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Abstract

The innovative Power-to-Gas concept is a promising solution for converting surplus
energy into synthetic natural gas (SNG). Through catalytic CO, methanation, renewable
H> and captured CO; are converted to methane (CHa) or SNG, thereby offering a potent
energy storage medium characterised by its elevated heating value. Intrinsic to the global
push towards sustainable energy solutions, CO, methanation stands as a mature reaction,
perpetually demanding high-performing catalyst design and synthesis to enhance

industrial process efficiency.

The main thesis goals come together along three crucial trajectories. First, it involves the
synthesis of high-performance Ni-based catalysts, including YSZ, CeO,, Al:O3, and
SBA-15, followed by their performance evaluation for CO, methanation. Second, the
investigation of the influence of distinct reactor conditions, encompassing temperature,
H>/CO> ratio, catalyst positioning, CHs presence in feed, gas hourly space velocity
(GHSV), pressure, and the effect of La-promoter on the yield and selectivity of the
optimal catalyst. Finally, the third trajectory delves into the design and modification of
monolithic and split reactors for CO, methanation. This chapter encompasses an
investigation into dual catalyst beds and the dynamic interplay of catalyst ratios within

reactor subsections.

The thesis started with a background on the recent trend in energy demand, the impact of
high fossil fuel dependency on climate change, and the transition from fossil fuel to
renewable energy. The discussion also covered an overview of carbon capture
technologies and the potential of CO2 methanation as a strategy for CO2 mitigation. The
thermodynamics, reactor considerations, and intricate reaction mechanisms of CO:

methanation are discussed.

The catalysts were synthesised using the wetness impregnation technique, followed by
comprehensive  characterisation,  including BET  surface = measurements,
thermogravimetric analysis, scanning electron microscopy, and Raman spectroscopy, for
the understanding of their physicochemical properties. The performance of the
synthesised catalysts was studied in a continuous flow quartz tube fixed-bed reactor with

an internal diameter of 5.5 mm and wall thickness of 2 mm at a temperature range of 473



to 823 K and pressure range of 0.5 to 3 bar depending on the test setup. The gaseous feed
stream employed contains N2 (60 mL min™), Hz (60 mL min) and CO2 (15 mL min%) in
the ratio of 4:4:1. Mears' and Weisz-Prater criteria obtained indicated negligible transport

limitations.

Activity tests revealed Ni/YSZ as the optimal catalyst with a CO2 conversion rate of
approximately 83%. The superior performance of Ni/YSZ is attributed to its distinctive
properties, including high oxygen vacancies, augmented basic sites, and an intrinsic
resilience to metal sintering, underscored by a low activation energy. The optimum
temperature was between 633 and 643 K beyond which the catalyst activity declined.
While an increase in the H2:CO- ratio favoured both the CH4 yield and CO- conversion,

CHjs yield was found to decline at an H2:CO; ratio beyond 4.

For the investigation of the effect of La-promoter on the performance of Ni/YSZ, a slight
stability enhancement was observed, but the catalytic activity was largely unaltered.
Notably, there was a structural change in Ni/YSZ as observed from the characterisation
results upon La-promoter addition indicating its potential to positively influence catalyst

performance in other reforming reactions.

For the reactor design, three distinctive configurations—the single reactor with one
catalyst bed, the single reactor with dual catalyst beds, and a two-reactor series, were
considered. In the latter configuration, the catalyst ratio within the reactors was varied
from 20 to 80%. The outcome revealed that the series-connected two-reactor system with
an installed water-removing device and catalyst of ratio of 30%:70% is the best,

providing a CO> conversion of approximately 99%.

In a broader perspective, the findings from this work can help in advancing the research
on the seamless and efficient integration of a methanation reactor with a solid oxide
electrolyser, considering that the best performance was achieved at reaction conditions
such as relatively elevated temperatures and low pressures, which are similar to the

operating conditions of a solid oxide electrolyser.
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CHAPTER 1

Introduction

1.1 Background

The acceleration in population and economic growth is responsible for the rising energy
demand which is a major climate change driver (Shah et al., 2023). Among the various
sources of energy, fossil fuels account for the majority of the global energy consumption
owing to their availability and low market cost (Barreto, 2018). In 2022, energy from
fossil fuels constituted about 82% of the global energy supply (Energy Institute, 2023;
Ambrose, 2023). This high consumption of fossil fuels for energy generation comes with

its own challenges, amongst which the emission of CO; is a major one.

Since the industrial revolution, energy generation via the combustion of fossil fuels has
resulted in a rapid rise in the amount of annual net CO2 emissions from near zero to
approximately 36.8 GtCO, in 2022 (see Figure 1.1). The amount of CO: in the
atmosphere has continued to increase with a record of about 402.3 ppm on global average
in 2016 (Edenhofer et al. 2015), 405.5 + 0.1 ppm in 2017 (World Meteorological
Organization WMO, 2018) and about 417.06 ppm in 2022 (Lindsey, 2023). The high
concentration of atmospheric greenhouse gas (GHG) is evident in the rising global
temperature which is already causing severe environmental stress such as an increase in
global average sea level, occurrence of severe storms, alterations in rainfall patterns
resulting in droughts and floods which affect food production, as well as higher

incidences of heat waves, human disease and mortality (IPCC, 2023).
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Figure 1.1  Annual global CO2 emissions from energy combustion and industrial
processes from 1900-2022. Adapted from ref (IEA, 2023).

According to a special report released by the Intergovernmental Panel on Climate Change
(IPCC) in 2018, if the rise in CO2 concentration is allowed to continue, it will result in an
increase in the global average temperature exceeding 1.5°C (see Figure 1.2) (Masson-
Delmotte et al., 2018). As of 2022, the global average land and ocean surface temperature
had surpassed the 20th-century average by 0.86°C and by 1.06°C above the pre-industrial
period (1880-1900) (Lindsey, 2023; NOAA, 2023). In July 2023, the global average
surface temperature rose above 17 °C marking it as the highest temperature recorded since
2016 (Hausfather, 2023). This prompted the UN chief to declare that ‘the era of global
boiling has arrived’ (UN News, 2023).

If this is allowed to happen, we should expect even worse environmental stress and
irreversible impacts on human and other lives. Therefore, swift action is imperative to
restrict the global temperature increase to 1.5°C. In the 2023 IPCC report, it is
recommended that global carbon emissions would need to be halved by 2030 and reach
net zero by 2050 to ensure that the global temperature is kept within the 1.5°C target
(IPCC, 2023). There have also been various agreements on climate change mitigation in
the past. The most famous among these treaties are the 1997 Kyoto Protocol (Breidenich
et al., 1998) and the 2015 Paris climate agreement (Horowitz, 2016). In the Kyoto treaty,
37 industrialised nations committed to drastically reducing their emissions of GHGs by

an average of 5 % below the 1990 levels over a period of five years (2008 to 2012).
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Figure 1.2 Cumulative emissions of CO; and future non-CO; radiative forcing in
determining the probability of limiting warming to 1.5°C (Masson-
Delmotte et al., 2018).
In line with this commitment of 5 % average reduction of GHG emissions, different
countries had set their targets. A target of 8 % cut below 1990 levels was set by the 15
countries in the European Union at the time, together with some eastern European
countries and Switzerland. A 7% reduction was set by the United States and 6 % cut by
Japan, along with Canada, Hungary, and Poland. This Kyoto agreement did not mandate
emerging economies such as China and India to set targets because the basis of the
agreement was that most of the global greenhouse gas emissions since the 1800s stemmed
from the developed countries. Consequently, some countries like the United States who
feel the deal is unfair in exempting the emerging economies, have been having wavering
commitment towards the deal. This lack of total commitment by some of these developed
countries was a major setback to the Kyoto Protocol.

Notwithstanding, there has been increasing attention towards the use of alternative energy
such as solar energy, wind energy, and bioenergy to curb GHGs emissions. However,
various challenges including the issue of storage of excess energy generated have been
some of the factors preventing the use of alternative energy sources such as solar and
wind energy from reaching their full potential (Karakoyun et al., 2023; Jlidi et al., 2023).
Considering the wide availability, high energy density, ease of use and storage, existing
infrastructure, and most importantly, low cost of fossil fuels, it might take some years for
a complete shift from the use of fossil fuels to alternative energy sources to be achieved.
Thus, the reduction of CO> emissions from the combustion of fossil fuels has been a

subject of research over the past decades.



Accordingly, research has focussed on CO> capture and storage (CCS) (Raza et al., 2019;
Jung et al., 2019; Zhang et al., 2023) and CO- capture and utilisation (CCU) (Mebrahtu
etal., 2019; Jang et al., 2019; Lv et al., 2023) as options for mitigation of climate change.
For economic reasons, the conversion of COz into synthetic fuel appears to be one of the
most promising approaches to climate change mitigation in comparison with its
utilisation for other chemicals. This is because the amount of CO emitted annually from
energy combustion and industrial processes has been consistently above 30 Gt since 2010
compare to about 0.5 Gt/yr CO> required by the chemical industries that utilise CO> for
the production of the top 100 chemicals globally (Kocs, 2017; IEA, 2023). Thus, this
work will focus on the recycling of carbon through the conversion of CO2 to synthetic

natural gas (SNG) by a hydrogenation reaction.

The production of SNG by the hydrogenation of CO or CO2 (see Egs. (1.1) and (1.2)) was
first reported by Paul Sabatier in 1902 (Sabatier and Senderens, 1902). This reaction is
known as CO or CO, methanation or Sabatier reaction. Meanwhile Beuls et al. (2012)
reported that the major difference between the mechanism of CO and CO2 methanation

reactions is in the dissociation step of CO..

CO + 3H2 = CH4 + H20 AH298K = _206k]m0[_1 (11)

CO, + 4H, = CH, + 2H,0  AH,0gx = —164kJmol™1 (1.2)

Considering the fluctuating nature of renewable energy, the Sabatier process is
recognised as a feasible way of storing the excess energy generated from renewable
sources. In this case, excess energy may be used to power an electrolyser to produce
hydrogen required in the methanation reaction (see Figure 1.3). CO> can be captured from
various industrial processes including oil refineries, power plants, biogas facilities,
biomass combustion and gasification, and cement kilns. Methanation technology is a
form of power-to-gas technology employed in overcoming the mismatch between energy
generation and immediate demand (Lindorfer et al., 2019; Tichler and Bauer, 2016;

Thema et al., 2019). Moreover, this reaction is a practical way of utilising hydrogen



produced from renewable sources as an energy vector, and therefore overcoming the
challenge of transportation resulting from its low volumetric energy density and the
challenge of suitable, modifiable, and well controlled storage systems (Abdalla et al.,
2018).

Lastly, investment in SNG is economically viable because its global market is expected
to grow as the demand for energy increases. In this regard, the Business Research
Company projected the global methane market size to grow from $97.06 billion in 2022
to $152.33 billion in 2027 at a compound annual growth rate (CAGR) of 9.3% while the
Market Research Future has estimated the methane market to grow to $153.2 billion in
2032 at CAGR of 6.1% using forecast period of 2023-2032 (The Business Research
Company, 2023; Market Research Future, 2023).

However, the estimated market size of SNG from these reports includes all the sources
of methane. To estimate the potential market size for methane produced specifically
through CO2 methanation, it is important to consider factors such as the efficiency of the
carbon capture and methanation processes, the cost of capture and conversion into
methane, and the price of the methane produced through methanation in the market.
Therefore, a more detailed analysis is required to determine the market size of methane

produced from captured carbon.
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Figure 1.3 The capture and utilisation of CO, for SNG production via the
methanation reaction.

Notwithstanding the promising potential of CO2 methanation as a tool for climate change

mitigation, certain drawbacks such as heat management and catalyst deactivation are
5




associated with the process. Although COx (CO or CO.) methanation is
thermodynamically favoured at low temperatures (Beuls et al., 2012), the temperature in
the reactor is likely to increase above the starting temperature since the reaction is highly
exothermic (see Egs. (1.1) and (1.2)). Consequently, reactor overheating can lead to hot
spot formation causing catalyst deactivation through agglomeration and carbon
deposition (Gao et al., 2015). Interestingly, the heat released in the exothermic CO;
methanation reaction can provide the energy required for the adsorbed CO> on a dispersed
adsorbent to spillover to the catalyst active sites where they are further converted (Duyar
et al., 2015b). Therefore, appropriate heat management is essential in the methanation
system for effective utilisation/removal of the heat and to prevent or minimise catalyst
deactivation and sintering. It is also important to develop thermally stable catalysts with
high activity and exceptional resistance to carbon deposition and sintering at the COx

methanation reaction conditions.

1.2 Overview of CO: capture technologies

Carbon capture and utilisation are being investigated to simultaneously combat climate
change while producing sustainable, synthetic fuels, therefore triggering renewed interest
in these technologies. To synthesise methane as a low or re-used carbon fuel, which is
the core topic of this thesis, carbon needs to be introduced to the reactions and, also, be
captured from fossil or renewable sources. The commonly considered carbon capture

technologies (CCT) are pre-combustion, post-combustion, and oxy-fuel combustion.

1.2.1 Pre-combustion carbon capture technology

This involves the capture of carbon from the fuel before combustion is completed.
Basically, the fuel undergoes a pre-treatment stage, such as biomass and coal gasification
and steam reforming of natural gas before the actual combustion stage. Syngas (the
mixture of H> and CO) is formed during this pretreatment stage. Thereafter, CO in the
syngas is reacted with steam via the water gas shift (WGS) reaction to produce additional
H> and CO.. The latter can then easily be separated out and processed (Sheikh et al.,
2018). After the elimination of the CO> component, the H> gas can be employed as a

gaseous fuel in fuel cells, engines, gas turbines or gas turbine combined-cycle plants
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(Olajire, 2010). This technology can also be used in Integrated Gasification Combined
Cycle (IGCC) power plants with biomass or coal as fuel (Leung et al., 2014).
Nevertheless, the WGS reaction and the pre-combustion capture systems imply efficiency
penalties (Gibbins & Chalmers, 2008). Moreover, H>-combustion engines and gas
turbines have lower efficiencies compared to natural gas turbines owing to the lower

viscosity of Hz gas and the increased blow-by (Gibbins & Chalmers, 2008).

1.2.2 post-combustion carbon capture technology

In this type of CCT, the carbonaceous fuel first undergoes combustion before CO> in the
flue gas is separated out. The flue gas needs to be pre-treated to ensure that impurities
including particulates, sulphur dioxide, nitrogen oxides, and corrosive substances (CI, F
etc.) are removed. Since the temperature of flue gas from the combustion units is likely
to be high (in the range of 120 to 180 °C) (Spigarelli and Kawatra, 2013), energy-
intensive cooling systems are required before pre-treatment. Likewise, large equipment
sizes are required due to the high volume of flue gases and the low partial pressure of
CO> (between 3 and 20%, depending on the type of combustion and fuel). Both aspects
considerably increase the cost of capture (Jiang et al., 2019; Leung et al., 2014; Spigarelli
and Kawatra, 2013).

1.2.3 Oxy-fuel combustion technology

This involves the combustion of carbonaceous fuel in a stream of pure oxygen instead of
air. Since the oxidant (O.) is free of major air components such as nitrogen, the CO-
concentration in the flue gas will be very high, whilst the water vapour content can be
easily removed (Stanger et al., 2015). Therefore, separation/capture is far simpler.
However, impurities such as sulphur oxide, nitrous oxides, and particulates will be
present and pretreatment is again required before CO2 processing (Gibbins & Chalmers,
2008). Additionally, the high cost of supplying oxygen for oxy-fuel combustion may be
a limiting factor in commercialisation. Other challenges associated with oxy-fuel
combustion, such as high temperatures of combustion, have been extensively discussed
in the literature (Zheng et al., 2015a; Seddighi et al., 2018; Jordal et al., 2005).



Following this brief overview of the three types of CCT, it is clear that none of the
systems is without challenges. Sanders et al. (2013) identified technological, market and
political risk as the major barrier towards assessing private funds for carbon capture and
storage research from investors. Recent studies have suggested that the availability of
economical and affordable facilities is crucial for the advancement of CCS technology
on a large scale. The second factor pointed out which is in agreement with the findings
in a different study (Durmaz, 2018) was the creation and implementation of regulatory
and policy framework to ensure financial stability which will help in building investors’
confidence in participating in CCS projects. Interest in carbon capture and storage during
a transition phase to a decarbonised energy supply system will continue to increase until

fossil fuels can be fully substituted by renewable energy sources.

1.3 Overview of CO: Methanation Reaction

The methanation of CO: involves the reaction between CO, and H> over a suitable
catalyst to produce synthetic methane also called synthetic natural gas (SNG). CO:
methanation is considered to be a green process because the Hz required in the system
can be obtained from the electrolysis of water powered by renewable sources such as
solar energy, and the CO2 can be captured from various industrial operations including
fossil fuels, biogas and biomass combustion/gasification in power plants, oil refineries,
and cement kilns (Frontera et al., 2017). CO2 methanation can be categorised under the
power-to-gas processes since SNG (gas) is produced by utilising excess energy from
renewable sources and/or the national electric grid in powering both the electrolyser and
the methanation reactor. As an energy carrier, the inherent advantages of SNG such as
easy handling and storage compared with pure H2 make methanation of CO> a promising
process (Mota and Kim, 2019). Moreover, SNG can seamlessly be transported through

the existing natural gas pipelines (Aziz et al., 2015).

1.3.1 Thermodynamic Considerations of CO> methanation

CO2 methanation is a highly exothermic reaction which is thermodynamically feasible at
low temperatures. Applying the Le Chatelier's Principle, CO2 methanation can occur at

high pressures and low temperatures (Chang, 2008). However, the reaction is slow at low
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temperatures since the reactants lack sufficient energy for chemical reaction to take place,
and this makes CO, methanation kinetically unfavourable at low temperatures. Although
an increase in temperature will result in increased rates of reaction, the problem with this
Is that a rise in the reaction temperature beyond the optimum point will result in declining
SNG production. Moreover, the exothermic nature of the CO, methanation reaction and
the likelihood of hot-spot formation makes it difficult to control the heat in the reactor.
Razzaq et al. (2013) reported that instead of the yield of SNG increasing, CO formation
via reverse water-gas shift (RWGS) reaction was favoured at temperatures above 673 K.
Similarly, Panagiotopoulou et al. (2009) observed that at reaction temperatures greater
than 633 K, the formation rate of CO through RWGS was greater than the rate at which
CO was consumed in the methanation reaction which led to the decrease in CO
conversion. Figure 1.4Error! Reference source not found. represents one of the results
of an extensive investigation of the thermodynamics of methanation reactions carried out
by Gao et al. (2015). As seen, the primary products in the CO, methanation at low
temperatures (473-523 K) are CH4 and H20. An increase in the reaction temperature
above 723 K led to a decrease in CH4 yield whilst side reactions such as RWGS were

favoured alongside the increase in unreacted CO; and Ha.

[
=)

801 (@) com,=13
—o—H, ,_.:CH

(b) CO,;H,=14

?60‘ —0—CO0 ——C ’;60'
X X
5 5
s 404 5 40
© ®
S 201 S 201
= =

of - 0

200 300 400 500 600 700 800 200 300 400 500 600 700 800
Temperature (°C) Temperature (°C)

Figure 1.4 Product compositions for CO (a) and CO2 (b) methanation at equilibrium
(0.1 MPa). Adapted from ref (Gao et al., 2015).

1.3.2 Reactor consideration

Considering the exothermic nature of the CO> methanation reaction, one major challenge

is how to efficiently manage the heat in the system to ensure optimum yield of CHa.



Moreover, the overheating of a reactor can result in a rapid catalyst deactivation through
sintering and excess carbon deposition. Therefore, a good reactor design and
configuration are crucial for an efficient methanation process. The two commonly
employed reactors for CO, methanation are the fixed-bed (Kiewidt and Thoming, 2015;
Willauer et al., 2013) and fluidised bed (Nam et al., 2021; Martin-del-Campo and
Kopyscinski, 2020) reactors, while a detailed study on the identification of flow
behaviours and reaction kinetics along the reactor length in both reactors can be found in
(Ngo et al., 2020).

A fixed bed catalytic reactors are usually tubular in form with packed catalyst pellets that
enhances the reaction between reactants passing through the bed to form the products.
Fixed bed reactors can be classified based on energy exchange as either adiabatic or non-
adiabatic (Worstell, 2014). The common configurations for fixed bed reactors are the
single large bed, and the multi-tubular fixed bed reactors. The multi-tubular configuration
can be multiple beds in their own shells, many packed tubes in parallel or several

horizontal beds.
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Figure 1.5 Fixed-bed reactor configuration (a) single tubular reactor (b) multi-
tubular reactor configuration. Figure 2.2 (b) was adapted and modified
from (Zhu et al., 2020).
The heat management efficiency of the multi-tubular reactors can be enhanced by
employing tubes with smaller diameters since this will help to increase the heat transfer
area per volume of catalyst. In addition, the linear flowrate of the feed streams will be
enhanced and gives an excellent well-mixed conditions that increase the heat transport
rate (Onsan and Avci, 2016). The higher flowrates can also be a challenge since they
encourage the loss of mechanical energy of the reacting species due to frictional loss,

causing a pressure drop, and thus requiring more compression and incurring additional
10



costs. Therefore, extensive work is still ongoing on the modifications of fixed-bed
reactors for effective performance. One suggestion on compensating the difference
between the effect of heat transfer rates and pressure drop is to employ catalyst pellets
with varying size, shape, and material types (Eigenberger et al., 2008). Fixed bed reactors
in both cross-flow and parallel form can achieve isothermal states by obtaining adequate
heat transfer in a moderately endothermic or exothermic reactions (Eigenberger et al.,
2008). Studies have also linked the overall efficiency and performance of the reactor with

the catalyst structure.

While fixed bed reactors are generally employed in reforming and methanation reactions,
the use of fluidised bed reactor is beginning to gain recognition due to its ability to
achieve a highly uniform temperature in the reactor (Rénsch et al., 2016). Other forms of
reactors that are gaining recognition include the honeycomb monolith reactors which are
structured forms of fixed bed reactors (Huynh and Yu, 2020), microchannel reactors
(Shen et al., 2021), flat bed reactors (Lopez et al., 2012), membrane reactors (Lu and Xie,
2016; Gallucci et al., 2006), and three-phase slurry reactors (Lefebvre et al., 2018; Eilers
etal., 2016).

There have been a lot of discussion about which of the reactor configurations is best
suited for CO2 methanation. For example, Schlereth et al. (2015) compared the heat
transfer efficiency of honeycomb monolith reactors with fixed-bed reactors through
reactor modelling studies and found that the honeycomb monolith reactors have superior
performance compared to other fixed-bed reactors at certain operating parameters for
CO. methanation. Pérez et al. (2019) reported a modified fixed-bed reactor which is
effective for Sabatier and other exothermic reactions. This reactor which is designed at
Tecnalia R&I Spain is a multichannel minireactor with an internal diameter in the range
of 1.75 to 2 mm is configured to adequately regulate the heat produced during the

methanation reaction.

1.3.3 Mechanism of CO2 methanation

The mechanism of CO2 methanation still remains a subject of research since there is yet
to be a generally acceptable consensus on the reaction routes from the reacting stage to
the production of SNG. Furthermore, the main debate on the behaviour of the
intermediate compounds in the rate determining steps and the SNG formation has been
whether the CO2 methanation follows a CO intermediate formation pathway or not. In
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this regard, the nature of intermediates formed are mainly studied either for the sake of
enhancing proper design of catalysts or the design of the process by an in situ
investigations via different spectroscopic techniques together with computational
modelling of the basic steps (Miao et al., 2016). Moreover, the operating conditions such
as CO2/Hz ratio, temperature and pressure, and the nature of catalyst employed also affect
the reaction pathways for the production of SNG during CO2 methanation (Muroyama et
al., 2016; Mota and Kim, 2019). Accordingly, there are three commonly proposed
mechanisms, namely, the CO intermediate route which involves the formation and
cleavage of a CO intermediate (Koschany et al., 2016; Ho and Harriott, 1980), the
formate/formyl route which involves the formation of a CHxOy complex or complexes
(formyl, formates, bicarbonate species, etc) (Mota & Kim, 2019; Solymosi, Erddhelyi, &
Kocsis, 1981; Wang et al., 2016), and the reverse water gas shift (RWGS) (Champon et
al., 2019; Hernandez Lalinde et al., 2020) pathway for SNG production during CO-

methanation.

Table 1.1 Proposed reaction steps over the catalyst’s surface during CO2 methanation
through the CO intermediate route (Weatherbee and Bartholomew, 1982).

Reaction Type Reaction Number
COyg) +2+=CO" + 07 A-1
CO* = COyy +* A-2
H, + 2 = 2H" +=* A-3
CO"++x=2C"+ 0" A-4
C*+ H* = CH" +x A-5
0" + H* 2 OH* +x A-6
OH* 4+ H* 2 H,0* ++ A-7
H,0" 2 H,0(4) +* A-8
CH*+ H* = CH," +x A-9
CH,”+ H* = CH3" ++x A-10
CH;"+ H* = CH," +* A-11
CHy* = CHyggy +* A-12

* Vacant site(s) while the attached asterisks, for instance, O" and H", are adsorbed atoms.
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For the CO intermediate route, Weatherbee & Bartholomew (1982) assumed that CO>
and H: are dissociatively adsorbed on the catalyst’s surface (see Table 1.1Error!
Reference source not found.). The CO; dissociates into adsorbed carbon monoxide
(COags) and adsorbed oxygen (Oags), and H> dissociates into adsorbed hydrogen atoms
(Hads). The COags is further dissociated into surface carbon (Cags) and Oags. Other steps
include the hydrogenation of Cags into carbenes intermediates which are further
hydrogenated into methane while Oags IS hydrogenated into water. For the formate
pathway, Bian et al., 2018 reported that the formation of CHj4 via this route is influenced
by the presence of oxygen vacancies on the catalyst surface or the active sites (see Table
1.2Error! Reference source not found.). This kind of mechanism (formate intermediate
routes promoted by oxygen-vacancy) has also been reported in other studies (Mota and
Kim, 2019; Ye et al., 2013).

Table 1.2 Proposed reaction steps over the catalyst’s surface during CO2 methanation
via the formation of CHxOy complex or complexes (Bian et al., 2018).

Reaction Type Reaction

number
Hy + 2 %= 2H" ++* B-1
H*+ 0" = OH" ++* B-2
COyq) + 0 = 0C0, B-3
0C0," + OH* = OCOOH" + 0* B-4
OCOOH" + H, 2 OCOH* + H,0 B-5
OCOH* + H, = OCH,OH" B-6
OCH,OH" + H, = OCH} + H,0 B-7
OCH} + H, = CH, + OH B-8
0C0,* + H, = 0CO* + H,0 B-9
OCOH" + 0C0," = OCO" + OCOOH* B-10
OCOH" 4+ 0* = OCO* + OH* B-11
OCOOH" 4+ OH* = 0C0* + H,0 B-12
0CO0*=CO+ 0" B-13

* Vacant site(s) while the attached asterisks, for instance, O" and H", are adsorbed atoms.
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Yang et al., 2020 studied the reaction mechanism of CO, methanation over a Rh/TiO>
catalyst and provided the activation energies and reaction energies of the various
elementary reactions leading to the formation of CH4 via the three proposed pathways:
viz. direct C—O bond cleavage, formate, and RWGS + CO hydrogenation. The formation
of CHa4 through the RWGS + CO hydrogenation route was proposed to occur through any
of the intermediate pathways namely, HCO* formation pathway via the CH*
intermediate, HCO* formation pathway via the Ho.CO* intermediate or, COH* formation
pathway via the H.COH* intermediate (see Table 1.3). The RWGS + CO hydrogenation
route through the COH* intermediate was reported to be a more thermodynamically and
kinetically favourable pathway than the direct C-O bond cleavage and the formate routes
for the formation of CH4 during CO2 methanation over RuTiO: catalyst owing to the
lower activation energy barrier in the former compared to the latter pathways. It was also
revealed that the metal-support interface is an important part of the catalyst since it
contains bulk of electrons required for the activation and reduction of the adsorbed CO-

leading to the formation of CHa.

Table 1.3 Proposed reaction steps over Ru/TiO> catalyst during CO2 methanation via
the RWGS + CO hydrogenation pathway with their activation energy
barriers (Ea) and reaction energies (AE) (Yang et al., 2020).

) AE Reaction
Reaction Type E, (kJ/mol)
((kd/mol) number
CO; +H, > CO;+ H; - -94.32 C-1
CO; +H, > COOH" + H" 151.75 38.05 C-2
COOH* + H* - CO* + H,0* 228.90 29.82 C-3
CO*" +H,0"=CO0"+H,01 - 64.46 C-4
CO*+H, = CO" + H; - -97.59 C-5

Table continues on next page
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HCO* formation pathway via the CH* intermediate

CO" + H; » HCO*+H"
HCO*+H* - CH* + OH*
CH*+OH*+H, > CH*+ OH* + H,
CH*+OH*+H; » CH* + H,0* + H*
CH* + H,0* + H* - CH* + H* + H,0 1
CH*+ H* - CH;

CH5 + H, » CH; + H;

CH; + H; » CH; + H*

CH} + H* - CH;,

110.43

210.01

172.3

237.15

101.97

70.26

-51.28 C-6
54.83 C-7
-105.68 C-8
100.04 C-9
24.79 C-10
65.85 C-11
-140.39 C-12
-77.99 C-13
17.84 C-14

Table 1.3 Proposed reaction steps over Ru/TiO; catalyst during CO, methanation via the

RWGS + CO hydrogenation pathway with their activation energy barriers (Ea) and reaction

energies (AE) (Yang et al., 2020) (Continuation).

HCO* formation pathway via the H,CO* intermediate.

HCO*+H* > H* + H,CO"
H,CO* + H, » H,CO" + H;
H,CO* + H} — H3CO* + H*
H;CO* + H* - CH} + OH*

CH} + OH* + H, » CH; + OH* + H;
CH} + OH* + H} > CH}, + H,0" + H
CH; + H,0* + H* > CH; + H* + H,0 1

CH} + H* > CH;

36.06

97.81

368.32

51.21

70.26

-97.32 C-15
-100.62 C-16
4.68 C-17
173.77 C-18
-146.45 C-19
22.58 C-20
64.81 C-21
17.84 C-22
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COH* formation pathway via the CH* intermediate

CO* + Hj » COH*+H* 153.96 14151 c-23
COH*+H* > HCOH* 196.62 -20.79 C-24

HCOH* - CH* + OH* 196.24 -45.02 C-25

CH*+ OH* + Hy, - CH* + OH* + H; - -48.18 C-26
CH* + OH* + H} > CH} + H,0" 243.43 7.46 C-27
CH; + H,0* > CH; + H,0 1 - 53.57 C-28
CH; + H, » CH; + H; - -140.39 C-29

CH} + H} > CH; + H* 101.97 -77.99 C-30

CH; + H* > CH;, 70.26 17.84 C-31

Table 1.3 Proposed reaction steps over Ru/TiO; catalyst during CO, methanation via the
RWGS + CO hydrogenation pathway with their activation energy barriers (Ea) and reaction
energies (AE) (Yang et al., 2020) (Continued).

COH* formation pathway via the H,COH* intermediate

HCOH* + H, » HCOH" + H; - -123.28 C-32
HCOH" + H; > H,COH* + H* 145.86 -47.08 C-33
H,COH* + H* > CH} + OH" 99.76 -21.13 C-34

CH: + OH* + Hy, » CH} + OH* + H; - -146.45 C-35
CH + OH* + H} > CH3 + H,0" + H* 51.21 22.58 C-36
CH; + H,0" + H* > CH; + H* + H,0 1 - 64.81 Cc-37
CH; + H* - CH;, 70.26 17.84 C-38

*Refers to vacant site(s) while the attached asterisks, for instance, O" and H", are adsorbed atoms; H,O?T
is desorbed or released water from the catalytic sites.
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It can be deduced that the different pathways described for the formation of CH4 during
CO2 methanation are influenced by the nature of catalyst used. Therefore, the kinetic
expressions which are determined by the rate-determining step(s) will also depend on the
type of catalyst employed.

In this work, Al203, CeO2, YSZ and SBA-15 supported Ni catalysts will be synthesised,
characterised, and tested for their CO> methanation performance to determine the
optimum catalyst. Thereafter, the effect of operating conditions, including Ni loading,
temperature, and pressure is studied for the optimum catalyst. To the best of our
knowledge, there is no reported work on the influence of reactor configuration with
variation in catalyst ratio in CO2 methanation, which is the main novelty of this research.
The comparative study of Ni based yttria-stabilized zirconia (YSZ), alumina (Al.O3),
ceria (CeOy) and Santa Barbara Amorphous 15 (SBA-15) supported catalysts in CO>
methanation will also be conducted. The above supports were chosen because of reports
on their roles in high selectivity towards CO, methanation. The properties of these
catalyst components that made them suitable for CO2 methanation will be critically

reviewed in the following section.

1.4 Aims and Objectives

This work is aimed at developing efficient methanation catalysts with high selectivity
towards CH4 production and determining the optimum conditions for maximum CHg

yield during CO2 methanation. In particular, the main objectives of this PhD work are:

1. to synthesise Ni/YSZ, Ni/CeO., Ni/Al.O3 and Ni/SBA-15 catalysts and characterise
them using various characterisation techniques to examine their physicochemical
properties. Thereafter, conduct a comparative study on the performance of the

synthesised catalysts for the CO> methanation.

2. to investigate the influence of varying reaction conditions including temperature,
H2/CO: ratio, catalyst position in the reactor, CH4 in feed, gas hourly space velocity
(GHSV), pressure, and La-promoter on the yield and selectivity of the optimum

catalyst.

3. to design and fabricate/modify a monolithic and a split reactor for CO, methanation:

investigate the effect of the multiple reactor configurations—the single reactor with
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one catalyst bed, the single reactor with dual catalyst beds, and two reactors in series.

Then, examine the effect of the catalyst ratio distribution in the reactor sub-sections.

The rationale for the selection of the four supports is that their distinct physicochemical
properties, which are extensively discussed in chapter two (Literature review), can affect
the performance of their Ni-based catalysts in CO, methanation. For example, CeO: is a
metal oxide support with a high oxygen storage capacity (Wang et al., 2015). This can be
beneficial for CO, methanation, as it can help to maintain a high H2/CO; ratio in the
reaction zone. CeO; can also promote the formation of Ni/CeO; interfaces, which are
active for CO2 methanation. Al>Ozs is a versatile support that is widely used in catalysis
because it is relatively inexpensive and has good thermal stability. However, its moderate
to high Lewis acidity can lead to the deactivation of the catalyst (Feng et al., 2014).
YSZis a ceramic support with high thermal stability and oxygen storage capacity
material (Hofer et al., 2019; Cousland et al., 2014). This makes it a good candidate for
CO2 methanation, which is a high-temperature process. YSZ can also help to disperse the
Ni catalyst nanoparticles, which can improve the catalytic activity. SBA-15is a
mesoporous silica support with a high surface area and pore volume which encourages
the distribution and dispersion of active metals (Lin et al., 2023). This makes it a good
candidate for CO2 methanation, as it can provide many active sites for the reaction. SBA-

15 is also relatively inert, which can help to reduce the deactivation of the Ni catalyst.

In particular, the performance of the Ni catalysts of these selected supports will be
investigated in connection with their distinctive pore structure and surface area which can
influence the dispersion of the active metal particles, the degree of reduction in hydrogen
and the thermal stability properties.

For the reactor configuration, the CO> methanation process would be conducted in
continuous fixed-bed reactors in a ‘hybrid" mode, namely, the monolithic reactor
containing a single catalyst bed, a split reactor containing two catalyst beds and two
reactors in series. The monolithic reactor. While the monolith reactors would be
employed in the investigation of most of the experiments including the influence of the
supports, and the effect of reaction parameters such as temperature, pressure, and gas
hourly space velocity on the performance of the catalyst, the split and the multiple
reactors would be used to investigate the effect of water interference and catalyst ratio

distribution on the optimisation of the overall performance of the process.
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CHAPTER 2

Literature Review

2.1 Development of CO2 methanation catalysts

The synthesis of suitable catalysts with high selectivity towards SNG production via CO>
methanation has been a subject of research over the past three decades owing to their
significance in ensuring maximum SNG production. Although CO. methanation is
thermodynamically feasible, the yield of SNG from the process is not economical without

the use of a catalyst.

