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Abstract 

 

Climate change is one of the major challenges of our current era. The amount of greenhouse gas 

emissions produced by anthropogenic sources has steadily increased since the industrial 

revolution, in particular CO2, which reached a maximum historical concentration of 409.8 ppm in 

2019. In recent years, new technologies have been developed to valorize CO2, which, when used 

as feedstock for chemical processes, reduces its environmental impact. Two of these technologies 

are CO2 methanation and dry reforming of methane (DRM).  

CO2 methanation is the core of the Power‐to‐Gas process (P2G). P2G is a technology in which the 

surplus of power produced by renewable energy is converted into a grid compatible gas. However, 

the P2G process is limited by the intermittency of renewable electricity generation and thus 

hydrogen production. Hence, the methanation reactor should also be able to operate into a different 

range of feed flow rates while maintaining fluidized bed conditions. Therefore, the design of 

fluidized bed reactors for the catalytic CO2 methanation is a crucial step. The first part of this thesis 

presents a graphical approach for the design and operation of bubbling fluidized bed reactors 

through a new type of working diagrams. These working diagrams show the interdependency of 

operating temperature, pressure, particle diameter, and fluidization characteristics. Moreover, a 

decision window to (a) determine the reactor diameter and (b) operate the fluidized bed reactor 

with a turndown ratio of 0.5 to 1.1 is visualized in the working diagrams. When the turndown ratio 

(i.e., inlet flow rate) is reduced, defluidization could occur. Thus, to maintain fluidization, an 

increase in temperature or pressure reduction are alternatives to keep good fluidization conditions. 

However, increasing temperature significantly reduces the CH4 yield and so the efficiency of the 

process. A case study of an industrial CO2 methanation reactor is presented. The results show that 

operating the reactor in a pressure range at a fixed and low temperature gives more flexibility to 

carry the reaction out with different catalyst particle sizes and turndown ratio. For example, a 

reactor that is designed to operate at 10 barabs, 340 °C with a total inlet flow rate of 5000 m3
N h–1 
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(H2/CO2 = 4), can operate at a turndown ratio of 0.3 (1500 m3
N h–1) at the same temperature and 

the same u0/umf ratio by reducing the pressure to 3 barabs, with only a decrease of 2% in the CO2 

equilibrium conversion, saving the energy cost of the high pressure.  

On the other hand, dry reforming of methane is a reaction that simultaneously converts CO2 and 

CH4 to produce syngas, a mix of hydrogen and carbon monoxide. However, the DRM reaction 

requires temperatures above 700 ºC and an efficient catalyst to achieve good conversions (>80%). 

Non-thermal plasma technologies can help the reaction by providing energy to the highly 

endothermic reaction and by decreasing its activation energy. In the second part of this thesis, a 

plasma configuration called rotating gliding arc (RGA) is investigated. In the RGA, tangential gas 

injection combined with a static magnetic field allows the rotation and upward displacement of the 

arc along the electrodes, forming a large plasma reaction volume. Different operating parameters 

such as peak current, total gas flow rate, CO2/CH4 ratio and gas inlet preheating were studied to 

determine the most efficient parameter combination based on conversion and yield. Higher CO2 

and CH4 conversions, as well as H2 and CO yields, were obtained when doubling the peak arc 

current. However, increasing the flow rate led to a decrease in CO2 and CH4 conversions. For 

instance, increasing the flow rate from 3.7 to 6.7 SLPM decreased the conversions of CO2 and CH4 

by 1.7 and 3.7 times, respectively. No significant effect of the peak current or flow rate was found 

in the H2/CO ratio. Moreover, the carbon deposition in the reactor decreased by increasing the CO2 

concentration in the inlet flow rate. No significant effect of the gas inlet temperature on the 

conversions or yields was found. Acetylene and ethylene were identified in trace amounts (< 0.5% 

mol) as byproducts of syngas generation. The low amount of byproducts obtained implies cleaner 

syngas when produced with RGA discharge. 

By combining the RGA with other technologies such as catalysis, the DRM reaction can be even 

more favored. The addition of a catalyst to the plasma discharge can create the so-called 

“synergistic-effect” in which plasma and catalyst properties combine to improve the performance 

of the chemical reaction. In the RGA-spouted bed reactor developed in this thesis, the catalyst 

interacts directly with the plasma discharge. Different nickel-based catalysts were investigated in 

the plasma-catalytic reactor to determine the effect of these catalysts conditions on the DRM 

reaction. These catalysts included Ni supported in two different supports, with three different Ni 

loadings, fresh and pre-reduced catalyst, as well as catalyst pretreated with CH4 under plasma 
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conditions. A noticeable increase in selectivity was obtained with a catalytic bed in the plasma 

zone, reducing acetylene production. For instance, CO selectivity increased by 9.9% when the pre-

reduced 30 wt % Ni catalyst supported in SiO2 was present in the plasma zone, compared to just 

the plasma reaction. Furthermore, carbon and coke deposition were strongly reduced in the reactor 

just by adding a catalyst. The results suggest that the reaction pathway for the plasma -catalytic 

