate where mass of

carbon exceeds 30 mg.

The determination of the nature of the carbon deposits by temperature programmed oxidation is
limited. The varying mass of carbon can mask information that may be present regarding separate
carbon oxidation peaks. This is illustrated in the post-reaction temperature programmed oxidation
profiles from the reactions in the absence of O,, which are shown in Figure 5.25. Despite this
masking effect, evident particularly for the reactions at 900 °C and 1000 °C, a slight trend is visible
in that the major peak temperature increases as the reaction temperature increases. This may be
explained by the source of the carbon affecting its stability [10] or purely by the temperature at
which the carbon deposit was formed affecting its stability. Similar behaviour has been published
by numerous research groups including He and Hill [11], Baker and Metcalfe [12] and this research

group [13-15] which was attributed to the thermal aging of carbon deposits.
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Figure 5.25: Temperature programmed oxidation profiles showing CO, generation from
oxidation of carbon deposited during reaction of CH,; + 0.5CO, over Ni/YSZ

for 20 hours at temperatures between 600 — 1000 °C.

One useful feature of temperature programmed oxidation analysis is the ability to distinguish
different carbon species by the temperature at which they are oxidized from the catalyst surface.
This is illustrated in Figure 5.26, where potentially two carbon species are visible in the
temperature programmed oxidation profile. The multiple peaks within temperature programmed
oxidation studies may be caused by a difference in carbon morphology or location of carbon. The
location of carbon is more plausible than differences in carbon morphology due to the relatively
small difference in stability between carbon species. Also, carbon morphologies formed at higher
temperatures have been suggested to exhibit less thermal stability [12, 16]. More accessible carbon
is likely to be oxidized at a lower temperature than less accessible carbon, whilst carbon deposited
on the support material is likely to be oxidized at a lower temperature than that deposited on the

nickel surface due to a weaker interaction between the support and deposited carbon [17]. The
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greater reduction temperature suggests that the respective nickel form has a greater activation

energy.
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Figure 5.26: Temperature programmed oxidation profile showing CO, generation from
oxidation of carbon deposited during reaction of CH, + 0.5CO, over Ni/YSZ at

800 °C for 20 hours

From the analysis of the reactions with time shown in Sections 5.2.1 — 5.2.5, particularly those in
which substantial carbon deposition occurs, it is apparent that the extent of deactivation through
carbon deposition is relatively small unless physical blocking occurs. This relatively small
deactivation suggests that the morphology of carbon deposited is primarily amorphous or
filamentous carbon and not encapsulating [18]. The different carbon morphologies and the extent to

which they induce deactivation are discussed in detail in Section 2.6.2.1.
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5.4 Summary of catalytic behaviour for CH, + 0.5CO; + xO, reactions over Ni/YSZ

with both temperature programmed and isothermal studies

Within this chapter, the influence of oxygen addition in varied quantities to CH,:CO, biogas
simulated mixture on the reforming characteristics has been studied and discussed using

information provided through temperature programmed and conventional catalytic methods.

A temperature programmed reaction profile has been obtained across a range of oxygen
concentrations. It has been seen that the presence of O, within the CH,:CO, mixture results in a
light-off feature, whilst increasing O, concentration delays the point at which this light off occurs.
This is due to the increased selectivity towards total oxidation with increased O, addition. The
addition of O, results in a substantial increase in reforming activity, however when x=0.33, the

occurrence of total oxidation is more prevalent and results in a reduced H, and CO vyield.

Conventional isothermal studies carried out across a range of reaction temperatures have provided
an insight into the stability of the catalyst with time and the reforming characteristics at specific
temperatures. Relative stability is seen across all reaction temperatures and oxygen concentrations,
with the exceptions of when x=0.17 and 0.25 at 900 °C, which became more selective towards total
oxidation of methane, which has been attributed to sintering. Dry reforming at 1000 °C showed

high instability, as carbon deposition caused mechanical deactivation through reactor blockage.

Similar behaviour is observed to the temperature programmed studies in that the addition of O,
significantly increases the reforming activity. However, the extent of enhanced reforming activity
lessens with increasing temperature due to the increased potential for the dry reforming and
methane decomposition reactions. Increasing O, concentration further enhances reforming activity,
however this increase lessens with reaction temperature as the reaction becomes methane limited at

high temperatures.

The addition of O, also increases the H,:CO product ratio substantially due to the greater H,:CO

product stoichiometry of the partial oxidation reaction compared to the dry reforming reaction. The
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influence of O, on reaction selectivity across the temperature range varies; at lower reaction
temperatures greater H,:CO ratio is seen with increased O, levels, whereas the opposite is seen at
higher reaction temperatures. This is attributed to the increased potential for total oxidation with

greater O, concentrations and greater methane decomposition potential at lower O, concentrations.

The ability to tailor the H,:CO ratio is a very significant finding in that it offers the capacity for the
process to be applied to industry requirements, therefore becoming more economically viable as an

approach synthesis gas production.
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6 Influence of 5 mol% CeO, addition to Ni/YSZ on CO, reforming of CH,

with and without O, addition

Within this chapter, the temperature programmed and conventional catalytic studies of CO,
reforming of CH,4 with and without the addition of O, in varied concentrations have been conducted
over 5 mol% Ceria-doped Ni/YSZ. The behaviour of the 5 mol% Ceria-doped Ni/YSZ is compared

to that of undoped Ni/YSZ under equivalent conditions.

6.1 Cerium (IV) Oxide (Ceria, CeO,)

One approach for enhancing the activity, selectivity and stability of catalyst materials is through the
addition of dopants. Ceria is used extensively as a dopant within catalytic applications. Cerium is
the most abundant lanthanide and is found in numerous minerals such as bastnasite, monazite and
loparite [1, 2]. Cerium has an electronic configuration of [Xe] 4f?6s and can easily achieve 3+ and
4+ oxidation states, whilst the 2+ oxidation state is rare. The multiple oxidation states of Ce allows
for the oxide of cerium to shift between Ce,0; with Ce in the 3+ oxidation state and CeO, with Ce

in the 4+ oxidation state.

CeO, has a cubic fluorite structure with a face centred cubic unit cell and upon reduction, develops
both ionic and electronic conductivity through the formation of defects. The structure of CeO, is
such that the oxygen atoms between unit cells are positioned within a plane. As CeO, is reduced,
an oxygen vacancy is formed which allows for oxygen ions to move between unit cells and provide
ionic conductivity. Reduction of CeO, results in Ce changing oxidation state from 4+ to 3+ and the
resulting electron emission provides the basis for electronic conductivity. This therefore classifies

reduced CeO; as an n-type semiconductor.

The mixed electronic and ionic conductivity of CeO, is highly desirable within catalysis and

particularly as an anode material within solid oxide fuel cells (SOFC’s). The ionic conductivity is
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also advantageous as it can actively distribute oxygen throughout the catalyst. The ability of Ce to
move between oxidation states allows it to act as an oxygen sink to maintain a more continuous
supply of oxygen whilst also increasing the oxygen concentration on the catalyst surface. This
property, known as the oxygen storage capacity, allows for oxygen to be available in low oxygen

conditions (fuel rich) and to recover/store oxygen in high oxygen (fuel lean) conditions.

The beneficial use of ceria in catalysts is illustrated through the extensive use within three-way car
exhaust catalysts or catalytic converters. Three-way catalysts (TWC’s) were first introduced in the
1980°s and have become widespread due to the compliance with the European Emissions Standard
[1-4]. All vehicles that do not comply with this standard must be fitted with a TWC to lower the
emissions, resulting in over 750 million passenger vehicles being sold equipped with TWC’s up to
2011 [5]. The oxidising/reducing ability of ceria is used within TWC’s to convert harmful and
environmentally detrimental exhaust gases, particularly carbon monoxide, nitrogen oxides and
unburnt hydrocarbons into less harmful carbon dioxide, nitrogen, and H,O and CO, respectively.

These reactions are shown in Equations 6.1 — 6.3 [3].

CeO, + xCO = CeO,_, + xCO, (6.1)
Ce0,_, + xNO = CeO, + 0.5xN, (6.2)
Ce0, + CeH, 2 CeOy_(axt0s5y) + *¥CO, + 0.5yH,0 (6.3)

Ceria has been shown to be active for methane reforming (Equation 6.4) [6-10], and also aids CO
and H, formation through CO, and H,0O dissociation, shown in Equation 6.5 and 6.6 respectively
[7, 11, 12]. Ceria has also been shown to increase the activity of other metal catalysts through
increasing metal dispersion, and therefore increasing surface area and reducing particle size [13-
18]. This is achieved through a reduction in sintering as CeO, acts as a barrier between metal

particles (Section 2.6.3). The particle sizes for both catalyst materials are illustrated in Table 4.1.

Ce0, + xCH, = Ce0,_, + xCO + 2xH, (6.4)
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Ce0,_, + xCO, = Ce0, + xCO (6.5)

CeO,_, + xH,0 = CeO, + xH, (6.6)

6.2 Temperature programmed CO, reforming of CH,4 over 5 mol% CeO,-Ni/YSZ

with and without addition of O,

Temperature programmed experiments were carried out over 5 mol% CeO,-Ni/Y SZ using the same
operating conditions as over Ni/YSZ (Section 5-2). From Figures 6.1 — 6.6, it can be seen that 5
mol% CeO,-Ni/YSZ shows very similar behaviour to that for Ni/YSZ for these particular operating

conditions.

In the absence of O,, reforming activity increases steadily with temperature due to an increased
kinetic rate as well as the endothermic nature of the dry reforming reaction. As over Ni/YSZ, low
methane conversion (<50 %) is seen at lower temperatures (<800 °C) due to the reaction
stoichiometry and limited CO, availability. Likewise, methane conversion exceeds 50 % at high

temperatures (>800 °C), indicating methane decomposition.

Page |6-3]



6. Influence of CeO, doping

100

CH, Conversion (%)
B (&) (@) ~ (0] ©
o o o o o o
| | | 1 | |

w
o
I

N
o
!

x=0.00
x=0.17
x=0.25
x=0.33

200 300 400 500 600 700 800 900 1000
Temperature/ °C

RN
o

Figure 6.1: CH,4 conversion for reaction of CH; + CO, +x0O, over 5 mol% CeO,-Ni/YSZ

during a temperature programme

90

80 -

50 -

40 |

H, Yield (%)

20

x=0.00
x=0.17
10 x=0.25
x=0.33

200 300 400 500 600 700 800 900 1000
Temperature/ °C

Figure 6.2: H, yield for reaction of CH, + CO, + xO, over 5 mol% CeO,-Ni/YSZ during a

temperature programme

Page |6-4]



6. Influence of CeO, doping

70
60 |
50
S
=40
K
=
O 30
(&
20
* x=0.00
10 - % x=0.17
. x=0.25
. o : x=0.33

200 300 400 500 600 700 800 900 1000
Temperature/ °C

Figure 6.3: CO yield for reaction of CH, + CO, + xO, over 5 mol% CeO,-Ni/YSZ during a

temperature programme

1.8

3
16 | I
14 | ?
i
12 Bt
[] & 3
=] $
g 1 )
o
208 |
I
0.6
0.4 .
3 x=0.00
3 x=0.17
0.2 . x=0.25
() S ————————————————— x=0.33

200 300 400 500 600 700 800 900 1000
Temperature/ °C

Figure 6.4: H,:CO product ratio for reaction of CH, + CO, + xO, over 5 mol% CeO,-Ni/YSZ

during a temperature programme

Page |6-5]



6. Influence of CeO, doping

100

o
o
L

(*2]
o
L

o
o
Il

N
o
L

20 700 800 900 1000
20 | .

CO, Conversion (%)
o

40 -

-60 1 ¢ x=0.00
. X=0.17

-80 ’3: x=0.25
100 )¢ x=0.33

Temperature/ °C

Figure 6.5: CO, conversion for reaction of CH, + CO, + xO, over 5 mol% CeO,-Ni/YSZ

during a temperature programme

30
x=0.00
‘s x=0.17
¢ x=0.25
25 % x=0.33
S 20 | o
: *
o R
T 15 - ¥
a s
0, .
T 10 -
5 ] v‘
0

200 300 400 500 600 700 800 900 1000

Temperature/ °C

Figure 6.6: H,O production for reaction of CH, + CO, + xO, over 5 mol% CeO,-Ni/YSZ

during a temperature programme

Page |6-6|



6. Influence of CeO, doping

One visible difference between the two catalysts is in the methane conversion for the reaction in
the absence of O, is the profile of the slope above 700 °C shown in Figure 5.1. Over Ni/YSZ
(shown in Figure 5.1), the increase in CH,4 conversion with temperature is greater whereas over 5
mol% CeO,-Ni/YSZ (shown in Figure 6.1), the opposite behaviour is observed. The profile for
Ni/YSZ can be explained by the increasing capacity for dry reforming at high temperatures and
also a greater capacity for methane decomposition. The different profile for 5 mol% CeO,-Ni/YSZ
may be attributed to the variation in carbon deposition that is observed within this chapter (See
Section 6.3.7), resulting in increased deactivation at higher temperatures. Doping with ceria can
encourage the dry reforming of methane through the dissociation of CO, to oxidise any Ce,0;
present to produce CO (Equation 6.5) and the CeO, can then donate oxygen to encourage the

partial oxidation of methane (Equation 6.4).

The addition of O, to the CH,:CO, mixture over 5 mol% CeO,-Ni/YSZ results in similar behaviour
to Ni/YSZ, in that a substantial increase in activity is observed, and that this increase is enhanced
with higher O, concentration. This is due to the increased availability of reformant. From
comparison of the temperature profiles for the reforming in the presence of oxygen over Ni/YSZ
and 5 mol% CeO,-Ni/YSZ, it can be seen that the light-off temperatures are slightly lower for the
reaction over 5 mol% CeO,-Ni/YSZ than Ni/YSZ, as shown in Table 6 .1. This may be attributed
to CeO, acting to encourage partial oxidation through distribution of oxygen across the catalyst

surface.

Table 6.1: Light-off temperatures (°C) for temperature programmed reactions of
CH4+0.5C0O,+x0, over Ni/YSZ and 5 mol% CeO,-Ni/YSZ. Light-off

temperatures recorded where H, yield = 10%.

Light off temperature/ °C
CH,4:x0O, Ni/YSZ 5 mol% CeO,-Ni/YSZ
x=0.17 629 621
x=0.25 643 634
x=0.33 655 630
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A substantial variation between the two catalysts is seen in the reactions at high temperatures (>800
°C), in that the catalyst activity for 5 mol% CeO,-Ni/YSZ (Figures 6.2 and 6.3) is significantly
lower than for Ni/YSZ (Figures 5.2 and 5.3). This may be explained by the greater H,:CO, and
CO:CO, atmosphere at higher temperatures resulting in the reduction of the CeO, to Ce,Os. This
reducing atmosphere and low CO, concentration minimises the potential for Ce,O; oxidation to
Ce0, and unlike CeO,, Ce,03 does not encourage methane reforming. Thermal reduction of CeO,
to Ce, O3, reduction in H, or CO-rich conditions and the lack of activity of Ce,O3; towards methane

reforming have been reported in the literature [7, 19].

6.3 CO; reforming of CH4 over 5 mol% CeO,-Ni/YSZ with and without addition of

O

To assess the influence of ceria doping to Ni/YSZ on long-term activity and selectivity, a number
of 20 hour studies were carried out over the temperature range 600-1000 °C at 100 °C intervals.
Changes in catalyst behaviour with time are discussed for each reaction temperature and variations
across the temperature range are also discussed. The extent to which carbon deposition occurred
during the reaction was measured using post-reaction temperature programmed oxidation
techniques (Section 3.6). Details of CH, conversion and H,:CO ratio that are not included in this

section are available in Appendix B.

6.3.1 Reaction of CH, + 0.5CO,+ xO, over 5 mol% CeO,-Ni/YSZ at 600 °C

At 600 °C, analysis at 5 and 20 hours is shown in Table 6.2. The methane conversion and H,:CO

product ratio are not shown in

Table 6.2 as they show high stability over the 20 hour reaction period and it is considered that H,
and CO vyield represent catalyst activity and selectivity more accurately than methane conversion.

Values were taken after 5 hours on-line to ensure that the initial reaction characteristics are not
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considered as these can be unstable and uncharacteristic, and after 20 hours to most accurately

reflect reaction characteristics after a significant time period.

Table 6.2: Reforming analysis for reaction of CH, + CO, + xO, (x=0.00, 0.17, 0.25, 0.33) over

5 mol% CeO,-Ni/YSZ at 600 °C after 5 hours and 20 hours

Time (h)
H, Yield (%) CO Yield (%) H,O P(r(%uction CO, Co(rc:/sol)Jmption
CH,;:x0; 5 20 5 20 5 20 5 20
x=0.00 6.24 5.78 16.11 14.57 2.83 2.40 47.67 51.63
x=0.17 13.10 13.10 19.80 20.43 8.34 8.01 18.67 17.41
x=0.25 15.29 15.68 19.13 18.85 10.69 10.25 11.12 15.60
x=0.33 21.81 22.04 23.64 23.11 13.79 14.00 -9.39 -10.19

From Table 6.2, it can be seen that the reactions in both the absence and presence of oxygen exhibit

very high stability (<4 % variation) over the reaction duration of 20 hours. The table shows that the

addition of oxygen to the CH,4:CO, mixture results in a substantial increase in reforming activity,

particularly in H, yield. The greater increase in H, yield compared to CO yield may be due to the

greater H,:CO product ratio of the partial oxidation reaction compared to the dry reforming

reaction and the increased potential for CO, to reoxidise Ce,O3; (Equation 6.5) and produce CO.

This difference is also exhibited in the greater H,:CO product ratios for the reactions in the

presence of O,, as shown in Table 6.3 below.
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Table 6.3: Average H,:CO product ratios for reaction of CH, + CO, + xO, (x=0.00, 0.17, 0.25.

