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Résumé 

L’augmentation de la population mondiale et de la demande énergétique a entraîné d’importants 

changements climatiques en raison des importantes émissions de gaz à effet de serre (GES) 

provenant d’une matrice énergétique basée fortement sur des combustibles fossiles. En 2021, la 

concentration de dioxyde de carbone (CO2) dans l’atmosphère a atteint 414,7 ppm, avec jusqu’à 

90% du CO2 anthropique provenant de la combustion de combustibles fossiles. Dans le contexte 

de l’Accord de Paris de 2015, le Canada s’est engagé à atteindre un objectif de réduction des 

émissions de GES de 40 à 45 % par rapport aux niveaux de 2005 d’ici 2030. Par contre, cet 

objectif ambitieux ne sera atteint que par le développement de nouvelles technologies 

alternatives qui permettent de sécuriser la transition vers une matrice énergétique à faibles 

émissions de carbone. Les gaz d’échappement (FG) sont des produits gazeux de combustion 

transportant des quantités importantes  de CO2 et d’autres GES, comme les oxydes d’azote 

(NOx) et de soufre (SO2). La valorisation du FG est une voie intéressante vers la réduction des 

émissions de GES, car le CO2 récupéré peut être utilisé pour produire des vecteurs énergétiques 

à faible intensité en carbone d’intérêt industriel, évitant ainsi une exploitation fossile ultérieure. 

Cependant, la valorisation du FG nécessite encore plusieurs étapes de nettoyage du FG et de 

purification du CO2, ce qui augmente les coûts associés au processus. Le présent projet propose 

d’étudier la faisabilité de stratégies catalytiques alternatives pour la valorisation directe des FG 

en tant qu’option aux technologies traditionnelles de captage et d’utilisation du carbone (CCU) 

qui nécessitent une purification du CO2. Dans la première partie de ce travail, la faisabilité d’une 

conversion directe en FG a été étudiée avec des catalyseurs classiques soutenus par l’alumine 

pour produire du gaz de synthèse, un élément constitutif pertinent sur le plan industriel. Les 

conditions de fonctionnement du procédé ont été optimisées pour valider le procédé. Dans la 

deuxième partie de ces travaux, l’hydroxyapatite (HAP) a été proposée comme catalyseur 

alternatif pour le procédé de méthanisation du CO2, comme alternative aux oxydes métalliques 

classiques. Les conditions de fonctionnement du procédé ont été optimisées et les performances 

du catalyseur à base d’HAP ont été validées à l’échelle semi-pilote. Enfin, dans la troisième 

partie de ces travaux, le catalyseur optimisé d’HAP dopé avec du nickel a été granulé par 

procédé d’extrusion et validé pour la méthanisation directe de FG à l’échelle du laboratoire et 

semi-pilote. Dans l’ensemble, les résultats présentés dans ce travail peuvent ouvrir la voie au 



développement d’un procédé efficace pour la valorisation directe des gaz d’échappement en 

vecteurs énergétiques à faible intensité en carbone pertinents sur le plan industriel. 

Mots-clés: Conversion des gaz d’échappement, gaz de synthèse à faible intensité en carbone, 

méthane à faible intensité en carbone, catalyseurs supportés sur l’hydroxyapatite, mise à 

l’échelle. 

  



Abstract 

The increase on the world’s population and energy demand has led to significant climate change 

as a result of the large emissions of greenhouse gases (GHG) from an energy matrix heavily 

relied on fossil-based fuels. In 2021, carbon dioxide (CO2) concentration in the atmosphere 

reached 414.7 ppm, with up to 90% of anthropogenic CO2 coming from the burning of fossil 

fuels. In the context of the Paris Agreement 2015, Canada has committed to a GHG emissions 

reduction target of 40–45% below 2005 levels by 2030, but this ambitious target will only be 

achieved through the development of novel alternative technologies that allow the transition to 

a low-carbon energy matrix. Flue gases (FG) are gaseous products of combustion carrying 

significant amounts of CO2 and other GHG emissions, such as nitrogen (NOx) and sulfur (SO2) 

oxides. The valorization of FG is an interesting pathway towards GHG reduction, since the 

recovered CO2 can be used to produce low-carbon energy vectors of industrial interest, avoiding 

further fossil exploitation. However, the valorization of FG still requires several FG cleaning 

and CO2 purification steps, which increase the costs associated with the process. The present 

project proposed investigating the feasibility of alternative catalytic strategies for the direct 

valorization of real FG streams as an option to traditional carbon capture and utilization (CCU) 

technologies that require CO2 purification. In the first part of this work, the feasibility of direct 

FG conversion was investigated with classical alumina-supported catalysts to produce syngas, 

an industrially relevant building block. The operating conditions were optimized to validate the 

process. In the second part of this work, hydroxyapatite (HAP) was proposed as an alternative 

catalyst support for CO2 methanation process, as an alternative for classical metal oxides. The 

process operating conditions were optimized, and the performance of the HAP-supported 

catalyst was validated at semi-pilot scale. Finally, in the third part of this work, the optimized 

HAP-supported nickel catalyst was pelletized by extrusion process and validated for direct FG 

methanation on lab- and semi-pilot scale. Overall, the results presented in this work can pave 

the way for the development of an efficient process for direct upgrading flue gas streams into 

industrially relevant low-carbon energy vectors.  

Keywords: Flue gas conversion, low-carbon syngas, low-carbon methane, hydroxyapatite-

supported catalysts, process scale up.  
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1. INTRODUCTION 

 

1.1. Context 

In recent decades, the constant increase on the world’s population and energy demand has led 

to severe climate change due to the fast-growing emissions of greenhouse gases (GHG) resulting 

from an energy matrix heavily relied on fossil sources [1]. Studies have shown that carbon 

dioxide (CO2) emissions reached 36.3 Gt in 2021, which increased the CO2 concentration in the 

atmosphere to a record 414.7 ppm [2]. Anthropogenic sources of CO2 such as energy production, 

transportation and industrial activities are responsible for the release of approximately 33 Gt 

CO2/year, from which 85–90% comes from fossil fuel combustion for heat and power 

generation [3,4]. In this scenario, following the commitments from the Paris Agreement 2015, 

Canada has pledged to decrease its GHG emissions by 40–45% below 2005 levels by 2030 as 

part of the world’s efforts to fight climate change [5]. Nevertheless, this ambitious target will 

only be achieved through the development of novel alternative technologies that secure the 

transition for a low-carbon energy production and tackle emissions from hard-to-decarbonize 

industrial activity [6–8]. 

Flue gases (FG) are gaseous products from combustion processes that present CO2 and water 

(H2O) in their composition, as major combustion products, but also different amounts of carbon 

monoxide (CO), oxygen (O2), low-molecular weight non-combusted hydrocarbons (such as 

methane (CH4) and propane (C3H8)), and nitrogen and sulfur oxides (NOx and SOx, respectively) 

[9]. Around 60% of anthropogenic CO2 emissions come from stationary flue gas sources, such 

as exhaust stacks from power plants and industrial facilities [10]. FG are considered available 

and potential sources for carbon capture and utilization (CCU) technologies aiming the 

production of low-carbon energy vectors that would contribute to the energy transition [11,12]. 

However, the composition of FG is variable and depends on several parameters such as fuel 

type, oxygen-to-fuel ratio, design of the combustion unit and efficiency of the combustion 

process [13]. In addition, CO2 concentration in FG is usually low, not exceeding 15vol% in most 

cases, which represents a significant challenge from the CO2 valorization point of view, given 

the significant dilution of the CO2 feed [10]. 
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In the context of CO2 valorization, most CCU technologies that consider flue gas emissions as 

CO2 source implement a series of flue gas cleaning processes for the removal of combustion 

impurities such as NOx and SO2 (denitrification and desulfurization processes, respectively), as 

these components of flue gas can present adverse effects on the CO2 upgrading process [14]. 

Moreover, carbon capture steps, such as amine-based chemical absorption, are also usually 

implemented, since the majority of CO2 upgrading processes currently under investigation 

consider pure CO2 feed as input [15]. However, the implementation of these operations is 

usually associated with high costs, energy demand and generation of significant waste streams, 

which increases costs of the overall CO2 valorization process [16,17]. 

This project was built in the context of the Material for Clean Fuels Challenge program (MCF) 

from the National Research Council Canada (NRC), a collaborative partnership focused on the 

development of novel materials for zero-emission transportation fuels and chemical feedstocks. 

Our research group at the Biomass Technology Laboratory was granted a collaboration in the 

scope of the MCF-NRC for the project “Development of a new Power-to-X technology for one-

step flue gas conversion”. In this collaborative project, our group proposed a novel 

electrocatalytic approach for the one-step valorization of real flue gas streams based on a low-

cost iron-based catalyst. In order to compare the performance of this novel electrocatalytic 

approach, alternative catalytic strategies based on supported catalysts for the direct valorization 

of flue gas were also evaluated and developed and compose this thesis. Therefore, this doctoral 

project proposed investigating the feasibility of alternative catalytic strategies for direct 

valorization of flue gas streams as an option for traditional carbon capture and utilization 

technologies that require CO2 purification steps. 

1.2. Research question and objectives 

This doctoral project is centered around the following research question: “How can the CO2 

from flue gas emissions be efficiently valorized without requiring CO2 purification steps for the 

potential production of low-carbon energy vectors?”. To answer such question, the main goal 

of this project was to evaluate the feasibility of alternative catalytic strategies for the direct 

valorization of real flue gas streams with no prior treatment or conditioning for the production 

of industrially relevant energy vectors (syngas and methane). To fully address this main goal of 
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the project, the following specific objectives were identified and individually addressed during 

the development of the doctoral training: 

• Validate the feasibility of direct conversion of a real flue gas mixture by optimizing the 

operating parameters (temperature, residence time and catalyst metal load) with 

classical alumina-supported catalysts. 

• Evaluate the potential of hydroxyapatite as an alternative catalyst support for CO2 

methanation and for the direct conversion of a real flue gas mixture to methane by 

identifying the optimal active phase and optimizing the operating parameters such as 

temperature, residence time and catalyst metal load. 

• Investigate the impact of the complex flue gas composition (N2, CO, O2, NOx and SO2) 

over the activity and stability of the proposed catalysts during the one-step upgrading 

of flue gas. 

• Evaluate the scaling-up potential of the direct flue gas valorization process by 

investigating the behavior of the alternative proposed catalysts for macroscopic shaping 

and their catalytic performance on semi-pilot scale. 

1.3. Organization of the document 

The manuscript of this thesis is organized in six chapters that describe the work done on the 

direct valorization of real flue gas streams. Chapter 1 presents the context and objectives of this 

work. The chapter 2 of this manuscript is dedicated to a literature review on the current scenario 

of GHG emissions and their implications, as well as the state of the art on flue gas research and 

carbon capture and utilization technologies. The main goal of Chapter 2 is to report the current 

state and the main advances of the field in terms of flue gas conversion and carbon capture and 

utilization. Chapter 3 is dedicated to the results of the experimental study on the feasibility of 

direct conversion of real flue gas streams over alumina-supported catalysts. In this chapter, 

classical alumina-supported catalysts commonly used for reforming reaction were used to 

validate the feasibility of direct valorization of flue gas with no prior treatment for the 

production of syngas. Chapter 4 is dedicated to the development of a hydroxyapatite-supported 

catalyst as an alternative catalyst for CO2 methanation. In this chapter, hydroxyapatite is 

proposed as an alternative support to classical metal oxides (Al2O3, SiO2, etc.) for the CO2 
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hydrogenation reaction to methane. Chapter 5 is dedicated to the results of the experimental 

study on the direct valorization of real flue gas streams to methane. In this chapter, the 

previously optimized hydroxyapatite-based catalyst was pelletized via extrusion process and 

evaluated for direct upgrading of real flue gas to methane. Chapters 3, 4 and 5 are presented in 

the form of scientific papers that were developed in the course of this work and submitted to 

publication on peer-reviewed journals. Chapter 6 of this manuscript is dedicated to the 

conclusions obtained from the experimental work, as well as perspectives and recommendations 

for future works. Finally, the last chapter of this manuscript presents the original contributions 

resulting from this doctoral training. 
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2. STATE OF THE ART 

 

2.1. Greenhouse gas emissions and climate change 

The continued urbanization process has led society to a complex and increasing dependency on 

energy to support life quality, including social and economic development [18]. Since the 

Industrial Revolution, the world’s energy matrix has been heavily dependent on fossil fuels 

(coal, natural gas, gasoline, etc.), making anthropogenic activities such as energy generation, 

industrial activity and transportation, a key aspect of the increasing emission and accumulation 

of greenhouse gases in the atmosphere [19,20]. In recent years, the focus on GHG emissions 

reduction has been brought to light by academia, industry and policy-makers, since the time 

window for GHG reduction actions to be effective to overcome the negative impact of climate 

change is rapidly closing [21]. The Kyoto Protocol has identified six emissions as global 

warming interest – carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), 

hydrofluorocarbons (HFCs), perfluorocarbons (PFCs) and sulfur hexafluoride (SF6). Three of 

them (CO2, CH4 and N2O) are directly associated to our current way of life, either by burning 

fossil fuels for power generation, waste dumping or farming activities [22]. Among those, CO2 

is considered a major contributor to global warming due to its rapidly increasing atmospheric 

concentration and for accounting for more than 60% of worldwide GHG emissions [23,24].  

In 2021, CO2 emissions presented a 6.0% increase, when compared to 2020, and reached 36.3 

Gt, which increased CO2 concentration in the atmosphere to 414.7 ppm, according to the latest 

report from the International Energy Agency (IEA) [2]. In 2020, following the impact of the 

COVID-19 pandemic, CO2 emissions had a historic decrease of 5.8%, reaching 31.5 Gt, but 

studies have shown that CO2 emissions presented a sharp rebound as the world adjusted and 

overcame the immediate effects of the COVID-19 pandemics [1]. In Canada, GHG emissions 

reached 672 Mt CO2eq in 2020 with the majority coming from the energy and transportation 

sectors (52.1% and 28.1%, respectively; Figure 2.1A) [25,26]. Moreover, CO2 was responsible 

for 80% of Canada’s GHG emissions (Figure 2.1B), as a direct combustion product coming 

from fossil-based energy production, use of carbon-based fuels for light and heavy-duty 

transportation, and industrial activity. Other 14% of the country’s emissions were related to CH4 
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emissions coming mainly from agricultural activity and waste disposal [25,26]. In Quebec, GHG 

emissions were at 76.2 Mt CO2eq, having declined by 12% since 2005 levels, and being the 

lowest emissions per capita (8.9 t CO2eq) in Canada. The transportation sector is the largest 

GHG emitter of the province (39%), followed by heavy industries (26%) and residential and 

commercial buildings (12%).  

 

Figure 2.1 - Demonstrative of GHG emissions from Canada in 2020 by (A) economic sector and (B) by 

type of emission (B). Adapted from Environment and Climate Change Canada [26]. 

As part of the efforts towards reducing GHG emissions and fighting the deleterious climate 

changing effects of global warming, during the 2015 United Nations Climate Change 

Conference - Conference of Paris 21 (COP21), most countries have agreed to take measures to 

maintain the global average temperature rise below 1.5°C. Since then, both national and regional 

policies have emerged in order to move forward with an effective strategy towards 

decarbonization and GHG reduction. In Canada, for example, the 2030 Emissions Reduction 

Plan has committed to an emissions reduction target of 40–45% below the levels of 2005 by 

2030 [5]. In Quebec, the provincial government has recently launched the Plan for a Green 

Economy, committing to an emissions reduction target of 37.5% below the levels of 1990 by 

2030, which represents a decrease on GHG emissions to 54.2 Mt CO2eq [27]. 

A recent special report from the Intergovernmental Panel on Climate Change (IPCC) on global 

warming has indicated that keeping the goal set during the COP21 will require deep GHG 

reductions across all economic sectors [28]. On the other hand, such deep changes shall only be 

achieved by the development of novel technologies that allow for the efficient energy transition 

from a carbon-intensive energetic matrix, heavily relied on fossil-based fuels, to a low-carbon 

energetic matrix, which not only takes advantage of renewables, but also takes effective actions 



7 CHAPTER 2. STATE OF THE ART 

 

towards reducing emissions from hard-to-decarbonize sectors, such as heavy transportation and 

industrial production [1,29]. 

2.1.1. Scenario of energy demand 

Fossil fuels are a model energy vector as they store a significant amount of energy through 

highly stable C–C and C–H bonds, which is easily released through combustion, either on 

thermo-electrical plants or internal combustion engines [30]. However, the world’s reliance on 

fossil-based energy is a threatening reality due to their limitation and associated GHG emissions 

[31]. The latest British Petroleum (BP) statistical report on energy demand revealed that, in 

2021, the world’s energy consumption reached 595.15 EJ (595.15x1018 J), which represented an 

increase of 5.5% in comparison to 2020, considering the effects of the COVID-19 pandemics, 

and 1.3%, when compared to 2019 [32]. Over 80% of the world’s primary energy consumption 

in 2021 was based on non-renewable fossil sources, with 31.0% coming from oil, 26.9% coming 

from coal and 24.4% coming from natural gas (Figure 2.2A) [32]. 

 

Figure 2.2 – Demonstrative of the (A) world’s and (B) Canada’s primary energy consumption by type 

of fuel in 2021. Adapted from BP [32]. 

In Canada, primary energy consumption reached 13.94 EJ in 2021, which represented an 

increase of 0.86% in comparison to 2020, but a decrease of 4.72% in comparison to 2019. 

According to the BP report, over 60% of Canada’s energy matrix was based on fossil-based 

sources, with oil, natural gas and coal corresponding to 30.0%, 30.9% and 3.5%, respectively 

(Figure 2.2B) [32]. Canada holds the third largest crude oil reserves in the world, behind 

Venezuela and Saudi Arabia, and accounts for 6% of the world’s crude oil production and 4% 

of the world’s natural gas production [33]. Over 95% of Canada’s oil and hydrocarbon industry 

is located on the western coast, mainly in Alberta, British Columbia and Saskatchewan [34]. On 
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the other hand, Canada has a significant share of renewables in its energy matrix, with 

hydropower and biofuels accounting for almost 30% of the country’s energy demand (Figure 

2.2B) [32].  

The transition to renewable energy generation is the most straightforward action of many 

countries towards decarbonization in order to meet their GHG emissions reduction targets [35]. 

The share of renewable energy (e.g., wind, solar, biomass, hydroelectricity, biofuels and 

geothermal) on the world’s energy pool increased by 4.28 EJ, in 2021 (5.64%, when compared 

to 2020), which represented the largest growth on primary energy generation when compared 

to other fuels. Studies have shown that, in order to reach the necessary emission cuts to hold 

climate changes and meet the reduction targets, the global primary generation of renewable 

energy must rise from around 15%, in 2018, to around 33% in 2050 [36]. However, the biggest 

problem that prevents the increase on renewables is their inherent daily and seasonal 

intermittence, which creates the need for an efficient energy storage system in order to keep up 

with the grid demand [37]. The lack of an effective technology for long-term storage of 

renewable energy also holds back the increase of the renewable electricity production [38,39]. 

The increased share of renewables in Canada’s energy matrix is a result of a national effort to 

move electricity generation away from fossil fuels [25]. The electricity sector accounts for the 

generation, transmission and distribution of electricity. In 2019, over 60% of the electricity 

generation in Canada was based on renewable sources, with hydroelectricity and tidal energy 

being responsible for 60% of the electricity produced, the largest share of the country’s 

electricity matrix (Figure 2.3A) [25]. In Quebec, the energy sector has been constantly pushing 

for less utilization of carbon-intensive sources. Although the primary energy consumption in 

Quebec still has a significant share of fossil-based sources (40.0% coming from refined 

petroleum products and 13.0% coming from natural gas), electricity and renewables/biofuels 

account for 37.0% and 10.0%, respectively, of the province’s primary energy demand. 

Furthermore, hydroelectricity accounts for 95% of electricity generation, as the province moves 

fast towards a total CO2-free energetic pool (Figure 2.3B) [25]. 
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Figure 2.3 – Electricity production in (A) Canada and (B) Quebec by type of fuel. Adapted from CER 

[25]. 

Canada’s effort towards a cleaner, energetic pool is highlighted by the increase in renewable 

electricity generation. Between 2005 and 2020, the renewable electricity generation in Canada 

from wind and solar power have increased from 1,580 GWh to 34,000 GWh, while oil- and 

coal-based generations have dropped from 104,700 GWh to 38,040 GWh (Figure 2.4) [26]. 

These efforts have collaborated to the sector’s major reduction on GHG emissions, which have 

decreased by 50.3% from 2005 to 2020, from 132 Mt CO2e to less than 65 Mt CO2e (Figure 2.4) 

[26]. In Quebec, the province’s total energy demand is the third largest in Canada (1,770 PJ), 

with 95% of the electricity produced by the province coming from hydroelectricity [34].  The 

electricity generation in Quebec is heavily relied on renewable sources which leads to small 

GHG emissions (0.3 Mt CO2e, 0.4% of Canada’s power sector emissions). 

According to the most recent Canada Energy Regulator report, the development of new energy 

storage technologies is a key step for reducing the costs associated with wind and solar power 

production [34]. In a system designed for taking carbon out of the atmosphere and converting it 

into energy carriers through the application of renewable electricity, a low-carbon cycle may be 

created in order to chemically store green electricity through low-carbon chemicals [40]. In this 

scenario, e-fuels produced from captured CO2, water and renewable electricity can figure as an 

advantageous low-carbon energy storage system. On one hand, they can help stabilize the 

variable production of renewable electricity, by chemically storing its surplus. On the other 

hand, they can provide a diversified panel of low-carbon energy vectors that can be obtained 

from an environmental-friendly production route [31]. 
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Figure 2.4 – Comparative of the electricity generation in Canada by type of fuel from 1990 – 2020 with 

the respective carbon intensity (g CO2eq/kWh). Adapted from Environment and Climate Change 

Canada [26]. 

2.1.2. Scenario of the transportation sector 

The transportation sector accounts for around 20% of the world’s GHG emissions [41]. The 

biggest challenge faced by the transportation sector in the scenario of the energy transition is to 

find a suitable, cost-competitive GHG-free alternative for fossil-based fuels, especially for long-

distance and heavy-duty transportation [42]. Although intensive research has been conducted 

over the years in order to put forward an alternative fossil-replacing fuel, the choice of a low-

carbon or GHG-free fuel alternative has to consider aspects such as power demand, production 

scalability, carbon footprint and, most importantly, the infrastructure for distribution and use 

[43]. Alternative fuels such as ethanol (1st and 2nd generations), biodiesel and green diesel, for 

example, have been suggested in the last decades, but all of those still present major 

technological limitations either related to the supply chain, production efficiency and scalability 

and cost effectiveness [41]. More recently, electrical batteries have been suggested as the most 

promising alternative for the decarbonization of the transportation sector. The use of electric 

vehicles, however, is still a major point of discussion, since the production of clean electricity 

needs to be ensured in order to profit from their GHG emissions reduction to the full extent [44]. 

Moreover, limitations related the lack of current infrastructure, the price of electric vehicles and 
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of electricity, and technical limitations related to long-distance autonomy still need to be 

addressed [45,46]. 

Figure 2.5 shows a breakdown of the emissions from the transportation sector worldwide and in 

Canada considering data from 2018 [43,47]. Data shows that road transportation is the main 

responsible for the sector’s emissions, accounting to around 84% and 74% of the world’s and 

Canada’s emissions, respectively. As road travel accounts for the majority of the emissions, the 

largest portion comes from passenger transportation (45.1% and 49.2%, for the world and for 

Canada, respectively), considering the use of cars, motorcycles and buses. Emissions from 

aviation and maritime transportation account for more than 10% of the total sector’s emissions. 

Those two models, especially, impose a further challenge for the energy transition, which is 

related to the safety and the required autonomy of long trips with significant power requirements 

[31,42]. 

 

Figure 2.5 – Share of GHG emissions from the transportation sector by model in 2018 [43,47]. 

The latest report from the IEA on energy-related technological perspectives has estimated that 

transport demand should grow across the globe in the future decades following the growing 

tendency of the population [47]. According to the estimations of the IEA, from 2020 to 2027, 

car ownership should have an increase around 60% while the demand for both freight and 

passenger aviation should triple [47]. As ensuring a sustainable emissions reduction over the 

next few decades will demand extensive changes, the IEA estimates that further development 

on battery technology for electrical vehicles, hydrogen-based fuel cells and advancements on 
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the cost-effectiveness of advanced fuels produced from captured CO2 should aim for a 90% 

reduction on the GHG emissions from the transportation sector. 

2.2. Flue gas  

According to the IPCC, more than 60% of the anthropogenic CO2 emissions come from 

stationary flue gas sources, mainly the exhaust stacks of power plants and industrial facilities 

[10]. Flue gases (FG) are the gaseous products resulting from combustion processes [9]. 

Combustion is defined as an exothermic reaction in which the fuel combustible components are 

rapidly oxidized promoting a significant energy release [48]. As a direct product of combustion, 

FG is composed of CO2 and steam (H2O) as the major combustion products, but also large 

amounts of N2 from the air [49]. In addition to the major combustion products, the composition 

of the fuel also influences the composition of the FG and, depending on the efficiency of the 

combustion process, other components such as CO, O2, low-molecular weight non-combusted 

hydrocarbons, such as methane (CH4) and propane (C3H8), H2, hydrogen sulfide  (H2S), trace 

and alkali metals (Hg, Pb, KCl, K2SO4), ash and gaseous combustion impurities such as nitrogen 

and sulfur oxides (NOx and SOx, respectively) can also be found on the FG [9]. 

FG composition is directly influenced by the fuel composition, but other parameters such as 

design and efficiency of the combustion unit and air/fuel ratio also can have a direct impact on 

the composition of the FG [49]. Usually, the CO2 content in FG does not exceed 15vol%, 

although depending on the combustion conditions and the design of the combustion process, 

CO2 concentration in FG can reach up to 95vol% in specific cases [50]. The FG emitted from 

typical natural gas-fired power plants, for example, presents an average composition of 67–

72vol% N2, 8–10vol% CO2, 18–20vol% H2O and 2–3vol% O2, while typical coal-fired boilers 

present a FG with an average composition of 72–77vol% N2, 12–14vol% CO2, 8–10vol% H2O 

and 3–5vol% O2. CO2 concentrations in the range up to 15vol% and N2 concentrations in the 

range of 65-80vol% are the most commonly found in FG reports. Table 2.1 presents a summary 

of typical compositions for different FG depending on the fuel source, while Table 2.2 presents 

the average CO2 composition found on FG emitted from different processes. 
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Table 2.1 – Typical average composition of flue gas by fuel type. 

Fuel type 
CO2  

(%) 

H2O 

 (%) 

O2  

(%) 

N2  

(%) 

CO  

(%) 

NOx  

(ppm) 

SO2 

(ppm) 

VOC 

(ppm) 
Ref. 

NG 3-14 7-29 1-5 54-80 0-5 50-147 - - [51] 

Coal 5-15 5-15 4-13 65-80 0-7 1-1500 3-1800 180 [51] 

Diesel 5-8 1-14 4-7 73-78 0.3-2 70-600 9-30 282 [51,52] 

Gasoline 5-12 3-5 0-6 74-77 1-10 100-500 0-20 100 [52] 

Legend: NG – Natural gas; VOC – Volatile organic compounds.  

Table 2.2 – Typical average composition of flue gas from different sources. Adapted from Wang and 

Song [53], Gambelli et al. [50] and IPCC [10]. 

Flue gas source CO2 (vol%) N2 (vol%) 

Natural gas-fired power plant 7–10 67–72 

Coal-fired boiler 12–14 72–77 

Oil-fired boiler 11–13 70–76 

Natural gas combined cycle 3–4 72.5 

Steel production (Blast furnace) 20–27 n.r. 

Aluminium production 1–2 n.r. 

Cement kiln processing 14–33 n.r. 

Legend: n.r. – not reported 

In the case of combustion impurities and by-products, CO and H2S are usually a result of partial 

fuel oxidation, associated with fuel-rich conditions and not ideal oxygen/fuel conditions [50]. 

Volatiles such as H2 and low-molecular weight hydrocarbons (CH4, C2H6, C3H8, etc.) are related 

to the fuel devolatilization process and are formed as a result of the temperature increase prior 

to (or as a result of) the combustion [50]. CO and VOC are undesirable emissions and reveal a 

poor combustion efficiency. The formation of volatile organic compounds (VOC) can be 

minimized by higher combustion temperatures, higher residence times and turbulent mixing of 

the fuel and the air [54]. Trace metals, such as Hg, Pb, K, Na, etc., are directly related to the fuel 

type. Coal, for example, can present Hg, Pb, Se in its composition and such metals can be 

oxidized during the combustion process and be present in the FG, which will demand a further 

removal step, given that such metals present a high toxicity level. In the case of alkali metals, 

for example, biomass can present significant levels of K and Na in the form of sulfates or 

chlorides, that can also be oxidized during combustion and be detected in the FG [9].  
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The formation of NOx occurs through three different mechanisms, thermal oxidation of 

atmospheric N2, oxidation of fuel-bound nitrogen and reaction of CH– radicals [55]. The first 

mechanism, referred to as thermal NOx, is the most common source of NOx in combustion 

processes. In this mechanism, the N2 present in the air used for combustion is dissociated as a 

result of the high temperature from the combustion process and reacts with the O2 present in the 

combustion medium. For this mechanism, the amount of O2 present for combustion and the peak 

temperature of the combustion unit are key determining parameters. The second mechanism, 

referred to as fuel NOx, is a result of the direct oxidation of the nitrogen bound to the fuel 

molecules and, therefore, is directly dependent on the fuel composition. Natural gas and coal, 

for example, present negligible nitrogen contents, while biomass presents a higher amount, 

which can lead to a higher formation of fuel NOx. The third mechanism, referred to as prompt 

NOx, is a result of early reaction between the N2 molecules present in the air and CH– radicals 

from the fuel in the edges of the flames that are formed during the combustion process. The 

prompt NOx formation is usually negligible when compared to thermal NOx [9,13,56,57]. In 

Canada, NOx emissions were at 1.617 Mt in 2019 which represented a decrease of 29.0% when 

compared to the levels of 1990. The transportation (road, rail, aviation and marine) and the oil 

and gas sectors are the two biggest NOx emitters in the country, accounting for 37.0% and 30.0% 

of the NOx emissions, respectively (Figure 2.6A). In addition, Alberta is the biggest NOx emitter 

in Canada (41.1%, Figure 2.6B), where the oil and gas industry is the biggest responsible for 

the NOx emissions (60.0%). Quebec is responsible for 11.6% of Canada’s NOx emissions and 

most of it comes from transportation (over 70.0%), since electricity production does not rely on 

fossil fuels (Figure 2.3) [58]. 

 

Figure 2.6 – NOx emissions in Canada in 2019. (A) NOx emissions by economic sector. (B) NOx 

emissions by provinces and territories. Adapted from [58]. 

The formation of SOx, on the other hand, follows a direct oxidation mechanism of the sulfur-

bound species that are present in the fuel composition [59]. In this aspect, the formation of SOx 



15 CHAPTER 2. STATE OF THE ART 

 

is directly dependent on the sulfur content found in the fuel and the combustion efficiency, since 

a partial combustion can lead to H2S formation as well [60]. In Canada, SOx emissions reached 

0.699 Mt, in 2019, representing a 77.0% decrease when compared to the levels of 1990. The oil 

and gas industry was the biggest responsible for SOx emissions (37.0%), followed by electric 

utilities (electricity generation based on fossil fuels, 29.0%) and the ore and mineral industries 

(25.0%), from which 35.0% comes from aluminum smelting and non-ferrous refining (Figure 

2.7A) [58]. The ore and mineral industries had the biggest decrease on SOx emissions over the 

last 30 years (1.308 Mt), especially the non-ferrous smelting industries (1.211 Mt), as a result 

of technological upgrades and the implementation of new low-sulfur regulations and low-sulfur 

fuels. Geographically, Alberta is biggest responsible for SOx emissions (48.0%), mostly related 

to the oil and gas industry and the electricity generation heavily relied upon fossil fuel (Figure 

2.7B) [58].  

 

Figure 2.7 – SOx emissions in Canada in 2019. (A) SOx emissions by economic sector. (B) SOx 

emissions by provinces and territories. Adapted from [58]. 

2.2.1. Flue gas cleaning technologies 

FG are usually treated upon emission in order to meet environmental requirements. In Canada, 

for example, environmental regulations regarding air pollution track emissions of six key air 

pollutants, that must be treated upon emission: NOx, SOx, CO, volatile organic compounds 

(VOC), ammonia (NH3) and fine particulate matter (PM2.5) [58]. The amount of pollutants 

carried by the FG can and must be significantly reduced upon emissions through the 

combination of techniques designed to tackle such undesired emissions [61]. Different 

technologies relying upon physical and chemical processes have been designed to treat FG 

emissions and are currently present at different TRLs, including flue gas scrubbers, impurity-

binding agents, electrostatic precipitators and filters. Gaseous pollutants (CO, NOx, SOx, etc.) 

can be reduced either by the optimization of the combustion process (fluidized bed combustion, 
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optimized air/fuel ratio, use of low-carbon and low-emission fuels, etc.) or by FG cleaning 

techniques such as denitrification (removal of NOx) and desulfurization (removal of SOx) 

[13,59]. Particulate matter/ash emissions, on the other hand, can be treated by dust precipitators 

installed in the FG pathway between the combustion unit and the exhaust in order to prevent 

emissions at the stack [62]. 

FG denitrification is commonly carried via selective catalytic reduction (SCR) or selective non-

catalytic reduction (SNCR) [13]. Due to the low solubility, NOx is usually treated by chemical-

based methods which present higher removal yields and lower generation of by-products and 

waste streams [56,59]. In the SCR process, reductants such as NH3, hydrocarbons (CxHy), CO 

and H2 are injected into the FG stream and react with NOx in the presence of a catalyst to form 

N2 and H2O at temperatures around 260–450°C [61]. Catalysts for the SCR process are usually 

based on V, W and Mo acting as active phase and promoters, respectively, and supported on 

TiO2, presenting around 70–95% of NOx removal of initial NOx concentrations up to 600 ppm 

when operated at 250–420°C [56]. Studies have shown that V-based catalysts present a broader 

operation conditions window in terms of temperature and residence time when compared to 

noble metal-based catalysts, such as Pt, Ru and Rh, which present a narrower temperature 

operation range around 300–400°C [63]. Furthermore, recent studies have proposed that other 

transition metal-based catalysts such as Ni, Co, Fe and Cu supported on alumina can also present 

denitrification activities comparable to V-based catalysts, but their stability in the presence of 

FG species such as O2, CO, H2O and SOx is still not clear [64]. In commercial applications, NH3 

is the most commonly used reductant, and the SCR process occurs according to the Equations 

2.1 to 2.3 [13]. In the SNCR process, NH3 or urea (NH2CONH2) is injected into the FG feed 

without any catalyst and react with NOx to form N2 and H2O, and typically demand a higher 

operation temperature around 850–1100°C. However, at this temperature, NH3 tends to oxidize 

into NOx rather than only acting a reducing agent for the already existing NOx, making SNCR 

a non-specific process with lower efficiency (30–70% NOx removal) [56,57]. Higher efficiency 

may be achieved when SNCR is operated at NH3 concentrations 1.5 to 2.5 times above the 

stoichiometric required, which leads to a higher demand for NH3 and cost increase, when 

compared to SCR that can be operated at 0.9–1.0 of stoichiometric ratio and reach up to 95% 

NOx removal [13]. 
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4NO+4NH3+O2→4N2+6H2O (Equation 2.1) 

6NO2+8NH3→7N2+6H2O (Equation 2.2) 

2NO2+4NH3+ O2→3N2+6H2O (Equation 2.3) 

Other alternative denitrification technologies have been proposed over the last decades but are 

still not fully commercial due to limitations related to cost effectiveness, low removal efficiency 

and significant generation of waste streams [59]. Table 2.3 presents an overview of alternative 

denitrification technologies. 