Catalysis is the science of altering the rates or pathways of chemical reactions by the
introduction of a functional material known as a catalyst (Robertson and Thnard, 1975).
Jons Jakob Berzelius was the first researcher to suggest the term catalysis where he
defined it as “the property of exerting on other bodies an action which is very different
from chemical affinity. By this action, they produce decomposition in bodies, and form
new compounds into the composition of which they do not enter” (Berzelius, 1835). In
recent times, the advent and rapid growth in the production of various chemicals can be
attributed to the birth of this concept. The various methods of catalyst preparation have
been described extensively in the literature (Perego and Villa, 1997; Schwarz et al., 1995;
Deraz, 2018b, 2018a). Although there are two main categories of catalysts, viz.,

homogeneous, and heterogeneous catalysts, only the latter will be discussed in this study.

Heterogeneous catalysts are a diverse group of catalysts, typically composed of two main
components: active metal particles and (sometimes) a support surface. While not all
heterogeneous catalysts require support surfaces, supported catalysts, comprising both
active metal and support, represent a prevalent category within heterogeneous catalysis.
Heterogeneous catalysts can also be defined as functional materials that are introduced

into a system to alter the rate of a chemical reaction by continually creating active sites
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for the reactants while the thermodynamic equilibrium between the materials remain
unchanged at the end of the reaction (Schlégl, 2015). Among other factors, the nature of
the active metal and support, the synthesis method, and the operating conditions for the
reaction can influence the activity of a heterogeneous catalyst.

2.3.1 Active Metal Component for CO2 methanation Catalysts

Over the past decade, several metals have been employed in heterogeneous catalysts for
SNG production via the methanation reaction, among which most of the metals in group
VIII of the periodic table have been reported to catalyse the reaction (Solis-Garcia and
Fierro-Gonzalez, 2019; Sreedhar et al., 2019; Kirchner et al., 2020). These active metals
are classified into noble metals and earth-abundant transition metals. The common noble
metals used in methanation catalysts are iridium (Ir), osmium (Os), palladium (Pd),
platinum (Pt), ruthenium (Ru), and rhodium (Rh), while nickel (Ni), iron (Fe), cobalt (Co)
and copper (Cu) are the most used earth-abundant transition metals. The noble metals are
generally more active and stable as catalysts than the non-noble metals. However, they
are not readily available and are expensive. Therefore, the subsequent subsections are
reviews of how some of these noble metals and non-noble metals have been employed

for the development of methanation catalysts.

2.3.2 Noble Metal

2.3.2.1 Ruthenium

Ru is the most used noble metal for methanation catalysts owing to its high activity, high
CHy selectivity, and high resistance to oxidising atmospheres (Ghaib et al., 2016).
However, the catalytic activity and selectivity of Ru towards CHa strongly depend on the
metal dispersion, which is influenced by factors such as the type of support employed
and the incorporation of promoters (Frontera et al., 2017). Ru metal catalysts have been
designed using various types of supports including Al.O3, SiO2, CeO,, TiO2 and ZrOa.
Rynkowski et al. (2000) conducted a study on the influence of mixing supports on the
activity of Ru catalysts. In their investigation, CeO> and Al>Os supports were mixed to
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support the active phase of Ru for CO2 methanation. Results showed that not only does
the mixed supported catalyst exhibits the best performance but also influenced the
reaction temperature required to attain maximum CO2 conversion. The maximum CO.
conversions obtained are 72%, 74.5% and 76% for the Al,O3, CeO2 and CeO2-Al>03
supported Ru catalysts, respectively, and the temperatures at which these were obtained

are shown in Figure 2.1.

750

700

650
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550 1
c1

Temperature of the maximum CO, conversion[°K]

C3

Figure 2.1 Plot of temperature versus maximum conversion attained during CO>
methanation, where C1 = Al>O3 supported Ru catalyst, C2 = CeO.
supported Ru catalyst and C3 = CeO»-Al>03 supported Ru catalyst.
Adapted from ref (Rynkowski et al., 2000).

The higher activity of the mixed supported Ru catalyst was attributed to the promoting

effect of the ceria component which most likely helps in creating more active sites and

improving Ru dispersion. In addition, the stabilisation effect of the Ce(l1) ion in CeAlO3
was suggested to be a driving force that influences the activation of CO.. This
stabilisation effect of ceria on catalysts physicochemical properties has also been reported
elsewhere (Damyanova et al., 2009). In a recent study, Kim et al. (2018) investigated the
effect of mixing supports on the activity of Ru catalysts for CO, methanation. In this
study, two forms of TiO. supports with different crystallinity (anatase and rutile) were
used. The rutile TiO2, anatase TiO. and mixed (anatase and rutile TiO2) supported RuO>
catalysts were tested in CO> methanation. The results revealed that rutile TiO> supported

RuO- catalyst as more active than the anatase TiO> supported RuO- catalyst. Depending
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on the method of preparation, the mixing of both the anatase and rutile TiO as support
for RuO; did not significantly change the catalytic activity towards CO2 methanation in
comparison with the performance of the rutile TiO, supported RuO: catalyst.
Nevertheless, the major advantage of mixed support was the high resistance to active
metal sintering during the methanation reaction. In the case of support sintering, the
authors reported that mixing of supports can help in hindering the active metal phase from
being trapped in the bulk of the sintered support. This study showed that the type of
support for methanation catalysts depends on the properties desired; high activity,
stability, or both. Other studies on the use of Ru catalysts for CO, methanation is

summarised in Table 2.1.
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Table 2.1 Summary of various of Ru catalysts for CO, methanation.

operating conditions Activity
Catalyst Preparation method Investigation GHSV Ref
T P Xcoz  Scha
Feed gases (mL.g
(K) (atm) (%) (%)
1.h-1)
Ni—Ru/CeO; ~72  ~100
Ni/CeQ2 Wet impregnation Influence of Ru 4H,:COz and N3 498 1 36,000 ~70 ~100 (Pan et al., 2023)
Ru/CeO; 0 ~2
Electrospinning, dip- Synthesis method and .
Ru@MIL-101 ) ] 4H,:CO,and He 573 - 10,435 ~90 ~99 (Loccufier et al., 2023)
coating and sol gel morphologies
RuiNi/CeO, ) ~90 ~98
) One-pot synthesis and )
Ni/CeO; | del Synergy between Ru and Ni 4H,:COzandHe 598 1 30,000 ~85 ~98 (Zhang et al., 2023b)
sol ge
Ru1/CeO; g ~12 ~31
Ru/CeO, ~85 ~100
Ru/SiO; . . Influence of oxygen ~75 ~98
Wet impregnation ] o 4H2:CO; 623 1 3,600 (Wang et al., 2023a)
Ru/MgO vacancies and basic sites ~32 ~82
RU1/Y-A|203 ~14 ~92
Ru/CeO; (0°) ~47 ~100
Ru/Ce0O; (90°) ) ) ~56 ~100
Wet impregnation and ) o
Ru/CeO; (180°) ) Effect of twist angle in spiral- ~78 ~100 )
special method reported 5H,:C02:3.5N2:0.50, 473 1 120,000 (Hossain et al., 2023)
Ru/CeO; (360°) o type Ru/CeO; catalysts ~81 ~100
in this study
Ru/CeO, (540°) ~84 ~100
Ru/CeO, (720°) ~84 ~100
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Table 2.1 Summary of various of Ru catalysts for CO, methanation (Continuation).

Ru/7%CrOx/Al2O3
Ru/Al;O3
PT-Ru/TiO;
T-Ru/TiO;

4Ru-TiO2/palygorskite
IM-Ru-TiO/palygorskite

4Ru-TiO,
Ru/Na-ZrO,
Ru/K-ZrO;
Ru/Li-ZrO,
Ru/ZrO;
3%Ru/Al
3%Ru-10%Ba/Al
3%Ru-10%K/Al
3%Ru-10%Na/Al
RUHNS
RUONS
1%Ru/CeO,
2%Ru/CeO,
3%Ru/CeO;
5%Ru/CeO,
Li-Ru/Al,03
Na-Ru/Al;Os
K-Ru/Al,Os

Wet impregnation and
co-impregnation
Incipient wetness

impregnation
Strong electrostatic
adsorption (SEA) and

wet impregnation

Wet impregnation

Incipient wetness

impregnation

Wet impregnation

Wet impregnation

Incipient wetness

impregnation

Influence of modifying Al,O3

support with Cr
Influence of TiO, under light

illumination

Effect of TiO/palygorskite as

support and preparation

method

Promotional effect of Li, Na
and K

Promotional effect of K, Na
and Ba

Morphology effect of MnOx

support

Effect of Ru loading

Influence of alkali promoters
(Li, Na, K)

4H,:CO,

4H,:CO; and N>

4H2:C0225N2

3H2:CO;

4H2:CO2:7Ar

4H2:C0235N2

4H,:CO; and He

4H21C0215N2

24

623

573

598

473

~703

673

623

648

1

1

~1

36,000

11,000

30,000

19,000a

60,000

25,000

~100
~100

~100
~30

(Zhang et al., 2023c)

(Lietal., 2022a)

(Liang et al., 2022a)

(Gao et al., 2022)

(Garcia-Bordejé et al., 2022)

(Tang et al., 2021b)

(Lépez-Rodriguez et al., 2021)

(Cimino et al., 2020)



Table 2.1 Summary of various of Ru catalysts for CO, methanation (Continuation).

3.54 %Ru/500C12A7:0H" ~82
1.76 %Ru/500C12A7:0H . . Effect of encaged anions on ~66
Wet impregnation ) . 4H7:CO2:Ar 648 1 72,000 - (Wu et al., 2020)
1.76 %Ru/400C12A7:0H" catalytic mechanism ~60
1.90%Ru/y-Al,O3 ~50
Ru/Ce0; o N Effect of support mixing: ~81°
. Precipitation-deposition .
Ru/SiO;-CeO> thod Si0,-Ce0; and TiO,-CeO; on 4H,:CO.:15Ar 573 - 12,000 - ~83 (Nguyen et al., 2019)
metho
Ru/Ti0O,-CeO, resistance to catalyst sintering ~76°
Mn-AI203 i i 51
o Promotional influence of Ru,
60Cu/Mn-Al;03 Incipient Wet 54.7 )
] effect of reactor 4H2:CO; 573 1 1000 - (Zamani et al., 2019)
3Ru60Cu/Mn-Al;O3 Impregnation method ) . 78.8
configuration,
5Ru60Cu/Mn-Al;03 80.1

o Influence of using porous
Sonication and Vacuum o
Ru/pBN-1.76%F o hexagonal boron nitride 673 9.87 18000 81.1 98.8 (Fan et al., 2019)
filtration process
(pBN) as support

) One-pot synthesis via )
RU/TiO; Effect of support structure 4H,:COz and N3 623 1 6000 ~85 100 (Chai et al., 2019)
Solvothermal method

] One-pot synthesis via Effect of synthesis method .
Ru/UiO-66 ] 200 - 6000 (Xu, Dong, Di, & Zhang, 2019)
Solvothermal method for UiO-66

2= GHSV in ht, ® = CH, yield (%), Xcoz2 = CO, conversion, Scrs = CHj selectivity, T = operating temperature, P = operating pressure
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2.3.2.2 Rhodium

Rh is a noble metal that has received considerable attention for the synthesis of methane
owing to its properties of enhancing catalyst performance. For instance, its oxidation state
allows the easy adsorption and reduction of CO, which is an essential stage in
methanation reaction (Frontera et al., 2017). In an earlier work, Beuls et al. (2012)
showed that the oxidation state of Rh and the presence of oxygen can greatly influence
the catalyst performance in CO. methanation. The oxidation state of Rh, which
determines the type of species that are adsorbed, favoured the formation of gem-
dicarbonyl Rh(CO). species. Gem-dicarbonyl Rh(CO). species are chemical complexes
comprising of a rhodium (Rh) metal center coordinated to two carbonyl (CO) ligands,
where the two carbonyl groups are connected to the same carbon atom of a ligand or
molecule. These complexes are generally represented as follows [Rh(CO):]-L, where Rh
represents the rhodium atom, CO represents the carbonyl ligands, and L denotes the
ligand to which the rhodium complex is coordinated. The ligand L can be a wide range
of molecules or coordination groups. Gem-dicarbonyl Rh(CO). species, which are
formed by the dissociative adsorption of CO2 to form CO (ads) and O (ads)), are
reportedly more reactive than the Rh-CO linear species (Jacquemin et al., 2010). In
contrast, earlier research suggested that the linear bound Rh is more reactive than CO
bound to dispersed, dicarbonyl bound CO (Rh(CO)2) or bridge bound CO (Chuang and
Pien, 1992; McClure et al., 2011). This means that further research is required to
understand the mechanism of adsorption of species on Rh catalysts during reactions such

as CO2 methanation.

The presence of oxygen could either enhance or decrease the activity of Rh catalysts
during CO2 methanation. The effect of oxygen availability on the activity of reduced Rh
(1 wt.%)/y-Al,03 catalyst in CO2 methanation conducted at 398 K is represented in
Figure 2.2 (Beuls et al., 2012). As seen in the Figure, there was improvement in CHa
production when oxygen is present in low percentages. The enhanced reactivity towards
CHs production was attributed to the formation of reactive species such as gem-
dicarbonyl on the catalyst surface owing to the presence of oxygen which encouraged

oxidation.
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Figure 2.2  Amount of methane produced (umole of methane by gram of
catalyst/minute) as a function of the CO2/O> ratio over Rh(1%)/y-Al203
at 398 K. The line plot represents the theoretical values. Adapted from
(Beuls et al., 2012).

However, there was a decline in the catalyst activity when the proportion of oxygen
became higher than the optimum value: when the CO2/O- ratio exceeded 95/5. The
authors proposed that a high fraction of oxygen caused an unfavourable competition with
other species for adsorption sites which most likely resulted in the deactivation of the Rh
catalyst. It was also suggested that the high percentage of oxygen likely caused the
complete oxidation of Rh which rendered the catalyst less active. The most recent review
on the application of various supported Rh catalysts also reported the influence of the
presence of oxygen in the catalyst activity (Erdéhelyi, 2020).

Another factor that has been reported to influence the performance of Rh catalysts is the
amount of Rh loading and Rh particle size in analogy to catalysts with larger Ru particle
sizes showing a superior activity than the ones with smaller sizes (Frontera et al., 2017;
Karelovic and Ruiz, 2012). Others have reported the effect of temperature both at
calcination and reaction stage on the activity of Rh catalysts (Jacquemin et al., 2010). A
summary of the applications of Rh-based catalysts as reported in the literature for CO>
methanation is given in Table 2.2,
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Table 2.2 Literature showing the application of Rh-based catalysts for CO, methanation.

operating conditions Activity
Catalyst Preparation method Investigation GHSV Ref
T P Xcoz  Scra
Feed gases (mL.gth
(K) (atm) ) (%) (%)
XNa-Rh1/ZrO; Incipient-wetness Tuning both Rh; atoms and ~58 ~99 )
) ) ) o 3H,:CO2:18Ar 673 1 18,000 (Lietal., 2023a)
Rh1/ZrO; impregnation ZrO; support with alkali ions ~39 ~99
75Rh25Pt/ZrO, L 12.9
Precipitation and wet . N
100Rh/ZrO; ) ] Effect of Pt addition 4H,:CO, 573 1 226602 9.3 - (Mendoza-Nufiez et al., 2022)
Impregnation
100Pt/ZrO, 0
1.5%Rh/FSA Microwave-assisted ~72
1%Rh/FSA microemulsion and incipient Effect of Rh loading 4H,:CO, 773 1 15,000 ~83 - (Siang et al., 2021)
0.5%Rh/FSA wetness impregnation ~36
(Rh-Ni)/ap-MoxC Wet impregnation and co- ) ) ~70 ~81
) ) o The roles of bimetallic Rh- )
Rh/ap-MoxC impregnation precipitation i 4H2:.COzand N, 873 1 6000 ~63 ~72 (Linetal., 2021)
i
Ni/af-MoxC method ~65 ~79
Electric explosion of Al )
. Solar-Driven CO;
Rh/Al wires and ethylene glycol ] - 473 - - - ~99 (Fu et al., 2021)
. Methanation
reduction method
1%Rh/TiO> . ~96
) ) Effect TiO,, Al,O3, and ZnO ]
1%Rh/AlL03 Wet impregnation . 4H2:CO; 643 19.74 120,000 - ~87 (Jiang et al., 2020)
supports
1%Rh/Zn0O PP ~8
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Table 2.2 Literature showing the application of Rh-based catalysts for CO> methanation (Continuation).

Rh/CeO,

Rh/y-Al;03
Rh/Ce02-ZrO,

Rh/y-Al,03-Ce02-ZrO;

Rh(111)

Rh(100)

Rh/CeO,
Ni/CeO;

Rh/TiO;

3DOM LNAO
Rh/3DOM LAO
Rh-Ni/3DOM LAO

o Infrared modulation
Incipient wetness o
) ) excitation spectroscopy - -
impregnation
measurements

Effect of support oxygen
Wet impregnation storage capacity and Rh 4H2;,CO2:15Ar 623
particle size
Mechanism of CO;

Floating zone method L - -
dissociation over Rh catalyst

Rh-catalysed rate-
determining step and the
associated hydrogen assisted

dissociation steps

o Structure-function 515
Incipient wetness . .
] ] relationship for the two 14H5;,CO> -
Impregnation i .
catalysts in CO, methanation 625

Effect of illumination in
Polyol and wet impregnation plasmon-enhanced CO; - -
methanation

Exsolution, sol-gel and wet Effect preparation method
. . 4H,;C0O2:15N, ~603
impregnation methods and morphology

0.2°

1

48,000

(Hemmingsson et al., 2020)

(Botzolaki et al., 2020)

(Kim et al., 2020)

(Vanzan et al., 2021)

(Martin et al., 2019)

(Li, Everitt, & Liu, 2019)

(Arandiyan et al., 2018)
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2.3.2.3 Palladium

Palladium is a noble metal that has found application in various catalytic reactions
including hydrogen production via methanol steam reforming (Xu et al., 2017b; Lorenz
et al., 2013), steam reforming of methane (Didenko et al., 2019b, 2019a) and dry
reforming of methane (Kopfle et al., 2018; Yue et al., 2018) as the active metal
component owing to its high catalytic performance. Moreover, Pd-based catalysts have
been found to be very active in the CO. methanation reaction. The high catalytic
performance of Pd-based catalysts for the aforementioned reactions can be ascribed to
the ability of Pd to absorb significant amounts of protons following the dissociative
adsorption of hydrogen molecules (Albers et al., 2001; Borodzinski and Bond, 2006).
Likewise, other studies have also shown that operating parameters such as catalyst
preparation methods (Martins et al., 2015) and nature of support used (Kikuzono et al.,
1981; Erdohelyi et al., 1986) have great influence on the activity of Pd-based catalysts.
Despite their ability to enhance catalytic reactions, Pd-based catalysts have not been
extensively used for CO- the methanation reaction. Very few studies have been reported
on the use of Pd as a CO> methanation catalyst in recent times. A summary of some of
the work on the applications of Pd-based catalysts as reported in the literature for CO>

methanation is given in Table 2.3.
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Table 2.3 Recent studies on the catalytic activities of Pd catalysts for CO2 methanation.

operating conditions Activity
Preparation method
Catalyst P Investigation GHSV s Ref
C0o2 CH4
P (atm) (mL.g
(K) geses L 00 (0
4%Pd/UiO-66 Solvent-thermal and supercritical fluid Synthesis method and effect 4H,:CO2 ~53 ~9%4 ]
) o ) 603  ~39.48 1,3502 (Jiang et al., 2021)
6%Pd/UiO-66 deposition methods of Pd loading and N ~41  ~96
Sequential chemisorption and
) ) ) o Pathway for CO, thermal 323 -
NiOtPd-T impregnation method described in the ) 1 3H2:CO; - - - (Yan et al., 2020)
methanation 573
study
. Efficiency of PdFe
Seeded growth and a method described . 373 -
PdFe . intermetallic nanocrystals 1 4H2:CO; - - - (Luo et al., 2020)
in the study 473
catalyst
75%Ni-25%Pd/SBA-15 ) _ ) ~95
One-pot synthesis and impregnation ) )
Pd/SBA-15 thod Effect of metal loading 703 1 4H,:.CO, 6000 ~58 - (Lietal., 2019)
metho
Ni/SBA-15 ~69
Ni/Al;,O3 ~40 ~92
Ni-Pd/ Ni/Al,Os ) . Promotional effect of Pt, Pd 4H,:CO; ~64 ~98 (Mihet and Lazar,
. . Wet and Co-impregnation 513 1 5700?
Ni-Pt/ Ni/Al;O3 and Rh and Ar ~60 ~97 2018)
Ni-Rh/ Ni/Al,03 ~28 ~89
Si0;, Al,03, Ce0,, ZSM-5 .. . . .
Incipient wetness impregnation and 423 - (Martin et al., 2017)
and MCM-41 supported Pd, ) Effect of support type 5H,:CO, 60,000 - -
ion-exchange methods 723

Rh and Ni catalysts
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Table 2.3 Recent studies on the catalytic activities of Pd catalysts for CO2 methanation (Continuation).

Pd/Ce-TiO2
5%Ru/35%Mn/60Cu—Al,O3

5%Pd/35%Mn/60Cu-Al,O3
5%Rh/35%Mn/60Cu—Al,O3

Pd-MgO/SiO,

Sol-gel and impregnation

Incipient wetness impregnation method

Impregnation and simple mechanical

mixing

Performance of Pd in
Photocatalytic CO,
methanation
Optimisation of CO;

methanation reaction

Effect of Pd addition

573

723

24.67 4H,:CO,

1 4H2:COZ
1 4H,:CO,
and Ar

6120

(Lietal., 2017)

(Zamani et al., 2015)

(Park and McFarland,
2009)

3= GHSV in h', Xco2 = CO; conversion, Scus = CHy selectivity, T = operating temperature, P = operating pressure
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2.3.3 Non-noble Metal: Nickel-based catalysts

Although the use of noble metals as catalysts in heterogeneous reactions such as steam
reforming of hydrocarbons and CO> methanation has been proven in various studies to
greatly enhance the overall catalyst performance, their high cost remains a major
limitation. Accordingly, the use of non-noble metals such as the ones in the first-row
transition series (Mn, Fe, Co, Ni, and Cu) as alternative active metal component has
become a subject of research since studies have shown that these metals can also improve
catalyst activity (Daroughegi et al., 2020; Mutschler et al., 2018; Burger et al., 2018; Qin
etal., 2019; Qiu et al., 2019). In particular, there has been increasing attention in the use
of Ni for methanation catalysts in recent times owing to its appreciable activity and
relatively low cost (Huynh and Yu, 2020).

Among other factors, the catalytic properties of Ni have been connected to its ability of
inducing the C-C, C-H and C-O bond scission in reactions involving carbon conversion
(Gamliel, Wilcox, & Valla, 2017; Lechkar et al., 2018; Omoregbe et al., 2017). Chen et
al. (2004) stated from their observation that the presence of the Ni metal phase can
promote the cleavage of the C—H bond to form CHy groups, which is a crucial stage in
both CO- reforming of methane and CO> methanation reactions. Despite the numerous
benefits of using Ni metal for methanation catalysts, its limitations include vulnerability
to (i) oxidation in oxidising atmospheres, (ii) sintering of Ni particles, (iii) low resistance
to carbon deposition and (iv) the tendency to form mobile nickel carbonyls (Ghaib et al.,
2016; Su et al.,, 2016). The activity and stability of Ni-based catalysts for CO:
methanation strongly depends on the nature of support, preparation conditions, promoter

addition, and the use of optimum reaction conditions (Huynh and Yu, 2020).

In a recent study, Ma et al. (2019) investigated the influence of the catalyst support on
the performance of Ni-based catalysts in CO2 methanation. In their study, four supports,
namely Al>O3, CeOz, ZrO2 and TiO2, were employed. The Ni catalysts were synthesised
using deposition precipitation and tested in the CO, methanation reaction in the
temperature range of 250 to 550°C under atmospheric pressure and a space velocity of
120,000 mL/g/h.
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Prior to the reaction, the catalysts were reduced under atmospheric pressure at 600°C for
4 h by passing a 10 vol% H2/N2 stream (50 mL/min). At the end of reduction, N2 (50
mL/min) was sent in to purge the system while cooling down to reaction temperature.

The results are summarised in Figure 2.3.
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Figure 2.3 Catalytic performance of Ni-based catalysts at different temperatures (a)

CO2 conversion and (b) CHjs selectivity. Adapted from (Ma et al., 2019).
As seen in Figure 2.3(a), CO2 conversion for all the catalysts increased with rising
temperature with the Ni/CeO- catalyst showing the highest conversion. However, CO>
conversion over Ni/CeO started declining beyond 400°C. Similarly, CH4 selectivity over
Ni/CeO; was relatively stable for temperatures below 400°C while there was a steady
decrease in CHg selectivity for other catalysts within the temperature range. The superior
activity of the Ni/CeO> catalyst at low temperatures was attributed to the strong synergy
between the active centers, the Ni nanoparticles, and the support basic sites. The CeO>
support, which exhibited remarkable weak basic sites, can adsorb CO; to form bridged
bidentate carbonate species which can reduce the activation energy for formate
formation. The Ni active center helps to adsorb and activate Ho.

Subsequently, the adsorbed H increases the chances of hydrogenation of the bridged
bidentate carbonates species to CHa. A high synergy was also observed between Ni and
Al>O3 support in Ni/Al,O3 catalysts which improved the H> uptake. Nevertheless, its
performance at low temperatures was inferior to that of the Ni/CeO; catalyst owing to the
presence of significant strong basic sites that encouraged CO. adsorption at high
temperatures. The Ni/ZrO, catalyst showed the least performance, probably due to the
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poor capacity of the ZrO> support for CO> adsorption as revealed in the chemisorption
results. In summary, the decreasing order of catalyst performance at temperatures below
400°C was given as Ni/CeO2 > Ni/Al203 > Ni/Ti02 > Ni/ZrO>. This result is in agreement
with a previous study (Le et al., 2017).

Kesavan et al. (2018) investigated the influence of Ni particle size on the performance
for CO2 methanation. During the study, five Ni/YSZ catalysts were prepared by using
five different methods, namely Wetness Impregnation (WI) with Ni(NO3).-6H20,
Wetness Impregnation (WI1) with a Ni[EDTA] 2 complex, Electroless Ni Plating (EP),
and mechanical mixing of NiO and YSZ at different conditions. Results showed that the
Ni/YSZ(EDTA) had the best performance for CO2 methanation of all the Ni catalysts.
The superior activity of the Ni/YSZ(EDTA) catalyst was attributed to the high Ni°
dispersion which was enabled by the small Ni° particle size (19 nm) in comparison with
its size in other catalysts. Smaller Ni particles promoted the formation of CO instead of
CHa owing to the reaction pathway where a m-HCOO- intermediate is decomposed into
CO (Marconi et al., 2019). Although this pathway may lead to the formation of CH4 after
successive pathways, the amount of CHs formed will be less since more H> will be
required for the successive hydrogenation reactions (low H> coverage).

A similar result was obtained in a different study by Wu et al. (2015). The authors
investigated the influence of particle size on selectivity and reaction pathway in
methanation of CO; and reverse water gas shift reactions over Ni/SiO; catalysts prepared
by employing 0.5 wt% and 10 wt% Ni loadings. It was found that the 10%Ni catalyst
exhibited a better performance than the 0.5%Ni catalyst. This was ascribed to the
presence of large Ni particle size (9 nm) which provided wide coverage for H> adsorption
and activation. Although Ni crystallite size has been shown to influence the catalyst
activity towards CO2 methanation, the Ni size should not be too small nor too big. For
instance, Meerten et al. (1983) reported 4.4 nm as the optimum Ni crystallite size during
the CO methanation reaction. Therefore, the optimum Ni particle size for various
supports remains a subject of research since different studies have reported different
optimum values. The tables of various literature where Ni-based catalysts have been

employed for CO, methanation are given in the next section, discussing supports for CO-

35



methanation. This is to avoid repetition since Ni is the most used active metal, applied to

various supports.

2.3.4 Catalyst Promoters

Promoters are mostly metals or metal oxides which are usually not effective when
employed as standalone catalysts due to limited catalytic activity, but can enhance a
catalyst’s physicochemical properties such as the dispersion of the active metal in the
support’s pores or the metal-support interaction (Babakouhi et al., 2023) and basic site
strengths (Liu et al., 2022b) when introduced into the catalyst’s structure. These
promoters can be grouped in terms of their structural arrangement or capacity for electron
transfer. In terms of structural arrangement, there are two main classes of promoters,
namely, textural and chemical promoters. Textural promoters are promoters that have the
capacity of improving the textural properties of a catalyst such as surface area and degree
of dispersion which are crucial for inhibiting or supressing the sintering of active species
(Jang et al., 2019). Some of the examples of the generally used textural promoters include
TiO2 (L&zaro et al., 2008), La0O3 (Wachs et al., 2013), Al203 (Moeini and Meshkani,
2023) , Y203 and ZrO, (Wang et al., 2023b) and silica (Ermakova et al., 1999). In some
cases, most textural promoters can act as catalyst supports depending on the type of
reaction involved. For example, Al.Oz, ZrO; and SiO> are widely employed as catalyst
supports in reactions such as methane dry reforming (Pizzolato et al., 2023) and CO and

CO2 methanation reactions (Hou et al., 2023).

Chemical promoters are promoters that are introduced into a catalyst system to reduce or
improve its surface acidity. While textural promoters mainly help to improve the textural
properties, chemical promoters are used to enhance catalytic performance such as the
activity and selectivity of the catalytic phase (Bartholomew and Farrauto, 2011; Stanke
and Kampars, 2022). Chemical promoters can further be classified as acidic (Liu et al.,
2021; Cai et al., 2013) and basic promoters (Al-Fatesh, 2015; Oemar et al., 2016)
depending on how they influence the transfer of electrons. In this study, attention is given
to only the basic promoters. Acid promoters are not suitable for methanation or reforming

reactions because they are not able to act as surface stabilisers since efficient CO>
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adsorption requires a basic surface or a surface with low acidity. The oxides/compounds
of alkali and earth alkaline metals (Ahmad et al., 2021; Previtali et al., 2020), and the
lanthanides (Daza et al., 2010; Foo et al., 2011a; Liu et al., 2008; Natesakhawat et al.,
2005a) are the most common examples of basic promoters used in heterogeneous

catalytic reactions.

2.3.4.1 Alkali and alkaline metals

Alkali and alkaline earth metals are often used as promoters for heterogeneous catalysts
due to their unique properties and ability to enhance the catalytic activity of the catalyst.
The following are some of the reasons alkali and alkaline earth metals are employed as
promoters: (1) Increase in surface area (Li et al., 2013): Alkali and alkaline earth metals
are highly reactive and can readily form oxides or hydroxides on the surface of the
catalyst, which can increase the surface area of the catalyst. This increased surface area
provides more active sites for the reactants to adsorb and react, leading to higher catalytic
activity; (2) Enhanced CO and CO; adsorption (Panagiotopoulou, 2018; Iruretagoyena et
al., 2015): Alkali and alkaline earth metals can modify the electronic properties of the
catalyst surface and prove its basicity, making it more favourable for reactant adsorption.
This can increase the concentration of reactants at the catalyst surface and promote their
interaction, leading to improved catalytic activity; (3) Modified reaction pathways
(Siakavelas et al., 2022): Alkali and alkaline earth metals can alter the reaction pathways
of catalytic reactions. For example, they can facilitate the formation of intermediates or
promote certain reaction steps, leading to modified reaction pathways that may be more
favourable or selective for the desired product; (4) Improved catalyst stability: Alkali and
alkaline earth metals can also enhance the stability of the catalyst by reducing catalyst
deactivation due to poisoning or sintering. For example, the addition of Ca can prevent
the adsorption of carbon species on the surface of Ni/AlOz catalyst during CO2
methanation, and this enhances its stability (Cho et al., 2022). Alkali or alkaline earth
metals can form stable compounds or alloys with the catalyst material, preventing the

loss of active sites and maintaining high catalytic activity over extended periods of time.
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Gao et al. (2022) investigated the influence of alkali promoters (Li, Na and K) on the
catalytic performance of Ru/ZrO, in CO2 methanation. The outcome of the study revealed
that the incorporation of alkali elements did not only improve the catalyst’s adsorption
strengths for CO2 and CO but also enhanced the charge density of the metal-support
interfacial phase. Onrubia-Calvo et al. (2023) developed La;—xCaxNiOs/CeO; dual
function materials and investigated the effect of introducing Ca on the catalysts’
performances in CO capture and hydrogenation to methane. Characterisation results
reviewed that the Ca?" addition promoted the sample reducibility by substituting La%*
within the perovskite structure. More importantly, Ca doping enhanced the surface
basicity which was measured in terms of medium and strong basic sites. Finally, the
authors suggested that the presence of Ca was also essential in partially suppressing the
competitive adsorption of H2O on CO: storage sites which further boosted the CO:

adsorption.

Yang et al., (2020a) fabricated a highly dispersed Ni catalyst by incipient wetness
impregnation using an amine functionalised nanosponge zeolite (represented as AF-NSZ)
as the support. The catalyst was then modified by the introduction of La,O3 and MgO to
give Ni-La/AF-NSZ and Ni-Mg/AF-NSZ, respectively. From the XRD results, the amine
functionalised NSZ supported (AF-NSZ) catalysts displayed lower metallic Ni peak
intensities than the non-functionalised catalyst. This indicates that the functionalisation
of the NSZ support with amine helped to improve the degree of metallic Ni dispersion.
Hydrogen temperature-programmed reduction (H2-TPR) results also revealed that the
amine functionalised NSZ supported (AF-NSZ) catalysts possessed stronger metal-
support interaction between Ni and the AF-NSZ support than the non-functionalised
catalyst. Finally, the temperature-programmed desorption (CO2-TPD) revealed that the
promotion of the catalysts with La,Os and MgO improved the surface basicity
substantially. All the catalysts were tested in CO2 methanation, and the results of the

activity tests are represented in Figure 2.4.
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Figure 2.4  Activity test profiles of Ni-based NSZ catalysts at different temperatures
(a) CO2 conversion and (b) CHj4 selectivity; reaction conditions:
H2/CO; = 4, GHSV = 12000 mL g*h*, 1 atm. Adapted from (Yang et al.,
2020a).
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As seen in the figure, the La and Mg-promoted catalysts showed superior performances
compared to the unpromoted catalysts. According to the authors, the enhanced surface
basicity via the La and Mg promoters resulted in improved CO- adsorption and activation.
In addition, the apparent activation energies of CO, methanation, and the low-

temperature activities were greatly improved.

(a) (b)
80
- Z
98
il -
=75 .‘E‘
2 z
ﬁ *: 96
o 2 —m— Ni/NSZ
=7 )
g 3 —m— Ni/AF-NSZ
E:i, = Ni-La/AF-NSZ
8 5 (@) — A— Ni-Mg/AF-NSZ
60 92

- T - T - T T T T T T T
0 0 .. 20 .. 30 40 50 0 0 e 20 . 30 40 50
Time on Stream (h) Time on Stream (h)

Figure 2.5 Lab-scale 50 h long-term stability tests over different catalysts: (a) CO>
conversion and (b) CHj4 selectivity; reaction conditions: H2/CO> = 4,
GHSV = 12000 mL g *h%, 400 °C, 1 atm. Adapted from (Yang et al.,
2020a).

Finally, the 50 h on-stream longevity test results presented in Figure 2.5 revealed that the

amine functionalised catalysts (promoted and unpromoted) are more stable than the non-

functionalised NSZ supported catalyst. The improved stability was attributed to the high

dispersion exhibited by the catalysts. The confinement of the active species helped in
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supressing the occurrence of thermal sintering, and this translated into improved catalytic

stabilities toward CO2 methanation.

Overall, the use of alkali and alkaline earth metals as promoters in heterogeneous
catalysts offers several advantages, including increased catalytic activity, improved
stability, modified reaction pathways, and tailored selectivity. However, the specific
mechanism and effectiveness of these promoters depend on the catalyst system and the
reaction being catalysed, and careful selection and optimisation of the promoter are
necessary to achieve the desired catalytic performance. Therefore, it is important to
thoroughly understand the specific catalyst system and reaction conditions before using

alkali and alkaline earth metals as promoters in heterogeneous catalysis.

2.3.4.2 Lanthanide promoters

Lanthanides (Ln) are the rare earth elements found in the f-block of period six in the
periodic table with members starting from lanthanum (atomic number 57) through cerium
(atomic number 58) to lutetium (atomic number 71). The use of lanthanides in promoting
the performances of heterogeneous catalysts has attracted increasing attention of
researchers due to their unique properties such as high oxygen storage capacity which
makes them favourable for redox reactions involving carbon or carbon-based species
(Cheng et al., 1996; Wang & Lu, 1998). The addition of Lanthanides as promoters can
enhance the capacity to prevent carbon deposition, metal dispersion, and reducibility,
which are crucial for high catalytic performance (Natesakhawat et al., 2005b; Wang &
Lu, 1998).