0.33) over 5 mol% CeO,-Ni/YSZ at 600 °C Average taken from 2-20 hours.

CH,:x0O, Average H,:CO product ratio
x=0.00 0.52
x=0.17 0.73
x=0.25 0.88
x=0.33 1.06

The high stability at this temperature may be due to decreased deactivation from carbon deposition
and sintering. Similar stable behaviour is observed for Ni/YSZ (Figures 5.7 — 5.10) at this
temperature, however a slightly greater variation over time is seen in that total oxidation becomes
more favoured with time. This may be attributed to sintering occurring to a lesser extent with 5
mol% CeO,-Ni/YSZ than for Ni/YSZ, due to the ability of CeO, to minimize metal sintering as

discussed in Section 2.6.3 [11, 17, 18].

It is evident that both Ni/YSZ and 5 mol% CeQO,-Ni/YSZ catalysts show high stability over the 20

hour reaction duration at 600 °C.

6.3.2 Reaction of CH, + 0.5CO,+ xO, over 5 mol% CeO,-Ni/YSZ at 700 °C

At 700 °C (shown in Figures 5.9 — 5.12), the reaction profile shows significant variation from that
at 600 °C, in that unusual behaviour is seen for the reactions performed in the presence of oxygen.
This unusual behaviour will be termed as ‘cycling’ throughout this study due to its alternating yet
regular nature. Cycling in this situation is likely caused by the continuous transition between
cerium oxidation states of 4+ (CeO,) and 3+ (Ce,03), as shown schematically in Figure 6.7. Such
behaviour is not present in the equivalent studies performed over Ni/YSZ. The nature of the cycling
would also indicate that cerium is the underlying cause due to the stable baseline provided by
nickel within each reaction and the small enhancement seen from this baseline, as is shown in

Figure 6.8.
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Figure 6.7: Schematic diagram of transition between Ce** and Ce** and influence on

reforming products

The cycling occurs in that CeO, is reduced through activating methane reforming, resulting in
increased catalytic activity. Subsequent reduced Ce,0s is inactive for methane reforming resulting
in catalyst activity falling to the baseline maintained by methane reforming through nickel. The
Ce,0; is reoxidized by O, and CO, to CeO, which is then active for methane reforming and
catalyst activity increases. This process occurs continuously throughout the course of the reaction.
From the reaction profiles shown in subsequent figures, it is evident that increased oxygen
concentration in the gas feed increases the magnitude to which product cycling occurs. This may be

attributed to the increased potential for Ce,05 reoxidation with increased oxygen.
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Figure 6.8: Extract from Figure 6.9 to illustrate the nature of cycling for the reaction of CH,
+ 0.5CO; + xO, over 5 mol% CeO,-Ni/YSZ at 700 °C (x=0.00, 0.17, 0.25, 0.33).

Data points are connected to visually enhance cycling nature

Cycling may be caused by the transient direct oxidation and reduction of nickel where oxygen is
present in the gas feed. However, cycling behaviour is not seen for the reactions performed over
Ni/YSZ (Figures 5.13 — 5.16). The greater extent of the cycling for the total oxidation products
with increased oxygen addition (see Figures 6.11 and 6.12), suggests that either the presence of
CeO, directly encourages the total oxidation of methane reaction (Equation 6.7) or increases

oxygen donation to oxidise nickel and indirectly encourages total oxidation.

CH, + 20, = 2H,0 + CO, (6.7)
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Figure 6.9: H, yield for the reaction of CH, + 0.5CO, + xO, over 5

for 20 hours (x=0.00, 0.17, 0.25, 0.33)

%Ce0,-Ni/YSZ at 700 °C
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Figure 6.10: CO yield for reaction of CH, + 0.5CO,; + xO, over 5%CeO,-Ni/YSZ at 700 °C for

20 hours (x=0.00, 0.17, 0.25, 0.33)
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6. Influence of CeO, doping

The percentage H, yields for different levels of added O, presented in Figure 6.9 shows good
stability over the duration of the reaction. This stable performance is also reflected in the H,O
production shown in Figure 6.12. However, this is not reflected in the CO yield and CO,
consumption shown in Figures 6.10 and 6.11 respectively. The lower stability observed for the CO
yield compared to the H, yield may partially be caused by the potential for oxidation of deposited
carbon and the reverse Boudouard reaction. The lower signal intensity and therefore greater noise

levels for CO compared to H, may also contribute to the reduced stability with time.
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Figure 6.11: CO, consumption for the reaction of CH, + 0.5CO, + xO, over 5%CeO,-Ni/YSZ

at 700 °C for 20 hours (x=0.00, 0.17, 0.25, 0.33)
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Figure 6.12: H,O production for the reaction of CH, + 0.5CO, + xO, over 5%CeO,-Ni/YSZ at

700 °C for 20 hours (x=0.00, 0.17, 0.25, 0.33)

The variation in CO yield and CO, consumption over time, shown in Figures 6.10 and 6.11
respectively, may be due to carbon deposition and carbon removal through an increase in the

reverse Boudouard reaction (Equation 6.8) or oxidation through lattice oxygen (Equations 6.9 and

6.10)
Ces) + €O = 2C0 (6.8)
C802 +C= Cezo3 + CO (69)
2Ce0, + C 5 2Ce,05 + CO, (6.10)

The influence of carbon deposition on the reforming characteristics is supported by the quantity of
carbon detected in the post-reaction temperature programmed oxidation (Figure 6.31). The H,:CO

ratios of approximately one are also consistent with the occurrence of the reverse Boudouard
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reaction, as both partial oxidation of methane (Equation 6.11) and methane decomposition

(Equation 6.12) would result in a greater H,:CO ratio.

CH4 + 0.50, = 2H, + CO (6.11)

CH, = 2H, + C(s) (6.12)

From comparison with the measurements carried out at 700 °C over Ni/YSZ (Section 5.3.2), it can
be seen that 5 mol% CeO,-Ni/YSZ shows greater stability over time. The maximum difference in
H, yield between 5 hours and 20 hours is 5.92 % and 0.54 % for Ni/YSZ and 5 mol% CeO,-
Ni/YSZ respectively. There is no significant shift towards total oxidation of methane (maximum
difference in H,O production between 5 and 20 hours is +0.39 %) compared to that seen over
Ni/YSZ. The behaviour over Ni/YSZ may be attributed to sintering of the catalyst which may be

reduced with the 5 mol% CeO,-Ni/YSZ as discussed in Section 2.6.3.

6.3.3 Reaction of CH, + 0.5CO,+ xO, over 5 mol% CeO,-Ni/YSZ at 800 °C

At 800 °C, similar behaviour is observed to at 700 °C, particularly with the occurrence of
substantial cycling behaviour. However, differences are visible between the reaction temperatures,

particularly regarding the nature and extent of the cycling behaviour.

In the absence of O,, both H, (Figure 6.13) and CO vyield (Figure 6.14) show an increase with
reaction time, particularly the CO yield which shows a significant increase of approximately 20 %.
An increase in H, yield, to where the total yield increases above
50 %, indicates that methane decomposition may be occurring. This increase over time may be
caused by the deposited carbon acting as an active surface for methane decomposition [20, 21].
This is supported by the substantial quantity of carbon detected during post-reaction temperature

programmed oxidation (Figure 6.31).
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Figure 6.13: H, yield for the reaction of CH, + 0.5CO; + xO, over 5 mol% CeO,-Ni/YSZ at

800 °C for 20 hours (x=0.00, 0.17, 0.25, 0.33)
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Figure 6.14: CO yield for the reaction of CH, + 0.5CO, + xO, over 5 mol% CeO,-Ni/YSZ at

800 °C for 20 hours (x=0.00, 0.17, 0.25, 0.33)
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6. Influence of CeO, doping

The substantial quantity of carbon deposition occurring during the reaction in the absence of O, is
likely to be the dominant cause of the increasing CO yield over time. As carbon is deposited on the
catalyst surface, CO, will be consumed to a lesser extent through methane reforming due to a
reduced active metal surface area. However, the CO, will react with deposited carbon to produce
carbon monoxide through the reverse Boudouard reaction (Equation 6.8). This is supported by the
stable CO, consumption over time (Figure 6.15), with the increasing consumption from increased
reverse Boudouard reaction compensating for the decreasing consumption from a reduced extent of
methane reforming. Ceria doping enhances the production of CO from surface carbon as CO,
reacts with Ce,03 to produce CeO, and CO (Equation 6.5). The CeO, can then encourage removal
of deposited carbon through oxidation with lattice oxygen to produce further CO (Equation 6.9) [6,

14, 22].

When oxygen is present in the reaction gas mixture, relatively stable H, production is observed
with a small quantity of cycling present when x=0.17 and 0.25, whereas no cycling is observed
when x=0.33. The reduction in the extent of cycling at 800 °C compared to that shown at 700 °C is
attributed to the increased reforming activity at 800 °C. As methane reforming increases, the
reaction atmosphere becomes increasing H, rich, encouraging the reduction of CeO, to Ce,0s.
Also, the increased consumption of CO, through the reforming reaction results in reduced

availability of CO, to reoxidise Ce,O5 to CeO,.

Both the increased H, and decreased CO, concentrations reduce the extent to which ceria is present
in the CeO, form, therefore reducing the extent to which the catalytic activity can increase above
the baseline provided through nickel activity [7]. The absence of cycling behaviour at 800 °C when
x=0.33 may be due to a greater catalyst bed temperature resulting from increased exothermic total
and partial oxidation reactions. The CeO, structure is less favourable at high temperatures as CeO,
can lose oxygen into the reaction atmosphere [19]. Another explanation may be that when x=0.33,
sufficient CO, is available to ensure that CeO, predominates over Ce,O3; and that the reduction-
oxidation reaction occurs so rapidly it is not visible in the activity data, which is stored at 1 minute

intervals.
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Lower H, and CO yields are also seen where x=0.33 than 0.25. This is due to an increased extent of
total oxidation of methane, which can be seen through the lesser CO, consumption and greater H,O

production, shown in Figures 6.15 and 6.16.
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Figure 6.15: CO, consumption for the reaction of CH, + 0.5CO, + xO, over 5 mol% CeO,-

Ni/YSZ at 800 °C for 20 hours (x=0.00, 0.17, 0.25, 0.33)
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Figure 6.16: H,O production for the reaction of CH, + 0.5CO, + xO, over 5 mol% CeO,-

Ni/YSZ at 800 °C for 20 hours (x=0.00, 0.17, 0.25, 0.33)

As with the reaction at 700 °C, a substantial increase in CO vyield is seen over time at 800 °C. This
may again be attributed to significant carbon deposition and subsequent increased extent of the
reverse Boudouard reaction to produce CO over time, which is supported through the quantity of
carbon deposited (See Figure 6.31). The increasing CO yield where x=0.33 may be a factor of the
reaction approaching a steady state as the CO vyield is already becoming significantly more stable

by 20 hours on-line.

In comparison with Ni/YSZ (Section 5.3.3), it can be seen that 5 mol% CeO,-Ni/YSZ shows
enhanced stability over time at 800 °C (apart from cycling) in terms of the H, yield. However, 5
mol% CeO,-Ni/YSZ shows significantly greater variation in CO yield with time, which may be
attributed to the greater extent of carbon deposition occurring and that CeO, encourages CO,
disproportionation to CO. Increased CO production can not only be used as a fuel within a solid
oxide fuel cell but lower H,:CO ratios are desirable for certain industrial process such as oxo-

synthesis (discussed in Section 4.2)
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6.3.4 Reaction of CH, + 0.5CO,+ xO, over 5 mol% CeO,-Ni/YSZ at 900 °C

At 900 °C (shown in Figures 6.17 — 6.20), significantly different catalytic behaviour is observed
compared to lower temperatures in that no cycling behaviour is observed across all reaction
conditions. In the absence of O,, substantial decreases are seen in both H, and CO vyield over time.
This deactivation is caused primarily through carbon deposition to an extent at which partial
physical blocking of the reactor tube occurs restricting gas flow through the reactor. Complete
blockage and potential reactor tube damage are likely to occur if these reaction conditions were
operated for a longer duration. A similar blockage due to carbon deposition has also been observed

previously for Ni/YSZ at 1000 °C (shown in Fig. 5.17).

When O, is added to the reaction gas mixture, high stability with time is observed in the H, yield
for all O, concentrations (Figure 6.17). The lack of cycling seen at this temperature is due to the
high reforming activity and subsequent H,-rich atmosphere and almost complete CO, consumption,
meaning that the ceria will be present primarily in the reduced form. The lack of redox behaviour is
expected as CeO, will undergo reduction at such high temperatures and H,-rich conditions as

discussed previously [19].

The CO vyield (Figure 6.18) shows significant variation with time when O, is present in the reaction
gas mixture. As at 800 °C, this increase with time may be attributed to carbon deposition and an
increasing extent of the reverse Boudouard reaction. This is supported by the substantial quantities
of carbon deposited, as detected in the post-reaction TPO (Figure 6.31). The increasing CO vyield
when x=0.33 may be due to the reaction approaching a steady state, or through increased oxidation
of any carbon deposits by lattice oxygen. When x=0.33, substantial total oxidation is also
occurring, as can be seen from the CO, consumption and H,O production in Figure 6.19 and 6.20

respectively.
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Figure 6.17: H, yield for reaction of CH, + 0.5CO, + xO, over 5 mol% CeO,-Ni/YSZ at 900

°C for 20 hours (x=0.00, 0.17, 0.25, 0.33)
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Figure 6.18: CO yield for reaction of CH4 + 0.5CO; + xO, over 5 mol% CeO,-Ni/YSZ at 900

°C for 20 hours (x=0.00, 0.17, 0.25, 0.33)
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Figure 6.19: CO, consumption for reaction of CH, + 0.5CO, + xO, over 5 mol% CeO,-

Ni/YSZ at 900 °C for 20 hours (x=0.00, 0.17, 0.25, 0.33)
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Figure 6.20: H,O production for reaction of CH; + 0.5CO; + xO, over 5 mol% CeO,-Ni/YSZ

at 900 °C for 20 hours (x=0.00, 0.17, 0.25, 0.33)
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From comparison with the equivalent reactions over Ni/YSZ (Section 5.3.4), it can be seen that 5
mol% CeO,-Ni/YSZ exhibits slightly greater stability in H, yield than Ni/YSZ, with the exception
of the reaction in the absence of O, which undergoes deactivation through carbon deposition,
which is not seen over Ni/YSZ. This greater stability may be due to an increased resistance towards
sintering of the 5 mol% CeO,-Ni/YSZ catalyst, as discussed in Section 2.6.3. Significantly less
stability in the CO vyield is observed for 5 mol% CeO,-Ni/YSZ compared to Ni/YSZ in that the CO
yield decreases with time over Ni/YSZ but increases with time over 5 mol% CeO,-Ni/YSZ. This
has been attributed to the increased carbon deposition and potential for the reverse Boudouard

reaction over 5 mol% CeO,-Ni/YSZ than Ni/YSZ.

6.3.5 Reaction of CH, + 0.5CO,+ xO, over 5 mol% CeO,-Ni/YSZ at 1000 °C

At 1000 °C (Figures 6.21 — 6.24), similar behaviour is observed to that at 900 °C (Figures 6.17 —
6.20), with the exception of the physical blocking of the reactor tube due to carbon deposition when
x=0.17 at 1000 °C. The sudden feature in the reaction profile present at ca. 18 hours in the absence
of oxygen (Figures 6.21 — 6.23) is attributed to total physical blocking of the reactor tube through
carbon deposition. As at 900 °C, where x=0.25 and 0.33, the H, yield (Figure 6.21) shows high
stability with no cycling behaviour and CO vyield (Figure 6.22) increases over time. The lack of
cycling may be due to the high reforming activity, whilst the variation in CO yield may be due to
carbon deposition and increasing reverse Boudouard reaction. Substantial carbon is detected for all

O, conditions except when x=0.33 (Figure 6.31).
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Figure 6.21: H, yield for reaction of CH,; + 0.5CO,; + xO, over 5 mol% CeO,-Ni/YSZ at 1000

°C for 20 hours (x=0.00, 0.17, 0.25, 0.33)
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Figure 6.22: CO yield for reaction of CH, + 0.5CO, + xO, over 5 mol% CeO,-Ni/YSZ at 1000

°C for 20 hours (x=0.00, 0.17, 0.25, 0.33)
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The most notable difference in behaviour between Ni/YSZ (Figure 5.17 and Table 5.3) and 5 mol%
Ce0,-Ni/YSZ (Figures 6.21 — 6.24) at 1000 °C is the physical deactivation through carbon
deposition when x=0.17 over 5 mol% CeO,-Ni/YSZ, which is not observed over Ni/YSZ.
Additionally, the rate of deactivation through physical blocking differs between catalysts; over
Ni/YSZ in the absence of O, at 1000 °C, physical blocking through carbon deposition is not
apparent until approximately eight hours on-line when a sudden change is seen. However, for the
same reaction conditions over 5 mol% CeO,-Ni/YSZ, deactivation is more progressive with time
and occurs from approximately two hours on-line. This variation may suggest the formation of
different carbon morphologies. The more severe deactivation observed over 5 mol% CeO,-Ni/YSZ
may suggest a more structured carbon morphology such as filamentous carbon, which would more
actively cause physical blocking as discussed in Section 2.6.2 [23]. Electron microscopy is an
analytical technique that could be used to provide a greater insight into different carbon

morphologies [24].