DRM is different from the thermal-catalytic reaction. On the other hand, the catalyst 

characterization shows that the plasma introduces defects on the Ni catalyst, making it more 

electronegative, but without affecting its crystalline structure, suggesting that the change in the 

surface chemistry might affect the performance of the catalyst during the DRM reaction. 
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Résumé 

 

Le changement climatique est l'un des défis majeurs de notre époque. La quantité d'émissions de 

gaz à effet de serre produites par des sources anthropiques n'a cessé d'augmenter depuis la 

révolution industrielle, en particulier le CO2, qui a atteint une concentration historique maximale 

de 409.8 ppm en 2019. Ces dernières années, de nouvelles technologies ont été développées pour 

valoriser le CO2, qui, lorsqu'il est utilisé comme matière première pour des processus chimiques, 

réduit son impact sur l'environnement. Deux de ces technologies sont la méthanisation du CO2 et 

le reformage à sec du méthane (DRM).  

La méthanisation du CO2 est au cœur du procédé Power-to-Gas (P2G). Le P2G est une technologie 

dans laquelle le surplus d'électricité produit par les énergies renouvelables est converti en un gaz 

compatible avec le réseau. Cependant, le processus P2G est limité par l'intermittence de la 

production d'électricité renouvelable et donc de la production d'hydrogène. Par conséquent, le 

réacteur de méthanisation devrait également être capable de fonctionner dans une gamme 

différente de débits d'alimentation tout en maintenant des conditions de lit fluidisé. Pour cette 

raison, la conception de réacteurs à lit fluidisé pour la méthanisation catalytique du CO2 est une 

étape cruciale. La première partie de cette thèse présente une approche graphique pour la 

conception et le fonctionnement des réacteurs à lit fluidisé bouillonnant à travers un nouveau type 

de diagrammes de travail. Ces diagrammes de travail montrent l'interdépendance de la température 

de fonctionnement, de la pression, du diamètre des particules et des caractéristiques de fluidisation. 

De plus, une fenêtre de décision permettant (a) de déterminer le diamètre du réacteur et (b) de faire 

fonctionner le réacteur à lit fluidisé avec une capacité opérationnelle de 0,5 à 1,1 est visualisée 

dans les diagrammes de travail. Lorsque la capacité opérationnelle (c'est-à-dire le débit d'entrée) 

est réduit, une défluidisation pourrait se produire. Ainsi, pour maintenir la fluidisation, une 

augmentation de la température ou une réduction de la pression sont des alternatives pour 

conserver de bonnes conditions de fluidisation. Cependant, une augmentation de la température 
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réduit considérablement le rendement en CH4 et donc l'efficacité du processus. Une étude de cas 

d'un réacteur industriel de méthanisation du CO2 est présentée. Les résultats montrent que le 

fonctionnement du réacteur dans une plage de pression à une température fixe et basse donne plus 

de flexibilité pour effectuer la réaction avec différentes tailles de particules de catalyseur et 

différents capacités opérationnelles. Par exemple, un réacteur conçu pour fonctionner à 10 barabs, 

340 °C, avec un débit total à l'entrée de 5000 m3
N h–1 (H2/CO2 = 4), peut fonctionner avec une 

capacité opérationnelle de 0.3 (1500 m3
N h–1) à la même température et avec le même ratio u0/umf 

en réduisant la pression à 3 barabs, avec seulement une diminution de 2% de la conversion 

d'équilibre du CO2, ce qui permet d'économiser le coût énergétique de la haute pression.  

D'autre part, le reformage à sec du méthane est une réaction qui convertit simultanément le CO2 et 

le CH4 pour produire du gaz de synthèse, un mélange d'hydrogène et de monoxyde de carbone. 

Cependant, la réaction DRM nécessite des températures supérieures à 700 ºC et un catalyseur 

efficace pour obtenir de bonnes conversions (>80 %). Les technologies à plasma non thermique 

peuvent aider la réaction en fournissant de l'énergie à la réaction hautement endothermique et en 

diminuant son énergie d'activation. Dans la deuxième partie de cette thèse, une configuration  d’arc 

glissant rotatif (RGA) est étudiée. Dans le RGA, l'injection tangentielle de gaz combinée à un 

champ magnétique statique permet la rotation et le déplacement vers le haut de l'arc le long des 

électrodes, formant ainsi un grand volume de réaction. Différents paramètres de fonctionnement 

tels que le courant de crête, le débit total de gaz, le ratio du CO2/CH4 et le préchauffage de l'entrée 

de gaz ont été étudiés afin de déterminer la combinaison de paramètres la plus efficace en fonction 

de la conversion et du rendement. Des conversions de CO2 et de CH4 plus élevées, ainsi que des 

rendements en H2 et CO, ont été obtenus en doublant le courant de crête. Cependant, 

l'augmentation du débit a entraîné une diminution des conversions de CO2 et de CH4. Par exemple, 

l'augmentation du débit de 3.7 à 6.7 SLPM a réduit les conversions de CO2 et de CH4 de 1.7 et 3.7 

fois, respectivement. Aucun effet significatif du courant de crête ou du débit n'a été constaté dans 

le ratio H2/CO. En outre, le dépôt de carbone dans le réacteur a diminué en augmentant la 

concentration de CO2 dans le débit d'entrée. Aucun effet significatif de la température d'entrée du 

gaz sur les conversions ou les rendements n'a été constaté. L'acétylène et l'éthylène ont été 

identifiés à l'état de traces (< 0.5% mol) comme sous-produits de la production de gaz de synthèse. 