Table 2.3 – Alternative denitrification technologies. Adapted from Chen et al. [13]. 

Method Reactants Product Advantages Disadvantages 

Removal 

efficiency 

(%) 

Electron beam 

irradiation 

- Nitrates 1. Operational simplicity 

2. Low generation of waste 

streams 

1. High energy consumption 

2. Radiation risk 

3. High investment cost 

70–90 

Alkali 

absorption 

NaOH, 

Ca(OH)2, 

NH4OH 

Nitrates 1. Adsorbent regeneration 

2. Operational simplicity 

1. Low removal efficiency 

2. High reactants consumption 

10–50 

Catalytic 

oxidation 

absorption 

H2O2, 

KMnO4, 

NaClO2 

Nitrates 1. High removal efficiency 

2. Low residence time 

1. High reactants consumption 

2. No recyclability 

3. Narrow operation window 

70–95 

Bioprocesses Denitrifying 

fungi, 

denitrifying 

archea 

NO3
-, 

NO2
-, N2 

1. Low generation of waste 

streams 

2. Low energy consumption 

1. Process instability 

2. Short lifetime of 

microorganisms 

30–90 

 

In terms of FG desulfurization, the most common methods available for SO2 removal are based 

on adsorption or scrubbing, since SO2 is a more soluble and a relatively more stable oxide than 

NOx, making it more difficultly activated for chemical transformation, even in the presence of 

a catalyst [56]. In wet scrubber-based processes, the most commonly applied desulfurization 

processes, the FG is passed through a slurry with basic pH that promotes the absorption of the 

SO2 that is, later, disposed of appropriately [13]. Absorbents for wet scrubbing applications 

include lime (CaO) and limestone (CaCO3) as the most commonly applied absorbents, and also 

NaOH, Na2SO3, Ca(OH)2, NH4OH and Mg(OH)2 [59]. In this process, once SOx is absorbed, 

products with low solubility are formed and precipitate on the scrubbers, which facilitates 
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removal [61]. For spray dry scrubbers, a lime suspension is sprayed in the stack exhaust 

capturing the SOx, which forms a solid product that is dried by the FG heat and separated by 

electrostatic precipitators, cyclones or filters [62]. The advantages of both wet and dry scrubbers 

are the use of relatively cheap absorbents (CaO and CaCO3) and low energy demand. However, 

the formation of considerable amounts of waste streams (gypsum) which needs to be 

appropriately disposed of [49]. 

In all cases, the presence of combustion impurities is not desirable from the point of view of the 

processing of the FG emissions, either by requiring extra purification processes (denitrification, 

desulfurization, use of filters or other physical separators), or by posing a further challenge to 

FG valorization [14]. The use of FG purification steps such as SCR or wet scrubbing increase 

both the capital and operational costs [13]. In addition, the presence of such impurities may have 

deleterious future impacts on FG valorization technologies, either on equipment, since both NOx 

and SOx may lead formation of acids when in contact with water/steam (HNO3 and H2SO4, 

respectively) and can represent a risk of corrosion, or on the performance of catalytic systems 

[60]. 

2.2.2. Flue gas conversion 

As major CO2 streams from anthropogenic activities such as power generation and industrial 

processes, FG is considered a clear and available source of CO2, which could be reused as 

feedstock to produce chemicals and energy vectors with lower carbon intensity [65]. The direct 

utilization of FG for CO2 conversion is a concept that has been already discussed in literature 

[14,66–70] but it still requires detailed considerations. The advantages of direct FG utilization 

are clear in terms of CO2 reutilization and the potential lower carbon intensity and net-GHG 

emissions reduction from the products obtained from recycled CO2. In addition, the direct 

utilization of FG would imply to overcome the requirements of FG purification, which usually 

includes both flue gas cleaning (desulfurization, denitrification, removal of particulate matter) 

and CO2 purification stages [71]. In these cases, all technologies used for the recovery of CO2 

from flue gas are related to increase on the capital and operational costs of the process, either 

by the significant use of reactants and formation of waste streams in the former [59], or by the 

significant energy input required by the latter [72].  
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On the other hand, the disadvantages of direct FG utilization are also clear and should be 

carefully considered. First, FG present a variable and complex composition, which includes 

several combustion products and by-products already mentioned (CO, O2, NOx, SOx), and can 

directly impact the equilibrium and performance of any CO2 upgrading processes directly 

connected to a FG source [14]. Second, FG composition includes a significant amount of N2 

(50–80vol%, Table 2.1) that acts a feed diluent. In fact, typical CO2 composition for the majority 

of FG sources do not exceed 15vol% (Table 2.2). This significant presence of inert N2 and low 

CO2 concentration have a direct impact on the sizing and costs of equipment downstream 

[70,73], which should require a detailed techno-economic assessment [74]. 

A few reports in literature have already considered, however, the integration of FG exhaust 

source and a CO2 valorization process. Abdelaziz et al. [75] has conducted a process 

development and simulation study on the direct integration of FG emissions to methanol 

(CH3OH, MeOH) production via hydrogenation of FG CO2, considering FG streams from power 

plants, steel, oil and cement industries as potential candidates for direct CO2 valorization. In the 

study, the authors propose multiple FG valorization scenarios including the direct FG 

valorization and the addition of water removal and CO2 purification stages and propose an 

extensive heat integration design in order to further optimize both the use of utilities and the 

final CO2 utilization. At optimized conditions, the authors report that for a 112 MW natural gas-

based power plant, with an estimated FG releasing capacity of 328 t/h, the estimated decrease 

on CO2 emissions can reach up to 62%, with a MeOH production of 222.5 kt of MeOH/year and 

a profit of 56.55 M$/year [75]. 

Cheng et al. [76] have proposed the integration of CO2 capture from FG and its electroreduction 

to formate using amine-functionalized SnOx nanoparticles that act as a dual-function material. 

Formate is an interesting energy vector to obtain from reused CO2, since it can be used directly 

as a chemical with cooling/deicing applications, or easily converted into formic acid, which also 

has applications as a chemical, as a fuel and as a H2 and CO vector [77]. In this study, the authors 

reported using a simulated FG stream (15vol% CO2, 8vol% O2, 77vol% N2) for the test of the 

dual-function amine-functionalized SnOx nanoparticles and achieved a faradaic efficiency (FE) 

of 84.2% with the amine functionalization being responsible for doubling the CO2 adsorption 

and conversion on the electrochemical setup [76]. Dual-function materials have recently gained 
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significant attention for applications related to simultaneous/stepwise CO2 capture and 

conversion from FG [78–80]. Studies report that the use of different materials with basic 

properties (Na, Ca, K, Mg, Ce, La, etc.) favor the CO2 sequestration from the FG stream which 

can later be converted to different energy vectors such as formate, CH4 and MeOH, for example, 

in the presence of Ni, W, Co, Cu, Pt, Ru catalysts, for example [12,78,79]. 

Direct catalytic utilization of FG was also proposed for CH4 production. Müller et al. [66,67] 

and Araújo et al. [14] have evaluated the performance of Ni-based catalysts supported on Al2O3-

SiO2 for the direct catalytic conversion of FG CO2 into CH4 via hydrogenation. Although these 

reports consider a simulated FG stream, as most studies found in the literature, they evaluate the 

influence of combustion by-products and impurities (CO, O2, NOx and SOx) in the catalytic 

performance for the hydrogenation reaction to CH4. Overall, the studies report a CO2 conversion 

in the range of 60–70% when operated around 350–400% with high CH4 selectivity (above 

98%). As for the influence of FG composition, both authors agree that the presence of CO in 

the FG feed can present an inhibition effect for the CO2 hydrogenation due to mechanistic 

limitations and that the presence of O2 up to 8vol% can represent a decrease on CO2 conversion 

up to 10%, due to the occurrence of competing reactions. Furthermore, NOx presence does not 

seem to have a significant influence in the catalytic performance and SO2 concentrations as low 

as 20 ppm can have a poisoning effect over the Ni-based catalysts and reduce CO2 conversion 

up to 10% at 5h of time-on-stream (TOS). Further considerations on the mechanistic aspects 

related to CO2 hydrogenation to CH4 and direct FG utilization will be presented in Section 2.3.2 

of this literature review and in Chapters 4 and 5 of this thesis. 

Finally, although direct FG utilization presents a potential alternative for reuse of anthropogenic 

CO2, more detailed investigations are still required to further describe the complete impacts of 

the complex FG composition on the different CO2 upgrading processes and the complete 

impacts on the economy and GHG reductions of the overall operation. 

2.3. Carbon capture and utilization (CCU) 

Carbon capture and utilization (CCU) technologies refers to a process that actively captures CO2 

emissions from industrial and/or energy-production sources and directly fed to a downstream 

processing strategy for the synthesis of value-added products [72]. In the context of the efforts 
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towards reducing GHG emissions, CCU comes as an alternative with potential GHG reduction 

since it proposes (i) removing CO2 emissions from exhaust gases, (ii) avoiding the need for 

further fossil exploration as a source of carbon-based materials for chemical synthesis and 

energy generation and (iii) producing low-carbon energy vectors which will contribute to a 

lower net-GHG emissions cycle [53,81,82]. 

The potential of CCU as a vector for GHG emissions reduction, however, is not completely 

clear in the literature. Käthelhön et al. [82] estimated that the integration of CCU to large 

emitters such as chemical industries and fossil-based power plants, combined with an extensive 

utilization of renewable electricity, has the potential to reduce up to 3.5 Gt CO2eq in 2030. 

Furthermore, Mac Dowell et al. [83] reported that the potential substitution of traditional fossil 

sources for polymer production by recovered CO2 from CCU has the potential to reduce up to 

3 kg CO2eq per kg of recovered CO2. However, a comprehensive evaluation of the overall GHG 

emissions reduction potential of CCU depends directly on technical aspects such as the power 

source (fossil-based or renewable), the product chosen for the CO2 upgrading and the overall 

downstream process [81]. Hao et al. [84], for example, reports that, since the current CCU 

alternatives are usually energy-intensive processes, if the energy source is fossil-based, not only 

the potential GHG reduction is negligible, but also there is a significant potential of higher GHG 

emissions.  

Independently of the source or the end application, CCU technologies always start from carbon 

capture. There are several carbon capture technologies reported in literature, but they are divided 

into three main categories: pre-combustion capture, oxy-fuel combustion capture and post-

combustion capture. 

Pre-combustion carbon capture 

Pre-combustion carbon capture refers to a process in which CO2 is captured from a carbon-

based fuel via the production of syngas (CO + H2) through a gasification and the production of 

a hydrogen-rich stream and a CO2-rich stream [53]. In a pre-combustion process, a carbon-based 

fuel (natural gas, coal, etc.) is gasified in the presence of oxygen, air or steam to produce a 

syngas stream. From the syngas, CO is converted via water-gas shift reaction (WGS, Equation 

2.4), producing CO2 and H2. CO2 is then captured and produces a H2-rich stream that can be 
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used as a fuel for boilers, furnaces, turbines and fuel cells [85]. After the WGS step, CO2 

concentration on the pre-combustion process can vary in the range of 15–60vol% in a dry basis 

at a pressure around 2–7 MPa [13]. Literature shows that physical solvents such as Selexol (a 

mixture of dimethyl ether and polyethylene glycol), Rectisol (cold MeOH), Purisol (N-methyl 

pyrrolidone) and Fluor (propylene carbonate) are the most recommended strategies to capture 

CO2 in a pre-combustion application [86]. 

CO + H2O ⇌ CO2 + H2     ∆H298K
°  = -41 kJ/mol  (Equation 2.4) 

Pre-combustion capture process has already been proven industrially, especially for cases when 

the goal is to produce a H2-rich stream for power and heat generation [85]. In addition, since 

CO2 is already generated at high pressure (2–7 MPa), the energy input required for CO2 

compression downstream is lower, when compared to post-combustion capture, for example 

[53]. Also, the physical solvents used for CO2 capture can be regenerated by depressurization, 

releasing the captured CO2, which is less energy-consuming than the heating process required 

for CO2 recovery using chemical solvents [86]. However, the drawbacks of pre-combustion 

capture include the mandatory treatment of syngas (drying and cleaning) prior to WGS with the 

penalty of a significant decrease in performance and stability of the WGS catalyst, high capital 

and operation costs related to the integration of a gasification cycle and the costly integration of 

this type of technology to already existing plants [86]. 

Oxy-fuel combustion carbon capture 

In the oxy-fuel combustion capture, the air used for the combustion is substituted for a pure O2 

stream, which makes the produced FG be composed of mainly CO2 and H2O [53]. In this 

process, part of the CO2- and H2O-rich stream is usually recycled into the combustion unit in 

order to moderate the high temperature (>1300°C) resulting from the combustion with near pure 

O2 [87]. As a result of the low N2 concentration in the FG, after the H2O separation, oxy-fuel 

combustion generates a CO2 stream with over 98vol% of CO2, which does not require any 

further treatment for capture. Although the purity of the produced CO2 is attractive, oxy-fuel 

combustion is an expensive technology to implement, since the air separation for the production 

of highly concentrated O2 is usually carried with cryogenic separation or with the aid of 

membranes, which present high capital and operational costs [88]. Moreover, the high 
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temperature produced in the combustion chamber increases the formation of thermal NOx, 

which can generate significant amounts of HNO3 and corrosion when in contact with the H2O 

from the recycled FG [55]. In order to overcome such limitation, FG drying, and denitrification 

are recommended for the streams produced from oxy-fuel combustion [88].  

Post-combustion carbon capture 

Post-combustion capture (PCC) processes are the most commonly implemented in industrial 

and power plants for its technological maturity and easy integration to existing plants [53]. PCC 

refers to the capture of CO2 from FG after the combustion process, when air is used for 

combustion, and CO2 concentration in the FG are usually diluted in the range of 3–15vol% [9]. 

Usually, PCC is implemented alongside other FG cleaning technologies depending on the 

combustion impurities and by-products found in the FG. In this sense, for a typical FG 

containing N2, CO2, H2O, NOx, SOx and ash, for example, the PCC process could include steps 

for FG drying, denitrification via SCR, desulfurization by wet scrubbing, cyclones for 

particulate removal and the CO2 capture step itself [13]. The main technologies applied for CO2 

recover in PCC are based on chemical absorption using amine-based solvents, such as 

monoethanolamine (MEA) or diethanolamine (DEA), for their high technology readiness level 

(TRL) and high absorption capacity (>90% CO2 recovery), even for CO2 streams with low 

partial pressure such as FG [53].  

The drawbacks associated with PCC are mainly related to the large volume required of 

equipment, considering the significant amount of N2 present in the typical FG composition, the 

high heat requirements for solvent regeneration, which makes the process energy-intensive, the 

use of toxic solvents and the possible degradation associated with the use of highly basic 

solvents [72]. Alternative technologies based on CO2 adsorbent materials, such as zeolites, 

activated carbons and metal-organic frameworks (MOF), membrane separation using both 

polymeric and ceramic membranes, for example, are considered less energy-intensive 

alternatives for amine-based PCC. However, they are still not cost-effective and present TRL 3-

7 [89]. 

2.3.1. Syngas production and utilization 
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Synthesis gas (syngas, H2 + CO) is an industrially important building block for the production 

of different chemicals such as MeOH and dimethyl ether [90]. As a significant carbon and 

hydrogen vector, syngas is also the feedstock of the relevant Fischer-Tropsch synthesis (FTS) 

for the production of paraffins, olefins and alcohols [91]. Syngas can be obtained from the 

reforming of different fossil sources [80]. Commercially, syngas is produced from steam 

reforming of methane (SRM), a highly endothermic process usually operated at high 

temperature (700–1000°C) and 3–40 bar that yields a H2-rich syngas with H2/CO = 3.0 

(Equation 2.5) [92]. As a versatile building block, the final application of syngas is directly 

influenced by its composition (H2/CO ratio), which affects not only the type of product that can 

be obtained from such syngas, but also the catalytic performance and the overall process [93,94]. 

For the modulation of syngas composition, WGS (Equation 2.4; increase H2/CO ratio) and 

reverse water-gas shift (RGWS, Equation 2.6; decrease H2/CO ratio) reaction are usually 

implemented [95]. Ni-based alumina-supported catalysts are commercially available for SRM. 

The most common challenges observed for these Ni/Al2O3 catalysts are the deactivation by 

thermal sintering of the Ni active particles, due to the high temperature in which SRM is 

operated, and by coke deposition [96]. However, when SRM is operated with excess steam 

(H2O/CO2 ≥ 3), coke deposits can be minimized [97]. 

CH4 + H2O ⇌ 3H2+CO       ∆H298K
°

 = 206 kJ/mol  (Equation 2.5) 

CO2 + H2 ⇌ CO + H2O       ∆H298K
°

= 41 kJ/mol (Equation 2.6) 

An alternative route for syngas production is the dry reforming of methane (DRM, Equation 

2.7). In this highly endothermic reaction, CO2 and CH4, two major GHG are converted into 

syngas with an H2/CO ratio of 1.0 [98]. Although promising, the high endothermicity and the 

several side reactions that can decrease the H2/CO ratio of the produced syngas still prevent the 

use of DRM in commercial scale [99–103]. 

CH4 + CO2 ⇌ 2H2+2CO     ∆H298K
°

 = 247 kJ/mol  (Equation 2.7) 

Nevertheless, considering the depletion of fossil reserves and the GHG emissions and high 

carbon intensity associated with CH4 exploration and reforming, novel renewable resources for 

sustainable syngas production are considered of great interest [104]. In the context of CCU, pre-
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combustion capture (Section 2.3) is a process in which carbon sources are gasified to produce 

syngas, which is then upgraded to H2- and CO2-rich streams by WGS reaction [53]. Gasification 

of different feedstocks (coal, biomass, biochar, waste tires, bark, etc.) can be used for the 

production of syngas with different H2/CO ratios ranging from 0.3 to 4.5 [104,105]. The 

combination of a pre-combustion carbon capture technology considering renewable or low-

carbon fuels (biomass, low-carbon methane, etc.) with WGS/RWGS reactions for syngas 

composition modulation and traditional FTS can deliver a flexible process for the production of 

low-carbon energy vectors such as diesel and jet fuel, for example [106,107]. Butterman and 

Castaldi [105] highlight the diverse applications of syngas with different H2/CO ratios that can 

range from specialty chemicals such as MeOH, aldehydes and ethers (H2/CO = 0.5–1.4), to 

diesel (H2/CO = 1.5–2.5), to gas turbine combustion (H2/CO = 2.8–4.3), to fuel cells operation 

(H2/CO = 4.3–5.0).  

Iron-based catalysts are known for presenting high WGS/RWGS activity and are also used for 

commercial FTS applications [94,108,109]. Low-temperature FTS (T = 200–350°C) can be 

operated with syngas with H2/CO ratio in the range of 0.5–2.5 and is reported to result in a 

paraffin-to-olefin ration around 0.6–0.9 [110,111]. Lögdberg et al. [112], for example, reported 

over 59% selectivity for C5+ products using a bimetallic Fe-Co/γ-Al2O3 catalyst for a feed syngas 

with H2/CO = 1.0. 

2.3.2. CO2 methanation 

The production of CH4 from recovered CO2 is an interesting application of CCU with significant 

potential for GHG emissions reduction, considering that CH4 is an important energy vector, 

compatible with the current grid for natural gas distribution with large utilization for power and 

heat generation, and for transportation [113,114], corresponding to 23% and 36% of the global 

and Canadian energy demands, respectively [34,115]. 

CH4 production from CO2 is carried via the Sabatier reaction (Equation 2.8), in which H2 is used 

as a high-energy molecule to activate and reduce CO2, producing CH4 and H2O, and is usually 

referred to as CO2 methanation, or synthetic natural gas (SNG) production [116]. As a 

hydrogenation process, CO2 methanation occurs in two stages. First, H2 is obtained in a separate 

step. In the context of producing low-carbon CH4 from captured CO2, water electrolysis using 
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renewable electricity is the most appropriate way of obtaining green H2 [117]. Further 

considerations on H2 production via water electrolysis will be given in Section 2.3.3. Then, H2 

is combined with CO2 captured from an FG source in the presence of a catalyst [117]. When 

water electrolysis is used for H2 production and captured CO2 is used for the CH4 production, 

this process is referred to as Power-to-X (or Power-to-Gas), with the ‘power’ standing for the 

use of electricity for carrying a chemical transformation and the X (or Gas), standing for the 

obtained product [77].  

CO2 + 4H2 ⇌ CH4 + 2H2O      ∆H298K
°

=-165 kJ/mol  (Equation 2.8) 

CO2 methanation is a highly thermodynamically favorable and exothermic process [118]. The 

stoichiometric CO2 methanation releases 164 kJ per mol, which corresponds to 1.8 kW/m3 CH4 

STP [117]. As water is formed during CO2 methanation, this process is characterized by a 

significant volume contraction, around 40% under stoichiometric conditions [117]. 

Furthermore, thermodynamic equilibrium of CO2 methanation is directly influenced by both 

temperature and pressure. As a highly exothermic reaction, CO2 methanation is favored at lower 

temperatures, up to 450°C, presenting CO2 conversion up to 100% when operated below 200°C 

[119]. In addition, as significant volume contraction takes place, higher pressures also favor 

CO2 methanation, with high CO2 conversion (>90%) being obtained up to 100 bar [120]. Figure 

2.8 presents the influence of temperature and pressure over the CO2 conversion and CH4 

selectivity in equilibrium for the CO2 methanation operated at stoichiometric conditions 

(H2/CO2 = 4.0). 

Despite the thermodynamic favorability, CO2 methanation is kinetically challenged [121,122]. 

Although the mechanism for CO2 methanation is still under discussion, literature proposes two 

possible options for this reaction. In the first mechanism, with CO as an intermediate, CO2 is 

chemisorbed to the catalyst surface where it is reduced to CO and follows CO methanation 

(Equation 2.9). In the second mechanism, CO2 is chemisorbed to the catalyst surface and forms 

formate and carbonate intermediates that are, in turn, reduced to CH4 [123,124]. Figure 2.9 

shows a representation of the two possible mechanisms proposed for CO2 methanation. As both 

mechanisms involve eight electron transfers, the kinetics of CO2 methanation is generally slow, 
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especially when carried at lower temperatures (below 400°C), where it is more 

thermodynamically favorable [121,125].   

 

Figure 2.8 – Effects of temperature and pressure on the equilibrium for CO2 methanation operated at 

stoichiometric conditions (H2/CO2 = 4.0). (A) CO2 conversion, (B) CH4 selectivity. Adapted from Gao 

et al. [120]. 

CO + 3H2 ⇌ CH4 + H2O      ∆H298K
°

=-206 kJ/mol (Equation 2.9) 

Due to the slow kinetics at lower temperatures, CO2 methanation is usually carried at higher 

temperatures, around 400–500°C [126,127]. However, although kinetics is favored, there are 

also limitations to operate above 400°C. First, due to the exothermicity of the reaction, CO2 

conversion is limited at higher temperatures, dropping from around 100% at 200°C to around 

70% at 500°C [116,127]. Moreover, above 400°C, competing RWGS (Equation 2.6) decreases 

CH4 selectivity by converting CO2 and H2 to CO and H2O. In addition, the presence of CO at 

higher temperatures induces the occurrence of CO disproportionation (Boudouard reaction, 

Equation 2.10), which leads to catalyst deactivation by the formation of coke deposits [113]. 

Finally, the combination of higher process temperature with the exothermicity of the reaction 

leads to the formation of hotspots in the catalyst which can increase the risk of catalyst 

deactivation by sintering of the active metal particles [119,127]. 
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Figure 2.9 – Two different proposed mechanisms for CO2 methanation [127]. 

2 CO ⇌ C + CO2        ∆H298K
°

=-172 kJ/mol (Equation 2.10) 

In addition to operation parameters, catalytic performance is a crucial aspect of CO2 

methanation [113]. Current research on CO2 methanation catalysts is mainly related to how to 

maintain high activity and selectivity, and long stability and catalyst lifetime, while operating 

on mild temperature and pressure conditions [119]. Literature shows that catalysts for CO2 

methanation are usually prepared with either noble (Ru, Rh, Pt, etc.) or transition (Ni, Co, Fe, 

etc.) metals as active phases supported on metal oxides (Al2O3, SiO2, CeO2, TiO2, etc.) or other 

carriers (SiC, MOF, zeolites, etc.) [117,123,127]. In terms of preparation methods, both wet and 

dry impregnation, co-precipitation and sol-gel methods [123] have been reported as efficient 

techniques for catalyst synthesis.  

Noble metals (Ru, Rh, Pt, Ir, Os, etc.) have been traditionally related to good activity towards 

CO2 conversion processes in general, and especially towards CO2 methanation [119,128–130]. 

In addition to the good activity, such noble metals are also related to high stability against coke 

deposition, which is a major concern for CO2 methanation when operated above 400°C [131]. 

Several studies [132–134] have indicated ruthenium (Ru) as the most active metal for CO2 

methanation, with a particular activity at low temperature. Chai et al. [135] have evaluated the 

performance of 2.5wt% Ru/TiO2 catalyst for CO2 methanation in the temperature range of 150–

400°C and reported CO2 conversion around 80–90% for temperatures around 325–350°C, with 

CH4 selectivity at 100°C for all tested temperatures. Lippi et al. [136] investigated the activity 
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of Ru-based catalyst supported on MOF and reported CO2 conversions in the range of 96–98%, 

when CO2 methanation was operated at 330–350°C, with CH4 selectivity at around 99% and 

significant stability for 160h of TOS. 

Janke et al. [137] investigated the catalytic performance of Ru supported on γ-Al2O3 for the 

hydrogenation of CO2 under atmospheric pressure at 160–320 °C, using a stoichiometric inlet 

ratio of 4H2/1CO2. The authors used a cyclic start-up/shutdown strategy and showed that the 

Ru-based catalyst was stable up to 72 h on stream. The methanation mechanism over the Ru 

catalyst also followed the RWGS reaction route, proving that CO is an important intermediate 

for the conversion of CO2 into methane. The 10%Ru/Al2O3 catalyst yielded CO2 conversions 

above 75% for higher temperatures (>250°C), with selectivity to CH4 reaching 98% of the 

calculated from the reaction equilibrium at 300°C. Moreover, the authors also reported that, for 

temperatures above 280 °C, the rate of CO conversion to methane was slower than the CO2 

reduction to CO, and traces of CO were detected. 

Despite the proven performance of noble metals, their high price and low availability make them 

prohibitive for industrial applications. Transition metals such as Ni, Co and Fe are more 

accessible and generally considered as good alternatives for CO2 methanation [138]. Ni is the 

most investigated and commercially used active phase for CO2 methanation for its satisfactory 

performance and for being the most selective catalyst for CH4 production [117,139]. Co is 

reported to present methanation activity similar to Ni and it is also reported to favor CO2 

conversion and CH4 selectivity at lower temperatures, but it is more expensive than Ni and, 

therefore, is not as widely applied for industrial applications as Ni [140,141]. Fe, on the other 

hand, is considered to have significant reactivity for CO2 activation on methanation conditions 

but presents poor selectivity towards CH4 production. On the other hand, Fe is known for 

presenting high RWGS activity, which favors CO production over CH4 [142,143]. De Smit et 

al. [144] reported that iron catalysts undergo phase changes on COX hydrogenation reactions, 

allowing metallic iron, iron oxides (FeO, Fe2O3 and Fe3O4) and iron carbides (Fe2C, Fe3C and 

Fe5C2) to coexist on a complex iron-oxygen-carbon system, which increases catalytic activity. 

Kirchner et al. [143] reported the CO2 methanation over γ-Fe2O3 catalyst at 400 °C and 

atmospheric pressure reaching a CO2 conversion and CH4 yield of 20% and 59%, respectively.  
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Gac et al. [145] investigated the performance of 10wt% Ni-based catalyst prepared by solvent-

assisted impregnation and supported on SiO2 microspheres for CO2 methanation at 200–600°C, 

with a weight hourly space velocity (WHSV) of 4.6 LCO2.h
-1.g-1. The authors reported that the 

solvent-assisted impregnation was able to maintain the hierarchical pore structure of the support 

unchanged despite the introduction of the Ni active phase, which resulted in highly dispersed 

octahedral-shaped NiO particles in the surface of the SiO2 microspheres. In terms of catalytic 

activity, the 10wt% Ni/SiO2 catalyst presented CO2 conversion around 10% at 250°C, which 

increased to around 80% at 400°C. Furthermore, CH4 selectivity was kept around 98% with 

minor CO production by competing RWGS reaction up to 450°C [145]. In a more recent study 

by the same research group, Gac et al. [146] evaluated the performance of BEA-type zeolites as 

catalyst support for Ni-based catalysts and evaluated their performance for CO2 methanation at 

200–600°C, with a space velocity of 30,000 mL.h-1.g.-1. The authors reported CO2 conversion 

above 80% for temperatures around 350–400°C with CH4 selectivity around 98–100% and 

minor CO production. In addition, the authors also reported on the stability of the Ni-based 

catalysts for 12h of TOS, in which the catalyst presented a decreasing activity from 70% CO2 

conversion to around 60%, after the 12h at 500°C. Such behavior was attributed to the 

agglomeration of the Ni particles during the long-term exposure, which led to carbon deposition 

[146]. 

Jia et al. [147] evaluated the performance of 10wt% Ni/ZrO2 catalyst prepared by conventional 

incipient wetness impregnation for CO2 methanation at 200–400°C with a gas hourly space 

velocity (GHSV) of 60,000 h-1. The authors reported a maximum CO2 conversion of 79.1% at 

350°C that drops to 77.5% at 400°C following the increasing thermodynamic limitations of CO2 

methanation at higher temperatures. Furthermore, CH4 selectivity is kept at 100°C from 200°C 

to 270°C, when it drops to around 95% following a slight CO production due to competing 

RWGS reaction. The stability of the 10wt% Ni/ZrO2 catalyst was evaluated for 10h of TOS at 

300°C and GHSV = 60,000 h-1. For this condition, CO2 conversion was stable at 72% for the 

whole duration of the test with CH4 selectivity at around 95%. Kristiani and Takeishi [148] 

evaluated the performance of 60wt% Ni-based catalysts supported on yttria-stabilized zirconia 

(YSZ), a material largely investigated for solid oxide fuel cells applications, for CO2 

methanation at 160–440°C and GHSV = 18,750 h-1. The authors reported CO2 conversion 

around 75–80% at 360–440°C for catalysts prepared at different reduction temperatures (400–
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700°C). In terms of CH4 selectivity, it was directly influenced by the reduction temperature. The 

authors showed that the reduction treatment at 700°C led to the agglomeration of NiO particles, 

which favored CO and C production even at lower temperatures (200–280°C) [148]. Table 2.4 

presents a review of the performance of different catalyst for CO2 methanation. 

Table 2.4 – Performance comparison of different noble metal- and transition metal-based catalysts for 

CO2 methanation. 

Catalyst 
Temperature 

(°C) 
Space velocity 

CO2 conversion 

(%) 

CH4 selectivity 

(%) 
Ref. 

Noble metal-based catalysts 

3wt% 

Ru/Al2O3 
350 55,000 h-1 93 93 [149] 

5wt% 

Ru/TiO2 
350 

90,000 mL.g-

1.h-1 
78 84 [150] 

3wt% 

PdO/LaCoO3 
300 

18,000 mL.g-

1.h-1 
62.3 >99 [151] 

Transition metal-based catalysts 

20wt% 

Ni/Al2O3 
300 55,000 h-1 81 78 [149] 

10wt% 

Ni/CeO2 
340 

22,000 mL.g-

1.h-1 
91 100 [152] 

10wt% 

Ni/Al2O3 
350 4.6 LCO2.g-1.h-1 90 100 [153] 

10wt% 

Ni/ZrO2 
350 4.6 LCO2.g-1.h-1 90 100 [153] 

15wt% 

Ni/Al2O3 
350 

60,000 mL.g-

1.h-1 
70 100 [154] 

15wt% 

Ni/OMA 
450 91 L. g-1.h-1 82 98 [155] 

10wt% 

Ni/CeO2 
300 

14,000 mL.g-

1.h-1 
85 100 [156] 

25wt% 

Ni/MA 
350 6,000 mL.g-1.h-1 78 100 [157] 

CoO 250 1,500 mL.g-1.h-1 98 100 [158] 
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Legend: OMA – Ordered mesoporous alumina; MA – Mesoporous alumina. 

2.3.3. Power-to-X 

Principle 

The principle of Power-to-X technologies relies on the use of electricity as a process input rather 

than a utility [19]. They aim at an efficient energy transformation from the electrical form, 

generated from renewable sources (e.g., hydro, solar, wind, etc.) into chemical form, which can 

be varied in light of the end-use application [159]. Hence, the term “Power-to-X” is broad, as it 

includes several processes with numerous outcomes, in which the “Power” stands for the direct 

use of electricity, and the “X” stands for the energy vector produced, which can include gases 

(Power-to-Hydrogen, Power-to-Methane, Power-to-Syngas, Power-to-Gas), chemicals (Power-

to-MeOH, Power-to-Formate, Power-to-Chemicals) and liquid energy carriers (Power-to-

Alkanes, Power-to-Fuel); or even for the end-use application (Power-to-Transport) [160]. 

In a broad definition, Power-to-X technologies cover the process chain of exploiting the 

potential of renewable electricity to produce value-added, low carbon-intensive products 

[30,161]. Renewable electricity can be used to produce both carbon-free (e.g., ammonia or 

hydrogen) or carbon-based energy carriers (e.g., syngas, MeOH). These energy carriers, also 

called e-fuels, act as an effective long-term storage system for renewable electricity. 

Furthermore, they can be used to meet the non-electrical demands of the transportation sector, 

including the decarbonization of heavy-duty, air and maritime transport, for example [160]. 

The most well-described application of PtX technology is the H2 production via water 

electrolysis. From the most traditional perspective, the water electrolysis powered by electricity 

from renewable sources is the “gold standard” of PtX processes, in which renewable inputs 

(water, green electricity) are used to produce  H2, which produces water after combustion, with 

minimal impact on GHG emissions [162]. The hydrogen production from water electrolysis can 

also be the first step for a more complex PtX process, in which further upgrading steps can 

consider a carbon source (e.g., syngas, atmospheric CO2, etc.) to produce hydrocarbons, or a 

nitrogen source to produce ammonia (NH3) [163]. The production of carbon-based materials, 

such as energetic hydrocarbons and alcohols, on the other hand, has gained increased interest, 
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since such products would have the advantage of being compatible with the already existing 

infrastructure of the energy and transportation sectors [161]. 