The extent of carbon deposition, shown in Figure 6.31, may also explain the nature of deactivation
through physical blocking and that simply a greater quantity of carbon deposition over 5 mol%
Ce0,-Ni/YSZ causes more severe deactivation. Although the TPO method of measuring the mass
of carbon deposited during the reaction is limited in accuracy to <30 mg due to a shift from
complete to incomplete combustion above this quantity, it is possible to gain a qualitative
indication of amount of carbon deposited. This can be achieved through comparing the length of
time in which carbon oxides are detected for each catalyst (Table 6.4). Over Ni/YSZ, carbon oxides
were detected from approximately 500 — 900 °C and for 6 minutes when the temperature was held
at 900 °C, whereas for 5 mol% CeO,-Ni/YSZ, carbon oxides were detected from approximately
300 — 900 °C and for over 1 hour when the temperature was held at 900 °C. This indicates that a

greater quantity of carbon was deposited over 5 mol% CeO,-Ni/YSZ than Ni/YSZ at 1000 °C.

When x=0.25 and 0.33, the CO vyield is stable with Ni/YSZ but increases over time with 5 mol%
CeO,-Ni/YSZ. This, as at lower temperatures, is attributed to the increased extent of carbon

deposition and potential for the reverse Boudouard reaction.

Page |6-26|



6. Influence of CeO, doping

100
L 4
90
80 -
=70 -
c
o
3 60
£
2 50 -
c
]
© 40 |
3
30
20 x=0.00
x=0.17
10 1 x=0.25
x=0.33
0 T T T
0 5 10 15 20

Time (h)
Figure 6.23: CO, consumption for reaction of CH, + 0.5CO, + xO, over 5 mol% CeO,-

Ni/YSZ at 1000 °C for 20 hours (x=0.00, 0.17, 0.25, 0.33)
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Figure 6.24: H,O production for reaction of CH; + 0.5CO; + xO, over 5 mol% CeO,-Ni/YSZ

at 1000 °C for 20 hours (x=0.00, 0.17, 0.25, 0.33)
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6.3.6 Influence of reaction temperature for reaction of CH, + 0.50, +xO, over Ni/YSZ and

5 mol% CeO,-Ni/YSZ

To compare the influence of temperature across the temperature range for both catalyst materials
and different gas ratios in a user friendly way, average values are taken as the mean value between
2 hours and 20 hours on-line to limit the influence of initial saturation effects that are
uncharacteristic of the overall reaction. Although substantial variations are exhibited over time,
particularly in CO vyield, the use of mean averages is considered as the most accessible and

effective approach to compare certain parameters across such a range of different variables.
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Figure 6.25: Average CH, conversion for reaction of CH, + 0.5CO, + xO, over 5 mol% CeO,-
Ni/YSZ (dashed) and Ni/YSZ (solid) for 20 hours across the temperature range

of 600-1000 °C (x=0.00, 0.17, 0.25, 0.33)

Over 5 mol% CeO,-Ni/YSZ, a very similar influence of O, addition on the CH,; + CO, reaction
with increasing temperature is observed with respect to methane conversion (Figure 6.25). The data
points when x=0.00 at 900 °C and 1000 °C and x=0.17 at 1000 °C are not included as the averages

are not representative due to the significant deactivation from carbon deposition.
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Figure 6.26: Average H, conversion for reaction of CH, + 0.5CO, + xO, over 5 mol% CeO,-
Ni/YSZ (dashed) and Ni/YSZ (solid) for 20 hours across the temperature range

of 600-1000 °C (x=0.00, 0.17, 0.25, 0.33)

Greater variation between 5 mol% CeO,-Ni/YSZ and Ni/YSZ is seen in the H, yield (Figure 6.26)
than methane conversion (Figure 6.25). In the absence of O,, the H, yield for 5 mol% CeO,-
NIi/YSZ is significantly greater than for Ni/YSZ for reaction temperatures up to 800 °C. This may
be attributed to the ability of ceria to promote methane reforming through the ability of CO, to

oxidise Ce,03, which can then donate oxygen to assist methane reforming.

When O, is added to the CH4/CO, reaction gas mixture, 5 mol% CeO,-Ni/YSZ show similar H,
yields (from 600-800 °C) as Ni/YSZ. The slightly lower H, yield when x=0.33 between 600 °C to
800 °C may be due to a small amount of methane coupling resulting in the production of higher
hydrocarbons. Methane coupling products such as ethane and ethene were not detected, however
the high mass 28 signal contributed from carbon monoxide makes the detection of small quantities

of products such as ethane and ethene very difficult.
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For the reactions carried out over Ni/YSZ, H, yield increases with temperature except when
x=0.33, where the H, yield decreases slightly above 800 °C. This increase in H, yield is due to an
increase in both the reforming and methane decomposition reactions. The slight decrease is
attributed to increasing total oxidation of methane. With 5 mol% CeO,-Ni/YSZ however, the H,
yield for the reactions in the presence of O, from 600 °C - 800 °C is similar to that for Ni/YSZ, but
is lower at 900 °C when x=0.25 and at 1000 °C with all CH4:xO, ratios. This behaviour may
suggest that methane coupling is occurring over 5 mol% CeO,-Ni/YSZ at higher temperatures as

no respective reduction in methane conversion or increase in total oxidation products are observed.
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Figure 6.27: Average CO vyield for reaction of CH,; + 0.5C0O;, + xO, over 5 mol% CeO,-
Ni/YSZ (dashed) and Ni/YSZ (solid) for 20 hours across the temperatures range

of 600-1000 °C (x=0.00, 0.17, 0.25, 0.33)

The influence of O, addition to the CH4 + CO, reaction on the CO yield ((Figure 6.27) at different
temperatures varies significantly with the nature of the catalyst. With the Ni/YSZ catalyst, the CO
yield increases with temperature due to an increase in the rate of methane reforming with the

exception when x=0.33, where CO yield decreases above 800 °C. This may be due to an increase in
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total oxidation of methane, which is supported by the increase in total oxidation products. Despite
similar behaviour in CO yield with reaction temperature over 5 mol% CeO,-Ni/YSZ, the CO yield
is substantially greater than that seen over Ni/YSZ at all temperatures and CH,:0, ratios. This can
be attributed to the increased potential for dry reforming of methane with ceria [7, 9, 11], increased
CO formation through the reaction of CO, to oxidise Ce** to CeO, [7, 25] and also through

oxidation of surface carbon deposits on the catalyst surface by lattice oxygen provided by CeO,

[13, 15].
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Figure 6.28: Average H,O production for reaction of CH, + 0.5CO, + xO, over 5 mol% CeO,-
Ni/YSZ (dashed) and Ni/YSZ (solid) for 20 hours across the temperature range of

600-1000 °C (x=0.00, 0.17, 0.25, 0.33)

The H,0 production and CO, consumption used to assess the extent of total oxidation show similar
profiles with reaction temperature for the two catalysts (Figures 6.28 and 6.29 respectively). The
greater H,O production over 5 mol% CeO,-Ni/YSZ at 600 °C in the absence of O, can be attributed

to the oxidation of H, by CeO, (Equation 6.13). The greater CO, consumption across all CH,4:0,
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ratios and temperatures over 5 mol% CeO,-Ni/YSZ supports the suggestion of increased reforming

activity and reverse Boudouard reaction occurring over 5 mol% CeO,-Ni/YSZ.
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Ce0O, + H, = Ce, 05 + H,0 (6-13)
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Figure 6.29: Average CO, consumption for reaction of CH, + 0.5CO, + xO, over 5 mol%

CeO,-Ni/YSZ (dashed) and Ni/YSZ (solid) for 20 hours across the temperature

range of 600-1000 °C (x=0.00, 0.17, 0.25, 0.33)

Doping of Ni/YSZ with 5 mol% CeO, has a very significant influence on reducing the H,:CO ratio

(Figure 6.30) and making it less susceptible to changes in temperature and CH,4:0, ratios. The

lower H,:CO ratio for 5 mol% CeO,-Ni/YSZ supports the suggestion that ceria favours dry

reforming of methane. Increased reaction of CO, with Ce,O; will also reduce the H,:CO ratio. At

higher reaction temperatures, the lower H,:CO ratio suggests that ceria reduces the potential for

methane decomposition, whilst methane coupling may also contribute to a lower H,:CO ratio.
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H,:CO Product Ratio
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Figure 6.30: Average H,:CO product ratio for reaction of CH,; + 0.5CO, + xO, over 5 mol%
CeO,-Ni/YSZ (dashed) and Ni/YSZ (solid) for 20 hours across the temperature

range of 600-1000 °C (x=0.00, 0.17, 0.25, 0.33)

6.3.7 Carbon deposition during reactions of CH, + 0.5CO, + xO, over 5 mol% CeO,-

Ni/YSZ across the temperatures range of 600-1000 °C and different O, concentrations

From analysis of the reaction studies discussed previously, it is evident that carbon deposition has a
substantial influence on the activity, selectivity and stability of the 5 mol% CeO,-Ni/YSZ catalyst,
particularly at higher reaction temperatures. Post-reaction temperature programmed oxidation
measurements (discussed in Section 3.6) were performed for all catalytic reactions carried out over

5 mol% CeO,-Ni/YSZ and are shown in Figure 6.31.
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Where carbon deposition exceeds 30 mg, all oxygen is consumed and incomplete combustion of

carbon occurs. Such situations are illustrated with an arrowhead in Figure 6.31.
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Figure 6.31: Mass of carbon deposited during 20 hour reactions of CH,+ 0.5CO, + xO, over
Ni/YSZ (Solid) and 5 mol% CeO,-Ni/YSZ (Patterned) at temperatures between
600-1000 °C. Carbon masses measured through post-reaction temperature
programmed oxidation and limited to 30 mg of carbon deposited. Greater

masses are illustrated with an arrowhead.

Where carbon is produced to a greater extent than 30 mg, accurate mass analysis is difficult due to
a variation in oxidation regime, as illustrated in Figure 3.8. However, by comparison of the length
of time which carbon oxides were produced, it is possible to obtain a qualitative indication of the

extent of carbon deposition and this is summarised in Table 6.4. From Table 6.4, it is apparent that
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the addition of O, results in a substantial decrease in the extent of carbon deposited on 5 mol%

Ce0,-Ni/YSZ and greater quantities of O, further reduce carbon deposition.

Table 6.4: Duration of carbon oxide generation during post-reaction temperature
programmed oxidation following reactions of CH; + CO, + xO, over 5 mol%

CeO,-Ni/YSZ at temperatures between 800-1000 °C (x=0.00, 0.17, 0.25)

Isothermal temperature (°C)
800 900 1000
CH,:x0, Duration of carbon oxide generation (minutes)
x=0.00 45 90 110
x=0.17 20 40 70
x=0.25 N/A 20 30

From Figure 6.31, it can be seen that the extent of carbon deposition is substantially greater over 5
mol% CeO,-Ni/YSZ than over Ni/YSZ apart from at 600 °C and 700 °C. The greater carbon
deposition over 5 mol% CeO,-Ni/YSZ over Ni/YSZ at lower oxygen levels (x=0.00, 0.17 and
0.25), and high temperatures of 800 °C and above suggests that doping Ni/YSZ with 5 mol% CeO,
encourages the decomposition of methane. The occurrence of other carbon depositing reactions
such as CO hydrogenation and the Boudouard reaction are thermodynamically unfavourable above
700 °C (Figure 2.4). The possibility of erroneous measurements for x=0.17 at 800 and 900 °C is

discussed in Section 5.3.7.

This greater extent of carbon deposition with CeO, doping is in disagreement with the majority of
literature on the subject [10, 15, 17, 25, 26]. The literature generally reports that doping of nickel
with CeO, reduces carbon deposition through oxidation of surface carbon with lattice oxygen and
also through reduced sintering and subsequent smaller nickel particle size, which in turn is
proposed to reduce carbon deposition [24, 27, 28]. The influence of particle size on carbon

formation is discussed in greater detail in Section 2.6.2.2.
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The larger particle size measured for 5 mol% CeO,-Ni/YSZ than Ni/YSZ (shown in Section 4.4),
may explain the greater carbon deposition over 5 mol% CeO,-Ni/YSZ. Another explanation may
also be that at reaction temperatures of 800 °C and above and at lower oxygen levels (x=0.00, 0.17
and 0.25), the ceria exists primarily in the reduced Ce,0; form due to the H, rich atmosphere.
Ce, 03 can attract electron density from adjacent nickel atoms to reduce the electron density of the
nickel. This reduced electron density may then encourage C-H bond cleavage to donate an electron

to the unfilled d-orbital of nickel, therefore encouraging methane decomposition.

The doping of ceria onto Ni/YSZ and proposed effect on particle size may suggest the formation of
different carbon types. However, little variation is observed between the catalysts in the
temperature programmed oxidation profiles shown in Figure 6.32. Where carbon is present over
Ni/YSZ, two potential types/locations of carbon are observed, as shown in detail in Figure 5.26.
The TPO profile for removal of carbon deposited on 5 mol% CeO,-Ni/YSZ at 800 °C (Figure 6.32)
shows a much broader CO, desorption peak than for Ni/YSZ, suggesting a less defined carbon
type. In addition, a shoulder is seen at ca. 570 °C, whereas for Ni/YSZ this peak is observed at ca.
610 °C. The lower carbon desorption temperature for 5 mol% CeQO,-Ni/YSZ than Ni/Y SZ was also
observed by Stagg-Williams et al. [25], who suggests that doping of Ni/YSZ with CeQ, increases
the ability to oxidise carbon at lower temperatures. The variation in oxidation temperature of the
carbon deposits between the two catalysts may suggest a difference in type or location of carbon
deposits or simply that the presence of ceria increases the potential for carbon oxidation through an

increased oxygen availability.
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Figure 6.32: Post-reaction TPO profile showing CO, generation from oxidation of carbon
deposited during isothermal reaction of CH4 + 0.5CO; + 0.170, over Ni/YSZ

and 5 mol% CeO,-Ni/YSZ at 800 °C

As with Ni/YSZ, reactions carried out over 5 mol% CeO,-Ni/YSZ show very little deactivation
over time through carbon deposition unless physical blocking occurs. This lack of extensive
deactivation, despite the substantial amount of carbon deposition detected suggests the presence of
carbon morphologies such as amorphous or filamentous carbon which are suggested to induce
minimal deactivation and not highly deactivating morphologies such as encapsulating carbon

(discussed in Section 2.6.2.1).
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6.4 Summary of the influence of CeO; doping upon Ni/YSZ for the catalytic

behaviour for reaction of CH4 + 0.5CO, + xO,

Temperature-programmed reaction and conventional catalytic reaction studies have been used to
assess how doping Ni/YSZ with 5 mol% CeO, affects the reforming of simulated biogas and the

influence of O, addition in varied quantities in relation to activity, selectivity and stability.

Temperature-programmed reaction studies show similar behaviour for both catalysts with both
temperature variation and O, addition, with a slight variation at higher temperatures in that 5 mol%
Ce0,-Ni/YSZ shows a lower activity than Ni/YSZ. This has been attributed to either a reduced
potential for methane decomposition or a reduced active nickel surface area. A slightly lower light-
off temperature was observed for the 5 mol% CeO,-Ni/YSZ which suggests that ceria doping

encourages selective oxidation over total oxidation.

The conventional reaction studies performed over each catalyst show significant variation,
particularly in the occurrence of reaction cycling observed over 5 mol% CeO,-Ni/YSZ. This
cycling is due to the transient reduction-oxidation cycle of ceria. Cycling behaviour is seen at 700
°C and to a lesser extent at 800 °C. The reduced extent of cycling at increased temperatures is
attributed to increased methane reforming and a subsequent H,-rich atmosphere and reduced

availability of CO..

Similar H, yields are observed at reaction temperatures between 600 °C - 800 °C for all O,:CH,
ratios. In the absence of oxygen, a greater yield is observed over 5 mol% CeO,-Ni/YSZ due to the
ability of Ce,O; to react with CO, and promote methane reforming through lattice oxygen. The
lower H, yield at higher temperatures over 5 mol% CeO,-Ni/YSZ may be due either to reduced

methane decomposition or a reduced active nickel surface area.

With regards to CO vyield, doping of Ni/YSZ with 5 mol% CeO, has been shown to significantly
influence stability, particularly at high temperatures (=800 °C), in that the CO yield increases over

time with 5 mol% CeO,-Ni/YSZ, whereas it is stable over Ni/YSZ. This has been attributed to
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greater carbon deposition, resulting in a greater extent of the reverse Boudouard reaction or
oxidation of surface carbon through lattice oxygen to produce CO. The influence of ceria doping on
Ni/YSZ is also illustrated in the significantly more stable H,:CO ratio. This more stable H,:CO is
undesirable as the greater capacity to tailor the product ratio makes the process more economically

viable, as discussed in Section 2.3.7 and 5.4.

Substantially greater carbon deposition was observed on 5 mol% CeO,-Ni/YSZ catalyst compared
to on Ni/YSZ, especially above 800 °C. The increased carbon deposition may be explained by

either the greater particle size or the potential for Ce,O3 to encourage C-H bond cleavage.
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7 Influence of O, addition in varied concentrations on the tolerance of
NiI/YSZ and 5 mol% CeO,-Ni/YSZ to H,S deactivation during CO,

reforming of CH,

7.1 Detrimental nature of hydrogen sulfide for biogas reforming over supported

nickel based catalysts

Various sulfur containing compounds are present within biogas, of which hydrogen sulfide (H,S) is
the most prevalent [1]. The variable composition of biogas means that the H,S concentration can
vary widely, with concentrations of thousands of parts per million reported [2]. Industrial natural
gas utilisation systems often implement desulfurization techniques to reduce H,S concentrations to

<100 ppm levels due to the harmful and corrosive nature of H,S.

The presence of H,S within biogas presents a significant issue for reforming over nickel based
catalysts in that sulfur is known to induce substantial deactivation of nickel catalysts [3]. This
deactivation occurs through the binding of sulfur onto the nickel surface, preventing the adsorption
of methane and reformant (CO,, O,, H,0) [4, 5]. The nature of deactivation by sulfur poisoning is
discussed in detail in Section 2.6.1. Due to the cost and increased size associated with
implementing desulfurization techniques, the development of increasingly sulfur tolerant systems

for biogas reforming over nickel based catalysts is highly desirable.