Cao et al. (2022) investigated the effect of a Ce-promoter on the activity of Co/Al20s
catalysts in dry reforming of methane (DRM). In the study, the amount of Ce-promoter
was varied from 0.1 to 2wt% while Co was fixed at 10 wt%. Characterisation results
revealed that the promotion of the Co/Al2O3 catalyst with Ce helped to improve the Co
metal dispersion. However, the Co particles sintering was favoured at cerium content
above 0.5 wt%. It was also revealed that the addition of Ce-promoter resulted in the

modification of the CosO4 crystal structure and the metal-support interaction.
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The activity test results of the catalysts in DRM are presented in Figure 2.6 (a) and (b).
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Figure 2.6 Activity profile showing (a) CH4 and (b) CO2 conversions with respect to
time-on-stream during DRM conducted at 973 K. Adapted from ref (Cao et al., 2022Db).
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As seen in Figure 2.6 (a), CH4 conversion over all the catalysts was relatively stable with
the time on stream considered. In terms of performance, all the Ce-promoted catalysts
were more active than the unpromoted catalyst. It can also be seen that the catalyst
activity improved with the increase in the amount of Ce-promoter up to 0.5 wt% Ce where
the maximum CHa conversion of 80% was achieved. The observed improvement in the
catalyst performance with the increase in amount of Ce-promoter until 0.5 wt% was
ascribed to the increase in basic site concentration, which favoured the adsorption of CO>
on the catalyst surface. The adsorbed CO: is crucial for the gasification of the surface
CxHy species obtained from the dissociation of CH4 to form the products (H2 and CO).
The author also mentioned the role of oxygen storage capacity (OSC) of the Ce-promoter

in enhancing the catalyst performance.

Figure 2.7 indicates the product yields and H2/CO ratio from the DRM conducted at 973
K. As in CH4 and CO- conversions, the Hz and CO yields were favoured with the increase
in Ce loading up to 0.5 wt%Ce. Beyond this optimum Ce loading, the catalyst activity
started declining. This decrease in the catalyst performance at higher Ce loading was
attributed to favoured clustering of cobalt particles and the blockage of the cobalt active
sites by the excess cerium. Temperature programmed oxidation (TPO) analysis shown
Figure 2.8 revealed the presence of low-temperature carbidic carbon (amorphous carbon)
and high-temperature graphitic carbon on the unpromoted 10%Co/Al,O3 catalyst while
only the amorphous carbon was found on the Ce-promoted catalysts. Low temperature
carbonaceous species are generally reactive and are easily oxidised. Hence, this type of
carbon does not readily influence catalyst deactivation. On the other hand, graphitic
carbon can be low-temperature reactive such as filamentous carbon (Pechimuthu et al.,
2007) or high-temperature non-reactive carbon (Kress and Tielens, 2001; Ahn et al.,
1996). Therefore, the great performance of the Ce-promoted catalyst was also ascribed
to its ability to suppress the formation of the non-reactive carbon whose buildup on the

active sites leads to the deactivation of the catalyst.
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Figure 2.8  TPO profiles of the selected spent Ce-promoted 10%Co/Al>O3 catalysts.
Adapted from ref (Cao et al., 2022b).

In another study, Fakeeha et al. (2021) reported that the incorporation of Ce on yttria
modified zirconia (YSZ) supported Ni-based catalysts in DRM reaction encouraged
carbon deposition instead of suppressing it. Consequently, the unpromoted Ni-YSZ

catalyst was found to be more stable than the Ce-promoted Ni-YSZ catalyst. the
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observation from this study is in sharp contrast to what was observed in the work
mentioned earlier (Cao et al., 2022b) where the Ce-promoter exhibited the property of
supressing the formation of non-reactive carbon, thereby improving the catalyst’s
stability. The discrepancies between these two studies may arise from the nature of the

active metal used (Co and Ni) or even the support (Al.0zand YZ).

Lanthanum oxide (La203), also known as lanthana, is widely employed as a promoter in
processes such as dry reforming and CO. methanation due to its unique properties
including high basicity, which is important in promoting CO> adsorption and activation
(Boukha et al., 2022). Liang et al. (2022b) synthesised a series of Lanthanide-modified
cobalt-palygorskite composites (palygorskite is a type of clay comprising mainly
magnesium aluminium phyllosilicate) and tested them in the CO, methanation reaction
under atmospheric pressure. The authors revealed from their investigation that the
addition of lanthanide helped to improve the active Co metal-support interaction resulting
in the enhancement of the anti-carbon deposition and anti-sintering ability of the catalyst.
There was an increase in the active reaction sites with enhanced Co particle dispersion.
The presence of the lanthanides also improved the adsorption of CO., and slightly
improved reducibility of the catalyst via the promotion of the electron transfer between

the metal and the palygorskite matrix.

Similar behaviours were reported by Liang et al. (2023) in a study on the effect of doping
a Co/Al;03 catalyst with different lanthanides for dry reforming of methane. From the
investigation, it was stated that the addition of a La-promoter to Co/Al,Os3 catalyst can;
(1) influence the dispersion of the active metal Co on the catalyst surface through a
particle size reduction effect; (2) enhance the redox performance of the catalyst by
encouraging the electron transfer of Co species, generating more active. This increase in
the number of active sites favoured the adsorption and activation of species such as CH4
on the catalyst surface; (3) provide sufficient oxygen vacancies and enhanced basic sites
which are crucial for suppressing the carbon deposition and improving the CO>

adsorption and activation capacity of the catalyst.

Zhang et al. (2019) also verified the influence of a La-promoter during a study on CO
methanation over a Ni/Al>O3 catalyst prepared by the deposition-precipitation and co-

impregnation method. It was found that the catalyst performance was greatly improved
44


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/electron-transfer

while the sintering of Ni particles and coke formation were significantly inhibited by the
addition of La-promoter. Characterisation results revealed that the incorporation of the
La-promoter improved the reducibility of Ni particles and decreased the size of the Ni
crystallites resulting in high dispersion on the alumina support. Finally, it was also
noticed that the preparation method affected the catalyst performances, where the catalyst
prepared by the modified deposition-precipitation method showed a superior activity than

the catalyst prepared by the co-impregnation method.

Mihet et al. (2021) investigated how the addition of MgO, CeO, La>03z into a Ni/SiO>
catalyst affected its catalytic performance in CO2 methanation. The incorporation of MgO
and La»0Os into the catalyst structure resulted in improved dispersion of Ni particles on
the catalyst surface, an increase in the number of active sites for the adsorption and
activation of Hz. In terms of basicity, the La- and Ce-modified catalysts displayed
superior basic site strength to the Mg-modified catalyst, which is crucial for the
adsorption and activation of CO>. The activity test results indicated that the La-modified
catalyst exhibited the best performance in a relatively low-temperature range. This was
attributed to the enhanced capacity of the La-modified catalyst for H> and CO> adsorption
and activation, improved anti-sintering capacity, the combined effect of Ni nanoparticle
stabilisation inside the medium sized mesopores, and the facilitated access of reagents to

active centers due to the large mesopores.

Interestingly, La-promoter has been reported to improve catalyst resistance to sulfur
poisoning by inhibiting the chemisorption of gaseous H2S on the catalyst surface in a
study by Dou et al. (2021). From the preceding paragraphs, it is apparent that the addition
of alkali and alkaline metals and lanthanides into the framework of heterogeneous
catalysts can positively influence their activity. It should also be noted that the nature of
the support employed can also affect the overall properties of promoted catalysts.
Therefore, the next section will be discussing some of the commonly used catalyst
supports for CO, methanation.
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2.3.5 Catalyst supports

In heterogeneous catalysis, supports are materials with high surface area and pore
volume, which alone have little or no activity, but can provide a medium for the
dispersion of active constituents or metals, resulting in an overall active material
(catalyst) for the desired reaction (Ribeiro et al., 2014). Apart from serving as a medium
for active metal dispersion, a catalyst support can also help to stabilise and enhance the
active sites, or even form part of the active sites (Bartholomew and Farrauto, 2011).
Catalysts support for most heterogeneous catalytic reactions are usually in the form of

metallic oxides with very few non-metallic oxides.

Examples of metallic oxide supports that are commonly employed for the development
of reforming and methanation catalysts include lanthana (La2O3) (Xin et al., 2023; Xiao
et al., 2023), ceria (CeOy), alumina (y-Al20z or a-Al>03), zirconia (ZrO>) , titania (TiO2)
(Yuan et al., 2023; Krishnan J N et al., 2023), and perovskites (Blanco et al., 2022; Du et
al., 2023). Porous silica or silicon dioxide (SiO.) are the most common example of non-
metallic oxide supports. Porous silica can be nanoporous, microporous, or mesoporous,
depending on the method of preparation or the forms it exists in. Porous silica can exist
as amorphous silica (SiO2) or modified silica such as the Mobil Composition of Matter
(MCM) and Santa Barbara Amorphous 15 (SBA-15) (Santos et al., 2019; Bacariza et al.,
2018). Siliceous based materials such as zeolite have been widely employed as support
in methanation reactions (Cui et al., 2023; Goodarzi et al., 2018). Non oxide porous
materials such as activated carbon, are also employed as support.

The choice of support to be used for any catalyst depends on the nature of the reaction to
be catalysed. Apart from the structure such as high surface and pore volume of a support,
the chemical properties including the acid site strength greatly influence the overall
performance. Some reactions require a mild or low acid site strength while others require
a high acid site strength. For example, it was reported that a high acid site strength is
crucial in achieving a high level of pentenes conversion during a study on the cracking
of pentenes to C>—Cj light olefins (Bortnovsky et al., 2005). Meanwhile, acidic supports
with strong acid sites strength favour the deposition of carbonaceous species during
reforming or methanation reactions due to their weak dissociative adsorption capacity of
CO2, which make them inefficient in preventing the accumulation of highly
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dehydrogenated carbon deposits. Some of these carbonaceous species further undergo
ageing and graphitisation on the surface as the reaction proceeds and causes the
deactivation of the catalyst (Horvéth et al., 2011; Naeem et al., 2014).

2.3.5.1 Ceria

Cerium is the most abundant rare-earth element with approximately 0.0046 wt%
composition of the Earth’s crust (Montini et al., 2016). Cerium (Ce) with electron
configuration of 4f25d°6s? is a rare-earth metal with a partially filled f orbital, and a
member of the lanthanide series of the periodic table. It can either exist in Ce®" or in the
stable Ce** state. Ce exists naturally in four isotopic forms namely *3®Ce (0.19%), 1*Ce
(0.25%), *°Ce (88.45%), and *’Ce (11.11%) where the #°Ce isotope is the most
abundant (Shao et al., 2020). Bastnaesite and monazite are its main ores. One of the
unique properties of Ce is its ability to undergo y-a isostructural transition during which
the volume of its unit cell abruptly collapses at a critical pressure while retaining its face-
centered cubic configuration (Skorodumova et al., 2002). This y-o isostructural transition
in Ce can be induced at temperatures below the critical temperature Tc of about 600 K
and under pressure (Lanata et al., 2013).

Although the description of this isostructural transition phenomenon in Ce remains a
subject of debate, the Kondo volume collapse (KVC) and the orbital-selective Mott
transition within the Hubbard model are the two most common models that have been
proposed to explain it. According to the K\VVC model proposed in 1982 (Allen and Martin,
1982; Lavagna et al., 1982), the y-a isostructural transition of Ce is caused by a sudden
alteration in the degree of hybridisation between the f electrons and the spd conduction
bands, and hence, of the Kondo temperature (Lanata et al., 2014). According to the Mott
transition model proposed by Johansson (1974), the delocalisation of the 4f electron
under pressure is responsible for the abrupt change in volume at the y-a isostructural

transition point.

This suggests that while the 4f electron in the y phase is strongly localised on the Ce
atom, the 4f states are part of the valence band in the a phase of Ce (Skorodumova et al.,

2002). Consequently, the a phase has four valence electrons that participate in the
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metallic bonding, while the y phase has only three valence electrons. The difference in
the number of valance electrons is what causes the huge volume change between the two
phases during transition. These exceptional electronic structures of Ce make it suitable
for production of various materials including alloys, phosphors, magnetics, cells for fuel

cells and catalysts.

2.3.5.1.1 Cerium oxide

Cerium can form various oxides with varying proportion with oxygen in the range CeO:
to Ce2O3 due to its unique properties of easily releasing or taking up oxygen. CeO3, also
known as ceria or Cerium (IV) oxide, is a yellowish white powder. Under certain
reduction environments at an elevated temperature, CeO> can easily release oxygen to
form oxygen-deficient cerium oxide (see Eq (2.1)) while preserving its fluorite lattice

structure.

Ce0, & CeO,_, + 202 (2.1)

From Eq (2.1), the extent of reduction determined by x is a function of both the
temperature, surface termination and the oxygen partial pressure (Bulfin et al., 2013;
Ghillanyova and Galusek, 2011). Ce,O3 (with oxidation state Ce®") is the most common
oxide of cerium formed when CeO. (with oxidation state Ce*") is reduced under
conditions of limited oxygen with the formation of oxygen vacancies during the lattice
oxygen released process (Xiao et al., 2003). While CeO; and Ce;Os3 are the main forms
of cerium oxide, the key difference between both oxides lies in their structures. CeO;
usually takes the form of a fluorite cubic-crystal structure with the Fm3m space group
(Sun et al., 2012), and the Ce atoms are in a tetravalent valence state (Ce**) with empty
Ce 4f orbitals (Sun et al., 2019). The Ce203 mainly exhibits the hexagonal A-type
structure (Barnighausen and Schiller, 1985), and sometimes displays the C-type structure
(Skorodumova et al., 2002) depending on conditions such as temperature and pressure.

The A-type Ce;03 has an hexagonal structure with space group P3m1 (Qi et al., 2013) in
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which all the Ce atoms exist in the Ce>* state while each Ce** contains one localised 4f
electron (Sun et al., 2019). A typical representation of the crystallographic structure of
unit cells of CeO2 and Cez03 is given in Figure 2.9. Apart from different crystal
structures, the physical properties of CeO2 and Ce2Os3 are at variance. Therefore, it is
crucial to fully understand the theories behind the structures of these oxides of cerium
and how they can be tuned or modified to enable their effective application in various

processes.

Figure 2.9 Crystallographic unit cells of (a) CeO- in the fluorite structure, (b) A-type
Ce203 and (c) C-type Ce203 bulk structures. In the figures, red balls are oxygen and
grey balls are cerium. Adapted from ref (Du et al., 2018).

Notwithstanding the limited knowledge about y-a isostructural transition in Ce and the
changes in the atomic electronic structure of CeO. after reduction, the unique redox
property of CeO> together with its mechanical strength and high oxygen storage capacity
(OSC) have been utilised in a wide range of applications including biomedical
(Sathyaseelan et al., 2022; Li et al., 2020; Hu et al., 2023), agricultural (Wang et al., 2020;
Mary Isabella Sonali et al.,, 2022; Pansambal et al., 2022), wastewater treatment
(Apostolescu et al., 2023; Borgohain et al., 2022), and other catalytic processes (Yang
et al., 2021; Montini et al., 2016). In this study, discussion on the applications of CeO-

will be limited to reforming and methanation catalysis.
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2.3.5.1.2 Application of ceria in heterogenous catalytic reactions

CeO2 has been described as a material with exceptional redox property and high OSC,
which are both crucial in minimising carbon deposition during carbon conversion
processes such as methane dry reforming and CO or CO, methanation. However, it is less
active in most heterogeneous catalytic processes when solely used as a catalyst.
Therefore, the inherent properties of CeO: are activated either by employing it as a
support where noble or transition metals are incorporated into its framework via

impregnation, or by employing it as a catalyst promoter (Hatta et al., 2023).

For instance, Wang et al. (2015) fabricated a series of Ru/CeO; catalysts with tunable
CeO. morphology/facet as a support and Ru as the active metal and tested the catalyst
performances in CO. methanation. In this study, the authors stated that the oxygen
vacancies in ceria behaved as the active sites where a high availability of the oxygen
vacancies favoured the activation and conversion of carbon oxides. After the activation
and adsorption, these oxygen vacancies also helped in breaking the C-O bond in the
adsorbed carbon oxides. The C-O bond breaking results in the release of oxygen which

fills the vacancies while the carbon undergoes hydrogenation to CHa.

Li et al. (2022) synthesised CeO with three different structures, namely, the honeycomb-
lantern-like (CeO»-H), spherical (CeO2-S) and bulk particle (CeO-P) structures and
impregnated them with nickel to produce various Ni/CeO: catalysts. These catalysts were
then tested in dry reforming of methane (DRM). The author observed that the Ni/CeO,-
H catalyst exhibited the best activity towards DRM with 83.94% and 82.81% conversions
of CO2 and CHa, respectively, and superior stability. This exceptional catalytic
performance of the Ni/CeO»-H catalyst was attributed to the surface spatial confinement

effect of its outstanding honeycomb-lantern-like morphology.

Hou et al. (2015) investigated the catalytic performance of CeO, supported Ir catalyst in
syngas production from ethanol dry reforming. According to the study, ethanol was
completely converted at 973 K where the products mainly comprised hydrogen and
carbon monoxide. In addition, the Ir/CeO; catalyst also displayed excellent stability after
a 70h longevity test. The authors attributed the exceptional performance of 1r/CeO-

catalyst to a strong interaction between iridium and ceria which was important for the
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activation of ethanol and CO.. It was also stated that this interaction helped to improve

the catalyst’s resistance Ir to sintering and coke formation.

Lian et al. (2020) employed first-principles DFT calculations to study the reaction
mechanism and the stability of a Ni/CeO- catalyst in DRM. In this study, the authors
investigated the activities of five different sites which included the Ni metal (m), CeO>
support (s), metal-support interface (ms), oxygen vacancy on support (ovs), and oxygen
vacancy at metal-support interface (ovms). The results obtained from their investigation
of the reaction pathway of CH4 and CO: activation during DRM indicated that the m, ms
and ovms sites were the most active sites for the activation of CH4 while CO; activation
was most favoured at the ovs and ovms sites. Notwithstanding, the activation of both CH4
and CO; at the interface site was said to be balanced. It was also stated that the Ni/CeO-
catalyst exhibited am exceptional stability which was attributed to the influence of the
interfacial oxygen in the regeneration of active sites, and the prevention of coke
formation. Some of the recent studies on CO> methanation using ceria as a catalyst

support are given in Table 2.4.
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Table 2.4 Application of ceria as catalyst support in CO2 methanation conducted under atmospheric pressure.

Operating conditions Activity
i iati GHSV
Catalyst Synthesis method Investigation Reaction T Xcon Refs
(mL g'1 h- Scha (%)
gases )y (K) (%)
Citrate sol-gel and
i i i 4H,:CO, L
Ni/Ce1.xPr«O2-s wet impregnation Influence of Pr dA 25,000 673 72 98 (Tsiotsias et al., 2022)
and Ar
Reaction
Ni/La-Pr-CeO; CeO- support AHCO ~58 ~100
Ni/La-Sm-CeO, Wet impregnation modified with 2d A ? 25,000 673 ~58 ~100 (Siakavelas et al., 2021)
and Ar
Ni/La-Mg-CeO> La, Pr, Sm, Mg ~55 ~100
Ni-Co/Ce0,-ZrO;
) ) ] Effect of CH4 72 ~99 ]
Ni-Mn/CeO- Wet impregnation ) 4H,:CO; 12,000 623 (Pastor-Pérez et al., 2020)
concentration ~66 ~87
ZrO,
) Incipient wetness Effect of )
Ni/CeO; ) ) ) 4H,:CO, 12,000 623 ~84 ~99 (Bian et al., 2023)
impregnation morphologies
Effect of
morphologies,
. i . P J 4H,:CO; .
Ni/CeO,-NZP Wet impregnation effect of N 8,200° 573 ~78 ~100 (Varvoultis et al., 2023)
an 2
operating
parameters
. . ) Effect 4H,:CO;
Ni/CeO, Wet impregnation 60,000 623 ~82 ~100 (He et al., 2022b)

modifying CeO; and N
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Table 2.4 Application of ceria as catalyst support in CO> methanation conducted under atmospheric pressure (Continuation).

Ni/CeO;

Ni/CeO;

Ni/CeO;

Ru/CeO,

Ni/CeO;

RU/Ceo_gcro,lox

12Ni3Co/M-
Ce80Zr20
12Ni3Mn/M-
Ce80Zr20
12Ni3Fe/M-
Ce80Zr20
12Ni3Cu/M-
Ce802r20

Wet impregnation

Sol-gel

One-pot

Wet impregnation

Electrospinning

Wet impregnation

Incipient wetness

impregnation

Effect of
morphologies
Synthesis
method
Synthesis
method
Effect of
morphologies
Synthesis
method
Roles of surface
oxygen
vacancies and

hydroxyl groups

Influence of Mn,
Co, Fe, and Cu

4H,:CO>
and He
4H,:CO>
and N

4H,:CO,

4H,:CO,
and N,

4H,:CO,

4H2:C02

4H,:CO,

21,000

40,000

45,000

72,000

36,000

36,000

12,000

53

623

523

598

598

598

598

623

~58

82.5

82.3

~100

94.8

~100

99

(Jomjaree et al., 2021)

(Yeetal., 2020)

(Tang et al., 2021a)

(Sakpal and Lefferts, 2018)

(Hu et al., 2022)

(Xu et al., 2021b)

(Xu et al., 2021a)



Table 2.4 Application of ceria as catalyst support in CO> methanation conducted under atmospheric pressure (Continuation).

9Ni/CeEu
i L 4H,:CO>
Ni/CeO, Co-precipitation Influence of Eu 30,300 473
) and N2
NI/EU203
1%Co- ) ) Influence of Co,
wet impregnation 4H,:CO, 52,000° 573

15%Ni/CeO, reactor system

98

(Zhang et al., 2022)

(Hasrack et al., 2022)
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2.3.5.2 Alumina

Aluminium oxide, also known as alumina, is an important ceramic material which is used in a
wide range of industrial processes such as in the production of adsorbents for wastewater
treatment and water purification (Baran Aydin et al., 2022; Wang et al., 2022), refractory
materials (Liu et al., 2022a), abrasives (Nadolny, 2014), biomedicine (Gudkov et al., 2022;
Pourmadadi et al., 2022) and catalyst development for heterogeneous reactions. Alumina can
be produced from Bauxite which is the principal ore of aluminium. Meanwhile, Bauxite mainly
comprises of a mixture of aluminium hydroxides namely boehmite (y-AIO(OH)), diaspore (a-
AIO(OH)) and gibbsite (Al(OH)s). Depending on the temperature and other operating
conditions, these aluminium hydroxides can be transformed into various crystalline
polymorphic phases including the metastable aluminas (y-Al203, 3-Al>03, and 6-Al203) which
can further undergo a series of phase transitions to form the most stable form of alumina (o-

Al>03) as shown in Figure 2.10.
Tohdite
Al,O; . 0.2 H,0

l 900 C
GlbbSIte —® X'AI203 — K'A|203

— Al(OH); 300 C 970 C 1000-
100 C

AIOOH 450 C 750 C 1000 C 1200 C
150 C /850 C 500 C
Bayerite — n-Al,O4 Diaspore
Al(OH), 230 C AIOOH

Figure 2.10  Schematic of the phase transformation pathways of aluminium hydroxides and
oxides after heat treatment. Adapted from ref (Busca, 2019).

Apart from the phases of alumina described in Figure 2.10, other intermediate phases exist. An
example is the amorphous (non-crystalline) and metastable hydratable alumina (p-Al203)
phase which can be obtained from gibbsite by flash calcination within a temperature range of
575 of 700 K in a vacuum (Wefers and Misra, 1987; Salomdo et al., 2017). The crystal data of
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some of the metastable and stable aluminas are given in Table 2.5 while the physical properties
of the most common transitional aluminas formed at various at their various calcination

temperatures are shown in Table 2.6.

Table 2.5 Crystal data of stable and metastable aluminas. Adapted from ref (Shackelford
and Doremus, 2008; Busca, 2019).

Alumina Lattice parameters, (A)
phase Crystal structure Space group A 5 .
v-Al,03 Tetragonal Fd3m 7.95 — 7.79

N-Al,03 Cubic (spinel) Fd3m 7.90 — -

0-Al203 Monoclinic C2/m 563 295 11.86
a-Al,O3  Hexagonal (rhombohedral) R3c 4.758 — 12.991
5-Al,03 Tetragonal P4m2 7.97 — 23.47
K-Al203 Orthorhombic Pna2l 8.49 1273  13.39

Table 2.6 Physical properties of the most common transitional aluminas at different
calcination temperatures. Adapted from ref Bartholomew & Farrauto (2011).

T"i‘g‘c”:;“"” Phase Surface area (m? g% (c:n/z’o;' ) E:]pr;r;’
250 Pseudoboehmite 390 0.50 5.2
450 v-AlOs 335 0.53 6.4
650 — 226 0.55 9.8
850 - 167 0.58 14
950 5-Al203 120 0.50 16.6
1050 0-Al203 50 0.50 28
1200 a-Al203 1to5 - -
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Amongst the alumina phases, the gamma alumina (y-Al203) is the most extensively employed
in catalysis as a support because it is relatively economical to prepare, possesses exceptional
mechanical strength, and is easily tunable to give high surface area. Moreover, the presence of
weak and moderate acid strength on the surface of alumina makes it suitable as a support or
even as a standalone catalyst in some processes. For instance, studies have shown that the
ordered mesoporous y-Al2Os can be employed as a standalone catalyst for the synthesis of
dimethyl ether due to its high activity and selectivity (Keshavarz et al., 2010; Luan et al.,
2015). In some cases, y-Al20s3 is functionalised to improve its Bronsted acid sites strength for
other reactions such as fluid catalytic cracking (FCC) since the traditional material is
considered to have moderate to high Lewis acidity which encourages severe coke formation as

a result of excessive hydrogen transfer reactions (Feng et al., 2014).

However, the use of alumina as a standalone catalyst for CO, methanation is limited and not
feasible because while the CO> can be adsorbed and activated on the surface, alumina lacks the
main sites required for the activation of the H. reactant. Therefore, alumina serves as a support
for the impregnation of active metals such as Ni, Ru, Rh and Pd which provide the medium for
the activation of the H. reactant, thereby improving the overall catalyst performance and
selectivity towards CHs. Meanwhile, the performance of these metal based Al.O3 catalysts
depends on various factors including the preparation method and the reaction operation

conditions.

For instance, Rahmani et al. (2014) prepared Ni/Al,O3 catalysts by varying the amount of Ni
from 10 to 25 wt.% using the wet impregnation method. Then, the effect of Ni content on the
performance of Ni/Al.Oz catalysts in CO> methanation was investigated. The results as
represented by Figure 2.11 revealed that all the catalyst performances generally improved as
the operating temperature increased from 473 K and attained an optimum at 623 K. The
optimum Ni content was found to be 20 wt.%. The decline in the activity of the catalyst at
higher Ni content (25 wt.%) was attributed to the favoured formation of bigger crystallite size

and lower surface area of the catalyst, resulting in a decrease in CO2 conversion.

Daroughegi et al. (2017) also conducted similar studies on the effect of Ni content on the
performance of Ni/Al,Osz catalysts in CO2 methanation but the Ni/Al.Os catalysts were
synthesised by the ultrasound-assisted co-precipitated method. The results indicated that the

optimum temperature in this study was also at 623 K, but the optimum Ni content was 25 wt.%.
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The small discrepancy between the results of this study and Rahmani et al. (2014) may be
ascribed to other factors such as the synthesis method and the synthesis operating conditions,
the reactor’s setting, the reaction operating conditions, and finally, measurement error. In any
case, it is crucial to always consider these factors while testing for the performance of a catalyst

in CO2 methanation.
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Figure 2.11  Effect of Ni content on CO2 conversion in CO2 methanation conducted at
GHSV =9000 mL gca ht, Ho/CO, molar ratio = 3.5.

In some cases, a promoter is introduced into the Al.Oz supported catalyst to improve properties
such as carbon formation resistance and the overall stability of the catalyst. For instance, Hu et
al. (2012) reported that the addition of MgO as a promoter into Ni/Al,O3 improved the
catalyst’s stability by suppressing the formation of carbon deposition during CO methanation.
Shafiee et al. (2022) reported that the addition of Fe, Mn, La, Ce, and Ba promoters into the
bimetallic 15Ni-12.5C0/Al;03 catalyst resulted in the improvement of the catalyst’s
performance by reducing the average crystallite size and enhancing the adsorption and

activation capacity of CO> on the catalyst.

58



2.3.5.3 Yttria-stabilized zirconia

Zirconia, also known as zirconium dioxide (ZrO2) has shown to be an exceptional catalyst
support for the CO. hydrogenation owing to its high thermal and chemical stability, high
mechanical strength, and strong resistance to carbon deposition. These superior properties of
ZrO; can be attributed to its physicochemical properties which include the presence of defect
sites (e.g. oxygen vacancies), Lewis acid sites (Zr3*, Zr*"), adsorbed O% and OH groups (basic
sites), and Zr**-O? acid-base pairs (Jia et al., 2019; Alves et al., 2021). These properties also
make the tuning and doping of ZrO> more feasible for various catalytic processes. Moreover,
the Lewis basic oxygen vacancies on ZrO» are crucial for the adsorption and activation of CO-
(llsemann et al., 2021) which is one of the major steps in the mechanism of CH4 formation

during the CO2 hydrogenation.

Generally, pure zirconia exists in three different crystal configurations at atmospheric pressure
and different temperatures: monoclinic (m-ZrOz), tetragonal (t-ZrOz) and cubic (c-ZrO)
(Kouvaetal., 2015; Fanetal., 2021; Najafi et al., 2021; Kalita et al., 2021; Comba et al., 2021).
Notwithstanding the great properties displayed by ZrO,, its redox activity is low due to the
difficulty of its surfaces in discharging lattice oxygen atoms to form vacancies (de Souza and
Appel, 2021). This challenge is overcome by doping the ZrO2 with metals with a lower valency
than Zr (less than +4) such as Ni, La, Co, Ca, and Ti. The introduction of these dopants helps
in lowering the energy required for the formation of oxygen vacancies through the substitution
of some of the Zr*" ions and the cleavage of the local symmetry of the lattice structure (de
Souza and Appel, 2021). The introduction of lower valence dopants also results in the alteration
of the electronic arrangement of ZrO2, which affects the catalytic properties. It is worth noting
that two unpaired electrons are left behind when oxygen vacancies are formed. These unpaired
electrons can influence the catalytic cycle by enhancing the catalyst’s surface activity (de Souza

and Appel, 2021).

At low temperatures, the alteration in the crystal structure of ZrO, can cause instability, which
limits its use in industry (Ricca et al., 2015; Chevalier et al., 2009). This is why the cubic and
tetragonal forms are generally stabilised at room temperature by doping with various metal
oxides such as CeO., MgO, CaO and Y203 (Chevalier et al., 2009). Consequently, Y203 is
mostly employed in stabilising ZrO> owing to the improved stability effect it provides (Fan et

al., 2021). Another reason for the high preference in stabilising ZrO, by Y20z is its influence
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in creating an oxygen vacancy in the anionic sub-lattice when two Zr** ions are replaced by
two Y3* ions, and this assists in the migration of oxygen ions through the yttria-stabilised
zirconia (YSZ) material (Hofer et al., 2019; Cousland et al., 2014).

The use of ZrO. as a support for CO2 methanation catalysts has been reported by many
researchers. Gac et al. (2020) studied the effect of Ni loading on Al.O3, ZrO; and CeO>
supports. The authors reported that the increase in Ni loading from 10% to 40% on the ZrO>
resulted in a gradual decrease in the Ni crystallite size. The CeO-supported catalysts showed
the best performance followed by the ZrO,-supported catalysts in terms of CO, conversion at
553K. While an increase in Ni loading was favoured for the CeO2 support, the performance of
the ZrO»-supported catalyst was found to decrease beyond 20%Ni loading. In another study by
Traitangwong et al. (2020), Ni loading was varied from 15% to 45% over a Ni-modified ceria-
zirconia support (e.g., Nio.osCeo.20Zr0.7502) and the catalysts were tested for CO, methanation.
The catalyst with 45% Ni loading exhibited the best performance. The authors stated that
increasing the Ni loading favoured the number of H2 molecules that were activated, which
translated into higher catalytic performance.

Kosaka et al. (2020) investigated the influence of Ni content on the performance of a Ni/YSZ
catalyst by varying the Ni loading from 25% to 75%. The authors found that the catalyst
performance was favoured with the increase in Ni content where the 75%Ni/YSZ catalyst
displayed the best activity. Kesavan et al. (2018) investigated the influence of Ni particle size
on the performances of Ni-based YSZ-supported catalysts during CO2 methanation. The
variation in Ni° particle sizes for the Ni/YSZ catalysts was achieved by employing different
preparation steps, namely wetness impregnation, electroless plating and mechanical mixing.
The study revealed that the size of Ni® and its morphology influenced the Ni/YSZ catalysts,
where the catalyst with a smaller Ni° particle size exhibited the best performance. It should be
noted that Ni° (reduced nickel) is obtained when nickel oxide (NiO) is reduced in a hydrogen

environment at the reduction temperature corresponding to the catalyst structure.

2.3.5.4 Santa Barbara Amorphous 15

Santa Barbara Amorphous 15 (see Figure 2.12), also known as SBA-15, is a mesoporous silica
comprising of uniform hexagonally ordered cylindrical mesopores in one dimension with a
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narrow pore-size distribution and a tunable pore diameter within the range of 5 and 30 nm
(Zhao et al., 1998a). The mesopores in SBA-15 are usually connected by a microporous
network known as the corona (Imperor-Clerc et al., 2000; Ryoo et al., 2000). This connection
of the mesopores with each other was stated to be responsible for the high surface area of SBA-
15. Ryoo et al. (2000) were the first to identify the existence of a microporous network within
the framework of SBA-15 during an investigation into the imaging of inverse platinum replica
of ordered mesoporous structures. The presence of interconnection of mesopores through the

network of nanorods was observed, and these rods were later referred to as micropores.

SBA-15

Figure 2.12  Structure of SBA-15 formed from the hydrolysis of Pluronic 123 and tetraethyl
orthosilicate. Modified from ref (Chaudhary and Sharma, 2017).

Fulvio et al. (2005) suggested that the hexagonal configuration of the nanorods is preserved by
the network between the mesopores and micropores even after silica removal in its inverse
replicas, and this benefits the diffusion of species inside the entire porous structure. Other
unique properties such as easily tunable pore structure, large pore size, and high hydrothermal
and mechanical stability have made SBA-15 very attractive and extensively studied silica
material (Rahmat et al., 2010; Ryoo et al., 2000).

2.3.5.4.1 Synthesis of SBA-15

SBA-15 can be synthesised by acid hydrolysis (pH < 2) of an amphiphilic triblock copolymer
surfactant of the type poly(ethylene oxide)—poly(propylene oxide)—poly(ethylene oxide) or

Pluronic P-123 as structure directing agent with a silica precursor as reported in the literature
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(Zhao et al., 1998a, 1998b). Typically, a triblock copolymer known as Pluronic P-123 is
dissolved in an aqueous solution of HCI whose pH is regulated between 1 and 2 under thorough
stirring. After the complete dissolution of the surfactant, tetraethyl orthosilicate (TEOS) is
added in drops as the silica precursor and the mixture is stirred continuously for about 24 h.
The SBA-15 formed is then filtered off while rinsing with deionised water until the pH is
neutral or about 7. This sample is dried in an oven and then calcined to remove residual organic

template.

2.3.5.4.2 Applications of SBA-15

The unique properties of SBA-15 include high surface area, large pore size and volume and
hydrothermal stability and make it a promising material for many applications. In some cases,
mesoporous SBA-15 is modified or functionalised to make it more suitable for applications
such as in the drug delivery system (Ulagesan et al., 2022), wastewater treatment
(Hassanzadeh-Afruzi et al., 2022; Ezzeddine et al., 2023) and sensing materials (Saha et al.,
2023; Mohammadi Ziarani et al., 2023). In heterogeneous catalysis, SBA-15 is extensively
employed as support in catalyst synthesis since active metals can be evenly distributed and
dispersed on the surface (Lin et al., 2023). In a dry reforming of methane experiment, Song et
al. (2023) synthesised Ni/SBA-15 and Ni/SiO. catalysts using the ammonia evaporation
method. The results revealed that the Ni/SBA-15 catalyst was superior to the microporous silica
supported Ni catalyst (Ni/SiO.). This excellent catalytic activity of Ni/SBA-15 was attributed
to the high dispersion of Ni in the framework of SBA-15, and consequently caused a significant
resistance to Ni sintering and carbon deposition. Meanwhile, the Ni particles were not well
dispersed in the Ni/SiO2 due to smaller pore size, and this encouraged relatively more intensive

Ni sintering and carbon deposition.