Hydrogen production via water electrolysis 

Power-to-hydrogen is defined as the process where electrolysis is used to split water into H2 and 

O2 [164]. Due to its great potential as an effective green fuel, H2 is regarded as a key component 

for the transition from fossil fuels dependency into a clean energy system, on account of its 

remarkable energy content (119.96 MJ/kg, for gaseous H2), which is far superior to natural gas 

(47.13 MJ/kg), conventional gasoline (43.44 MJ/kg), conventional diesel (42,78 MJ/kg) and 

ethanol (26.95 MJ/kg) [165,166]. Around 95% of the world’s H2 production is derived from 

fossil fuels, with natural gas accounting for 70% of such production [167]. SRM is the most 

commonly used process for producing H2 (and carbon monoxide) by reacting natural gas with 

water vapor in the presence of metal-based catalysts (e.g., Ni, Pt) at high temperatures (> 700°C) 

[168]. 

Water electrolysis (Equation 2.11) accounts for approximately 5% of the world’s H2 production 

and it is expected to boost hydrogen economy by enabling the scaling up of green H2 with low 

to none GHG emissions, and delivering a high purity product with low-cost separation and 

purification steps [162]. There are three major water electrolysis technologies that have been 

investigated and developed at pilot and commercial scales for H2 production from water 

electrolysis, depending on the types of electrolyte and ionic agents: alkaline water electrolysis 

(AEL), proton exchange membranes (PEM) and solid oxide water electrolysis (SOEC). While 

AEL is the most advanced technology with commercial applications for large-scale production, 

PEM systems are still on a demonstration and small production scale, and SOEC technology is 

still on laboratory scale [77,169]. 

H2O → H2 + 1
2⁄ O2 (Equation 2.11) 

The alkaline water electrolysis (AEL) system is composed of two metal-based electrodes 

(usually nickel) immersed on the electrolyte, which is an aqueous alkaline solution, separated 

by a diaphragm (Figure 2.10). In this system, electrons are transferred from the cathode to the 

anode, where water is reduced to H2. The OH¯ ions flow through the porous diaphragm and are 
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oxidized to oxygen on the cathode. This technology is usually operated at low temperatures (60–

100°C) and low pressure (1–30 bar), although the use of high pressure (up to 700 bar) is a 

possibility [170,171]. Potassium hydroxide (KOH) and sodium hydroxide (NaOH) are 

commonly used as electrolytes at concentrations around 20-30%. Traditionally, white asbestos 

has been used as the diaphragm, which is permeable for OH¯ species while separating the 

gaseous products. But, due to the toxicity concerns regarding asbestos, studies have been 

conducted on other materials such as potassium titanate and polytetrafluoroethylene for 

diaphragm substitutes [162,172]. In addition to offering the highest technological readiness level 

(TRL), AEL systems also present high durability (55,000–120,000h) and a lower capital cost, 

when compared to the other technologies, such as PEM and SOEC. However, low current 

density (>400 mA/cm²), issues related to the gas crossover and the use of corrosive electrolytes 

represent some drawbacks to the technology [173]. 

 

Figure 2.10 – Operation principle for the three major technologies for hydrogen production through 

water electrolysis. AEL – Alkaline water electrolysis; PEM – Proton exchange membranes; SOEC – 

Solid oxide water electrolysis; LSM – Lanthanum strontium manganite; YSZ – Yttria stabilized 

zirconia. Adapted from Sapountzi et al. [169]. 

In a PEM system (Figure 2.10), the electrolyte (alkaline solution in an AEL system) is 

substituted by a polymeric membrane with acidic nature that allows the exchange of H+ species 

between the anode, where water is split and oxidized to produce gaseous O2, and the cathode, 

where the protons that flowed through the polymeric membrane are reduced to H2 [174]. The 
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PEM systems operate at low temperature (20–80°C), and typical pressures up to 50 bar using 

metal-based (Pt/Pd) cathodes and metal oxide-based (IrO2/RuO2) anodes for the hydrogen and 

oxygen evolution reactions, respectively [175]. In addition to the compact design and high 

energy efficiency (80–90%), the PEM technology has become very promising for boosting H2 

production due to its high current density (>2A/cm²), higher H2 production rates, quick response 

and increased dynamic operation, which is a key aspect to be considered in light of the 

intermittent aspect of renewable energy [176]. 

Solid oxide electrolyzers (SOEC) operate at high temperatures, typically above 500°C, which 

significantly decreases the electrical needs to maintain the water electrolysis process at high 

efficiency (>90%) with only a slight increase in total energy demand [177]. The SOEC systems 

(Figure 2.10) are composed of two chemically stabilized porous electrodes with good electronic 

conductivity and a dense solid ionic conducting electrolyte. The system is fed with steam on the 

cathode, where water is split into H2 and oxygen ions (O2-). The O2- ions flow through the dense 

electrolyte and are oxidized into O2
 on the anode. Lanthanum-strontium-manganite (LSM) and 

nickel/yttria-stabilized zirconia (Ni-YSZ) are the most common electrodes for SOEC systems, 

while several high O2- conducting materials (ceria-based oxides, YSZ) are used as electrolytes 

[178]. While H2 production efficiency and the possibility of heat integration are the major 

advantages of this technology, the low TRL and the low stability and durability are the major 

drawbacks related to SOEC [179]. 

In addition to a potential green fuel and a remarkable energy storage medium, H2 also plays a 

key role on the chain of production of value-added products from CO2. The use of green 

hydrogen for upgrading CO2 into several energy products (MeOH, olefins, energetic 

hydrocarbons, aromatics, etc.) is a promising strategy to substitute the use of fossil sources, 

through the CO2 hydrogenation process [180]. 

CO2 conversion technologies 

The conversion of CO2 into marketable commodities has become an attractive way of mitigating 

the CO2 accumulation by creating a low-carbon supply chain and, therefore, exploiting the 

potential of anthropogenic CO2 as a valuable carbon feedstock [181]. However, the CO2 

molecule presents a highly oxidized state, remarkable thermodynamic stability (ΔG° = –394 
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kJ/mol) and ultralow reactivity due to the conformation of two linear double bonds which, in 

turn, represent a high energetic barrier to be overcome by a transformation process [182]. 

Although CO2 is regarded as a safe and widely available carbon source, its use as a feedstock is 

not widely implemented on industrial scale. Apart from a few urea and carbonates synthesis 

processes, the high thermodynamically stability of CO2 and the consequent energetic demand 

for its transformation inhibits the development of other industrial applications [183]. Two main 

approaches are considered for the conversion of CO2 into fuels and chemicals using renewable 

electricity (PtX), the CO2 hydrogenation and CO2 electrochemical reduction. 

CO2 hydrogenation 

The catalytic hydrogenation of CO2 is considered the most promising path forward on increasing 

the use of CO2 as a renewable carbon feedstock via PtX technology. Several carbon-based 

species may be produced from CO2, such as methane [184,185], MeOH [186,187], formic acid 

[188], lower olefins [109], higher alcohols [189] and higher hydrocarbons [190,191]. As a high 

Gibbs free energy molecule, hydrogen can be used to react with CO2 and overcome the 

thermodynamic barrier associated with CO2 transformation in a process that outperforms 

electrocatalytic and photocatalytic CO2 conversions [192,193]. 

CO2 hydrogenation processes are usually carried on fixed-bed reactors [117]. Despite being the 

most mature and most applied reactor design for CO2 hydrogenation, the exothermic nature of 

most CO2 hydrogenation reactions such as CO2 methanation (Equation 2.8) and MeOH 

production (Equation 2.12) impose a heat management challenge that should be considered. If 

not efficiently removed, the excess heat generated by the reaction could lead to hotspots 

formation in the catalytic bed which could result in catalyst deactivation by sintering and 

thermodynamic limitations at higher temperatures [119]. 

CO2 + 3H2 ⇌ CH3OH + H2O      ∆H298K
°

= -49.4 kJ/mol  (Equation 2.12) 

Different designs of adiabatic fixed-bed reactors (AFBR) have been proposed for catalytic CO2 

hydrogenation. These designs include inner cooling stages with water/steam and product recycle 

to control the excess heat production [117,184]. Air Liquide (former Lurgi), Johnsson Matthey 

Davy Technologies and Haldor Topsøe [194] have been known for commercialization of 
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efficient AFBR for CO2 hydrogenation. In the most common design, provided by Air Liquide, 

the feed gas flows through a series of tubes filled with catalyst in an axial direction. The tubes 

are surrounded by a shell filled with water. Up to 80% of the excess heat produced in the reaction 

is transferred to the water surroundings resulted in medium-pressure steam generation [194]. 

presents a schematic representation of the Air Liquide’s design and other AFBR designs 

proposed for CO2 hydrogenation. 

 

Figure 2.11 – Schematic representation of adiabatic fixed-bed reactor (AFBR) designs proposed for 

catalytic CO2 hydrogenation. (a) Air Liquide design, (b) Linde Variobar design, (c) Toyo Engineering 

design, (d) Mitsubishi Superconverter design, (e) Methanol Casale design, (f) Haldor Topsøe design, 

(g) Air Liquide dual-stage design, (h) Air Products design [194]. 

Many different reaction routes can be used to produce hydrocarbons and other value-added 

products from CO2 hydrogenation. The most common and well described in the literature are 

the Fischer-Tropsch synthesis (FTS) in which the hydrocarbons can be produced from syngas, 

and CO2 methanation (Section 0). In addition, there is also the indirect route using MeOH as an 

intermediate, in which the synthesis of MeOH through direct hydrogenation of CO2 (Equation 

2.12) and the RWGS (Equation 2.6) are used to obtain the platform molecules to produce 
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hydrocarbons (MeOH-to-hydrocarbon process – MTH) [180]. As part of an effort to expand and 

promote the utilization of CO2 hydrogenation as a feasible path to rational carbon utilization, 

recent studies have focused on the development of advanced catalyst with specific properties to 

diversify the possible products obtained from CO2 hydrogenation, as well to increase selectivity 

towards a desirable product [195]. 

Methane production 

The Sabatier reaction (Equation 2.8) is a convenient way of producing methane from CO2 [196]. 

A detailed description of the catalytic aspects of the Sabatier reaction was given in Section 0. 

When carried in the context of PtX technologies, i.e., considering water electrolysis as a source 

of H2 and captured CO2 as a source of carbon, the production of SNG is referred to as Power-

to-Gas (PtG), with the advantages over hydrogen as a fuel, such as higher volumetric energy 

content and its compatibility with the natural gas grid [139]. Figure 2.12 presents a schematic 

representation of the Power-to-Gas technology for the production of SNG. 

 
Figure 2.12 – Schematic representation of Power-to-Gas technology (PtG) [138]. 

There are a few pilot, commercial and demonstration plants already in operation that implement 

PtG technology, especially in Europe as low-carbon methane from CO2 hydrogenation has been 

used to increase the share of renewables in their energy matrix [77]. In 2012, ZSW established 

a demonstration plant for PtG. The plant was composed by a 250 kWel alkaline high-pressure 
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electrolyzer for H2 production, a CO2 methanation unit and a process control unit [184]. In this 

plant, two different reactor designs (tube-bundle reactor and plate reactor) can be operated in 

combination and a system of educt gas circulation and molten salt is used for the heat 

management from the methanation reaction [184]. Moreover, a membrane-based gas separation 

step is used to separate the CH4 product and recycle the H2-rich stream into the system [77]. 

In 2013, Audi commissioned a 6 MW industrial-scale PtG plant that came to be the world’s 

biggest of its kind. In this plant, wind power and alkaline electrolysis are combined for H2 

production and CO2 is recovered from the biogas from the EWE Biogas GmbH & Co. KG 

biomethanization plant by amine absorption [77,184]. The plant is also composed of a 10 bar 

H2 storage tank that allows the decoupling of steady operation between the electrolyzer and the 

methanation unit [184]. The methanation reactor is a tube-bundle reactor cooled with molten 

salt to avoid the creation of hotspots that can lead to thermodynamic limitations and catalyst 

deactivation [184]. The plant capacity is 325 Nm3/h but it operates with a limitation of 1,000 t/y 

due to the availability of renewable electricity [197]. 

Methanol production 

MeOH is a highly desirable platform molecule to be produced from CO2 hydrogenation, due to 

the several chemical routes that can emerge from MeOH into fuels and chemicals [181]. Over 

the last ten years, the consumption of MeOH, and the investments on the production of 

renewable MeOH, have increased significantly, especially due to China’s interest on MeOH as 

part of their efforts for reducing fossil fuels use [198]. To date, the only industrial scale catalyst 

applied for the direct conversion of CO2 to MeOH is a CuO-based catalyst supported either on 

ZnO or Al2O3, developed by Carbon Recycling International (CRI), in Iceland, and applied on 

the Vulcanol® process [199]. However, copper- and zinc-based catalysts present a major 

drawback regarding stability, which is the quick deactivation in the presence of moisture (e.g., 

water in a flue gas mixture) and high CO2 concentrations [200], which highlights the need for 

new and improved catalysts. 

Gothe et al. [201] have recently investigated the use of a high-pressure continuous supercritical 

flow process for the direct hydrogenation of CO2 to MeOH over a highly selective Re-based 

catalyst. The authors reported that on batch conditions, a ReOx/TiO2 catalyst delivered the 
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highest MeOH space-time yield reaching 328 mmol MeOH/g.h, at 250 °C, 50 bar H2 and 100 

bar CO2. Moreover, on continuous operation, the authors reached 18% CO2 conversion, with 

98% selectivity towards MeOH over 4 h, at 200 °C and 100 bar. Literature shows that Pd also 

presents a high activity and selectivity for conversion of CO2 to MeOH, with no significant 

deactivation by water, which is inevitably present on hydrogenation reactions, and a strong 

influence of the metal support [180,202]. Liang et al. [203] investigated the development of a 

carbon nanotubes (CNTs)-supported Pd-ZnO catalyst for MeOH production from CO2. The 

authors reported that the use of CNTs as catalyst support was responsible for a significant 

increase on Pd surface area (9.3–19.7%, when compared to activated charcoal and γ-Al2O3, 

respectively), and a promotion effect due to CNTs performance on hydrogen adsorption and 

electron transport, which resulted in an increase on MeOH yield up to 53%. 

A few Power-to-Methanol demonstration and commercial plants have been commissioned in 

the past decades. The European Commission launched the MefCO2 project to demonstrate the 

techno-economic feasibility of Power-to-Methanol in a modular fashion that can be integrated 

to different sizes for MeOH production [77]. A similar concept has been applied by Silicon Fire 

A (Switzerland) that developed a modular container-type concept composed of an electrolyzer 

and a methanol synthesis unit that can be moved around to profit from renewable electricity 

sources and combined for different production scales [194]. CRI, on the other hand, has taken 

the Power-to-Methanol further and implemented an emissions-to-liquids concept in Iceland to 

profit from the CO2 emissions from a geothermal power plant and H2 from alkaline electrolysis 

to produced low-carbon MeOH [77]. The plant was commissioned in 2012 with a production 

capacity of 1,300 t/year and expanded in 2014 to 4,000 t/year [194]. The plant operates with a 

Cu/ZnO catalyst and is composed by a desulfurization unit that removes the H2S from the 

geothermal flue gas to avoid catalyst poisoning [194]. It is estimated that the CRI George Olah 

plant (Iceland) recycles up to 5,500 t CO2/year, releasing up to 90% less CO2 than a comparable 

amount of fossil-based fuels. 

As promising as the CO2 hydrogenation route is for taking advantage of CO2 emissions to 

produce energy vectors and building block molecules, there are still several challenges to be 

addressed prior to its use at large scale. The development of low-cost catalysts capable of 

achieving high CO2 conversions and high selectivity towards a value-added product, and with 
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increased resistance to particle sintering, irreversible poising and coke deposition, is a key aspect 

[204]. Moreover, the costs associated with CO2 capture and storage also represent a setback on 

the implementation of industrial-scale hydrogenation plants. According to technical and 

economic analysis performed on these processes, the costs associated with CO2 capture from 

plant emissions may vary from 28–111 USD/t CO2 [205], depending on the fuel source and on 

the kind of industrial plant. Moreover, costs related to further purification steps also need to be 

considered since high purity CO2 is required in these processes [206]. 

The stability of clean hydrogen production is also a major concern when it comes to the scaling 

up of CO2 hydrogenation. Dincer and Zamfirescu [207] have identified the development of a 

safe and viable system for hydrogen storage and delivery, as well as the durability of hydrogen 

production systems as two of the major challenges associated with the hydrogen economy. 

Although the stability of water electrolyzers has been widely addressed and the several advances 

have allowed for the quick scaling up of the technology from megawatts (MW) to gigawatt 

(GW) scale, the high costs of electrolyzers along with electricity prices are still of the main 

issues faced for the scaling up of CO2 hydrogenation processes [208,209]. 

CO2 electrochemical reduction 

The electrochemical reduction of CO2 (CO2ER) is also considered a promising technology for 

boosting the utilization of industrial and anthropogenic CO2 in order to create a carbon-neutral 

economy [210]. Studies have demonstrated the operational viability of CO2ER for the CO2 

conversion into CO, light hydrocarbons such as C2H4, formate and formic acid, and light 

alcohols [211]. The CO2ER process is carried in an electrolyzer (Figure 2.13) in which the 

oxygen evolution reaction (OER) takes place in the anode by splitting water into gaseous oxygen 

(O2), protons and electrons. The electrons flow through the circuit to the cathode, where they 

can be combined with protons (H+), if the electrolyte is an acidic solution, or with water, if the 

electrolyte is a basic solution, to produce hydrogen; or with CO2 to form the different reduction 

products [212]. 

The CO2ER approach offers several advantages as an alternative technology for creating a 

closed carbon cycle such as the opportunity of process fine-tuning by operational optimization 

of temperature and electrical potential, the mild electrolyzer operation conditions, low 
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utilization of chemicals and possibility of integration of wastewater as electrolytes, which 

increases the overall recycling capacity, and the opportunity of integration to renewable energy 

sources [213]. However, Garg et al. [214] have recently reviewed the four main challenges faced 

by CO2ER technologies, which still makes them non-economically viable: (a) the high energy 

requirements of the electrolyzer in order to overcome the thermodynamic stability of CO2 

molecules; (b) the complexity of reaction mechanisms, which decreases the selectivity towards 

a desired product and increases the costs and complexity of following separation and 

purification stages; (c) the slow kinetics and reaction rates usually controlled by CO2 mass 

transfer from the gas phase to the electrolyte; (d) low electrodes/catalyst stability over longer 

reaction periods due to poisoning. 

 

Figure 2.13 – Working diagram of a CO2 electrolyzer. Adapted from Zhao et al. [215] 

In that sense, Hao et al. [216] have also indicated that several steps related to the reaction 

kinetics and mechanisms are necessary in order to increase the effectiveness of the CO2ER 

process. These steps include optimization of CO2 mass transfer to the chosen electrolyte, of the 

following transport of the dissolved CO2 through the electrolyte onto the electrode’s interfaces 

and of the adsorption of the CO2 to the electrodes surface. Improvement of the electron transfers 

required for the formation of reaction intermediates, optimization of desorption of the reduction 

products from the electrodes’ surface and of the product’s transport through the bulk electrolyte 

are also required. Each of these steps represents a type of resistance to the actual reaction rate, 

which must be overcome by the application of an overpotential to the electrolyzer [217].  
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The electron transfer step is crucial for the definition of operational conditions and fine-tuning 

of the products selectivity on the CO2ER process [218]. Studies have shown that the most likely 

first step of the reaction mechanism for the CO2 electrochemical conversion is the transferring 

of an electron to the CO2 molecule, which leads to the rearranging of the linear structure into a 

bent radical. This rearrangement requires a tremendous amount of energy and usually occurs at 

a high overpotential [219]. Francke et al. [220] have reported that the potential of –1.90 V 

(versus Standard Hydrogen Electrode; SHE) is required for the initial CO2 electronic activation 

and the effective formation of CO and HCOO– intermediates occur at potentials lower than –

1.12 V (versus SHE). However, for potentials below –1.35 V, the formation of hydrocarbons 

and the hydrogen evolution reaction (HER) start to compete against the intermediates’ formation 

which, in turn, reduces the product selectivity. Table 2.5 presents alternative reaction pathways 

for the electrochemical reduction of CO2 along with their required potential and electron 

transfers. 

Table 2.5 – Possible reaction pathways for the electrochemical reduction of CO2 

Reaction and electron transfer requirements Potential (versus SHE) 

CO2(g) + 2H+ + 2e– ↔ HCOOH(l) – 0.25 V 

CO2(g) + H2O(l) + 2e– ↔ HCOO−
(aq) + OH− – 1.08 V 

CO2(g) + 2H+ + 2e– ↔ CO(g) + H2O(l) – 0.11 V 

CO2(g) + H2O(l) + 2e– ↔ CO(g) + 2OH− – 0.93 V 

CO2(g) + 4H+ + 4e– ↔ CH2O(l) + H2O(l) – 0.07 V 

CO2(g) + 3H2O(l) + 4e– ↔ CH2O(g) + 4OH− – 0.90 V 

CO2(g) + 6H+ + 6e– ↔ CH3OH(l) + H2O(l) + 0.02 V 

CO2(g) + 5H2O(l) + 6e– ↔ CH3OH(g) + 6OH− – 0.81 V 

CO2(g) + 8H+ + 8e– ↔ CH4(g) + 2H2O(l) + 0.17 V 

CO2(g) + 6H2O(l) + 8e– ↔ CH4(g) + 8OH− – 0.66 V 

2CO2(g) + 2H+ + 2e– ↔ H2C2O4(aq) – 0.50 V 

2CO2(g) + 12H+ + 12e– ↔ CH2CH2(g) + 4H2O(l) + 0.06 V 

2CO2(g) + 12H+ + 12e– ↔ CH2CH2OH(g) + 3H2O(l) + 0.08 V 

SHE – Standard Hydrogen Electrode. Adapted from Al-Rowaili et al. [213] 
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Considerations regarding the engineering and optimization of the electrolyzer architecture, the 

membrane separator materials, the type and concentrations of electrolytes, as well as operation 

parameters, such as temperature and pressure permeate the study of the CO2ER, since each one 

of those may effect a specific kind or resistance that governs one step of the process [214]. 

However, the focus on the electrode’s materials and/or functionalization with catalysts is the 

most important here due to the differences between the CO2ER and the process developed in the 

present work. In this sense, several research groups have reported recent developments on 

catalysts for the CO2ER, especially attacking the problems related to decreasing the 

overpotential necessary to fine-tune selectivity towards a specific product and increasing 

electrodes stability against poisonous deactivation. 

Disperse product distribution and high-level complexity of reaction mechanisms are the in the 

core of the problems related to the CO2ER technology, which leads to only few lab- to pilot-

scale plants in place to date [214]. In Canada, Mantra Energy Alternatives is currently working 

on the electrochemical reduction of CO2 to formate salts production, the formate conversion 

into other chemicals and also the direct energy production using formic acid fuel cells, with a 

conversion efficiency around 20% [211]. However, the current state of such processes is still 

considered far from commercialization levels due to the several technologies drawbacks 

previously pointed. Despite the many hypotheses considered on recent techno-economic studies, 

regarding the supply and demand, as well as non-defined operational costs, the outlook of the 

technology is still negative mainly due to the low selectivity problems [221]. 

2.4. Outlook 

The increasing GHG emissions as a result of anthropogenic activity is a concerning problem for 

the future as the resulting GHG accumulation is directly related to climate changes and severe 

global warming. The energy production heavily relied on fossil fuels combined with the 

increasing transportation needs and industrial activity are responsible for significant GHG 

emissions to support society’s current way of life. As part of the strategy to mitigate climate 

changes, the transition to a low-carbon energy matrix and the development of novel technologies 

that tackle the increasing GHG emissions are of utmost importance in order to ensure continuing 

and sustainable development. 
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The utilization of waste CO2 streams such as flue gases is a major step towards decreasing 

emissions, but its complex composition still hinders direct valorization. Performing 

technologies for flue gas cleaning and carbon capture have already been developed but the 

implementation of these operations is usually associated with high costs, energy demand and 

generation of significant waste streams, which increases costs of the overall CO2 valorization 

process.  

In this context, this project proposed investigating the feasibility of alternative catalytic 

strategies for direct valorization of flue gas streams as an option for traditional carbon capture 

and utilization technologies that require CO2 purification steps. Two industrially relevant energy 

vectors (syngas and methane) have been chosen as potential products of the direct flue gas 

valorization. Classical alumina-supported catalysts have been proposed to validate the 

feasibility of direct flue gas conversion in one-step. Different metals were investigated for the 

flue gas upgrading to syngas and operation conditions were optimized. Then, performing 

hydroxyapatite-supported catalyst were evaluated for the potential utilization for CO2 

methanation and the optimized catalyst was applied for direct flue gas methanation. Aspects of 

process scaling up of the direct flue gas methanation process are also considered in the scope of 

this work. 
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alumina-supported catalysts were chosen to prove the concept of the direct one-step upgrading 

of untreated flue gas streams into syngas. 

Résumé français: Les gaz d’échappement sont une source majeure du CO2 et le développement 

de technologies pour leur utilisation est d’un grand intérêt tant du point de vue environnemental 

qu’industriel. Les processus de valorisation du CO2 couramment étudiés sont toujours 

confrontés à des défis technico-économiques pour la mise en œuvre des coûts associés aux 

différentes étapes, comme les étapes de purification du CO2. Ainsi, pour la première fois dans 

la littérature, la faisabilité de la valorisation directe en une seule étape des gaz d'échappement 

réels non traités en gaz de synthèse est étudiée ici. Des catalyseurs classiques supportés sur 

l’alumine (Ni, Co et Fe) ont été utilisés pour la validation du concept. Les influences de la 

température (500-900°C), de la charge métallique (10-15%), du temps de résidence (GHSV = 

315-1260h-1) et des effets des impuretés des gaz d'échappement (NOX et SO2) sont rapportés ici. 

Les meilleures performances de conversion du CO2 et d’H2O (XCO2 = 53,9%, XH2O = 67,0%) 

ont été obtenues avec le catalyseur  avec 15wt% de nickel  à 900°C et avec le temps de résidence 

le plus élevé (GHSV = 315h-1). Le rapport H2/CO le plus élevé du gaz de synthèse produit a été 

de 0,70 et il a été obtenu avec le même catalyseur Ni de 15wt% à T = 700 °C et GHSV = 630 h-

1. Enfin, 100 % du NOX du gaz d'échappement non traité a été retiré dans le cadre de la stratégie 

en une seule étape, tandis que le SO2 n’a pas interagi avec les catalyseurs testés. Les résultats 

présentés ici, pour la première fois dans la littérature, démontrent la faisabilité d’un nouveau 

procédé en une étape pour la valorisation directe des gaz d'échappement. Ce nouveau procédé 

pourrait potentiellement réduire les coûts associés à la purification et à la valorisation du CO2. 

Mots-clés : Conversion de gaz d’échappement, valorisation en une seule étape, conversion du 

NOx, impuretés de combustion. 
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3.2. One-step upgrading of real flue gas streams into syngas over 

alumina-supported catalysts 

3.2.1. Abstract 

Flue gas is a major source of CO2 and the development of technologies for its utilization is of 

utmost interest both by environmental and industrial perspectives. Recently investigated CO2 

valorization processes still face techno-economic challenges for implementation for costs 

associated with different steps, including CO2 purification steps. Thus, for the first time in 

literature, the feasibility of the direct one-step upgrading of real untreated flue gas into syngas 

is investigated here. For that end, classical alumina-supported catalysts (Ni, Co and Fe) were 

used for concept validation. The influences of temperature (500-900°C), metal load (10-15%), 

residence time (GHSV = 315-1260h-1) and the effects of flue gas impurities (NOX and SO2) are 

reported here. Best CO2 and H2O conversion performances (XCO2 = 53.9%, XH2O = 67.0%) were 

obtained with the nickel catalyst with 15wt% Ni at 900°C and the highest residence time (GHSV 

= 315h-1). The highest H2/CO ratio of the produced syngas was 0.70 and it was obtained with 

the same 15wt% Ni catalyst at T = 700°C, GHSV = 630 h-1. Finally, 100% of the NOx content 

from the FG was removed as part of the one-step upgrading strategy, while SO2 did not interact 

with the tested catalysts. The results presented here, for the first time in the literature, 

demonstrate the feasibility of a novel one-step process for direct valorization of flue gas. The 

direct upgrading of flue gas would potentially decrease the costs associated with CO2 

purification and valorization. 

Keywords: Flue gas conversion; syngas; one-step valorization; NOx conversion; combustion 

impurities. 

3.2.2. Introduction 

The increase on the world’s population and energy demands have been accompanied by severe 

climate changes due to the fast-growing emissions and accumulation of greenhouse gases 

(GHG). Among these, carbon dioxide (CO2) is considered a major contributor for its rising 

atmospheric concentration and overall global warming effects [24,222]. Anthropogenic sources 

such as energy production, transportation and industrial activity are responsible for the release 

of around 33 Gt CO2/year, from which 85-90% comes from fossil fuel combustion [3,4]. In this 
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scenario, as part of the efforts to fight climate change, Canada has committed to a GHG 

emissions reduction target of  40-45% below 2005 levels by 2030, which requires the 

development of new low-carbon alternative technologies, especially for carbon-intensive 

processes and hard-to-decarbonize sectors such as freight transportation, and industries, such as 

steel, cement and aluminum production [6–8,223], aiming at meeting global demands, while 

also contributing to tackling GHG accumulation. 

More than 60% of anthropogenic CO2 comes from flue gas emissions from power plants and 

industrial facilities [50]. Flue gases (FG) are gaseous emissions produced from combustion units 

that include CO2 and steam (H2O) as major combustion products, but also nitrogen (N2), carbon 

monoxide (CO), oxygen (O2), low-molecular weight non-combusted hydrocarbons, such as 

methane (CH4) and propane (C3H8), and combustion impurities such as nitrogen and sulfur 

oxides (NOx and SOx, respectively) [224]. FG composition changes according to different 

parameters such as the type of fuel, and the design and efficiency of the combustion unit. Sung 

et al. [225] reported that a typical FG composition from natural gas combustion is around 

72vol% N2, 12vol% CO2, 10.5vol% H2O, 3.7vol% O2. The U.S. Department of Energy, when 

studying major CO2 emissions streams, highlighted that coal-fired units should lead to FG with 

a higher O2 content when compared to gas or liquid fuels, around 4-10vol% due to a slightly 

lower combustion efficiency, and around 10vol% CO2 [9,226]. According to Gambelli et al. 

[50], 10–35vol% CO2 would be a representative concentration range to be found on FG of heavy 

industries such as refineries, cement and steel plants. In addition to significant CO2 content, FG 

is composed of different impurities as by-products of the combustion reaction. Nitrogen and 

sulfur oxides (NOx and SOx, respectively) are usually present on FG in different concentrations 

on the ppm level, but represent a major impact on climate change, and are associated with 

phenomena such as acid rains, haze and photochemical smog [13,61]. Table 3.1 presents a 

summary of typical compositions for different FG types. 

As major CO2 streams, FG are usually treated upon emission in order to meet environmental 

requirements. In Canada, for example, environmental regulations regarding air pollution track 

emissions of six key air pollutants, that must be treated upon emission: NOx, SOx, CO, volatile 

organic compounds (VOC), ammonia (NH3) and fine particulate matter (PM2.5) [58]. However, 

CO2 emissions, that are not in the scope of such air pollution regulations, still need to be dealt 
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with. As the interest in carbon capture and utilization (CCU) technologies grows, FG has been 

considered a potential source of CO2 that can be later used as feedstock for chemicals’ and fuels 

production [4,69]. Several technologies, including commercial-level options, are used for CO2 

capture from FG. Amine-based chemical absorption (amine scrubbing processes, supplied by 

companies like The Clean Air Group, LLC [227]) and adsorption (calcium looping, such as the 

process developed by ITRI [228]) are the most mature and widely used technologies, although 

limitations such as toxicity, low loading capacity, solvent degradation, limited adsorbent recycle 

and, especially, high energy demand represent a significant cost to the process [16,17,229]. Wet 

scrubbing and selective catalytic reduction (SCR) are commercially available technologies to 

remove NOx and SO2 impurities from FG that also represent a significant cost [13]. Although 

the implementation of CCU principles would contribute for reducing the GHG emissions and 

for incorporating value to the recovered CO2, which would decrease the costs associated with 

CO2 abatement [79], the techno-economic aspects of CCU processes must also be taken into 

consideration [230]. 

Table 3.1 – Composition of different flue gas mixtures by fuel type. 

Fuel type 

CO2  

(%) 

H2O 

 (%) 

O2  

(%) 

N2  

(%) 

CO  

(%) 

NOx  

(ppm) 

SO2 

(ppm) 

PM 

(ppm) 

VOC 

(ppm) 
Ref. 

NG 3-14 7-29 1-5 54-80 0-5 50-147 - - - [51] 

Coal 5-15 5-15 4-13 65-80 0-7 1-1500 3-1800 10-120 180 [51] 

Diesel 5-8 1-14 4-7 73-78 0.3-2 70-600 9-30 - 282 [51,52] 

Gasoline 5-12 3-5 0-6 74-77 1-10 100-500 0-20 - 100 [52] 

Gasoline 

(94 octane) 

10.2 ± 

0.8 

H2O/CO

2 = 0.3–

0.32 

2.4 ± 0.2 
80.0 ± 

2.6 
2.2 ± 0.4 60 ± 6 58 ± 8 - - 

This 

work 

 Legend: NG – Natural gas; PM – Particulate matter; VOC – Volatile organic compounds.  

From the point of view of CCU implementation, the majority of the technologies available for 

CO2 conversion are designed for pure CO2 streams, which would require a carbon capture stage 

for them to consider FG as a source. Among those, the catalytic hydrogenation of CO2 has 

attracted significant interest due to the wide range of products that can be obtained from this 

process (methane, methanol, liquid hydrocarbons, etc.) [15]. The CO2 hydrogenation occurs in 



51 CHAPTER 3. DIRECT FLUE GAS VALORIZATION TO SYNGAS 

 

two steps: first, hydrogen (H2) is produced separately, and then reacted with CO2 to obtain 

different fuels and chemicals. In this process, H2 is obtained via water electrolysis using 

renewable electricity, and CO2 is captured from anthropogenic sources, with a potential decrease 

in the carbon intensity of the final carbon-based product [77,231]. However, techno-economic 

assessments have recently considered that the costs associated with the production of H2 (capital 

investment of electrolyzers and electricity costs) and the carbon capture and purification stages 

(CO2 capture efficiency and CO2 capture energy demand) are the major costs affecting the final 

price of low-carbon fuels obtained through this route [15,209].  

The direct FG utilization would be an alternative for reducing the costs associated with CO2 

capture and it has already been considered in the literature. Tri-reforming of methane (TRM) is 

a process that combines steam reforming (SRM), dry reforming (DRM) and partial oxidation of 

methane (POM) for syngas production in the presence of a catalyst [69]. Pashchenko [232] 

reported the use of FG for TRM by taking advantage of the CO2, H2O and O2 composition of a 

natural gas-produced FG for methane reforming. The authors showed that the use of FG not 

only contributed to the overall energy balance of the process, by avoiding the steam production 

(which can account for more than 10% of the heat demand of SRM), but also the use of Ni/Al2O3 

catalyst delivered over 80% of CH4, CO2 and H2O conversions at 800°C. However, reports on 

direct FG utilization rely on simulated or pretreated mixtures that would not consider the full 

content of a real FG mixture, especially when it comes to impurities such as NOx and SO2, that 

could have an impact on conversion and catalytic activity [60]. 