La faible quantité de sous-produits obtenue implique un gaz de synthèse plus propre lorsqu'il est 

produit avec une décharge de RGA. 
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En combinant le RGA avec d'autres technologies telles que la catalyse, la réaction DRM peut être 

encore plus favorisée. L'ajout d'un catalyseur à la décharge de plasma peut créer ce que l'on appelle 

un "effet synergique" dans lequel les propriétés du plasma et du catalyseur se combinent pour 

améliorer les performances de la réaction chimique. Dans le réacteur à lit fluidisé développé dans 

le cadre de cette thèse, le catalyseur interagit directement avec la décharge de plasma. Différents 

catalyseurs à base de nickel ont été étudiés dans le réacteur plasma-catalytique afin de déterminer 

l'effet des conditions de ces catalyseurs sur la réaction de DRM. Ces catalyseurs comprenaient du 

Ni supporté sur deux supports différents, avec trois charges de Ni différentes, un catalyseur frais 

et un catalyseur pré-réduit, ainsi qu'un catalyseur prétraité au CH4 dans les conditions du plasma. 

Une augmentation notable de la sélectivité a été obtenue avec un lit catalytique dans la zone du 

plasma, réduisant la production d'acétylène. Par exemple, la sélectivité du CO a augmenté de 9,9 % 

lorsque le catalyseur pré-réduit à 30 % en poids de Ni supporté sur le SiO2 était présent dans la 

zone du plasma, par rapport à la réaction uniquement avec le plasma. En outre, le dépôt de carbone 

et de coke a été fortement réduit dans le réacteur par le simple ajout d'un catalyseur. Les résultats 

suggèrent que la voie de réaction pour la réaction plasma-catalytique DRM est différente de la 

réaction thermo-catalytique. D'autre part, la caractérisation du catalyseur montre que le plasma 

introduit des défauts sur le catalyseur de Ni, le rendant plus électronégatif, mais sans affecter sa 

structure cristalline, ce qui suggère que le changement de la chimie de surface pourrait affecter la 

performance du catalyseur pendant la réaction DRM. 
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1  
Introduction 

 

1.1 Motivation  

The current climate crisis that the world is facing is the result of the rise in atmospheric greenhouse 

gas (GHG) levels, predominantly carbon dioxide (CO2), produced from anthropogenic sources 

over the past 200 years [1]. Globally, about 78% of GHG emissions from human activity are related 

to the production and consumption of energy [2]. In 2015, CO2 accounted for 76% of the global 

GHG emissions [3], originating mainly from the combustion of fossil fuels such as oil, coal, and 

natural gas. In particular, the consumption of natural gas has increased over the last few decades 

due to its lower CO2 emissions when combusted (25 to 45 % less compared to oil or coal) and its 

vast available quantities in the forms of conventional and shale gas [4]. Besides fuel for energy 

generation, natural gas is used as a feedstock to produce chemical building blocks such as 

methanol, ethylene, benzene, and hydrogen. The main component (≤ 95%) of natural gas is 

methane (CH4). CH4 leakage into the atmosphere during shale recovery, transportation, storage, 

and distribution has become a serious issue that contributes to the atmospheric GHG emissions 

[4]. CH4 is 25 times more potent as a GHG compared to CO2, and it represented 16% of the global 

GHG emissions in 2015 [3]. In Canada, CH4 emissions contribute to 15% of total GHG emissions 

[5]. The utilization of CO2 and CH4 to produce commodity chemicals is essential to control/reduce 

the impact of GHG in the atmosphere. 

CO2 can be used as a raw material for the production of chemicals such as urea, carboxylic acids, 

polymeric materials, alcohols, and heterocyclic compounds [4, 6]. Furthermore, as the demand for 

renewable energies grows, being even mandatory by law in some European countries and recently 

in Québec [7, 8], research is been done to convert CO2 into renewable natural gas. This can be 
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addressed by the Power-to-Gas (P2G) concept (Fig. 1-1). P2G uses the excess of electricity from 

renewable sources to produce H2 via water electrolysis. The H2 produced reacts with CO2 via 

thermal catalysis through the Sabatier reaction to produce CH4. The resulting CH4 can be directly 

injected in the existing natural gas infrastructure or used for storage services [9, 10]. CO2 

methanation is the core of P2G. Hence, the determination of design and operating parameters for 

a methanation reactor is critical for a successful operation. The theoretical part of this dissertation 

contributes towards better design of CO2 methanation fluidized bed reactors. This method can also 

be used for other gas phase reactions.  

 

Fig. 1-1 Flow diagram of the Power-to-Gas process. Adapted from [11]. 