Hongmanorom et al. (2021) prepared a series of Ni/SBA-15 catalysts by using ammonia
evaporation (Ni/SBA-15-AE and Ni-Mg/SBA-15-AE) and wet impregnation (Ni/SBA-15-WI)
methods and tested the catalysts in CO. methanation. The results of this investigation are
presented in Figure 2.13 (a) and (b). As seen in Figure 2.13 (a), the increase in temperature

from 473 to 673 K favoured CO- conversion for all the catalysts.
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Figure 2.13  Activity profile showing (a) CO- conversion and (b) CHa selectivity during
CO2 methanation over Ni-based SBA-15 catalysts at atmospheric pressure,
GHSV of 30,000 mL g h, H2/CO; ratio of 4 and operating temperature
within the range of 473 — 673 K. Ref (Hongmanorom et al., 2021).

However, the reverse was the case for CHs selectivity as shown in Figure 2.13 (b). The decrease
in CHg4 selectivity with increasing temperature was attributed to the occurrence of side reactions
such as the reverse water gas shift (RWGS) reaction which are encouraged at higher reaction
temperatures. In terms of the preparation method, the Ni/SBA-15 catalyst prepared by the

ammonia evaporation showed a superior activity to the one prepared by wet impregnation.
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Overall, the Ni-5%Mg/SBA-15-AE catalyst showed the best performance. The authors stated
that the introduction of 5 wt.%Mg into Ni/SBA-15 caused an increase in the medium basic
sites, and this favoured the activation of CO> with an overall improvement in the activity. In
terms of stability, both Ni/SBA-15-AE and Ni-5Mg/SBA-15-AE were stable for a 50 h on-
stream longevity test conducted at 623 K while the Ni/SBA-15-WI catalyst showed a steady
decline. This study clearly revealed that the type of synthesis method employed, and the

operating conditions greatly influence the activity of SBA-15 supported catalysts.

2.2 Deactivation mechanism of CO2 methanation catalysts

Catalyst deactivation refers to the loss of catalytic activity over time due to various factors such
as poisoning, fouling, thermal deactivation, or structural changes. The tolerance of a catalyst
to deactivation depends on its physicochemical properties which may be influenced by
synthesis methods or reaction operating conditions. A deactivation study is crucial to
understand how long a catalyst can last on stream before completely losing its catalytic
properties. In industry, where large quantities of catalysts are employed, a highly stable catalyst
is more economical than the less stable since the number of catalyst replacement in the reactor
bed is greatly reduced. Moreover, deactivation studies can help to draw a connection between
catalyst deactivation, the synthesis method, and the design of the process employed. In this

section, the various causes of catalyst deactivation will be discussed.

2.4.1 Fouling

In heterogeneous catalysis, fouling refers to the accumulation of various contaminants such as
carbon deposits on the surface of a catalyst. These contaminants can clog the catalyst's active
sites, preventing the reactants from reaching them. Carbon deposition has been a major concern
for many industrial processes that involve heterogeneous catalysis as it prevents efficient
conversion. The carbon formed during these processes may hinder catalyst performance
through the occlusion of their active sites or fouling of their pores (Wang et al., 2017). The
extent of catalyst deactivation resulting from carbon deposition depends on the nature of the
carbon formed while the nature of carbon formed is strongly influenced by the reaction
operating conditions (Jana et al., 2013). According to Bartholomew (2001), the carbon
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deposited during CO decomposition on nickel can exist in different forms depending on the
operating temperature (Table 2.7), and these forms of carbon deposits may be reactive or non-
reactive. The commonest forms of carbon deposits are the adsorbed atomic carbon, amorphous

carbon, whisker or filamentous carbon, and graphitic carbon.

Table 2.7 The possible forms of carbon deposits by decomposition of CO on nickel
(Bartholomew, 2001).

. Formation Maximum
Morphologies of carbon e .-
denosits Classification temperature temperature for
P (K) reaction with Hz (K)
Adsorbed, ato_mlc (surface C. 473 10 673 473
carbide)
Polymeric, gmorphous films or Cy 593 t0 773 673
filaments
Vermicular fllaments, fibres, C. 57310 1.273 673 t0 873
and/or whiskers
Nickel carbide (bulk) C, 423 to 523 548
Graphitic (crystalline) platelets C, 773 10 823 823 t0 1.123

or film

2.4.1.1 Adsorbed atomic carbon

Adsorbed atomic carbon is a well-known catalyst deactivation species that can be deposited on
the surface of various catalysts during chemical reactions. When carbon-containing molecules
react on the catalyst surface, they can break down into smaller species, including atomic
carbon. This atomic carbon can then adsorb onto the surface of the catalyst, forming carbon

deposits that can cover active sites and reduce the catalyst's ability to catalyse reactions.

Adsorbed atomic carbon deposit is a reactive carbon formed at peak temperature within 523 to
623 K and can easily be removed from catalyst surfaces by passing a stream of H. through the
catalyst system (Takahara et al., 2013). Pour et al. (2010) stated that the adsorbed atomic carbon
is formed because of the dissociative adsorption of CO during Fischer—Tropsch synthesis (FTS)

and is favoured with the increase in basicity of the catalyst surface. Swart et al. (2008) reported
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that adsorbed atomic carbon possesses high mobility in reaction conditions similar to that of
Fischer-Tropsch synthesis owing to its low barrier of diffusion estimated to be around 40 to 50
kJ/mol. However, high operating temperatures around 773 to 1,173 K may cause atomic carbon
to deactivate a Ni catalyst because it can dissolve and precipitate into the catalyst framework
within a depth greater than 50 to 70 nm at such high temperatures (Argyle and Bartholomew,
2015).

The formation of adsorbed atomic carbon is a complex process that depends on various factors,
including the type of catalyst, the reaction conditions, and the nature of the carbon-containing
molecules. The rate and extent of carbon deposition can vary widely, but in general, it tends to
increase with increasing temperature, pressure, and carbon-containing molecule concentration.
The presence of adsorbed atomic carbon can have several negative effects on catalyst
performance. First, it can block active sites on the catalyst surface, reducing its ability to
catalyse reactions. Second, it can alter the electronic properties of the catalyst surface, making
it less active or selective. Third, it can promote the formation of other deactivation species,
such as coke or carbonaceous deposits, which can further reduce catalyst performance.

Several strategies can be used to mitigate the effects of adsorbed atomic carbon on catalyst
performance. One approach is to use catalysts that are less prone to carbon deposition, such as
those with high metal dispersion or high surface area. Another approach is to modify the
catalyst surface to make it more resistant to carbon deposition, for example, by adding metal
oxides or other surface modifiers. Additionally, operating the reaction under conditions that
minimise carbon deposition, such as low temperature or low reactant concentrations, can also
be effective in reducing catalyst deactivation due to adsorbed atomic carbon. Finally, catalyst
elements can be added to promote the oxidation of deposited carbon, thus tilting the equilibrium
towards CO> formation and therefore carbon removal.

2.4.1.2 Amorphous carbon

Amorphous carbon is a moderately reactive carbon which is favourably formed at temperatures

within the range of 523 to 773 K during the reforming of hydrocarbons, Fischer—Tropsch

synthesis (FTS) or the methanation reaction by CO dissociation (Xu & Bartholomew, 2005).

The accumulation of amorphous carbon on catalyst surfaces blocks the access of the reacting
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species to the active sites, thereby causing catalyst deactivation. Unlike adsorbed atomic
carbon, which forms on the catalyst surface, amorphous carbon can form within the catalyst
bulk or on the support material. The formation of amorphous carbon can occur due to several
reasons, including the incomplete oxidation of carbon-containing molecules, and the

decomposition of hydrocarbons.

Several techniques can be employed to mitigate the effects of amorphous carbon on catalyst
performance. One approach is to remove the amorphous carbon through techniques such as
oxidation at temperatures within the range of 500 to 850 K (Cao et al., 2022a) or steam
treatment (Tobias et al., 2006). However, these methods may also remove active catalyst
species, leading to a decrease in catalytic activity. Another approach is to use catalysts that are
more resistant to amorphous carbon formation, such as those with a high metal dispersion or
those that utilise support materials that are less prone to carbon deposition. Additionally,
operating the reaction under conditions that minimise the formation of amorphous carbon, such
as using lower temperatures or reducing the concentration of carbon-containing molecules, can

also help to reduce catalyst deactivation due to amorphous carbon.

2.4.1.3 Whisker carbon

Whisker carbon is a filamentous carbon with a diameter in the range of 10 to several hundred
nm generally formed during the dissociation of CO, a reaction involving carbonaceous gases
and metal catalyst particles at around 673 to 1273 K (Baker et al., 1975), or incomplete
combustion of hydrocarbons, which can produce soot particles that agglomerate and form
whisker carbon (Tibbetts, 1984). A filamentous carbon usually carries the catalyst particles at
its growing end. In some cases, the catalyst particles are either found at the middle of the
filament or the filament completely originates from a single particle (Figueiredo and Bernardo,
1990). Whisker carbon, which is believed to be the most destructive form of carbon (Aasberg-
Petersen et al., 2011), can cause catalyst deactivation by physically blocking the active sites of
the catalyst and prevent reactants from accessing them. This decreases the efficiency of the
catalyst and ultimately leads to its deactivation.

In addition to physically blocking the active sites of the catalyst, whisker carbon can also affect
the chemistry of the reaction. Whisker carbon can cause the fragmentation of catalyst pellets
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when the growing whisker is forced into the catalyst supports’ pore wall owing to its relatively
higher mechanical strength (Baharudin et al., 2020). This catalyst fragmentation may result in
increased pressure drop and loss of activity to reactor blockage in steam reformers, and hot
spots/hot bands that can lead to reactor failure (Aramouni et al., 2018). Finally, Whisker carbon
can act as a support for other materials that are not part of the desired reaction, such as metal
impurities or other contaminants. These impurities can then interact with the reactants and

produce unwanted by-products, leading to decreased selectivity and efficiency of the catalyst.

Furthermore, whisker carbon can also alter the electronic properties of the catalyst. The
formation of whisker carbon can change the electronic structure of the catalyst, leading to a
change in its catalytic activity. This can lead to decreased efficiency or even complete
deactivation of the catalyst. There are still discrepancies in the understanding of the mechanism
for whisker carbon growth, but detailed work on this topic can be found in the literature (Helveg
et al., 2011). Overall, the formation of whisker carbon can have significant effects on catalyst
deactivation. Understanding the mechanisms by which whisker carbon forms and its impact on
catalysts is crucial for developing strategies to mitigate its effects and improve the efficiency

and selectivity of industrial processes.

2.4.1.4 Graphitic carbon

Graphitic carbon is a type of carbon that is highly stable and resistant to oxidation, and this
makes it a common by-product that causes catalyst deactivation in many catalytic reactions.
Graphitic carbon is formed at higher temperatures due to its stability. This implies that both the
atomic and amorphous carbons can be converted to graphitic carbon under high temperature
(>700 K) conditions over a long duration. Nakamura and Toyoshima (1988) stated that carbidic
carbon formed on the surface of a cobalt catalyst at 500 K by the Boudouard reaction was
transformed into graphitic carbon at 700 K. Agrawal et al. (1981) stated that the formation of
graphite over a Ni catalyst during methanation is more favourable at temperatures above 598
K, while the graphitisation rate slows at temperatures below 573 K. Apart from the operating
temperature, it has been reported that a reaction involving a lower ratio between H> and CO
can favour the conversion of both atomic and amorphous carbon into graphitic carbon (Chen
etal., 2018).
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When graphitic carbon accumulates on the surface of a catalyst, it blocks the active sites,
resulting in deactivation, and this can hinder or end the catalytic reaction. The deactivation of
catalysts by graphitic carbon can occur via various mechanisms, including blocking the active
sites, adsorption of reactant molecules onto the graphitic carbon surface, and reducing the
availability of reactive species. Additionally, graphitic carbon can act as a barrier to the
diffusion of reactants and products, which can further limit the activity of the catalyst. It is also
worth noting that graphitic carbon can grow into a whisker carbon between catalyst support
and metal particle resulting in the mechanical destruction of the catalyst (KihIman and Simell,
2022).

To mitigate the effects of graphitic carbon on catalyst deactivation, several strategies have been
developed. One approach is to modify the catalyst surface to prevent the accumulation of
graphitic carbon. This can be achieved through the addition of active metals or metal oxides to
the catalyst surface, which can promote the oxidation of carbon species and prevent the
formation of graphitic carbon. For example, Siang et al. (2021) reported that a modified fibrous
silica alumina supported rhodium catalyst employed for CO. methanation reaction exhibited
high resistance to the formation of graphite. The author attributed the excellent resistance of
the catalyst to the improvement of the catalyst surface for CO, adsorption, which effectively
removed the amorphous carbon deposits via a CO; gasification process. Shakir et al. (2022)
modified a Ni/MgAl.O4 catalyst by introducing boron into the structure, testing in DRM. The
B-modified catalyst was found to show a superior resistance to the deposition of graphitic
carbon compared to the unmodified catalyst. The high resistance was ascribed to the
promotional effect of B leading to the formation of Ni-B species along with metallic Ni, particle
size control, the stabilisation of the metallic state, and the weakening of the Ni-C interaction,

and these helped to improve the catalyst activity and decrease the rate of deactivation.

2.4.2 Poisoning

Catalyst poisoning is the loss of activity of a catalyst due to its exposure to contaminants that
act as poisons. These poisons can bond with active sites on the catalyst surface and alter its
chemical or physical properties, reducing its ability to catalyse the desired reaction. Poisons

can be introduced to the catalyst in various ways, such as through the feedstock or the catalyst
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preparation process. Some common examples of catalyst poisons include sulfur, heavy metals,
and halides depending on the type of reaction to be catalysed. In DRM or the methanation
reaction, sulfur is a common poison that can deactivate catalysts by forming stable compounds
with active sites on the catalyst surface, reducing their availability for the desired reaction. This
is a particular problem in the petrochemical industry, where crude oil and natural gas often
contain high levels of sulfur compounds (Shi and Wu, 2021). The problem could also arise
from employing CO- derived from industrial exhaust gases since they often contain sulfur
(Wolf et al., 2019). In some cases, the presence of sulfur can also promote the formation of
carbon deposits on the catalyst surface, further reducing its activity (Xie et al., 2011).

Catalyst poisoning can be managed by (1) modifying the catalyst with lanthanides such as La
and Ce, or alkaline (K) and alkaline-earth (Mg, Ca, Ba) metals for improved tolerance to sulfur
poisoning; (2) carefully selecting feedstock sources with high purity, and (3) employing
operating conditions that are unfavourable for the activity of the contaminants or poisons (Yeo
etal., 2019; Nirmal Kumar et al., 2021). Xie et al. (2012) investigated the sulfur tolerance and
carbon resistance of supported noble metal catalysts in steam reforming of liquid hydrocarbons.
In this study, Al,O3, CeO3, SiO2, and MgO were employed as the catalyst supports while Rh,
Ru, Pt, and Pd were the active metal. The activity test results revealed that CeO2-supported Rh
and Pt catalysts displayed excellent performances despite the presence of sulfur. The high
sulfur tolerance and catalytic activity of these catalysts were attributed to the promotional effect
of CeO2 which also influenced the carbon gasification, resulting in high resistance to carbon
deposition compared with other catalysts tested. In another study, the addition of CeO; into a
Ni/Al203 catalyst was reported to enhance the catalyst’s resistance to sulfur poisoning in CO>
methanation (Alarcon et al., 2020). The various studies reported indicate that the use of catalyst
supports and/or metal components (the active metal or promoter) with low affinity for H.S

adsorption is crucial in developing high sulfur-tolerant heterogeneous catalysts.

2.4.3 Thermal deactivation

Thermal deactivation is a common form of catalyst deactivation that occurs when a catalyst is
exposed to high temperatures, which can lead to irreversible changes in its structure and activity

(Argyle and Bartholomew, 2015). Thermal deactivation can occur in automotive three-way
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catalysts during fuel shutoff used for enhancing fuel economy (Zheng et al., 2015b). This
phenomenon can be particularly problematic in industrial processes that involve high-
temperature reactions, such as petrochemical refining, where catalysts are used to promote
chemical reactions. When a catalyst is undergoing thermal deactivation, the high temperatures
can cause physical changes in the catalyst, such as sintering or melting, which can alter its
surface area, pore size distribution, and other key properties (Fu et al., 2012). These changes
can reduce the catalyst's ability to interact with reactants, leading to reduced activity and

selectivity.

In addition to physical changes, thermal deactivation can also cause chemical changes in the
catalyst. For example, high temperatures can lead to the formation of new phases or the
migration of metals within the catalyst structure, which can alter its catalytic properties. These
changes can be particularly pronounced for catalysts containing active metals such as platinum
or palladium, which are known to be susceptible to high-temperature deactivation. Another
important factor in thermal deactivation is the rate at which the temperature changes occur.
Rapid changes in temperature, such as those that occur during shutdowns or startup procedures,
can cause thermal shock and thermal stress, which can lead to cracking, deformation, or other
forms of damage to the catalyst structure (Argyle and Bartholomew, 2015; Bartholomew,

2001). This damage can further reduce the catalyst's activity and stability.

To mitigate the effects of thermal deactivation, catalysts are often designed with heat-resistant
materials and structures, and operating conditions are carefully controlled to minimise thermal
stress and shock (Zhang et al., 2015). In some cases, catalysts may be periodically regenerated
or replaced to maintain their performance over time. Overall, thermal deactivation remains a
significant challenge in the development and use of catalysts for industrial processes, and
ongoing research is focused on developing new materials and strategies to improve their

thermal stability and durability.

2.4.4 Structural changes

Catalysts can also undergo structural changes over time, leading to a decrease in the surface

area available for catalysis. There are different types of structural changes that can lead to

catalyst deactivation. One type of structural change is sintering. Sintering occurs when the
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catalyst particles undergo a physical change that causes them to coalesce or agglomerate. This
can happen when the catalyst is exposed to high temperatures, which causes the particles to
reduce their surface area and activity. A common example when this situation can arise is in
the calcination stage during catalyst synthesis which is usually a high-temperature process
(Yoshitake et al., 2003; Shi et al., 2020). The result is a loss of catalytic activity and reduced

selectivity.

In addition to sintering and poisoning, catalyst deactivation can also occur due to structural
changes caused by carbon deposition or coke formation (Takenaka et al., 2002). A structural
change can occur when burning off the excessive coke deposition during the regeneration
process of the spent catalyst if subject to extreme conditions such as high temperature and fast
heating rate (Ma et al., 2018). Therefore, it is recommended to employ optimum conditions
such as slow or moderate heating rates during regeneration processes involving the burning of
excess coke deposits on a catalyst. To prevent catalyst deactivation, it is essential to select
appropriate catalyst materials and operating conditions, as well as to monitor the catalyst's
performance regularly. Additionally, researchers are continually developing new catalysts that

are more resistant to deactivation and more efficient at accelerating chemical reactions.

2.3 Concluding remark

CO. methanation is a highly exothermic reaction which is thermodynamically feasible but
kinetically unfavourable at low temperatures. Therefore, suitable catalysts are usually
employed to enhance the CO2 conversion and CHj selectivity. Before conducting CO>
methanation, the choice of the type of reactor, the heat management in the system and the
catalyst to be employed are crucial in designing an efficient process. The most common type
of methanation reactor is the fixed-bed reactor which can exist in various configurations,
including the single fixed-bed and multi-tubular fixed bed reactors. Another type of reactor is
the fluidised bed due to its ability to achieve a highly uniform temperature distribution in the
reactor. Other forms of reactors include the honeycomb monolith reactors which are structured
forms of fixed bed reactors, microchannel reactors, flat bed reactors, membrane reactors, and
three-phase slurry reactors. Different pathways have been proposed for the formation of CHa4
during CO2 methanation. Among the suggested pathways, the most proposed mechanisms are
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(1) the CO intermediate route which involves the formation and cleavage of CO intermediates,
(2) the formate/formyl route which involves the formation of a CHxOy complex or complexes
(formyl, formates, bicarbonate species, etc), and (3) the reverse water gas shift (RWGS).
Notwithstanding the discrepancies, several studies have shown that the reaction pathways
leading to CHa are influenced by the type of catalyst employed. The catalysts employed in CO>
methanation are often categorised under heterogeneous catalysts. These catalysts have two
main components, namely, the support and the active metal. The metal generally provides the
site for the adsorption and activation of Hz while the support provides the surface for the metal
dispersion, and the adsorption and activation of CO: In this study, the active metals discussed
were the noble metals including Ru, Rh and Pd, and Ni which is a non-noble metal. Surveying
through various literature studies, these metals have shown to be highly selective to CH4
formation. Among the reviewed metals, Ni is the most extensively employed for the synthesis
of methanation catalysts due to economic reasons. However, Ni is more prone to deactivation
compared to the noble metals. Therefore, a second metal, also known as promoter, is usually
recommended to improve the stability of Ni-based catalysts. The introduction of alkali and
alkaline earth metals can help to (1) increase the surface area for high metal dispersion and
more active sites for the reactants to adsorb and react; (2) enhance the basic sites which favour
CO and CO; adsorption. This also helps to inhibit carbon deposition since the improved CO>
adsorption will result in a high conversion rate; (3) alter the reaction pathways: Alkali and
alkaline earth metals can alter the reaction pathways of catalytic reactions. Similarly, the
addition of lanthanide promoters can; (1) influence the dispersion of the active metal on the
catalyst surface through a particle size reduction effect; (2) enhance the redox performance of
the catalyst by encouraging the electron transfer of the metal species, and more active sites are
generated; (3) provide sufficient oxygen vacancies and enhanced basic sites which are crucial
for suppressing the carbon deposition and improving the CO. adsorption and activation
capacity of the catalyst. Ceria, YSZ, alumina and SBA-15 supports were reviewed because of
their excellent properties in aiding metal dispersion, and CO/CO; adsorption and activation.
YSZ and Ceria have exceptional redox properties and a high oxygen storage capacity. As
support, their oxygen vacancies behave as active sites where a high oxygen mobility favours
the activation and conversion of carbon oxides. After the activation and adsorption, these
oxygen vacancies also help in breaking the C-O bond in the adsorbed carbon oxides. The C-O

bond breaking result in the release of oxygen which fills the vacancies while the carbon
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undergoes hydrogenation to CH4. Finally, catalyst deactivation is a major challenge in many
heterogeneous catalytic reactions. Catalyst deactivation can occur in various ways including
fouling, poisoning, thermal deactivation, and structural changes. The general strategies for
preventing or suppressing the deactivation of a catalyst include the use of reaction conditions
unfavourable to the activity of contaminants such as sulfur and carbon, catalyst modification
either through the synthesis method or the addition of a promoter, and the effective design of

the reactor system.
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CHAPTER 3

Research Methodology

3.1 Introduction

This chapter provides details of materials and equipment used for the experiments conducted
in this research. A comprehensive procedure for the preparation, characterisation, and testing

of the samples in methanation reactions will also be presented in this chapter.

3.2 Materials and equipment

The equipment and materials employed in this research are given in Table 3.1 and Table 3.2,
respectively. It is worth mentioning that deionised water (diH-0) with a resistivity of 18.2

megaohms was used for the preparation of all the catalysts for this research.
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Table 3.1 List of equipment used for catalyst preparation.

Equipment

Model/Manufacturer

Application

Electronic balance
Millipore Milli-Q

Hot plate stirrer

Oil-less Vacuum pump
Benchtop Oven
Carbolite & Split tube furnaces
Teflon-lined autoclave

Quartz-tube reactor

Personal Protective Equipment (PPE)

Micromeritics® TriStar 11 Plus analyser

Proto Benchtop AXRD
Environmental Scanning Electron Microscope
Tabletop electron microscope with an energy dispersive
spectrometer (EDS)

Transmission electron microscope

Mass spectrometer

Sartorius Quintix Analytical Balance

IKA™ RCT Basic Hot Plate Stirrer (Fisher
Scientific)
Autobo Elec. Tech. Ltd (AP-1400C/V
GenLab
Carbolite Gero (CWF1300) and Vecstar

Zeiss Evol0
Hitachi TM3030

Jeol 1400 TEM

MKS Cirrus
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Sample’s weight measurement

For deionised water (diH20)
Temperature-controlled Stirring

Filtration of as-synthesised SBA-15
Drying of samples
Calcination of samples
Hydrothermal treatment
Catalyst testing
Protect against skin contact with corrosive chemicals and
inhalation of poisonous gases during samples preparation
BET surface, pore size and volume measurement of
catalysts
Powder X-ray diffraction for crystal phase identification
Imaging of catalyst’s surface morphology
Imaging of catalyst’s surface morphology and
determination of elemental distribution on the surface
Imaging of catalyst’s surface morphology
H. temperature programmed-reduction (H2-TPR),
temperature-programmed oxidation (TPQO) and CO;

methanation



Table 3.1 List of equipment used for catalyst preparation (continuation).

Elite Thermal Systems. Ltd.: Model
THH12/90/305
Gas chromatography Shimadzu GC-2014
TG 209 F1 - NETZSCH Analysing &

Testing instrument

Temperature-controlled furnace

Thermogravimetric analysis (TGA)
Transmission electron microscope Jeol 1400 TEM

inVia™ Qontor confocal Raman
Raman spectroscopy )
microscope

CO; methanation
Product analysis after CO, methanation
Temperature-programmed calcination

Imaging of catalyst’s surface morphology
Tool for inspecting the chemical structure, phase and
polymorphy, crystallinity and molecular interactions on a

surface.

77



Table 3.2 List of main materials used for sample preparation and testing.

Chemical/Gas Formula Purity (%) Supplier Application
Pluronic P-123 EO20PO70EO20 - Sigma-Aldrich Chemicals Silica synthesis (catalyst support)
Tetraethyl orthosilicate (TEOS) SiCgH2004 98.00 Fisher Scientific Silica synthesis (catalyst support)
Hydrochloric acid, pure, fuming HCI 37 Fisher Scientific Silica synthesis (catalyst support)
Nickel (1) nitrate hexahydrate Ni(NO3)2-6H.0 Extra Pure Fisher Scientific Metal precursor for catalysts
Lanthanum(l1l) nitrate hexahydrate La(NO3)3-6H20 99.99 Sigma-Aldrich Chemicals Promoter for catalysts
Tosoh-zirconia (TZ-8YS) YSZ 99.98 Tosoh corporation Catalyst support
Alumina 16-SG powder Al;O3 99.5 Almatis® Catalyst support
Cerium(lV) oxide powder CeO; 99.5 Alfa Aesar Catalyst support
Carbon dioxide CO2 99.99 Air Products & Chemicals Methanation reactant
Hydrogen H; 99.99 Aiir Products & Chemicals Methanation reactant & catalyst reduction
Nitrogen N2 99.99 Air Products & Chemicals Diluent for the reacting gases
Argon Ar 99.99 Air Products & Chemicals Carrier gas for GC
Oxygen 0, 99.99 Air Products & Chemicals Temperature-programmed oxidation
Vapour trap CaSO, 98.90 W.A. Hammond Drierite Trap condensed moisture from the products

Company

stream
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3.2 Catalysts Preparation

The SBA-15 support was synthesised by following the method reported in a previous study
(Omoregbe et al., 2017) and summarised in Figure 3.1. A dilute solution of HCI (dil HCI) was
obtained by adding concentrated HCI (37%, Fisher Scientific) dropwise into 350 mL of diH.O
until the pH of the solution was around 1. Thereafter, Pluronic® P123 triblock copolymer
(Sigma-Aldrich) was dissolved in the HCI solution which was stirred at 1000 rpm (rev min™)
at 303 K. Subsequently, a silica precursor tetraethylorthosilicate (TEOS, Fisher Scientific) was
added dropwise into the mixture at 310 K with stirring for 24 h. The mass ratio of the dil HCl ),
P123 and TEOS was 26:1:2. After 24 hours, the mixture was transferred to a Teflon-lined
autoclave and aged in a static air environment at 393 K for 24 hours in the GenLab Benchtop
oven with an exhaust connection. The as-synthesised SBA-15 was then taken out of the
autoclave, washed with diH.O until the HCI was removed and pH was about 7. The washed
SBA-15 was then filtered and dried in the GenLab Benchtop oven at 353 K for 24 h. Finally,
the dried as-synthesised SBA-15 was calcined at 823 K with heating and cooling rates of 10 K
mint. The Ni/SBA-15 catalyst was prepared using wet impregnation deposition-precipitation,
and sol-gel methods.

The Ni/SBA-15, Ni/YSZ, Ni/CeO, and Ni/Al.O3 catalysts were prepared by the wetness

impregnation method summarised in

Figure 3.2. A controlled quantity of Ni precursor Ni(NO3)2.6H20 (extra pure, Fisher Scientific)
was first dissolved in diH20 to form a solution. The Ni(NO3),.6H20 solution was then mixed
with a calculated amount of the support X (SBA-15, YSZ, CeO; or Al20s3) and stirred at 323
K until a slurry was formed. The catalyst formed was dried at 353 K and calcined at 923 K
with heating and cooling rates of 5 K min™,
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Figure 3.1 Flowchart for the preparation of SBA-15 support.
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Catalyst crushing
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Pelletized catalyst A
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Figure 3.2 Flowchart for catalyst synthesis using the wetness impregnation method.
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3.3 Catalyst characterisation

3.4.1 Textural Analysis

The textural properties of porous materials were investigated by Brunauer-Emmett-Teller
(BET) surface measurement. A comprehensive study on the theory behind BET is found at
Naderi (2015). This analysis enables the determination of the surface areas, pore sizes and pore
volumes of the samples. The data from this analysis also enabled the calculation of the average
crystallite sizes of the active Ni metal in the samples, where applicable. In this study, the BET
surface areas of the samples were measured using a Micromeritics® TriStar Il Plus analyser
(Figure 3.3) at a temperature of 77.15 K. For each run, the sample tube was loaded such that
the oval shape at the bottom was half filled. The weight used ranged from 0.25 to 3.00 g,
depending on the quantity of sample needed to achieve a half-filled level in the tube. Before
the adsorption/desorption step, the material was degassed for about 6 hours at 373 K to expel
moisture and contaminants. Once the degassing process was complete, the sample tubes were
transferred to the BET surface equipment for BET surface and porosity measurement. A Dewar
flask in the equipment contained liquid N2, whose movement (up and down) was automated by

an acquisition computer software connected to the instrument.

BET surface equipment

[@i micromeritics ““\m}
S TriStar Il PLU. %

Sample tube

Dewar flask
Degasser

Figure 3.3 Micromeritics® TriStar 11 Plus analyser with degasser.

81



18

16

12 -

Quantity of N, Adsorbed (cm3/g STP)

O T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P/Po)

Figure 3.4 A typical N, adsorption—desorption isotherm profile from a Micromeritics®
TriStar 11 Plus analyser.

During the process, the flask moves up enabling the sample tubes to be immersed inside liquid
N2 until the analysis is complete. At the end of the process, the software acquires a series of
data, among which is an isotherm profile for adsorption-desorption processes such as the one
shown in Figure 3.4. As seen, P and Po represent the equilibrium pressure of the adsorbed gas
and saturation pressure of the adsorbate gas (which is N2 in this case), respectively. The
dimensionless quantity P/Po, which is also referred to as the relative pressure, is used to
describe the amount of gas adsorbed on the solid material relative to the maximum amount it
can hold at a particular temperature. From the BET data, the sample’s pore volume could be
estimated by using the quantity of gas adsorbed at the relative pressure of about 1 provided the
pores were completely saturated with the liquid adsorbate (liquid N2). The volume of liquid N2

was evaluated using Eq. (3.1).
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PV v

Vy, = ﬁ (3.0)
where Vnz = Volume of liquid N (cm®),
Vads = Volume of adsorbed N2 (cm?3),
Pa = Ambient pressure (atm),
R = universal gas constant (cm3-atm-K™.mol?)
Ta = Ambient temperature (K)

Vm = Molar volume of the adsorbate (34.7 cm® mol™ for Ny).

On the premise that the pore geometry was cylindrical, the Kelvin equation (Eg. (3.2)) was

used to determine the pore size (Gregg and Sing, 1982).
r = _275Vm

K
RT. In— (32)

0
where 7, = the surface tension of liquid N at boiling point (N m™),
V., = molar volume of the liquid N2 (m?),

T, =boiling point of nitrogen (T),

I = the Kelvin radius (m).

It is important to note that the Kelvin equation does not accurately gives the pore's true size
considering that there is a high probability of some adsorption taken place on the pore wall

prior to condensation. Furthermore, an adsorbed layer remains on the walls during evaporation.
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Therefore, the thickness of the adsorbed layer should also be considered when estimating the
pore true size. This can be achieved by applying Eq. (3.3):

rP = I’K +tads (3'3)
where tags = The thickness of the adsorbed layer

Eq. (3.4) suggested, by de Boer (Singh, 2008), can be applied in estimating the thickness of the
adsorbed layer (tads):

Lo = ( A )% (3.4)
“* " log(P, / P)+0.034 '

3.4.2 X-ray diffraction measurement

X-ray diffraction (XRD) is a characterisation technique that is mostly used in investigating the
crystalline structure of samples. It can also be used to estimate the average spacings between
atomic planes, study the orientation of an individual crystal or a grain, or evaluate the size,
shape, and internal stress of small crystalline regions. X-ray diffraction operates on the
principle of diffraction and transmission of X-rays when incident on a crystalline material (see
Figure 3.5 (a)-(c)). A cathode ray tube inside the equipment generates the X-rays which are
filtered to produce monochromatic radiation and focussed on the sample. The incident rays
thereafter interact with the samples to create a constructive interference and a diffracted ray
according to Bragg's Law (Eq (3.5)).

niA=2dsiné (3.5)

In Bragg’s equation, n is an integer, the order of the reflection, 4 is the wavelength of the X-
ray, d is the distance between two lattice planes, and @ is the angle between the incident X-rays
and the scattering plane (angle of diffraction). The angle of diffraction can be obtained from
the XRD diffraction peaks of the sample while the crystalline phases associated with these

peaks are identified using standard reference patterns. The most common standard for
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identifying the phases from XRD peaks is the Joint Committee for Powder Diffraction Studies
(JCPDS) database for peak identification (Hybler, 1985; Wong-Ng et al., 1982).

b ecorded
( d ) ( ) Diffraction pattern

Diftracted beam by detector

Incident beam

t Crystalline material Transmitted beam

Figure 3.5 Diagrams (a) and (b) represent the principle of X-rays diffraction as proposed
by Bragg’s Law, and (c) shows the inner chamber of a Proto Benchtop AXRD
equipment during a typical XRD analysis.

In addition, the average crystallite size for the crystals of each sample can be determined from
XRD data by the Scherrer equation (Patterson, 1939) (Eqg. (3.6)):

d, (hm) = (3.6)

[ cos 6
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Where dp = Particle size in nm,
K = Shape factor with the value of 0.9 (assuming a spherical particle),
L = X-ray wavelength of the X-ray source Cu Ka (1.5406 A),

B = Line broadening at half the maximum intensity (FWHM) of the NiO or Ni° diffraction
peak,

0 = is the Bragg angle in radian.

The crystalline phases of the catalysts were investigated by X-ray powder diffraction analysis
on a Proto Benchtop AXRD at 30.5 kV and 20.5 mA scanning from a 26 of 5° to 85° with an

increment of 0.0149° using Cu-Kq«at room temperature in ambient air.

3.4.3 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a technique that is employed in determining the thermal
stability of a material by subjecting it to a temperature-controlled environment either in the
presence or absence of a gaseous medium. In this technique, the change in the sample’s mass
over time is measured in relation to the change in temperature. The TGA technique is used in
different ways depending on the information that is needed about a sample. The commonest
among these TGA techniques includes temperature-programmed calcination (TPC),
temperature-programmed oxidation (TPO), and H> temperature-programmed reduction (Hz-
TPR).

3.4.3.1 Temperature-programmed calcination TPC

Temperature-programmed calcination (TPC) is a type of thermogravimetric analysis (TGA)
that measures the weight change of a sample over time when it is subjected to a controlled
temperature programme in a regulated atmosphere (in air or inert medium). The weight change
of the sample can give vital information such as the nature of a sample (organic or inorganic),
the decomposition temperature, or the safe operating temperature in different gaseous media

and the types of volatiles removed from the sample before or during decomposition.
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In this study, the TPC of samples were carried out to determine their optimal calcination
temperatures (the minimum temperature required for all the volatiles and physically adsorbed
moisture to be removed and the samples’ weights to become stable). Such information allowed
to set the furnace to specific temperatures for calcination during sample preparation. The TPC
of samples was performed on a TG 209 F1 - NETZSCH Analysing & Testing instrument
(Figure 3.6). The TPC of all the prepared samples was carried out under N2 environment
flowing at 20 mL min* and temperature up to 1,073 K at a heating rate of 10 K min%. The mass
of the samples was in the range of 10 to 70 mg, depending on their density. The TA analysis

software “NETZSCH Proteus” was employed in evaluating the measured data and obtaining

the TPC profile such as the one shown in Figure 3.7.