Therefore, the present work aims at validating the direct conversion of real flue gas streams 

(from a gasoline-powered generator) into syngas. Classical alumina-based catalysts commonly 

used in reforming reactions were used for this validation. To the best of our knowledge, this is 

the first time in literature that a real flue gas mixture (containing 80.0 ± 0.2vol% N2, 10.2 ± 

0.8vol% CO2, 2.2 ± 0.4vol% CO, 2.4 ± 0.2vol% O2, 60 ± 6 ppm NOx, 58 ± 8 ppm SOx, H2O/CO2 

= 0.3-0.32) has been evaluated for direct syngas production without any prior purification stage. 

As baseline scenarios for this process are simply not available in the literature, classical alumina-

supported catalysts were prepared with commonly investigated metals for CO2 conversion 

processes (Ni, Co, Fe) in order to evaluate their performance for syngas production from a real 

FG stream. The influence of metal load, temperature and residence time were investigated.  
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3.2.3. Materials and methods 

Catalyst preparation 

Commercial alumina (80-200 mesh, 200 m2/g; Fisher Scientific, USA) was used as catalyst 

support without any further modification. Nickel nitrate hexahydrate (Ni(NO3)2.6H2O; >98%, 

Alfa Aesar, USA), cobalt nitrate hexahydrate (Co(NO3)2.6H2O; >97.7%, Alfa Aesar, USA), iron 

nitrate nonahydrate (Fe(NO3)3.9H2O; >98%, Alfa Aesar, USA) and distilled water were used 

for catalyst preparation.  

Alumina-supported catalysts were prepared by incipient wetness impregnation (IWI) with 

10wt% and 15wt% of each active metal, as summarized in Table 3.2. For this synthesis, the 

catalyst support was impregnated with an aqueous solution containing the nitrate salt precursor 

of each metal. The aqueous precursor solution was prepared at a concentration to deliver the 

desired amount of metal content of each active metal. After impregnation, the catalysts were 

dried overnight at 105°C and calcined at 500°C under static air atmosphere for 2h.  

Table 3.2 – Summary of alumina-supported catalysts prepared in this work 

Catalyst ID 
Metal load (wt%) Particle size (nm) 

Predicted Measured⁺ Predicted⁺⁺ Measured⁺⁺⁺ 

10NiAl 10wt% Ni 9.3wt% Ni 12.9 17.0 ± 7.1 

10CoAl 10wt% Co 9.6wt% Co 16.0 15.7 ± 6.1 

10FeAl 10wt% Fe 9.6wt% Fe 19.4 18.3 ± 7.6 

15NiAl 15wt% Ni 14.5wt% Ni 18.5 20.5 ± 5.2 

15CoAl 15wt% Co 14.6wt% Co 18.5 16.2 ±8.7 

15FeAl 15wt% Fe 14.3wt% Fe 22.8 24.3 ± 7.3 

⁺As determined by XRF analysis 

⁺⁺As determined by Scherrer’s equation 

⁺⁺⁺Average of particles observed by TEM analysis 
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Catalyst characterization 

All characterizations were performed on the powdered fresh catalysts previously calcined at 

500°C under air atmosphere for 2h. X-ray diffraction (XRD) patterns were obtained using a 

Phillips PANalytical X’Pert Pro MPD diffractometer with Cu Kα radiation (λ = 1.5406 Å) over 

a 2θ range of 20–70° and a scan step size of 0.223°/s. The crystallite sizes were obtained using 

the Scherrer’s equation. Metal content on the supported catalysts was determined by X-ray 

fluorescence (XRF), using a Phillips PANanalytical Axios Advanced spectrometer, using the 

borate fusion technique with a flux mixture of 50:50 ratio of lithium tetraborate (Li2B4O7) and 

lithium metaborate (LiBO2). Transmission electron microscopy (TEM) images were obtained 

with a Hitachi microscope H-7500 operating at 80.0 kV, under 100,000 times magnifications 

and metal particles identified by X-ray spectroscopy. 

Catalyst evaluation 

Flue gas upgrading reactions were carried in a fixed-bed Inconel 600 reactor (id = 10.92mm, h 

= 30.48cm) under atmospheric pressure. Prior to each catalytic reaction, 2g of alumina-

supported catalysts were diluted 1:3 with alumina sand (Al2O3-SiO2, 30-40 mesh), placed in the 

center of the reactor, supported by quartz wool and reduced in a mixture of 25vol% H2/N2 (100 

mL/min) at 700°C for 2h. An electrical furnace was used for heating the reaction system. After 

the reduction step, the system was purged with N2 (100 mL/min) for 10 min, set to each test 

temperature (500 – 900°C), and a real flue gas stream composed of containing 80.0 ± 0.2vol% 

N2, 10.2 ± 0.8vol% CO2, 2.2 ± 0.4vol% CO, 2.4 ± 0.2vol% O2, 60 ± 6 ppm NOx, 58 ± 8 ppm 

SOx, H2O/CO2 = 0.3-0.32 was fed into the reactor (50 mL/min). The gas inlets were controlled 

with rotameters. The real flue gas stream was produced by a portable dual-fuel generator (model 

H03651, Firman, USA) operated with gasoline (94 octane). The generator was operated for 1h 

before the start of the reaction in order to stabilize the combustion process and reduce the 

possible fluctuations on the composition of the produced flue gas. The real flue gas was 

channeled from the generator’s outlet directly into the reaction system by the aid of a peristaltic 

pump (Masterflex L/S Easy-Load II, Cole-Palmer, Canada). The composition of the real flue 

gas streams used for the catalytic tests was assessed daily in the course of each test. Table 3.1 

presents the average composition of the real flue gas stream considered for the catalytic 
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experiments. Catalysts were evaluated at different temperatures (500–900°C) at a gas hourly 

space velocity (GHSV) of 630h-1. Subsequently, the influence of the GHSV between 315–

1260h-1 was evaluated at 700°C. All unreacted water present in the outlet stream was trapped 

and periodically quantified in a silica gel water trap. The volumetric flow rate of the dry outlet 

stream was assessed with a rotameter. Quantification of reactants and reaction products was 

performed by gas chromatography (Bruker 456 GC) with three detectors TCD-TCD-FID. NOx 

content was assessed with a flue gas analyzer (model RASI 300C, Eurotron, UK; range 0-5000 

ppm) and SO2 content was assessed with a SO2 portable detector (model BW Solo SO2, 

Honeywell, USA; range 0-100 ppm). Conversion of CO2 and H2O (XCO2, XH2O), selectivity 

towards CO and H2 (SCO, SH2) and H2/CO ratio of obtained syngas were calculated with 

Equations 1-5, where �̇� means the molar flow rate, in means inlet and out means outlet. 

XCO2
 (%)=

�̇�(CO2)in-�̇�(CO2)out

�̇�(CO2)in

*100 (Equation 3.1) 

XH2O (%)=
�̇�(H2O)in-�̇�(H2O)out

�̇�(H2O)in

*100 (Equation 3.2) 

SCO (%)=
�̇�(CO)out-�̇�(CO)in

�̇�(CO2)in-�̇�(CO2)out
*100 (Equation 3.3) 

SH2
 (%)=

�̇�(H2)out

�̇�(H2O)in-�̇�(H2O)out
*100 (Equation 3.4) 

H2/CO =
�̇�(H2)out

�̇�(CO)out
  (Equation 3.5) 

3.2.4. Results and discussion 

Catalyst characterization 

XRD spectra of all alumina-supported catalysts are presented on Figure 3.1. The spectrum for 

the alumina support (Figure 3.1A), recorded without any treatment (impregnation, calcination), 

reveals a rather amorphous γ-Al2O3 phase with a hexagonal structure and with characteristic 

peaks at 2θ = 37.4°, 42.7°, 45.8° and 67.2° (JCPDS 13-0373) corresponding to the (200), (202), 

(104) and (300) planes. Considering the spectra recorded for the synthesized catalysts, the 

characteristic peaks for the alumina support reveal a more crystalline structure, as a result of the 

thermal treatment (calcination at 500°C for 2h). For the Co- and Fe-based catalysts (10CoAl, 
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10FeAl, 15CoAl and 15FeAl; Figure 3.1B,C), it was observed an hexagonal crystalline structure 

with characteristic peaks around 2θ = 35.1°, 37.7°, 57.5° and 68.2° (JCPDS 98-000-0174), with 

minor shifts among the spectra, corresponding to the (104), (110), (113) and (300) planes.  

For the Ni-based catalysts, on the other hand, the XRD spectra reveal a less crystalline profile 

(broader peaks) and few well-defined peaks for NiO, as it was expected. For the 10NiAl and 

15NiAl catalysts, Figure 3.1B,C show broad overlapping peaks for NiO, NiAl2O4 and Al2O3, 

which indicates  the formation of NiAl2O4 spinel structure [233]. Characteristic peaks at 2θ = 

31.6°, 37.3°, 45.2° and 60.3° (JCPDS 10-0339) correspond to a face-centered cubic crystalline 

structure and the (220), (111), (400) and (511) planes for NiAl2O4. In addition, small peaks 

corresponding to NiO are also observed for 10NiAl and 15NiAl at 2θ = 43.3° and 62.9° (JCPDS 

01-073-1519), corresponding to the planes (200) and (220). Mo et al. [233] highlights that the 

formation of NiAl2O4 phase usually happens at higher calcination temperatures (T ≥ 700°C), 

although the characteristic peaks have matched the NiAl2O4 patterns (Figure 3.1B,C). This was 

also the case for Song et al. [234], that observed the formation of NiAl2O4 phase after calcination 

at 500°C for 4h when investigating spinel-based catalysts with different Ni/Al ratios. Moreover, 

the formation of NiAl2O4 phase may point to a stronger metal-support interaction for the 10NiAl 

and 15NiAl catalysts, which can latter account for improved catalytic activity and higher 

resistance to deactivation mechanisms such as sintering and carbon deposition [235].  

The final metal content of all catalysts was assessed by XRF and the results are presented on 

Table 3.2. The results show a good agreement between the calculated and measured metal 

amounts delivered to the catalysts via incipient wetness impregnation. For the 10NiAl catalysts, 

the final metal content was 9.3wt% Ni, while the 10CoAl and 10FeAl had 9.6wt% of Co and 

Fe, respectively. For the 15wt% metal-containing catalysts, the final metal amounts were 

14.3wt%, 14.5wt% and 14.6wt% for 15FeAl, 15NiAl and 15CoAl, respectively. The 

impregnation yields ranged around 93–95%, which is expected for the incipient wetness 

impregnation technique that usually gives a good control of the metal amount. Minor losses of 

the precursor solution during the synthesis process are probably related to the fixation of the 

metals/solution on flask [236]. 
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Figure 3.1 – XRD spectra for (A) alumina support, (B) 10wt% metal-containing catalysts and 

(C) 15wt% metal-containing catalysts. 

For the 10CoAl and 15CoAl catalysts, XRD spectra (Figure 3.1B,C) reveal the formation of 

Co3O4 phase with a face-centered cubic crystalline structure with characteristic peaks at 2θ = 

31.2°, 36.7°, 44.7°, 55.5°, 59.2° and 65.1° (JCPDS 98-000-0166), with minor shifts between the 
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two samples, corresponding to the (220), (311), (400), (422), (511) and (440) planes. For the 

10FeAl and 15FeAl catalysts (Figure 3.1B,C), characteristic peaks at 2θ = 24.3°, 33.4°, 35.8°, 

41.1°, 49.7°, 54.4°, 62.7° and 64.3° (JCPDS 01-080-5406) corresponding to the planes at (012), 

(104), (110), (113), (024), (116), (214) and (300) indicate the formation of the Fe2O3 phase with 

a hexagonal crystalline structure. It is worth noticing that for the catalysts prepared with Co and 

Fe, no signs that aluminum oxide-based spinels were formed, as it was seen for the Ni-

containing catalysts.  

Figure 3.2 presents the TEM images obtained from fresh calcined catalysts. The observation of 

metal particles was possible due to the difference in the contrast between the metal particles and 

the alumina support. Metal particles were identified by X-ray spectroscopy during TEM 

analysis. Figure 3.2 shows that the deposited particles generally had an irregular shape with 

occasional agglomeration on specific parts of the support. The average size of the deposited 

metal particles, as assessed by measuring at least 50 particles for each sample, are presented on 

Table 3.2. The average size is in the range of 15.7–24.3 nm and agree with the estimated 

crystallite sizes obtained by the Scherrer’s equation from the XRD spectra (12.9–22.8 nm; Table 

3.2). Minor differences between the particle sizes estimated by the Scherrer’s equation and 

observed by TEM (Table 3.2) may be due to small agglomeration of particles unnoticed on 

TEM. Moreover, the metal particles appear to be well dispersed over the support surface, which 

might be a result of the high surface area of the alumina support (200 m2/g), since a high surface 

area is an important parameter influencing both the dispersion and the sizes of the metal particles 

on supported catalysts [236–238]. Finally, the increase on the metal load, as confirmed by XRF 

analysis, did not seem to compromise the dispersion of the metal particles over the surface of 

the support, despite the small increase on the average particle size, as presented on Table 3.2. 
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Figure 3.2– TEM images of calcined alumina-supported catalysts at 100,000 times 

magnification. (A) 10NiAl, (B) 10CoAl, (C) 10FeAl, (D) 15NiAl, (E) 15CoAl, (F) 15FeAl. 

Metal particles indicated with green (Ni particles), blue (Co particles) and red (Fe particles) 

arrows. Scale bar of 20 nm. 

Effect of reaction temperature 

In this study, classical alumina-supported catalysts were evaluated for the one-step upgrading 

of a real flue gas mixture into syngas. Ni-, Co- and Fe-based catalysts have long been studied 

for CO2 conversion and syngas production and upgrading processes [235,239–242]. Prior to the 
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catalytic tests, all catalysts were submitted to an in-situ reduction step with 25vol% H2/N2 at 

700°C for 2h. Considering all the metal oxide phases formed on the prepared catalysts (NiO, 

NiAl2O4, Co3O4 and Fe2O3; Figure 3.1), it is possible to infer that the reducing temperature was 

adequate, since the reduction of all these phases happen below 700°C, even for the most stable 

spinel NiAl2O4 [233,238,243,244]. 

The effect of reaction temperature (500–900°C) was evaluated on supported catalysts containing 

10wt% of metal load at a fixed GHSV = 630 h-1 and the results are presented on Figure 3.3. CO2 

and H2O conversions were clearly favored with the increasing temperature for all catalysts. 

Overall, CO2 conversions ranged from 8.7% to 37.5%, while H2O conversions ranged from 

24.5% to 56.0%, from 500°C to 900°C, respectively. From the CO2 conversion point of view, 

although XCO2 were relatively similar for all catalysts over the investigated temperature range, 

10NiAl was the best performing catalyst (Figure 3.3A), presenting the highest XCO2 at all 

temperatures investigated. 10CoAl presented the lowest XCO2 = 8.7% at T = 500°C (Figure 

3.3A). H2O conversion was comparable for all 10wt% containing catalysts for T ≥ 700°C, 

ranging from XH2O = 40.9% (T = 700°C, 10FeAl) to XH2O = 56.1% (T = 900°C, 10NiAl). At 

lower temperatures, 10NiAl catalyst also presented a better performance with XH2O = 39.6% at 

T = 500°C. 

 

Figure 3.3 – Catalytic performance of alumina-supported catalysts with 10wt% metal load (Ni, 

Co or Fe) for the one-step conversion of flue gas over different temperatures (500 – 900°C) at 

GHSV = 630h-1. (A) CO2 and H2O conversions; (B) CO and H2 selectivity, and H2/CO ratio. 

Selectivity towards syngas (H2 and CO) was high for all catalysts at all temperatures (Figure 

3.3B), fluctuating in the range of 84–94% for all catalysts investigated. The high selectivity 

towards syngas indicates that no other significant product was obtained during the tests. In fact, 
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a small production  of CH4 (selectivity lower than 2.0%) was observed for 10NiAl at lower 

temperatures (T = 500°C), which could indicate the occurrence of the Sabatier reaction 

(CO2+4H2→CH4+H2O, ∆H298K
0

= -165.0 kJ/mol) as a side reaction in this temperature range 

due to the presence of CO2 and the in situ formation of H2. However, as the temperature 

increased and moved away from the range of CO2 methanation (250–400°C, 1–10 bar [245]), 

methane production was no longer observed. Literature shows that even for catalysts containing 

Ni and Co, which favor the production of methane through CO2 hydrogenation, higher 

temperatures do not favor the exothermic aspect of CO2 methanation [119]. The fluctuation on 

the selectivity towards syngas, in this case, can be related to the characteristics of the setup with 

the real FG mixture. The real FG is obtained from a portable generator and directly channeled 

to the test reactor without any prior treatment or conditioning, using a manual rotameter for 

flowrate control. Although the portable generator is stabilized for 1h to ensure a steady-state 

combustion process before the catalytic tests proceed, slight variations on the concentrations of 

the FG components can be expected, which could lead to such fluctuations on the calculations 

[246,247]. 

The final application of syngas, either as a fuel in itself or as a platform mixture for chemical 

synthesis, is directly influenced by its composition (H2/CO ratio), with effects on the catalyst 

selectivity and the overall process performance [93,94]. Overall, syngas H2/CO ratio ranged 

from 0.40, obtained with 10FeAl at 500°C, to 0.60, obtained with 10NiAl at 700°C (Figure 

3.3B). For 10CoAl and 10FeAl catalysts, the H2/CO was relatively comparable (H2/CO = 0.41–

0.51), and the lower variation on the syngas composition was observed for 10FeAl catalyst 

(H2/CO = 0.42–0.49). In this aspect, 10NiAl also presented the best performance, producing a 

syngas with an H2/CO ratio of 0.60 at T = 700°C. For T > 700°C, the H2/CO for 10NiAl 

decreases and reaches H2/CO ratio of 0.48 at T = 900°C. The increase on CO2 conversion from 

22.9% to 37.5% as a result of the temperature increase from 700°C to 900°C led to a CO-richer 

syngas, as the increase on H2O conversion was not as significant (from 49.4% to 56.0%, for 

700°C and 900°C, respectively). The low H2/CO ratio of the syngas obtained in these tests is 

directly related to the composition of the FG used for the catalytic tests. As a source of hydrogen 

on the syngas is the steam available in the FG, the low H2O/CO2 ratio of the FG used in the 

present work (H2O/CO2 = 0.30–0.32, Table 3.1), leads to a low H2/CO ratio on the final syngas. 
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As a significant carbon and hydrogen vector, syngas can be transformed into several chemicals 

such as methanol, dimethyl ether (DME), aldehydes, and olefins and hydrocarbons via Fischer-

Tropsch synthesis (FTS) [91]. Although the utilization of syngas with low H2/CO ratio on FTS 

is not ideal, it is not unheard of. In the biomass-to-liquids (BTL) process, for example, syngas 

is obtained from biomass through a gasification process, yielding an H2/CO usually lower than 

1.0, and then converted into low-carbon liquid fuels via FTS [106,107]. In this case, water-gas 

shift reaction (WGS; H2O + CO → CO2 + H2, ∆H298K
0

= -40.6 kJ/mol) can be used to increase 

the H2 content on the syngas feed, by converting part of the excessive CO in a process that could 

even be performed in one step with the FTS, given that the FTS catalyst presents the appropriate 

WGS activity [248,249]. 

Effect of catalyst metal load 

The effect of the metal load (Ni, Co, Fe) on the catalytic performance was evaluated with 15wt% 

metal-containing catalysts. Figure 3.4 presents the performance for the FG conversion and the 

syngas composition (H2/CO ratio) for all catalysts containing 15wt% of metal load at T = 500–

900°C and GHSV = 630h-1. The higher metal content clearly influences the CO2 conversion 

over the alumina-supported catalysts, as the XCO2 ranged from 12.3% to 40.1% for 15FeAl, from 

15.6% to 42.3% for 15CoAl and from 20.0% to 53.9% for 15NiAl, at 500°C to 900°C, 

respectively for all cases. The increase of metal load, increases the number of active sites 

available for the one-step upgrading of FG into syngas, since more metal particles are available 

at the support surface and, therefore, both CO2 and H2O have a greater chance to be activated 

and converted over the catalyst [250]. 

The increase on metal load, however, is usually related to an increase in particle size due to 

particles agglomeration during catalyst synthesis steps such as impregnation and calcination 

[251]. Agglomeration of metal particles on the surface of the catalyst support lead to lower 

active surface area available for the reaction, which, in turn, leads to lower catalytic 

performance, and can favor catalyst deactivation via sintering, over long time-on-stream 

[252,253]. This observation, in addition to the clear increase on catalyst performance for the 

15wt% metal-containing catalysts (Figure 3.4), indicate that the increase on metal load did not 

reduce the active surface and did not affect the catalyst performance. 
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Figure 3.4 – Catalytic performance of alumina-supported catalysts with 15wt% metal load (Ni, 

Co or Fe) for the one-step conversion of flue gas at different temperatures (500 – 900°C) at 

GHSV = 630h-1. (A) CO2 and H2O conversions; (B) CO and H2 selectivity, and H2/CO ratio. 

H2O conversion also increased over the whole temperature range and reached 67.0% for 15NiAl 

at 900°C (Figure 3.4A). The selectivity towards syngas was high and fluctuated around 87-94% 

(Figure 3.4B) in a similar behavior as it was observed for the 10wt% metal-containing catalysts. 

Similarly to the 10wt% metal-containing catalysts, the highest H2/CO ratio of 0.70 was obtained 

with the 15NiAl catalyst at T = 700°C while the H2/CO ratio at higher temperature (800–900°C). 

In this case, we can clearly see on Figure 3.4A that, as the temperature increases, 15NiAl 

presents the sharpest rise on CO2 conversion for temperatures above 700°C, which would 

account for the production of a more CO-concentrated syngas, as the H2O conversion was 

comparable for catalysts at 800–900°C. 

Despite the low H2/CO ratio of the syngas, an increase of 5wt% on Ni content led to a 16% 

increase on the H2/CO ratio, which reached 0.70 at 700°C. As previously discussed, syngas with 

a low H2/CO ratio can be valorized in different ways. Butterman and Castaldi [105] highlight 

that syngas with H2/CO ratio between 0.5–1.4 can be used for not only catalytic FTS but also 

for the synthesis of different specialty chemicals including methanol, aldehydes and ethers. 

Several reports found on literature have already addressed the production of methanol, for 

example, from syngas with a low H2/CO ratio obtained from biomass gasification processes and 

highlighted its feasibility, considering an appropriate combination with WGS process [254–

256]. 

These results demonstrate the high selectivity of all catalysts for syngas production, which 

highlights the potential for the direct FG upgrading into syngas using transition metal-based 
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catalysts. Considering the increase on FG conversion observed for the catalysts containing a 

higher metal load (15wt%), and also keeping in mind that the maximization of the H2/CO ratio 

of the produced syngas increases the flexibility of the syngas valorization, the catalysts with 

15wt% metal load, and specially the 15NiAl, have been selected as the best performing catalysts 

for the one-step valorization of FG. 

Effect of residence time 

The effect of the residence time was evaluated for all catalysts with 15wt% metal load at 700°C. 

This temperature was chosen based on the highest H2/CO ratio obtained on the temperature 

study: the 15NiAl catalyst delivered an H2/CO of 0.70 at 700°C. For the tests with different 

GHSV, the total flowrate was altered according to the desired GHSV. Figure 3.5 presents the 

results for the catalytic performance of the 15wt% catalysts at GHSV varying between 315 h-1 

and 1260 h-1. The increase in the GHSV leads to a decrease in the residence time/contact time 

between the FG and the catalyst, but increases the frequency of contact. As depicted in Figure 

3.5, the increase on GHSV was detrimental for the conversion of both CO2 and H2O over all 

15wt% catalysts tested. The lower GHSV tested (315 h-1) was responsible for a significant 

increase in CO2 conversion for 15NiAl and 15CoAl, that reached XCO2 = 40.5% and XCO2 = 

38.8%, respectively, while the increase for 15FeAl was lower, reaching XCO2 = 31.5%. For 

15NiAl, H2O conversion also had a significant increase at GSVH = 315 h-1, reaching XH2O = 

65.2%, while it presented minor changes for 15CoAl and 15FeAl. Overall, the H2/CO of the 

syngas was lower at GHSV = 315 h-1, since the increase in XCO2 was more significant than the 

increase in the XH2O, leading to an H2/CO in the range of 0.48–0.61. At higher GHSV (1260 h-

1), both CO2 and H2O conversion and H2/CO ratio dropped significantly and the highest XCO2 = 

17.1% was obtained with 15NiAl. 

The ability of a catalyst to function at high GHSV depends on several parameters, such available 

active surface area, kinetic and diffusional aspects, for example [257]. For CO2 conversion or 

syngas production processes, the increase in GHSV is known to be detrimental to the catalytic 

performance on coke dry reforming [258], methane dry reforming [259], biogas reforming [260] 

and catalytic oxidative coupling of methane [261], for example, due to the favoring of side 

reactions, low contact time, feed dilution, or a combination of other parameters. Considering the 
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highly diluted composition of FG used in this work (80.0±2.6vol% N2, 10.2±0.8vol% CO2, 

H2O/CO2 = 0.30–0.32; Table 1) and syngas selectivity above 85% for all tested GHSV 

conditions, the drop on CO2 and H2O conversion observed on Figure 3.5 should be probably 

related to the high feed dilution and compromised contact time between FG and the catalytic 

sites at high GHSV.  

 

Figure 3.5 – Catalytic performance of alumina-supported catalysts with 15wt% metal load (Ni, 

Co or Fe) for the one-step conversion of flue gas over different space velocities (GHSV = 315 

– 1260 h-1) at T = 700°C . (A) 15NiAl, (B) 15CoAl, (C) 15FeAl. 
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Combustion impurities (NOx and SO2) 

NOx and SO2 are common emissions resulting from combustion systems either on small- 

(combustion engine transportation, etc.) or large-scale (industrial furnaces, energy production 

facilities, etc) processes. The concentration of such species in FG is dependent on several 

aspects, such as fuel type, combustion unit design and efficiency, combustion temperature, 

fuel/oxygen ratio, etc. [13]. As concerning pollutants, NOx and SO2 are treated upon emissions 

using commercially available methods, such as ammonia-based selective catalytic reduction 

(NH3-SCR) and wet flue gas desulfurization (WFGD), respectively [61]. Despite the 

commercial status, such processes imply a significant cost increase either directly, as large 

amounts of NH3 and catalysts are required to achieve a good performance for NOx removal, or 

indirectly, as large amounts of gypsum are produced as a result of WFGD and need to be 

appropriately disposed of [56]. Moreover, sulfur species are specially known for promoting 

catalyst poisoning [60], and the development of a new FG direct valorization pathway depends 

on understanding the effect of combustion impurities such as NOx and SO2 on catalyst 

performance. 

In this work, FG has been investigated for direct upgrading into syngas over alumina-based 

catalysts. FG was produced using a portable dual-fuel generator (model H03651, Firman) and 

directly channeled to the reaction system without any prior purification, containing NOx and 

SO2 in the ppm level (60±6 ppm NOx and 58±8 ppm SO2). Results presented so far (Figure 3.3 

- Figure 3.5) showed that both the 10wt% and 15wt% metal-supported catalysts showed a 

promising performance for the direct upgrading of FG into syngas in the presence of NOx and 

SO2 impurities on sub-optimized conditions. Figure 3.6 presents the results on the NOx and SO2 

conversion during the one-step process with 15NiAl catalyst. The results show that the NOx 

present on the FG was completely converted during the reaction. No NOx content was detected 

in the outlet streams of the reaction system. However, no SO2  conversion was observed. On the 

other hand, the SO2 did not interact with the catalyst during the reaction and the catalyst was 

not poisoned as a result of the sulfur presence. Although the results presented on Figure 3.6 

were obtained in the presence of 15NiAl, the removal of NOx and SO2 was evaluated for all 

catalysts in the course of this study (data not shown), and the same profile was observed, i.e., 

100% NOx removal and no visible interaction of SO2 with the catalytic system. 
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Figure 3.6 – NOx and SO2 conversion over 15NiAl over (A) different temperatures (500 – 

900°C) at GHSV = 630 h-1 and (B) different GHSV (315 – 1260 h-1) at T = 700°C. 

When it comes to FG denitrification (removal of NOx), physical processes such as adsorption 

and scrubbing (like WFGD), are not efficient due to the low solubility of NOx [56]. In this case, 

chemical-based methods are more suitable, as NOx can be reduced in the presence of a catalyst. 

On SCR, reductants like NH3, H2 or hydrocarbons (such as methane) are injected in the flue gas 

and reduce the NOx to N2 and H2O [13]. Although usual catalysts for NOx reduction include a 

mixture of V, Ti and Mo, recent studies have shown that both noble metals such as Pt, Pd and 

Ru, and transition metals such as Ni, Co, Cu and Fe can be alternative catalysts for 

denitrification of FG [64]. In this aspect, the hypothesis is that, considering that H2 is produced 

in situ during the one-step upgrading of FG into syngas, the transition metal-based catalysts (Ni, 

Co or Fe) supported on alumina are also able to promote the reduction of NOx into N2 and H2O. 

Unfortunately, the low concentration of NOx and the high concentration of N2 in the flue gas 

did not allow us to confirm this hypothesis, considering the precision level of the 

chromatography system. Although future studies are still required to best elucidate the 

mechanism of NOx removal, this is the first report in literature that shows the feasibility of the 

direct one-step valorization of FG in the presence of NOX and SO2 impurities over classical 

alumina-supported catalysts.   

3.2.5. Conclusion 

Classical alumina-supported catalysts (Ni, Co and Fe) were prepared by incipient wetness 

impregnation and evaluated for the upgrading of a real flue gas stream into syngas with no prior 

purification step for the first time in literature. The influences of temperature (500 – 900°C), 

metal load (10–15wt%) and gas hourly space velocity (315 – 1260 h-1) were investigated. The 

catalytic performance was positively influenced by the increase reaction temperature and metal 
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load, with highest CO2 and H2O conversions being achieved at 900° with the catalyst containing 

15wt% Ni (XCO2 = 53.9%, XH2O = 67.0%) at the lowest space velocity (GHSV = 315 h-1). As 

the dilution factor on the real FG is high (around 80vol% N2), the low residence time 

(represented by the increased GHSV) might compromise the required time for proper activation 

and conversion of the reactants. The highest H2/CO ratio of the produced syngas was 0.70 and 

it was obtained with 15NiAl at T = 700°C, GHSV = 630 h-1. Although this H2/CO ratio can be 

considered low, valorization of low H2/CO syngas is possible either towards specialty 

chemicals, such as alcohols and aldehydes, or by using catalysts with appropriate WGS activity. 

Finally, 100% of the NOx content from the FG was removed as part of the one-step upgrading 

strategy, possibly due to the direct reduction to N2 and H2O, in the presence of in situ produced 

H2 and the alumina-supported catalysts. The results presented here demonstrate the feasibility 

of a novel one-step process for the direct upgrading of flue gas and it will help paving the way 

for the development of new direct valorization processes, with less costs associated with flue 

gas treatments. 
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Contribution au document: This paper presents a study on the use of hydroxyapatite (HAP) 

as catalyst support for CO2 hydrogenation for methane (CH4) production. In this work, we 

investigate for the first time the use of HAP as a catalyst support for CO2 hydrogenation and 

optimize the process conditions (temperature, residence time and metal load). Furthermore, this 
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work also presents the first results for the utilization of HAP as a catalyst support at semi-pilot 

scale, which can contribute for the development of commercial HAP-supported catalysts. 

Résumé français: Le méthane (CH4) à faible intensité en carbone obtenu à partir de 

l'hydrogénation du CO2 est une option prometteuse pour réduire les émissions de gaz à effet de 

serre (GES) provenant de la production d'énergie à base des combustibles fossiles à forte 

intensité en carbone. Cependant, les performances catalytiques, doivent encore être améliorées, 

en particulier à basses températures. Dans ce travail, nous proposons l'utilisation de 

l'hydroxyapatite (HAP) comme support des catalyseurs alternatifs pour l'hydrogénation du CO2 

en CH4 et, pour la première fois dans la littérature, nous étudions l'influence des conditions du 

procédé (température, temps de résidence et contenu du nickel dans les catalyseurs) sur les 

performances de ces catalyseurs à l'échelle semi-pilote. La conversion du CO2 a été positivement 

affectée par l'augmentation de la température, compte tenu des limitations thermodynamiques 

de la réaction. Les catalyseurs à base de Ni ont présenté les meilleures performances pour 

l'hydrogénation du CO2 avec une conversion maximale du CO2 d'environ 88 % dans des 

conditions optimisées (20wt% Ni, T = 350 °C, GHSV = 320 h-1) avec une sélectivité de 100 % 

pour le CH4 et aucune production de CO jusqu'à à 450°C. Enfin, les tests de stabilité du 

catalyseur 20Ni/HAP pendant 50h à l'échelle semi-pilote ont montré une performance robuste 

avec une conversion de 83 % de CO2, une sélectivité de 100 % de CH4 et aucun signe de 

désactivation du catalyseur. Les résultats de la performance des catalyseurs ont démontré non 

seulement la faisabilité de l’HAP comme un support de catalyseur alternatif pour 

l'hydrogénation du CO2, mais également le potentiel de mise à l'échelle du procédé avec ces 

catalyseurs. 

Mots-clés : hydroxyapatite, hydrogénation du CO2, catalyseurs à base de nickel, méthane, 

vecteur énergétique à faible intensité en carbone. 
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4.2. Hydroxyapatite-supported catalysts for methane production 

via CO2 hydrogenation: Effect of process conditions on semi-

pilot scale 

4.2.1. Abstract 

Low-carbon methane (CH4) obtained from CO2 hydrogenation is a promising option for 

reducing greenhouse gases (GHG) emissions from carbon-intensive fossil fuel-based energy 

production, but catalytic performance, especially in low temperatures, still needs to be improved 

before large-scale implementation. In this work, we propose the use of hydroxyapatite (HAP) 

as an alternative catalyst support for CO2 hydrogenation to CH4 and, for the first time in 

literature, investigate the influence of process conditions (temperature, gas hourly space velocity 

and Ni metal load) on the performance of HAP-supported catalysts on semi-pilot scale. CO2 

conversion was positively affected by the temperature increase, considering the thermodynamic 

limitations of the reaction. Ni-based catalysts presented the best performance for CO2 

hydrogenation with a maximum CO2 conversion around 88% under optimized conditions 

(20wt% Ni, T = 350°C, GHSV = 320 h-1) with 100% CH4 selectivity and no CO production up 

to 450°C. Finally, long-term operation of 20Ni/HAP for 50h on semi-pilot scale showed a robust 

performance with 83% CO2 conversion, 100% CH4 selectivity and no signs of catalyst 

deactivation. The performance HAP-based catalyst presented here demonstrate the feasibility 

of HAP as alternative catalyst support for CO2 hydrogenation and potential for process upscaling 

with HAP-supported catalysts. 

Keywords: hydroxyapatite, CO2 hydrogenation, nickel catalysts, methane, low-carbon energy 

vectors. 

Statement of novelty: The development of efficient catalysts for CH4 production from CO2 

hydrogenation is of great interest due to the key aspect of this process for the energy transition. 