To establish the influence of H,S towards the dry reforming of methane with and without O,
addition over nickel based catalysts, a series of reactions have been carried out over the
temperature range of 600-1000 °C used to date in this study and the standard reactant gas
compositions used previously, but with the addition of 5ppm H,S relative to the methane

concentration.
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7.2 CO; reforming of CH, over Ni/YSZ in the presence of 5ppm H,S with and

without addition of O,

For the conventional studies carried out with the addition of H,S, H, yield has been used as the sole
parameter to assess the tolerance of the system towards deactivation by sulfur. The methane
conversion has not been used due to the increased potential for total oxidation of methane as sulfur
is adsorbed onto the nickel surface. This is shown in Figure 7.1 where significant water production
is observed at ca. 8 hours. Similar behaviour has been reported by Choudhary et al. [6]. This
increase in total oxidation influences methane conversion and therefore provides an inaccurate

illustration of the activity of the system for synthesis gas production.

Carbon monoxide yield could also be used to illustrate the reaction characteristics, however the CO
yield shows almost identical behaviour to that of H, yield in terms of deactivation rate. CO yield is
therefore not shown, however it does reinforce the appropriateness of using H, yield to study
deactivation rate and catalyst behaviour. An example of the variation between H, and CO yield
over time within the same experiment is shown in Figure 7.2. Details of CH, conversion, CO yield

and H,:CO ratio that are not included in this section are available in Appendix B.
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Figure 7.1: H, yield (Blue) and H,O production (Red) for reaction of CH4 + 0.5CO, + 0.250,

+ 5 ppm H,S over Ni/YSZ at 800 °C for 20 hours. Data points for H, yield are
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* » e

*

. /
‘“%

Yield (%)

10 -

n’t’l‘g’“

® seeéd

[

0 5 10
Time (h)
Figure 7.2: H, (Blue) and CO (Green) yield for reaction of CH,; + 0.5CO; + 0.250, + 5ppm

—_—
a
N
o

H,S over Ni/YSZ at 700 °C for 20 hours

Page]|7-3|



7. H,S tolerance

7.2.1 Reaction of CH; + 0.5CO,; + xO, over Ni/YSZ at 600 °C in the presence of 5ppm H,S

The measurements carried out at 600 °C (Figure 7.3) show the extent of deactivation by sulfur over
nickel catalysts, in that with every O,:CHj,ratio used, complete deactivation occurred within the 20
hour reaction duration. In the absence of O,, the influence of H,S on catalyst activity is difficult to
assess due to the minimal activity for the reaction at this temperature, as shown in Figure 5.8. Upon
addition of 0.17 O, to the CH,:CO, mixture, there is a significant increase in the initial activity

which steadily decreases due to deactivation until complete deactivation occurs after ca. 18 hours.

60

Time (h)
Figure 7.3: H, yield for reaction of CH,; + 0.5CO, + xO, + 5ppm H,S over Ni/YSZ at 600 °C

for 20 hours (x=0.00, 0.17, 0.25, 0.33). Data points for H, yield are connected to

illustrate cycling nature.

The reduction in activity with time can be attributed to sulfur poisoning as no deactivation is
observed for the reaction under these conditions in the absence of H,S (Section 5.3.1). A
significant feature visible for the reactions with the addition of O, is the cycling nature, similar to
that observed over 5 mol% CeO,-Ni/YSZ (Section 6.3.1). In the absence of H,S, the cycling

behaviour over 5 mol% CeO,-Ni/YSZ was attributed to the transient oxidation and reduction of
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Ce0,, whereas the cycling observed here is considered to be due to the adsorption and desorption

of sulfur on to the nickel surface. This cycling nature is shown schematically in Figure 7.4.

HZ/OZ

H,S/SO,
Figure 7.4: Schematic representation of sulfur adsorption and desorption on nickel and the

influence on catalyst activity

As the quantity of O, in the gas feed increases, the initial activity also increases due to the greater
availability of reformant. However, the rate of deactivation through sulfur poisoning also increases.
As the O, content increases, so does the propensity for catalyst saturation with O,. Therefore, a
greater area of free nickel will be required to favour partial oxidation over total oxidation as O,
content increases. The occurrence of the partial oxidation reaction can also assist in reducing the
rate of deactivation by sulfur poisoning, as an increased H,-rich atmosphere can encourage sulfur
removal from the nickel surface by the formation of H,S (Equation 7.2). However, this does not

appear to be the situation under these reaction conditions.

NiS + H, = Ni + H,S (7.2)
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7.2.2 Reaction of CH; + 0.5CO; + xO, over Ni/YSZ at 700 °C in the presence of 5ppm H,S
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Figure 7.5: H, yield for reaction of CH,; + 0.5CO, + xO, + 5ppm H,S over Ni/YSZ at 700 °C

for 20 hours (x=0.00, 0.17, 0.25, 0.33)

The influence of H,S on the catalytic activity and stability of Ni/YSZ for the CH4 + CO, reaction at
700 °C can be seen in Figure 7.5. It is apparent from Figure 7.5 that the addition of O, to the
CH,:CO, mixture not only increases the initial activity but also significantly delays the rate at
which deactivation through sulfur poisoning occurs, except where the greatest O, concentration is
added. This increased tolerance to sulfur poisoning with the addition of O, may be due to the
potential oxidation of sulfur from the nickel surface to produce SO, (Equation 7.3). The higher rate
of deactivation with the greatest O, concentration added may be due to the increased potential for

total oxidation, as discussed for the reaction at 600 °C.

NiS + 0, = Ni + SO, (7.3)
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For the reactions with x=0.17 and 0.25, different cycling behaviour is seen where complete
deactivation occurs after ca.15 hours, followed by a sudden recovery at ca.18 hours, which then
quickly deactivates to completion. A similar cycle commences just as the reaction is terminated.
This type of cycling is possibly due to complete coverage of the catalyst surface by sulfur resulting
in complete deactivation. At this point, the oxygen concentration at the catalyst surface increases to
a point where extensive oxidation of the NiS occurs. This induces a sudden onset of methane
reforming which results in the rapid increase in H, yield. The sudden availability of free nickel
sites then enables rapid adsorption of sulfur onto the nickel surface and subsequent deactivation

through sulfur poisoning.

7.2.3 Reaction of CH, + 0.5CO,; + xO, over Ni/YSZ at 800 °C in the presence of 5ppm H,S

The influence of O, addition to the CH,;:CO, mixture towards increasing tolerance to sulfur
deactivation is significantly reduced at 800 °C compared to 700 °C shown in Figures 7.6 and 7.5
respectively. This may be attributed to the increased rate of sulfur adsorption onto the nickel
surface at this temperature. The specific influence of temperature on sulfur deactivation is shown
separately in Figures 7.16 — 7.18. As at lower reaction temperatures, the addition of O, to the
CH,:CO, mixture results in both an increase in initial activity and tolerance to sulfur poisoning. As
at lower temperatures, increasing the concentration of added O, above a certain level (x=0.25)

causes a reduced increase in sulfur tolerance.
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H, Yield (%)

Figure 7.6: H, yield for reaction of CH,; + 0.5CO, + xO, + 5ppm H,S over Ni/YSZ at 800 °C
for 20 hours (x=0.00, 0.17, 0.25, 0.33). Data points for H, yield are connected to

illustrate cycling nature.

At 800 °C (Figure 7.6), cycling occurs at a significantly greater rate than at lower temperatures.
This increased rate of cycling can be attributed to the increased rate of sulfur oxidation from the
nickel surface and the increased rate of subsequent sulfur re-adsorption onto the available nickel.
At higher temperatures, the capacity for sulfur removal from the nickel surface by desorption as S,
is greater. However, no cycling or partial activity is observed in the absence of oxygen, which
suggests that the primary mode of sulfur removal is through oxidation to SO,. This is further

supported by the increased extent of cycling as the O, concentration is increased from x=0.17.
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7.24 Reaction of CH, + 0.5CO; + xO, over Ni/YSZ at 900 °C in the presence of 5ppm H,S
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Figure 7.7: H, yield for reaction of CH,; + 0.5CO, + xO, + 5ppm H,S over Ni/YSZ at 900 °C

for 20 hours (x=0.00, 0.17, 0.25, 0.33)

At 900 °C (Figure 7.7), completely different behaviour is observed to at lower temperatures, in that
complete deactivation via sulfur poisoning does not occur. In the absence of O,, the deactivation
observed is primarily caused by partial physical blocking of the reactor tube due to extensive
carbon deposition, rather than sulfur poisoning. This behaviour arises when carbon is deposited to a
point where it builds up and physically blocks the tube and restricts the flow of gases through the
system. This extent of carbon deposition under these reaction conditions is unexpected as physical
blocking did not occur with the same reaction conditions in the absence of H,S. This may suggest
that the presence of H,S on the catalyst surface leads to the formation of different carbon
morphologies [7]. A future study focused on characterisation studies on the carbon formed with

and without the presence of H,S in the reaction mixture could be particularly interesting.

Page|7-9|



7. H,S tolerance

It is apparent that for reactions carried out in the presence of added O,, greater initial activity and
also an increased tolerance towards sulfur deactivation is present with increased O, concentrations.
Unlike at lower temperatures, the greatest O, concentration shows the highest activity and tolerance
to sulfur deactivation. Sulfur desorption from the nickel surface is greater at higher temperatures
and as such, there is a greater area of nickel without adsorbed sulfur. Therefore, although the
potential for total oxidation is greater with increased O, concentrations, it is significantly less likely
to dominate over partial oxidation, especially at higher temperature where partial oxidation is
thermodynamically favoured over total oxidation. The primary objective with O, addition is the
increased tolerance of the system towards deactivation rather than the initial activity as the
increased tolerance is the main factor influencing the viability of the systems for long-term

operation.

For the reactions where x=0.17 and 0.25, two phases of deactivation are visible in the reaction

profile. These phases have been shown specifically for x=0.25 in Figure 7.8.

The first deactivation phase (Phase 1) shows much more rapid and extensive deactivation than
Phase Il and has been attributed to the chemisorption of sulfur onto the nickel surface [8]. This
phase ends when either the catalyst surface becomes saturated with sulfur, or the equilibrium

between sulfur chemisorption on and removal from the catalyst surface is reached.
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Figure 7.8: H, yield for reaction of CH, + 0.5CO, + 0.250, + 5ppm H,S over Ni/YSZ at

900 °C for 20 hours.

A change in the deactivation behaviour may explain the presence of Phase Il in that either sintering
of the catalyst is occurring or that sulfur is inducing further deactivation in a manner other than
chemisorption onto the nickel surface. Alternatively, Phase Il may be a consequence of the reaction

slowly approaching steady state behaviour.

Sintering of the catalyst can occur at higher temperatures, and the enhanced sintering of nickel with
adsorbed sulfur has been reported [9]. Separate phases of deactivation attributed to different sulfur
deactivation processes have been reported by numerous researchers [10-14]. Deactivation
mechanisms and processes suggested include the adsorption of sulfur onto less accessible nickel,

restructuring of the nickel surface caused by sulfur and also the formation of bulk nickel sulfides.

In contrast to the reactions carried out at lower temperatures, no cycling is observed for any

CH,:CO,:x0, ratio at 900 °C. This lack of cycling can be attributed to the high O, consumption in
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the reforming reactions at this temperature and with cycling occurring so rapidly to not cause

periodic changes in activity.

7.25 Reaction of CH4 + 0.5CO, + xO, over Ni/YSZ at 1000 °C with the addition of 5ppm

H,S
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Figure 7.9: H, yield for reaction of CH, + 0.5CO, + xO, + 5ppm H,S over Ni/YSZ at 1000 °C

for 20 hours (x=0.00, 0.17, 0.25, 0.33)

As at 900 °C (Figure 7.7), partial physical blocking is seen for the reaction at 1000 °C (Figure 7.9)
in the absence of O,. Partial physical blocking was also observed under equivalent reaction

conditions in the absence of H,S.

When O, is added to the CH4:CO, mixture, high activity and stability are observed, and increased
O, levels further increase activity. At this temperature, the potential for sustained chemisorption of

sulfur onto the nickel surface is low due its exothermic nature [15].
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Although no deactivation is observed within the individual reactions, comparison with the reactions
carried out at this temperature without the addition of H,S (Table 7.1) shows that the presence of
H,S decreases activity, with the exception of x=0.33. This may be caused by the reaction of O,
with H,S reducing the quantity of O, available to induce methane reforming. The greater activity
with x=0.33 in the presence of H,S may illustrate the utilisation of O, in sulfur oxidation and
therefore reduced oxygen availability for total oxidation. The lack of cycling observed at this

temperature may be due to the rapid removal of sulfur from the nickel.

Table 7.1: H, yield for reaction of CH, + CO, + xO, (x=0.00, 0.17, 0.25, 0.33) over Ni/YSZ at

1000 °C after 5 hours and 20 hours with and without the presence of 5ppm H,S

Absence of H,S Presence of H,S
Time (h)
CH.:x0O, 5 20 5 20

x=0.00 38.4 43.6 95.8 15.9
x=0.17 86.6 67.9 70.5 73.4
x=0.25 112.0 98.8 85.4 85.6
x=0.33 77.6 71.3 93.9 93.3

7.3 CO; reforming of CH,4 over 5 mol% CeO,-Ni/YSZ in the presence of 5ppm H,S

with and without addition of O,

The sulfur tolerance of 5 mol% CeO,-Ni/YSZ is again assessed solely using H, yield as with the

equivalent reactions shown for Ni/YSZ for the reasons discussed previously.

7.3.1 Reaction of CH, + 0.5CO, + xO, over 5 mol% CeO,-Ni/YSZ at 600 °C in the presence

of 5ppm H,S

In the absence of O, at 600 °C (Figure 7.10), slightly increased initial activity is observed over 5

mol% CeO,-Ni/YSZ, compared to Ni/YSZ. This increased activity due to CeO, doping has also
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been observed in Section 6 and has been attributed to the dissociation of CO, on Ce,O; (Equation

7.4) [16, 17].
Ce,0; + CO, = Ce0, + CO (7.4)
70
x=0.00
x=0.17
60 3 x=0.25
: x=0.33
50 13 .
_ $ .
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Figure 7.10: H, yield for reaction of CH4 + 0.5CO, + xO, + 5ppm H,S over 5 mol% CeO,-
Ni/YSZ at 600 °C for 20 hours (x=0.00, 0.17, 0.25, 0.33). Data points for H, yield

are connected to illustrate cycling nature.

A similar influence of O, addition on sulfur tolerance is seen over 5 mol% CeO,-Ni/YSZ as over
undoped Ni/YSZ (Figure 7.3) in that the addition of O, to the CH4:CO, mixture increases the initial
activity. Additionally, increasing O, concentration further increases the initial activity but reduces

the tolerance to deactivation through an increased potential towards total oxidation.

It is apparent that at this temperature, the sulfur tolerance of 5 mol% CeO,-Ni/YSZ is slightly
greater than Ni/YSZ with the addition of O, to the simulated biogas mixture which may be due to

the adsorption of S onto Ce,O3 (Equation 7.5) to reduce the extent of sulfur adsorption onto the

nickel surface.
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Ce,05 + H,S = Ce,0,S + H,0 (7.5)

7.3.2 Reaction of CH,; + 0.5CO, + xO, over 5 mol% CeO,-Ni/YSZ at 700 °C in the presence

of 5ppm H,S

The effect of O, addition on increasing the tolerance of the catalysts material to deactivation
through sulfur poisoning is much more apparent at 700 °C (Figure 7.11) than at 600 °C (Figure
7.10). Upon addition of O, to the CH4:CO, mixture, initial activity increases by ca. 50% and
complete deactivation does not occur within the 20 hour reaction duration. However, it is apparent
that complete deactivation is likely to occur soon after this time if the reaction had been continued
for a longer duration. Unlike for Ni/YSZ (Figure 7.5), increasing O,:CH, ratio from 0.17 to 0.25
results in a decreased tolerance to sulfur poisoning for 5 mol% CeO,-Ni/YSZ, although the
tolerance is still significantly greater than in the absence of added oxygen. This may be caused by
the greater activity observed for x=0.17 compared to x=0.25, which may be due to the increased

potential for CO, dissociation in the presence of Ce,0s.
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Figure 7.11: H, yield for reaction of CH, + 0.5CO, + xO, + 5ppm H,S over 5 mol% CeO,-

Ni/YSZ at 700 °C for 20 hours (x=0.00, 0.17, 0.25, 0.33)

As at 600 °C, the deactivation rate does not increase with increasing O,:CHj, ratio from 0.25 to
0.33. This suggests that the extent of sulfur oxidation is limited at 700 °C due to the rate at which

oxidation of sulfur from the nickel surface can occur.