Figure 3.6 NETZSCH Analysing & Testing instrument for Temperature-programmed
calcination.
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Figure 3.7 Representation of a typical temperature and weight change profile from a TPC
analysis conducted with the NETZSCH Analysing & Testing instrument in
Figure 3.6.

3.4.3.2 Temperature-programmed oxidation

Temperature-programmed oxidation (TPO) is a TGA technique commonly used in
heterogeneous catalysis to determine the amount and nature of the carbon species formed on
the surface of a catalyst after a reaction. Basically, a known mass of the catalyst is heated at a
controlled temperature in air or O until the change in the catalyst weight becomes zero. The
amount of carbon is then determined by the weight loss of the catalyst since carbon is expected
to burn off the sample resulting in weight loss. However, this step can be sometimes
complicated when the catalyst contains an active metal such as Ni. During the TPO analysis,
not only the carbon is combusted and oxidised to CO>, but Ni is most likely oxidised into NiO

according to Eq. (3.7):

2Ni + C + 20, — 2NiO + CO, (3.7)
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Therefore, the quantity of carbon formed after a CO> methanation reaction was determined by
focusing on the amount of CO> formed and not the catalyst weight change. This was achieved
by heating the spent catalyst in a quartz-tube reactor that was directly connected to a MKS
Cirrus mass spectrometer. The furnace was heated up to 1073 K at a heating rate of 5 K min™.
Gaseous stream of Oz and N with flowrates of 5 mL min™ and 20 mL min, respectively was
used for the TPO analysis. The data from the mass spectrometer readings supplied a profile
such as the one shown in Figure 3.8.
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Figure 3.8 TPO profile showing CO- signal as a function of the oxidation temperature.

3.4.3.3 H> temperature-programmed reduction

H> temperature-programmed reduction (H2-TPR) is a TGA technique that is mainly used to
determine the reducibility of a heterogeneous catalyst. This technique involves the heating of
a freshly prepared (calcined) catalyst in Hz environment until the weight change becomes zero.
The reaction that takes place during the H>-TPR of a Ni-based catalyst is described by Eq.
(3.8). Basically, the NiO component of the catalyst is reduced into Ni (catalyst activation) when
the catalyst is heated at elevated temperature in a H environment. The reduction temperature

depends on the nature of the bond between the NiO and the catalyst surface. Therefore, the
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different catalysts undergo complete reduction at different temperatures. As a rule of thumb, a
catalyst with lower reduction temperature is said to have a high degree of reduction. However,
it has been argued that a high degree of reduction may also be due to low NiO dispersion on
the surface (Swaan et al. 1994). This could result in a weak bond, and hence result in a high

degree of reduction.

NiO + H, > Ni + H,0 (3.8)

The H2-TPR was carried out in a quartz tube reactor connected to the MKS Cirrus mass
spectrometer by passing a stream of H2/N2 under monitored temperature according to a
procedure reported by (Huang et al., 2017). For each catalyst reduced, 200 mg of sample was
heated to 1273 K under the flow of 5 mL min™* H, and 20 mL min™* N2 and at a heating rate of
5 K mint. The amount of hydrogen consumed was determined by the readings from the mass

spectrometer, and the temperature profile was like the one shown in Figure 3.9.

P1

P2
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Figure 3.9 H>-TPR profile showing H. consumption as a function of temperature. The
reduction peaks P1 and P2 are signals indicating the consumption of hydrogen
at the lower and higher temperatures, respectively.
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3.4.4 Scanning electron microscopy

A scanning electron microscope is a type of electron microscope that creates an image by
scanning a focused beam of electrons over the surface of a sample. In this measurement, various
signals containing information about the sample’s morphology are produced during the
interaction of electrons in the beam with atoms in the sample. In this study, a Tabletop Scanning
Electron Microscope Hitachi TM3030 with energy-dispersive X-ray (EDX) spectroscopic
option (Figure 3.10) and environmental Scanning Electron Microscope Zeiss Evol0 were
employed in determining the morphologies of the samples. Prior to the imaging, samples were
coated with platinum using the Quorum - Q150T ES Sputter coater. The thin platinum metal
layer helped to create a conductive surface that prevented static charging and improved the
secondary electron signal required for imaging. The chemical elemental composition of
sintered samples (without coating) was analysed using EDX. The deviation of the Ni content
determined in this way from the theoretical value was below 2 %.
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Figure 3.10  Diagrams representing the Tabletop Scanning Electron Microscope Hitachi
TM3030.

3.4.5 Raman spectroscopy

Raman Spectroscopy is a powerful tool used for chemical analysis to provide detailed
information about the molecular interactions, chemical structure, crystallinity, and phase of

samples. This technique works according to the interaction of light with the chemical bonds
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within a sample. Basically, the molecules within the sample scatter incident light that is
originating from a high intensity laser light source. The scattered light with a different
wavelength from the laser source (Raman Scatter) is used in providing useful information about
the sample (HORIBA Scientific, 2022). In this study, Raman spectroscopy was carried out in
the inVia™ Qontor confocal Raman microscope (M&M 2A04) (Figure 3.11) equipped with a
Renishaw Centrus 0C4E47 detector. A laser excitation of 532 nm laser (green), laser power of
10 mW, dispersed by 1800 lines/mm grating and exposition for 10 sec, 3 accumulations and a
spectra range of 100 to 4000 cm™ were employed. The silicon reference peak intensity was set

to 520 cm™ while cosmic ray removal was enabled.
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Figure 3.11  inVia™ Qontor confocal Raman microscope (M&M 2A04).

3.5 Catalytic activity test

The performance of the synthesised catalysts for CO, methanation was examined in a
continuous flow quartz tube fixed-bed reactor (I.D. = 5.5 mm, wall thickness = 2 mm) at a
temperature range of 473 to 823 K under atmospheric pressure. The catalyst weight range was
from 150 mg to 600 mg depending on test setup. An average particle size of 150 um was
employed to eliminate mass transport resistances. For each experiment, the catalyst was
supported by an inert quartz wool, forming a bed at both ends. The reactor was horizontally
positioned in a temperature-controlled furnace (Elite Thermal Systems. Ltd.: Model
THH12/90/305). Three reactor settings were employed in this study and are presented in
Figure 3.12.



Prior to the actual methanation reaction, the catalyst in the reactor was first reduced by passing
a stream of 20 mL min! H, and 60 mL min™ N through it at 973 K for 1 h. Subsequently, the
reactor was cooled to the reaction temperature whilst being purged by passing a stream of N>
(60 mL mint). Thereafter, a gaseous feed stream containing N2 (60 mL min), Hz (60 mL min-
1y and CO2 (15 mL min™?) was introduced at the respective reaction temperatures under
atmospheric pressure. The reactant flowrates were controlled using calibrated mass flow
controllers. The products of the reaction were channelled through a drying system before
sending them to a Shimadzu GC-2014 gas chromatograph for analysis. The GC was equipped
with a thermal conductivity detector and column (ShimCarbon ST, length 200 m, inner
diameter 0.35 mm) and was operated under argon as the carrier gas. The performances of tested
catalysts, carbon balance (Cy) and the rate of carbon deposition (Cq) were estimated by applying
Egs. (3.9) to (3.13).

Xco, = <FC°2";‘:C;::02"’”> x 100% (3.9)

Yen, = <FI§:;:> x 100% (3.10)

S, = < Fiout > x 100% (3.11)
Fenyout + Feo,out

Cy(%) = (oo * I;ZZZ“: HFemon) 100 (442

Fc0,in = (Fco, pe F Fco e T Ferty gue) (3.13)

Cq (mol S_lgc_alt = W,

Where Fi= molar flowrate for any species i (CO or CH4) in mol s,
Xcoz = CO2 conversion (%); YcHs = CHa yield (%); Si = CH4 or CO selectivity (%),

Feo, ,= The flowrate of inlet COzin mol s,
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Fco, puer Feo oy, @Nd Fep, .= The flowrate of CO2, CO and CHa in the outlet in mol st

Weat = Catalyst mass (g).

The molar flowrate (Fi) was obtained by converting the equivalent volumetric flowrate using
the ideal gas law with the assumption that the external temperature was 298 K. The carbon
balance was determined by assuming that the main carbon sources are CO, CO, C and CH4

while other side products are negligible.
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Figure 3.12  Scheme of (a) a single fixed-bed quartz reactor containing one catalyst bed, (b) a single fixed-bed quartz reactor containing two
catalyst beds, and (c) two fixed-bed quartz reactors arranged in series with a water trap placed between them for the CO>
methanation reaction.
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CHAPTER 4

Characterisation results and discussion

4.1 Textural Analysis

This section presents and discusses the textural properties of all the synthesised catalysts used
in this work, such as the Ni-based YSZ, Al;O3, CeO; and SBA-15 catalysts by the No-

physisorption analysis.

4.1.1 Textural properties of Ni-based YSZ catalysts

The N2-adsorption/desorption properties of YSZ and the freshly prepared Ni/YSZ catalysts
were investigated. Their adsorption curves are presented in Figure 4.1. As seen in the Figure,
the adsorption curves of all the samples developed into a type-IV isotherm with an H3-type
hysteresis loop based on the IUPAC classifications (Al-Fatesh et al., 2022a; Feng et al., 2022).
Type-1V isotherm is a type of isotherm formed by the capillary condensation and evaporation
within the porous structure of the adsorbent at high relative pressures (P/Po) within the range
of 0.8 to 1. Type-IV adsorption isotherms is typical for mesoporous and macroporous
substances that possess a network of interconnected channels with slit-shaped pores (Chang et
al., 2016; Sing et al., 1985). The distinctive H3-type hysteresis loop observed in these isotherms
suggests strong interactions between the adsorbent and adsorbate, making it a valuable tool for
identifying and characterising porous materials with unique surface properties and pore

structures.

In addition, the similarity in the Nz-adsorption/desorption isotherms of both the YSZ and
Ni/YSZ catalysts revealed that there was no significant alteration in the YSZ support’s
framework after the impregnation with Ni. Notwithstanding, there were changes in the BET

surface area, pore size and pore volume after the impregnation process as shown in

Table 4.1. The BET surface area initially decreased with increasing Ni content from 5% to 10%

and then increased until 30% Ni loading declining again with high Ni loading of above 40%.
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The observed decrease in the surface area can be attributed to the partial blockage of the pores

due to the dispersion of Ni in the support.

—— YSZ —k— 30%NifY SZ
—— 5%NIlYSZ —&— 40%NiY SZ
—&— 10%NiY SZ —4— 50%NirY SZ
—a— 20%NilYSZ —w— 75%NI/YSZ

Volume of N, adsorbed (cm?/g STP)

00 01 02 03 04 05 06 07 08 09 1.0
P/P

0

Figure 4.1 N2-adsorption/desorption isotherms of the YSZ support and the calcined
Ni/YSZ catalysts with various Ni-loading before the reaction.

Furthermore, the average pore size and pore volume relatively increased with higher Ni loading
until 30%Ni loading and decreased above 30%Ni loading. The Na-adsorption/desorption
isotherms of YSZ support, and 10%Ni/YSZ and La-promoted Ni/YSZ catalysts are shown in
Figure 4.2. Just like the YSZ and 10%Ni/YSZ -catalyst (Figure 4.1), the No-
adsorption/desorption isotherms of all the La-promoted Ni/YSZ catalysts developed into a
type-1V isotherms with an H3-type hysteresis loop. However, these hysteresis loops resulting
from capillary condensation and evaporation, shifted to lower P/Pg values (about 0.8 to 1 for
10%Ni/YSZ to about 0.75 to 1 for the 5La%-10%Ni/Y SZ catalyst) as the amount of La content
increased. This shift in the hysteresis loop of the YSZ indicates that the addition of the La-
promoter resulted in the modification of the pore structure. Indeed, the BET surface area, pore
size and volume of YSZ (see Table 4.2) were greatly improved after the addition of La-
promoter. This upgrade in the pore structure may be attributed to the enhanced resistance to
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sintering of the NiO particles, which likely resulted in the enhanced dispersion of the (smaller)

NiO particles.

Table 4.1 Physicochemical properties of the YSZ support and the calcined Ni/YSZ catalysts
before reduction in Ha.

Samples BET su;fa_cie area Pore size (nm)? Pore \;ol_lfnbwe

(m=g™) (cm®g7)

YSZ 5.8248 + 0.0057 5.63887 0.008211
5%Ni/YSZ 5.2464 £+ 0.0052 6.02938 0.007908
10%Ni/YSZ 5.3354 +0.0128 6.35586 0.008478
20%N/YSZ 6.2207 £ 0.0071 5.92179 0.009209
30%N/YSZ 6.0809 + 0.0193 5.84615 0.008887
40%N/YSZ 4.2374 +0.0053 5.67500 0.006012
50%Ni/YSZ 4.8420 + 0.0093 6.06354 0.007340
75%Ni/YSZ 4.7306 + 0.0143 5.92908 0.007012

a Data were obtained from the BJH adsorption average pore diameter (4 v/A); ® Data were obtained from the
BJH single point adsorption at P/Po = 0.95.
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—a— 5%La-10%NiYSZ
—— 4%La-10%NIYSZ
—1— 3%La-10%NIYSZ
—*— 2%La-10%NiYSZ
—— 10%NIYSZ

Figure 4.2 Nitrogen adsorption/desorption isotherms of YSZ support, 10%Ni/YSZ and La-
promoted Ni/YSZ catalysts before reduction in Ho.

Table 4.2 Physicochemical properties of the YSZ support, 10%Ni/YSZ and La-promoted

Ni/YSZ catalysts before reduction in Ho.

Samples BET surfaie area (m? Pore size (nm)? Pore \;ol_lfr:e
g) (cm®g7)
YSZ 5.8248 + 0.0057 5.63887 0.008211
10%Ni/YSZ 5.2464 + 0.0052 6.02938 0.007908
2%La-10%Ni/YSZ 5.7929 + 0.0065 6.28439 0.009101
3%La-10%Ni/YSZ 6.2861 + 0.0066 7.75140 0.012182
4%La-10%Ni/YSZ 5.8290 + 0.0051 7.36956 0.010739
5%La-10%Ni/YSZ 7.0489 + 0.0053 7.29750 0.012860

a Data were obtained from the BJH adsorption average pore diameter (4 v/A); ® Data were obtained from the
BJH single point adsorption at P/Po = 0.95.
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4.1.2 Textural properties of Ni-based Al.Oz, CeO. and SBA-15 catalysts

The Nq-adsorption/desorption of the SBA-15, CeO», and Al,O3 supports with their Ni-based
catalysts was also investigated and the adsorption curves are presented in Figure 4.3 to 4.5. As
seen in the figures, the adsorption curves of all the samples developed into type-IV isotherms
which is indicative that these samples are mesoporous. However, the curves take different

hysteresis loops for the various catalysts.

Figure 4.3 represents the N»-adsorption/desorption of the SBA-15 support and 10%Ni/SBA-15
catalyst. It can be seen that both SBA-15 and 10%Ni/SBA-15 catalyst developed into type IV
isotherms with H1-type hysteresis loop (Thommes et al., 2015). This is characteristic of a
mesoporous material with a well-defined hexagonal structure (Al-Fatesh et al., 2022b). The
combination of type IV isotherm and H1-type hysteresis loop is indicative of a porous material
with relatively narrow pore size distribution and capillary condensation occurring within the
mesopores. Considering that both SBA-15 support and 10%Ni/SBA-15 catalyst displayed
similar isotherms after the impregnation of Ni, this suggests that the framework of the SBA-15
was not significantly altered after impregnation.

700
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Figure 4.3 Nitrogen adsorption/desorption isotherms of SBA-15 and 10%Ni/SBA-15
before reduction in H..

The textural properties including BET surface area, pore size and pore volume for SBA-15
support and 10%Ni/SBA-15 catalyst are given in Table 4.3. SBA-15 exhibits a high surface
area of 664.4107 + 1.1197 m? g1. However, the surface area decreased to 609.868 + 1.0902 m?
gt after the impregnation of Ni into its framework. Similarly, the pore size and pore volume
also decreased from 5.47447 nm and 0.909324 cm? g%, to 5.18621 nm and 0.790725 cm?® g%,

respectively, and this was attributed to partial pore blockage by the NiO species.
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Figure 4.4 Nitrogen adsorption/desorption isotherms of AlI203 and 10%Ni/Al203 before

reduction in H2.

depicts the N2 adsorption/desorption isotherms of Al.Oz and 10%Ni/Al>Oz catalyst where both
materials developed into type IV isotherms with H3-type hysteresis loop in the relative pressure
range of 0.78 to 1.0. The similarity in the isotherms of both Al,O3z and 10%Ni/Al>O3 catalyst
suggest that there was no significant alteration in the Al.O3 support’s pore structure after the
impregnation of NiO.
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Figure 4.4  Nitrogen adsorption/desorption isotherms of Al,O3 and 10%Ni/Al.O3 before
reduction in Hz.

Table 4.3 Textural properties of SBA-15, CeO., Al,03 and YSZ supports and their Ni-
based catalysts before reduction in Ho.

BET surface area

Samples Mg Pore size (nm)®  Pore volume (cm?® g1)°
SBA-15 664.4107 £1.1197 5.47447 0.909324
10%Ni/SBA-15 609.8681 + 1.0902 5.18621 0.790725
CeO: 5.2883 + 0.0156 8.46286 0.011189
10%Ni/CeO> 4.3261 £ 0.0214 9.63428 0.010420
Al2O3 8.4632 £ 0.0327 7.19775 0.015229
10%Ni/Al203 8.0257 £ 0.0130 7.77670 0.015603
YSZ 5.8248 + 0.0057 5.63887 0.008211
10%Ni/YSZ 5.2464 £ 0.0052 6.02938 0.007908

a Data was obtained from the BJH adsorption average pore diameter (4v/A by BET); b Data was obtained from the BJH single point adsorption at P/P0 =0.95.
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Figure 4.5 shows the Ny-adsorption/desorption isotherms of CeO. and the 10%Ni/CeO-
catalyst. The isotherms developed into type 1V isotherms with H3-type hysteresis loop (Sun et
al., 2022b). However, the capillary condensation and evaporation were found to start at a low
relative pressure of P/PO = 0.45. This indicates that the CeO> supported catalyst has more
micropores than the SBA-15, Al>Oz and YSZ supported catalysts since less pressure is required

to fill micropores than to fill mesopores (Zhou et al., 2023; Shivakumar and Maitra, 2023).

Furthermore, the textural data shown in Table 4.3 revealed that there was a decrease in the BET
surface area and pore volume of CeO after impregnation with the NiO to form the
10%Ni/CeO catalyst. The decrease in the surface area and pore volume after the incorporation
of the NiO species may be attributed to the dispersion of the metals into the support pore

channels, resulting in partial pore blockage.
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Figure 4.5 Nitrogen adsorption/desorption isotherms of CeO. and 10%Ni/CeO; before
reduction in Ha.

4.2 X-ray diffraction measurement

The crystalline phases present in all the catalysts were investigated by powder XRD. The

recorded diffractograms of both the freshly prepared and reduced catalysts are presented in
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Figure 4.6 to 4.8. The X-ray peaks were matched with the Joint Committee on Powder
Diffraction Standards (JCPDS) database (Wong-Ng et al., 1982; JCPDS Powder Diffraction
File, 2000). The NiO and Ni° particle sizes were estimated using the Debye—Scherrer equation

(Eq. (3.6)).

4.2.1 XRD of Ni-based YSZ catalysts

Figure 4.6 (a) represents the XRD patterns of the freshly prepared YSZ and Ni/YSZ catalysts.
The recorded diffractograms indicates the existence of YSZ peaks (JCPDS 81-1550) at 26 =
29.9°(111),34.6°(200),50.0°(220), 59.4° (2 2 2), 62.3° and 73.5° (4 0 0) (Zhou et al.,
2020; Kesavan et al., 2018). NiO peaks (JCPDS 73-1519) were observed at 20 = 37.4°, 43.4°,
75.6° and 79.5° for the 30%Ni, 50% and 75%Ni catalysts, while the NiO peak intensities
observed at 26 = 37.4°, 43.4° and 75.6° for the 5%Ni and 10%Ni catalysts were very weak. In
addition, there was an overlap between the YSZ and NiO phases at 26 = 62.8°.

Figure 4.6 (b) shows the XRD patterns of the reduced Ni/YSZ catalysts. After the catalyst
reduction in Hy, the peak at 26 = 37.4° disappeared while the peak at 43.4° shifted to around
44.5° to 45°, indicating the presence of Ni° metal. A new peak appeared at about 52°, and this
was ascribed to the presence of Ni° metal. Furthermore, the particle size calculation using the
Scherrer equation showed that there was a relative increase in Ni particle size after the

reduction in Hz (Table 4.4).
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Figure 4.6 XRD patterns of (a) fresh and (b) reduced Ni/YSZ catalysts with different Ni-

loading.
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Table 4.4 Crystallite size of Ni and NiO in both fresh and reduced Ni/YSZ catalysts.
Estimation from Scherrer equation with the (2 0 0) reflection for NiO phase in the
unreduced Ni/YSZ catalysts and (1 1 1) for Ni phase in the reduced Ni/YSZ
catalysts in the XRD data.

Crystallite size, d (nm)

Samples
dnio dni
Ysz - -
SWNIfYSZ Do00ssoTsr 000384134
10%Ni/YSZ 0.0%2321282 0.096‘8324252
20%N/YSZ o.o%tl's;loism 0.032)62.?:71;09
30%N/YS2 10003814015 0003300454
40%N/YSZ 0.0?)53.5281091 0.032)%21;81;85
SO%NITYSZ 00040BTTS  0.009971645
75%NIfYSZ o.o%%jésilca 0.4810.828151

The increase in Ni particle size after the reduction of NiO was unexpected. However, the
reduction of the catalyst at elevated temperature has been reported to encourage crystal growth
through migration and coalescence or atom diffusion (Villarba and Jonsson, 1994; Ruckenstein
and Pulvermacher, 1973; Ghaani and Catti, 2019; Lee, 1980). Yi et al. (2022) employed the
atom diffusion mechanism to conduct a sintering kinetic study for the growth of Ni during the
reduction of a series of Ni-based catalysts. The authors stated from their findings that the
distance between the diffused Ni species and metal-support interactions (MSI) or variation in
pore size and shape influenced the order of sintering kinetics of Ni. Notwithstanding the

occurrence of Ni crystal growth, all the reduced catalysts exhibited similar XRD patterns,
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which indicated that the Ni/YSZ structure was not significantly altered after the reduction

process.

Figure 4.7 (a) and (b) illustrate the XRD patterns of the freshly prepared and reduced La-
promoted Ni/YSZ catalysts. The XRD patterns of the unreduced La-promoted Ni/YSZ
catalysts in Figure 4.7 (a) exhibited a similar pattern with that of the unreduced 10%Ni/YSZ
catalyst. However, the NiO peaks slightly shifted to the left at 26 = 37.0°, 43.1° and 62.4° for
the 3%La-10%Ni/YSZ catalyst indicating that the 3%La addition likely aided the modification
of the catalyst structure. Furthermore, the presence of lanthanum oxide (La2O3) could not be
detected for La contents below 3%. When the La contents was raised above 3% (4%La-
10%Ni/YSZ and 5%La-10%Ni/YSZ catalysts), a diffraction peak which can be assigned to
La,O3 (JCPDS-ICDD: 05-0602) was observed at 26 = 32.9° (Xiao et al., 2014; Wang et al.,
2014).
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(a) Fresh 10%Ni’YSZ
(b) (b) Reduced 10%Ni/YSZ
O (c) Reduced 2%La-10%Ni’YSZ
(d) Reduced 3%La-10%Ni/YSZ
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(f) Reduced 5%La-10%Ni’YSZ
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Figure 4.7 XRD patterns of (a) fresh and (b) reduced La-promoted Ni/YSZ catalysts.

Table 4.5 Crystallite size of Ni and NiO in both fresh and reduced 10%Ni/YSZ and La-
promoted Ni/YSZ catalysts. Estimation from Scherrer Equation with the (2 0 0)
reflection for NiO phase in the unreduced Ni/YSZ catalysts and (1 1 1) for Ni
phase in the reduced Ni/YSZ catalysts in the XRD data

Crystallite size (nm)

Samples
dnio dni
YSZ - -

10%Ni/YSZ 31.36 + 34.39 +
0.002251982 0.000924852

2%La-10%Ni/YSZ 17.27 £ 24.93 =
0.0020528 0.002414165

3%La-10%Ni/YSZ 16.33 + 20.40 +
0.002199891 0.004741212

4%La-10%Ni/YSZ 14.87 + 23.24
0.002683365 0.000859852
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5%La-10%Ni/YSZ 23.06 = 24.00 £
0.002592261 0.003078849

Figure 4.7 (b) depicts the XRD patterns of the reduced La-promoted Ni/YSZ catalysts where
Ni peaks were detected at 20 = 44.7°, 52° and 76.6°. Interestingly, a new peak with weak
intensity appeared at 26 = 27.1° for the 5%La-10%Ni/YSZ catalyst. This may be attributed to
the presence of La species (LaxxOs.y) where 0 < x < 2, and 0 < y < 3. In this study, x and y
are assumed to be zero suggesting that the La species at 20 = 27.1° is La»0s, and this is in
agreement with literature data (Liu et al., 2016). Notwithstanding, it has been suggested that in
a situation where reduction takes place, the La species may be reduced into La>Oz.x (Li et al.,
2012) or LaOx (x<1.5) (Bernal et al., 1997). However, it could not be confirmed if there was
reduction of any La species based on the available data. Therefore, additional analysis is
suggested to determine whether there would be a reduction of La species during a H>-TPR of
La-promoted Ni/YSZ catalysts. The estimation of the particle sizes of the La-promoted catalyst
using the Scherrer equation (see Table 4.5) revealed the catalyst size was greatly reduced after
the La-promotion. Therefore, it was inferred that the addition of the La-promoter helped in
suppressing the sintering process during the catalyst synthesis. It also suggested that the
presence of the La-promoter in the Ni/YSZ catalyst aided enhancement of the Ni particles
distribution over the surface. It is worth mentioning that the promotional influence of La was

significant for the La contents below 5%.

4.2.2 XRD of Ni-based Al,O3, CeO and SBA-15 catalysts

The X-ray diffraction patterns of fresh and reduced 10%Ni/Al.O3, 10%Ni/SBA-15 and
10%Ni/CeO- catalysts were also examined, and the results are represented in Figure 4.8 to
4.10. Figure 4.8 illustrates the XRD pattern of SBA-15, and unreduced and reduced
10%Ni/SBA-15 catalysts. As seen in the figure, a phase appeared around 26 = 15 — 30°. This
broad peak may be attributed to the SiO> structure of the SBA-15 (JCPDS card No. 29-0085)
(Zhang et al., 2023a). This SiO. phase was also noticed in the XRD pattern of the unreduced
and reduced 10%Ni/SBA-15 catalysts indicating that the mesoporous structure of the silica was
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not significantly altered after synthesis. In Figure 4.8 (b), the peaks detected at 26 = 37.1°,
43.2°, 62.8°, 75.5° and 78.2° are ascribable to the (11 1), (200),(220),(311)and (22 2)
reflections, respectively, of the NiO phase (JCPDS card No. 47-1049).
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Figure 4.8  XRD patterns of (a) SBA-15, (b) unreduced 10%Ni/SBA-15 and (c) reduced
10%Ni/SBA-15 catalysts.

In Figure 4.8 (c), the peaks observed at 20 = 44.6°, 52.0° and 76.6° may be assigned to the Ni
phase. The NiO particle and Ni crystallite sizes were also estimated using the Scherrer
equation, and the results are given in Table 4.6. The Ni crystallite size for the 10%Ni/SBA-15
catalyst was higher than the NiO particle size, indicating that sintering occurred during the

catalyst reduction in Ha.
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Table 4.6 Crystallite size of Ni and NiO in both fresh and reduced 10%Ni/YSZ,
10%Ni/Al>03, 10%Ni/SBA-15 and 10%Ni/CeO; catalysts.

Crystallite size, d (nm)

Samples _ _
dnio dni dni

31.36 + 34.39 + 23.91471

.
10%Ni/YSZ 0.002251982  0.000924852

28.42 + 32.08 £ 28.66058

10%Ni/Al2O3
0.001217952 0.001411639

27.63 = 29.53 £ 15.01891

10%Ni/SBA-15
0.001075886 0.002685854

41.28 + 4443 + 38.6412

10%Ni/CeO-
0.004535681 0.000728086

* Estimation was obtained from the Scherrer Equation using the highest FWHM of NiO and Ni peaks in the
XRD data of the catalysts; ** Particle size was obtained from TEM results.

Figure 4.9 represents the XRD patterns of Al>Oz, unreduced and 10%Ni/Al>O3 catalysts. The
Al>03 phase (JCPDS 65 — 3102) was noticed at 26 = 25.6°, 35.2°, 37.8°, 43.4°, 52.6°, 57.6°,
61.2°, 66.5°, 68.4° and 76.8°. For the unreduced 10%Ni/Al.O3 catalyst, the peaks located
around 26 = 37.4°, 62.8° and 75.6° and 79.4° represent NiO phases (JCPDS 47-1049).
Although it was reported in the literature that a surface nickel aluminate (NiAl2O4) spinel is
formed when NiO interacts with Al>O3 at temperatures > 673 K during calcination (Cesteros
et al., 2000), the NiAl.O4 phase (JCPDS 10-0339) was not visible in the XRD results obtained
in this study. This is likely due to the overlapping effect between the Al.O3 and NiAl,O4 phases
(Qiu et al., 2022). For the unreduced 10%Ni/Al>Os catalyst, the peaks located around 20 =
44.6° and 51.8° may be assigned to the Ni phase. The sizes of the NiO and Ni particles were
calculated according to the Scherrer equation, and the results are given in Table 4.6. The results
of the particle size calculation revealed that there was particle growth leading to larger Ni sizes
after the reduction of the 10%Ni/Al>O3 catalyst in Ho.
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Figure 4.9  XRD patterns of (a) Al>O3, (b) unreduced 10%Ni/Al.Oz and (c) reduced
10%Ni/Al2O3 catalysts.

Figure 4.10 illustrates the XRD patterns of unreduced and reduced 10%Ni/CeO, catalysts.
Figure 4.10 (a) represents the XRD pattern of unreduced 10%Ni/CeO- catalyst where eight
peaks ascribable to the CeO» phase (JCPDS number 34-0394) appeared at 260 = 28.5°, 33.2°,
47.6°,56.4°,59.2°, 69.6°, 76.6° and 79.1° (Zhou et al., 2017). Three peaks attributable to NiO
were observed at 26 = 37.4°, 43.4° and 62.8°. The weak intensities of the NiO phase suggests
a fine dispersion of the NiO particles within the CeO> support framework. Figure 4.10 (b)
illustrates the XRD pattern of the 10%Ni/CeO: catalyst after reduction in H.. As seen in the
figure, two diffraction peaks credited to the Ni phase appeared at 20 = 44.5° and 51.9°.
Meanwhile, the particle size calculation (see Table 4.6) revealed that the Ni particle size was
higher than the NiO size indicating the occurrence of particle growth resulting from the
reduction of the 10%Ni/CeQO, catalyst. This growth is also evident in the diffraction peaks
where the Ni phases have higher peak intensities compared to the NiO phases.
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Figure 4.10 XRD patterns of (a) CeO2 (b) unreduced 10%Ni/CeO> and (c) reduced
10%Ni/CeO catalysts.

4.3 Thermogravimetric analysis

4.3.1 Temperature-programmed calcination (TPC)

Figure 4.11 represents the temperature-programmed calcination (TPC) profile of uncalcined
SBA-15. As seen in Figure 4.11, the drastic weight loss around 573 and 673 K for the SBA-15
support may be attributed to the degradation of the residual copolymer surfactant and any other
impurities covering the sample. For the Ni/SBA-15 catalyst, the rapid decrease in weight was
observed around 423 and 573 K. This trend can be attributed to the decomposition of
Ni(NO3)2.6H20 or Ni(OH); into NiO (Burattin et al., 1999; Wang et al., 2006). Figure 4.12
represents the TPC for 10%Ni/YSZ, 10%Ni/Al.O3, 10%Ni/SBA-15 and 10%Ni/CeO>
catalysts. According to previous studies (Brockner et al., 2007; Sietsma et al., 2008; Mentus et
al., 2007), the decomposition process of these catalysts was grouped into three stages: (a), (b),
and (c), as shown in Egs. (4.1) to (4.4). Stage (a) involves the removal of chemisorbed water,
as represented by Eq (4.1). Stage (b) involves nitrate decomposition, as represented by Eq.
(4.2). Stage (c) involves the decomposition of two different oxides of nickel to NiO, as
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represented by Egs. (4.3) and (4.4). It is worth noting that the decomposition of the nitrates in

all the samples was completed at slightly different temperatures.
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Figure 4.11  Temperature-programmed calcination profile of uncalcined SBA-15 at heating
rate of 10 K min™ under N2 atmosphere. Equipment model: NETZSCH - TG

209 F1.
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Figure 4.12 TPC profile of 10%Ni/YSZ, 10%Ni/Al203, 10%Ni/SBA-15 and
10%Ni/CeO; catalysts at heating rate of 10 K min™ under N, atmosphere. Equipment model:
NETZSCH - TG 209 F1.
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For example, the decomposition to form 10%Ni/SBA-15, 10%Ni/YSZ, 10%Ni/Al,O3 catalysts
was completed at about 573, 623 and 673 K, respectively. This variation is likely due to the
differences in the support-metal interactions where the least bonded species encouraged a

complete decomposition at a lower temperature.

Ni(N0O3),.6H,0 = Ni(NO3)(OH)4 5.0 55H,0 (4.1)
Ni(NO3)(OH); 5. 04.25H,0 — 0.5Ni,05 + HNOs + 1.25H,0 (4.2)
3Ni,05 — 2Ni;0, + 0.50, (4.3)

Ni;0, - 3NiO + 0.50, (4.4)

4.3.2 H, temperature-programmed reduction

The reduction behaviour of all the catalysts was investigated using the TPR-MS technique in
the 5%H2/20%N2 environment.

4.3.2.1 H»-TPR profiles for YSZ catalysts

The Hz-TPR profiles of Ni/YSZ catalysts with variation in Ni loading are shown in Figure 4.13.
As seen in the figure, both the 5%Ni and 10%Ni loading exhibited similar behaviour at
temperatures ranging from 567 to 810 K. Meanwhile the reduction of 30%Ni, 50% and 75%Ni
catalysts was in the range of 520 to 860 K. The reduction peak temperatures for all the catalysts
are given in Table 4.7. The first peak observed at lower temperatures for all the catalysts can
be attributed to the reduction of bulk NiO with weak support interaction to Ni° while the
second peak at higher temperatures can be ascribed to the reduction of the highly dispersed
NiO particles with stronger MSI (Lopera et al., 2022; Shahid et al., 2020).

These results revealed that higher Ni loading of around 30 to 40% decreases the reducibility of
the catalysts as seen in the shift in the reduction peaks to the right and enlarged peak 2, which
means that a higher temperature is required for the complete reduction of the NiO particles.
This indicated higher interaction with the support and was in line with the BET results. Further
increase in Ni loading to 50 to 75% resulted in the availability of more NiO with weak MSI.
This also led to the shift in reduction temperatures of NiO to the left (lower region) as indicated
by the enlarged peak 1 (Figure 4.13).
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Notwithstanding, the reduction of all the catalysts was completed before reaching 973 K.
Therefore, 973 K was selected as the catalysts’ reduction temperature to ensure that the NiO

species were completely reduced before testing their activities in this study.
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Figure 4.13  H2-TPR profiles of 5%Ni/YSZ, 10%Ni/YSZ, 20%Ni/YSZ, 30%Ni/YSZ,
40%Ni/YSZ, 50%Ni/YSZ and 75%Ni/Y SZ calcined catalysts before the
reaction.

Table 4.7 Reduction peak temperatures during the H2-TPR of calcined Ni/YSZ catalysts.

Reduction Peak temperatures

Samples (K)*
Peak 1 Peak 2

5%Ni/YSZ 629 -

10%Ni/YSZ 641 734
20%N/YSZ 645 724
30%N/YSZ 654 748
40%N/YSZ 601 706
50%Ni/YSZ 654 778
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75%Ni/YSZ 659 764

“Reduction peak temperatures were obtained from H2-TPR profiles.