HAP meets the criteria for potential catalyst support, especially related to its tunable surface 

basicity and thermal stability. However, to the best of our knowledge, only one report in 

literature has considered its use for CO2 hydrogenation to CH4. In the present work, we 

investigate the influence of process conditions for CO2 hydrogenation over HAP-supported 

catalysts on semi-pilot scale and demonstrate the feasibility of the process with a great catalytic 
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performance of Ni-based HAP-supported catalyst. The evaluation of important process 

parameters at semi-pilot scale provides important and novel information for the potential 

upscaling of CO2 hydrogenation process using HAP-supported catalysts. 

4.2.2. Introduction 

The energy transition towards a low-carbon energy economy is one of the major global 

challenges and dealing with the greenhouse gas (GHG) emissions has become crucial to achieve 

this transition [262]. Carbon dioxide (CO2) accounts for more than 60% of the worldwide GHG 

emissions and it is a primary contributor for the severe global warming and climate changes 

[23]. In the efforts for fighting climate changes, countries have turned their attention towards 

the implementation of policies that limit and reduce CO2 emissions. The European Union, for 

example, committed to reducing GHG emissions by 55% below 1990 levels by 2030 [263]. In 

the Canadian scenario, the government has committed to an emission reduction target of 40-

45% below 2005 levels by 2030 [5]. As carbon-intensive energy production from fossil fuels 

still accounts for more than 80% of the global energy demand [115], the development of 

processes towards CO2 emissions reductions and low-carbon energy production are of great 

practical interest [118]. 

Carbon capture and utilization (CCU) technologies have been identified as a promising pathway 

towards a sustainable emissions reduction and the production of low-carbon energy vectors to 

enable the energy transition [23,118]. Among the processes considered in the scope of CCU, 

CO2 hydrogenation is especially interesting for its flexible operation conditions depending on 

the wide range of products that can be obtained from such process, such as methane, methanol, 

olefins, etc. [127]. CO2 hydrogenation occurs in two steps: first, low-carbon hydrogen (H2) is 

obtained from water electrolysis using renewable electricity. Then, it is combined with CO2 

captured from different processes, including high-emitting industries such as cement, steel and 

aluminum production, to produce different low-carbon energy vectors [109,163]. When water 

electrolysis is used for H2 production, the production of low-carbon energy vectors via CO2 

hydrogenation is usually referred to as Power-to-X (with the X depending on the end product) 

[77,231]. Among the low-carbon energy vectors obtained from CO2 hydrogenation, methane 

(CH4) is of particular interest for accounting for around 23% and 36% of the global and 
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Canadian energy demands, respectively, in 2019 [34,115], and for being compatible with the 

current infrastructure for natural gas distribution and utilization  [113,114]. 

CH4 production via CO2 hydrogenation, usually referred to as CO2 methanation, Power-to-Gas 

(PtG) (when H2 is produced via water electrolysis with renewable electricity) or synthetic 

natural gas (SNG) production, is a highly exothermic reaction (Equation 4.1) and the most 

thermodynamically favorable among the CO2 hydrogenation reactions [113,124,127]. As a 

strongly exothermic process, CO2 hydrogenation to CH4 is favored at mild conditions, with CO2 

conversions up to 100% if carried below 200°C [118]. On the other hand, at such temperature, 

the kinetics of the reaction is greatly affected. According to the proposed mechanisms, CO2 

hydrogenation to CH4 can develop either by CO2 reduction to CO with following CO 

methanation (Equation 4.2), or by the formation of formate and carbonate intermediates on the 

catalyst surface [123,124]. As both mechanisms involve an eight-electron transfer, the kinetics 

of this reaction is generally slow, especially if carried at low temperature [121,122]. Higher 

temperatures (>400°C) may indeed favor the reaction kinetics, but thermodynamic limitations 

decrease CO2 conversion to below 70% at 500°C [124]. Moreover, the combination of higher 

process temperature with the exothermicity of this reaction leads increased CO production by 

competing reverse water-gas shift reaction (RWGS; Equation 4.3) and to catalyst deactivation 

by sintering of the active metal particles and coke deposition by Boudouard reaction (Equation 

4.4) [119,127]. 

CO2 methanation: CO2+4H2⇌CH4+2H2O  ∆H298K
° =-165 kJ/mol  (Equation 4.1) 

CO methanation: CO+3H2⇌CH4+H2O   ∆H298K
° =-206 kJ/mol (Equation 4.2) 

Reverse water-gas shift (RWGS): CO2+H2⇌CO+H2O  ∆H298K
° =41 kJ/mol (Equation 4.3) 

Boudouard reaction: 2CO⇌C+CO2  ∆H298K
° =-172 kJ/mol (Equation 4.4) 

Catalyst development for CO2 hydrogenation to CH4 is widely investigated in the literature  due 

to the high interest in this process [119]. In this sense, novel alternative catalysts can pave the 

way towards more efficient process development and upscaling by overcoming the limitation of 

common and commercially available catalysts, especially the low activity at lower temperatures 

[118,127]. Noble metals Ru and Rh, and transition metals Ni, Co, Fe and Mo are the most 

commonly investigated active phases for CH4 production via CO2 hydrogenation, with especial 
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attention to Ni-based catalysts, which are accepted as the most promising catalysts due to its 

satisfactory performance, abundance and low cost [264,265], and to Co-based catalysts for its 

similar low cost and good catalytic activity for CO2 conversion at low temperature [266]. 

However, the support phase also plays a major role on catalyst performance. Aspects such as 

metal-support interaction, active phase dispersion, catalyst stability, reducibility, oxygen 

mobility and electronic state of the metal active sites are directly influenced by the catalyst 

support [127,267]. Furthermore, catalysts for CO2 hydrogenation have a bi-functional activity, 

with the active metal particles being responsible for H2 activation, while CO2 activation occurs 

on the surface of the catalyst support [268,269]. Metal oxides such as Al2O3, SiO2, TiO2, ZrO2 

and CeO2 are the most commonly investigated catalyst supports and different studies have 

pointed out their contributing aspects for CO2 hydrogenation, especially in terms of surface 

basicity (intrinsic or after modification) and metal dispersion [267,270]. 

Hydroxyapatite (HAP, Ca10(PO4)6(OH)2) is a calcium phosphate-based material commonly used 

for medicine and water treatment applications [271] that has recently attracted increased 

attention as an alternative catalyst support. Previous reports have already pointed out the good 

performance of HAP-supported catalysts for processes such as dry reforming of methane (DRM, 

[101,236,272–275]), glycerol steam reforming [276] and photodegradation of water 

contaminants [277], for example. HAP presents several features that are required for a catalyst 

support. It presents high thermal stability, low water solubility, controllable surface 

acidity/basicity (in relation to the Ca/P ratio), oxygen mobility capacity and it can present a high 

surface area with both micro and mesopores structure depending on the synthesis method 

[273,275,278]. The basic aspect of stoichiometric HAP (Ca/P = 1.67) surface favors CO2 

adsorption and activation, as well as suppression of side reactions [279], while thermal stability 

and oxygen mobility may increase catalyst stability by avoiding sintering and coke 

accumulation [280,281]. Such distinct features make HAP a potential catalyst support for CO2 

hydrogenation reactions. 

Although numerous studies have already been dedicated to catalyst development for CO2 

hydrogenation, research effort is still required for improving catalyst performance [270]. 

Therefore, the present study aims to evaluate the performance of HAP as an efficient catalyst 

support for CO2 hydrogenation for methane production as an alternative for classical and 
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commercially available catalysts. Despite the already proven performance of HAP for other CO2 

conversion processes, such as DRM and photocatalytic processes [278,282,283], only one 

report, to the best of our knowledge, has considered HAP as a catalyst for methane production 

via CO2 hydrogenation [279] with a clear focus on the presence of formate intermediates in the 

reaction mechanism, rather than on the process conditions. In this study, monometallic Ni, Co 

and Fe catalysts were chosen as active phases for their already reported utilization for CO2 

hydrogenation. Influences of temperature, metal load (Ni wt%) and gas hourly space velocity 

(GHSV) were investigated for their effects on the performance of HAP-supported catalysts. 

Furthermore, for the first time in the literature, to the best of our knowledge, the performance 

of hydroxyapatite as catalyst support was validated at semi-pilot scale, which is an important 

step to identify the potential and the challenges towards the scaling up of processes with 

alternative catalysts.  

4.2.3. Materials and methods 

Catalyst preparation 

Commercial HAP (Ca/P = 1.67, 325 mesh, 60 m2/g, Sigma-Aldrich, USA) was used as catalyst 

support without any further modifications. Nickel nitrate hexahydrate (Ni(NO3)2.6H2O; >98%, 

Alfa Aesar, USA), cobalt nitrate hexahydrate (Co(NO3)2.6H2O; >97.7%, Alfa Aesar, USA), iron 

nitrate nonahydrate (Fe(NO3)3.9H2O; >98%, Alfa Aesar, USA) and distilled water were used 

for catalyst preparation. All chemical products were used without any further modifications. 

HAP-supported catalysts were prepared by incipient wetness impregnation (IWI) with 5–20wt% 

of active metals, as summarized in Table 4.1. For this synthesis, HAP support was impregnated 

with an aqueous solution containing the nitrate salts precursors of each metal. The aqueous 

precursor solutions were prepared at a desired concentration to deliver the appropriate amount 

of each metal to the support. After the impregnation step, the catalysts were dried overnight at 

105°C and calcined at 500°C under static air atmosphere for 2h. 
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Table 4.1 – Summary of HAP-supported catalysts prepared in this work 

Catalyst ID 
Metal load (wt%) 

Particle size (nm) b 
Predicted Measured a 

5Ni/HAP 5wt% Ni 4.2 17.5 

10Ni/HAP 10wt% Ni 9.0 19.4 

15Ni/HAP 15wt% Ni 14.0 16.8 

20Ni/HAP 20wt% Ni 18.9 18.0 

10Co/HAP 10wt% Co 9.4 16.4 

10Fe/HAP 10wt% Fe 9.2 14.1 

a As determined by Rietveld refinement 

b As determined by Scherrer’s equation 

 

Catalyst characterization 

All characterizations were performed on powdered fresh catalysts previously calcined at 500°C 

for 2h. X-ray diffraction (XRD) spectra were obtained using a Phillips PANalytical X’Pert Pro 

MPD diffractometer with Cu Kα radiation (λ = 1.5406 Å) over a 2θ range of 20–70° and a scan 

step size of 0.223°/s. The crystallite sizes were calculated using the Scherrer’s equation. Metal 

content on the supported catalysts was determined by X-ray diffraction (XRD) using the 

Rietveld refinement. For that, all catalysts were calcined at 1000°C for 5h to ensure the 

formation of metal oxide crystalline phases and the spectra were acquired in the same conditions 

as described above. Scanning electron microscopy images with energy-dispersive X-ray 

spectroscopy (SEM-EDX) were obtained for evaluating the metal dispersion on the surface of 

the prepared catalysts. SEM-EDX images were acquired with a Hitachi microscope S-4700 

coupled with a X-Max 50 detector (Oxford Instruments, UK) operating at 15.0 kV, under 1,000 

times magnifications. 

Catalyst evaluation 
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CO2 hydrogenation tests were carried in a semi-pilot fixed-bed stainless steel 316 reactor (id = 

4.68 cm, h = 121.92 cm) under atmospheric pressure. Prior to each catalytic test, 10g of each 

HAP-supported catalyst was diluted 1:10 with alumina sand (Al2O3-SiO2, 30-40 mesh), placed 

in the center of the reactor supported by two quartz wool plugs, heated under N2 atmosphere 

(500 mL/min) and reduced in situ with a mixture of 50vol% H2/N2 (500 mL/min) at 500°C for 

2h. An electrical furnace with three heating zones was used for heating the reaction system. 

After the reduction step, the system was cooled down to the test temperature under N2 

atmosphere (500 mL/min).  

First, the influence of the temperature in the CO2 hydrogenation was evaluated with the 10wt% 

metal-containing HAP supported catalysts (10Ni/HAP, 10Co/HAP and 10Fe/HAP). For 

evaluating the effect of temperature on the catalyst performance, CO2 hydrogenation was carried 

at 250–500°C at a gas hourly space velocity (GHSV) of 640h-1. At the working temperature, the 

reaction system was fed with a mixture of 4:1:0.5 of H2:CO2:N2 at a total flow rate of 550 

mL/min. Second, the influence of the metal load from 5wt% to 20wt% was assessed with the 

Ni-based catalysts (5Ni/HAP, 15Ni/HAP, 20Ni/HAP) at the same test conditions. Then, the 

influence of the GHSV was assessed at GHSV = 320–1600h-1 at 350°C for the best performing 

catalyst. Stability of the best performing catalyst was evaluated for 50h of time-on-stream (TOS) 

at T = 350°C and GHSV = 320 h-1. Liquid products were separated from the outlet stream using 

a condensation system regulated at 4°C. The volumetric flow rate and gas composition of the 

inlet gas were controlled by mass flow controllers (MFC; Brooks Instruments, USA). The 

volumetric flow rate of the dry outlet stream was measured with a digital flowmeter (model 

ADM1000; Agilent, USA). Quantification of reactants and reaction products was performed by 

gas chromatography (Bruker 456 GC) with three detectors TCD-TCD-FID. Conversions of CO2 

and H2 (XCO2 and XH2, respectively) and selectivity towards CH4, CO and H2O (SCH4, SCO and 

SH2O, respectively) were calculated using Equations 4.5-4.9, where ṅ means the molar flow rate, 

in means inlet and out means outlet. 
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XCO2
 (%)=

ṅ(CO2)in-ṅ(CO2)out

ṅ(CO2)in

*100 (Equation 4.5) 

XH2
 (%)=

ṅ(H2)in-ṅ(H2)out

ṅ(H2)in

*100 (Equation 4.6) 

SCH4
 (%)=

ṅ(CH4)out

ṅ(CO2)in-ṅ(CO2)out
*100 (Equation 4.7) 

SCO (%)=
ṅ(CO)out

ṅ(CO2)in-ṅ(CO2)out
*100 (Equation 4.8) 

SH2O (%)=
ṅ(H2O)out

ṅ(H2)in-ṅ(H2)out
*100 (Equation 4.9) 

4.2.4. Results and discussion 

Catalyst characterization 

XRD spectra of the HAP-supported catalysts are presented on Figure 4.1. The spectrum of the 

HAP supported was recorded without any further treatment and after calcination at 500°C for 

2h under static air atmosphere (Figure 4.1A). The characteristic diffraction peaks at 2θ = 25.9°, 

31.8°, 32.9°, 34.1°, 39.8°, 46.7° and 53.2° match the hexagonal crystalline structure of 

hydroxyapatite (JCPDS 98-000-0251) in the planes corresponding to (002), (211), (300), (202), 

(222), and (004). Although no significant changes were observed in the spectrum after 

calcination, a decrease on the intensity of diffraction peaks observed at 2θ = 26.7° and 30.9° are 

consistent with the already reported increase in HAP crystallinity after calcination [284,285]. 

For the 10wt% metal impregnated catalysts, the XRD spectra can be seen on Figure 4.1B. The 

formation of NiO, Co3O4 and Fe2O3 oxide phases was found on the HAP impregnated catalysts. 

For 10Ni/HAP, diffraction peaks at 2θ = 37.3°, 43.3° and 62.9° (JCPDS 98-000-0133) 

correspond to a face-centered cubic crystalline phase and the (111), (200) and (220) planes for 

NiO. For 10Co/HAP, diffraction peaks at 2θ = 36.9°, 44.8°, 59.4° and 65.2° (JCPDS 98-000-

0166) correspond to a face-centered cubic crystalline phase and the (311), (400), (511) and (440) 

planes of Co3O4. For 10Fe/HAP, diffraction peaks at 2θ = 24.2°, 49.8°, 54.4° and 64.1° (JCPDS 

01-080-5406) correspond to a hexagonal crystalline phase and the (012), (024), (116) and (300) 

planes of Fe2O3. Figure 4.1C presents the XRD spectra for 5–20wt% Ni-based catalysts. 

Characteristic diffraction peaks at 2θ = 37.3°, 43.3° and 62.9° (marked by dashed lines) 
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correspond to the (111), (200) and (220) planes of NiO (JCPDS 98-000-0133) show a significant 

increase in intensity as the Ni load on the impregnated catalyst increase from 5wt% to 20wt%. 

In addition, no ion-exchanged hydroxyapatite structures were detected on the XRD, even for the 

Ni catalyst with higher loading (20wt%). This observation might be related to the conditions of 

the incipient wetness impregnation synthesis, where the lack of water excess does not favor ion 

exchange between the Ca2+ from the hydroxyapatite and the Ni2+/Co2+/Fe3+ from the precursor 

solutions [236]. 

Catalyst metal load was assessed by the XRD spectra using the Rietveld refinement and results 

are presented on Table 4.1. The results show a good agreement between the calculated and 

measured amounts for all the HAP-supported catalysts. The impregnation yields ranged around 

85–94%, which is expected for the synthesis via incipient wetness impregnation. Minor losses 

of metals during the synthesis process are usually related to the fixation of metals from the 

precursors solutions on the flask walls [236]. Metals’ particle sizes were calculated from XRD 

spectra using the Scherrer’s equation and are presented on Table 4.1. Results show that average 

particle sizes were in the range of 14–19 nm. For the Ni-impregnated catalysts, the increase on 

metal load from 5wt% to 20wt% did not represent a significant increase on particle size, which 

means that the increase on the metal load did not lead to an agglomeration of the metal particles 

on the support surface. As particle size did not significantly increase with the increase on metal 

load, a similar metal dispersion was maintained, which means that a higher portion of the 

catalyst surface was covered by metal particles/active sites. 
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Figure 4.1 – XRD spectra for (A) non-treated and calcined HAP support, (B) 10wt% metal 

impregnated catalysts (10Ni/HAP, 10Co/HAP and 10Fe/HAP), and (C) Ni-impregnated 

catalysts (5Ni/HAP, 10Ni/HAP, 15Ni/HAP and 20Ni/HAP). 

To evaluate the distribution of metal particles on the surface of the HAP support, SEM-EDX 

was performed on the fresh calcined catalysts. Figure 4.2 presents the images at micrometric 

scale of the HAP support (Figure 4.2A) and for the 10Ni/HAP (Figure 4.2B), 10Co/HAP (Figure 
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4.2C) and 10Fe/HAP (Figure 4.2D) catalysts. EDX mapping shows the distribution of Ca and P 

from the structure of the HAP support and also highlights the good distribution of the 

impregnated metals (Ni, Co and Fe) on the surface of the support. In addition, Figure 4.3 

presents the SEM-EDX images acquired for all the Ni-based catalysts with increasing Ni load 

from 5wt% to 20wt%. Despite the increase on the metal load, the metal distribution on the 

surface of the support did not seem to be affected by the higher Ni loadings, which confirms the 

hypothesis raised by the virtually unaltered average particle size, as calculated by the XRD 

spectra (Table 4.1). 

 

Figure 4.2 – SEM images of (A) HAP support, (B) 10Ni/HAP, (C) 10Co/HAP and (D) 

10Fe/HAP at 1,000 times magnification. EDX mapping showing the distribution of Ca 

(yellow), P (light blue), O (white), Ni (green), Co (blue) and Fe (red). Scale bar corresponding 

to 60 µm. 
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Figure 4.3 – SEM images of (A) 5Ni/HAP, (B) 10Ni/HAP, (C) 15Ni/HAP and (D) 20Ni/HAP 

at 1,000 times magnification. EDX mapping showing the distribution of Ni (green). Scale bar 

corresponding to 60 µm. 

Catalytic performance of HAP-supported catalysts 

In this study, the performance of HAP as an alternative support for classical catalysts for CH4 

production via CO2 hydrogenation was evaluated with 10wt% Ni-, Co- and Fe-impregnated 

catalysts. The choice of the active phase was based on literature reports that already show the 

use of Ni, Co and Fe for CO2 hydrogenation processes, especially for CH4 production 

[113,141,143,286]. The performance of 10wt% HAP-supported catalysts was investigated at 
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atmospheric pressure, GHSV = 640h-1 at a semi-pilot scale fixed-bed reactor and over the 

temperature range from 250°C to 500°C. All fresh catalysts were submitted to in-situ reduction 

prior to the catalytic tests at 500°C with a mixture with 50vol% H2/N2 at a total flowrate of 500 

mL/min for 2h. Previous studies on HAP-supported catalysts showed increased reducibility of 

active phases when compared to classical supports, such as Al2O3, for example, and reported 

that the reduction of the majority of metal particles should occur at temperatures below 500°C, 

especially when the ion exchanged HAP structure is not present [236,287,288]. 

Catalytic performance of 10wt% HAP-supported catalysts is presented in Figure 4.4. CO2 and 

H2 conversions (Figure 4.4A, C, E) are presented along with the thermodynamic equilibrium 

data (black line) and product selectivity (Figure 4.4B, D, F). The initial HAP support presented 

negligible activity towards CO2 hydrogenation (data not shown). All catalysts presented activity 

for CO2 conversion between 250 and 500°C. Initial CO2 conversions at 250°C were low around 

10–16% for the three catalysts investigated. CO2 conversions were favored by the temperature 

increase to a maximum of 70.4% for 10Ni/HAP at 400°C (Figure 4.4A), 62.3% for 10Co/HAP 

at 450°C (Figure 4.4C) and 61.0% for 10Fe/HAP at 500° (Figure 4.4E). H2 conversion follows 

similar trend at all conditions. 

As an exothermic reaction favored at lower temperatures (Equation 4.1), thermodynamics limits 

CO2 conversion as temperature increases, despite the kinetics of CO2 conversion not being 

favored at the low temperature range [121]. Maximum CO2 conversion, according to the 

thermodynamic equilibrium, is around 98% at 250°C but drops to around 90%, and then to 

below 70% as temperature increases to 350°C and 500°C, respectively [118]. For this reason, 

catalyst optimization towards maximizing CO2 conversion at lower temperatures is necessary 

to overcome thermodynamic limitations. In this aspect, 10Co/HAP catalyst presented a slightly 

higher CO2 conversion around 16.6% at 250°C when compared to the other two catalysts. On 

the other hand, 10Ni/HAP achieved the highest CO2 conversion (around 70.4%) at a lower 

temperature (T = 400°C) when compared to the other two catalysts (450°C and 500°C for 

10Co/HAP and 10Fe/HAP, respectively). 
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Figure 4.4 – Catalytic performance of (A, B) 10Ni/HAP, (C, D) 10Co/HAP and (E, F) 

10Fe/HAP for CO2 hydrogenation to CH4 at T = 250–500°C and GHSV = 640h-1. 

Selectivity towards CH4 was higher than 90% for the 10Ni/HAP and 10Co/HAP catalysts for 

temperatures up to 350°C. For the 10Ni/HAP catalyst, CH4 selectivity started at 100% at 250°C 

but it dropped to around 96.3% at 300°C following a small production of CO, probably as a 

product of RWGS reaction (Equation 4.3). CH4 selectivity of 10Ni/HAP catalyst stabilized 

above 90% up to 450°C before dropping to 85.1% at 500°C, when CO selectivity increased to 

15%. As for 10Co/HAP, CH4 selectivity also started at 100% at 250°C but only dropped to 93% 

at 350°C, confirming the reported behavior for Co favoring CO2 conversion and CH4 selectivity 

at lower temperatures, when compared to Ni [140,141]. However, as temperature increases, 
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10Co/HAP presented a higher activity to RWGS reaction. CO production also increases, with 

CO selectivity rising from around 9.0% to around 22%, from 400°C to 500°C. Literature shows 

that, although Co favors CH4 production from CO2 hydrogenation at lower temperatures, it also 

presents a higher activity towards RWGS reaction than Ni [289], which explains why the onset 

temperature for CO production is higher for 10Co/HAP when compared to 10Ni/HAP. 

However, as temperature increases, CO production is higher with 10Co/HAP.  

As for 10Fe/HAP, product distribution was significantly different from the other two catalysts 

analyzed. CH4 selectivity was low (below 15%) for the whole temperature range (250–500°C), 

evidencing that RWGS was the dominant reaction. CO selectivity started high at 100% and the 

onset temperature for CH4 production was 350°C, when CH4 selectivity reached 14.9%. As 

temperature increased, CH4 selectivity slowly dropped and reached 10.4% at 500°C. Literature 

shows that Fe presents significant activity towards RWGS reaction and favors the production of 

CO from a mixture of CO2 and H2, with major applications on syngas upgrading, for example 

[108,248]. The behavior observed for 10Fe/HAP is consistent to the report by Kirchner et al. 

[143] that found a maximum yield of 8.0% towards CH4, when investigating CO2 hydrogenation 

over Fe-based catalysts. The authors also reported that increasing H2/CO2 ratio in the inlet feed 

leads to shifting the primary reaction towards CH4 production, but for a maximum 59.0% CH4 

yield the required H2/CO2 ratio was 200. Furthermore, it is worth highlighting that, although the 

monometallic Fe-based catalyst does not present a significant activity for CH4 production 

through CO2 hydrogenation, several studies have evaluated the benefits of promoting Ni- and 

Co-based catalysts with Fe, for increasing their reducibility, sintering resistance and stability 

[141,290,291]. 

HAP-supported catalysts proposed in this work present a comparable performance for CO2 

hydrogenation when compared to similar catalysts reported in literature. Pieta et al. [113] 

reported the performance of Ni-based catalysts with different supports for CO2 hydrogenation. 

Ni-based catalysts with Ni loads between 7–13wt% supported on Al2O3 and SiO2 presented CO2 

conversion around 42% and 45%, respectively, at 350°C. Comparatively, the 10Ni/HAP catalyst 

proposed in the present work presented a CO2 conversion around 60% at the same temperature 

(Figure 4.4A). H. Liu et al. [292] evaluated the performance of mesoporous SiO2 KIT-6-

supported Co catalysts for CO2 hydrogenation and reported a 40% CO2 conversion at 340°C, 
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which was comparable to what was obtained with 10Co/HAP (36.7% CO2 conversion at 350°C, 

Fig. 4C). In a more recent study, Z. Liu et al. [140] proposed a layered Co-Al-O catalyst for 

selective CO2 hydrogenation at low temperature. For the catalysts prepared in a similar 

reduction temperature to the used in this work (500°C), around 40% CO2 conversion was 

achieved when CO2 hydrogenation was carried at 250°C and a maximum of 70% CO2 

conversion for catalysts prepared at higher reduction temperature (600°C). These results show 

that further investigation on the structure of the active sites of Co-based HAP-supported 

catalysts can further improve its performance at lower temperatures. In terms of product 

selectivity, the decrease of CH4 selectivity following an increasing CO production as 

temperature increases is unanimously reported by different studies [270,286,292,293]. RWGS 

reaction is an endothermic reaction and literature reports the increasing competition between 

RGWS and CO2 hydrogenation, with the favoring of RWGS, following a temperature increase 

[126,127]. Finally, the HAP-supported catalysts proposed in this work presented a good 

performance for the CO2 hydrogenation, especially in terms of favoring CO2 conversion and 

CH4 selectivity at lower temperatures (below 400°C). 

Despite the onset temperature for the start of CO production being lower for the 10Ni/HAP (CO 

production starting at 300°C) than for 10Co/HAP (CO production starting at 350°C), the 

maximum CO2 conversion obtained with 10Ni/HAP was higher and achieved at a lower 

temperature (around 70.4% at 400°C) when compared to 10Co/HAP (around 62.3% at 450°C). 

For that reason, the Ni-based catalyst was chosen as the best performing HAP-supported catalyst 

for its potential for increasing CO2 conversion and CH4 selectivity at lower temperatures. 

Influence of Ni loading 

The effects of Ni metal load as active phase for CO2 hydrogenation to CH4 over the HAP-

supported catalysts was investigated in the range of 5–20wt%. Catalysts were similarly prepared 

by incipient wetness impregnation, calcined at 500°C for 2h at static air atmospheric and 

reduced with a mixture of 50vol% H2/N2 at 500°C for 2h prior to testing. The increase of metal 

loading on supported catalysts can lead, to a certain extent, to the increase on the number of 

active sites and facilitate electron transfer on the surface of the catalyst support, which can 

enhance the catalyst performance in terms of conversion and product selectivity [123,250]. 
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However, there is a limit for said improvement and, above a certain range, the increase on the 

catalyst load can lead to particles agglomeration, decrease on the active phase surface and favor 

catalyst deactivation [294]. Figure 4.5 presents the results of the performance of HAP-supported 

catalysts prepared with 5–20wt% of Ni load at T = 250–500°C and GHSV = 640h-1. 

The increase on the Ni loading on the HAP-supported catalysts had a positive impact both on 

the conversion of CO2 and on the selectivity towards CH4. As observed in Figure 4.5, the 

increase on the Ni loading both increases the maximum CO2 conversion and shifts the peak of 

CO2 conversion to lower temperatures. In addition, the higher Ni loadings also delay the onset 

temperature for the start of CO production, reducing the competition of RWGS reaction at lower 

temperatures. For 5Ni/HAP, CO2 conversion starts at 11.2% at 250°C and increases to a 

maximum of 67.6% at 450°C (Figure 4.5A). CO2 conversion at 250°C increases to 13.7%, 

16.8% and 20.0% as Ni loading increases to 10wt%, 15wt% and 20wt%, respectively (Figure 

4.5C, E, G). Similarly, maximum CO2 conversion increases to 70.4%, 80.0% and 83.1%, as Ni 

loading increases to 10wt%, 15wt% and 20wt%, respectively (Figure 4.5C, E, G), and shifts 

from 450°C (for the 5Ni/HAP) to 400°C for the other three catalysts with higher Ni loadings 

(10–20wt%).  

Furthermore, CO2 conversion presents a linear increase with the temperature increase from 

250°C to 450°C for 5Ni/HAP, with a slight decrease from 67.6% at 450°C to 64.2% at 500°C, 

following the decreasing thermodynamic limit of CO2 conversion (Figure 4.5A). For 15Ni/HAP 

(Figure 4.5E) and 20Ni/HAP (Figure 4.5G), CO2 conversion presents a sharp increase between 

250°C and 350°C, from 20% to 82.1%, respectively. From this temperature onwards, CO2 

conversion follows the decreasing behavior of the thermodynamic limit very closely, 

demonstrating the good performance of the Ni-based catalysts at higher Ni load (up to 20wt%). 
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Figure 4.5 - Catalytic performance of (A, B) 5Ni/HAP, (C, D) 10Ni/HAP, (E, F) 15Ni/HAP 

and (G, H) 20Ni/HAP for CO2 hydrogenation to CH4 at T = 250–500°C, GHSV = 640h-1.  
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Ni loading also influences the catalyst selectivity towards CH4 production. CH4 selectivity starts 

at 100% at 250°C for all four catalysts evaluated. For 5Ni/HAP (Figure 4.5B) and 10Ni/HAP 

(Figure 4.5D), CH4 selectivity drops at 300°C to 93.0% and 96.3%, respectively. As temperature 

increased, maximum CO selectivity for 5Ni/HAP and 10Ni/HAP were 36.1% and 14.9% at 

500°C, respectively. In this case, although onset temperature for CO production was the same 

for both catalysts, the increase on Ni loading from 5wt% to 10wt% seemed to reduce the 

occurrence of RWGS reaction both at 300°C and 500°C. For 15Ni/HAP (Figure 4.5F), the onset 

temperature for CO production was 350°C, higher than what was observed for 5Ni/HAP 

(300°C) and 10Ni/HAP (300°C) and CH4 selectivity was higher than 90% at temperatures 

higher than 350°C. For 20Ni/HAP catalyst, no CO production was detected up to 450°C. At 

500°C, CH4 selectivity was 93.4% for 20Ni/HAP, demonstrating that the increase on Ni loading 

up to 20wt% not only favors CO2 hydrogenation at lower temperatures (300–350°C), but it also 

decreases the occurrence of RWGS competing reaction even at higher temperatures (500°C). 

Similar behavior was previously described by Zhang et al. [126] and Cao et al. [295] for Ni-

based catalysts supported on Al2O3 and mesoporous SiO2 KIT-6, respectively. In both cases, the 

increase of Ni loading, up to a certain limit, was able to increase CO2 conversion, CH4 selectivity 

and delay the onset temperature for CO production by competing RWGS reaction. Zhang et al. 

[126] demonstrated that for 5wt% Ni load on Al2O3 support, RWGS is the primary reaction from 

300°C to 600°C, with CH4 yields below 10% while CO yields ranged from around 40% to 

around 50% at 450°C and 600°C, respectively. Although 5Ni/HAP catalyst prepared in this 

work did, in fact, favor the occurrence of RWGS reaction in the range of 300–500°C (Figure 

4.5B), it is noteworthy that CO2 hydrogenation to CH4 was clearly the primary reaction while 

RWGS was rather a competing reaction gradually favored as temperature increased. 

Furthermore, Zhang et al. [126] also show that for Ni loadings between 12.5wt% to 50wt%, CO2 

hydrogenation to CH4 is the main reaction at temperatures ranging from 300°C to 500°C, with 

a maximum CH4 yield around 60% at temperatures ranging from 350°C to 450°C for catalysts 

containing 40–50wt% Ni. 

Moreover, Cao et al. [295] reported that the increase in Ni loading from 10wt% to 40wt% on 

V-promoted mesoporous KIT-6-supported catalysts was able to shift the temperature of 

maximum CO2 conversion from 425°C (around 76.3% CO2 conversion for 10Ni-0.5V/KIT-6) 
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to 350°C (around 87.5% CO2 conversion for 40Ni-0.5V/KIT-6). CH4 selectivity was also 

affected by the increase in Ni loading. However, authors demonstrated that the increase of the 

Ni loading was only beneficial up to 20wt%. At this range, CH4 selectivity was kept at 100% 

up to 425°C and onset temperature for CO production was at 450°C. On the other hand, for the 

catalyst containing 40wt% Ni, CH4 selectivity dropped to around 95% at 400°C, as the further 

increase on the metal content led to the agglomeration of Ni particles and, in turn, to the favoring 

of RWGS reaction at lower temperature. 

Based on the results presented here, the 20Ni/HAP was chosen as the best performing catalyst, 

due to its maximization of CO2 conversion and CH4 selectivity (delaying of the onset 

temperature of CO production). The evaluation of the influence of GHSV on the catalyst 

performance as well as the stability test for 50h-long operation were performed with the 

20Ni/HAP catalyst.  

Influence of gas hourly space velocity (GHSV) 

GHSV is an important parameter for evaluating catalytic performance, since it influences not 

only the fluid-dynamic of the system, but also the mass transfer on the catalyst surface [296]. 

The increase in the GHSV leads to a decrease in the residence time/contact time between the 

reactants (CO2 and H2) and the catalyst, and in the amount of species adsorbed to the catalyst 

surface [122]. As both proposed mechanisms for CO2 hydrogenation to methane (CO and 

formate intermediates) are relatively complex and include eight electron transfers [123,124], the 

kinetics of the process tends to be very slow, especially at low temperatures. Moreover, low 

residence times present a negative impact on the catalyst performance, according to literature 

reports [297,298]. From a process point of view, the GHSV is directly related to sizing and 

flowrates of the catalytic systems, which, in turn, presents a direct impact on the costs of the 

process [299]. This is especially true at larger scale and it is a major challenge to be overcome 

during the upscaling process with alternative catalysts [300]. 