In contrast to the reaction behaviour over Ni/YSZ (Figure 7.5) at this temperature, very little
cycling is observed over 5 mol% CeO,-Ni/YSZ. This may be attributed to an increased potential
for total oxidation with CeO,, even if the sulfur is removed from the catalyst surface. There is no
significant difference observed in the H,O production between the two catalysts for the studies with
H,S present however, the increased capacity for total oxidation with 5 mol% CeO,-Ni/YSZ is seen

in Section 6.
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7.3.3 Reaction of CH, + 0.5CO, + xO, over 5 mol% CeO,-Ni/YSZ at 800 °C in the presence

of 5ppm H,S

At 800 °C (Figure 7.12) in the absence of O,, a significant increase in sulfur tolerance is observed

compared to lower temperatures in that complete deactivation does not occur over the 20 hour

reaction time. In contrast, under equivalent reaction conditions, Ni/YSZ (Figure 7.6) deactivates

completely after ca. 7 hours. This significantly increased tolerance with ceria doping may be

attributed to the potential of ceria to promote CO, dissociation, from which the oxygen liberated

can be used to reform CH,. The subsequent increase in H, concentration from methane reforming

can then increase sulfur removal as H,S. The oxygen from CO, dissociation may also be used to

directly oxidise nickel bound sulfur to SO,. Alternatively, desorption of sulfur from ceria (Equation

7.3) may be more favourable at this temperature than desorption from the nickel surface.
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Figure 7.12: H, yield for reaction of CH, + 0.5CO, + xO, + 5ppm H,S over 5 mol% CeO,-

Ni/YSZ at 800 °C for 20 hours (x=0.00, 0.17, 0.25, 0.33). Data points for H, yield

are connected to illustrate cycling nature.
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Interestingly, unlike for any of the other reaction conditions studied, the addition of O, to the
CH,:CO, mixture at 800 °C actually reduces the tolerance towards deactivation through sulfur
poisoning. This may simple be a consequence of the increased sulfur tolerance of 5 mol% CeO,-
Ni/YSZ for the reaction in the absence of O, and the increased total oxidation potential upon the
addition of O,. As the O,:CH, ratio is increased from 0.17 to 0.25, a substantial increase in initial
activity and also sulfur tolerance is observed. This behaviour is the opposite to that seen at lower
temperatures and may be attributed to the increased rate of sulfur oxidation from the nickel surface
and the subsequent increased area of nickel available for reforming. This means that a greater O,
concentration is required for total oxidation of methane to be favoured over partial oxidation of
methane. This is seen when x=0.33, where the initial activity and sulfur tolerance are lower than

when x=0.25, due to the increased total oxidation when x=0.33.

As was observed for these reactions over Ni/YSZ, substantial product cycling is observed over 5
mol% CeO,-Ni/YSZ for the reactions with O, addition. However, the extent of cycling when
x=0.17 and 0.25 is significantly less over 5 mol% CeO,-Ni/YSZ compared to undoped Ni/YSZ.
This may be attributed to the increased extent of total oxidation, even as the nickel surface becomes
sulfur free. In addition, ceria doping may encourage the formation of different sulfur species that
are more difficult to remove or that the oxidation of sulfur from CeO, occurs to produce SOs,
therefore reducing the quantity of O, available for oxidation of nickel-bound sulfur. The extent of

recovery from sulfur poisoning over each catalyst is analysed in detail in Section 8.

7.3.4 Reaction of CH,; + 0.5CO, + xO, over 5 mol% CeO,-Ni/YSZ at 900 °C in the presence

of 5ppm H,S

At 900 °C (Figure 7.13), significantly greater stability and tolerance to sulfur poisoning is observed
than at lower temperatures. This is due to the increased potential for sulfur removal by surface
oxygen or hydrogen or potentially by desorption as S,. The deactivation observed in the absence of

O, is attributed to extensive carbon deposition. A small level of product cycling is seen when
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x=0.17. This may be due to cycles of sulfur adsorption and removal, though it could also be due to
the cycling of ceria which is observed for the reaction carried out in the absence of H,S at this

temperature (Section 6.3.4).
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Figure 7.13: H, yield for reaction of CH4 + 0.5CO; + xO, + 5ppm H,S over 5 mol% CeO,-

Ni/YSZ at 900 °C for 20 hours (x=0.00, 0.17, 0.25, 0.33)

As the concentration of O, added is increased, an increase in initial activity is observed. However,
this higher initial activity is then followed by substantial deactivation resulting in a lower final
activity with increased O, levels. This can be attributed to the increased extent of total oxidation
with increasing O, concentration. In addition, the deposition of carbon during the reaction when
x=0.17, in contrast to the lack of carbon deposited when x=0.25 and 0.33, may improve activity as
deposited carbon can inhibit chemisorption of sulfur and subsequent deactivation. As carbon
deposition has been shown to induce little deactivation except through physical blocking (See

Section 5.3.7 and 6.3.7), an overall increased tolerance to deactivation may be observed.
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7.3.5 Reaction of CH, + 0.5CO, + xO, over 5 mol% CeO,-Ni/YSZ at 1000 °C in the

presence of 5ppm H,S

At 1000 °C (Figure 7.14), as with Ni/YSZ (Figure 7.9), complete deactivation is not observed over
5 mol% CeO,-Ni/YSZ over the 20 hour reaction period. The deactivation seen for the reaction in
the absence of O, and when x=0.17 is due to carbon deposition. Carbon deposition, to an extent
where physical blocking occurs, is also seen in the absence of oxygen over Ni/YSZ with H,S
present and over 5 mol% CeO,-Ni/YSZ in the absence of H,S. However, carbon deposition is not
observed to this extent when x=0.17 over Ni/YSZ in the presence of H,S. This supports the
suggestion proposed earlier (Sections 6.3.5 and 7.2.4) that CeO, doping of Ni/YSZ can either

increase the extent of carbon deposition or change the morphology of carbon deposits.
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Figure 7.14: H, yield for reaction of CH4 + 0.5CO, + xO, + 5ppm H,S over 5 mol% CeO,-

Ni/YSZ at 1000 °C for 20 hours (x=0.00, 0.17, 0.25, 0.33)

High reaction stability is observed when x=0.25 and 0.33 due to the lack of carbon deposited and

the high potential for sulfur desorption from the catalyst surface under such conditions. As seen at
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900 °C (Figure 7.13), an increase in O,:CHj, ratio from 0.25 to 0.33 results in a decreased H, yield
due to the increased extent of total oxidation. This behaviour is not observed under equivalent
reaction conditions over Ni/YSZ due to the lower activity when x=0.25, which highlights the

potential of ceria doping to increase oxidation potential at high temperatures.

7.4 Influence of temperature on the sulfur tolerance of Ni/YSZ and 5%CeQO,-

Ni/YSZ during reactions of CH, + 0.5CO; + xO,

The influence of temperature on the reaction of CH, and CO, in the absence and presence of 0.25
O, over Ni/YSZ is shown in Figure 7.15. It is apparent that for both reaction gas compositions,
increasing the reaction temperature from 600 °C to 800 °C increases the rate of deactivation
through sulfur poisoning. This is particularly evident between 700 °C and 800 °C. As discussed
previously, this is attributed to the increased rate of sulfur adsorption onto the nickel surface,
resulting in more rapid saturation of the nickel surface [8]. As the reaction temperature exceeds 800
°C, sulfur chemisorption becomes thermodynamically less favoured and sulfur removal is
increasingly favoured, resulting in a significant increase in the tolerance to deactivation [15, 18-

20].
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Figure 7.15: H, yield for reaction of (a) CH, + 0.5CO, and (b) CH4 + 0.5CO,+ 0.250, over

0 5

Ni/YSZ at temperatures between 600-1000 °C for 20 hours with 5ppm H,S
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Figure 7.16: H, yield for reaction of (a) CH, + 0.5CO, and (b) CH, + 0.5CO,+ 0.250, over 5
mol% CeO,-Ni/YSZ at temperatures between 600-1000 °C for 20 hours with

5ppm H,S

In contrast to Ni/YSZ (Figure 7.15), the increased rate of deactivation with increasing temperature
from 600°C - 800 °C is not observed for 5 mol% CeO,-Ni/YSZ (Figure 7.16). This may be
attributed to the potential of ceria to assist in sulfur oxidation by increasing the O, concentration on
the catalyst surface or that ceria-bound sulfur is more easily removed than nickel-bound sulfur. The
increased tolerance towards deactivation in the absence of O, with ceria doping is also apparent.
This has previously been attributed to the ability of Ce,O5 to dissociate CO,. A change in the
surface structure of the catalyst that may occur when CeO, is present in the catalyst could also

contribute to the greater tolerance of the 5 mol%CeO,-Ni/YSZ.

7.5 Influence of H,S addition towards carbon deposition during reactions of CH, +

0.5CO, + xO, over Ni/YSZ and 5 mol% CeO,-Ni/YSZ

The competitive relationship between sulfur poisoning and carbon deposition over nickel based
catalysts is well documented. It has been reported that the presence of H,S within the gas feed will
reduce the extent of carbon deposition [3, 7, 21-24]. The nature in which this occurs is discussed in
Section 2.6.1.3. Throughout this study, the quantity of carbon deposited has been determined using

post-reaction temperature programmed oxidation. As complete deactivation is observed for the

Page|7-22|



7. H,S tolerance

reactions performed from 600°C to 800°C, no direct comparison can be made between the mass of
carbon deposited due to the varying duration of activity. For reactions at 900 °C and 1000 °C
which did not exhibit complete deactivation, the extent of carbon deposition has been analysed.
The incomplete oxidation (discussed in Section 3.7.2.4), observed during post-reaction TPO for the
reaction in the absence of O, and with the addition of 0.17 O, makes comparisons difficult. The
lack of carbon deposited during the reaction with the addition of 0.33 O, in the absence of H,S is
also observed in the presence of H,S. A significant reduction in carbon has been observed for the
reaction over 5 mol% CeO,-Ni/YSZ at 900 °C and 1000 °C with the addition of 0.25 O, in the
presence of H,S. The reaction at this temperature in the absence of H,S resulted in substantial
carbon deposition in excess of 30 mg. However, for the reaction in the presence of 5 ppm H,S,
minimal carbon deposition (<1 mg) was observed. This finding supports the literature that the
presence of H,S can reduce the extent of carbon deposition, although further work into the extent

of carbon deposition would be beneficial.

7.6 Summary of sulfur tolerance studies for reaction of CH, + 0.5CO; + xO, over

Ni/YSZ and 5 mol% CeO,-Ni/YSZ

In this chapter, the influence of O, addition towards the tolerance of Ni/YSZ and 5 mol% CeO,-
Ni/YSZ to sulfur poisoning for the CH4 + CO, reaction has been investigated. The addition of O,
to the CH,4:CO, mixture largely results in increasing both the initial activity and the sulfur tolerance
of both catalysts. Despite a further increase in initial activity on increasing O, concentration, a
reduction in sulfur tolerance was observed at 600 °C to 800 °C for Ni/YSZ and 600 °C to 700 °C
for 5 mol% CeO,-Ni/YSZ. This could be attributed to an increase in the extent of total oxidation

with increased O,.

At higher reaction temperatures of 900 °C and 1000 °C, substantial carbon deposition is observed
when x=0.00, resulting in physical blocking over both catalysts. This behaviour also occurred over

5 mol% CeO,-Ni/YSZ at 1000 °C when x=0.17, suggesting that ceria doping can influence the
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extent or morphology of carbon deposition. For greater O, concentrations at these temperatures, a
further increase in initial activity and sulfur tolerance was observed over Ni/YSZ. In contrast,
increasing O, concentration reduced the activity over 5 mol% CeO,-Ni/YSZ but significant
stability was achieved. This variation has been attributed to the ability of ceria to encourage total

oxidation through increasing O, concentration on the catalyst surface.

The respective values for CO vyield are shown in Appendix B, although the point and rate at which
deactivation was observed for CO production is very similar to H, production, as shown in Figure

7.3.
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Figure 7.17: H, yield at 20 hours relative to that at 2 hours for CH,; + 0.5CO, + xO, over

Ni/YSZ without 5ppm H,S (Red) and with 5ppm H,S (Blue).

The relative resistance towards deactivation with and without the addition of 5 ppm H,S across the
range of reaction conditions for Ni/YSZ and 5 mol% CeO,-Ni/YSZ is shown in Figures 7.17 and
7.18 respectively. These values were calculated using the average yield from 19-20 hours reaction
duration as a percentage of the yield at 2 hours reaction duration. An average was taken due to the

occurrence of product cycling in numerous reactions.
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From these figures, it is apparent that the presence of 5 ppm H,S results in substantial losses in
activity, particularly at lower reaction temperatures. Although significant increases in initial
activity can be gained with the addition of O,, and that added O, can also enhance sulfur tolerance,
it is evident that temperature is the primary controlling variable regarding extent of deactivation
through sulfur. Doping of Ni/YSZ with CeO, has also been seen to enhance sulfur tolerance,

particularly at lower reaction temperatures and O, concentrations.
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Figure 7.18: H, yield at 20 hours relative to that at 2 hours for CH, + 0.5CO, + xO, over 5

mol% CeO,-Ni/YSZ without 5ppm H,S (Red) and with 5ppm H,S (Blue).

The presence of H,S in the reactant gas feed has been shown briefly to assist the reduction of
carbon deposition. However, more research is required to support this suggestion and to assess the
influence of H,S towards the morphology of carbon deposited. The stable operation of the system
through the use of temperature and oxygen addition provides a very promising basis for the long

term operation of catalytic systems fuelled with biogas containing sulfur species.
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8. H,S Regeneration

8 Regeneration of Ni/YSZ and 5 mol% CeO,-Ni/YSZ deactivated via
sulfur poisoning during CO, reforming of CHj: Influence of O,

addition and concentration on rate of regeneration

8.1 Requirement for, and approaches towards the regeneration of systems

deactivated by sulfur poisoning

Despite displaying an increased tolerance to H,S upon addition of oxygen to the biogas mixture,
complete deactivation via sulfur poisoning was observed for all CH,4:0.5C0O,:x0, reactant gas
mixtures at reaction temperatures of 800 °C and below, over both Ni/YSZ (Figure 7.6) and 5 mol%
CeO0,-Ni/YSZ (Figure 7.12). The greater cost, both environmentally and economically, of operating
systems at increased temperatures makes the viable operation at lower temperatures highly
desirable. In particular, the use of SOFC’s above 900 °C can lead to problems regarding thermal

failure, as discussed in Section 3.

One approach to improving the viability of nickel-based catalysts for the reforming of biogas, with
or without the addition of O,, would be to periodically regenerate the catalyst. This approach has
been discussed in Section 2.6.1.2 and could be performed using inert gas, hydrogen, oxygen or

H,S-free fuel gas.

The use of inert gas was tested for its ability to regenerate a catalyst at 800 °C that had been
completely deactivated by sulfur. However, no regeneration was observed over 50 hours on stream.
Operating above 800 °C to increase the rate of regeneration with inert gas reduces the
environmental and economic viability of this approach. The use of oxygen or hydrogen were
excluded as possible methods for regeneration, as oxygen can result in extensive oxidation of the

nickel catalyst, whilst hydrogen is the primary desired product with the greatest value.
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The use of H,S-free fuel gas was considered the most practical and potentially viable method of
regeneration as the only requirement is the use of a sulfur-free source of methane such as natural

gas to be used as a replacement fuel source.

All regeneration studies have been carried out following reactions at 700 °C as all CH4:CO,:0,
reactant gas mixtures used underwent complete deactivation via H,S poisoning within the 20 hour
reaction duration. Also, the reduced extent of cycling allowed for a more accurate determination
that complete deactivation had been reached. The regeneration temperature was kept at 700 °C to
reduce the amount of change in operating conditions required for inducing recovery and to allow

for the relative extent of recovery to be calculated.

Each regeneration experiment commenced after the original reaction in the presence of H,S was
fully deactivated for 1 hour. At this point, the H,S feed was stopped and the reaction continued for
25 hours to gain an insight into the regeneration behaviour. Figures 8.1 and 8.2 show the extent of
regeneration in H, yield as a percentage of the H, yield after 2 hours of the original reaction in the
presence of H,S. The horizontal axis used for the figures shows the time from the point at which
the H,S feed was stopped. This gives an insight into the influence of O, concentration on the
regeneration rate. The H, yield is again used as the primary mode of analysis for the reasons

discussed in Section 7.

8.2 Reaction of CH,4 + 0.5CO, + xO, over Ni/YSZ deactivated by sulfur poisoning at

700 °C

The ability of O, in the reactant gas mixture to facilitate sulfur removal and Ni/YSZ regeneration is
shown in Figure 8.1. In the absence of O,, no regeneration of catalyst activity was observed. This
may be due to the high stability of CO, and that sulfur desorption as S, is thermodynamically
unfavourable at this temperature [1]. However, upon addition of O, to the CH4:CO, mixture, a
sudden, extensive increase in H, yield is observed. This sudden regeneration of catalyst activity is

attributed to the adsorption of oxygen on the catalyst surface to induce extensive sulfur removal
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from the catalyst surface as SO,, enabling methane reforming. This behaviour was seen under

similar conditions in Section 7.2.2.
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Figure 8.1: Regeneration behaviour with H,S-free fuel gas following reaction of CH,; +
0.5CO, + xO, + 5ppm H,S over Ni/YSZ at 700 °C where complete deactivation
occurred through sulfur poisoning (x=0.00, 0.17, 0.25, 0.33)

It is apparent from Figure 8.1 that for all concentrations of O, added, secondary deactivation
follows the initial regeneration. This secondary phase may be attributed to the high mobility of
sulfur within nickel in that as sulfur is removed from the nickel surface, sulfur present within the

bulk of the catalyst can migrate to the surface and induce deactivation.

For the reaction with x=0.17, a relatively linear rate of deactivation is observed until ca. 12 hours,
where the rate of deactivation increases slightly and then an increasing extent of cycling occurs
until complete deactivation is reached. The increase in deactivation rate at ca. 12 hours may be due
to the greater potential for total oxidation as the majority of the catalyst surface becomes
deactivated. The reducing area of nickel free of sulfur with time may also cause the increased

cycling observed as more O, becomes available to remove sulfur and briefly increase activity. The
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complete deactivation seen suggests that the rate at which sulfur can migrate to the nickel surface is
greater than the rate of sulfur oxidation from the nickel surface or that different forms of sulfur are

present which are more difficult to remove.

As the concentration of O, added is increased from 0.17 to 0.25, no significant variation is seen in
the period prior to initial regeneration. However, a significantly greater rate of secondary
deactivation exhibiting ‘microcycling’ is observed with x=0.25, which is followed by two similar
‘macrocycles’ over the duration of the reaction. A ‘macrocycle’ is used to describe the period
between the extensive surge in activity to the point at which complete deactivation is reached,

whilst a ‘microcyle’ refers to the cycling to and from the baseline within a ‘macrocycle’.