Similarly, CH4 can be converted into higher hydrocarbons, hydrogen, synthesis gas, aromatics, 

etc. via thermal catalysis, biological processes, or plasma activation techniques [4]. However, the 

dissociation of CO2 and CH4 is challenging due to the high dissociation energies of the C–O 

(∆𝐻298𝐾 = 532 kJ mol−1) and C–H (∆𝐻298𝐾 = 439 kJ mol−1) bonds. Hence, the catalytic 

conversion of CO2 and CH4 requires high temperatures and presents several challenges, such as 

coking and catalyst sintering, low conversion rate, and product selectivity. For these reasons, 

plasma-assisted conversion technologies offer an attractive solution. In the plasma environment, 

electron-impact excitation, dissociation, and ionization reactions can generate excited species, 

such as radicals, neutral atoms, ions, and metastable species, while remaining close to room 

temperature. This type of plasma is known as non-thermal or non-equilibrium plasma. This state 
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of non-equilibrium is closely linked to the large difference of masses between the electron and 

heavy species, which results in inefficient exchanges of kinetic energy between these two species. 

The highly energetic species created in the plasma can dissociate strong molecular bonds, like in 

the case of CO2 and CH4, and provide energy to carry out reactions that would require high 

temperatures and an efficient catalyst to make them happen.  

Dry reforming of methane (DRM) is a reaction that simultaneously converts two greenhouse gases, 

CH4 and CO2, into valuable chemicals, i.e., synthesis gas (syngas). DRM is a highly endothermic 

reaction and is conventionally carried out at temperatures > 700 °C using an efficient catalyst. 

Hence, for the abovementioned reasons, plasma technologies are well suited for this reaction. 

Moreover, plasmas can be sustained using electrical power from renewable sources. Since plasma 

reactors can easily be switched on and off, the intermittency of some renewable energy services 

can be accommodated (Fig. 1-2) [12].  

 

Fig. 1-2 Flow diagram of DRM carried out using plasma generated using renewable energies. 

Adapted from [12]. 

One type of non-thermal plasma discharge is the rotating gliding arc (RGA), in which the reactant 

gas is injected tangentially to form a swirling flow field in the reactor. As the arc is pushed away 

from the breakdown area, it swirls and elongates, creating a large plasma volume [13]. The 

formation of products in the plasma volume can be controlled by regulating certain parameters 

such as gas flow rate, discharge power, and feed gas composition [4]. Additionally, the 
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introduction of a suitable catalyst in or close to the discharge zone can improve the conversion of 

the reactants, as well as product selectivity and yield [14]. The interaction between the plasma and 

the catalyst modifies the properties of both at the same time. This technology is known as plasma-

catalysis.  

The experimental work presented in this dissertation provides the design, validation, and 

characterization of a RGA reactor system used for DRM considering plasma and plasma-catalysis 

technologies.  

 

1.2 Objectives 

CO2 is the main atmospheric greenhouse gas; however, existing reactions and technologies can 

use this gas while producing value-added chemicals. The first two objectives of this dissertation 

provide a new graphical method for reactor and process design for the CO2 methanation reaction. 

The other objectives address and study plasma and plasma-catalytic approaches to valorize CO2, 

also considering another relevant greenhouse gas, CH4. The following specific objectives are 

addressed in this thesis: 

1. To graphically identify and determine the operating range of a fluidized bed reactor for the 

CO2 methanation reaction, the core of the Power-to-Gas technology. 

2. To determine the hydrodynamics of the fluidized bed for CO2 methanation, considering the 

cases of industrial and laboratory-scale reactors. 

3. To design and build a laboratory-scale RGA reactor. 

4. To investigate the best combination of operating conditions of a RGA reactor to achieve 

high CO2 and CH4 conversion, as well as CO and H2 yield. 

5. To determine the relationships between the chemical composition and structure of the 

catalyst, and the mechanisms responsible for the plasma-catalytic activity, efficiency, 

selectivity and stability. 

6. To investigate and understand the interactions (positive or negative effects) between 

plasma (RGA discharge) and catalysis (fluidized-bed catalytic reactor) for DRM. 
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1.3 Thesis structure 

This manuscript-based thesis is organized in seven chapters, including introductory chapters that 

cover background and methodology.  

Chapter 2 provides a comprehensive background and theory that covers the concepts needed to 

complete the work presented in this dissertation. These concepts are related to CO2 valorization 

reactions, such as CO2 methanation and CO2 reforming of methane, as well as the current 

technologies to carry out these reactions. In the case of the thermodynamically favored CO2 

methanation reaction, which also is more technologically mature, literature related to bubbling 

fluidized bed reactors is revised. On the other hand, CO2 reforming of methane is still a technology 

in development, and methods to carry out the reaction more efficiently, such as catalysis, plasma, 

and plasma-catalysis, are discussed.  

Chapter 3 presents an overview of the methods and procedures used to carry out the experiments 

presented in each manuscript. The core of the thesis consists of three manuscripts that follow the 

objectives mentioned in the previous section. Each of the following chapters includes a preface 

that summarizes the connection with the subsequent chapters.  

Chapter 4 is titled “Working diagrams to identify the operating range of a bubbling fluidized bed 

reactor for CO2 methanation”, published in The Canadian Journal of Chemical Engineering, and 

addresses objectives 1 and 2.  