The influence of the GHSV over the HAP-supported catalysts performance was evaluated for 

the 20Ni/HAP catalyst at 350°C. Although 350°C was not the temperature for the maximum 

CO2 conversion obtained with the 20Ni/HAP catalyst, at 400°C the catalyst performance is 

already very close to the thermodynamic limit (Figure 4.5G). For evaluating different GHSV 
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conditions, the catalyst load on each test was kept the same and the total flow rate was adjusted 

according to the desired GHSV. Figure 4.6 presents the results for the catalytic performance of 

the 20Ni/HAP at GHSV varying between 320 h-1 and 1600 h-1.  

 

Figure 4.6– Catalytic performance of 20Ni/HAP catalyst for CO2 hydrogenation to CH4 at T = 

350°C, GHSV = 320–1600 h-1. (A) CO2 and H2 conversions. (B) Selectivity towards CH4, CO 

and H2O products. 

Both CO2 and H2 conversions were negatively affected by the increase in the process GHSV. 

An increase in CO2 conversion, from 82.4% at 350°C and 640 h-1 (Figure 4.5G) to 87.9% at 

350°C and 320 h-1, was achieved at the lowest GHSV tested (Figure 4.6A). At GHSV = 320 h-

1, the maximum CO2 conversion (87.9%) was relatively close to the thermodynamic limit 

expected for the CO2 conversion during CO2 hydrogenation (90.2% at 350°C). A 5.0-fold 

increase on GHSV, from 320 h-1 to 1600 h-1, resulted in a 12.5% decrease on CO2 conversion, 

from 87.9% to 75.4%, respectively. H2 conversion followed a similar behavior and dropped 

from 86.9% to 76.4%, when GHSV increased from 320 h-1 to 1600 h-1. The positive influence 

of longer residence times (lower GHSV) has been reported in literature for CO2 hydrogenation 

[265,297,298], as for other CO2 conversion processes, such as dry reforming of methane [259] 

and biogas reforming [260], for example. Xiao et al. [265], when evaluating NiMgAl catalysts 

for CO2 hydrogenation, reported that at GHSV = 15,000 h-1 not only maximum CO2 conversion 

was higher (around 85%), but it was reached at lower temperature (T = 320°C), than when 

compared with GHSV = 60,000 h-1 (around 70% CO2 conversion at 360°C). Similarly, Jaffar et 

al. [298] reported a decrease in CO2 conversion from around 60% to around 30% following an 

increase on the GHSV from 3,000 mL.h-1.g
cat
-1  to 4,800 mL.h-1.g

cat
-1 . 
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Selectivity towards CH4 production was also affected by the change in the GHSV. CH4 

selectivity was at 100%, with no CO production, for GHSV ranging from 320 h-1 to 960 h-1 

(Figure 4.6B). At GHSV = 1280 h-1, CH4 selectivity dropped to 95.1% and it continued dropping 

up to 92.2%, at GHSV = 1600 h-1. On the other hand, CO production was observed for higher 

GHSV conditions (4.8% and 7.2% CO selectivity at 1280 h-1 and 1600 h-1, respectively). H2O 

selectivity was close to 50% at GHSV = 320–960 h-1 and had a slight increase up to 53.1% at 

GHSV = 1600 h-1 as a result of a slight increase on H2O production following CO production 

due to competing RWGS reaction. According to Stangeland et al. [122], as RWGS reaction is a 

more kinetically favorable reaction than CO2 hydrogenation, higher GHSV are usually favorable 

to the competing CO production (via RWGS reaction) and detrimental to the  CH4 production 

(via CO2 hydrogenation). Similar results have been reported by Xiao et al. [265] when 

evaluating the performance of Mn-promoted NiMgAl catalysts. The authors observed a slight 

decrease on CH4 selectivity from 100% to around 95% following a 4.0-fold increase in GHSV, 

from 15,000 h-1 to 60000 h-1. Similar studies conducted by Jaffar et al. [298] and Han et al. [297] 

highlight that the adsorption of both CO2 and H2 on the catalyst surface is significantly important 

for the success of CO2 hydrogenation, mainly due to the complex reaction mechanism. The 

studies point out that the increase on GHSV can compromise the adsorption of reactants to the 

catalyst surface and further jeopardize the process performance, even when working far from 

thermodynamic limitations (e.g. low temperatures). 

50h-long stability test 

Best performing 20Ni/HAP catalyst was tested for 50h-long catalytic stability in order to better 

assess the catalyst performance. The stability test was carried at 350°C and GHSV = 320 h-1, as 

the best optimized condition obtained from the tests with varied temperatures and residence 

times. Figure 4.7 presents the results for the long reaction test performed with this catalyst.  
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Figure 4.7 – Catalytic performance of 20Ni/HAP catalyst for CO2 hydrogenation to CH4 for 

50h of time on stream (TOS) at T = 350°C, GHSV = 320 h-1. (A) CO2 and H2 conversions. (B) 

Selectivity towards CH4, CO and H2O products. 

Figure 4.7 shows the robust performance of 20Ni/HAP for CO2 hydrogenation to CH4. 

20Ni/HAP presented a high initial CO2 conversion at 88.1% (Figure 4.7A), which matches the 

good performance obtained in the previous test at GHSV = 320 h-1 (87.9% CO2 conversion, 

Figure 4.6A). CO2 conversion slightly decrease to around 83% after 7h of test and stabilized at 

this value, with no signs of catalyst deactivation, for the whole duration of the test. Final CO2 

conversion obtained at TOS = 50h was 82.8%. H2 conversion followed a similar behavior and 

decreased from 89.4% to 84.3% by the end of the 50h-long test. CH4 selectivity was kept at 

100% for the whole duration of the test (Figure 4.7B). No signs of CO production and stable 

H2O selectivity around 50% (Figure 4.7B) demonstrate that the operation of the CO2 

hydrogenation reaction below thermodynamic limitations did not favor competing RWGS 

reaction.  

Catalyst development is still one of the main challenges standing in the way of large-scale 

commercialization of CO2 hydrogenation for CH4 production [121]. In the process of developing 

new alternative catalysts, such as the HAP-supported catalysts proposed in this work, stability 

tests on larger scales (semi-pilot, pilot and demonstration, for example) are of great contribution 

for assessing the technology limitations and the associated risks for future steps [301], especially 

because information on large-scale testing and validation is so scarce. Few reports on literature 

(Table 4.2) show the feasibility of CO2 hydrogenation for CH4 (or SNG) production, including 

in the Power-to-Gas context, when CO2 hydrogenation is carried out using captured CO2 and 

clean H2 coming from water electrolysis. When compared to reported data on pilot scale, the 
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performance of the 20Ni/HAP catalyst developed in this work, assessed at semi-pilot scale, is 

very promising in terms of CO2 conversion, CH4 selectivity and performance stability.  

Table 4.2 – Reports on large-scale CO2 hydrogenation for CH4 production  
Process Catalyst Feed 

composition 

Operation 

conditions 

CO2 

conversion 

(%) 

CH4 

production 

TRL Ref. 

Biogas 

hydrogenation 

Ni-based H2:CO2:N2:He = 

4.17:1:1.73:0.03, 

1.4–2.3 Nm3.h-1, 

320°C, 6.1 

barg, bubbling 

fluidized-bed 

reactor, TOS = 

1100h 

n.r. 88% CH4 

yield 

Pilot 

scale 

[302] 

Power-to-Gas Ni-based H2:CO2 = 4:1. 

5.1–8.7 kg.h-1 

300°C, 3 bar, 

microchannel 

tubular reactor,  

TOS = 100h 

Min. 93% Min. 

82vol% 

CH4 on 

final SNG  

Pilot 

scale 

[303] 

CO2 

hydrogenation 

20wt%Ni-

10wt%Ce/Zr 

H2:CO2 = 4:1, 

GHSV = 1950 h-

1 

300°C, 1–1.2 

bar,  

86% 100% Pilot 

scale 

[304] 

CO2 

hydrogenation 

25wt% Ni, 

20wt% 

CeO2, 

55wt% 

Al2O3 

H2:CO2 = 4:1, 

GHSV = 31,500 

h-1 

320°C, 5 bar, 

Two-staged 

microstructured 

tubular reactor, 

TOS = 2000h 

Min. 90% Min. 

92.5% 

CH4 yield 

Pilot 

scale 

[305] 

CO 

hydrogenation 

Co-Fe-Al, 

(Co + Fe = 

40wt%, 

Co/Fe = 1/3) 

H2:CO:N2 = 

72:24:4, 6000 

mL.g-1.h-1 

300 °C, 10 bar, 

fixed-bed 

reactor, TOS = 

24h 

60% CO 

conversion 

59.3% 

CH4 

selectivity 

Pilot 

scale 

[291] 

CO2 

hydrogenation 

20Ni/HAP H2:CO2:N2 = 

4:1:0.5, GHSV 

= 320 h-1 

350°C, 1 bar, 

fixed-bed 

reactor, TOS = 

50h 

Min. 83% 100% Semi-

pilot 

scale 

This 

work 

Legend: TRL – Technology readiness level; SNG – Synthetic natural gas. 

4.2.5. Conclusion 
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Hydroxyapatite has been proposed as an alternative catalyst support for CO2 hydrogenation for 

CH4 production. Ni-, Co- and Fe-based hydroxyapatite-supported catalysts have been prepared 

by incipient wetness impregnation and evaluated for CO2 hydrogenation. The influences of 

temperature (250–500°C), Ni metal load (5–20wt%) and GHSV (320–1600 h-1) were 

investigated on semi-pilot scale conditions. CO2 conversion was positively affected by the 

temperature increase, considering the thermodynamic limitations of the reaction. Although CO2 

hydrogenation is an exothermic reaction, kinetics of CO2 conversion is very slow in low 

temperatures. For catalysts prepared with 10wt% of metal active phase (Ni, Co or Fe), CO2 

conversion ranged around 10–16% at 250°C. Ni-based catalysts presented the best performance 

for CO2 hydrogenation and maximum CO2 conversion was around 70% at 400°C and GHSV = 

640 h-1 for 10Ni/HAP. Optimization of Ni metal load revealed that higher Ni content (up to 

20wt%) had a positive impact on CO2 conversion and delayed the onset of competing RWGS 

reaction. Further GHSV optimization revealed that longer residence times would benefit the 

slow CO2 conversion, especially at lower temperatures. Best performing 20Ni/HAP catalyst was 

able to deliver a maximum CO2 conversion around 88% at T = 350°C and GHSV = 320 h-1, 

with 100% CH4 selectivity and no CO production up to 450°C. Finally, long-term operation of 

20Ni/HAP for 50h at semi-pilot scale showed an excellent catalytic performance with no 

significant signs of deactivation and a stable CO2 conversion around 83% and 100% CH4 

selectivity. The results presented in this work demonstrate the feasibility of HAP as an 

alternative support for CH4 production via CO2 hydrogenation. Semi-pilot data shows the 

potential for process upscaling with alternative HAP-supported catalyst. Further studies should 

still focus on the possible modulation of HAP features for improving CO2 conversion at even 

lower temperatures. 
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Contribution au document: This paper presents a study on the use of a Ni-based HAP-

supported catalyst for direct FG hydrogenation for CH4 production. In this work, we 

demonstrate the feasibility of HAP-supported Ni catalyst for macroscopic shaping to pellets via 

extrusion with the goal of producing industrial-suited catalysts and its performance for direct 

FG methanation. Furthermore, this work also presents the influence of space velocity and FG 
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impurities (CO, O2, NOx and SO2) on the FG methanation performance of the pelletized HAP-

supported catalysts. 

Résumé français: La conversion du CO2 capté en vecteurs energetiques à faible intensité en 

carbone, tel que le CH4, est un option intéressante pour reduir les émissions de gaz à effet de 

serre (GES) provenant des combustibles fossiles. Les gaz de combustion (FG) sont des sources 

majeures de CO2, en particulier provenant des centrales électriques et des cheminées 

industrielles, mais leur valorisation reste confrontée à des défis technico-économiques associés 

à l’élimination des impuretés (CO, O2, NOx, SO2) et aux étapes de captage du carbone. Dans ce 

travail, nous avons proposé l’utilisation d’un catalyseur 20wt%Ni/hydroxyapatite (HAP) pour 

la méthanation directe du FG réel sans aucune purification préalable. Les catalyseurs 

20wt%Ni/HAP ont été préparés par imprégnation, granulés par extrusion et testés pour la 

méthanation directe de FG sur des échelles du laboratoire et semi-pilote. À notre connaissance, 

il s’agit du premier travail qui propose l’utilisation de catalyseurs à base d’HAP pour la 

méthanation directe de FG non traités et qui valide la performance des catalyseurs granulés à 

base d’HAP à l’échelle semi-pilote. Dans des conditions optimisées (T = 350 °C, GHSV = 740 

h-1), la méthanation directe du FG non traité à l’échelle du laboratoire a donné des conversions 

de 76 % et 89 % pour le CO2 et l’H2, respectivement, pendant 50 h de réaction avec une 

sélectivité en CH4de 100 % . À l’échelle semi-pilote, une conversion stable de 73 % du CO2 et 

une sélectivité de 100 % du CH4 ont été observées pendant 50 h de réaction sans aucun signe de 

désactivation du catalyseur. Le CO, l’O2 et les NOx ont été convertis au cours de la réaction et 

ont présenté de légers effets d’inhibition de la méthanation du CO2, tandis que le SO2 n’a pas 

empoisonné le catalyseur. Enfin, les résultats présentés ici ont validé la faisabilité de la 

méthanation directe du FG sans étapes préalables de captage et purification du carbone. En 

outre, l’excellente performance catalytique des granulés d’HAP dopés au nickel a montré le 

potentiel de l’HAP en tant que support de catalyseur alternatif pour le développement de 

catalyseurs industriels pour la méthanation du CO2. 

Mots-clés : Conversion des gaz d’échappement, méthane à faible intensité en carbone, 

hydroxyapatite, catalyseur au nickel, vecteurs d’énergie à faible intensité en carbone, mise à 

l’échelle. 
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5.2. Direct flue gas hydrogenation to methane over hydroxyapatite-

supported nickel catalyst 

5.2.1. Abstract 

Low-carbon methane (CH4) production from captured CO2 is an interesting option for reducing 

greenhouse gas (GHG) emissions from carbon-intensive natural gas. Flue gases (FG) are major 

sources of CO2, especially from power plants and industrial exhaust stacks, but their valorization 

still face technoeconomic challenges associated with impurities (CO, O2, NOx, SO2) removal 

and carbon capture steps. In this work, we proposed the use of a 20wt% Ni/hydroxyapatite 

(HAP) catalyst for the direct methanation of real FG without any prior purification. The 

20wt%Ni/HAP catalysts were prepared by impregnation, shaped into pellets by extrusion and 

tested for direct FG methanation on bench- and semi-pilot scales. To the best of our knowledge, 

this is the first report that proposes the use of HAP-supported catalysts for direct FG methanation 

on real and untreated conditions and that validates the performance of HAP-supported catalysts 

in macroscopic shapes in semi-pilot scale. At optimized conditions (T = 350°C, GHSV = 740 h-

1), direct FG methanation on lab-scale under real untreated FG conditions yielded 76% and 89% 

conversions for CO2 and H2, respectively, for 50h of time-on-stream (TOS) with 100% CH4 

selectivity. On semi-pilot scale, stable 73% CO2 conversion and 100% CH4 selectivity were 

observed for 50h of TOS with no signs of catalyst deactivation or poisoning. CO, O2 and NOx 

were completed converted during the direct FG methanation and presented slight inhibition 

effects for CO2 methanation while SO2 did not poisoned the catalyst. Finally, the results 

presented here validated the feasibility of the direct FG methanation without previous carbon 

capture steps. Furthermore, the performance of the pelletized HAP-supported nickel catalyst 

showed potential of HAP as an alternative catalyst support for the development of industrial 

catalysts for CO2 methanation. 

Keywords: Flue gas conversion, low-carbon methane, hydroxyapatite, nickel catalyst, low-

carbon energy vectors, process scale up. 

5.2.2. Introduction 

The accumulation of greenhouse gas (GHG) emissions in the atmosphere has become a major 

challenge for its deleterious global warming and climate changing effects that needs to be 
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urgently addressed [11,306]. Carbon dioxide (CO2) represents more than 60% of the world’s 

GHG emissions and is a major contributor of global warming for being a primary product of 

combustion processes, which are of vital importance for daily human activities such as energy 

generation and transportation [23]. Carbon-intensive fossil fuel combustion accounts for 85–

90% of the world’s anthropogenic CO2 emissions in the form of flue gases (FG) coming from 

power plants, transportation and industrial activity [3,4]. As part of the efforts to mitigate 

climate change, Canada has recently committed to a GHG emissions reduction target of 40–

45% below the levels of 2005 by 2030 [5], which will be only achieved through the development 

of novel alternative technologies that allow low-carbon energy production and tackle emissions 

from hard-to-decarbonize industrial activity [6–8]. 

Flue gases (FG) are gaseous emissions from combustion processes composed of CO2 and steam 

(H2O) as primary combustion products, but also include nitrogen (N2), carbon monoxide (CO), 

residual oxygen (O2) and impurities such as nitrogen (NOx) and sulfur (SOx) oxides [224]. FG 

composition is variable and depends on different parameters such as fuel type, oxygen-to-fuel 

ratio, design of the combustion unit and efficiency of the combustion process [13]. Sung et al. 

[225], for example, reported that FG from natural gas combustion has typically an average 

composition of 72.0vol% N2, 12.0vol% CO2, 10.5vol% H2O, 3.7vol% O2, while Wang and Song 

[53] reported average CO2 concentrations around 1–2vol%, 14–33vol% and 20–27vol% for FG 

coming from aluminum, cement and steel production processes, respectively. NOx and SOx are 

common combustion impurities that are usually present in the ppm level, but are associated with 

harsh climate change phenomena such as acid rains, haze and photochemical smog and, 

therefore, need to be treated upon emission [13,61].  

Carbon capture and utilization (CCU) technologies are considered a promising strategy towards 

energy transition for allowing the reuse of anthropogenic CO2 emissions for the production of 

low-carbon energy vectors [11,12,73]. To this end, methane (CH4) production via CO2 

hydrogenation is an interesting approach to CCU for combining the potential use of CO2 

emissions with the production of a common energy vector that accounts for more than 20% of 

the global energy demand [115] and is already compatible with the current infrastructure of use 

and distribution [113]. In this context, when hydrogen (H2) is produced via water electrolysis 

using renewable electricity, and CO2 is captured from emissions sources, this process can be 
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referred to as Power-to-Gas (PtG) with a higher potential for decreased carbon-intensity 

[119,297]. CH4 production via CO2 hydrogenation, usually referred to as CO2 methanation 

follows the Sabatier reaction (Equation 5.1) and it is an exothermic reaction favored at low to 

mild temperatures (up to 350°C) and pressures (1–10 bar) [123,294]. Although 

thermodynamically favorable, the kinetics of CO2 methanation is very slow at low temperatures 

(150–300°C) due to the complex eight electron-transfer mechanisms that are proposed for this 

reaction [123,124]. According to the literature, CO2 methanation can be performed either by 

CO2 reduction to CO with following CO methanation (Equation 5.2) or by the formation of 

formate intermediates with subsequent hydrogenation to methane [116].  

CO2 methanation: CO2+4H2⇌CH4+2H2O   ∆H298K
° = -165 kJ/mol (Equation 5.1) 

CO methanation: CO+3H2⇌CH4+H2O       ∆H298K
° = -206 kJ/mol (Equation 5.2) 

Reverse water-gas shift (RWGS): CO2+H2⇌CO+H2O  ∆H298K
° = 41 kJ/mol  (Equation 5.3) 

Boudouard reaction: 2CO⇌C+CO2  ∆H298K
° = -172 kJ/mol  (Equation 5.4) 

FG is considered a potential CO2 source to CO2 methanation due to its availability and 

significant impact on emissions [12]. The direct utilization of FG as a CO2 source, however, 

demands careful consideration of different aspects. First, most CCU technologies currently 

investigated are designed for pure CO2 feeds, which would demand the implementation of a 

CO2 capture stage in order to profit from the CO2 available in FG [15]. Amine-based is the state-

of-the-art CO2 capture technology available, but limitations related to toxicity and high energy 

demand represent a significant cost increase to the process [16,17]. In addition, for FG treating, 

desulfurization (removal of SOx) and denitrification (removal of NOx) are also required, which 

also imply in further cost additions [17,68]. Second, FG has a variable and complex composition 

that includes combustion impurities such as CO, residual O2, NOx and SOx, which can impact 

the reaction equilibrium and the catalyst performance [14]. Third, FG composition includes a 

significant amount of N2 that acts as a feed dilution, which has impacts on process development, 

equipment sizing and costs [70,73]. A few reports have already considered the possibility of the 

direct integration of a CO2 methanation unit from FG. Müller et al. [66,67] and Araújo et al. 

[14] have evaluated the direct FG methanation of different simulated FG mixtures over Al2O3-

SiO2-supoprted Ni catalysts and reported CO2 conversions around 70% at 350°C with different 

levels of interferences due to the variable O2, CO and SO2 contents. To the best of our 
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knowledge, only one report in literature experimentally evaluated the performance of direct FG 

methanation under real FG conditions. Müller et al. [68] evaluated the performance of 

commercial 65wt% Ni/Al2O3-SiO2 catalyst for the methanation of FG emitted from a lignite 

coal power plant. In this study, the authors reported the use of a segmented fixed-bed reactor for 

the methanation of a FG stream containing 78.5vol% N2+H2O, 15.5vol% CO2, 6vol% O2, 

63ppm SO2 and 46ppm NO2, after a desulfurization process. The authors reported CO2 

conversions around 58–70% according to the reactor segment and the gas hourly space velocity 

(GHSV). Miguel et al. [70] and Iaquaniello et al. [307] have considered different 

thermodynamic and techno-economic aspects of direct FG methanation and reported on the 

feasibility of the process, although data gaps on the performance of direct FG methanation under 

real FG conditions are still significant and need to be addressed in order to fully assess the 

process feasibility.  

Catalyst development is widely investigated for CO2 methanation [119,123,267]. Classical 

catalysts for CO2 methanation are usually Ni-based catalysts, due to its satisfactory 

performance, abundance and low cost, when compared to noble metals (Ru, Rh, etc.) 

[119,123,127], supported on metal oxides such as Al2O3, SiO2 and TiO2 [267,270]. Since those 

catalysts usually present low activity at low temperature, CO2 methanation is usually operated 

above 400°C.  However, at higher temperatures (>400°C), CO2 conversion is limited by 

thermodynamics and leads to CO production via competing reverse water-gas shift reaction 

(RWGS, Equation 5.3) which can contribute to catalyst deactivation by coke accumulation 

(Equation 5.4) and sintering, due to the high temperature and high exothermicity of the reaction 

[119,127]. Hydroxyapatite (HAP, Ca10(PO4)6(OH)2) is a calcium phosphate widely investigated 

for its biomedical applications that has recently received attention for its applications as a 

catalyst support [271,287,308]. Previous studies have already reported on the suitability of HAP 

as a catalyst support for dry reforming of methane [236,273,275], for example, for its high 

thermal stability, controllable surface basicity (according to the Ca/P ratio) and oxygen mobility 

capacity [280]. For CO2 conversion processes, the basic aspect of stoichiometric HAP (Ca/P = 

1.67) favors CO2 adsorption and activation, while thermal stability can contribute to avoiding 

catalyst sintering, and oxygen mobility can help avoiding coke deposits [280,281]. To the best 

of our knowledge, only two studies have considered HAP as a potential catalyst support for CO2 

methanation. Wai et al. [309] used HAP as a catalyst support for evaluating the influence of 
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formate intermediate species on Ni-based catalysts for CO2 methanation, and Boukha et al. [78] 

has recently proposed a series of La-modified HAP-supported Ni catalysts for CO2 methanation, 

reporting a stable performance with 73% CO2 conversion for 100h of time-on-stream (TOS) 

with >98% of CH4 selectivity. 

In this work, we propose the use of a HAP-supported Ni catalyst for the direct methanation of a 

real FG stream from a gasoline generator. The HAP-supported Ni catalyst was prepared by 

impregnation, shaped into pellets and assessed for direct FG methanation on bench- and semi-

pilot scales. The goal of this study was to evaluate the performance of HAP-supported catalysts 

for direct FG methanation under real FG conditions and provide insights on the possible 

upscaling of the direct FG methanation process using HAP-supported catalysts. The influence 

of GHSV and combustion impurities (CO, O2, NOx and SO2) on the performance of HAP-

supported catalysts for CO2 methanation was evaluated for the first time in literature. 

Furthermore, to the best of our knowledge, it is the first time in literature that HAP-supported 

catalysts are evaluated in pellets form, which should provide additional information on the 

possible use of HAP as an alternative support for the production of industrial catalysts.  

5.2.3. Materials and methods 

Catalyst preparation 

Commercial HAP (Ca/P = 1.67, 325 mesh, 60 m2/g, Sigma-Aldrich, USA) was used as catalyst 

support without any further modifications. Nickel nitrate hexahydrate (Ni(NO3)2.6H2O; >98%, 

Alfa Aesar, USA), hydroxyethylcellulose (HEC; Sigma-Aldrich, USA) and distilled water were 

used for catalyst preparation. All chemical products were used without any further 

modifications. 

HAP-supported catalysts were prepared by incipient wetness impregnation (IWI) with 20wt% 

Ni followed by an extrusion/pelletizing process. For this synthesis, HAP support was 

impregnated with a nickel nitrate aqueous solution. The aqueous precursor solution was 

prepared at a desired concentration to deliver the appropriate amount of Ni to the HAP support. 

After the impregnation step, Ni-impregnated HAP was dried at 105°C overnight and calcined at 

500°C for 2h. The calcined Ni-impregnated HAP powder was crushed in a mortar, sieved to 60 
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mesh and pelletized according to the method described by Castellanos-Beltran et al. [310], with 

minor modifications. For the extrusion/pelletizing process, the Ni-impregnated HAP was mixed 

with 4wt% of HEC and boiling water (1:1.15 w/w). The obtained paste was kneaded with a large 

spatula and then manually extruded into small cylindric shapes with the aid of a 60 mL syringe 

and a caulking gun. The pellets were prepared with the following dimensions: d = 1.5 mm, h = 

2-4 mm, for the bench-scale setup, and d = 6 mm, 5-7 mm, for the semi-pilot setup, aiming to 

maintain a tube-to-particle-diameter ratio of 8.0 [311,312]. Once pelletized, the catalysts were 

left to dry at room temperature in a fume hood for 2h and calcined at 500°C for 2h under static 

air atmosphere. HAP pellets without Ni impregnation were also prepared following the same 

procedure. 

Catalyst characterization 

All characterizations were performed on fresh catalysts previously calcined at 500°C for 2h. 

The dimensions of pelletized catalyst were measured with a caliper. Porosity of pelletized 

catalysts was assessed with solvent replacement method, according to Engstrand Unosson et al. 

[313]. For that, individual pelletized samples were dried at 105°C for 2h and cooled down to 

room temperature in a desiccator. Once cooled, the samples were submerged in ethanol and 

transferred to a vacuum chamber where a series of depressurization (0.6 atm) and re-

pressurization (1 atm) cycles was carried until no more solvent penetration was observed (at 

least 10 cycles). The porosity of the pellets was calculated with Equation 5.5, where VEtOH refers 

to the ethanol volume absorbed by a single pellet and Vpellet refers to the volume of this 

individual pellet. Both the dimensions and the porosity of the pellets were assessed for at least 

10 individual samples. 

Porosity (%)=
VEtOH

Vpellet
*100 (Equation 5.5) 

X-ray diffraction (XRD) spectra were obtained using a Phillips PANalytical X’Pert Pro MPD 

diffractometer with Cu Kα radiation (λ = 1.5406 Å) over a 2θ range of 20–70° and a scan step 

size of 0.223°/s. Prior to XRD characterization, the pelletized catalysts were crushed in a mortar. 

The crystallite sizes were calculated using the Scherrer’s equation. Metal content on the 

supported catalysts was determined by X-ray diffraction (XRD) using the Rietveld refinement. 

For that, the catalyst samples were calcined at 1000°C for 2h to ensure crystallinity prior to 
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analysis. Finally, scanning electron microscopy images with energy-dispersive X-ray 

spectroscopy (SEM-EDX) were performed both on the Ni-impregnated HAP powder and on the 

pelletized catalysts evaluating the structure and metal dispersion on the surface of the catalyst 

pellets. SEM-EDX images were acquired with a Hitachi microscope S-4700 coupled with a X-

Max 50 detector (Oxford Instruments, UK) operating at 15.0 kV, under 500–1,000 times 

magnifications. The ImageJ software was used to measure the structures observed in the SEM 

images. 

Catalyst evaluation 

Reaction setups and catalyst reduction 

The bench-scale setup is a fixed-bed stainless steel 316 reactor (id = 1.07 cm, h = 30.48 cm) 

operated under atmospheric pressure. An electrical furnace with one heating zone was used for 

heating. The inlet feed is controlled by a manual rotameter, for the real FG mixture, and by mass 

flow controllers for N2, CO2 and H2 (0–150 mL/min; Brooks Instruments, USA). At the outlet, 

a silica gel trap retains water for gravimetric quantification. The volumetric flow rate of the dry 

outlet gas was assessed with a digital gas flowmeter (model ADM1000, Agilent Technologies, 

USA).  

The semi-pilot scale is a fixed-bed stainless steel 316 reactor (id = 4.68 cm, h = 121.92 cm) 

operated under atmospheric pressure. An electrical furnace with three heating zones was used 

for heating. Similarly, the flowrate of the real FG mixture was controlled by a manual rotameter 

and the flowrates of N2, CO2 and H2 were controlled by mass flow controllers (0–1000 mL/min; 

Brooks Instruments, USA). The water is separated from the outlet stream by a condensation 

system operated at 4°C. The volumetric flow rate of the dry outlet stream was measured with a 

digital flowmeter (model ADM1000, Agilent Technologies, USA). 

In a typical test at the bench-scale setup, 2.0g of the 20wt% Ni/HAP pellets were loaded to the 

center of the reactor supported by two quartz wool plugs. Prior to the tests, the reaction system 

was heated under N2 atmosphere (100 mL/min) and reduced in situ with a mixture of 50vol% 

H2/N2 (100 mL/min) at 500°C for 2h. After the reduction step, the system was cooled down to 

the reaction temperature (350°C) under N2 atmosphere (100 mL/min). Similarly, for a typical 
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test at the semi-pilot scale, 30.0g of the 20wt% Ni/HAP pellets were loaded to reactor supported 

by quartz wool plugs. The reaction system was heated under N2 atmosphere (500 mL/min) and 

reduced in situ with a mixture of 50vol% H2/N2 (500 mL/min) for 3h. After reduction, the system 

was cooled down to 350°C under N2 atmosphere (500 mL/min). 

The feasibility of the direct FG methanation over the pelletized 20wt% Ni/HAP catalyst was 

evaluated both on bench and semi-pilot scales using a real FG mixture containing 80.7 ± 

0.5vol% N2, 10.6 ± 0.9vol% CO2, 2.4 ± 0.7vol% CO, 2.1 ± 0.4vol% O2, 62 ± 7 ppm NOx, 64 ± 

6 ppm SO2, H2O/CO2 = 0.3-0.32. The real FG mixture was produced by a portable dual-fuel 

generator (model H03651, Firman, USA) operated with gasoline (94 octane). The portable 

generator was operated for 1h prior to the start of the catalytic tests for the stabilization of the 

combustion process. The real FG was channeled from the portable generator’s outlet directly 

into the reaction systems, without any prior treatment, by a peristaltic pump (Masterflex L/S 

Easy-Load II, Cole-Parmer, Canada) and the flowrate was controlled by a digital flowmeter 

(model ADM1000, Agilent Technologies, USA). The composition of the real FG used for the 

catalytic tests was assessed daily at the beginning and at the end of each test, and an average 

composition was used for all calculations. 

Quantification of gas reactants and products was performed by gas chromatography (Bruker 456 

GC) with three detectors TCD-TCD-FID. NOx content was assessed with a FG analyzer (model 

RASI 300C, Eurotron, UK; range 0-5000 ppm) and SO2 content was assessed with a SO2 

portable detector (model BW Solo SO2, Honeywell, USA; range 0-100 ppm). Conversion of 

CO2, H2 and CO (XCO2, XH2, XCO) and selectivity towards CH4, CO and H2O (SCH4, SCO, SH2O) 

were calculated with Equations 5.6-5.11, where �̇� means the molar flow rate, in means inlet and 

out means outlet. 

XCO2
 (%)=

ṅ(CO2)in-ṅ(CO2)out

ṅ(CO2)in

*100 (Equation 5.6) 

XH2
 (%)=

ṅ(H2)in-ṅ(H2)out

ṅ(H2)in

*100 (Equation 5.7) 

XCO (%)=
ṅ(CO)in-ṅ(CO)out

ṅ(CO)in

*100 (Equation 5.8) 
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SCH4
 (%)=

ṅ(CH4)out

ṅ(CO2)in-ṅ(CO2)out
*100 (Equation 5.9) 

SCO (%)=
ṅ(CO)out

ṅ(CO2)in-ṅ(CO2)out
*100 (Equation 5.10) 

SH2O (%)=
ṅ(H2O)out-ṅ(H2O)in

ṅ(H2)in-ṅ(H2)out
*100 (Equation 5.11) 

Residence time study 

The effects of residence time on the direct FG methanation were assessed using the GHSV as a 

parameter. GHSV influence was assessed at 350°C in the range of 370 h-1 to 1480 h-1, both on 

bench- and semi-pilot scale. The influence of the GSHV was first assessed with a simulated FG 

mixture and then with a real FG mixture. For the tests with simulated FG, a mixture of 1:9:4 

CO2:N2:H2 was fed to the reaction system at the working temperature. For the tests with real 

FG, an untreated FG mixture with known composition (80.7 ± 0.5vol% N2, 10.6 ± 0.9vol% CO2, 

2.4 ± 0.7vol% CO, 2.1 ± 0.4vol% O2, 62 ± 7 ppm NOx, 64 ± 6 ppm SO2, H2O/CO2 = 0.3-0.32) 

was fed into the reaction with a H2 feed corresponding to H2/CO2 = 4, considering the CO2 

amount on the FG (around 10.6 ± 0.9vol% CO2).  For evaluating different GHSV conditions, 

the catalyst load on each test was kept the same and the total flowrate was adjusted according 

to the desired GHSV. The total flowrate for the tests at bench-scale varied in the range of 35–

210 mL/min, while the total flowrate at semi-pilot scale varied in the range of 280–1080 

mL/min. 

Long-term flue gas methanation 

The stability of HAP-supported Ni catalyst for direct FG methanation was operated both at 

bench and semi-pilot scale for TOS = 50h at T = 350°C at GHSV = 740h-1. Real FG containing 

80.7 ± 0.5vol% N2, 10.6 ± 0.9vol% CO2, 2.4 ± 0.7vol% CO, 2.1 ± 0.4vol% O2, 62 ± 7 ppm NOx, 

64 ± 6 ppm SO2, H2O/CO2 = 0.3-0.32 was used for the stability tests. 