The similar time period prior to initial regeneration at x=0.17 and 0.25 suggests that the rate at
which surface saturation with oxygen is reached is limited by the rate of oxygen adsorption and

diffusion on the nickel surface at this temperature rather than the concentration of O, present.

The greater rate of secondary deactivation on increasing the O, concentration from 0.17 to 0.25
may be attributed to the greater potential for nickel oxidation to increase the extent of total
oxidation and reduce H, yield, as seen in Figure 8.2. The relationship between sulfur oxidation
from the nickel surface with different O, quantities has also been discussed by Bartholomew et al.
[2 and references therein]. Alternatively, the greater oxygen concentration may facilitate the
formation of NiSO, (Equation 8.2), therefore reducing the extent of surface oxygen available to
remove sulfur as SO, [3, 4], whilst NiSO, would also reduce activity by blocking active nickel

sites.

NiS + 20, = NiSO, (8.2)
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Figure 8.2: H,O production with H,S-free fuel gas following reaction of CH,; + 0.5CO, + xO,
+ 5ppm H,S over Ni/YSZ at 700 °C where complete deactivation occurred
through sulfur poisoning (x=0.00, 0.17, 0.25, 0.33)

Where the greatest quantity of oxygen is added, a substantial variation in regeneration behaviour is
observed in that the time prior to initial regeneration is increased significantly from ca. 90 minutes
to ca. 5 hours. In addition, although secondary deactivation is observed, the rate at which it occurs

is significantly reduced and complete deactivation is not observed during the duration of the study.

The greater period prior to initial regeneration may be due to the increased potential for the
formation of NiSO, at high oxygen concentrations, and therefore a reduction in the availability of
oxygen to saturate the catalyst surface and remove chemisorbed sulfur as SO,. Also, the increased
tendency towards total oxidation can effectively delay the onset of sulfur removal and partial
oxidation to produce H, as shown by the H,O production in Figure 8.2. The significantly reduced
rate of deactivation with 0.33 O, suggests that the extent of sulfur removal is significantly greater

with such a high quantity of O,, despite the potential formation of NiSQO,.
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8.3 Reaction of CH,; + 0.5CO; + xO, over 5 mol% CeO,-Ni/YSZ deactivated by

sulfur poisoning at 700 °C

Doping of Ni/YSZ with ceria has a substantial influence on the regeneration behaviour using H,S-

free fuel gas mixtures, with and without the addition of O, in varied concentrations.

As observed over Ni/YSZ (Figure 8.1), 5 mol% CeO,-Ni/YSZ, shown in Figure 8.3, exhibits no
significant regeneration in the absence of O, during the 25 hour study. This may be due to the low
reactivity of CO, and lack of S, desorption at this temperature. The ability of Ce,0O; to dissociate
CO, may encourage sulfur oxidation, however the results suggest that an extensive time period is

likely to be required for saturation of the catalyst surface with oxygen to be achieved via this

mechanism.
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Figure 8.3: Regeneration behaviour with H,S-free fuel gas following reaction of CH, +
0.5CO, + xO, + 5ppm H,S over 5 mol% CeO,-Ni/YSZ at 700 °C where complete
deactivation occurred through sulfur poisoning (x=0.00, 0.17, 0.25, 0.33)
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The addition of O, to the simulated biogas mixture results in a substantial initial regeneration and
secondary deactivation of 5 mol% CeO,-Ni/YSZ, as was seen for Ni/YSZ. When x=0.17, the rate
of secondary deactivation is significantly greater than when x=0.25, which is the opposite
behaviour to that observed for Ni/YSZ. This is due to a combination of an increased rate of
deactivation when x=0.17 and a reduced rate of deactivation when x=0.25 over 5 mol% CeO,-

Ni/YSZ.

The greater deactivation rate apparent when x=0.17 over 5 mol% CeO,-Ni/YSZ may be attributed
to the greater tendency for O, to adsorb onto Ce,0O; rather than nickel. This therefore reduces the
quantity of oxygen available to continuously remove sulfur from the nickel surface through
oxidation. Alternatively, the presence of ceria may increase the mobility of sulfur through the

nickel, increasing the rate at which bulk sulfur migrates to the surface.

Increasing the O, concentration from 0.17 to 0.25 may reduce the deactivation rate as there may be
sufficient oxygen present to ensure that oxidation of sulfur-bound nickel occurs despite the
adsorption of oxygen onto Ce,0s. In addition, the greater O, concentration may also maintain
oxidation of Ce,O; to CeO,, ensuring a high oxygen concentration on the catalyst surface to

facilitate sulfur oxidation.

With the exception of the initial macrocycle for x=0.25, the rate of macrocycling is significantly
greater over 5 mol% CeO,-Ni/YSZ than over Ni/YSZ. This may be attributed to the ability of CeO,
to distribute oxygen across the catalyst surface and achieve higher oxygen surface concentrations.
The increased rate of deactivation within each macrocycle may also be due to the increased

potential for total oxidation of methane with ceria as shown in Figure 8.4.
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Figure 8.4: H,O production with H,S-free fuel gas following reaction of CH,; + 0.5CO, + xO,
+ 5ppm H,S over 5 mol% CeO,-Ni/YSZ at 700 °C where complete deactivation
occurred through sulfur poisoning (x=0.00, 0.17, 0.25, 0.33)

Lower oxygen concentrations require a smaller nickel surface area free of sulfur to favour methane
reforming over total oxidation of methane. The lower surface area free of surface sulfur may also
mean that complete secondary deactivation will occur faster than with a larger surface area, which

may explain the increased rate of deactivation within each macrocycle when x=0.17 than 0.25.

Similar to the behaviour observed for Ni/YSZ, the addition of 0.33 O, to the simulated biogas
mixture results in a significantly greater period before initial regeneration occurs. In addition,
complete deactivation is not observed over the 25 hour period unlike with other O, concentrations.
Also, the reaction over 5 mol% CeO,-Ni/YSZ exhibits a greater period before initial deactivation
occurs than over Ni/YSZ. This may be attributed to the greater potential for total oxidation of
methane, which can be seen in Figure 8.4, and the formation of NiSO, in the presence of ceria due

to the increased oxygen concentration on the catalyst surface.
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A greater extent of microcycling is observed over 5 mol% CeO,-Ni/YSZ at this temperature when
x=0.33, which may be due to the cycling of ceria (Figure 6.8) as this behaviour is significantly less
prevalent in the absence of CeO,. Similar behaviour has been seen previously over 5 mol% CeO,-

Ni/YSZ with and also without the presence of 5ppm H,S (Section 7.3.2 and 6.3.2 respectively).

8.4 Summary of the influence of O, addition towards the regeneration behaviour

using H,S free fuel at 700 °C over Ni/YSZ and 5 mol% CeO,-Ni/YSZ

In this section, the ability of O, when added to the simulated biogas mixture to facilitate the
removal of sulfur from both the Ni/YSZ and 5 mol% CeO,-Ni/YSZ surfaces to regenerate methane
reforming activity and increase H, yield has been studied. This is particularly apparent through the

complete lack of regeneration of catalytic activity observed in the absence of O,.

The regeneration process involves a sudden initial increase in activity, followed by a secondary
deactivation process which occurs in a cyclic manner when x0,:CH4 = 0.17 and 0.25. This initial
increase is attributed to the saturation of oxygen on the nickel surface leading to extensive sulfur
removal through oxidation. This initial regeneration is significantly delayed when O, concentration
is increased to 0.33, which has been attributed to an increased extent of total oxidation and the

formation of NiSO,.

The cycling of regeneration and subsequent deactivation observed when x=0.17 and 0.25 has been
attributed to the mobility of sulfur on nickel and migration from the nickel sub-surface and bulk to
the nickel catalyst surface. This behaviour was not observed when x=0.33 as at this O,
concentration, sufficient oxygen is available to maintain continuous removal of surface nickel-

bound sulfur through oxidation.

The rate of deactivation and cycling when x=0.17 and 0.25 is influenced substantially by ceria
doping. For Ni/YSZ, increasing O, concentration results in an increased rate of deactivation,

whereas the opposite occurs with 5 mol% CeO,-Ni/YSZ. This has been attributed to the increased
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potential for total oxidation and NiSO, formation with increasing O, concentration over Ni/YSZ.

Ceria doping reduces this potential by distributing oxygen concentration across the catalyst surface.

The absence of completely reversible regeneration suggests the formation of irreversible nickel
sulfide species which are not removed using these reaction conditions. Incomplete regeneration has

been reported by numerous researchers [5-7].

From this section, it has been shown that the use of a xO,:CH, ratio of 0.33 is the optimum
condition for recovering the system and for long term operation. In the 20 hour timescale used, the
5 mol% CeO,-Ni/YSZ catalyst appears to offer a more practical and viable catalyst option than
Ni/YSZ for operation of the system. However, longer term experiments are required to accurately

indicate the viability of the two catalysts for operation over significant timescales.
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9 Ni/YSZ and 5 mol% CeO,-Ni/YSZ as anode materials for solid oxide
fuel cells operating directly on simulated biogas with and without O,

addition

A final part of this study involved assessing the potential for operating solid oxide fuel cells on
simulated biogas, and the influence of oxygen addition in varied concentration on the electrical

performance.

9.1 Introduction

Fuel cells have the potential to significantly influence low carbon energy generation due to their
high efficiency and low emissions. However, the growth of this technology has been restricted by
the requirement of a hydrogen infrastructure for low temperature fuel cells, the high cost of

manufacture and also that the primary source of hydrogen is from natural gas, which is a fossil fuel.

There are numerous types of fuel cells that vary primarily in nature of the electrolyte material
used. These different types are discussed in detail in Section 2.5. Solid Oxide Fuel Cells (SOFCs)
show significantly greater potential for use as a primary technology than some other fuel cell types
due to the use of an oxygen conducting, ceramic electrolyte which provides the thermal stability to

allow for high temperature operation [1].

This high operating temperature eliminates the requirement for a hydrogen fuel source, due to the
capacity for hydrocarbon reforming to produce hydrogen, as has been illustrated in previous
chapters. The high operating temperature also provides the potential for nickel to be used as a
catalyst material, therefore significantly reducing the manufacturing cost. In addition, methane and
other hydrocarbons can be used as a fuel source, for which there is a substantial potential market

for methane generation through waste, as discussed in Section 2.1.
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9.2 Solid Oxide Fuel Cells (SOFCs) and biogas as a fuel

The operation of solid oxide fuel cells using landfill gas as the primary fuel source has been
reported previously by several research groups, including the research group at Keele University
led by Prof. R. Mark Ormerod [2, 3], in which both the high activity and also significant issues of
deactivation and loss of performance over time have been illustrated. The potential for landfill gas
and other sources of biogas to be used as fuel sources for fuel cell operation due to the potential use
of CO, present in the biogas as a reformant and also of CO as a fuel source is discussed in detail in

Section 2.

The electrochemical oxidizing potential provided at the cathode means that the concentration of
oxygen added to the simulated biogas mixture can significantly influence the potential for total

oxidation of methane for variations in applied loads.

9.3 Experimental considerations and analysis

The cell manufacture details and modifications to the experimental test system that were

implemented to allow for fuel cell testing are discussed in Section 3.10.

One of the common approaches used to study the performance analysis of fuel cells is through
potentiodynamic testing of cells to produce current-voltage (i-V) curves, of which an example is

shown in Figure 9.1.

i-V curves are generated through a variation in the voltage applied across the cell and measuring the
cell current at specific voltages. i-V curves and power density curves provide a direct indication of
the fuel cell performance under controlled operating conditions. Power density curves are produced
by multiplying the voltage by the current density to obtain the power density in mW cm™. This
power density provides a more informative illustration of fuel cell performance with respect to

overall energy generation. Fuel cells are highly susceptible to changes in applied load due to the
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irreversible losses that occur with increasing voltage. These losses are separated into three types;

Activation, Ohmic and Concentration [4, 5].

Activation losses are caused by the activation energies required for the electrochemical reactions at
both the anode and cathode. A proportion of the applied voltage is used to overcome these
activation barriers. However, as the activation energies for the anode and cathode are different and

vary with fuel choice, this can cause an imbalance across the cell and reduce current.

Ohmic losses are caused by the voltage gradient across the cell and the voltage that is used for
charge transport within the cell, which reduces the flow of electrons from the anode through the
external circuit. The resistance of the electrolyte material to oxygen ion transport and also electrical
circuit resistance results in ohmic losses. The ohmic losses generated from the electrolyte material
increase with increasing voltage due to the reduction in defects available caused by the increased

oxidising potential.

Concentration losses are caused by the electrochemical reactions occurring at a different rate to the

diffusion of ions into the electrode, causing a concentration gradient.

The extent of these losses can be influenced by variations in operating conditions such as gas flow
and composition, temperature and also the electrode and electrolyte materials used. The influence

of reaction conditions, fuel composition and anode material are discussed in this section.

9.4 Initial solid oxide fuel cell operation using H; as a fuel

Potentiodynamic tests were carried out on solid oxide fuel cells with Ni/YSZ or 5 mol% CeO,-
Ni/YSZ anodes using H, as a fuel at 600 °C, 700 °C, 800 °C and 900 °C. The performance of these
fuel cells operating on H, and the influence of both temperature and catalyst material provides a

standard to which the performance of the cells, when operating on biogas, can be compared.
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Figure 9.2: Power density curves for an SOFC with a Ni/YSZ anode operating on H, at 600,

700, 800 and 900 °C
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It is clear from the i-V and power density curves shown in Figure 9.1 and 9.2 respectively, that the
operating temperature of the cell has a significant influence on performance. The electrical
performance of the cell at 600 °C is very poor but as the operating temperature increases, the
electrical performance also increases. This increase in performance with temperature can be
attributed to simple reaction kinetics and thermodynamics and also increased oxide ion mobility
and transport across the electrolyte. The decreased power output above an optimum with increasing

current is due to the irreversible losses that are discussed previously in Section 9.3.

The substantially greater optimum power density that can be obtained at higher operating
temperatures (shown in Fig 9.2) illustrates the potential to reduce electrochemical losses with
increased temperature. At higher temperatures, the increased potential for interstitials within the
YSZ electrolyte can result in increased ion conductivity and reduced ohmic losses [4, 6]. Goula et
al. [7] have reported the use of a fuel cell with the Ni/YSZ anode, YSZ electrolyte and LSM
cathode material configuration similar to that used in this research and their studies of methane dry

reforming at 875 °C show an optimum power density of 50mW/cm?.

Doping the Ni/YSZ anode material with 5 mol% CeO, results in a significantly greater electrical
performance, as shown in Figures 9.3 and 9.4. This greater electrical performance is present across
the full range of operating temperatures and increases with temperature, observed as with the
Ni/YSZ anode-containing cell. The performance of the 5mol% CeO,-Ni/YSZ is comparable to the

results reported by Laycock et al. [8] for a similar cell operating on hydrogen at 850 °C.
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The use of CeO, as a dopant on Ni/YSZ to improve catalytic performance and also increase
tolerance to sulfur deactivation has been discussed previously in Sections 6 and 7 respectively. The
enhanced fuel cell performance with the 5mol% CeO2-Ni/YSZ cell can be attribute to redox
capability of ceria discussed in these sections and also the ability of CeO, to facilitate oxide
transfer. Gorte et al. [5, 9] reported the use of a similar cell with a Cu/YSZ anode material that
exhibited an optimum power density of ca.50mW/cm? and how the presence of ceria within a solid
oxide fuel cell enhanced the electrical output to an optimum power density of ca. 300mW/cm?.
This was attributed this improvement to CeO, acting as an oxidation catalyst and also increasing
charge transfer at the three phase boundary between anode and electrolyte material. The decreased
performance above an optimum with increasing current can be attributed to increased irreversible

losses as discussed for the Ni/YSZ anode containing cell.

9.5 Solid oxide fuel cell operation containing a Ni/YSZ anode using simulated

biogas with and without the addition of oxygen

To assess the performance of an SOFC with a Ni/YSZ anode operating directly on simulated
biogas (CH4+ 0.5C0O,) with the addition of O,, i-V tests were carried out. The power density curves
are shown at 700 °C, 800 °C and 900 °C with different oxygen concentrations in Figures 9.5, 9.6
and 9.7 respectively. These measurements were carried out equivalent to when the cells were

fuelled with hydrogen to enable direct comparisons.

From Figures 9.5 — 9.7, it is apparent that the influence of temperature on the electrical
performance when operating on simulated biogas with the addition of oxygen is very similar to
when operating on pure hydrogen, in that increased temperature substantially improves
performance. This can again be attributed to the increased rate of electronic reaction, charge

transfer and ion conductivity. Increased temperature can also influence the rate of methane
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reforming that occurs on the anode surface. The influence of temperature on methane reforming

has been discussed in detail in Sections 6 and 7.

Tests were carried out at 600 °C, however no activity was observed at this temperature. This lack
of activity may be attributed to the very low rate and extent of methane reforming and subsequent

hydrogen generation at this temperature, in addition to very low oxygen ion conductivity at this

temperature.
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Figure 9.5: Power density curves for an SOFC with a Ni/YSZ anode operating on H, and
simulated biogas (CH, + 0.5CO,) at 700 °C with different added O; levels (x=0.00,

x=0.17, x=0.25, x=0.33).

At 700 °C (Figure 9.5), the electrical performance of the cell operating on biogas is very poor
compared with the performance using hydrogen as the fuel. This can be attributed to the small level
of methane reforming that is occurring over the anode material at this temperature, and therefore
the low concentration of hydrogen and carbon monoxide available to be oxidised. Interestingly, the

addition of oxygen to the biogas mixture actually results in decreased performance, to an extent

Page |9-8]|



9. Fuel Cell Operation

where the output is almost zero. This may be due to the potential for total oxidation of methane at
this temperature and also the oxidation with the oxygen added of any hydrogen and carbon
monoxide that may be present on the anode surface. This therefore reduces the quantity of

hydrogen available for electrochemical oxidation.
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Figure 9.6: Power density curves for an SOFC with a Ni/YSZ anode operating on H, and
simulated biogas (CH, + 0.5CO,) at 800 °C with different added O, levels (x=0.00,

x=0.17, x=0.25, x=0.33).