Chapter 5 is titled Plasma Assisted Dry Reforming of Methane and addresses objectives 3 and 4. 

The corresponding manuscript was published under the title “Influence of Operating Parameters 

on Plasma‑Assisted Dry Reforming of Methane in a Rotating Gliding Arc Reactor” in the Plasma 

Chemistry and Plasma Processing journal.  

Chapter 6 addresses objectives 5 and 6. The corresponding manuscript  has been accepted in the 

Journal of CO2 utilization under the title “Plasma-Catalytic Dry Reforming of Methane over Ni-

supported catalyst in a Rotating Gliding Arc - Spouted Bed Reactor”. 

Finally, Chapter 7 summarizes the main findings of this work as well as the recommendations for 

future work.  
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2  
Theoretical Background 

 

This chapter presents some concepts and theory used throughout the thesis. Concepts covered in 

the presented manuscripts are not repeated in this chapter.  

2.1 CO2 valorization  

CO2 valorization and utilization technologies offer the possibility of having a sustainable carbon 

cycle while creating a circular economy and producing value-added products. In this way, CO2 

would not be considered a waste, and revenues from it would also be generated [15]. Over the past 

decades, CO2 has been used in several industries such as carbonation of beverages, food, agro-

chemistry, welding, foaming, blanketing agent, fire-extinguisher, solvent, etc. [16, 17]. 

Nevertheless, due to the high amounts of CO2 generated every year (~33 Mt in 2017 [3]), new 

processes need to be developed that involve CO2 as a reactant or feedstock [17]. Even though CO2 

is highly versatile, it presents some disadvantages as a chemical reactant due to its stability, non-

reactive property, and low Gibbs energy [15, 16, 18]. Fig. 2-1 shows the roadmap of valorization 

technologies for captured CO2. The utilization of CO2 can be classified in (a) production of 

chemicals and fuels, (b) direct use of CO2 (as a reactive solvent), (c) mineralization, and 

(d) enhanced biological utilization [15, 17, 19]. The first method mainly produces two types of 

products: fully reduced carbon derivatives, e.g., hydrocarbons, and products where a C=O or a 

O=C=O is introduced into a molecule [18]. From a thermodynamic standpoint, the conversion of 

CO2 (ΔGf
0 = - 394 kJ mol–1) is easier when it is paired with a co-reactant with higher (or less 

negative) Gibbs energy, such as CH4 (ΔGf
0 = -50.7 kJ mol–1) or H2 (ΔGf

0 = 0 kJ mol–1) [20]. Two 

of the most interesting technologies involving the latter co-reactants, are showed in Fig. 2-1 (in 

red diamonds), are the hydrogenation of CO2, also known as CO2 methanation, and dry reforming 
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to syngas or dry reforming of methane. From the industrial ecology point of view, CH4 production 

(CO2 methanation) is suitable due to the synergies with the existing infrastructure; besides, it can 

be considered a simple and fast reaction. Although these technologies are not yet ready for 

commercialization, they have gained a lot of interest over the last few years since both technologies 

use CO2 as a feedstock to produce fuels towards a circular economy. 

 

Fig. 2-1 Roadmap of CO2 valorization technologies. The symbols are defined as ○ direct use, 

◇ production of chemicals/fuels, □ mineralization, and △ biological utilization. Adapted from [15]. 

DRM and the methanation reaction can be combined in a closed-loop process that could be used 

for thermochemical heat pipe (TCHP) applications as proposed by Edwards et al. [21] for energy 

storage and transmission (Fig. 2-2). The process involves high-temperature, or an alternative 

method such as plasma discharge to drive the strongly endothermic CO2/CH4 reforming reaction. 

The reaction products, CO and H2, and the unreacted or excess CO2 can be stored, transported to 

a separate site, or used in-situ for the reverse reaction (CO/CO2 methanation), releasing the stored 

chemical energy. Finally, the products of the methanation reaction are sent back to the endothermic 

reactor to complete the closed-loop cycle [21]. However, these types of applications can only be 

successful if the optimization of individual technologies, i.e., DRM and CO2 methanation, is 

achieved. In the following sections, some aspects related to CO2 methanation and dry reforming 

of methane are discussed. 
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Fig. 2-2 Combination of DRM and methanation process in a closed-loop for TCHP. Adapted 

from [21]. 

 

2.2 CO2 methanation 

As mentioned earlier, the widely studied CO2 methanation is the core of Power-to-Gas (P2G) (refer 

to Fig. 1-1). Recently, new CO2 methanation pilot-scale plants and commercial projects have been 

built, whereas the majority of them are located in Europe. According to [11], there are 

approximately 128 P2G research and demonstration projects currently in operation or testing stage. 

In the catalyzed methanation reaction, CO2 is reduced with H2 over noble metal-based catalysts 

such as nickel (Ni), ruthenium (Ru), or rhodium (Rh) to produce CH4 and water 

(CO2 + 4 H2  CH4 + 2 H2O) [15]. The CH4 produced is a preferable technique to store energy, 

which can close the gap between energy supply and demand. 