5.2.4. Results and discussion 

Catalyst characterization 
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Pelletized HAP-supported catalysts were prepared by extrusion in order to produce 

“macroscopic forms” of the HAP-supported Ni-based catalyst for direct flue gas hydrogenation 

to methane. The production of catalysts in macroscopic shapes such as pellets, spheres, cubes, 

hollow shapes, etc. is a crucial step for the scaling up of catalytic processes, for which powder 

catalysts are not suited due to considerations related to reactor clogging and pressure drop 

[310,314]. Table 5.1 presents the average diameter (mm) and the porosity (%), as assessed by 

the solvent replacement method, for the catalysts prepared with HAP and Ni-impregnated HAP. 

Table 5.1 – Characterization results of HAP-supported Ni-based pelletized catalysts 

Catalyst ID 
Average diameter 

(mm) 

Porosity 

(%) 

Metal load a 

(wt%) 

Particle size b 

(nm) 

HAP pellets 6.01 ± 0.12 79.4 ± 4.6 - - 

20Ni/HAP - - 18.9 24.4 

20Ni/HAP pellets 
1.62 ± 0.10 79.0 ± 7.1 19.0 24.9 

6.03 ± 0.18 78.1 ± 7.5 19.0 24.7 

a As determined by Rietveld refinement 

b As determined by Scherrer’s equation 

 

HAP pellets were prepared with two sizes for the tests at bench- and semi-pilot scale, aiming to 

maintain a tube-to-particle-diameter ratio (dt dp⁄ ) around 8.0. The dt dp⁄   is the most important 

parameter when scaling up processes that considered packed beds such as catalytic processes in 

fixed-bed reactors. The dt dp⁄   influences not only the porosity of the packed bed but also the 

flow, pressure drop, heat and mass transfers in the catalytic bed [315–317]. The average 

diameter of the pellets produced for the bench-scale and semi-pilot scale reactors were 1.62 ± 

0.10 mm and 6.03 ± 0.18 mm, respectively. Considering the diameter of the tubes used on both 

setups, the dt dp⁄   for the bench- and semi-pilot scale setups were 6.60 and 7.75, respectively. 

The extrusion process used for the production of the macroscopic shapes was carried manually 

with a 60 mL syringe and a caulking gun, which were used for the production of cords from the 

paste prepared with the Ni-impregnated HAP and HEC (temporary binder). This manual process 

interfered in the final diameter of the pellets, especially in the small pellets produced for the 

bench-scale setup which, although relatively homogeneous, had a bigger diameter than 

expected, resulting in a lower dt dp⁄ . Chu et al. [311] showed that for dt dp⁄   from around 8.0, 
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packed bed parameters such as porosity and permeability stabilize, meaning that no increase in 

the bed permeability is observed. Additionally, Afandizadeh et al. [312] also showed that for 

dt dp⁄   in the range of 8.0 to 14.0, the bed porosity was stable around 0.40, making dt dp⁄   = 8.0 

a “rule of the thumb” standard for development of new pelletized catalysts. 

The porosity of the pelletized catalysts was evaluated by the solvent replacement method using 

ethanol [313], and the results are presented in Table 1. Both the HAP and the Ni/HAP catalysts 

presented high porosity, around 79%. The production of macroscopic shapes (pellets, filters, 

three-dimensional monoliths, etc.) with HAP has already been reported in the literature for 

pharmaceutical and adsorption applications, both pure and with additives such as cellulose and 

urea, and authors have reported high porosity (67–91%) for the final pellets [318–320]. Highly 

porous pellets present a higher surface area and favoring low pressure drops across the catalytic 

bed, both factors that are advantageous for the catalytic process [321]. 

XRD spectra of HAP and Ni/HAP catalysts are presented on Figure 5.1. The spectrum of HAP 

support was obtained after calcination at 500°C for 2h under static air atmosphere, without any 

further modification on the catalyst support. Diffraction peaks at 2θ = 26.1°, 31.6°, 33.0°, 34.1°, 

39.7°, 46.2°, 49.2° and 53.2° correspond to the hexagonal crystalline structure of hydroxyapatite 

(JCPDS 98-000-0251) and the planes (002), (211), (300), (202), (222), (213) and (004). For the 

HAP-supported catalysts, XRD spectra (Figure 5.1) were recorded for the 20wt% Ni-

impregnated HAP (after calcination, prior to pelletizing process) and for the 20Ni/HAP pellets 

(after pelletizing process and calcination). The NiO phase was found to be formed on the HAP 

support with characteristic diffraction peaks at 2θ = 37.6°, 43.3° and 62.9° corresponding to the 

(111), (200) and (220) planes, respectively, for both cases (before and after pelletizing process). 

No signs of Ni substitution in the HAP structure were found on the XRD spectra. Although the 

substitution of bivalent ions in the HAP structure is common and has already been reported for 

HAP-supported catalysts, the incipient wetness impregnation synthesis carried in this work does 

not favor such substitution, for the small amount of water that is used [236], and the pelletizing 

process followed by a second calcination cycle was also not able to favor ion substitution. 

The metal load on the 20Ni/HAP catalyst was assessed by XRD using the Rietveld refinement 

and the results are presented on Table 5.1. The results show a good agreement between the 
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predicted (20wt%) and the measured (18.9-19.0wt%) metal amounts for the 20Ni/HAP 

catalysts. As the 20Ni/HAP pellets were prepared with the previously 20wt% Ni-impregnated 

HAP powder, it was expected that no difference would be seen between the Ni load on the HAP 

impregnated powder and the pelletized catalysts. The impregnation yield is around 95%, which 

is expected for the synthesis via incipient wetness impregnation, when minor losses are expected 

due to the fixation of the precursor solutions on the flask walls during synthesis [236]. The 

crystallite sizes of the Ni-based catalysts were calculated from the XRD spectra using the 

Scherrer’s equation and the results are presented on Table 5.1. Results show particle sizes in the 

range of 24–25 nm, which are in good agreement of the literature for catalyst prepared by 

impregnation [78,236]. In addition, similarly to the metal loads, no significant difference was 

expected between the crystallite sizes from the Ni-impregnated HAP powder and the 20Ni/HAP 

pellets, which indicates that the second calcination cycle after the pelletizing process did not 

alter significantly the already formed NiO particles on the surface of the HAP support. 

 

Figure 5.1 – XRD spectra of the hydroxyapatite (HAP) support and the HAP-supported catalysts. 

Figure 5.2 presents the SEM images obtained from fresh calcined pelletized HAP (Figure 

5.2A,B) and 20Ni/HAP (Figure 5.2C,D). The SEM observations reveal that the surface of the 

pellets is relatively smooth with a uniform pore structure (Figure 5.2A,C). The ImageJ software 

was used to measure the pores diameters observed on the SEM images (at least 100 
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measurements). The average pore diameters observed on the surface of pelletized HAP and 

20Ni/HAP are 2.86 ± 0.50 µm and 3.00 ± 0.51 µm, respectively, which indicates that no 

significant changes were introduced to the pellet structure by the Ni impregnation. However, 

despite the relative uniformity, defects such as cracks and bigger holes were also observed on 

the surface of the pelletized samples (Figure 5.2A,B,D). The defective areas presented bigger 

pores with up to 50 µm of diameter. A similarly porous structure has also been reported by 

Albayrak et al. [320] when preparing HAP-based pellets with urea addition. The authors showed 

SEM observations in which similar round pores can be observed in the surface of the HAP-

based pellets, which was also the case for Lyu et al. [319], when preparing HAP-cellulose 

composites for protein purification.  

 

Figure 5.2 – SEM observations of (A,B) HAP and (C,D) 20Ni/HAP pelletized catalysts at 500x and 

1000x magnification.  

The distribution of the metal particles on the surface of both the powder and pelletized catalysts 

was assessed by SEM-EDX and the results are presented on Figure 5.3. EDX mapping identifies 

all the components of the HAP structure (Ca, P and O) both on the HAP powder (Figure 5.3A) 

and on the HAP pellet (Figure 5.3B). As for the Ni-based catalysts, EDX mapping shows a good 
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distribution of the Ni metal particles on the surface of the 20wt% Ni-impregnated HAP powder 

(Figure 5.3C) and on the surface of the 20Ni/HAP pellets (Figure 5.3D). Considering a 

homogeneous distribution of the Ni metal particles on the surface of the 20Ni/HAP pelletized 

catalyst and the high porosity of the pellets (around 79%, Table 5.1), the 20Ni/HAP pelletized 

catalyst presents a high active surface area for the direct FG methanation process. Literature 

consistently reports on the effects of metal dispersion and particle size on the catalytic activity 

towards CO2 methanation [123,127]. Particle sizes in the range of 2–20nm associated with a 

high metal dispersion, strong metal-support interaction and high support surface area are related 

with higher CO2 conversion, suppression of RWGS and Boudouard competing reactions and 

higher thermal stability [118,123,127,267]. 

 

Figure 5.3 – SEM images of (A) HAP support, (B) HAP pellets, (C) 20Ni/HAP powder (D) 20Ni/HAP 

pellets at 1,000 times magnification. EDX mapping showing the distribution of Ca (yellow), P (red), O 

(cyan) and Ni (green). Scale bar corresponding to 60 µm. 
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Bench-scale flue gas methanation 

In this study, the performance of Ni-based HAP-supported pelletized catalysts was investigated 

for the first time for the direct hydrogenation of real FG streams for methane production. The 

choice of active phase was based on several reports [119,123,127] that point to Ni as a cost-

effective catalyst for CO2 hydrogenation into methane due to its availability and low cost, when 

compared to noble metals (Ru, Rh, etc.) and its satisfactory performance. The choice of metal 

load at 20wt% Ni was based on preliminary tests (data not shown) that demonstrated that higher 

Ni metal loads led to an increase on CO2 conversion but also favored CH4 selectivity by 

suppressing the occurrence of side reactions i.e., by delaying the onset temperature for CO 

production. Such results are also in agreement with previous reports that show that the increase 

on the active phase load can favor the CO2 methanation process by increasing the number of 

active sites on the catalyst surface, which facilitates the electron transfer on the surface of the 

catalyst support and, in turn, enhances catalyst performance [123,250]. However, this positive 

influence is limited by the active phase dispersion on the catalyst surface, meaning that a too 

high metal load can lead to particle agglomeration, which favors carbon formation and catalyst 

deactivation [294].  

GHSV influences both the fluid-dynamic and the mass transfer of catalytic systems and, 

therefore, it has a direct impact on the catalytic performance [296]. Literature demonstrates that, 

as higher GHSV leads both to lower contact times between the reactants and the catalyst, and to 

lower amount of reactant species adsorbed onto the catalyst surface, catalyst performance tends 

to be compromised [122]. Such negative influence is especially pronounced for processes with 

diluted feeds, which is the case of the direct FG methanation, and for reactions that present a 

slow kinetics, which is the case of CO2 methanation that presents a slow kinetics at lower 

temperatures due to the relatively complex eight electron-transfer mechanism that includes 

either CO or formate intermediates [123,124]. Moreover, from a process development point of 

view, GHSV impacts sizing and flowrate of catalytic systems which, in turn, influences the costs 

of production, and needs to be taken into consideration in the design of novel catalysts and 

processes [299,300]. 
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The performance of the direct FG methanation was evaluated at 350°C, over the pelletized 

20Ni/HAP catalysts at bench-scale. Considering the complex nature of real FG streams (highly 

diluted feed, presence of other components such as CO and O2), the influence of the GSHV was 

first assessed with a simulated FG feed. For the tests with simulated FG feed, a mixture of 1:9:4 

CO2:N2:H2 was fed to the reaction system at the working temperature, for simulating the highly 

diluted aspect of the real FG. The GHSV was evaluated in the range of 370–2220 h-1 by 

maintaining the catalyst bed unchanged and varying the gas flow rate in the range of 35–310 

mL/min. The results are presented in Figure 5.4. 

Figure 5.4 shows that both CO2 and H2 conversion were negatively affected by the increase on 

GHSV of the methanation process. For the lowest GHSV values investigated (370 h-1 and 740 

h-1), CO2 conversion was high (90.0%) and equivalent to the thermodynamic limit for the 

methanation reaction at 350°C (90.2%). At GHSV = 1100 h-1, CO2 conversion presented a slight 

decrease reaching 88.3%. As the GHSV increased, the CO2 conversion continued to present a 

further decrease reaching 83.0% and 66.3% at GHSV = 1480 h-1 and GHSV = 2220 h-1, 

respectively. A similar behavior is observed for the H2 conversion, which was high and 

relatively stable around 88–89% up to GHSV = 1100 h-1 but followed the decrease of the CO2 

conversion with the increase of the GSHV and reached 70.5% at GHSV = 2220 h-1.  

 

Figure 5.4 – Catalytic performance of 20Ni/HAP pelletized catalyst for the CO2 methanation on bench-

scale of a simulated FG mixture of CO2:N2:H2 1:9:4 at T = 350°C over different GHSV = 370–2220 h-

1. (A) Conversion of CO2 and H2. (B) Selectivity of CH4, CO, H2O products. 

The negative influence of higher GHSV conditions over the catalytic performance of CO2 

methanation has already been reported in literature [122,322], as for other CO2 conversion 

processes such as biogas and methane dry reforming [259,260]. Tamimi et al. [323] has recently 
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investigated the influence of the GHSV on the performance of NiO-Al2O3 catalysts promoted 

with Fe, Co, Mn and Cr oxides for CO2 methanation. The authors reported that a GHSV increase 

from 9,000 mL.gcat
-1.h-1 to 32,000 mL.gcat

-1.h-1 led to a 50% decrease on the CO2 conversion 

over the best performing 20wt%NiO-15wt%Mn2O3-Al2O3 catalyst, from 40% to around 20% at 

250°C. Similarly, Jaffar et al. [298] reported that increasing the GHSV of CO2 methanation 

reaction over 10wt% Ni-Al2O3 catalyst from 3,000 mL.gcat
-1.h-1 to 4,800 mL.gcat

-1.h-1 led to a 

decrease on CO2 conversion from around 55% to below 30%, at 340°C. Finally, Han et al. [297] 

has reported the effect of the GHSV on the performance of 20wt% Ni-Mg-Al catalyst for CO2 

methanation, considering the effect of a highly diluted feed, which is a similar case to the FG 

presented here. The authors demonstrated that the increase on the GHSV for a highly diluted 

feed (>60vol% inert) is more detrimental to the reaction performance than for a non-diluted 

feed. According to Han et al. [297], the CO2 conversion over the 20wt% Ni-Mg-Al catalyst at 

350°C was around 75% for the non-diluted feed at GHSV = 50,000 h-1, while it was around 68% 

for a feed dilution of 70vol% N2 at GHSV = 38,000 h-1. The observations of Han et al. [297] 

and Abate et al. [322] agree in the sense that, for highly diluted feeds, the increase on the process 

GHSV can compromise not only the required time for the reactants activation and conversion 

on the catalytic surface, but also the amount of adsorbed species necessary for the reaction 

development. 

Selectivity towards CH4 was also affected by the increase in GHSV. CH4 selectivity was stable 

at 100% with no CO production up to GHSV = 1330 h-1 (Figure 5.4B). At GHSV = 1480 h-1, 

CH4 selectivity dropped to 97.1% and reached 93.7% at GHSV = 2200 h-1. Furthermore, no CO 

production was observed for GSHV conditions in the range of 370 h-1 to 1330 h-1, but at higher 

GHSV conditions, CO selectivity reached 2.8% and 6.2%, at GHSV = 1480 h-1 and GHSV = 

2200 h-1, respectively (Figure 5.4B). H2O selectivity was also relatively stable around 50% up 

to GHSV = 1330 h-1, and had a slight increase at higher GHSV conditions, reaching 52.5% at 

GHSV = 2200 h-1 (Figure 5.4B). The onset of CO production at higher GHSV conditions may 

be related to the kinetics of CO2 methanation. According to the proposed mechanisms, CO2 

methanation can occur either by the reduction of CO2 to CO followed by CO methanation 

(Equation 2), or by the formation of formate intermediates on the catalyst surface with 

subsequent reduction to CH4 [123,124]. Both of these proposed mechanisms involve eight 

electron-transfers, which makes up for a slow kinetics, especially at lower temperatures 
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[121,122]. On the other hand, RWGS (Equation 3) is a more kinetically favorable reaction and 

higher GHSV can compromise the required residence time for CO2 methanation while favoring 

CO production via RWGS [122]. A similar behavior was reported by Xiao et al. [265] when 

evaluating the performance of Mn-promoted NiMgAl catalysts for CO2 methanation. The 

authors showed that the increase on the GHSV from 15,000 h-1 to 60,000 h-1 led to a 5% decrease 

in the CH4 selectivity, from 100% to 95%.  

Although the increase on GHSV led to a decrease both on CO2 conversion and CH4 selectivity, 

the performance of the CO2 methanation can also be evaluated by the CH4 productivity point of 

view using the space-time yield (STY; Equation 5.12) [324]. A higher GHSV means a lower 

residence time, which means a higher gas flowrate being treated [299,300]. From this point of 

view, considering that more CO2 is being used in the process (higher gas flowrate), it is possible 

to produce more CH4 even though the CO2 conversion is lower. In the case of the direct FG 

methanation on simulated conditions (Figure 5.4), CO2 conversion was at 90% with 100% CH4 

selectivity at GHSV = 740 h-1 and decreased to 66.3% with 93.7% CH4 selectivity as GHSV 

increased to 2200 h-1. Considering that the CO2 flowrate increased from 5 mL/min to 15 mL/min 

as GHSV increased from 740 h-1 to 2200 h-1, while maintaining the same amount of catalyst, 

the CH4 STY increased from 1.94 mmol/mL.h, at GHSV = 740 h-1, to 4.02 mmol/mL.h, at 

GHSV = 2200 h-1, which represents a 2.0-fold increase. This happens because despite the 

decrease on both CO2 conversion and CH4 selectivity, the 20Ni/HAP catalyst was able to 

maintain a relatively high CO2 conversion (66.3%) with high CH4 selectivity (93.4%) even at 

high GHSV conditions (2200 h-1), which points for its high activity and good performance. The 

CH4 productivity is an important metric to take into consideration in the process design for 

larger scales. 

STY (mmol/mL.h) = 
ṅ(CH4)out

Vcat
 (Equation 5.12) 

The effects of the GHSV on the direct FG methanation were also assessed with real FG feed in 

order to account for the complex nature of FG, including the presence of CO, O2, H2O, NOx and 

SO2. Real FG with an average composition of 80.7 ± 0.5vol% N2, 10.6 ± 0.9vol% CO2, 2.4 ± 

0.7vol% CO, 2.1 ± 0.4vol% O2, 62 ± 7 ppm NOx, 64 ± 6 ppm SO2, H2O/CO2 = 0.3-0.32 was 

captured from the emission of a portable dual fuel generator (model H03651, Firman, USA) 
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operated with gasoline (94 octane) and directly channeled to the reaction system with no prior 

treatment. The direct FG methanation was evaluated for different GHSV in the range of 370–

1480 h-1, by maintaining the catalyst bed unchanged and varying the gas flow rate in the range 

of 35–140 mL/min, with a H2/CO2 = 4, and the results are presented in Figure 5.5. 

 

Figure 5.5 – Catalytic performance of 20Ni/HAP pelletized catalyst for direct FG methanation on 

bench-scale at T = 350°C over different GHSV = 370–1480 h-1. (A) Flue gas conversion. (B) 

Selectivity towards CH4, CO and H2O products. (C) Conversion of O2, NOx and SO2 combustion 

impurities. 

Figure 5.5A shows a clear decrease on the methanation activity of 20Ni/HAP following the 

GHSV increase. Similarly to what was observed for the simulated FG feed (diluted CO2 feed, 

Figure 5.4), CO2 conversion is relatively stable for the lowest GSHV conditions (370–740 h-1), 

around 80%, when the longer residence times favor the contact with following activation and 

conversion of CO2 on the surface of the 20Ni/HAP catalyst. However, as the GHSV increases 

up to 1480h-1, both CO2 and H2 conversion decline, reaching 70.5% and 75.6%, respectively. In 

addition to the CO2 conversion, the conversion of the CO content found in the real FG feed (2.4 

± 0.7vol%) is 100%. Although a similar behavior concerning the decrease on the CO2 

conversion is consistent to the results previously presented for the simulated FG feed, the CO2 
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conversion in the tests with real FG is significantly lower, when compared to the aforementioned 

results. For example, while the CO2 conversion started at 90%, at GHSV = 370h-1, and dropped 

to 83%, at GHSV = 1480h-1, for the tests with real FG feed, CO2 conversion started at 80.7% 

and dropped to 70.5%, at 370h-1 and 1480h-1, respectively. In fact, such decrease in the CO2 

conversion is the result of the presence of the FG feed impurities, including CO, O2, NOx and 

SO2, which will be discussed in the next sections. 

Despite the lower CO2 conversion, CH4 selectivity was high at 100% up to GHSV = 1330 h-1. 

Following a similar behavior to what was observed for the tests with simulated FG feed, CH4 

selectivity was at 100% with no sign of CO production at lower GHSV conditions. At GHSV = 

1480 h-1, CH4 selectivity slightly decreased to 93.6% following the onset of CO production with 

a selectivity around 6.6%. A similar behavior has been reported by Müller et al. [66,67] and Han 

et al. [297] that showed that the influences of FG feed impurities are usually restricted to the 

CO2 conversion and do not necessarily impact the CH4 selectivity. When evaluating CH4 STY 

(Equation 5.12), at a similar GHSV = 740 h-1, the use of real FG was responsible for a 10.2% 

decrease on the STY, from 1.94 mmol/mL.h to 1.74 mmol/mL.h, for the simulated and real FG 

conditions, respectively. Furthermore, despite the decrease on CO2 conversion and CH4 

selectivity with the increase in the GHSV, at GHSV = 1480 h-1, the relatively high CO2 

conversion (70.5%) and CH4 selectivity (93.2%) were responsible for a 63% increase in the CH4 

STY, from 1.74 mmol/mL.h to 2.83 mmol/mL.h, for GHSV = 740 h-1 and 1480 h-1, respectively. 

The presence of CO in the real FG feed led to the occurrence of CO methanation reaction 

(Equation 2). The real FG used in this work was obtained directly from a dual-fuel portable 

generated operated with gasoline (94 octane) with no prior treatment and presented an average 

CO concentration around 2.4 ± 0.7vol%. In fact, no CO was detected in the outlet feed of the 

direct FG methanation setup, indicating that the CO present in the FG inlet feed was completely 

converted during the direct FG methanation process (100% CO conversion, Figure 5.5A), and 

that no CO was produced as a result of competing RWGS reaction (Equation 5.3) to the CO2 

methanation up to GHSV = 1330 h-1. According to the literature, considering that CO 

methanation reaction is a more exothermic reaction (∆H298K
°

=-206 kJ/mol) than CO2 

methanation (∆H298K
°

=-165 kJ/mol), from the thermodynamic point of view, when operated at 

lower temperatures, CO methanation reaction is preferred over CO2 methanation [132,325,326]. 
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From the kinetics point of view, CO2 methanation involve a more complex mechanism, 

including a proposed mechanism that has CO as an intermediate following the CO methanation 

[122–124]. Moreover, Schmider et al. [116], when modelling the kinetics of combined CO and 

CO2 methanation, reported that the presence of CO in the feed represents an inhibition for the 

onset of CO2 methanation, that only starts after the completion of CO conversion. Furthermore, 

Rönsch et al. [117] previously reported that CO concentration as low as 200 ppm was able to 

cause such inhibition for CO2 methanation. Finally, considering the presence of CO in the real 

FG feed, in one hand, the CO was completely converted in the course of the methanation 

process. On the other hand, such presence may have delayed the onset of CO2 methanation 

which, in turn, may have contributed both for the lower CO2 conversion obtained with real FG 

feed and for the more accentuated decrease on CO2 conversion as GHSV increased, for further 

compromising the required residence time for CO2 methanation. 

The presence of O2 in the real FG feed should also be considered as an interference for the CO2 

methanation reaction, as previously reported in literature [14,66–68,73,297,307]. The real FG 

feed used in this work presented an average O2 concentration around 2.1 ± 0.4vol%. According 

to the literature [14,66,70,297], the presence of O2 in the methanation feed can have at least 

three effects on the CO2 methanation process: i) the hydrogen-oxygen reaction (2H2+2O2 →

2H2O) can consume part of the H2 available for CO2 methanation and decrease CO2 conversion, 

ii) the high exothermicity of the hydrogen-oxygen reaction (∆H298K
°

= -572 kJ/mol) can further 

contribute for the creation of hotspot in the catalyst that can lead to catalyst deactivation by 

sintering of active particles, and iii) the presence of O2 can reduce the occurrence of oxygen 

vacancies in the catalyst support and reduce the reaction rate of CO2 methanation by 

compromising important paths of the reaction mechanisms. Moreover, the studies by Araújo et 

al. [14] and Müller et al. [66], when investigating the influence of common FG impurities on 

the methanation process, show that O2 concentrations as low as 2.0vol% can lead to a decrease 

around 3-5% on the CO2 conversion. Finally, from the experimental data acquired in this work 

with real FG feed, no O2 was detected on the outlet feed suggesting that it was completely 

converted (Figure 5.5C) during the direct FG methanation process and might have contributed 

for the decrease on the CO2 conversion, when compared to the simulated FG feed. However, no 

significant increase in the catalyst bed temperature was detected during the experiments with 
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real FG feed, with the maximum increase in the temperature of the catalyst bed being limited to 

around 4–5°C, which reduces the risk of catalyst sintering. 

The presence of NOx and SO2 in the real FG feed should also be taken into account when 

evaluating the direct FG methanation process. The real FG feed used in this work presented NOx 

and SO2 average concentrations around 62 ± 7 ppm and 64 ± 6 ppm, respectively. NOx and SO2 

are common emissions from combustion processes. NOx emissions are the result of three 

mechanisms that take place during combustion: i) thermal oxidation of atmospheric nitrogen 

due to high temperature combustion, ii) oxidation of fuel-bound nitrogen and iii) reaction of 

CH– radicals from the fuel with atmospheric nitrogen at high temperature [327]. SO2, on the 

other hand, is produced mostly from the oxidation of sulfur species and, therefore, is directly 

dependent on the sulfur concentration in the fuel [59]. In addition, other aspects such as the 

combustion unit design, combustion efficiency and temperature, and fuel/oxygen ratio have a 

direct influence on the amount of NOx and SO2 present in the FG [13].  

 Considering the clear environmental impacts of such emissions [13,61], commercially available 

denitrification (removal of NOx) and desulfurization (removal of SO2) methods are applied to 

treat the FG upon emission, with ammonia-based selective catalytic reduction (NH3-SCR) and 

wet flue gas desulfurization (WFGD) being the most common [59,61]. Despite the commercial 

status, these processes are associate with a high demand of chemicals, in the case of NH3-SCR, 

a high generation of by-products (gypsum), in the case of WFGD, and with an increase on 

energy demand, which impacts costs [56]. In the scope of the direct FG methanation strategy, it 

is important to understand the impacts of such emission’s impurities on the catalytic activity 

towards CO2 methanation, which is not clear in the literature. Figure 5.5C shows the behavior 

of the NOx and SO2 present on the real FG feed as a function of GHSV at 350°C. The results 

show that the NOx content in the FG feed is completely converted during the methanation 

process, as no NOx was detected in the outlet feed. On the other hand, no SO2 conversion is 

observed, meaning that the SO2 concentration in the real FG inlet feed was the same as observed 

in the reaction outlet feed, around 64 ppm.  

The mechanisms of commercial denitrification and desulfurization are significantly different. 

The methods available for SO2 removal as usually based on physical processes, such as 

adsorption and scrubbing, since SO2 is a relatively stable oxide not easily activated for chemical 
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transformation [56]. On the other hand, the low solubility of NOx makes chemical-based 

methods more suitable for denitrification, since NOx can be more easily reduced in the presence 

of a catalyst [56,59]. On SCR-based methods, NH3, H2 or other hydrocarbons (such as methane) 

are injected in the FG to reduce NOx to N2 and H2O [13]. Classical catalysts for NOx SCR 

include V, Ti and Mo, although Ni, Co and Cu can also be used for such purpose [64]. In this 

regard, it is possible to hypothesize that the NOx present in the real FG feed was reduced to N2 

and H2O in the highly H2-concentrated feed over the 20Ni/HAP catalyst (Equation 5.13-14). 

Unfortunately, the high N2 concentration and the low NOx concentration in the FG did not allow 

us to confirm such hypothesis, given the precision level of the chromatography system. As for 

the SO2, considering that most SO2 removal process are based on the use of adsorbents, it is 

possible to hypothesize that the 20Ni/HAP catalyst is not an efficient adsorbent for SO2 and, 

therefore, the SO2 present in the real FG feed did not show any significant interaction with the 

20Ni/HAP catalyst. Indeed, Bittencourt et al. [328], when evaluating the acid-base properties of 

HAP surface and their relationship with HAP adsorption capacity, showed that the adsorption 

energy of SO2 onto the HAP surface is much higher (-1.16 eV) than other species of interest for 

the direct FG methanation such as CO2 (-0.57 eV), CO (-0.47 eV) and H2 (-0.19 eV). These 

results corroborate the hypothesis of the low/difficult interaction between the SO2 and the 

20Ni/HAP catalyst. 

2 NO2 + 4H2 → N2 + 4H2O   (Equation 5.13) 

2 NO + 2H2 → N2 + 2H2O  (Equation 5.14) 

When it comes to the impact of NOx and SO2 on the catalytic activity for CO2 methanation, 

Müller et al. [66] investigated the presence of 100 ppm of NO2 in a simulated FG feed 

(CO2:H2:N2 1:4:5 mixture) and reported that both the CO2 conversion and the CH4 selectivity 

were virtually unaltered around 80% and 100%, respectively, during 100h of TOS. In addition, 

Araújo et al. [14] assessed the presence of up to 200 ppm of NO in a simulated FG feed 

(CO2:H2:N2 1:4:5 mixture) and reported that the CO2 conversion was also virtually unaltered 

around 90% during 12h of TOS. It is worth to highlight that in the study of Araújo et al. [14], 

the authors report that the presence of NO in the simulated FG feed led to an oscillatory profile 

of the CO2 conversion, with cyclic decreases and increases in the CO2 conversion in a range of 

90 ± 4.5%, which was not observed in the tests without NO. However, the conversion of the 
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NOx content during the methanation process was not mentioned by any of these studies. 

Furthermore, both Müller et al. [66] and Araújo et al. [14] also investigated the impact of SO2 

presence in the simulated FG feed for CO2 methanation. In this regard, the authors reported that 

SO2 concentrations in the range of 20–86 ppm were enough for a significant decrease in CO2 

conversion, up to 10% during 5h. The authors hypothesized that the SO2 that was present in the 

simulated FG feed may have been reduced to H2S in the presence of H2, which has a far more 

aggressive catalyst poisoning activity than SO2 [14,66]. However, in this work, no SO2 

interaction was noticed during the direct FG methanation experiments with real FG feed. In 

addition to the hypothesis of the poor adsorption of SO2 on the 20Ni/HAP catalyst, in this work, 

the inlet feed was composed of a real FG stream added of H2, meaning a further dilution of the 

FG during the methanation process. Considering such dilution, the concentration of SO2 during 

the methanation processes was below 10 ppm, which might be another reason for no significant 

catalyst poisoning. 

Long-term methanation test were carried in order to better characterize the catalytic 

performance of the 20Ni/HAP catalyst for the direct FG methanation. Figure 5.6 shows the 

catalytic performance of the 20Ni/HAP catalyst for direct FG methanation during 50h of TOS 

at 350°C and GHSV = 740 h-1. Both CO2 and H2 conversions were high and relatively stable 

throughout the test (Figure 5.6A). CO2 conversion started at 82.3% and slightly dropped in the 

course of the first 10h of TOS to around 76% and remained stable until the end of the 50h of 

TOS. H2 conversion remained relatively unchanged with a small oscillation between 89–91%. 

In addition, CO conversion was kept at 100% for the whole duration of the test. The behavior 

of the CO2 conversion of being stable although far from the thermodynamic equilibrium (90.2% 

CO2 conversion at 350°C, marked by a black line, Figure 5.6A), with a higher H2 conversion 

confirms the hypothesis of the interference of real FG feed impurities (CO, O2, NOx) in CO2 

conversion. In this regard, the combination of side reactions such as CO methanation, O2 and 

NOx conversion may have compromised part of the residence time, active sites and H2 available 

for CO2 methanation [14,66,67]. Boukha et al. [78] also reported a stable operation on their 

study of La-promoted HAP-supported Ni catalysts for CO2 methanation. In that study, the 

authors showed that the optimized 6.6wt% La-promoted Ni/HAP catalyst presented a stable and 

robust operation for CO2 methanation during 100h of TOS, with similar catalytic performance 
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in terms of CO2 conversion around 73%, CH4 selectivity above 98%, minor CO production and 

no carbon deposits [78]. 

 

Figure 5.6 – Catalytic performance of 20Ni/HAP pelletized catalyst for direct FG methanation on 

bench-scale at T = 350°C, GHSV = 740 h-1, TOS = 50h. (A) Flue gas conversion. (B) Selectivity 

towards CH4, CO and H2O products. (C) Conversion of O2, NOx and SO2 combustion impurities. 

Product selectivity was stable for the whole duration of the long-term operation test (Figure 

5.6B). Both CH4 and H2O selectivity presented a slightly oscillatory behavior which can be 

attributed to the slightly variable composition of the real FG feed during the 50h of TOS, 

considering that the real FG stream was directly channeled from a portable dual-fuel generator 

with no prior treatment or conditioning [246,247]. CH4 and H2O selectivity were stable around 

97–100% and 59–64%, respectively. No CO production was detected during the 50h of TOS, 

which points to the dominance of CO and CO2 methanation reaction rather than RWGS even 

during long-term operation. Furthermore, a similar behavior to the tests at different GHSV was 

observed for the conversion of the combustion impurities (O2, NOx and SO2). 100% of the O2 

and NOx contents were converted during the direct FG methanation process while no interaction 

was noticed between the SO2 content and the 20Ni/HAP pelletized catalyst (Figure 5.6C).  
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Finally, taking all the effects of the complex composition of the real FG feed into consideration, 

the feasibility of the direct FG methanation process was demonstrated with a real FG stream 

with a robust performance of 20Ni/HAP pelletized catalyst. Moreover, this process can be 

operated with high CO2 conversion and CH4 selectivity, around 76–82% and 100%, 

respectively, at 350°C and optimized GHSV conditions (≤ 740h-1). In addition to the high CO2 

conversion, the direct FG methanation process over the 20Ni/HAP pelletized catalyst is also 

capable of converting 100% of the CO, O2 and NOx present in the FG with no signs of catalyst 

poisoning by the SO2 content of the real FG feed even at longer periods at exposure (up to 50h 

of TOS). 

Semi-pilot scale flue gas methanation 

Catalyst development is still one of the main challenges faced by CO2 methanation and PtG 

technologies in general before getting to full commercial scale [121]. In addition to the most 

common performance challenges attributed to classical alumina-supported Ni-based catalysts, 

such as low activity at low temperature and easy deactivation either by coke accumulation or 

thermal sintering [119,127], data on large-scale performance is also scarce. In this regard, the 

development of alternative catalysts, such as the HAP-supported Ni catalysts proposed in this 

work, should take into account aspects of process design such as optimization of operating 

conditions, catalyst stability and feed purity, but also aspects of catalyst manufacture such as 

use of additives/binders and macroscopic shaping strategies [329–331]. Furthermore, 

information on the performance of catalytic processes at larger scales (semi-pilot, pilot, 

demonstration, etc.) contribute for better assessing the process limitations and risks associated 

with the technology upscaling [301]. 