Figure 4.14 represents the H>-TPR profiles of La-promoted catalysts. As seen in the figure,
there was a slight shift in the reduction temperature towards the lower region after the La-
promoter was introduced into the Ni/YSZ catalyst. This indicates that the presence of La-

promoter enhanced the catalyst's reducibility.

592 K
5%La-10%Ni/'YSZ
:5: 594 K
2.
S 4%La-10%N1/YSZ SPRSTST—
'-g_ 600 K
=
D 674 K
g Prkatomiysz/ N
~ 597 K
.
2%ILa-10%Ni/YSZ
641 K

. 734 K
10%NVYSZ /\\‘“\\k S

T | T T T T T | T T T T '
300 400 500 600 700 800 900 1000
Temperature (K)

Figure 4.14  H»>-TPR profiles of 10%Ni/YSZ and La-promoted Ni/YSZ catalysts.

4.3.2.2 H2-TPR profiles of 10%Ni/SBA-15, 10%Ni/CeO,, 10%Ni/Al,O3 catalysts

The H2-TPR profiles of 10%Ni/SBA-15, 10%Ni/CeO2, 10%Ni/Al20s3, and 10%Ni/YSZ

catalysts are shown in Figure 4.15. As seen in the figure, the H>-TPR profile of 10%Ni/SBA-
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15 catalyst exhibited two peaks at 640 K and 826 K. In the first peak, reduction started from
about 570 K and attained a maximum at 640 K.
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Figure 4.15 H>-TPR profiles and peak deconvolution of (a) 10%Ni/SBA-15, (b)
10%Ni/CeOz, (c) 10%Ni/Al203, and (d) 10%Ni/YSZ catalysts.

This peak can be ascribed to the reduction of bulk NiO particles with the weak MSI which are
mainly deposited on the surface (Narksri et al., 2022). The second peak started from about 739
K and attained a maximum at 826 K. This peak can be accredited to the reduction of the highly
dispersed NiO species in the SBA-15 support’s mesopores which could also indicate the
reduction of NiO species with medium-strength MSI with the SBA-15 support (Al-Fatesh et
al., 2022b).

Figure 4.15 (b) represents the H>-TPR profile of the 10%Ni/CeO> catalyst. As seen from the

figure, a weak shoulder peak appeared at about 584 K, an intense peak at about 652 K and a
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broad peak at about 1074 K. The low temperature peak at 584 K can be attributed to the
reduction of NiO with weak interaction on the CeO> surface while the high temperature peak
at 652 K can be ascribed to the reduction of the strongly bonded and highly dispersed NiO
species in the pore structure of CeO> (Wang et al., 2013).The broad peak displayed at the high
temperature of about 1074 K may be attributed to the reduction of CeO> (Ma et al., 2022). It
was also reported in the literature that during the reduction process Ni?* with an ionic radius of
0.069 nm dissolves into the ceria framework replacing some of the Ce** ions (radius 0.101 nm)
to form Ni-Ce-O species (Wang et al., 2013; Zhou et al., 2022). This alteration of the ceria
lattice and the disequilibrium of charges caused by the incorporation of the Ni?* ions usually
result in the formation of surface oxygen vacancies which is crucial for many catalytic

processes.

Figure 4.15 (c) represents the Ho-TPR profile of the 10%Ni/Al>O3 catalyst where three
reduction peaks appeared at around 591 K, 697.4 K and 781.7 K. The peak at about 591 K is
ascribable to the reduction of NiO particles weakly interacted with the catalyst’s support and
the peak at about 697.4 K is attributed to the reduction of NiO species with medium-strong
interaction with the catalyst’s support. The third peak at about 781.7 K may be attributed to the
reduction of NiAl2O4 (Weber et al., 2022). It is worth noting that the NiAl,O4 species is formed
by the incorporation of Ni%* into the alumina framework when NiO interacts with Al,Os during
the calcination stage of catalyst synthesis (Younis et al., 2022; He et al., 2022a).
Notwithstanding, it was difficult to differentiate between the Al,O3 and Al>O4 lattices within

the catalyst system in the XRD analysis due to their similar crystallographic structures.

4.4 SEM analysis

The SEM imaging was conducted to examine the external morphology and elemental
composition of all the catalysts.

4.4.1 SEM images of Ni/YSZ catalysts

The SEM images of the calcined Ni/YSZ catalysts and SEM-EDS elemental mapping of the
reduced catalysts are represented in Figure 4.16 and Figure 4.17, respectively. The YSZ support
(Figure 4.16 (a)) showed a rough surface with uniform morphology. The SEM image of the
5%Ni/YSZ catalyst Figure 4.16 (b)) showed a uniform surface, which indicates an even
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distribution of the Ni particles. This even distribution and absence of sintering of the NiO
particles is likely due to the low content of NiO particles with the YSZ support’s high surface
availability. With increasing Ni content (Figure 4.16 (c) to (f)), the clustering of NiO particles
became evident, which is in line with the BET analyses.

Figure 4.16 SEM images of (a) YSZ, (b) 5%Ni/YSZ, (c) 10%Ni/YSZ, (d) 20%Ni/YSZ, (e)
30%Ni/YSZ, (f) 40%Ni/YSZ, (g) 50%Ni/YSZ and (h) 75%Ni/YSZ calcined catalysts before
the reaction. Note: Images were taken in Zeiss Evol0.

The EDS mapping of the reduced catalysts shown in Figure 4.17 gives an insight into how Ni

particles are distributed on the catalyst surfaces. At 5%Ni, the Ni particles which were rarely

noticed in the mapped image were well dispersed on the surface. The presence of Ni particles

started getting more visible as the loading increased from 10% to 75%. However, the mappings

of the catalysts with higher Ni loadings from 30% to 75% showed uneven distribution of Ni

particles. In addition, the regions showing the presence of Ni clusters also increased with the
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Ni loading. This result further supports other analysis indicating the occurrence of significant
sintering at higher Ni-loading. The uneven distribution of Ni particles in catalysts can have
significant implications on their catalytic activity and stability. A uniform distribution of active
catalytic sites is essential for efficient catalytic reactions. Non-uniform dispersion of Ni
particles can lead to reduced active surface area and uneven catalytic performance.

Figure 4.17 SEM-EDS images of (a) YSZ, (b) 5%Ni/YSZ, (c) 10%Ni/YSZ, (d)
20%Ni/YSZ, (e) 30%Ni/YSZ, (f) 40%Ni/YSZ, (g) 50%Ni/YSZ and (h) 75%Ni/YSZ calcined
catalysts after reduction.

Figure 4.18 shows the SEM-EDS imaging of YSZ, 10%Ni/YSZ, 2%La-10%Ni/YSZ, 3%La-
10%Ni/YSZ, 4%La-10%Ni/YSZ, and 5%La-10%Ni/YSZ. As seen, the SEM-EDS mapping of
YSZ shows a uniform distribution of Zr, O, and Y throughout the material. This uniform
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distribution indicates that the YSZ substrate does not contain any distinct phases or elemental

clustering. The presence of Zr and Y elements confirms the successful stabilisation of zirconia
with yttria. The SEM-EDS mapping of the 10%Ni/Y SZ catalyst indicates that the Ni particles
are well distributed on the YSZ support as discussed earlier. Similar to the 10%Ni/YSZ
catalyst, the SEM-EDS mappings of the 2%La-10%Ni/YSZ and 3%La-10%Ni/YSZ catalysts

also show well-distributed Ni particles.

Figure 4.18 SEM-EDS images of (a) YSZ, (b) 10%Ni/YSZ, (c) 2%La-10%Ni/YSZ, (d)
3%La-10%Ni/YSZ, (e) 4%La-10%Ni/YSZ, (f) 5%La-10%Ni/YSZ, catalysts
after reduction.

In contrast to the lower La loadings (2% and 3%L.a), the SEM-EDS mappings of the 4%La and
5%La promoted 10%Ni/YSZ catalysts reveal an uneven distribution of Ni particles. The
presence of large Ni agglomerates and uneven clustering of Ni particles suggests that the
introduction of higher amounts of La negatively influenced the Ni dispersion, which also
resulted in the sintering of some of the Ni particles. The presence of La in the catalysts was not
detected by SEM-EDS analysis. The absence of detected La in the SEM-EDS analysis could
be due to the relatively low concentration of La in the catalysts or its distribution in such a way

that it falls below the detection limit of the EDS technique.
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4.4.2 SEM images of 10%Ni/SBA-15, 10%Ni/CeO2, 10%Ni/Al.Os catalysts

The external morphologies of SBA-15 and 10%Ni/SBA-15 catalysts before and after reduction
are given in Figure 4.19 (a) to (c) while the EDX mapping of the reduced 10%Ni/SBA-15
catalystis illustrated in Figure 4.19 (d). As seen in Figure 4.19 (a), the SBA-15 exhibits uniform
cylindrical shaped particles with diameters around 500 to 1200 nm. In Figure 4.19 (b), the
10%Ni/SBA-15 catalyst took a rod-like shape indicating that the support’s structure was not
significantly altered after NiO incorporation. The image also shows the presence of NiO

particles evenly distributed over the surface of the SBA-15 support.

Figure 419 SEM-EDS images of (a) SBA-15, (b) 10%Ni/SBA-15, (c) reduced
10%Ni/SBA-15 and (d) EDX mapping of reduced 10%Ni/SBA-15.

After reduction in Hz environment, Figure 4.19 (c) indicates that the reduced 10%Ni/SBA-15
catalyst maintained the rod-like shape. The EDS mapping of the reduced 10%Ni/SBA-15
catalyst revealed the presence of Si, O, and Ni which were evenly distributed over the surface.
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It can also be seen that there was no noticeable agglomeration of the Ni particles over the
surface indicating that the catalyst is highly resistant to metal sintering at the high temperatures
required for both calcination and reduction processes. This can also be attributed to the high
dispersion of the Ni into the support’s pores due to its high surface area and pore volume as

mentioned in the BET results (see Table 4.3).

The SEM images of CeO2 and the 10%Ni/CeQO. catalyst (before and after reduction) are
illustrated in Figure 4.20 (a) — (c).
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Figure 420 SEM-EDS images of (a) CeO., (b) 10%Ni/ CeO, (c) reduced 10%Ni/ CeO>
and (d) EDX mapping of reduced 10%Ni/ CeO..

As seen in Figure 4.20 (a), the ceria support is comprised of an aggregation of particles with
mainly spherical shape. The 10%Ni/CeO; catalyst in Figure 4.20 (b) also shows the presence
of smaller particles which are evenly distributed. However, it is difficult to identify the NiO
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particles within the structure. Therefore, EDX elemental mapping was employed to identify
the presence of Ni particles after the reduction of the 10%Ni/CeQO. catalyst. EDX mapping
illustrated in Figure 4.20 (d) reveals the presence of cerium, oxygen, and nickel with unform
distribution within the catalyst’s framework. The EDX mapping also revealed the occurrence
of Ni sintering, where some of the sintered Ni particles are marked in circles. This means that
ceria has a suitable surface for the unform distribution of Ni particles while the 10%Ni/CeO>

catalyst is relatively resistant to Ni sintering at high temperatures.

Figure 4.21 (a) to (c) illustrate the morphologies of the Al>O3 support and 10%Ni/Al>O3
catalyst before and after reduction, respectively, while Figure 4.21 (d) represents the EDX

mapping of the reduced 10%Ni/Al>O3 catalyst.
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Figure 421  SEM-EDS images of (a) Al.Os, (b) 10%Ni/AlOs3, (c) reduced 10%Ni/Al2O3
and (d) EDX mapping of reduced 10%Ni/Al2O:s.

As seen in Figure 4.21 (a), the Al.O3z support comprises aggregation of particles with sizes
within the range of 38 and 254 nm as obtained from ImageJ software. After the incorporation
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of NiO to form the 10%Ni/Al.O3 catalyst as given in Figure 4.21 (b), no noticeable change in
the alumina framework was observed. The particle size distribution of the 10%Ni/Al2O3
catalyst obtained from ImageJ showed two regions in which the first region can be attributed
to the distribution of the NiO particles over the surface and the second region may be ascribed
to the distribution of Al.Oz. The NiO particles size distribution started from about 8 nm to

about 50 nm.

This result agrees well with the XRD result (see Table 4.6) since the highest concentration of
the NiO particle size can be found within the range of 25 and 35 nm. Figure 4.21 (c) and (d)
are the SEM image and EDX mapping, respectively, of the reduced 10%Ni/Al203 which was
carried out to examine the distribution of the Ni particles over the surface and to determine the
level of Ni particles sintering. As seen from the EDX mapping, the Ni particles are uniformly
distributed over the alumina surface. However, some sintering of Ni particles, marked by
circles, was observed. This result shows that the 10%Ni/Al>O3 catalyst did not completely resist

the occurrence of Ni sintering during the reduction process at a high temperature.
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CHAPTER S

Determination of transport limitations

5.1 Blank test

The blank test involves passing the feed gases (CO2 and H in the ratio of 1:4) and N> as the
carrier gas into a reactor under the CO, methanation conditions but without a catalyst. in this
study, the feed gases (15 mL minCO, and 60 mL min"tH,) and 60 mL min"*N were sent into
a blank tubular reactor under atmospheric pressure and the reaction temperature was uniformly
increased to 773 K. The outlet gases from the reactor were sent to a gas chromatograph
(Shimadzu GC-2014) for analysis. At any of the temperatures taken into consideration, there
was no evidence of CHa, most likely because the amount of CH4 produced was too small for
the GC to pick up. This suggests that, in the absence of a catalyst, CO, methanation is
unfavourable. Therefore, before conducting a thorough analysis of the performances of all the
synthesised catalysts, the following sections will identify and discuss the various resistances

that could arise when using a heterogeneous catalyst for CO, methanation.

5.2 Mass & heat transport limitations

In heterogeneous catalysis, mass transport refers to the movement of reactant molecules,
products, and intermediates between the bulk phase (gas or liquid) and the catalyst's surface
(Kakaei et al., 2019). This phenomenon plays a crucial role in determining the overall catalytic
rate and can significantly influence the efficiency and selectivity of the catalytic process.
According to Fogler (2006), heterogeneous catalytic reactions at the various phases follow an
orderly manner namely: 1. mass transport of reactants from the bulk fluid to the external surface
of the catalyst takes place first; 2. At the external surface of the catalyst, reactants travel through
the catalyst’s pores to reach the internal surface of the catalyst; 3. This is followed by the
adsorption of the reactants onto the catalyst surface; 4. The adsorbed species then undergo
reaction on the internal surface of the catalyst; 5. After the reaction has taken place, the products
are desorbed from the catalyst surface and 6; diffuse through the pores to the external surface
of the catalyst particle; 7. Finally, the products at the external surface of the catalyst travel to

the bulk fluid through mass transport phenomena.
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The slowest of the seven steps is usually used to determine the overall rate of reaction. Steps
3, 4 and 5 are used in determining the existing chemical reaction kinetics occurring in a
heterogeneous catalytic reaction while steps 2 and 6 represent the internal transport processes.
Steps 1 and 7 indicate external transport processes. When the diffusion steps are faster than the
reaction steps, then the reaction steps become rate-limiting during the heterogeneous catalytic
reactions and the overall reaction will be a representative of the true kinetics. However, the
reaction rate is said to be transport-limited if the diffusion steps are slower than the reaction
steps. Therefore, the occurrence of mass and heat transport resistances can affect the analysis
of chemical reaction rate data. This is why it is important to determine the conditions for

minimum or absent mass and heat transfer intrusions in reaction kinetics data.

This section aims to establish the conditions that favour mass and heat transport resistances
during CO2 methanation and how to prevent or minimise them. Specifically, the criteria for
determining transport limitations will be obtained using the YSZ-supported Ni catalyst, which
was found to be the optimal catalyst among the four supported catalysts considered in this
study. This will be discussed extensively in the next chapter. Table 5.1 contains a list of some

of the parameters that were employed for the estimations.

Table 5.1 Parameters for the estimation of transport limitations.

Parameters Value Source
Reactor diameter, d, (m) 5.5%x10° -
Reaction rate at 523 K, rexp (Mol gear® 52) 5.41 x 10° Experlm_ental
condition
. . Experimental
Catalyst particle diameter, dp (M) 1.50 x 10 Xpe I_ _e a
condition
Total feed flowrate, V' (m®s™) 2.25x 10 Experlm_ental
condition
. Experimental
Heat of reaction at 523 K, AH; (kJ mol™) -174.95 Xperimenta

condition

Table continues on next page

127



Experimental

ivati -1

Activation energy, Ea (kJ mol™) 49.91 condition
Catalyst’s porosity (&) 0.6022 From Pycnometer

Catalyst’s density (pc), (kg m=) 5682.2 From Pycnometer

5.3 External Mass Transfer

External mass transfer resistance refers to the resistance across the solid—gas interface in the
methanation catalyst systems resulting from the formation of a boundary layer around the
catalyst particles. For homogeneous catalytic reactions, where all reactants, products, and
catalysts are present in the same phase, mass transfer resistance is generally insignificant
(Zuliani et al., 2018). However, in heterogeneous catalytic reactions, mass transfer limitations
arise due to the movement of molecules through the film layer that separates the bulk fluid
from the external catalyst surface. Since different phases are involved in these reactions, the
rate of the reaction is largely dependent on the mass transfer or diffusion between these phases.
To ensure that the external mass transfer regime does not control the reaction rate, criteria such
as the Mears’ criterion (Mears, 1971) was utilised as shown in Eq. (5.1) with the detailed

calculation given in Appendix E.

- )p,R.N 5.1
( exp)pb p <015 ( )
K.Cap

C

(-rexp) = rate of reaction obtained experimentally (mol kgea® s)
pp = bulk density of catalyst bed (kg m™)
Rp = catalyst particle radius (m)
n = reaction order
Cap = Concentration of reactant A (CO>) in the bulk gas-phase (mol m=)

ke = mass transfer coefficient (m s™)
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The calculated value for the left-hand side of the Mears criterion using the parameters from
Table 5.1 was 0.003026 indicating that the external mass transfer resistance can be ignored for

the CO. methanation reaction. See the detailed calculation in Appendix E.1.

5.4 Internal Mass Transfer (Pore Diffusion)

Internal mass transfer resistance pertains to the impediment encountered during the diffusion
of reactants within the catalyst's pore structure. When the external mass transfer resistance
surpasses both the internal mass transfer resistance and the intrinsic reaction in terms of their
impact on the overall reaction rate, it indicates that the reaction is predominantly regulated by
external mass transfer, and vice versa (Tadepalli et al., 2007). After the transfer of reactants
from the bulk fluid to the outer surface of the catalyst (referred to as external mass transfer),
the reactants further diffuse through the catalyst's internal pores where the reaction takes place.
The resistances encountered by these reactants during internal mass transfer can be neglected
under the condition that the experimental conditions and rate data adhere to the Weisz-Prater
criterion given in Eq. (5.2) (Weisz and Prater, 1954; Chen et al., 1999).

(_rexp)pcRi <1 (52)
Deff CAs

pc = density of catalyst pellet (kg m®)
Rp =radius of catalyst particles (m)
Cas = concentration of CO>at the catalyst surface (mol m)
Dert = effective diffusivity of CO2in the feed mixture of CO2, Nz and Hz (m? s?)

The Weisz-Prater criterion was estimated using the parameters from Table 5.1 as 0.01418
which suggests that the internal mass transfer resistance can be ignored for the CO:

methanation reaction. See the detailed calculation in Appendix E.2

129



5.5 External Heat Transfer

External heat transfer resistance is a significant factor that can affect the efficiency of CO>
methanation over heterogeneous catalysts since the reaction is exothermic. The heat released
during the reaction must be properly managed to maintain optimal conditions for the reaction.
External heat transfer resistance refers to the resistance to heat transfer between the reactor and
its surroundings. There are various factors that influence this resistance, such as the reactor’s
surface roughness and diameter, the thermal conductivity of the reactor walls etc (Liu et al.,
2019). Other influencing factors for external heat transfer resistance are the temperature
difference between the reactor and its surroundings, and the convective heat transfer coefficient
between the reactor and the surrounding fluid (usually air or water). The higher the external
heat transfer resistance, the less efficient the heat transfer will be, and the more difficult it will
be to control the reactor temperature. During CO2 methanation, external heat transfer resistance
can be especially problematic because the reaction rate is highly dependent on temperature.
The catalyst activity is optimal at a certain temperature range, which must be maintained for
the reaction to proceed efficiently. If the reactor temperature is too high, the catalyst may
become deactivated or damaged, reducing its effectiveness. On the other hand, if the

temperature is too low, the reaction rate will be slow, and the process will be less efficient.

To minimise the external heat transfer resistance during CO2 methanation, several strategies
can be employed. One is to increase the convective heat transfer coefficient between the reactor
and the surrounding fluid by using a cooling fluid with high flowrate or by increasing the
surface area of the reactor. Another strategy is to improve the thermal conductivity of the
reactor walls by using materials with higher thermal conductivity, such as copper. Additionally,
insulation can be added to the reactor walls to reduce heat losses to the surroundings. In this
study, the Mears criterion given by Eq. (5.3) was employed in determining the effect of external
heat transfer since it was established that the impact of heat transfer resistance can be ignored

at a criterion value less than 0.15.

‘(_AHr)‘ﬁ;I:?z)prpEA <015 (5.3)
b
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-AH; = heat of reaction (J mol™)

Ea = activation energy (J mol™)

=

= heat transfer coefficient between the gas mixture and catalyst (J m? st K1)
R =ideal gas constant (J mol™* K)

Tb =reactant gas bulk temperature (K)

After the substitution of the various parameters in Eq. (5.3), the left-hand side gave 0.03215
which is less than 0.15. This indicates that external heat transfer resistance can be neglected
for the experimental conditions employed. In conclusion, external heat transfer resistance is an
important consideration during CO. methanation over a heterogeneous catalyst. Controlling
the reactor temperature is crucial for maintaining optimal catalyst activity and ensuring
efficient conversion of CO2 to CH4. By minimising the external heat transfer resistance, the
process can be optimised for maximum yield and reduced energy consumption. See the detailed
calculation in Appendix E.3.

5.6 Intraparticle Heat Transfer

Intraparticle heat transfer refers to the transfer of thermal energy within the particles of a
catalyst, from the external surface to the pores within. While intraparticle heat transfer has less
impact on the reaction rate compared to external heat transfer, it still plays a role. To address
limitations in internal heat transfer, catalysts with smaller particle sizes can be used. However,
using extremely small particles can lead to a significant drop in pressure across the catalyst bed
(Foo, 2012). Therefore, it is crucial to determine the appropriate range of particle sizes that
minimise internal heat transfer effects. The Anderson criterion, described by Eq. (5.4), can be
employed to determine if the internal heat transfer effect is negligible in a heterogeneous

catalytic reaction.

‘(_AHr)

—r R2E (5.4)
( eXpZ)pb P2 <075
A RT

p't's
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Where
Jp = thermal conductivity of catalyst pellet (J m? s K1)

Ts = surface temperature of reactant gas

Upon plugging in the various parameters in Eq. (5.4), the calculated Anderson criterion value
was determined to be 0.001246. This value suggests that the resistance to internal heat transfer

is negligible. See the detailed calculation in Appendix E.4.

5.7 Wall and Radial Heat Dispersion Effects

The phenomenon of wall heat transfer involves the exchange of thermal energy between the
reactor wall and the catalyst, which occurs through either conduction within the catalyst pellet
or convection via the movement of gaseous reactant(s) through the catalyst bed. Previous
studies have indicated that the effects of wall heat transfer are influenced by the ratio of reactor
tube diameter (dx) to the diameter of the catalyst particles (dp) (Ibrahim et al., 2016). The tube-
particle diameter (d¢/dp) is an important parameter that can be used to manage the pressure drop
for a system involving the use of a heterogeneous tubular reactor (Quintana-Solérzano et al.,
2018). dv/d, can also influence the radial thermal conductivity (Ker) and the radial heat transfer
depending on the shape (Aparicio-Mauricio et al., 2017; Zare and Hashemabadi, 2020).

According to Dixon (1997), when the ratio of dt/dp exceeds 4 (assuming a spherical particle),
the impact of wall heat transfer effects becomes negligible. Similarly, Yang et al. (2015) found
that the impact of wall effects associated with dt/dp on flow transitions within the central areas
of packed beds would be insignificant when dt/dp is equal to or greater than 9.9. It is worth
noting that the unitless di/dp parameter can be employed when the particle is assumed to be
spherical. For non-spherical particles, equivalent diameters are used for dp (von Seckendorff
and Hinrichsen, 2021; Allen, 2013; Wadell, 1935).

In the present study, the calculated div/d, value was determined to be 36.67, indicating a

negligible influence of wall heat transfer effects. However, it should be noted that when di/d,

reaches high values, the radial heat transfer effect becomes more prominent. To ascertain that
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both the tube-particle diameter ratio and the experimental conditions applied in this
investigation fall within the acceptable range for negligible radial heat transfer, the Mears

criterion, as presented in Equation (5.5), was employed.

8 Bi,R

w

[ RE'F ][KAH DE ﬁ;rfw[(l‘ £)/(1- bﬂ}[l N ij <0.05 (5.5)

where
Tw = temperature of the tube wall (K)
¢ =void fraction in the catalyst bed

(ox

= inert solids fraction of the catalyst bed
Rt = radius of the tubular reactor (m)

Biw = wall Biot number

After substitutions into Equation (5.5), the left-hand side gave 0.001607, suggesting that radial
heat dispersion effects are insignificant for the experimental conditions employed in this work.

See the detailed calculation in Appendix E.5.
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CHAPTER 6

Catalyst activity

This chapter discusses the results from various catalyst testing experiments including the

influence of reaction conditions, effect of reactor configuration and effect of promoters.

6.1 Effect of Catalyst support

The catalytic performance of Ni supported on CeO2, SBA-15, Al>O3s, and YSZ were evaluated
in the CO2 methanation studied within the temperature range of 473 to 713 K at a pressure of
1 bar, and GHSV of 20250 mL h™* gear™.

6.1.1 Temperature dependency of the catalyst activity

Figure 6.1 (a) and (b) represent the CO- conversion (Xcoz) and CHa yield (Ych4) obtained. As
seen in Figure 6.1 (a), the Xco2 for all the catalysts exhibited an increasing trend with
temperature until reaching maximum conversion at individual optimum temperatures beyond
which the Xco> started to decrease. The 10%Ni/YSZ catalyst demonstrated a maximum Xcoz
of about 84% at the optimum temperature of 643 K. This indicates that the catalyst exhibits the
highest activity of all tested catalysts for CO2 methanation at this temperature range. The
10%Ni/Al>O3 catalyst achieved a maximum Xco2 of about 80% at the optimum temperature of
630 K. This suggests that the catalyst also possesses good performance for Xco2 and at a lower

temperature compared with the 10%Ni/YSZ catalyst.

The 10%Ni/SBA-15 catalyst showed a maximum Xco2 of approximately 78% at the optimum
temperature of 693 K. Although this value is not too far below what was obtained for Ni/YSZ
and Ni/Al20s catalysts, a higher temperature was required to achieve this maximum
conversion. The Xco2 for Ni/CeO; catalyst continued to increase with temperature with no

significant decline within the temperature range.
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Figure 6.1  Activity profiles of various supported Ni catalysts showing (a) CO conversion
and (b) CHg yield in a CO2 methanation conducted within the temperature
range of 473 to 713K at a pressure of 1 bar, GHSV 20250 mL h* g™%c.t and
H2:CO,:N; ratio of 4:1:4. The heating rate and holding time were 10 K mint
and 1 h, respectively.
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In terms of Ycra (Figure 6.1 (b)), the trend follows a similar pattern to Xcoz. The Ycna for the
Ni/CeO- catalyst was observed to start decreasing above 673 K even though its Xco2 did not
show any significant decrease within the temperature range. This indicates the presence of side

reactions that reduce the selectivity towards CHa at higher temperatures.

Figure 6.2 depicts the selectivity to CH4 and CO formation within the range of temperatures
adopted. For all the catalysts, the CH4 selectivity (Scha) was close to 100% at the starting
temperature but gradually decreased while the CO selectivity increased with increasing
temperature. This behaviour further confirms that there was an occurrence of side reactions
which favoured CO production as the temperature rose. This trend where Scha is high and Sco
low at lower temperatures, aligns with results from other studies. Chen et al. (2023) discovered
in their research using a manganese promoted Ni/Al>Os3 catalyst that lower temperatures restrict
the reverse water gas shift (RWGS) reaction, which is an endothermic process. Consequently,

the Scha increases while the Sco decreases with lower temperatures.
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Figure 6.2 Activity profiles of various supported Ni catalysts showing CH4 and CO
selectivity in a CO2 methanation conducted within the temperature range of
473 to 713K at a pressure of 1 bar, GHSV 20250 mL h" gt and H2:CO2:N;
ratio of 4:1:4.
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6.1.2 Arrhenius coefficient and energy of activation

The activation energy represents the energy barrier that reactant molecules must overcome to
transform into products. A lower activation energy indicates a more favourable reaction, as it
implies that the reaction can proceed more easily at a given temperature. The higher the
activation energy, the slower the reaction rate, as more energy is required to initiate the
reaction. In the case of CO> methanation, the activation energies of the catalysts can provide
insights into their performance and reactivity. A lower activation energy suggests that the
catalyst is more efficient in facilitating the conversion of CO2 to CH4. The activation energies
for the CO2 methanation reaction over Ni/CeO», Ni/SBA-15, Ni/Al>0s, and Ni/YSZ catalysts
were estimated to provide insights into the energy barriers involved. The apparent activation
energies of these catalysts were determined by utilising the Arrhenius formula given in Eqg.

(6.1), and the details of the calculations is given in Appendix D.

I = Ap~ Rt (6.1)

k = rate constant,

A = frequency or collision factor,
T = reaction temperature (K),

Ea = activation energy (J mol™),

R = gas constant (8.314 J mol* K1),

The tests were carried out at temperatures 513, 523, 533, and 543 K such that the Xco2 was
lower than 15% to avoid mass transfer limitation and to minimise the inhibitory effect of water.
Kesavan et al. (2018) avoided the mass and heat transport limitations by employing a
temperature region within which Xco2 was lower than 15%. Meanwhile, Tsiotsias et al. (2022)
reported that the effect of mass transfer limitation was avoided while estimating the CO2
activation energies of CeO. supported Ni catalysts by assuming pseudo-first order kinetics and

employing a temperature range where Xco2< 20%. Irrespective of the temperature region
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considered, it is important to avoid or minimise the effect of mass transfer limitations when

calculating the apparent activation energy and for Kinetic studies.

- 9.0

w

(@)

[= ]

é 9.5

c

2

g

5 -10.0 4

n

c

o)

(&)

ON 10%Ni/CeO
O 1054 ® ORI,
— B 10%Ni/SBA-15
© *  10%Ni/ALO,
[«B]

= v 10%Ni/YSZ
o

= -11.0

10%T (K™Y

Figure 6.3  The apparent activation energies for CO2 conversion during methanation over
various supported catalysts estimated within the temperature range of 473-
713 K. Other reaction conditions: pressure of 1 bar, GHSV 20250 mL h™ gca
and H2:CO2:N ratio of 4:1:4.

The results of these calculations are represented in Figure 6.3. Comparing the apparent
activation energies of the catalysts, Ni/YSZ exhibits the lowest value of 49.9 kJ mol?,
indicating that it has the lowest energy barrier for the CO. methanation reaction. The Ni/Al>O3
and Ni/CeO; catalysts have activation energies of 52.0 and 59.2 kJ mol™, respectively.
Although these values are higher than for Ni/YSZ, they are still relatively low compared to
Ni/SBA-15, which has the highest activation energy of 68.0 kJ mol™. This suggests that the
Ni/YSZ catalyst can promote the reaction at a faster rate and is more favourable for CO>
conversion to CH4 compared to the other catalysts. The lower performance exhibited by
Ni/SBA-15 is attributed to its higher energy barrier compared to the other catalysts. The
apparent activation energies obtained for the Ni-based YSZ, Al>Os3, CeO2 and SBA-15 catalysts
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employed in this study are compared with the values reported in the literature for CO>

methanation as presented in Table 6.1.

Table 6.1 Range of activation energies for CO2 conversion during methanation over different

catalysts reported in the literature.

Catalyst Activation energy Temp range (K) References
(kd/mol)
59.2+0.012878 513-543 This work
94.9 473-573 (Linetal., 2021)
124 523-623 (Tsiotsias et al., 2022)
Ni/CeO:
26.409 523-673 (Lietal., 2023)
53.3 483-513 (Yuetal., 2018)
112.17 417-513 (Bian et al., 2018)
52.4+0.03844688 513-543 This work
74 (Mutschler et al., 2018)
Ni/ALO: 80.1 588-703 (Quindimil et al., 2022)
~66 493-543 (Michalska et al., 2019)
75 (Ni/Al 543-660 (Marocco et al., 2018)
hydrotalcite)
49.9+0.00051839 513-543 This work
17.033 (Ni/ZrOy) 523-673 (Li et al., 2023)
Ni/YSz 99.1 573-608 (Kesavan et al., 2018)
3.46 (Kristiani and Takeishi,
2022)
68.3+0.013478 513-543 This work
70.36 (Lu etal., 2015)
Ni/SBA-15 82 473-673 (Zhao et al., 2023)
101.5 (Ni/SiOy) 473-723 (Xu etal., 2023)
66.3 (Ni/SiO) 623-698 (Wu et al., 2021)
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As seen in the Table, the apparent activation energies reported in the literature for CO>
methanation for the different catalysts is consistent with the range of values obtained in this
study. The variation in the activation energy observed in the literature work can be associated
with the influence of different factors including changes in the reaction mechanism, adsorption

effects and surface restructuring which are mainly dependent on temperature.

Surface restructuring may occur at high temperatures, causing the surface of the catalyst to
become less ordered and more defective. This could change the number of active sites and the
energy of those sites, thereby influencing the activation energy. Other conditions that could
influence the activation energy include the catalyst preparation method, the catalyst
composition such as the Ni loading and the addition of promoters, and the reaction conditions.
Therefore, it is important to consider a wide range of influencing factors when comparing the
activation energy for different catalysts in CO2 methanation. It is also important to conduct
extensive characterisation on catalysts to understand the specific mechanisms and surface

phenomena that contribute to the observed activation energies for each catalyst.

In summary, the experimental results demonstrate the temperature-dependent behaviour of the
investigated catalysts during CO2 methanation. The catalysts exhibited a maximum Xco2 at
different optimum temperatures, beyond which the conversion declined. The Ni/YSZ catalyst
exhibited the highest Xco2 and excellent Scras, indicating its superior performance, followed by
Ni/Al203, Ni/CeO- and Ni/SBA-15. The results also show that while the Ni/Al>Oz and Ni/YSZ
catalyst are very active at intermediate temperatures, both Ni/SBA-15 and Ni/CeO; catalysts
are best suited for high temperature methanation processes. These findings provide valuable
insights into the catalytic performance and temperature effects, facilitating the optimisation of
CO2 methanation processes for efficient CO> utilisation. The remaining part of this chapter will
now focus on the stability of the preferred catalyst (Ni/YSZ) in comparison to Ni/SBA-15 (the
least active according to the order of arrangement). The rationale behind this is rooted in the
understanding that a catalyst's activity alone cannot be deemed as the sole criterion for
assessing its superiority. It is entirely plausible for a catalyst to demonstrate high activity levels

but suffer from inherent shortcomings in terms of stability. Therefore, a comprehensive
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examination of the catalysts' stability becomes imperative to truly gauge their overall

performance and reliability.

6.1.3 Longevity test

The long-term stability test of Ni/YSZ and Ni/SBA-15 catalysts in CO, methanation was
performed at 643 K and a GHSV of 20250 mL h'* g under atmospheric pressure for a duration
of 72 h on-stream. The experimental findings are presented in Figure 6.4 (a) and (b). As seen
in Figure 6.4 (a), the Xco2 for both Ni/SBA-15 and Ni/YSZ catalysts was relatively stable with
only a slight decrease of 4.1% and 1.9%, respectively, during the 72 h on-stream. In Figure 6.4
(b), the Scha of the Ni/SBA-15 and Ni/YSZ catalysts decreased from 98.8% to 96.2% and
99.1% to 99.0%, respectively. In addition, the CO selectivity data clearly showed that the
amount of CO produced over the Ni/SBA-15 started to pick up after 50 h on-stream indicating
the decline in activity or deactivation. The Sco of Ni/YSZ was almost steady throughout the

test.