The catalytic methanation reaction has been known since 1902 [7], and it can be seen as a 

combination of CO hydrogenation (CO + 3 H2  CH4 + H2O) and reverse water gas shift (RWGS) 

(CO2 + H2  CO + H2O) reactions. A thermodynamic equilibrium analysis of CO2 methanation 

using the minimization of Gibbs energy approach (HSC Chemistry 9) is shown in Fig. 2-3, as a 

function of temperature at 1 bar (a), and as a function of pressure at 350 °C (b). A complementary 

thermodynamic analysis of the reaction is discussed in Chapter 4.  
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Fig. 2-3 Equilibrium composition of CO2 methanation as a function of (a) temperature, 200 to 500 °C at 1 

bar, and (b) pressure, 1 to 20 bar at 350 °C for H2/ CO2 = 4. 

The catalytic methanation reaction usually operates at low temperatures (200 to 550 °C) and 

pressures between 1 to 20 bar, using mostly Ni as a catalyst due to its high CH4 selectivity 

(≈ 100%) and low cost. Thermodynamic equilibrium models show that the CO2 methanation 

reaction can be completed at low temperature (< 300 °C) at atmospheric pressure (Fig. 2-3a). 

However, conventional Ni catalysts are not fully active at those temperatures, limiting the 

conversion of the reactants. Thus, higher temperatures (> 320 °C) are needed to reach equilibrium. 

Nonetheless, higher temperatures are non-favorable for the reaction, and CH4 yields > 95% are not 

obtained at stoichiometric conditions [22]. Moreover, above 450 °C the formation of CO through 

the RWGS dominates. On the other hand, higher pressures are usually required to carry out the 

CO2 methanation reaction, as high pressures increase the conversion of CO2 and selectivity of CH4 

while reducing the concentration of the byproduct CO (Fig. 2-3b) [11]. Therefore, increasing the 

pressure while operating a temperature high enough to keep the catalyst completely active is the 

conventional method to carry out CO2 methanation.  

Furthermore, the CO2 methanation reaction is highly exothermic (∆𝐻298𝐾 = −165 kJ mol−1), and 

a significant amount of heat needs to be removed from the reactor to prevent thermodynamic 

limitations and catalyst sintering [7]. Hence, the type of reactor chosen and its design is crucial for 

a successful operation. Different reactor concepts have been investigated for methanation, such as 

fixed-bed [23–25], fluidized-bed [9, 25, 26], and structured reactors [11, 27, 28]. Among the 

reactor concepts mentioned before, fixed-bed and fluidized-bed reactors are well-established 
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technologies, whereas the other reactor types are still in the development stage [7]. In the case of 

fixed bed reactors, the formation of hotspots in the catalyst bed is one of the major challenges as 

it can lead to catalyst sintering and deactivation. An alternative to deal with the exothermic nature 

of the reaction are fluidized-bed rectors, in which the mixing of fluidized solids leads to isothermal 

conditions in the reactor that simplify the operation control [29]. According to [24], two types of 

fluidized bed reactors have been developed for CO2 methanation: a) bubbling fluidized bed (BFB) 

methanation reactors, in which the catalyst particles are suspended in the upwards flowing reacting 

gas and b) bubble columns, in which particles and gas are suspended in a non-reactive liquid that 

is used to improve the heat transport. However, the flexibility of fluidized-bed reactors is limited 

by their hydrodynamics [30]. For instance, the superficial gas velocity needs to be high enough to 

hold minimum fluidization conditions, but low enough to avoid catalyst entrainment [7]. In the 

following section, hydrodynamics related to BFB reactors will be discussed.  

 

2.2.1 Bubbling Fluidized Bed Reactors 

One of the limitations of the CO2 methanation in the P2G technology is that the operating capacity 

of the reactor depends on the H2 availability. Therefore, adapting the geometry of the BFB reactor 

for changing operational conditions (dynamic mode) such as temperature, pressure, or input flow 

rate is essential to ensure proper fluidization inside the reactor [22]. The fluidization of the particles 

depends on the gas velocity. As the gas velocity increases, the pressure also increases until it 

balances the weight of the bed, and bubbles start to appear in the catalyst bed [31]. This velocity 

is known as the minimum fluidization velocity, umf, and represents the transition between packed 

bed and particulate fluidization behavior (see eq. 4.4 in Chapter 4). For very small particles (< 250 

µm), umf can be simplified as follows: 

𝑢𝑚𝑓 =
𝑑𝑝

2(𝜌𝑠 − 𝜌𝑔)𝑔

150𝜇
 

𝜀𝑚𝑓
3 𝜑𝑠

2

1 − 𝜀𝑚𝑓
           𝑅𝑒𝑝,𝑚𝑓 < 20                                 (2.1) 

Where umf is the minimum fluidization velocity (m s–1), ρs and ρg are the densities of the solid and 

gas, respectively (kg m–3). The gravitational acceleration is stated by g (kg m s–2), µ is the dynamic 

viscosity (Pa s), dp and φs are the particle diameter (m), and sphericity of the catalyst, respectively, 

and εmf is the bed voidage at minimum fluidization conditions [31]. 
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The minimum fluidization velocity is an important parameter needed for the design of fluidized 

beds. Temperature and pressure affect umf since the parameters described earlier are influenced by 

these operating conditions. For instance, εmf increases from 1 to 4% with rising operating pressure. 