In this work, the proposed 20Ni/HAP catalyst was prepared by a simple and scalable incipient 

wetness impregnation process and pelletized by extrusion. Once validated for direct FG 

methanation on bench-scale, the performance of the 20Ni/HAP pelletized catalyst was assessed 

on semi-pilot scale. First, the influence of GSHV was assessed on semi-pilot scale at 350°C 

using real FG feed. For that, the catalyst load (30g) and catalyst bed (h = 2.54 cm) were kept the 

same for all conditions and the different GHSV (370–1480h-1) were obtained by varying the gas 

flow rate in the range of 280–1080 mL/min. The results are presented in Figure 5.7. 
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Figure 5.7 – Catalytic performance of 20Ni/HAP pelletized catalyst for direct FG methanation on 

semi-pilot scale at T = 350°C, over different GHSV = 370–1480 h-1. (A) Flue gas conversion. (B) 

Selectivity towards CH4, CO and H2O products. (C) Conversion of O2, NOx and SO2 combustion 

impurities. 

The results obtained at semi-pilot scale are similar to what was previously observed at bench-

scale (Figure 5.5), which points to the reliability of the catalytic activity of the 20Ni/HAP 

pelletized catalyst for direct FG methanation. CO2 conversion (Figure 5.7A) starts at 79.7% in 

the range of GHSV from 370h-1 to 740h-1. At GHSV = 1100h-1, a slight drop on CO2 conversion 

is observed to 75.8%, and it continues dropping as GHSV increases, reaching 68.5% at GHSV 

= 1480h-1. H2 conversion is high around 90% for GHSV = 370–740h-1 and drops as the GHSV 

increases, reaching 75.1% at GHSV = 1480h-1. CO conversion is at 100% for all GHSV 

conditions. It is worth noting that H2 conversion is systematically higher than CO2 conversion 

for all the GHSV conditions tested, although a stoichiometric H2/CO2 = 4 is fed to the catalytic 

system, confirming that part of the H2 is consumed by parallel reactions. Such parallel reactions, 

as previously discussed, might include CO methanation, hydrogen-oxygen reaction and NOx 

reduction.  
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Product selectivity and the conversion of combustion impurities also follow a similar behavior 

as previously seen at bench-scale (Figure 5.5). CH4 selectivity was high (>90%) for all the 

GHSV conditions tested (Figure 5.7B). CH4 selectivity presented a slightly oscillatory behavior 

in the range of 97–100% for GHSV = 370–1330h-1, which was expected due to the nature of the 

real FG feed coming directly from the combustion unit [246,247], and dropped to 91.8% at the 

highest GHSV evaluated (1480h-1). The oscillatory behavior of CH4 selectivity is credited to the 

nature of the combustion process since no CO production was detected for the GHSV conditions 

between 370h-1 to 1330h-1. For GHSV = 1480h-1, CO was detected and reached a selectivity of 

8.0% following the drop in the CH4 selectivity. As for the combustion impurities, 100% 

conversion of O2 and NOx were obtained at all GHSV conditions investigated, which 

corroborate the hypothesis of side reactions consuming part of the H2 available for the FG 

methanation. In addition, no SO2 conversion was observed, and no signs of catalyst poisoning 

were detected on the tests at semi-pilot scale. In terms of CH4 productivity, the increase on 

GHSV represented an increase on CH4 STY from 1.79 mmol/mL.h to 2.72 mmol/mL.h, for 

GHSV = 740 h-1 to 1480 h-1, respectively.  

The performance of the 20Ni/HAP pelletized catalyst was tested for long-term operation on 

semi-pilot scale with real FG feed at 350°C and GHSV = 740h-1 during 50h of TOS. Figure 5.8 

presents the results for the stability test carried at semi-pilot scale. Figure 5.8A shows that the 

operation on semi-pilot scale is stable for 50h of TOS and similar to the results obtained on 

bench-scale (Figure 5.6). CO2 and H2 conversions start high at 82.6% and 92.9%, respectively. 

CO2 conversion follow a descending behavior during the first 10h of operation and stabilizes 

around 75–77% for the duration of the test. H2 conversion also presents a slight drop during the 

first 10h of TOS but it is consistently higher than CO2 conversion, stabilizing around 86–89% 

up to the end of the test. Moreover, CO conversion is stable at 100% during the whole test, 

which accounts for part of the H2 conversion.  

Product selectivity is presented in Figure 5.8B. CH4 selectivity is high throughout the test, with 

slight fluctuation around 97–100% due to the slightly variable composition of the real FG feed 

during the 50h of TOS. No CO production is observed for the whole duration of the test, 

confirming that the features of 20Ni/HAP such as small particle size (around 24nm, Table 5.1) 

and appropriate metal distribution, combined with optimized operating conditions (T = 350°C, 
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GHSV = 740h-1), are responsible for a successful operation and minimization of occurrence of 

RWGS reaction [123,140]. H2O selectivity was stable around 62–65% with slight fluctuation 

throughout the test. The behavior of combustion impurities during the 50h-long operation is 

presented in Figure 5.8C. Complete conversion of O2 and NOx was observed while SO2 did not 

seem to interact with the 20Ni/HAP pelletized catalyst. 

 

Figure 5.8 – Catalytic performance of 20Ni/HAP pelletized catalyst for direct FG methanation on 

semi-pilot scale at T = 350°C, GHSV = 740 h-1, TOS = 50h. (A) Flue gas conversion. (B) Selectivity 

towards CH4, CO and H2O products. (C) Conversion of O2, NOx and SO2 combustion impurities. 

The stable and robust operation of the 20Ni/HAP pelletized catalyst during direct FG 

methanation on semi-pilot scale is consistent with the performance of La-promoted HAP-

supported Ni catalyst prepared by Boukha et al. [78] for CO2 methanation, which presented 

around 73% CO2 conversion with >98% CH4 selectivity during 100h of TOS. Müller et al. [68] 

described the integration of a methanation unit to a lignite coal power plant for direct FG 

methanation using a commercially available 65wt% Ni/SiO2-Al2O3 catalyst and reported 

comparable results to what has been presented in this work. For the tests with CO2 and simulated 

FG feed (15.5vol% CO2, 6.0vol% O2, 78.5vol% N2, 46 ppm NOx, 63 ppm SO2), Müller et al. 
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[68] confirm the deleterious impact of high GHSV over the CO2 methanation activity and reports 

a drop on CO2 conversion from around 80% to around 60% at 400°C as GHSV increases from 

470h-1 to 1660h-1. Results obtained in this work for the tests with simulated FG feed (CO2:N2:H2 

= 1:9:4) on bench-scale with the 20Ni/HAP pelletized catalysts show a decrease on CO2 

conversion from 90.0% to 66.3% at 350°C as GHSV increases from 370h-1 to 2220h-1. When it 

comes to tests with real FG feed, Müller et al. [68] report that a segmented fixed-bed reactor 

was integrated to the FG channel of the power plant and the FG was collected after a 

desulfurization process for the removal of excess SO2 (final concentration: 63ppm SO2) and a 

condensation step for the removal of excess H2O and possible H2SO4 formed as a result of H2O-

SO2 interaction. Furthermore, the reactor segments were heated to 350°C but temperature was 

stable around 550°C as a result of the heat produced by the CO2 methanation and hydrogen-

oxygen reactions. Considering these conditions, for a GHSV = 800 h-1, the authors reported a 

CO2 conversion around 67% [68]. The results presented in this work for the direct FG 

methanation with real FG feed at semi-pilot scale show a stable and superior CO2 conversion of 

73% over a TOS of 50h, with complete conversion of CO, O2 and NOx and no signs of 

deactivation or poisoning of the 20Ni/HAP pelletized catalyst. 

Designing a novel process, such as the direct FG methanation with no prior FG conditioning, 

demands a significant amount of information that goes beyond the metrics of catalyst 

performance and should include extensive theoretical modelling, vast material characterization, 

performance assessment on different scales, stability investigation, reactor design, plant design, 

scalability, techno-economical and life-cycle assessments [73,329–331]. Considering the direct 

FG methanation proposed in this work, Müller et al. [67,68] and Miguel et al. [70] have already 

highlighted the interest of the direct integration of a Sabatier-based methanation unit to profit 

from post-combustion FG as a source of CO2. In this scenario, the development of efficient 

catalysts able to efficiently convert FG with no prior treatment would allow the by-passing of 

CO2 purification and FG denitrification strategies, for example, which would represent a cost 

reduction, but also decrease the use of energy and chemicals required for such processes 

[16,17,68,229]. However, reactor and plant design should also be carefully considered in this 

case since the highly diluted nature of real FG would play an important role on equipment sizing 

and the highly exothermic nature of CO2 methanation (as well as CO methanation and hydrogen-

oxygen reaction) would account for an excessive heat production which should be accounted 
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for [68,70]. To this end, varied reactor designs such as segmented fixed-bed [68,73], circulating 

[12] fluidized bed [70], and microstructured reactors [305], for example, have already been 

proposed as alternatives for overcoming excessive heat production and mass transfer limitations 

due to high feed dilution.    

From the catalyst point of view, literature shows that crossing the bridge between research 

catalysts (those that are modelled to the detail by theoretical methods and tested in laboratory 

scale) to technical catalysts (those that are produced by scalable methods and perform at high 

standards for several hundred hours in demonstration/commercial scale) is still a significant 

challenge [330,332]. Ideally, the formulation of a technical catalyst should include an effective 

active phase, low-cost materials, appropriate composition that considers the use of binders, 

porosity generator components, promoters, etc., and scalable synthesis and macroscopic shaping 

methods [329,330]. In this work, we demonstrated the stable operation (TOS = 50h) of a direct 

FG methanation process over a 20Ni/HAP pelletized catalyst on semi-pilot scale with high CO2 

conversion (> 70%), complete conversion of CO, O2 and NOx that were present in the non-

treated FG and no signs of catalyst poisoning due to the long contact time with SO2. The 

proposed 20Ni/HAP catalyst presented a promising performance in terms of CO2 conversion, 

CH4 selectivity and stability. In addition, the 20Ni/HAP catalyst was prepared by simple 

impregnation technique and pelletized by a scalable extrusion process, presenting a moderate 

Ni load (20wt%) and taking advantage of the interesting properties of HAP as a catalyst support, 

which is commercially available and can be easily synthesized by different methods [308,333]. 

Finally, the results presented here show a promising application of HAP-supported Ni-based 

catalyst for direct FG methanation with a validated performance on semi-pilot scale and 

potential for continued process optimization and upscaling. 

5.2.5. Conclusion 

In this work, the proposed 20Ni/HAP catalyst was prepared by a simple and scalable incipient 

wetness impregnation process and shaped into macroscopic pellets via extrusion process. The 

performance of the 20Ni/HAP pelletized catalyst was evaluated on bench-scale and validated 

for direct FG methanation over different GHSV conditions both with simulated and real FG 

feeds. Moreover, the influence of the complex FG composition was assessed in terms of the 
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impact of FG combustion impurities such as CO, O2, NOx and SO2 over the catalytic 

performance of 20Ni/HAP for direct FG methanation. At optimized conditions, direct FG 

methanation on bench-scale under real FG conditions yielded a stable CO2 conversion around 

76% for 50h. Catalytic tests carried on semi-pilot scale demonstrated the robust performance of 

20Ni/HAP catalyst for direct FG methanation with stable 73% CO2 conversion, 97–100% CH4 

selectivity and no signs of deactivation or catalyst poisoning. Moreover, combustion impurities 

CO, O2 and NOx were completely converted on the course of the direct FG methanation process 

over 20Ni/HAP pelletized catalyst. CO, O2 and NOx may have been responsible for interferences 

on the CO2 methanation activity and consumed part of the H2 available for CO2 methanation 

(H2 conversion around 86–89%) but did not hinder stable operation. SO2 content present in the 

flue gas did not interact with 20Ni/HAP pelletized catalyst and did not represent a catalyst 

poisoning risk. The results presented in this work demonstrate the feasibility of direct FG 

methanation over 20Ni/HAP catalyst with robust operation at semi-pilot scale. The proposed 

HAP-supported Ni catalyst presented a satisfactory behavior in terms of structural properties 

(metal distribution, pellet porosity) during the synthesis and extrusion process. Finally, the 

20Ni/HAP is a promising candidate for further upscaling and future process development for 

the direct FG methanation. 
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6. CONCLUSION AND PERSPECTIVES 

 

6.1. Conclusion (en français) 

Dans ce travail, l’utilisation directe des gaz d’échappement a été proposée comme solution 

alternative pour contourner les étapes coûteuses de captage du carbone dans le contexte des 

technologies CCU. Bien que les FG provenant de sources fixes (centrales électriques, 

production d’acier, fusion de l’aluminium, procédés chimiques, etc.) soient responsables par 

d’importantes émissions de GES, leur composition complexe et variable entrave sa valorisation. 

La présence de N2, de CO, d’O2, de NOx et de SO2 soulève différents défis qui doivent être 

relevés, allant de réactions parallèles qui compromettent les performances catalytiques à un 

surdimensionnement des réacteurs en raison d’une dilution importante de l’alimentation. Dans 

ce contexte, des technologies d’épuration des FG telles que les procédés de désulfuration et de 

dénitrification, et de technologies de captage et purification du carbone, tel que l’absorption 

chimique postcombustion à base d’amines, sont utilisées pour la valorisation des FG, avec des 

pénalités liées à leurs  coûts d’investissement et d’exploitation. La valorisation directe des FG a 

été étudiée dans ce travail en trois parties. Dans la première partie, la faisabilité de la conversion 

directe des FG a été démontrée à l’aide de catalyseurs classiques supportés sur l’alumine. Dans 

la deuxième partie, l’hydroxyapatite a été proposée comme support catalytique pour la 

méthanisation du CO2, comme une voie prospective pour la valorisation du CO2 dans les FG. 

Enfin, dans la troisième partie, la valorisation directe des FG en méthane a été reprise sur des 

catalyseurs granulés supportés sur l’hydroxyapatite. 

Dans la première partie de ce travail, des catalyseurs supportés sur l’alumine (Ni, Co et Fe) ont 

été préparés par imprégnation et évalués pour la valorisation directe des FG en gaz de synthèse. 

Les catalyseurs classiques à base d’alumine couramment utilisés pour la réaction de reformage 

ont été choisis comme cadres pour la validation de la valorisation directe des FG. Les influences 

de la température (500-900 °C), de la charge métallique (10 à 15 wt%) et du GHSV (315 à 1260 

h-1) ont été étudiées. Le catalyseur 15wt% Ni/Al2O3 a présenté les meilleures performances 

catalytiques pour la valorisation directe des FG en gaz de synthèse, produisant un gaz de 

synthèse avec H2/CO = 0,70 et présentant une conversion de CO2 et d’H2O de 53,9% et 67,0%, 
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respectivement à 900°C et 315h-1. L’augmentation de la température et de la charge en Ni a eu 

un effet positif sur les performances catalytiques pour la valorisation directe des FG. D’autre 

part, un faible GHSV s’est avéré bénéfique pour les performances catalytiques, probablement 

en raison du facteur de dilution élevé des FG (environ 80 % de N2), ce qui aurait pu 

compromettre le temps nécessaire à l’activation et à la conversion des réactifs. Enfin, 100% des 

NOx présents dans les FG ont été éliminés au cours du processus de valorisation, éventuellement 

réduits en N2. Les résultats présentés dans ce chapitre ont démontré la faisabilité de la conversion 

directe des FG, avec une réduction potentielle des coûts associés au captage et à la purification 

des FG. 

Dans la deuxième partie de ce travail, l’hydroxyapatite (HAP) a été proposée comme catalyseur 

alternatif pour la méthanisation du CO2, comme voie de valorisation potentielle du CO2 présent 

dans les FG. L’HAP est un matériau intéressant déjà étudié pour d’autres réactions de 

conversion du CO2, telles que le DRM, pour sa grande stabilité thermique, son acidité/basicité 

de surface contrôlable, sa capacité de mobilité en oxygène et sa synthèse facile. Cependant, 

seules deux études dans la littérature ont considéré l’HAP comme un support catalytique pour  

l’hydrogénation du CO2, et l’influence des conditions opératoires sur la performance des 

catalyseurs d’HAP pour la méthanisation du CO2 n’a pas été décrite. Dans le présent travail, 

l’influence de la température (250-500 °C), de la charge métallique (5 à 20 twt%) et du GHSV 

(320-1600h-1) a été étudiée pour les catalyseurs à base de Ni, Co et Fe. Le catalyseur Ni/HAP 

20wt% le plus performant a fourni une conversion maximale de CO2 de 88% à 350 °C et 320h-

1, avec une sélectivité en CH4 de 100% et aucune production de CO jusqu’à 450 °C. 

L’augmentation de la charge de métal Ni jusqu’à 20 wt% a eu un impact positif sur la conversion 

du CO2 et a retardé le début de la réaction RWGS. De plus, le test de stabilité de50h a montré 

une performance robuste sans  désactivation significative du catalyseur et une conversion stable 

du CO2 autour de 83% avec une sélectivité en CH4 de 100%. Les résultats présentés dans ce 

chapitre ont validé la faisabilité de l’HAP en tant que support de catalyseur alternatif pour la 

méthanisation du CO2 et ont fourni un catalyseur optimisé ainsi que les conditions opératoires 

pour la méthanisation du CO2. En outre, les tests effectués à l’échelle semi-pilote ont montré la 

performance et le potentiel des catalyseurs à base d’HAP à plus grande échelle pour la première 

fois dans la littérature. 
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Dans la troisième partie de ce travail, le catalyseur optimisé 20wt%Ni/HAP a été étudié pour 

son potentiel de mise à l’échelle et pour ses performances pour la méthanisation directe des FG. 

Le processus de mise à l’échelle du catalyseur est complexe et nécessite plusieurs étapes, y 

compris la capacité d’un catalyseur à être mis en forme (sphères, pastilles, etc.) tout en 

maintenant son activité. Dans ce travail, le catalyseur 20wt.%Ni/HAP a été préparé par une 

méthode d’imprégnation humide et mis en forme de pastilles par extrusion. Ensuite, la 

performance du catalyseur a été évaluée à la fois à l’échelle du laboratoire et à l’échelle semi-

pilote pour la méthanisation directe des FG dans différentes conditions de GHSV (370-2220h-

1) et en présence d’impuretés de FG (CO, O2, NOx et SO2). Les essais catalytiques réalisés à 

l’échelle semi-pilote démontrent les performances robustes du catalyseur 20wt.%Ni/HAP pour 

la méthanisation directe des FG avec une conversion stable de 73 % de CO2, une sélectivité >97 

% en CH4 et aucun signe de désactivation du catalyseur pendant 50 h de réaction. La présence 

de CO, d’O2 et de NOx influence les performances catalytiques en consommant une partie de 

l’H2 disponible pour la méthanisation du CO2 avec des réactions secondaires, mais n’affecte pas 

la stabilité du catalyseur. La présence de SO2 n’a pas affecté l’activité catalytique et n’a présenté 

aucun signe d’empoisonnement au soufre. Les résultats présentés dans ce chapitre ont validé la 

faisabilité de la méthanisation directe des FG à l’aide du catalyseur à base de Ni supporté 

surl’HAP avec un fonctionnement robuste à l’échelle semi-pilote. En outre, les catalyseurs 

proposés à base d’HAP ont montré un comportement prometteur pour la mise à l’échelle du 

procédé en raison de leur facilité de mise en forme (granulation) et de leur bonne performance 

catalytique à l’échelle semi-pilote. 

Les travaux présentés ici proposent des voies alternatives intéressantes pour l’utilisation directe 

des FG pour la production de vecteurs énergétiques importants et pertinents sur le plan industriel 

(gaz de synthèse et méthane). En plus de la valorisation directe des FG en gaz de synthèse et en 

méthane par rapport aux catalyseurs à base d’alumine et d’HAP, beaucoup d’efforts ont été 

consacrés au développement technologique d’un catalyseur à base de Fe à faible coût pour la 

valorisation électrocatalytique directe des FG en gaz de synthèse à faible intensité en carbone 

dans le contexte du Materials for Clean Fuels Challenge du Conseil Nationale de Recherche du 

Canada (NRC-CNRC). Le catalyseur structuré à base de Fe développé dans le cadre de ce projet 

présente une performance robuste pour la conversion directe des FG avec des conversions de 

CO2 et H2O de 57 à 60% et 60-65%, respectivement, à 700 °C, GHSV = 310h-1, produisant du 
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gaz de synthèse avec des rapports H2/CO compris entre 0,3 et 2,5. En outre, des tests de stabilité 

ont validé les performances à long terme des catalyseurs structurés à base de Fe pendant 100 

heures de fonctionnement à la fois sur l’échelle laboratoire et semi-pilote. 

Dans l’ensemble, la faisabilité de la valorisation directe des FG a été démontrée à l’aide de 

différents catalyseurs. Ces autres voies de valorisation directe des FG présenté dans ce travail 

ont le potentiel de réduire les coûts associés aux technologies CCU pour cle captage et 

purification du CO2. Les travaux développés ici abordent des défis importants concernant la 

valorisation directe des FG, tels que le développement et l’optimisation des catalyseurs, 

l’optimisation des conditions d’exploitation et l’influence de la composition complexe des FG, 

y compris les NOx et le SO2. Enfin, les résultats présentés ici peuvent aider à d’autres 

développements dans le domaine de la valorisation directe des FG pour présenter des données 

cohérentes utilisant des FG réels, ce qui est actuellement rare dans la littérature. 

6.2. Perspectives (en français) 

Les résultats présentés dans ce travail peuvent être utilisés comme point de départ pour de futurs 

projets de recherche qui répondront à des préoccupations importantes qui ne sont pas prises en 

compte dans ce projet. 

Du point de vue de la valorisation directe des FG, la validation de la performance catalytique 

pour la production de gaz de synthèse et de méthane peut être effectuée avec différents flux de 

FG. La composition des FG est variable et directement liée au processus de combustion. Par 

conséquent, la présence de produits (CO2 et H2O) et de sous-produits (CO, NOx, SOx) de 

combustion à différentes concentrations peut avoir un impact direct sur les performances 

catalytiques pendant le processus de valorisation directe. Les FG utilisés dans ces travaux ont 

été produits par une génératrice à essence. Des essais avec des flux de FG provenant d’unités 

alimentées au charbon, au diesel et à la biomasse seraient utiles pour élucider l’impact des 

différentes compositions de FG et optimiser les performances catalytiques en conséquence. 

Du point de vue de la production de gaz de synthèse, le rapport H2/CO est un paramètre très 

important qui définit l’application finale du gaz de synthèse. Comme indiqué au chapitre 3, le 

gaz de synthèse obtenu par la valorisation directe des FG présentait un faible rapport H2/CO 
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(H2/CO maximum = 0,70), probablement en raison du faible rapport H2O/CO2 présent dans les 

FG (environ 0,30-0,32). La capacité de modulation de la composition du gaz de synthèse 

(rapport H2/CO) pourrait donner une polyvalence significative au processus de valorisation 

directe des FG. Par conséquent, des essais avec différents rapports H2O/CO2 seraient utiles pour 

évaluer la possibilité de moduler la composition du gaz de synthèse, par exemple par ajout de 

vapeur à l’alimentation en FG. En outre, les impacts sur les performances du catalyseur doivent 

également être pris en considération. 

Du point de vue de la performance catalytique, la nature complexe de l’alimentation en FG pose 

différents défis pour le processus catalytique. Bien que ce projet ait proposé différentes voies 

pour l’utilisation directe des FG, l’étude était axée sur l’influence de différentes conditions de 

procédé, telles que la charge du catalyseur, la température et le temps de séjour. En ce sens, les 

études thermodynamiques, cinétiques, mécanistes, de transfert de chaleur et de masse et de 

régénération du catalyseur peuvent aider à mieux décrire le processus catalytique de valorisation 

directe des FG et à étendre le processus d’optimisation des performances catalytiques. 

Du point de vue de la mise à l’échelle des procédés, comme le montrent les chapitres 4 et 5, les 

catalyseurs à base d’HAP proposés dans ce travail présentaient un potentiel important de mise 

à l’échelle des procédés. D’autres développements sur les catalyseurs à base d’HAP pour la 

méthanisation du CO2 peuvent inclure des études sur l’influence de la surface et des propriétés 

de texture du support HAP (basicité de surface, mobilité de l’oxygène, etc.) sur les performances 

catalytiques pour la méthanisation du CO2, et l’étude des promoteurs de catalyseurs tels que Co, 

Fe et K pour améliorer les performances du catalyseur, par exemple. En outre, l’utilisation 

d’autres liants et agents stabilisants lors de la préparation de granulés macroscopiques de 

catalyseurs à base d’HAP peut aider à ouvrir la voie à leur utilisation commerciale dans 

différents procédés. 

Enfin, du point de vue du développement de procédés, la valorisation directe des FG proposée 

dans ce travail a le potentiel de réduire les coûts de purification et de captage du carbone, visant 

la production de vecteurs énergétiques à faible intensité en carbone d’intérêt industriel, tels que 

le gaz de synthèse et le méthane. Les analyses de cycle de vie (ACV) et technico-économiques 

(TEA) sont donc nécessaires pour confirmer et quantifier correctement le potentiel de réduction 

d’émissions de GES de ce procédé ainsi que la faisabilité économique de la technologie. 



134 CHAPTER 6: CONCLUSION AND PERSPECTIVES 

 

6.3. Conclusion (in English) 

In this work, the direct utilization of flue gas has been proposed as an alternative for bypassing 

costly carbon capture and flue gas cleaning steps in the context of CCU technologies. Although 

flue gas from stationary sources (power plants, steel production, aluminum smelting, chemical 

processes, etc.) is responsible for significant GHG emissions, its complex and variable 

composition hinders its valorization. The presence of N2, CO, O2, NOx and SO2 raise different 

challenges that need to be addressed, from competing reactions that compromise catalytic 

performance to oversizing of upgrading equipment due to significant feed dilution. In this 

context, the use of flue gas cleaning technologies such as desulfurization and denitrification 

processes, and carbon capture technologies, such as post-combustion amine-based chemical 

absorption, are usually implemented aiming the flue gas valorization, with penalties related to 

capital and operation costs of such steps. The alternative direct valorization of flue gas was 

investigated in this work in three parts. In the first part, the feasibility of direct flue gas 

conversion was demonstrated using classical alumina-supported catalysts. In the second part, 

hydroxyapatite was proposed as a promising support for CO2 methanation, as a prospect route 

for the valorization of CO2 in the flue gas. Finally, in the third part, the direct valorization of 

flue gas to methane was carried over pelletized hydroxyapatite-based catalysts. 

In the first part of this work, alumina-supported catalysts (Ni, Co and Fe) were prepared by 

incipient wetness impregnation and evaluated for the direct upgrading of flue gas into syngas. 

Classical alumina-supported catalysts commonly used for reforming reaction were chosen as 

frameworks for the validation of the direct flue gas upgrading. The influences of temperature 

(500–900°C), metal load (10–15wt%) and GHSV (315–1260h-1) were investigated. The 15wt% 

Ni/Al2O3 catalyst presented the best performance for the direct flue gas upgrading to syngas, 

yielding 53.9% and 67.0% of CO2 and H2O conversion, respectively, and syngas with H2/CO = 

0.70, at 900°C and 315h-1. The increase in the temperature and in the Ni metal load was found 

to have a positive effect over the catalytic performance for direct flue gas upgrading. On the 

other hand, low GHSV was found to be beneficial for the catalytic performance, probably due 

to the high dilution factor of the flue gas (around 80vol% N2), which might have compromised 

the required time for proper activation and conversion of the reactants. Finally, 100% of the 

NOx present in the flue gas was removed during the upgrading process, possibly reduced to N2 
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in the presence of the produced syngas. The results presented in this chapter demonstrated the 

feasibility of the direct flue gas upgrading, with potential cost reduction associated with the 

bypassing of flue gas cleaning and carbon capture stages. 

In the second part of this work, hydroxyapatite (HAP) was proposed as an alternative catalyst 

support for CO2 methanation, as a prospect valorization route for the CO2 present in the flue 

gas. HAP is an interesting material already investigated for other CO2 conversion reactions, 

such as DRM, for its high thermal stability, controllable surface acidity/basicity, oxygen 

mobility capacity and easy synthesis. However, only two studies in literature have considered 

HAP as a support for CO2 hydrogenation, and the influence of operating conditions over the 

performance of HAP-supported catalysts for CO2 methanation was not described. The influence 

of temperature (250–500°C), metal load (5–20wt%) and GHSV (320–1600h-1) were 

investigated for Ni-, Co- and Fe-based catalysts. Best performing 20wt% Ni/HAP catalyst 

delivered a maximum 88% CO2 conversion at 350°C and 320h-1, with 100% CH4 selectivity and 

no CO production up to 450°C. The increase on Ni metal load up to 20wt% had a positive impact 

on CO2 conversion and delayed the onset of competing RWGS reaction. In addition, long-term 

operation (50h of TOS) revealed a robust performance with no significant sings of deactivation 

and a stable CO2 conversion around 83% with 100% CH4 selectivity. The results presented in 

this chapter validated the feasibility of HAP as an alternative catalyst support for CO2 

methanation and delivered an optimized catalyst and set of operating conditions for CO2 

methanation. Furthermore, the tests carried at semi-pilot scale showed the performance of HAP-

supported catalysts at larger scale for the first time in literature, to the best of our knowledge, 

and presented the potential of HAP-supported catalysts for the process upscaling. 

In the third part of this work, the optimized 20wt% Ni/HAP catalyst was further investigated for 

its upscaling potential and for its performance for direct flue gas methanation. The catalyst 

upscaling process is complex and requires several stages, including the ability of a catalyst to 

be shaped into macroscopic forms (spheres, pellets, etc.) while maintaining its activity. In this 

work, the proposed 20wt% Ni/HAP catalyst was prepared by a simple and scalable incipient 

wetness impregnation method and shaped into macroscopic pellets via extrusion process. Then, 

the performance of the catalyst was evaluated both at bench- and semi-pilot scale for direct flue 

gas methanation over different GHSV conditions (370–2220h-1) and in the presence of flue gas 
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impurities (CO, O2, NOx and SO2). The catalytic tests carried at semi-pilot scale demonstrate 

the robust performance of 20wt% Ni/HAP catalyst for direct flue gas methanation with stable 

73% CO2 conversion and >97% CH4 selectivity and no signs of catalyst deactivation or 

poisoning for 50h of TOS. The presence of CO, O2 and NOx influence the catalytic performance 

by consuming part of the H2 available for CO2 methanation with side reactions but did not hinder 

stable operation. The presence of SO2 did not affect the catalytic activity and did not present 

any signs of sulfur poisoning. The results presented in this chapter validated the feasibility of 

the direct flue gas methanation using the Ni-based HAP-supported catalyst with robust operation 

on semi-pilot scale. Furthermore, the proposed HAP-supported catalysts presented a promising 

behavior for catalyst upscaling by presenting good performance on the pelletizing process and 

the scaling up experiments. 

The work presented here propose interesting alternative routes for direct flue gas utilization for 

the production of important and industrially relevant energy vectors (syngas and methane). In 

addition to the direct valorization of flue gas into syngas and methane over alumina- and HAP-

supported catalysts, much effort was dedicated to the technological development of a low-cost 

Fe-based catalyst for the direct electrocatalytic upgrading of flue gas into low-carbon syngas in 

the context of the Materials for Clean Fuels challenge of the National Research Council Canada. 

The Fe-based structured catalyst developed in this project presents a robust performance for 

direct conversion of flue gas with 57–60% and 60–65% CO2 and H2O conversions, respectively, 

at 700°C, GHSV = 310h-1, producing syngas with H2/CO ratios in the range of 0.3–2.5. 

Furthermore, stability tests have validated the long-term performance of the Fe-based structured 

catalysts for 100h of operation both on bench- and semi-pilot scales. 

Overall, the feasibility of the direct valorization of flue gas was demonstrated using different 

catalysts. These alternative direct flue gas upgrading routes presented here have the potential 

for decreasing the costs associated with CCU technologies for bypassing the requirements of 

flue gas treatment and CO2 purification. The work developed here addresses important 

challenges regarding the direct flue gas upgrading, such as catalyst development and 

optimization, operating conditions optimization and the influence of the complex flue gas 

composition, including NOx and SO2. Finally, the results presented here can help further 
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developments in the field of flue gas direct valorization for presenting consistent data using real 

flue gas streams, which is currently scarce in the literature. 

6.4. Perspectives (in English) 

The results presented in this work can be used as a starting point for future research projects that 

will address important concerns not considered in this project. 

From the direct flue gas upgrading point of view, the validation of the catalytic performance for 

production of syngas and methane can be conducted with different flue gas streams. The 

composition of flue gas is variable and directly related to the combustion process. Therefore, 

the presence of combustion products and by-products in different concentrations can have a 

direct impact on the catalytic performance during the direct upgrading process. The flue gas 

used in this work was provided by a gasoline-fired generator. Tests with flue gas streams coming 

from coal-, diesel-, and biomass-fired units would be useful for elucidating the impact of the 

different flue gas composition and optimizing the catalytic performance accordingly. 

From the syngas production point of view, the H2/CO ratio is a very important parameter that 

defines the final application of syngas. As shown in Chapter 3, the syngas obtained from the 

direct upgrading of flue gas presented low H2/CO ratio (maximum H2/CO = 0.70), probably due 

to the low H2O/CO2 ratio that was present in the flue gas (around 0.30–0.32). The capacity of 

modulating the syngas composition (H2/CO ratio) would be able to give significant versatility 

to the direct flue gas upgrading process. Therefore, tests with different H2O/CO2 ratios would 

be useful for assessing the possibility of syngas composition modulations, by steam addition to 

the flue gas feed, for example. Furthermore, the impacts on the catalyst performance should also 

be taken into consideration. 

From the catalytic performance point of view, the complex nature of the flue gas feed poses 

different challenges for the catalytic process. Although this project proposed different routes for 

direct flue gas utilization, the focus of the investigation was the influence of different process 

conditions, such as catalyst load, temperature and residence time. In this sense, thermodynamic, 

kinetic, mechanistic, heat and mass transfer and catalyst regeneration studies can help better 
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describing the catalytic process of direct flue gas upgrading and extend the optimization process 

on the catalytic performance. 

From the process upscaling point of view, as shown in chapters 4 and 5, the HAP-supported 

catalysts proposed in this work presented significant potential for process scale-up. Further 

developments on the HAP-supported catalysts for CO2 methanation can include studies on the 

influence of the surface and textural properties of the HAP support (surface basicity, oxygen 

mobility, etc.) on the catalytic performance for CO2 methanation, and the investigation of 

catalyst promoters such as Co, Fe and K for improving the catalyst performance, for example. 

Moreover, the use of other binders and stabilizing agents on the preparation of macroscopic 

pellets of HAP-supported catalysts can help pave the way for their commercial utilization in 

different processes. 

Finally, from the process development point of view, the direct valorization of flue gas proposed 

in this work has the potential for decreasing the costs associated with flue gas valorization by 

bypassing the needs for flue gas cleaning and carbon capture, and for the production of low-

carbon energy vectors of industrial interest such as syngas and methane. Future lifecycle (LCA) 

and techno-economic (TEA) assessments are, therefore, required to confirm and properly 

quantify both the GHG-reduction potential and the economic feasibility of the technology.
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