The moderate stability exhibited by the Ni/SBA-15 catalyst can be attributed to the presence
of accessible mesoporous channels in the SBA-15 supports, which resulted in high dispersion
of the metallic Ni nanoparticles, but the gradual deactivation observed after 50 h on-stream can
be linked to sintering of the metallic active sites, which are mainly responsible for the
dissociation of Hz into H atoms. The gradual increase in Sco may be ascribed to the decrease
in the rate of CO dissociation which is an important step in the pathway leading to CHas
formation. A similar trend was reported by Hongmanorom et al. (2021) where the Ni/SBA-15
catalyst prepared by the wetness impregnation method displayed an obvious deactivation
during the stability test. The catalyst’s performance was enhanced by adopting a different
synthesis method (ammonia evaporation technique) and the addition of Mg. The authors found
that the metal-support interaction, confinement effect and the anti-sintering properties of the

modified SBA-15 catalyst were greatly enhanced, and this resulted in improved stability.

On the other hand, the exceptional stability displayed by Ni/YSZ catalyst can be related to the

availability of a high oxygen vacancy concentration, enhanced basic sites and the anti-metal

sintering properties because of the presence of yttrium and zirconium in the YSZ support (Tang

et al., 2023; Guo and Chen, 2022; Sun et al., 2022a). Overall, the Ni/YSZ catalyst exhibited
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exceptional performance in terms of both low-temperature activity and catalytic stability
compared to Ni/SBA-15 catalyst.
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Figure 6.4  Longevity test profile for 10%Ni/SBA-15 and 10%Ni/YSZ catalysts in CO>
methanation conducted under atmospheric pressure, temperature of 643 K,
GHSV 20250 mL h g™lca and 72 h on-stream.
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6.2 The role of catalyst position in the reactor

When the catalyst position is varied in a fixed-bed reactor during a CO2 methanation reaction,
several factors are likely to change, influencing the overall performance of the reactor and the
catalytic process. The specific changes will depend on the position of the catalyst relative to
the reactant and product flow streams. Some potential changes that are expected are: 1. The
residence time of reactants. A longer residence time allows more opportunities for contact
between reactant molecules (H2 and CO3) and the catalyst, thus increasing the CO> conversion
(Anoop et al., 2021). However, a longer residence time can also increase the risk of thermal
runaway and catalyst deactivation due to the exothermic nature of the CO, methanation
reaction. Therefore, proper residence time control is essential to optimising the catalyst's
performance; 2. Product selectivity. The variation of the catalyst position may favour the
formation of undesired by-products or side reactions; 3. The heat management and thermal
gradients in the reactor may be influenced since heat will be released during the methanation
reaction (exothermic). These variations in the temperature profile along the reactor length can
favour the occurrence of hot-spot, and affect the catalyst stability and lifetime if not properly
managed (Turks et al., 2017; Serrer et al., 2021). Therefore, careful consideration of catalyst

position and reactor design is necessary to optimising the CO, methanation process.

The effect of position in the reactor was investigated by loading 400 mg of 10%Ni/Y SZ catalyst
into a 300 mm long quartz tube reactor for each experiment. Seven different positions were
considered namely 20, 50, 100, 150, 200, 250 and 280 mm from the inlet of the reactor for this
study. The CO2 methanation reaction was conducted at a temperature of 643 K and 1 bar. The
temperature of each position was calibrated to ensure that 643 K was maintained since a
temperature gradient was expected along the different positions in the reactor. The result of
this study is shown in Figure 6.5. As seen, both the CO> conversion (Xco2) and selectivity to
CHa (Scha) increased as the catalyst position (from inlet) shifted from 20 to 150 mm of the
reactor length but a decline in activity set in when the catalyst was positioned beyond 150 mm
from the inlet. The variation in the catalyst activity at the various positions can be attributed to
the alteration in the preheating of the reacting species which likely changed the temperature
distribution throughout the reactor (Gao et. al. 2021).
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Figure 6.5 Effect of catalyst position in the reactor on CO> conversion and CH4
selectivity in CO2 methanation over 10%Ni/YSZ catalyst at 643K, 1 bar,
GHSV 20250 mL h' g and reactor length of 30 cm. The colours were used
to show the variation in temperature along the reactor: The light and dark
colours represent the low and high temperature regions, respectively.

The optimal catalyst position was at 150 mm or between the 100 and 200 mm (33.3 and 66.7%
of the reactor length) where Xcoz and Scrhs of 84.5% and 99.6%, respectively, were achieved.

6.3 Effect of varying Ni loading

The effect of varying the amount of Ni in the Ni/YSZ catalyst for CO2 methanation reaction
was investigated next. The catalysts were prepared by wetness impregnation of Ni on a YSZ
support to achieve 5, 10, 20, 30, 40, 50 and 75wt.% Ni/YSZ catalysts. The performance of
these catalysts was tested in CO2 methanation within a temperature range of 473 to 703 K under
atmospheric pressure. For each test, 200 mg of the catalyst was loaded into the reactor

containing inert quartz wool at both ends as the catalyst bed.

The results of the activity test over the Ni/YSZ catalyst during CO2 methanation are shown in

Figure 6.6 (a) and (b). As seen in Figure 6.6 (a), there was a steady but low Xcoz at temperatures
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between 473 to 553 K. But beyond 553 K, a sharp increase in the CH4 formation was observed.
The increase in Xco2 continued with increasing temperature until around 633 K for all tested
catalysts. Thereafter, the Xco2 declined slowly at higher temperatures. Therefore, the optimal
temperature range for high Xco2 was between 613 and 653 K. All the catalysts exhibited
relatively high activity at the optimal temperature. These superior properties of the catalysts
are likely related to the unique physicochemical properties of the YSZ support which include
the presence of defect sites such as the oxygen vacancies (Jia et al., 2019; Alves et al., 2021).
These properties aid the adsorption and activation of CO. (llsemann et al., 2021) which is a
crucial step in the mechanism of CH4 formation during the CO. methanation reaction.

In Figure 6.6 (b), a similar trend was observed for Ycn4, where the amount of CH4 produced
was initially favoured as the temperature increased, and then decreased when the temperature
was raised above the optimum value. It is worth noting that the CO, methanation reaction is
thermodynamically feasible at low temperatures due to its exothermic nature (see Figure 6.7),
but the results from this study revealed that a high Y chsa cannot be achieved at low temperatures.
This is due to the substantial kinetic limitations associated with the cleavage of CO2 bonds
during the reduction process to produce other carbon species, which leads to the formation of
CHs (Yang et al., 2020b; Ashok et al., 2020). Mebrahtu et al. (2019a) acknowledged that the
CO2 methanation reaction is thermodynamically feasible at low temperatures, but the authors
stated that high operating pressure will be required to conduct CO2 methanation at low

temperatures for a favourable equilibrium composition.
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Figure 6.6  Activity test profile showing (a) CO conversion and (b) CHs yield during CO>
methanation over Ni/YSZ catalysts. Reaction conditions: Total flow =

135 mL min, H2:CO ratio = 4, pressure = 1 bar, temperature = 473 — 703 K,
GHSV 40,500 mL ht gl
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Figure 6.7 Activity profile showing the influence of temperature and pressure on CO>
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On the other hand, conducting CO2 methanation at elevated reaction temperatures favours side
reactions such as CHas dry reforming (Eq. (6.2)), CH4 steam reforming (Eq. (6.3)), reverse-
Boudouard (Eq. (6.4)), and RWGS reactions (Eg. (6.5)), which usually causes low Y cna (Ashok
et al., 2020; El-Salamony et al., 2021).

CO, + CH, = 2C0 + 2H, AH,o5x = 247.3k Jmol™1 (6.2)
CH, + H,0 2 COy + 3H, AHyogx = 206 kjmol™? (6.3)
CO,+C =2C0 AHyogx = 172.4 kjmol™? (6.4)

CO, + Hy, = CO + Hy0 AHyogx = 41.2 kjmol™? (6.5)
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Most likely, the occurrence of these side reactions was responsible for the observed steady and
slow decrease in Xco2 at temperatures above the optimum value of 650 K since CO2 was
consumed during most of these reactions while the decline in Ycna was visible. Moreover, the
exothermic nature of the CO, methanation reaction and the likelihood of hot-spot formation
makes it difficult to control the heat in the reactor. Razzagq et al. (2013) reported that instead of
the Ycra increasing at high temperatures, CO formation via RWGS reaction was favoured at
temperatures above 673 K. Similarly, Panagiotopoulou et al. (2009) observed that at reaction
temperatures greater than 633 K, the formation rate of CO through RWGS was greater than the
rate at which CO was consumed in the hydrogenation reaction, which in total led to the decrease

in CO conversion.

The catalyst performance improved as the Ni loading increased until reaching optimal
performance for a loading of 40%Ni. Any further increase in Ni loading reduced the catalyst
activity for the methanation reaction. The initial increase in the catalyst’s activities with Ni
loading can be ascribed to more availability of active sites resulting from the improved pore
size as seen in the BET results (see

Table 4.1) and the improvement in MSI as seen in their reducibility at lower temperatures (see
Figure 4.13). Figure 6.8 reveals that the increase in Ni loading resulted in a decrease in CO
selectivity up to 40%Ni loading. Studies have shown that Ni loading, together with Ni° particle
size and morphology, influences the reaction pathways during CO2 methanation owing to its
role in the adsorption and activation of H> on the catalyst surface (Choi et al., 2021). A small
Ni° particle size will likely encourage a longer adsorption-dissociation route through which
CHs or C is formed. The small Ni° particles may also have low coverage for Hz dissociation
which favours the desorption of CO from the surface without hydrogenation to CH4 (Kesavan
etal., 2018; Wu et al., 2015).

Large Ni° particle size can influence the intermediate carbon species to be hydrogenated to
CHa since there is a large coverage for Ho. This means more CH4 production and less CO
formation. Accordingly, the decrease in CO selectivity as shown in Figure 6.8 can be attributed
to the favoured reaction route towards the formation of CHs4 as the Ni content increases. Other
studies have also shown that an increase in Ni loading encourages the H> chemisorption and

increased H. uptake, indicating high H. coverage on the catalyst surface (Wu et al., 2015; Li
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et al., 2005). However, high Ni loading of over 40% affects the catalyst morphology, reducing

the overall catalyst activity.
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Figure 6.8 Activity test profile showing the selectivity to CH4 and CO formation during CO>
methanation at 643 K over a Ni/YSZ catalysts. Reaction conditions: Total flow = 135 mL
mint, H2:CO; ratio = 4, pressure = 1 bar, GHSV 40,500 mL h gl

From our results, the catalyst performance significantly declined after increasing the Ni%
loading beyond 40%. This indicates that there was likely a change in the reaction path at higher
Ni loading or inaccessibility of the reacting species to the active sites due to pore blockage. In
any case, further study is required to determine the relationship between Ni loading and the
number of active sites, as well as the optimum Ni° particle size that favours high CHa
production and minimises or inhibits CO formation. Overall, the performance of the catalysts
was in the order 40%Ni/YSZ > 30%Ni/YSZ > 20%Ni/YSZ > 50%Ni/YSZ > 10%Ni/YSZ >
5%Ni/YSZ > 75%Ni/YSZ at temperatures beyond 613 K. Therefore, the optimum catalyst

choice was 40%Ni/YSZ. It is worth mentioning that this comparative study was carried out
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using an equal mass of catalysts. It was also found that the catalyst bed length in the reactor
increased with higher Ni loading, indicating an increase in the volume and a decrease in the
bulk density. This means that the Ni/YSZ catalysts at higher Ni loading would likely have a
longer contact time for the reacting species to react than the catalysts at low Ni loading. The
longer contact time may also explain why there was an improvement in the performance with

higher Ni loading.

However, the catalyst activity dropped when the loading was increased beyond 40%Ni despite
a favoured higher contact time. This is likely due to enhanced clustering of the Ni particles as

seen in the SEM images and the increase in crystallite size at higher Ni loading (see Table 4.4).

6.4 Effect of H2/CO: ratio

The effect of H,/CO2 molar ratio on both CO> conversion and CHa yield is represented in Figure
6.9. As seen, CO> conversion is favoured at high H2/CO2, molar ratios. This is because H: in
the feed stream at lower H2/CO> molar ratios is the limiting reactant and not sufficient to

convert all the CO; in contact with it.
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Figure 6.9  Activity test profile showing the effect of varying the Ho/COz ratio on CO>
conversion and CHg yield during CO2 methanation over a 10%Ni/YSZ
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catalyst. Reaction conditions: Total flow = 135 mL min, H2:CO; ratio = 4,
pressure = 1 bar, temperature = 643 K, GHSV 20,250 mL h™* gt

The results from this study also revealed that more CO was formed at low H2/CO, molar ratios
indicating the occurrence of RWGS reaction. This also explains the reason for the low CH4
yield at the lower ratios. Moreover, higher concentration of CO, favours coke formation and
this will enhance catalyst deactivation over time. However, excess Hz in the feed stream did
not favour both CO> conversion and CH4 yield. This observation can be attributed to the
presence of excess Hz hindering CO> from reaching the adsorption sites. Thus, CO2 becomes
the limiting reactant, and the extent of conversion or product yield will depend on how many
CO2 molecules can reach the adsorption sites and be reduced for the methanation reaction to
take place.

6.5 Effect of Gas Hourly Space Velocity (GHSYV)

The Gas Hourly Space Velocity (GHSV) of a feed stream is defined as the volumetric flow rate
of reactants divided by the total catalyst volume under standard conditions. GHSV is
commonly given in h™ or in mL h”' g for a heterogeneous catalyst. In this study, GHSV was
varied from 16500 to 39000 mL h™ g-%car under atmospheric pressure and at 643K. The result
of this investigation is shown in Figure 6.10.

As seen, both Xco2 and Ychs decreased from 85.6% to 58.9% and 81.9% to 47.8%,
respectively, as the GHSV was raised from 16500 to 39000 mL h” gca. This observation can
be attributed to the decrease in the contact time needed for the reacting species to completely
react at higher GHSV. A similar trend was observed in Schs with an increase in GHSV. This
decrease in Scrnsa as GHSV increases can be ascribed to favoured side reactions leading to the
formation of CO instead of complete conversion into CHa. This is expected since the reacting
species may not be able to complete the series of chain reactions required for CH4 formation

because of short contact at higher GHSVs.
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Figure 6.10  Influence of varying the GHSV on CO; conversion, CHy yield and selectivity
during CO2 methanation conducted over the 10%Ni/YSZ catalyst at 643 K and
1 bar.

A similar trend in Xcoz2 and Ychs at varying GHSV over different catalysts has been reported
in literature (Rahmani et al., 2014b; Stangeland et al., 2017a). Rahmani et al. (2014) stated that
the reactants can reach the catalyst active sites with enough contact time to react and form
products when the GHSV is low. Therefore, employing higher GHSV for a CO, methanation

reaction is not favourable.

6.6 Effect of adding CHy4 to the reactants

The effect of the initial CH4 concentration in the feed stream during CO, methanation was
investigated over 400 mg of 10%Ni/YSZ at 643 K. The total feed flow was maintained at
135 mL min? by varying N, flow from 60 to 35 mL min? while increasing the CHa
concentration from 0 to 25 mL min™. The H, and CO> flows were kept constant at 60 and
15 mL min, respectively. The result of this investigation is represented in Figure 6.11. As
seen in the Figure, the addition of CH4 caused an inhibitory effect on the catalyst activity,

leading to a decrease in Xco2 from 84.8 to 78.5% and Scha from 99.95 to 99.76% while Sco
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increased from 0.055 to 0.24%. This observation can be explained by applying the collision
theory. The collision frequency of H> and CO2 molecules likely decreased as the concentration
of CHy4 in the feed is increased, resulting in a decrease in the forward reaction. This condition
also favoured the formation of CO indicating that the presence of CHj4 likely influenced the
chain reactions leading to the complete CO2 methanation. A similar trend was reported by
Stangeland et al. (2017b). The authors explained the inhibitory effect of adding CHa to the feed
stream using the Le Chatelier's principle. Notwithstanding, our study reveals that the
10%Ni/YSZ catalyst will be efficient in CO2 methanation where the feed is obtained from

biogas since the loss of activity was not severe.
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Figure 6.11  Effect of adding CHa to the feed on CO2 conversion and CHsand CO
selectivity during CO2 methanation conducted over 10%Ni/YSZ catalyst at
643 K, 1 bar and GHSV 20250 mL h' g%t

6.7 Effect of pressure

Among other parameters, it is important to study the effect of pressure in the design of a CO>

methanation system to ensure safety and optimum performance. Apart from other parameters,
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optimising the performance of a power-to-gas (PtG) technology can be achieved by operating
the CO, methanation reactor at high pressure within the range of 5 to 100 bar (Falbo et al.,
2018; Stiegler et al., 2019). High pressure in the system can help to lower the activation energy
of the forward reaction and cause the molecules to collide faster which will lead to a higher
rate of reaction (Chandraker et al., 2022; Engelbrecht et al., 2017). In addition, this pressure
range offers the advantage of relaxed thermodynamic constraints and reduced equipment
volumes (Falbo et al., 2018). In this study, the effect of pressure was investigated over the
10%Ni/YSZ catalyst at 573 K, H2:N2:CO2 = 4:4:1 and pressures ranging from 0.5 to 3 bar. The
result is demonstrated in Figure 6.12. As expected, Xco2 increased with pressure. The goal of
this work is to look at methanation closer to solid oxide electrolyser (SOE) conditions, i.e.,

atmospheric pressure, for efficient integration. Slight pressurisation could be a future option.
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Figure 6.12  Effect of pressure on the performance of 10%Ni/Y SZ catalyst in CO>
methanation conducted over at 573 K and GHSV 20250 mL h' glca.

6.8 Effect of La-promoter

The effect of incorporating a La-promoter into the framework of the Ni/YSZ was investigated

because several reports showed that the addition of La can greatly enhance the performance of
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a catalyst as discussed in chapter 2. Zhang et al. (2019) ascribed the improvement in the activity
of Ni/Al>O3z catalyst during CO methanation after adding La-promoter to the enhanced anti-
sintering, increased resistance to coke formation, improved reducibility of Ni particles, and the
decrease in the size of the Ni crystallites resulting in a high dispersion on the alumina support.
Similarly, Ho et al. (2020) attributed the exceptional activity of the La-promoted Ni/Al>O3
catalyst to a synergistic impact of dissociative and associative CO> activation which was
induced by the presence of more reduced, finely distributed, and stable Ni nanoparticles, as
well as basic sites within the La,O3/Al,O3 matrix. Mihet et al. (2021) attributed the improved
performance of the La-promoted Ni/SiO; catalyst in CO> methanation to the enhancement of
Ni particle dispersion, better capacity for H. and CO> adsorption and activation, improved anti-
sintering capacity, the combined effect of Ni nanoparticles stabilisation inside the medium
sized mesopores, and the facilitated access of reagents to active centers due to the large
mesopores. However, no report focussing on the promoting effect of La on the performance of

Ni/YSZ catalyst for CO2 methanation was identified.

The results of this study are presented in Figure 6.13. As seen, the addition of the La-promoter
slightly improved the activity of the Ni/YSZ catalyst, but a significant decline in the catalyst’s
performance occurred at La-contents beyond 3%. This trend could not be compared with a
similar study on the promoting effect of La on Ni/YSZ catalyst in CO, methanation because
such study was not found. The closest study found on the effect of La on Ni/YSZ focused on
CHy dry reforming and not methanation. According to a study by Tu et al. (2020), the addition
of a La-promoter improved the activity of a Ni-YSZ catalyst in methane cracking during a CHa
dry reforming reaction. Deducing from the authors’ observation, the addition of a La-promoter
to a Ni/YSZ catalyst for CO. methanation in the current research encouraged the cracking of
CHas. Therefore, the Scha was not increased as the La-content increased. This is also evident in
the Sco which increased as the La-content increased since part of the CH4 produced likely

underwent cracking.
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Figure 6.13  Performance of 10%Ni/YSZ with the variation in the La-content in CO-
methanation conducted under atmospheric pressure at 643 K and GHSV
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Figure 6.14  Longevity test profiles showing the stability of 10%Ni/YSZ and 3%L a-
10%Ni/YSZ catalysts in CO2 methanation conducted under atmospheric
pressure at 643 K, GHSV 20250 mL h™ g™t and 48 h on-stream.

156



Figure 6.14 shows the results obtained during a 48 h on-stream longevity test over 10%Ni/YSZ
and 3%La-10%Ni/YSZ catalysts at 643 K and 1 bar. As seen in the figure, the addition of the
La-promoter to the catalyst did not offer any significant change to the catalyst’s performance
and stability within the time-on-stream. This result further proves that the addition of La-
promoter to Ni/YSZ catalysts is not economically ideal when employing such catalysts for CO>

methanation.

6.9 Effect of reactor configuration

This section presents the results from the investigation of the influence of reactor configuration
for CO2 methanation. Specifically, three reactor configurations, namely, a single reactor with
one catalyst bed, a single reactor with two catalyst beds, and two reactors in series configuration
were employed. For the results for a single catalyst bed, the reader can refer to all the results
presented in previous sections of this chapter. The following will therefore focus on the latter

two concepts.

6.9.1 A single fixed-bed quartz reactor containing two catalyst beds

For this reactor configuration, the weights of the catalysts in the first and second beds from the
feed inlet were varied in the ratios 20%-80%, 40%-60%, 60%-40%, 80%-20% and were
compared with a single bed reactor (100%-0). Figure 6.15 (a) and (b) depict the results of this
study.
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As seen in Figure 6.15 (a), the CO2 conversion and CHg yield were favoured when the reaction
was conducted with less amount of catalyst in the first bed than in the second bed. This
observation was explained by relating the interaction of the products from the first catalyst with
the second catalyst. At lower catalyst weight in the first bed, the products such as CHa4, CO,

and H20 are low compared with what will be obtained with a higher amount of catalyst in the
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first bed. In this regard, the effect of water produced from the first catalyst was not significant
because of the availability of active sites in the second catalyst for CO, the unreacted CO; and
Ho to further react. As the quantity of the first catalyst increased, the amount of water produced
also increased. The increasing amount of water molecules then diluted the stream of reactants
and prevented some of the unreacted species from reaching the active sites of the second
catalyst. This occurrence was evidenced in the amount of CO produced as shown in Figure
6.15 (b) The amount of CO from the first catalyst bed being converted in the second catalyst
bed decreased as more water was brought in from the first catalyst, hence the CO increase.
While the 20%-80% catalyst bed ratio displayed the best in terms of CO. conversion, the CH4
yield was comparable with a single catalyst bed system (100% to 0%). It should also be noted
that the temperature around the first catalyst bed was slightly higher than the temperature
within the region before the second catalyst bed. This temperature difference could also be
responsible for the observed performances in a single reactor with two catalyst beds. From this
observation, it is not economical to design a reactor system with two catalyst beds within a

single reactor.

6.9.2 Two fixed-bed quartz reactors arranged in series

The effect of two fixed-bed quartz reactors arranged in series was also studied after the results
from the single reactor system with dual catalyst beds revealed that such a setting is not
effective for improved performance in CO, methanation. The motivation for installing a water-
removing device at the outlet of the first reactor in a series of fixed-bed quartz reactors was
that the presence of high amounts of water could have potential adverse effects on the CO>
methanation process in the second reactor. This strategy is expected to help mitigate the
negative impact of water on the catalyst activity, selectivity, stability, and overall process
efficiency, ultimately leading to enhanced and optimised performance of the entire reactor

system.

Prior to the actual experiment, an initial investigation was conducted where the two reactors

were connected without a water trap device at the outlet of the first reactor (Figure 6.16).
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Figure 6.16  Pictorial view of the two-reactors in series configuration without water-trap.

In this reactor configuration, all the output from the first reactor flowed into the second reactor.
A CO; conversion of about 97% was obtained in the first one hour and decreased to about 94%
after four hours of operation. Subsequently, the CO> conversion continued to drop after 4h on-
stream and became stabilised at about 76% after 15 h on-stream. The reaction was eventually
stopped because the pressure buildup resulting from the condensation of water at the outlet of
the first reactor caused the catalyst in the second reactor to completely shift out of position.
The initial high CO. conversion in the first four hours of the reaction was attributed to the
longer dwelling time of the reactants across the two reactors and less interference of water with
the second catalyst which enabled more active sites for the unreacted CO; leaving the first
reactor to be converted in the second reactor. But as the operation proceeded beyond four hours,
the amount of condensed water became significant, and some flowed alongside the gaseous
mixture entering the second reactor causing an inhibitory effect on the catalyst in the second
reactor. This condensed water also resulted in a significant back pressure causing the catalyst

bed in the second reactor to shift.

The inhibiting effect of water has been reported in several studies. For instance, Marwood et
al. (1997, 1994) investigated the impact of water on the performance of Ru/TiO> catalyst in
CO2 methanation by employing transient in-situ DRIFT experiments. Their findings revealed
that the presence of water leads to a decrease in the CO> conversion rate. This negative effect
of water was attributed to the inhibitory role of water, which reduced the rate of CO activation,

thereby limiting the amount of adsorbed CO on the Ru active sites. The inhibitory effect of
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water was also attributed to its participation in both the reverse water gas shift and the
methanation processes resulting in the formation of byproducts other than CH4. Falbo et al.
(2018) examined the influence of water by co-feeding water with other reactants into the
reactor at a partial pressure of 0.08. It was observed that catalyst activity in terms of CO>
conversion significantly dropped as the inlet water pressure increased. The Xco2 recorded a
drop close to 59% due to the inhibitory effect of water. Lim et al. (2016) investigated the effect
of water during a kinetic study of CO, methanation over a Ni/y-Al.Oz catalyst. The addition of
water was found to result in a decrease in the rate of CHs formation. Hence, it was
recommended that the inhibitory effect of water on the rate of reaction be accounted for
whenever data from kinetic study of CO> methanation are being analysed at higher conversion
rates. Duyar et al. (2015) estimated the order of reaction with respect to H,O to be -0.23 during
a kinetic study of CO2 methanation over a Ru/y-Al>O3 catalyst. The negative order of H>O was
attributed to its inhibitory effect on the reaction during methanation.

The problem of pressure buildup resulting from extreme condensation of water at the outlet of
the first reactor was resolved by installing a water-trap at the exit of the first reactor before the
connection to the second reactor as shown in Figure 6.17. This enabled the condensed water
from the first reactor to be removed while the unreacted CO2, Hz, N2, CH4 and CO passed into

the second reactor. This configuration was subjected to a 48 h on-stream longevity tests, and

the results are presented in Figure 6.18.

Figure 6.17  Pictorial view for two-reactors in series configuration with a water-trap.
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Figure 6.18  Longevity test profiles showing the CHa4 yield during CO, methanation
conducted for 4 8h on-stream over 10%Ni/YSZ catalyst in a single and two
reactors in series configurations with a water-removing device at GHSV
20250 mL h™ geat, H2:CO2:N2 ratio of 4:1:4, 1 bar and at 643 K.

The results from this new setup indicated that the effect of water was significantly reduced
resulting in about 99% conversion of CO, with negligible backpressure as observed during the
study. The CHa yield was in the range of 96 to 98% throughout the test. This observation is in
agreement with a previous study by Hernandez et al. (2020) in which the addition of water in
the feed caused a negative effect during CO, methanation. Hashemi et al. (2021) also found
that the removal of water significantly improved the average reaction rate within the reactor,
leading to an increase in CO> conversion within a reactor operating at static conditions. It is
also believed that the removal of water before the reactant stream enters the second reactor

helps to overcome the thermodynamic limitations of conversion (G6tz et al., 2014).

Furthermore, the effect of varying the catalyst ratio in the two-reactor configuration in series
with a water trap for CO> methanation was investigated over the 10%Ni/YSZ catalyst. The

results are represented in Figure 6.19. As seen in Figure 6.19, the CO2 conversion and CHs
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yield vary with the catalyst ratio in the two reactors. It was expected that the configuration with
a higher quantity of catalyst in the first reactor than in the second reactor would perform better
because of the higher amount of water produced and potentially removed in the water trap.
Since this water was removed before entering the second reactor, the water interference would
be minimal. However, the results revealed that the reactor configurations with less catalyst in
the first reactor than in the second reactor generally showed better performance. These
interesting results can be attributed to the fact that as most of the water produced in the first
reactor was trapped before entering the second reactor, the reacting species entering reactor 2
had more active sites for the reaction to take place.

On the other hand, the initially higher concentration of reactants in the first reactor would imply
an over proportional production of water. It is worth mentioning that the presence of small
amounts of water may behave differently if the same experiment was to be conducted under
high pressures. However, the reactors used in this study could not handle pressures beyond 4
bar. Therefore, it is recommended that a further study be carried out on the influence of water
in CO2 methanation under high operating pressure in a pressure vessel.
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Figure 6.19  Effect of varying the catalyst ratio in the two fixed-bed quartz reactors setup
arranged in series with a water trap on (a) CO> conversion and CH4, and (b)
CHa and CO selectivities during CO2 methanation conducted at total feed flow
=135 mL min, N2:H2:CO- ratio = 4:4:1, pressure = 1 bar, temperature = 643
K, GHSV 13,500 mL h? g-ca.

164



CHAPTER 7

Post-reaction Characterisation results and discussion

7.1  XRD measurement

Figure 7.1 illustrates the XRD pattern of the spent Ni/SBA-15, unpromoted and La-promoted

Ni/YSZ catalysts following a 48-hour on-stream longevity test. Notably, no distinct changes in

peaks were observed, and these results are very similar to the XRD patterns of the fresh samples

(see Figure 4.7 and 4.8). This is an indication of the remarkable structural stability of the

catalysts during methanation reactions. However, there was a slight increase in the sizes of the

Ni particles for the spent catalysts as presented in Table 7.1. This increase in Ni particle size is

potentially attributed to sintering or carbon deposition. To further investigate this subtle

change, additional characterisation was undertaken to determine the underlying cause.

Table 7.1

Crystallite size of Ni in the reduced catalysts before (dni) and after (dni”) CO

methanation reaction.

Samples

Crystallite size, d (nm)

dni dni-

10%Ni/YSZ

10%Ni/SBA-15

3%La-10%Ni/YSZ

3439 35.18 +
0.000924852 0.002643312

29.53 + 31.46 +
0.002685854 0.002231267

20.40 = 21.44 +
0.004741212 0.002656643

Crystallite size estimation was obtained from the Scherrer Equation using the highest FWHM of the Ni peaks in
the XRD data of the catalysts.
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Figure 7.1  XRD patterns of (a) SBA-15 supported, and (b) YSZ supported catalysts
before and after 48 h on-stream longevity tests under the following CO>
methanation conditions: Total feed flow = 135 mL min, N2:H2:CO; ratio =
4:4:1, pressure = 1 bar, temperature = 643 K, GHSV 13,500 mL ht g-tcat.
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7.2 Raman spectroscopy

Figure 7.2 illustrates the Raman spectra of the spent catalysts following a 48-hour CO>
methanation operation at 643 K. Notably, no discernible peaks were observed in the Raman
shift range of 1000 to 3000 cm, where carbon peaks are typically expected. Typically, any
peak that manifests within the range of 1250 to 1350 cm™ is ascribed to the presence of an
amorphous carbon, and is designated as the D band, while a peak within the range of 1500 to
1700 cm? corresponds to the in-plane vibration of graphitic carbon layers and designated as G
band ) (Wu et al., 2021; Wang et al., 2012; Li et al., 2023b). Additionally, there are other bands
such as the D' band which show the presence of disordered carbons. In this study, the absence
of peaks associated with carbon could either indicate that there were no carbon deposits on the
catalysts, or the amount of the carbon deposits might be below the detection limit of the Raman

spectroscope. Hence, further characterisation was carried out to ascertain the actual situation.
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Figure 7.2 Raman spectra of spent SBA-15 supported, and YSZ supported catalysts after
48 h on-stream longevity tests under the following CO2 methanation
conditions: Total feed flow = 135 mL min, N2:H2:CO; ratio = 4:4:1, pressure
= 1 bar, temperature = 643 K, GHSV 13,500 mL h* g-tcat.
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7.3 Scanning electron microscopy (SEM)

SEM analysis was conducted to characterise the spent catalysts following the stability test. The

images are shown in Figure 7.3.
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Figure 7.3  SEM micrographs of spent (a) 10%Ni/SBA-15, (b) 10%Ni/YSZ and (c) 3%La-
10%Ni/Y SZ catalysts after 48 h on-stream longevity tests under the following
CO_ methanation conditions: Total feed flow = 135 mL min, N2:H,:CO ratio
= 4:4:1, pressure = 1 bar, temperature = 643 K, GHSV 13,500 mL h*? g-lct.
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The acquired micrographs revealed negligible carbon deposition on the catalysts’ surfaces.
Although there was no significant sintered region observed on any of the catalysts, the XRD
results showed a slight increase in the crystallite sizes of all the catalysts after the longevity
tests (Table 7.1). This indicated that the catalysts had high resistance to sintering. These
findings can explain the high stability exhibited by the catalysts, especially the La-promoted
Ni/YSZ. This improvement can be attributed to the increased Ni dispersion on the YSZ support

and the reduction in Ni particle size.

7.4 Temperature-programmed oxidation (TPQO)

Figure 7.4 displays the TPO profiles of used catalysts from 48 h on-stream longevity tests. The
catalysts exhibited distinct patterns with three primary segments based on the oxidation
temperature as given in Table 7.2. The first segment can be attributed to the removal of
moisture adsorbed on the surface and pores. The subsequent segment can be linked to the
oxidation of residual Ni°® following the stability tests according to previous studies (Dias and
Perez-Lopez, 2023; Miao et al., 2022).
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Figure 7.4 TPO profiles showing the weight loss of graphite and spent catalysts after 48 h
on-stream longevity tests under the following CO2 methanation conditions:
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Total feed flow = 135 mL min, N2:H2:CO; ratio = 4:4:1, pressure = 1 bar,
temperature = 643 K.

Table 7.2 Estimated weight gain/loss percent for the Ni° and carbon oxidation zones during
the TPO of catalysts used in a 48 h on-stream longevity test for CO2 methanation

at 643 K.
Samples Initial sample Weight gained Mass of carbon
weight x 1073 during Ni° oxidation  deposited in zone 3
(g) (%) (gcarbon gc_alt)
10%Ni/SBA-15 8.80 6.6102 0.0036
10%Ni/YSZ 41.1 2.4771 0
3%La-10%Ni/YSZ 66.7 1.9500 0.0034

Although studies have established the high chances of Ni° oxidation within the temperature
range of the second zone, other studies have also reported the oxidation of amorphous carbon
within this temperature range (Xu et al., 2023; da Fonseca et al., 2022). Therefore, zone 2 could
be the result of both Ni® and carbon oxidation where the rate of Ni° oxidation was greater than
the rate of carbon oxidation. To ascertain the actual species being oxidised in this zone, further
characterisation is required. A characterisation technique capable of detecting and quantifying
the CO. produced from the oxidation of carbon deposits at various temperatures will be

suitable.

The third zone displayed a minor decline in weight for the 10%Ni/SBA-15 and 3%La-
10%Ni/YSZ catalysts while no weight loss was observed for the 10%Ni/YSZ catalyst. The
weight loss in the third zone has been attributed to the oxidation of carbon deposits in a previous
study (Aieamsam-Aung et al., 2023). To verify this claim, graphite was subjected to the same
TPO conditions, and the weight loss observed corresponded with the trend in this region (see
Figure 7.4). Table 7.2 also displays the estimated quantity of carbon deposits based on the
weight loss observed in the third zone. Overall, the three spent catalysts showed an insignificant
amount of carbon deposit. The limited deposition of carbon suggests that all the samples

possess high anti-coking properties.

Considering that the change in weight of the catalysts due to carbon deposit obtained from the

TG experiment may not be reliable, further carbon study of the spent catalysts was conducted
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using a mass spectrometer to confirm the approximate quantity, and the nature of carbon
deposited. This confirmation test was also necessary since the TG experiment could not
differentiate between the oxidation of Ni®and amorphous carbon in zone two, and there was
no visible weight loss observed for the spent 10%Ni/YSZ catalyst in the third zone. The mass
spectrometer was operating using the conditions: Oz and N flows of 5 and 20 mL.min™,
respectively; heating rate of 5 K min™. The use of a mass spectrometer for quantifying the
amount of carbon deposited on catalysts has also been reported in the literature (da Fonseca et
al., 2022). Figure 7.5 represents the TPO profile conducted with the mass spectrometer, and
Table 7.3 shows the amount of carbon deposited on each of the catalysts. As seen from the
figure, two peaks were detected for all the spent catalysts where the first peak is about the same
temperature range but peak 2 is at different temperature ranges. Peak 1 can be ascribed to the
oxidation of adsorbed atomic carbon (Takahara et al., 2013). The temperature range of the
second peak for 10%Ni/YSZ and 10%Ni/SBA-15 catalysts corresponds to the oxidation
temperature range of polymeric carbons while the second peak for the 3%La-10%Ni/YSZ

catalyst corresponds to graphitic carbon (Xu & Bartholomew, 2005).
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Figure 7.5 TPO profiles showing the CO signals from carbon oxidation of spent (a)
10%Ni/YSZ, (b) 10%Ni/SBA-15 and (c) 3%La-10%Ni/YSZ catalysts after 48 h on-stream
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longevity tests under the following CO. methanation conditions: Total feed flow = 135 mL

mint, N2:H2:CO; ratio = 4:4:1, pressure = 1 bar, temperature = 643 K.