Also, with increasing temperature, εmf varies up to 8% for temperatures up to 500 °C for fine 

particles but is unaffected for coarse particles. On the other hand, umf decreases with increasing 

operating pressure. This decrease in the umf is negligible for fine particles (dp< 100 µm) but 

becomes important (up to 40%) for larger particles (dp ≈360 µm) [31].  

The superficial gas velocity, uo, is especially influenced by the umf. As mentioned before, uo needs 

to be high enough to provide proper fluidization but low enough to avoid catalyst entrainment. 

Fluidization in BFB reactors occurs at uo of less than about 10umf  [31]. Furthermore, the behavior 

of the fluidization is affected by the particle characteristics. Geldart [32] investigated the behavior 

of different kinds of particles in a BFB, and he classified the difference between the groups by the 

density difference between particles and fluid, (ρp - ρF) and the average particle size dp. The four 

groups described below for the Geldart classification (Fig. 2-4) are for uo < 10umf and air 

fluidization at ambient conditions [31]: 

• Group C: cohesive or very fine powders. Difficult to fluidize since the interparticle forces 

are greater than the force resulting from the action of the gas. The particles tend to rise as 

clumps of solids in small bed diameters.  

• Group A: aeratable or particles with small diameter and/or low density (< 1.4 g cm–3). Easy 

to fluidize with smooth fluidization at low gas velocities. The bed expands before bubbles 

appear. 

• Group B: sandlike or particle diameters between 40 and 500 µm and density between 1.4 

and 4 g cm–3. These particles fluidize well, and bubbles form as soon as the gas velocity 

exceeds umf. Thus, the minimum bubbling velocity, umb, and umf are approximately equal 

(umb/umf ≈ 1), with bubbles growing large. Vigorous bubbling enhances the gross circulation 

of solids. 

• Group D: spoutable, large or dense particles. Low voidage and difficult to fluidize in large 

beds, hence big amounts of gas are needed to fluidize these particles. Large exploding 

bubbles. 
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Fig. 2-4 Geldart classification of particles in BFB. Taken from [31]. 

As stated before, uo< 10umf is a good criterion to determine the superficial gas velocity in BFB 

reactors. Ideally, in a BFB reactor, the uo, should be kept between the umf and the terminal velocity, 

ut, to assure that the catalyst particles are fluidized and to avoid or reduce the carryover of particles 

from the bed [7, 31, 33]. The terminal velocity represents the maximum operating velocity for a 

fluidized bed before the particles start to be entrained out of the bed (see eq. 4.5, Chapter 4).  

The operation of BFB reactors depends not only on the gas-solid properties as described before 

but also on the chemical reaction itself [34], i.e., the thermodynamics of the reaction. For the CO2 

methanation reaction, there is a volume contraction of 40% after the reaction is completed. This 

change in gas volume as a result of the chemical reaction can significantly affect the 

hydrodynamics [35] in the BFB reactor. Hence, the proper uo should be chosen to assure good 

fluidization and to avoid the collapse of the bed when carrying out the reaction. Both 

hydrodynamics and reaction thermodynamics must be considered in the reactor design and 

operation.  

The work presented in Chapter 4 discusses the design of working diagrams for BFB reactors based 

on hydrodynamics and the thermodynamics of the CO2 methanation reaction to determine (a) a 

suitable reactor diameter at established operating conditions, and (b) the operating capacity range 

for a given reactor diameter.  
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2.3 Dry Reforming of Methane  

Carbon dioxide and methane are stable molecules that need high energy inputs to dissociate and 

convert into new products. DRM was invented by Fischer and Tropsch in 1928 to convert CO2 and 

CH4 simultaneously (CO2 + CH4  2 H2 + 2 CO) [36]. In DRM, high temperatures are the 

traditional method to deliver enough energy to drive the endothermic reaction 

(∆𝐻298𝐾  =  +  247 kJ mol−1), and achieve high conversions of CO2 and CH4 to syngas, a mix of 

H2 and CO [37]. Syngas can be upgraded to higher alcohols or used as fuel or as feedstock for the 

Fischer-Tropsch (FT) synthesis to produce chemicals such as higher alkanes and oxygenates [15, 

36]. A thermodynamic equilibrium analysis of DRM using the minimization of Gibbs energy 

approach (HSC Chemistry 9) is shown in Fig. 2-5, as a function of temperature at 1 bar. A 

complementary thermodynamic analysis of the reaction is discussed in Chapter 5. 

 

Fig. 2-5 Equilibrium composition of DRM as a function of temperature, 20 to 1000 °C at 1 bar for 

CO2/CH4 = 1. 