At 800 °C (Figure 9.6), there is a significant improvement in the electrical performance of the fuel
cell for all fuel compositions used. In contrast to the behaviour seen at 700 °C (Figure 9.5), the
addition of oxygen to the simulated biogas (CH, + 0.5CO;) mixture improves the electrical
performance, and this improvement increases progressively with greater quantities of added
oxygen. This behaviour may be attributed to the increased potential for methane reforming to
synthesis gas at these temperatures, and therefore increased hydrogen and CO production, and

subsequent electrochemical oxidation. This increase in methane reforming to produce synthesis gas
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with the addition of oxygen is shown in Section 5. At the same time, the increased temperatures

also enhance the ion conductivity of the cell.

The performance of the cell operating when x=0.25 shows comparable performance to operation
with hydrogen whilst when x=0.33, a significantly improved performance compared to operation
with H, is observed. This suggests that even when high oxygen levels are added to the biogas
simulated mixture with an O,:CHj, ratio of 0.33, methane partial oxidation is favoured over total
oxidation, and that the direct oxidation of the hydrogen and carbon monoxide products from
methane reforming is not occurring to any significant extent, with very efficient electrochemical
oxidation of the hydrogen and CO occurring. This does not exclude the possibility of direct
electrochemical oxidation or total oxidation of methane producing water and carbon dioxide, which

can then activate methane reforming [8].
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Figure 9.7: Power density curves for an SOFC with a Ni/YSZ anode operating on H, and
simulated biogas (CH, + 0.5CO,) at 900 °C with different added O, levels (x=0.00,

x=0.17, x=0.25, x=0.33).
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The electrical performance of the SOFC fuelled on simulated biogas without oxygen addition at
900 °C (Figure 9.7) is substantially greater than at 700 °C (Figure 9.5) and 800 °C (Figure 9.6).
This is shown in that the maximum power output increases by over 60 % from 800 °C to 900 °C,
apart from when x=0.33 where comparable performance at 800 °C to 900 °C is observed. This
increase can be attributed to the significantly greater extent of methane reforming by CO, with

increased temperature as shown in Section 5.

The addition of 0.17 O, to the simulated biogas mixture results in significantly increased electrical
performance, as seen at lower operating temperatures. However, in contrast to lower temperatures,
further increased addition of O, to the simulated biogas mixture results in a slight reduction in
electrical performance. This suggests that at higher oxygen concentrations, either the total
oxidation of methane of direct oxidation of hydrogen and CO occurs to such an extent to reduce the
capacity for electrochemical oxidation of hydrogen and CO and subsequent increased power

output.

9.6 Solid oxide fuel cell operation containing a 5 mol% CeO,-Ni/YSZ anode using

simulated biogas with and without the addition of oxygen

The influence of ceria doping of the Ni/YSZ anode on the performance of an SOFC when operating
on simulated biogas with oxygen addition was also investigated and is shown in Figures 9.8 — 9.10.
The increased performance for an SOFC operating on hydrogen with 5 mol% CeO, doping on the
Ni/YSZ anode was shown earlier. This increased performance was attributed to the ability of ceria
to assist in charge transfer at the three phase boundary, whilst also acting as an oxidation catalyst

across the anode surface promoting methane reforming [5].

This behaviour is also observed when simulated biogas with oxygen addition is used as the fuel, in
that a significantly improved electrical performance across the 700 - 900 °C temperature range and

across the range of gas compositions is observed in Figures 9.8 — 9.10.
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Figure 9.8: Power density curves for an SOFC with a 5 mol% CeO,-Ni/YSZ anode operating
on H, and simulated biogas (CH4 + 0.5CO,) at 700 °C with different added O,

levels (x=0.00, x=0.17, x=0.25, x=0.33).

The tests carried out at 700 °C on a SOFC with a 5 mol% CeO,-Ni/YSZ anode (Figure 9.8) show a
significantly different behaviour to the tests carried on a SOFC with a Ni/YSZ anode (Figure 9.5)
in that negligible performance was observed for the SOFC with a Ni/YSZ anode for all CH, +
0.5C0O, + x0O, compositions studied, whereas a substantial improvement in performance is observed
for the cell with a ceria doped anode. Additionally, in contrast to the cell with the Ni/YSZ anode,
the addition of O, to the simulated biogas mixture results in improved performance of the cell with
a ceria doped anode. The performance of the cell when oxygen is added to the simulated biogas
mixture is very sporadic at this temperature. One cause for this may be the oxygen storage capacity
of ceria and the increased potential for total oxidation or direct oxidation with ceria which may

cause intermittent cycles, as discussed previously in Section 6.
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Figure 9.9: Power density curves for an SOFC with a 5 mol% CeO,-Ni/YSZ anode operating
on H, and simulated biogas (CH4 + 0.5CO,) at 800 °C with different added O,

levels (x=0.00, x=0.17, x=0.25, x=0.33).

At 800 °C (Figure 9.9), a similar performance is observed for the cell with a ceria doped anode as
with the cell with the undoped anode (Figure 9.6), in that electrical performance increases as O, is
added to the simulated biogas mixture. The performance increases further as the O, concentration
is increased from 0.17 to 0.25. However, in contrast to the cell with the undoped anode, increasing
the O, concentration from 0.25 to 0.33 results in a small decrease in performance of the cell with
the ceria doped anode. This may again be attributed to the increased potential for total or direct

oxidation with the presence of ceria in the anode, due to its high oxygen storage capacity.
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Figure 9.10: Power density curves for an SOFC with a 5 mol% CeO,-Ni/YSZ anode
operating on H, and simulated biogas (CH4+ 0.5C0O,) at 900 °C with different

added O, levels (x=0.00, x=0.17, x=0.25, x=0.33).

For the tests carried out at 900 °C (Figure 9.10), the influence of oxygen on the electrical
performance is significantly reduced compared to that at lower temperatures. The addition of
x=0.17 and 0.25 to the simulated biogas mixture results in only a very marginal improvement in
performance. However, when x=0.33, there is a slight increase in electrical performance. This is in
contrast to the behaviour seen for the Ni/YSZ anode cell (Figure 9.7), where an increase is seen
upon initial addition of oxygen to the simulated biogas mixture, but with increased addition of O,
no significant increases in performance are observed. This behaviour may suggest that as the
oxygen concentration added is increased to 0.33, the potential for total oxidation of methane is
favoured over direct oxidation of the hydrogen and carbon monoxide products to result in increased

hydrogen and carbon monoxide yield through indirect methane reforming.
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9.7 Summary of solid oxide fuel cell performance with Ni/YSZ and 5 mol% CeO,-
Ni/YSZ anodes operating on pure H; or simulated biogas with and without

oxygen addition

In this chapter, the potential use of biogas as a fuel for solid oxide fuel cells has been demonstrated.
The influence of temperature, oxygen addition to the biogas and also nature of the anode material
on the fuel cell performance has been studied. Measurements have been carried out using pure

hydrogen as a fuel to provide a comparison.

Temperature has shown to have a significant influence on the fuel cell performance, when operated
on either simulated biogas or pure hydrogen, with increasing temperature resulting in significantly
increased performance as can be seen in Table 9.1. This can be attributed to an increase in the
kinetic rate of both the anodic and cathodic reactions and also a decrease in the potential losses
through increased formation of interstitials and therefore increased oxide ion mobility. The
influence of temperature is particularly evident when simulated biogas is used as the fuel in that as
temperature increases, the performance of the cell operating on biogas becomes much more similar
to when operating on pure hydrogen. This is attributed to the increased potential for dry reforming

of methane to H, and CO on the anode at increased temperatures.

Table 9.1: Optimum power output for SOFC's with varied anode material, fuel and operating

temperature
Operating temperature

700 °C | 800 °C | 900 °C

Anode material Fuel Optimum power output (MW cm™)
H, 9.27 12.03 16.67
x=0.00 7.33 9.12 14.60
Ni/YSZ x=0.17 6.82 9.94 17.72
x=0.25 6.77 12.08 17.50
x=0.33 7.33 16.10 16.38
H, 12.05 21.18 29.67
x=0.00 6.47 12.14 19.48
Sm?:l?Y(S:;OZ T [ x=0.17 10.24 16.05 20.54
x=0.25 11.23 17.12 20.65
x=0.33 11.68 16.03 21.95
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An increase in cell performance is observed with the addition of oxygen to the simulated biogas
mixture, with the exception of the test at 700 °C with the Ni/YSZ anode cell and is shown in Table
9.1. This increase with oxygen addition is attributed to the increased reformant availability for
methane reforming. The level of improvement is increased as the quantity of oxygen added
increases, apart from at 800 °C with the 5 mol% CeO,-Ni/YSZ anode fuel cell, which may be due
to an increase in the potential for total oxidation of methane or direct oxidation of hydrogen and

carbon monoxide.

Doping of the fuel cell anode with 5 mol% CeO, results in a significant improvement in cell
performance across the operating conditions studied as seen by the optimum power outputs shown
in Table 9.1. This can be attributed to the oxygen storage ability of ceria increasing methane
reforming and also enhancing ion transfer at the three phase boundary to increase the rate of
electrochemical oxidation. The reduced improvement for the 5 mol% CeO,-Ni/YSZ anode cell
compared to the Ni/YSZ anode cell when x=0.33 may illustrate the increase in total oxidation and

direct oxidation due to the oxygen storage capacity of ceria.
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10 Conclusion

The addition of oxygen to a simulated biogas mixture has been shown to have a significant
influence on the activity and selectivity of nickel-based catalysts for methane reforming, and also
the stability over time with regards to deactivation by carbon and sulfur poisoning. The influence of
oxygen on the behaviour of ceria-doping of the nickel catalyst for reforming of simulated biogas

and also fuel cell operation using nickel-based anode materials has been studied.

10.1 The influence of oxygen addition on the behaviour of Ni/YSZ for the reforming

of simulated biogas

From temperature programmed studies, it was observed that the addition of oxygen to a simulated
biogas mixture significantly changes the reaction profile, through the introduction of a light-off
feature which occurs at greater temperatures with increased oxygen concentrations. This feature
has been attributed to the greater capacity for total oxidation as the oxygen concentration increases.
As oxygen concentration increases, the catalyst activity also increases due to the increased

availability of reformant.

Conventional catalytic studies conducted over 20 hours show the strong influence of oxygen
addition on the catalyst activity, selectivity and stability. Across the complete temperature range
studied (600-1000 °C), the addition of oxygen induces an increase in catalyst activity for synthesis
gas formation. This increase, which is extended with increased oxygen concentration, has been
attributed to the increased availability of reformant. At increased reaction temperatures, the
influence of oxygen is less substantial due to the increased thermodynamic potential for methane

reforming with CO,.
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The selectivity of the catalyst for methane reforming varies significantly with oxygen concentration
and reaction temperature. Across all reaction temperatures, the addition of oxygen increased the
H,:CO product ratio. This is attributed to the increased H,:CO ratio of the partial oxidation reaction
compared to the CO, (dry) reforming reaction. At low temperatures, this increase in H,:CO product
ratio is greater with increased oxygen concentration, whereas at high temperatures the opposite is

seen.

This variation in product ratio is interesting and highly desirable as it provides the potential for the
product ratio to be tailored to facilitate the requirements of the process in which the product is to be
used. Also, the addition of oxygen and increased oxygen content in the simulated biogas feed gas
results in a significantly improved catalyst stability and durability through a reduction in carbon

deposition across the complete reaction temperature range.

10.2 The influence of ceria-doping of Ni/YSZ on the catalytic behaviour for

reforming of simulated biogas with oxygen addition

The equivalent temperature programmed reaction measurements carried out over 5 mol% CeO,-
Ni/YSZ exhibited a similar behaviour and influence of temperature and oxygen content to those
conducted on Ni/YSZ, with the exception that 5 mol% CeO,-Ni/YSZ shows a slightly lower
activity at higher temperatures, and that the light-off temperature occurs at a slightly lower
temperature. These variations have been attributed to the reduced potential for methane

decomposition on CeO,-Ni/Y SZ through increased oxygen availability on the catalyst surface.

A different behaviour is observed over 5 mol% CeO,-Ni/YSZ to that seen on Ni/YSZ during
conventional (isothermal) reaction studies in that cycling behaviour was observed, which has been

attributed to transient reduction and oxidation cycling of CeO,.

In the absence of added oxygen, greater activity for biogas reforming is observed over 5 mol%

Ce0,-Ni/YSZ which may be due to the capacity of Ce,O; to be oxidized by CO, to promote
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methane reforming. With oxygen addition, similar activities were observed for both catalysts at
lower temperatures (600-800 °C), whereas at higher temperatures (900-1000 °C), significantly
reduced activity was observed over 5 mol% CeO,-Ni/YSZ, in addition to a reduced stability with
time. This difference may be attributed to a variation in the quantity of carbon deposition, potential
for oxidation of carbon deposits and also carbon morphologies that may form when ceria is present
on the nickel catalyst. This is supported by the significantly greater extent of carbon deposition that

was observed, following reactions over 5 mol% CeO,-Ni/YSZ.

10.3 The influence of sulfur on the behaviour of Ni/YSZ and ceria-doped Ni/YSZ for

reforming of simulated biogas with oxygen addition

Significant deactivation is observed with the addition of H,S to the simulated biogas mixture for
both Ni/YSZ and ceria-doped Ni/YSZ across all reaction temperatures and oxygen contents,
particularly at lower reaction temperatures (600-800 °C), where total deactivation is seen. Addition
of oxygen to the simulated biogas mixture results in both a substantial increase in activity and also
an increased tolerance towards sulfur poisoning. This increase in sulfur tolerance is attributed to the
oxidative removal of sulfur from the catalyst surface. Ceria doping of Ni/YSZ promotes the
increased sulfur tolerance with oxygen, which may be due to the ability of ceria to increase the

oxygen concentration on the catalyst surface.

Reaction temperature was found to be the primary controlling factor towards sulfur tolerance,
specifically for temperatures above 800 °C, due to the rapid removal of sulfur from the catalyst
surface at high temperatures. Additionally, reduced carbon deposition on the catalysts surface is

observed with the presence of H,S in the simulated biogas mixture.
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10.4 Catalyst recovery from complete deactivation due to sulfur poisoning and the

influence of ceria doping, temperature and oxygen addition

In the absence of oxygen, no regeneration of the catalysts was observed over a 25 hour period at
700 °C. However, the addition of oxygen to the simulated biogas mixture resulted in substantial

regeneration of both Ni/YSZ and ceria-doped Ni/YSZ.

Regeneration of the catalysts from sulfur poisoning in the presence of lower added oxygen
concentrations (x=0.17, 0.25) occurs in a cyclical fashion; initial extensive regeneration is observed
followed by secondary deactivation to the point of total deactivation. This behaviour is attributed to
the saturation of the nickel surface with oxygen resulting in sudden, extensive sulfur oxidation, and
as the nickel surface becomes free of sulfur, sulfur present in the bulk of the catalyst migrates to the

surface, inducing secondary deactivation.

The rate of cycling is influenced significantly by both oxygen concentration and ceria doping of the
nickel catalyst. This cycling behaviour is not observed at higher oxygen concentrations (x=0.33),
which may be due to the greater availability of surface oxygen to induce sulfur oxidation at high

0Xygen concentrations.

10.5 Operation of solid oxide fuel cells with Ni/YSZ and ceria-doped Ni/YSZ anodes

on simulated biogas with oxygen addition

Both operating temperature and oxygen addition have shown a significant influence on fuel cell
performance. For both anode materials and across all oxygen concentrations, increased temperature
results in a significant increase in cell performance. This is particularly evident for operation on
simulated biogas, which may be attributed to the significant increase in methane reforming with

increased temperature.
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Oxygen addition to the simulated biogas results in increased cell performance, which has been
attributed to the greater availability of reformant to increase methane reforming and subsequent
hydrogen and carbon monoxide production. Increased oxygen addition generally increases cell
performance, however a reduction in performance was observed at the highest quantity of oxygen

added, which may be attributed to the increased extent of total oxidation.

Ceria-doping of the Ni/YSZ anode material also increased electrical performance with and without
the presence of added oxygen, which has been attributed to the oxygen storage capacity of ceria to
facilitate methane reforming. Ceria is also proposed to assist oxygen ion transfer at the cell three
phase boundary. A reduced performance was observed at the greatest level of added oxygen, which
may be an indication of the increased potential for total oxidation under fuel cell operating

conditions and high oxygen levels.

10.6 Closing statements

In this study, the influence of temperature, oxygen addition, ceria-doping and sulfur poisoning on
the behaviour of nickel based catalysts for simulated biogas reforming has been studied. Each of
these variables has been shown to influence the activity, selectivity and stability of the catalyst

towards simulated biogas reforming for synthesis gas production.

Significant advances have been achieved in increasing activity and also adding a degree of control
towards the synthesis gas product ratio through the addition of oxygen in varied quantities,
temperature and by ceria doping. The increase in activity increases the efficiency and therefore
potential viability of this approach, whilst the ability to tailor the synthesis gas ratio increases the

potential applications.

These variables have also been shown to significantly improve catalyst durability by reducing the

extent of carbon deposition and also the tolerance of the catalyst towards deactivation through
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sulfur poisoning. These reductions in deactivation and approaches for catalyst regeneration studied

increase the practical longevity of the catalysts for biogas reforming.