While the adsorbed atomic carbon is reactive and easily oxidised, the graphitic carbon is very
difficult to be oxidised. From Table 7.3, the order of carbon deposited per mg of catalyst is as
follows: 10%Ni/SBA-15 > 10%Ni/YSZ > 3%La-10%Ni/YSZ. It should be noted that the
amount of carbon deposited as given in Table 7.2 is lower than the amount estimated in Table
7.3 because the former was obtained using only one segment while the latter was obtained
using all temperature zones. In addition, the observed weak peak intensities for polymeric or
graphitic carbon indicates that all the catalysts are highly resistant to the formation of graphitic
carbon, and this may be connected to the relatively high stability displayed during the longevity
tests.

The results of the carbon balance for the 10%Ni/SBA-15, 10%Ni/YSZ and 3%La-10%Ni/YSZ
catalysts are presented in Table 7.4. The carbon balance results revealed a notable trend, with
the 3%La-10%Ni/YSZ catalyst demonstrating the highest carbon balance and lowest carbon
deposition rate. Interestingly, the 10%Ni/SBA-15 catalyst, with a higher surface area than the
two other catalysts (according to BET measurements), exhibited the lowest carbon balance and

the highest carbon deposition rate.

Table 7.3 Total mass of carbon deposited during a 48 h on-stream longevity test for CO>
methanation at 643 K estimated from TPO of the spent catalysts in a mass

spectrometer.
Samples Initial sample weight Mass of carbon deposited
x 107(g) (9carbon Gear
10%Ni/SBA-15 37.5 0.00812014
10%Ni/YSZ 100 0.00403213
3%La-10%Ni/YSZ 100 0.00368136
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Table 7.4 Results of carbon balance and carbon deposition rates obtained from the GC data
during a 48 h on-stream longevity test for CO, methanation at 643 K.

Samples Carbon balance  carbon deposition rates x 107°
(%) (mol gear s™)
10%Ni/SBA-15 93.01169595 1.97975
10%Ni/YSZ 94.32572463 1.60749
3%La-10%Ni/YSZ 95.80715087 1.07294

This variation in the carbon balance and deposition rates may be attributable to the difference
in the catalyst composition and structure, which can influence the extent of suppression of side
reactions such as the Boudouard reaction (Siang et al., 2021). As discussed in chapter 4, the
H>-TPR of 3%La-10%Ni/YSZ showed a lower reduction temperature than those of the
unpromoted 10%Ni/YSZ and the 10%Ni/SBA-15 catalysts. Another observation was in the
overlapping between the NiO phase and the YSZ phase at 20 = 62.8° degree in the XRD
patterns of both the unpromoted 10%Ni/YSZ and the 3%La-10%Ni/YSZ catalysts (see Figure
4.6 (a) and Figure 4.7 (a), respectively), while the XRD pattern of the 10%NiSBA-15 indicated
the presence of NiO at the 20 = 62.8° (see Figure 4.8 (b)). Therefore, the synergistic effect
between Ni and YSZ support in both the 3%La-10%Ni/YSZ and the unpromoted 10%Ni/YSZ
catalysts likely enhanced Ni dispersion and reducibility, leading to abundant active sites for

efficient CO, conversion to CH4 and minimising carbon deposition.

This observation suggest that surface area alone is not the sole determinant of catalyst
performance. Rather, a combination of factors, including dispersion, reducibility, and intrinsic

activity, plays a crucial role in dictating the overall catalytic efficiency in CO2 methanation.
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CHAPTER 8

Conclusions and future work

8.1 Conclusions

The research reported in this thesis focused on the performance of Ni-based catalysts in CO>
methanation with the aim of producing synthetic natural gas (SNG). The study aimed to
contribute to the mitigation of climate change by exploring an efficient and sustainable method
for converting CO- into a valuable energy resource. The subsequent paragraphs provide a

concise summary and exemplify the key discoveries made throughout this research endeavour.

The characterisation results revealed insights into the catalyst supports and their corresponding
Ni-based catalysts. The Nz-adsorption/desorption isotherms provided information about the
pore structures of the different supports, with modifications observed after impregnation with
Ni or a La-promoter. XRD analysis indicated the high dispersion of Ni particles on all catalysts.
H>-TPR results highlighted the varying reducibility properties of the catalysts, with Ni/YSZ
demonstrating the highest reducibility. SEM images showed the even distribution of Ni

particles in some catalysts, while others exhibited Ni agglomerations.

The effect of transport limitations using the Mears' and Weisz-Prater criteria was negligible,
indicating that the selected catalyst particle size of 150 um is appropriate for the CO>
methanation operation. The catalyst activity tests demonstrated that Ni/YSZ exhibited the
highest CO> conversion of about 83%, attributed to its high oxygen vacancies, enhanced basic
sites, and resistance to metal sintering. The estimated activation energies of the catalysts
showed that Ni/YSZ exhibits the lowest value of 49.9+0.00051839 kJ mol* followed by
Ni/Al,O3 (52.4+0.03844688 kJ mol™), Ni/CeO, (59.2+0.012878 kJ mol™) and Ni/SBA-15
(68.3+0.013478 kJ mol™?). This suggests that the lower performance exhibited by Ni/SBA-15
is attributed to its higher energy barrier compared to the other catalysts.
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Operating conditions, such as temperature, pressure, H2:CO- ratio and gas space velocity, were
found to influence the methanation reaction, with an optimum range identified for best

performance of Ni/YSZ.

Although the characterisation results indicated that the La-promoter to Ni/YSZ modified the
catalyst physicochemical properties, its activity in CO> methanation was not significantly
different from that of the unpromoted Ni/YSZ catalyst. Therefore, more advanced
characterisation such as NH3 temperature-programmed desorption and XPS is recommended
to unravel other properties of these catalyst. Notwithstanding, the observed modification in the
structure of Ni/Y SZ after adding La-promoter suggested its potential for enhanced performance

in other reforming reactions.

The reactor configuration study emphasised the superiority of a two-reactor system in series

with a water-removing device, outperforming other configurations.

The investigation of spent catalysts indicated minimal carbon deposition and sintering,

contributing to their high stability.

8.2 Future work

The following suggestions are provided based on the observations in this study:

8.2.1 Synthesis of SBA-15

In the synthesis of SBA-15, the as-synthesised SBA-15 was thoroughly washed with deionised
water before calcination during the synthesis of SBA-15. But results show that when the as-
synthesised SBA-15 was calcined without washing, a black residue was formed instead of the
white-coloured powder associated with SBA15. Future research could involve: Characterising
the black residue using techniques like X-ray diffraction (XRD), Fourier-transform infrared
spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS) to identify its chemical
composition and potential impurities. Conducting high-resolution microscopy (SEM, TEM) to

examine the morphological and structural changes in SBA-15.
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8.2.2 Water effect at high pressure

Building upon the inhibiting effect of water on the catalyst performance, a comprehensive
study at high pressures (> 20 bar) is suggested: Performing CO. methanation experiments using
a high-pressure reactor setup to assess water impact on catalyst behaviour at elevated pressures.
Advanced techniques such as in-situ spectroscopy (Raman, FTIR) could be employed to
monitor catalyst performance and water interactions under high-pressure conditions. The
potential alteration of reaction pathways and intermediates due to water presence at high
pressures could be studied. Compare the results with the inhibitory effect observed at lower

pressures to unveil pressure-dependent water-related deactivation mechanisms.

8.2.3 In-depth study on the Ni-YSZ Interaction

While the current study has revealed that Ni/YSZ catalyst is highly active for CO, methanation,
the study on the interaction between Ni and YSZ has not been fully exhausted. Further
characterisation techniques, such as in-situ spectroscopy and advanced microscopy, could
provide deeper insights into the catalyst-support interaction dynamics during CO, methanation.
Thermodynamic studies could elucidate the underlying mechanisms governing Ni-YSZ
interactions under different reaction conditions, helping to optimise catalyst performance and
stability. An in-depth comparison with the CeO> support would be useful.

8.2.4 Reactor configuration

Expanding on the results from the reactor configuration systems, future work could delve into
a comprehensive investigation of the catalyst distribution and reaction kinetics within the
reactors. By employing advanced computational fluid dynamics (CFD) simulations, the flow
dynamics, temperature distribution, and species concentration profiles could be precisely
modelled and analysed. This would provide a detailed understanding of how the spatial
distribution of catalyst beds influences reaction performance and product selectivity. A
comprehensive study on the reaction thermodynamics is also suggested. This would involve
examining the impact of varying operating conditions, such as pressure and temperature, on
the thermodynamic feasibility of the CO. methanation process. Such analysis could lead to the
identification of optimal conditions that enhance methane yield and minimise energy losses,

contributing to process efficiency.
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8.2.5 Integration of methanation and co-electrolysis

To further advance the sustainable utilisation of surplus electrical power, the integration of
methanation with co-electrolysis in a reversible solid oxide electrolyser (RSOE) system holds
great promise. Future research could focus on designing, fabricating, and characterising a novel
RSOE setup that combines CO2 methanation and electrolysis of H.O and CO; to produce
syngas. This integrated system could offer a pathway for the efficient conversion of renewable

energy into a versatile energy carrier.

8.2.6 Scale-up and techno-economic analysis

Transitioning from laboratory-scale experiments to practical applications involves challenges
related to catalyst scale-up, reactor engineering, and economic feasibility. Future work could
involve a comprehensive techno-economic analysis, considering factors such as catalyst
production costs, reactor design, and energy consumption. This analysis would provide
valuable insights into the viability of large-scale CO, methanation processes as a key

component of the clean energy transition.

Addressing these future research directions will contribute positively to the advancement of
knowledge in CO2 methanation and its integration with innovative energy conversion

technologies, furthering our understanding of sustainable energy solutions.
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Appendix A

Calculations for catalyst preparation

Before synthesising a catalyst, the following components need to be determined:
The total mass of catalyst to be prepared.
The percentage of the support and the metal component.

Mass of metal salt required to achieve the desired percentage of the metal component.

For example, let us prepare 20 g of 15%Ni/YSZ:

Total mass of catalyst = 20g

Percentage of support (YSZ) = 100% - 15% = 85%

Mass of support = 85% x 20g = 179

Therefore, mass of 15%Ni = 20g (total mass) - 17g (mass of support)
= 3g

. My XMy
Mass of Ni salt = —Y-—_Nisalt
Mpy;

Where my; = mass of Ni contained in the total mass of catalyst to be prepared

My; saie = Molecular weight of Ni salt

My; =Molecular weight of Ni

Assuming that the Ni salt is Ni(NO3)2.6H20, then My; sq1c = 290.79g mol™*

My; = 58.70g mol™1
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39%290.79g mol~1
58.70g mol~1

Therefore, Mass of Ni salt containing 3g of Ni =

= 14.8615¢

This means that to prepare 20g of 15%Ni/YSZ catalyst, 14.8615¢g of Ni salt and 17g of YSZ

are required to be mixed using deionised water.

Similarly, to prepare 10g of 3%La-10%Ni/YSZ,

Total mass = 10g

Percentage of YSZ (support) = 100% - 10%Ni - 3%La = 87%
Mass of YSZ =87% x 10g = 8.79

Mass of 10%Ni = 10% x 10g = 1g

Mass of 3%La = 3% x 10g = 0.3¢g

19%290.79g mol~1!
58.70g mol—1

Mass of Ni salt required =

~ 4.954¢g
Assuming that the La salt is La(NO3)3.6H20,

0.3g X 433.01g mol™?
138.905g mol~1

ass of La salt containing 0.3g of La =

~0.935¢g

Therefore, 0.935¢g of La(NO3)3.6H20, 4.954¢g of Ni(NO3)..6H-0 and 8.7g of YSZ are required
to synthesise 10g of 3%L-10%Ni/YSZ catalyst. This procedure is the same for other types of

supports.
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Figure A.1 represents some of the stages involved in the preparation of SBA-15. Figure A.1
(a) and (b) show the mixture of the P123 copolymer and the TEQOS silica precursor while Figure
A.1 (c) shows the washing step of the as-synthesised SBA-15. Vacuum pump is connected to
the filter funnel to enable fast washing while employing enough water to bring the pH of the
material to 7 (neutral). Figure A.2 (a) and (b) reveal the importance of thoroughly washing the
as-synthesised SBA-15 before calcination. As mentioned in chapter three, the P123 copolymer
and the TEOS silica precursor are hydrolysed in HCI acidic medium. The calcination of the
unwashed SBA-15 as seen in Figure A.2 (b) caused the residual reactants such as HCI and
unreacted P123 to react with the silica material, thereby, altering the composition of the SBA-

15 which gave a black product instead of white.

()

Temperature
regulator
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Figure A.1  Pictorial view of the synthesis stages for SBA-15 (a) dissolution of P123, (b)
introduction of TEOS into the dissolved P123, (c) washing and filtration and

(d) Teflon-lined autoclave for hydrothermal treatment of as-synthesised SBA-
15.

Figure A.2  Pictorial view showing the effect of washing the as-synthesised SBA-15
before calcination (a) calcined washed SBA-15 and (d) calcined unwashed
SBA-15.
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Appendix B

Crystallite size calculation from XRD data

The average crystallite sizes of the crystals for each sample were calculated from XRD
data by the Scherrer equation using Eq. (3.6). The FWHM for each Ni peaks was obtained
using OriginPro software and an example is shown in Figure B.1.

KA

d, (hm) = 3 cos 6

Where d, = Particle size in nm,

K = Shape factor with the value of 0.9 (assuming a spherical particle),

A = X-ray wavelength of the X-ray source Cu Ka (1.5406 A),

B = Line broadening at half the maximum intensity (FWHM) of Ni diffraction peak.

Note that both FWHM and 26 must be converted to radian before applying the Scherrer

equation.

From Figure B.1, first Ni peak is at 26 = 44.8° or 0.782 rad 0 = (0.782/2)°
B or FWHM = 0.216° or 0.00377 rad

Therefore, crystallite size =

0.9 x 1.5406
0.00377 X cos(0.782/2)

=397.8 A or 39.78 nm
Second Ni peak is at 26 = 52.15° or 0.91 rad

FWHM = 0.262° or 0.00457 rad

0.9%X1.5406

Therefore, crystallite size =
0.00457xc0s(0.91/2)

=337.8 A or33.78 nm
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Average crystallite size =

33.78 + 39.78

=36.78 nm
] Ni x| > ¥0 = 171.14011, xc = 44.80713
w =0.18302, A = 317.79438
1 | sigma = 0.09151, FWHM = 0.21549
T Height = 1385.46876
- oy |
3 3 |
s S ]
z ] 2 A i
[0} . 1]
8 1 Ni s ]
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Figure B.1  XRD pattern of reduced Ni-based catalyst showing the FWHM as obtained
from OriginPro software.
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Appendix C

TPO calculations for mass of carbon deposited

The amount of carbon deposited on the spent catalysts during TPO experiments was
determined by first calibrating the mass spectrometer using carbon black. 10, 25 and 100 mg
of carbon black were subjected to a TPO condition: O, and N2 flows of 5 mL min* and 20 mL
min’t, respectively; maximum temperature of 1073 K at heating rate of 5 K mint. The CO;
signals for each of the masses of carbon employed, and the resulting calibration curve for

carbon deposited are shown in Figure C.1.

From the calibration curve, slope = 4x10

Equation of the straight line, m, = 4 X 1076 X A¢¢»

m. = mass of carbon deposited (mg)

Aco, = =Total area under each of the curves of CO; signal

For example, if a spent catalyst is subjected to TPO conditions and total area under the CO>
signal is 265000, the amount of carbon deposited = 4x10°x265000

=1.06 mg
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Figure C.1  Profile of (a) CO2 signals for each mass of carbon black burnt, and (b)
calibration curve showing the relationship between the mass of carbon and the
total area under the curve of the CO; signals during TPO.
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Appendix D

Activation energy calculation

The activation energies of the catalysts were estimated using the Arrhenius equation given in
Eq. (D.1).

Ep

k = Ae RT (Dl)

k = rate constant

A = frequency or collision factor

T = reaction temperature in Kelvin

Ea = activation energy or minimum energy required for reaction to take place (J mol™)

R = gas constant (8.314 J mol* K1)

Meanwhile, the rate of reaction between reactants A and B can be related to the rate constant
using Eq. (D.2).

—1y = kC}CI (D.2)

—I, = rate of consumption of reactant A (mol kg s*)

m and n = order of reaction
Ca and Cg = concentrations of reactants A and B (mol m)

k = rate constant
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By substituting the rate constant of Eq. (D.1) into Eq. (D.2), Eq. (D.3) is obtained.

E
—1, = Ae RT x CICI* (D.3)

_Ea
Or —ry =e RT X AC/CH!

By taking the log of both sides of Eq. (D.3), Eq. (D.4) was derived.

In(-7,) =1In (8_2_174" X (ACZCg")) (D4)

E
In(—r,) = Ine RT + In(ACFCI)

E
In(-r,) = — é +In (ACPCI) (D.5)

By comparing Eqg. (D.5) with the typical straight line y = mx + C the activation energy can be

obtained as follows:

In(-r,) = the dependent variable (Y-axis)

1/T = the independent variable (X-axis)

In (AC} CEY) = the Y-intercept

—%A = slope of the straight line (m) which is determined from the plot like the one shown in

Figure D.1.

Therefore, Ea = -R xm
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Figure D.1  Arrhenius plot demonstrating the relationship between activation energy and
the slope.
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Appendix E

Determination of transport resistances

The various calculations that were carried out before deriving the outcomes of transport

resistances discussed in chapter 5 are presented here.

E.1 External Mass Transfer Resistance

As mentioned earlier, resistance to external mass transfer may be ignored the Mears criterion

given by Eq. (E.1) is satisfied.

(_rexp)prpn
k.Ca

C

<0.15 (E.1)

Where
(-rexp) = reaction rate (5.41 x 102 mol Kgear* %)
pv = catalyst bulk density (2260.38 kg m™)
Rp = catalyst pellet radius (7.50 x10° m)
n = order of reaction
Capb = Concentration of reactant A (CO) in the bulk gas phase (4.54 mol m)

ke = mass transfer coefficient

El.1 Calculation of mass transfer coefficient

The mass transfer coefficient (kc) was estimated using Eq. (E.2).

e (E2)

241



Where
U = superficial gas velocity (m s™)
Jjp = Colburn’s J-factor for mass transfer

Sc = Schmidt number

Superficial gas velocity

The Superficial gas velocity (U) was estimated by Eq. (E.3).

u=2< (E.3)

At = Area of the tubular reactor

= 1 x 0.00552 /4

=2.38 x 10° m?

v = Volumetric gas flow rate at 298 K = 135 mL min™ or 2.25 x 10° m® s

At 523 K, v was estimated using Charles’s law as follows:

==

»—\_| |H<
)

0y xT,  2.25% 1076 x 523

5y = = 3.95 x 1076 m3s~1
V2= T 298 mes
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3.95x107°m3s~

1
— — -1
From Eq. (E.3), U = rTTre ke 0.166 m s

Colburn’s J-factor for mass transfer

The Colburn's J-factor is a dimensionless parameter which can be used to show the
effectiveness of the mass transfer in a system or of an equipment. In this study, the Reynolds
number was first evaluated before the Colburn's J-factor since it is dependent on the Reynolds

number.

The Reynold number, Re was estimated using Eq. (E.4).

pUd, (E.4)

Re =

where

U = superficial gas velocity estimated as 0.166 m s
dp = average particle diameter (1.50 x 10* m)
pg = density of the gas mixture (CO2, Hz, and Ny) in kg m

Hg = Viscosity of the gas mixture, kg mts?

The density of the gas mixture was estimated by Eqg. (E.5).

MgP

Po = (E.5)
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P = standard pressure (101325 Pa)
R = gas constant (8.314 m3 Pa K mol ™)
T = reaction temperature (523 K)

Mg = molar mass of gas mixture, and was estimated by M, = ¥; M;y;

Table E. 1 Composition of feed gas and their molecular weights.

Species M; (x 102 kg mol™) Vi M;y; (kg mol™)
CO2 44,01 0.111 0.00489
H> 2.016 0.444 0.000896
N2 28.01 0.444 0.01245

From Table E.1, My, = ¥; M;y;
=0.01824 kg mol*?

After substitution into Eq. (E.5), the density of the feed gas was estimated as follows:

_0.01824 kg mol™ x 101325 Pa
8314 m3 PaKmol! x 523K

Pg = 0.425kgm™

Next is the viscosity of the feed gas (u4) which was estimated by Eq. (E.6).

_ v Vil
Ho = 212;‘#3’;’4%’,- (E.6)
Where
yi = mole fraction of component gases (see Table E.1).
Wi = viscosity of each species in the feed gas Hz, CO2 and N2in kg m? s2.
¢ij = dimensionless constant which is a function of the molecular weight and viscosity of

binary component (ij).
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The viscosity of each species (Ui) was estimated by Eqg. (E.7), and the values of C1, C2, C3 and
T4 constants are given in Table E.2 as adapted from Perry's Chemical Engineers' Handbook
between page 2-421 and 2-426 (Perry and Green, 2008).

_ c1r?
1+22+C4/T?

U (E.7)

Table E. 2 Vapor viscosity of the components of the feed gas (kg m™ s). Adapted from ref
(Perry and Green, 2008).

Species C1 C2 C3 C4
CO2 21.48 x 107 0.46 290 0
N2 6.5592 x 107 0.6081 54.714 0
H2 1.80 x 107 0.685 -0.59 140

After substitution into Eq. (E.7), the viscosity of each species at 523 K was obtained as follows:
Ucoz=2.46012 x 10° kg m? s?

Unz = 2.67153 x 10° kg mt st

Uyo =1.31x10° kgmts?

The dimensionless constant (¢ij) of binary component was estimated by Eqg. (E.8) as provided
in the literature (Cheung et al., 1962). Note that the binary component ij could be CO.-H, and
CO2-N3, H2-CO7 and H2-N2 or N2-CO7 and N2-Ha»
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(MJ‘ ‘ (E8)

where
M = molecular weight of component gases as given in Table E.1.

u = viscosity of the component gases as estimated from Eq. (E.7).

After substitution into Eq. (E.8), the dimensionless parameters ¢ij for each of the binary
components is given as follows:

¢coz-v2 = 0.1976

dcoz-n2 = 0.7605

PN2-coz = 1.2972

PN2-H2 = 0.2773

PH2-co2 = 2.2956

PH2-n2 = 1.8883

From Eq. (E.6), Jg=5.61 x 10° kg m?s?

From Eq. (E.4), the Reynolds number was estimated as follows:

_ 0.425kgm™ x 0.166 ms™ x 1.50 X 10™* m

=0.1
5.61 x 1075 kg m-1s-1 0.1886

Re

Since the calculated Reynolds number is less than 10 or is within the range of 0.01 to 15000,
the Colburn's mass-transfer factor jp was estimated using Eq. (E.9) as provided in the literature
(Dwivedi and Upadhyay, 1977).
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= H(22)+ (325 €

Where
e = void fraction = 0.6022 (determined by a Helium pycnometer AccuPyc 11 1340).

o1 [< 0.765 >+( 0.365 >]
> = 06022 [\0.18860%2 0.18860-386

jp = 6.14

Schmidt number (Sc)

The Schmidt number, Sc was estimated by Eqg. (E.10).

S, =+t (E.10)

Where

pg = density of the gaseous mixture Hz, CO2 and N2 which was evaluated as 0.425 kg m™3 from
Eq. (E.5).

pg= Viscosity of the gaseous mixture Hz, CO2 and N2 which was evaluated as 5.61 x 10 kg
m?s? from Eq. (E.6)

Dy = diffusivity of CO; in the gas mixture which was estimated by Eq. (E.11).
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1-y, (E.11)

where
i1=CO2
J =Hz, N2
y = mole fraction of component gases (CO2 = 0.111, H, = 0.444, N> = 0.444).
Djj = binary diffusion coefficient between components ij (m? s™) and was estimated by Eq.
(E.12).

(E.12)

P = standard pressure (1 atm)

T = reaction temperature (523 K)

M = molecular weight of component gases in g mol™? (see Table E.1).

v = atomic diffusion volumes which were obtained from the literature (Fuller et al., 1966) as

CO2 =26.9 cm® mol™, H2 = 7.707 cm® mol™?, N2 =17.9 cm® mol™.

After substitution into Eq. (E.12), the binary diffusion coefficients were obtained as follows:
Dco,-u,= 1.705 x 10* m? 5%,
Dco,-n,= 4.389 x 10° m? s

Fom Eg. (E.11),
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b 1-0.111
9= 5 0.444 N 0.444 )
1.705 x 10 *m2s T ' 4389 x 10-5 m2s1

= 6.98 X 107° m?2s°!

Hq

From Eqg. (E.10), Schmidt number, Sc =
P4 D,

¢ - 561x 10" kgm’ s
€ 0.425kg m3 X 6.98 x 1075 m2s1

= 1.892

From Eq. (E.2), mass transfer coefficient, ) _ joY

2
Sc?

6.1414 x 0.166 ms!
k, = -

1.8923

=0.667 ms’!

Thus from Eq. (E.1), Mears’s criterion is calculated as:

5.41 x 1072 mol kgt s X 0.425 kgm™3 x 7.50 x 1075 m3 x 1
0.667 ms'! x 4.544 mol m3

= (0.00303

Since the value from the expression is less than 0.15, the external mass transfer effect can be

neglected.
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E.2 Internal (intraparticle) mass transfer resistance

The resistance to intraparticle mass transfer may be determined using Weisz-Prater criterion
given in Eq. (E.13).

(_rexp)pc Ri
—<
DeﬁCAs

1 (E.13)
Where

(-Fexp) =5.41 x 10 mol kgear* s (as stated in section E.1).

pc = density of the 10%Ni/YSZ catalyst. The value obtained by pycnometer
was 5682.2 kg m™3
Rp =7.50 x 10®° m (as stated in section E.1).

Cas = concentration of reactant A (CO>) at the catalyst external surface.
= concentration of reactant A or CO in the gas bulk phase (Cab) since
the external mass transfer effects was negligible as determined in section
E.l
= 4.544 mol m™,

Derr = effective diffusivity of CO2in a mixture N2 and Hz (m? s) and was

estimated using Eq. (14).

Dge

Where
Dy = diffusivity of CO2 in a mixture N2 and H. (estimated in section E.1 as 6.98 x 10
m?s?)
e = catalyst pellet porosity (0.6022)
T = tortuosity parameter estimated as 1.254 by the Weissberg correlation (Delgado,
2006; Weissberg, 1963) given in Eq. 15.
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7=1-0.5In (¢) (E.15)

6.98 x 10~° m2s! x 0.6022
Derr = 1.254

= 2.68 x 107° m%s’!

By substitution into Eq. (E.13), Weisz-Prater criterion was evaluated as follows:

5.41 X 1072 mol kgt s™* x 5682.2 kg m~3 X (7.50 X 10™° m)?
2.68 X 1075 m? s'1 X 4.54 mol m~3

= 0.014183
The effect of intraparticle mass transfer resistance is considered negligible since the value from

the expression in Eg. 13 is less than 1.

E.3 External heat transfer resistance
The resistance to external heat transfer was determined by the Mears criterion given in Eq.

(E.16).

|(AHr)|(|(—rexp)|PbRpEA)
hRT?

< 0.15 (E.16)

Where
Ea =49909.48 J mol*
R =ideal gas constant (8.314 J mol* K1)
Tb = reactant gas bulk temperature (523 K)
AHr = heat of reaction at 523 K.

h = heat transfer coefficient between gas mixture and catalyst (J m2 st K?).

The heat of reaction (AHr) and the heat transfer coefficient (h) were estimated as follows:
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E.3.1 Estimation of the heat of reaction (AHy)

The heat of reaction at temperature T, is given by Eq. (E.17).

. (E.17)
AH, = AH; 9x + Q

For COz methanation, AH. g = —164.6 k] mol™!

E.18
Q = fTT:ACPdT (E18)

The specific heat capacity for each component gas (Cp) was estimated by the correlation
given in Eq. (E.19).

(E.19)
Cp =a+ bT + cT? + dT3
The temperature T is in °C while the constants a, b, ¢ and d are provided in page 635 to 637 of
“Elementary principles of chemical processes” (Felder and Rousseau, 2005). The difference
between the specific heat capacities of the product (CH4 and 2H»0) and the reactants (CO2 and
4Hy) is represented by Eq. (E.20).

(E.20)
ACp = Aa + AT + AcT? + AdT?3
After substitution of AC, from Eq. (E.19) into Eq. (E.18),
250
Q= ((=5%107%) + (2.58 x 10™%)T + (3.46 X 1078)T2 + (=2.22 X 10~ )T3)dT

25
Q = —10.35 k] mol™?

From Eq. (E.17),
AH, = —164.6 + (—10.35)
AH, = —174.95 k] mol™! or — 174947.068 ] mol™?
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E.3.2 Estimation of the heat transfer coefficient, h

The heat transfer coefficient, h, was evaluated by Eqg. (E.21).

hpr23 (E.21)

where

Ju = Colburn’s j-factor for heat transfer ( J, = Jp)

pg = density of the gas mixture (3.43 x 10" kg m?®)
U = superficial gas velocity (8.92 x 102 m s)
Cpg = specific heat capacity of feed gas mixture at constant pressure (J kg K1) was
estimated by Eq. (E.22).
Pr = Prandtl number

i (E.22)
Cpy = Z yiCy

The Cp and y; of each gas have been determined in subsection E.2.1 as follows:

Cco2 =1022.60 J kgt K%, 0.111

Cnz = 1066.03 J kgt K1, 0.444

Chz = 14410.23531 J kg* K%, 0.444

Therefore, Cpg = 6991.96 J kg* K

Next parameter to be evaluated is the Prandtl number (Pr).
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Estimation of Prandtl number

The Prandtl number (Pr) was estimated using Eq. (E.23).

E.23
Pr Cpg'ug ( )
ﬁ'g
where
Jg = thermal conductivity of the gas mixture estimated using Eq. (E.24).
Vil
Ay = e T E.24
g l. Y= YiVij (E24)
where
I,j =COg2, Hz, N2

y =mole fraction of component gases (N2 = 0.444, CO, = 0.111, H> = 0.444)

/= thermal conductivity of component gases estimated by Eqg. (E.25).

c1TC?
Ai=——7’
1+?+C4/T2

(E.25)

The values of constants C1, C2, C3 and C4 can be found in page 2-433 to 2-438 of Perry's
Chemical Engineers' Handbook (Perry and Green, 2008).

After substitution into Eq. (E.25), the viscosity of each species at 523 K was obtained as
follows:
Acoz=0.0346 W mL K1
Ayz = 0.0403 W m? K2
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Az = 0.2752 W m? K2

Y;; = thermal conductivity’s correction factor, and was estimated by Eq.

(E.26) as provided in the literature (Lindsay and Bromley, 1950).

1 4 (Mj]m Tis 12 (T +Sij) (E.26)
vy =—1+|| — || —
4 wy UM ) (T +S, T+,

[ =viscosity of component gases which have been determined from Eq. (E.7)
as Ucop= 2.46012 x 10° kg mt st ypy, =2.67153 x 10° kg mt st
Ugp =1.31 x 10° kg m?t st

M = molecular weight of component gases (see Table E.1)

T =gas mixture temperature (523 K)
= Sutherland’s constant. Except for H, with Sutherland constant of 79 K,
the Sutherland constants of CO2 and N2 were estimated by 1.5 x T;
(Lindsay and Bromley, 1950). Ti is the boiling point of the pure gases in K,

(TN2 =77.2K, Tcoz = 194.5 K). The Sutherland’s constants employed are
St2 =79 K, Sco2 =291.75 K, Sn2 =115.8 K.

Sij = Sutherland’s constant for a binary gas mixture ij was estimated by Eq.
(E.27). The constant C is 1 for nonpolar pure gases and 0.733 for strongly
polar gases (Lindsay and Bromley, 1950). Since the feed gas components
in this study (CO2, N2 and H) are nonpolar, C = 1.

S; =S, =C(S;S,)" (E.27)
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After substitution into Eq. (E.24), the thermal conductivity of gas mixture Aq = 0.08524 J m*
s1Kor0.08524 WmtK?

C
From Eq. (E.23) the Prandtl number was estimated as follows: Pr = ,;19_%
g

_6991.98] kg K" x5.61x 10> kgm™' 5!

0.08524 ) m1s1 K1 = 4.605

Pr

From Eqg. (E.21), the heat transfer coefficient (h) was evaluated as follows:

— jDCpgng

h Pr2/3

- 6.14 X 6991.98 ] kg ' K1 x 0.425kgm™> x 0.166 m s™*
B 4.6052/3

=1095.30Jm?s 1K1

[(=AH)|(=rs ) AR o
hRT?

External heat transfer resistances =

= (]—174947.068| ] mol! x 5.41 X 10" mol kgt s1)

2260.38 kg m™ x 7.50 x 107> m X 49909.48 ] mol!
X
1095.30 ] m2 sl K1 x 8.314 ] mol ! K1 x (523)2 K2

=0.03215

Since the value from the criterion is less than 0.15, the effect of external heat transfer resistance

was neglected.
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E.4 Internal Heat Transfer Resistance

The internal heat transfer resistance was determined using Anderson criterion (Anderson, 1963;
Italiano et al., 2018) expressed in Eq. (E.28).

‘(_AHr)

(_rexp )prrz)EA
A,RT

<0.75 (E.28)

where
(-Texp) = 5.41x10% mol Kgear® s
pp =2260.38 kg m?
R, =7.50x10°m
-AH, =-174947.068 J mol*!

Ea =49909.48 J mol?
R = ideal gas constant (8.314 J mol* K1)
Ts = reactant gas temperature at the catalyst’s surface
=523 K (since resistance to external heat transport is negligible)

Jp = thermal conductivity of the catalyst pellet (J m? s K1), This parameter
was taken as 2.12 J m? st K™t which is within the range of values for 8YSZ
based porous materials (Aziz et al., 2022; Nagaraju and Raja Annamalai,
2019).

‘(_AHr)

<_rexp )prs EA
A,RT?

From Eq. (E.28), resistance to internal heat transfer =

_|-174947.068| ] mol! x5.41x1072 mol kgt s1%2260.38 kg m3x(7.50x107%)2 m?x49909.48 ] mol!
- 2.12]m2 s71 K-1x8.314 ] mol-1 K-1x(523)2 K2

= 0.001246
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The internal heat transfer resistance effect was ignored since the value from the Anderson
criterion is less than 0.001246. Take note that this situation was still the same when the thermal

conductivity of the catalyst pellet (1) was varied between 0.5 and 10.

E.5 Wall and radial heat dispersion effects

The impact of tube diameter to particle diameter ratio on wall heat transfer was determined by

Eq. (E.29). Typically, when this ratio exceeds 4, the wall heat transfer effect is considered
insignificant.

Where
dp = catalyst particle diameter (1.5 x10™* m)
& - reactor tube diameter (5.5 x 10°m)

The value of dp/d: = 36.67

>4

The radial heat dispersion effect may be calculated using the Mears criterion in Eq. (E.30).

() (=281 ((repIpnRE [G=5]) (ot

RT, 42,T,, 8 ' Bi,R,

) < 0.05
(E.30)
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Where

Tw = the reactor’s wall temperature 523 K (assuming an isothermal condition).
= void fraction in the catalyst bed (0.6022).

™

(ox

= inert solids fraction of the catalyst bed (0).
R: = radius of reactor tube (2.75x103m).
R, = radius of catalyst particle (7.50x10° m).
Biw = Biot number of the tube wall, and may be calculated using Eq. (E.31)

gi = Mds (E.31)

Where
hw = heat transfer coefficient of reactor tube wall (for quartz material,
hw =30J m?stKY)
dp = catalyst particle diameter (1.5 x10* m)
Jp = thermal conductivity of catalyst pellet (2.12J m* s K1)

~30Jm?sTK!x1.5x107* m

= -3
212 mZsiKT =212 %10

Bi,
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From Eq. (E.31), radial heat dispersion

_ 49909.48 J mol!
8.314 J mol”! K'x523 K

(1-0.667)

—174947.068 Jmol! x 5.41 x 10?2 mol kg b s x 2260.38 kg m™ x (7.50 x 107°)? m* x [ =0

4%x212Tm2s!K!'x523K

1 7.50x107° -
x(—+ 0X10 " m_ )=3.827><106
8 2.12%x10 °x2.75%x10 " m

0.00161 < 0.05

Therefore, the radial heat dispersion effect is negligible.
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