The optimum conditions observed for the reforming of simulated biogas is the use of the Ni/YSZ
catalyst at 1000 °C with an O,:CH, ratio of 0.25, whilst the Ni/YSZ catalyst at 1000 °C with an
O,:CHj, ratio of 0.33 are the optimum conditions for the reforming of simulated biogas with the
addition of 5 ppm H,S. Recovery of the system from sulfur deactivation is most efficiently
achieved using 5 mol% CeO,-Ni/YSZ and an O,:CH4 ratio of x=0.33 but longer term studies are
needed to confirm this. For solid oxide fuel cell operation, the use of a 5 mol% CeO,-Ni/YSZ
catalyst as the anode, a temperature of 900 °C and a O,:CH, ratio of x=0.33 shows the most
efficient performance. However, these conditions may not be applicable to experiments over

significant time durations.

The findings from this study will contribute to supporting future research and the increased
viability of this approach as an efficient and environmentally friendly method of utilising a waste

product for energy generation or synthesis gas production.
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11 Future work

From the findings of this research study, several specific topics that have been identified that merit

further research.

More detailed characterisation could provide greater insight into catalyst deactivation and methods
in which it could be minimised. In particular, the influence of temperature, oxygen concentration
and CeO, doping of the catalyst towards thermal degradation of the nickel catalyst would be
beneficial as these parameters have been shown to influence the thermal behaviour of catalyst
materials [1-3]. Electron microscopy (TEM and SEM) would provide additional insight into the
nature of carbon deposition on the catalyst surfaces and how the temperature, reactant gas
composition and catalyst material can influence both the extent and also the morphology of the

carbon deposits and provide some insight into how these influence reforming behaviour [4, 5].

The variable composition of biogas is such that further research into different CH4:CO; ratios and
also different H,S concentrations is important to provide a more comprehensive study of the
conversion of biogas from various sources over nickel based catalysts [6]. The influence of other
contaminants found in biogas, such as organic halides and trace metals, and their influence on

catalytic reforming behaviour would also be a useful area of research [7].

To assess the longer term durability and stability of nickel based catalysts for biogas reforming,
longer term catalytic studies could very useful. In particular, the rates of thermal degradation,
carbon deposition, H,S poisoning and also regeneration are of specific importance. Long term
operation of solid oxide fuel cells on simulated biogas has not been researched within this study,

but is an obvious area of future study.

The use of catalysts dopants and variations in catalyst materials have been studied within this
research project. Further work could be focused towards the use of alternative dopants and also the

positive influence of ceria-doping could be extended to research into different dopant levels.
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Although the use of simulated biogas mixtures provides a controlled approach towards the
optimisation of catalytic techniques and fuel cells, the final stage of research to assess the viability
of these systems towards operation on biogas would be to test the systems with actual biogas
samples from different sources, and analyse the influence of the optimisation methods studied in

this research.
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Appendix A: Determination of appropriate catalyst mass

Prior to performing any catalyst activity tests relating to the operation of simulated biogas
reforming, it was necessary for an appropriate catalyst mass to be selected. Catalyst mass used can
influence reaction characteristics through increasing or decreasing the potential for reforming due
to availability of active surface area, mass transport effects within catalysts and also the increased
likelihood of separate zones forming throughout the catalyst. This is an issue especially with
simulated biogas reforming with the presence of oxygen due to the combination of the exothermic
partial oxidation reaction which will occur at the front of the catalyst bed and the endothermic CO,
reforming reaction which will occur further through the bed. This variation can have significant

issues regarding thermal stability of catalysts as has been mentioned in Section 2.3.

To ensure the most appropriate catalyst mass was chosen, a series of temperature programmed
reactions were performed across a range of catalyst masses for the individual partial oxidation and
CO, reforming reactions. From these reactions the reforming characteristics across the active
temperature range could be analysed and compared to select the most active catalyst mass. The
temperature programmed partial oxidation reaction characteristics are shown in Figures A.1 — A.3
and the temperature programmed CO, reforming reaction characteristics are shown in Figure A.4 —
A.6. It can be seen from relevant figures that the catalyst mass to show the highest activity for the
partial oxidation reaction is between 20-40 mg. 10 mg of catalyst shows a significantly lower
activity, a delayed light off temperature at ~740 °C and also an unusual cycling behaviour that is
not exhibited by any other catalyst mass. This may be due to the complete oxidation of the catalyst

due to the increased potential for oxidation of the catalyst with smaller catalyst mass.

Regarding the CO, reforming reaction, the relevant figures show that the catalyst mass to show
highest activity is between 30-40 mg. This is seen through the significantly greater CH,4 conversion,
H, yield and CO yield. The endothermic nature of CO, reforming means that no substantial light-

off is seen.
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From analysing both individual reactions across the range of Ni/YSZ masses, 30 mg was chosen as

the catalyst mass to use throughout the remainder of the study. Although 40 mg showed a

comparable activity for both individual reactions, 30 mg was chosen for economic reasons as well

as the reduced potential for variations across the catalyst bed.

Upon conducting initial CH4 + CO, + xXO, reforming reactions it was discovered that the mass flow

controller responsible for O, flow could not be limited to 0.33 ml min™ required to provide

‘deficient O, (x=0.17)" concentration with 2 ml min™ CH, proposed.. Therefore, to accommodate

for this, the CH, flow used was increased to 3 ml min™ at which the relative ‘deficient O, (x=0.17)’

flow was 0.5 ml min™ and was possible with the current mass flow controller. This required for the

catalyst mass to be increased to 45 mg to maintain the same relative ratio between catalyst mass

and reactant gas flow.
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Figure A.1: CH,4 conversion during temperature programmed reaction of CH4 + 0.5 O, over

range of Ni/YSZ masses; 10 mg (Blue), 20 mg (Red), 30 mg (Green), 40 mg
(Black).
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Figure A.2: H, yield during temperature programmed reaction of CH4 + 0.5 O, over range of
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Figure A.3: CO yield during temperature programmed reaction of CH, + 0.5 O, over range

of Ni/YSZ masses; 10mg (Blue), 20mg (Red), 30mg (Green), 40mg (Black).
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Figure A.4: CH,4 conversion during temperature programmed reaction of CH,; + CO, over

range of Ni/YSZ masses; 10 mg (Blue), 20 mg (Red), 30 mg (Green), 40 mg

(Black).
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Figure A.5: H; yield during temperature programmed reaction of CH, + CO, over range of

Ni/YSZ masses; 10 mg (Blue), 20 mg (Red), 30 mg (Green), 40 mg (Black).
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Figure A.6: Percentage CO vyield during temperature programmed reaction of CH, + CO,

over range of Ni/YSZ masses; 10 mg (Blue), 20 mg (Red), 30 mg (Green), 40 mg

(Black).
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Appendix B: Details of CH,4 conversions, CO yields and H,:CO ratios

Appendix B

For the experiments conducted in the research study where CH,4 conversion and H,:CO product

ratio are not the primary function towards assessing the performance of the system, the details are

not included in the main body of the text to make the document more concise. Alternatively, these

details are included within this appendix.

Table A.1: Reforming analysis for reaction of CH, + CO, + xO; (x=0.00, 0.17, 0.25,

0.33) over Ni/YSZ at 700 °C after 5 hours and 20 hours

Time (h)
CH, conversion (%) H,:CO ratio
CH4:xO; 5 20 5 20
x=0.00 22.67 17.25 0.72 0.78
x=0.17 47.60 46.94 1.68 1.68
x=0.25 60.06 57.81 1.88 1.81
x=0.33 76.77 74.16 2.00 1.99

Table A.2: Reforming analysis for reaction of CH, + CO; + xO, (x=0.00, 0.17, 0.25,

0.33) over Ni/YSZ at 800 °C after 5 hours and 20 hours

Time (h)
CH, conversion (%) H,:CO ratio
CH4:xO; 5 20 5 20
x=0.00 30.84 25.08 1.17 1.27
x=0.17 73.51 70.14 1.99 2.09
x=0.25 87.58 85.85 2.07 2.08
x=0.33 99.71 99.38 2.07 2.04
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Table A.3: Reforming analysis for reaction of CH, + CO, + xO; (x=0.00, 0.17, 0.25,

0.33) over Ni/YSZ at 900 °C after 5 hours and 20 hours

Time (h)
CH, conversion (%) H,:CO ratio
CH4:xO; 5 20 5 20
x=0.00 52.77 51.59 1.52 1.63
x=0.17 88.85 85.90 2.22 2.06
x=0.25 96.35 9291 2.26 2.19
x=0.33 99.88 98.13 2.00 2.02

Table A.4: Reforming analysis for reaction of CH, + CO; + xO, (x=0.00, 0.17, 0.25,

0.33) over Ni/YSZ at 1000 °C after 5 hours and 20 hours

Time (h)
CH, conversion (%) H,:CO ratio
CH4:xO3 5 20 5 20
x=0.00 69.49 96.24 1.62 1.67
x=0.17 93.22 93.11 2.70 2.90
x=0.25 97.83 98.04 2.24 231
x=0.33 98.48 98.76 2.00 2.01
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Table A.5: Reforming analysis for reaction of CH, + CO, + xO; (x=0.00, 0.17, 0.25,

0.33) over 5 mol% CeO,-Ni/YSZ at 600 °C after 5 hours and 20 hours

Time (h)
CH, conversion (%) H,:CO ratio
CH4:xO; 5 20 5 20
x=0.00 23.24 33.73 0.44 0.46
x=0.17 23.67 27.21 0.76 0.73
x=0.25 33.87 36.26 0.88 0.92
x=0.33 43.13 43.24 1.05 1.09

Table A.6: Reforming analysis for reaction of CH, + CO, + xO, (x=0.00, 0.17, 0.25,

0.33) over 5 mol% CeO,-Ni/YSZ at 700 °C after 5 hours and 20 hours

Time (h)
CH, conversion (%) H,:CO ratio
CH4:xO3 5 20 5 20
x=0.00 19.11 7.94 0.77 0.71
x=0.17 53.07 48.30 1.01 0.87
x=0.25 64.88 64.50 1.01 1.01
x=0.33 72.13 69.23 1.20 1.11
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Table A.7: Reforming analysis for reaction of CH, + CO, + xO; (x=0.00, 0.17, 0.25,

0.33) over 5 mol% CeO,-Ni/YSZ at 800 °C after 5 hours and 20 hours

Time (h)
CH, conversion (%) H,:CO ratio
CH4:xO; 5 20 5 20
x=0.00 39.06 32.16 1.09 0.96
x=0.17 72.36 66.73 1.12 0.88
x=0.25 85.93 83.73 1.39 0.98
x=0.33 96.76 96.46 1.34 1.13

Table A.8: Reforming analysis for reaction of CH, + CO, + xO, (x=0.00, 0.17, 0.25,

0.33) over 5 mol% CeO,-Ni/YSZ at 900 °C after 5 hours and 20 hours

Time (h)
CH, conversion (%) H,:CO ratio
CH4:x0O; 5 20 5 20
x=0.00 50.19 83.40 0.99 1.52
x=0.17 85.29 82.72 1.20 0.93
x=0.25 97.16 95.69 1.30 1.03
x=0.33 99.02 98.85 1.26 1.10
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Table A.9: Reforming analysis for reaction of CH, + CO, + xO; (x=0.00, 0.17, 0.25,

0.33) over 5 mol% CeO,-Ni/YSZ at 1000 °C after 5 hours and 20 hours

Time (h)
CH, conversion (%) H,:CO ratio
CH4:xO; 5 20 5 20
x=0.00 80.57 N/A 1.51 N/A
x=0.17 91.06 99.45 1.43 2.71
x=0.25 98.98 98.09 1.17 0.83
x=0.33 99.95 99.95 1.20 1.02

Table A.10: Reforming analysis for reaction of CH, + CO, + xO, (x=0.00, 0.17, 0.25,

0.33) with 5 ppm H,S over Ni/YSZ at 600 °C after 5 hours and 20 hours

Time (h)
CH, conversion (%) H,:CO ratio CO yield (%)
CH4:x0O, 5 20 5 20 5 20
x=0.00 -6.60 -13.78 0.43 0.07 6.19 0.24
x=0.17 20.28 21.51 0.61 0.04 16.45 -1.59
x=0.25 30.62 25.00 0.84 0.03 17.87 -0.31
x=0.33 33.85 31.72 1.08 0.04 16.32 -0.21
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Table A.11: Reforming analysis for reaction of CH,; + CO; + xO, (x=0.00, 0.17, 0.25,

0.33) with 5 ppm H,S over Ni/YSZ at 700 °C after 5 hours and 20 hours

Time (h)
CHy, conversion (%) H,:CO ratio CO yield (%)
CH4:x0O, 5 20 5 20 5 20
x=0.00 -2.05 -30.17 6.19 0.24 16.52 0.12
x=0.17 50.24 27.76 16.45 -1.59 52.21 29.42
x=0.25 61.58 9.76 17.87 -0.31 54.91 -3.27
x=0.33 65.41 3.16 16.32 -0.21 59.21 0.17

Table A.12: Reforming analysis for reaction of CH, + CO, + xO, (x=0.00, 0.17, 0.25,

0.33) with 5 ppm H,S over Ni/YSZ at 800 °C after 5 hours and 20 hours

Time (h)
CH, conversion (%) H,:CO ratio CO yield (%)
CH4:x0O, 5 20 5 20 5 20
x=0.00 1251 -6.81 0.94 0.52 19.83 1.28
x=0.17 66.46 4.45 1.05 0.73 69.52 11.03
x=0.25 85.78 35.22 1.24 0.90 75.98 40.63
x=0.33 96.50 30.84 1.53 0.86 52.52 15.79
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Table A.13: Reforming analysis for reaction of CH,; + CO; + xO, (x=0.00, 0.17, 0.25,

0.33) with 5 ppm H,S over Ni/YSZ at 900 °C after 5 hours and 20 hours

Time (h)
CH, conversion (%) H,:CO ratio CO yield (%)
CH4:x0; 5 20 5 20 5 20
x=0.00 68.56 94.43 1.17 1.61 76.00 35.25
x=0.17 77.86 56.36 1.16 0.97 75.80 72.96
x=0.25 98.24 62.31 1.34 1.06 83.67 67.42
x=0.33 79.93 77.48 1.45 1.30 54.37 59.15

Table A.14: Reforming analysis for reaction of CH,; + CO; + xO, (x=0.00, 0.17, 0.25,

0.33) with 5 ppm H,S over Ni/YSZ at 1000 °C after 5 hours and 20 hours

Time (h)
CHy, conversion (%) H,:CO ratio CO yield (%)
CH4:x0O, 5 20 5 20 5 20
x=0.00 91.80 100 2.35 0.34 36.40 5.21
x=0.17 85.13 79.09 1.17 1.02 76.57 91.18
x=0.25 98.62 95.96 1.23 0.94 88.75 116.42
x=0.33 98.53 99.25 1.55 1.42 62.19 67.23
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Table A.15: Reforming analysis for reaction of CH,; + CO; + xO, (x=0.00, 0.17, 0.25,
0.33) with 5 ppm H,S over 5 mol% CeO,-Ni/YSZ at 600 °C after 5 hours

and 20 hours

Time (h)
CHy, conversion (%) H,:CO ratio CO yield (%)
CH4:x0O, 5 20 5 20 5 20
x=0.00 -5.12 -18.51 0.53 0.08 10.78 0.23
x=0.17 23.60 16.98 0.69 0.59 17.31 9.91
x=0.25 23.54 23.69 0.88 0.04 16.04 -0.05
x=0.33 46.83 16.66 1.21 0.07 26.06 -3.93

Table A.16: Reforming analysis for reaction of CH,; + CO; + xO, (x=0.00, 0.17, 0.25,
0.33) with 5 ppm H,S over 5 mol% CeO,-Ni/YSZ at 700 °C after 5 hours

and 20 hours

Time (h)
CH, conversion (%) H,:CO ratio CO vyield (%)
CH4:x0O, 5 20 5 20 5 20
x=0.00 1.61 -31.25 0.84 0.09 26.14 0.61
x=0.17 49.73 10.06 0.94 0.67 68.14 33.08
x=0.25 65.00 11.99 1.17 0.06 5541 -1.18
x=0.33 65.58 9.34 1.37 0.08 42.94 -0.31
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Table A.17: Reforming analysis for reaction of CH; + CO; + xO, (x=0.00, 0.17, 0.25,
0.33) with 5 ppm H,S over 5 mol% CeO,-Ni/YSZ at 800 °C after 5 hours

and 20 hours

Time (h)
CHy, conversion (%) H,:CO ratio CO yield (%)
CH4:x0O, 5 20 5 20 5 20
x=0.00 40.74 6.41 1.13 0.76 46.19 27.95
x=0.17 75.36 17.64 1.12 0.51 72.92 21.53
x=0.25 95.51 40.55 1.49 0.80 102.15 57.78
x=0.33 93.77 -3.25 1.53 0.26 60.13 0.76

Table A.18: Reforming analysis for reaction of CH,; + CO; + xO, (x=0.00, 0.17, 0.25,
0.33) with 5 ppm H,S over 5 mol% CeO,-Ni/YSZ at 900 °C after 5 hours

and 20 hours

Time (h)
CH, conversion (%) H,:CO ratio CO vyield (%)
CH4:x0O, 5 20 5 20 5 20
x=0.00 44.35 87.46 0.84 1.39 103.17 52.53
x=0.17 82.35 75.55 1.22 0.85 78.05 110.82
x=0.25 97.17 62.95 1.35 0.95 89.84 87.87
x=0.33 69.48 52.42 1.30 1.08 52.33 49.24
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Table A.19: Reforming analysis for reaction of CH,; + CO; + xO, (x=0.00, 0.17, 0.25,

and 20 hours

0.33) with 5 ppm H,S over 5 mol% CeO,-Ni/YSZ at 1000 °C after 5 hours

Time (h)
CHy, conversion (%) H,:CO ratio CO yield (%)
CH4:x0O, 5 20 5 20 5 20
x=0.00 39.91 99.68 1.45 4.76 94.73 4.02
x=0.17 90.46 94.85 1.18 1.48 91.06 28.90
x=0.25 98.80 96.89 1.36 0.97 97.94 122.54
x=0.33 99.83 97.28 1.56 1.30 61.13 73.21
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