For years, DRM has been carried out via thermal catalysis, at temperatures >700 °C, since catalysts 

lower the activation energy of the reaction [36]. Noble metals such as ruthenium, rhodium, 

platinum, iridium, and palladium present a good catalytic activity for the reaction. However, the 

use of noble metals as catalysts increases the total cost of the process, making it economically 

unsustainable. Nickel-based catalysts represent a good alternative for DRM reaction due to their 
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low cost, good availability, efficiency, and good turnover numbers, i.e., number of moles of 

substrate that a mole of catalyst can convert before becoming inactivated [38, 39]. Nevertheless, 

catalyst deactivation due to carbon deposition represents a big obstacle to scale up the catalytic 

reforming process [20, 36]. Thermodynamic equilibrium models [40] show that the DRM reaction 

can be completed at high temperatures (> 900 °C) and at atmospheric pressure (Fig. 2-5). However, 

high operating temperatures lead to catalyst sintering and deactivation. Moreover, at stoichiometric 

conditions, carbon deposition is favored at temperatures < 900 °C (see Fig. 5-3, Chapter 5), which 

leads to catalyst poisoning and thus deactivation. On the other hand, the competitive reverse water 

gas-shift (RWGS) reaction (CO2 +H2 ↔ CO + H2O) occurs simultaneously with DRM, producing 

higher water contents between 575 and 585 °C. The formation of water decreases the production 

of H2, affecting the H2/CO ratio and hence the further applicability of syngas for various processes. 

For instance, at stoichiometric conditions, a ratio of H2/CO > 0.98 is obtained > 900 °C, which can 

be used for FT to produce liquid fuel such as DME [40]. 

An alternative for DRM are plasma technologies. Plasma processes are powered by electricity and 

are characterized by low turn-on and turn-off times, as they do not require preheating, long 

stabilization, and no cool-down times. Plasma reactors can thus be directly connected to 

intermittent renewable electricity sources [12, 41]. In fact, the conversion of the reactant gas starts 

immediately after plasma ignition, since plasma allows the activation of stable molecules in an 

energy-efficient way. In non-equilibrium plasmas, the applied electric field selectively heats up 

the electrons without a similarly large heating of the heavy species gas (atoms, molecules, ions) 

[12]. Hence, plasma technologies can assist the conversion process by providing energy and 

reducing the activation barrier for the CO2 - CH4 reaction. However, depending on the type of 

plasma discharge, the conversions of CO2 and CH4 are lower compared to the ones obtained via 

catalytic conversion. Furthermore, carbon byproducts, i.e., coke and higher hydrocarbons, are 

inevitably formed during the plasma discharge [36]. 

The combination of plasma and catalysis may induce complex synergistic effects and potentially 

overcome the drawbacks of both technologies [36, 42]. Such a concept is known as plasma-

catalysis, and it consists of taking a material with catalytic properties and combining it with a 

plasma [14]. Plasma-catalysis might enhance CO2 and CH4 conversions and improve syngas 

selectivity. 
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Even though plasma and plasma-catalytic technologies represent a good alternative for CO2 

valorization, they are still in the research stage and further development is needed to scale up and 

commercialize these technologies. In the following sections, a more detailed analysis of DRM via 

thermal catalysis, plasma, and plasma-catalysis is provided.  

 

2.3.1 Catalysis reforming 

CO2 is the most oxidized state of carbon. This characteristic makes CO2 inert and gives it good 

thermal stability, and therefore, its chemical transformation is thermodynamically unfavorable [18, 

36]. A thermodynamic analysis for DRM is presented in Chapter 5 for a temperature range of 20 

to 900 °C using the minimization of Gibbs energy approach for three different CO2/CH4 ratios. 

The results presented in Fig. 5-3 show that an operating temperature > 700 °C is needed to reach 

a conversion of at least 80% for CO2 and CH4. However, in practice, the retention time in the 

reactor is shorter than the time to reach thermodynamic equilibrium [36]. Hence, a catalyst is 

needed to reduce the activation energy for DRM. Several studies have been conducted to determine 

the best catalyst for DRM. For instance, Fischer et al. [43] in 1928 tested different metals (Fe, Co, 

Ni, Cu, Mo, and W) supported on clay, silica (SiO2), magnesium carbonate (MgCO3) or mixed 

with alumina (Al2O3) and found that Ni and Co supported on clay and silica were the best catalysts, 

while Fe, Cu, Mo, and W did not show a good catalytic activity. Later, Nakamura et al. [44] 

performed experiments for different noble metals (Ru, Rh, Ni, Pt, Pd) supported on SiO2 and MgO. 

The results showed that the catalytic activities for the metals supported on SiO2 are 

Ru > Rh > Ni > Pt > Pd and Ru > Rh > Ni > Pd > Pt for MgO-supported catalyst, with 1 % wt. 

metal loading and operating temperature of 700 °C. On the other hand, Ferreira-Aparicio et al. 

[45] showed that the order of the activities for SiO2 - supported catalysts is 

Ru > Rh > Ni > Ir > Pt > Co, and Rh > Ni > Pt > Ir > Ru > Co supported on Al2O3, at an operating 

temperature of 750 °C.  

Among all the metals studied for DRM, nickel is the most extensively used. However, Ni-based 

catalysts undergo severe deactivation due to carbon deposition [46]. Carbon deposition cannot be 

avoided, as both CH4 and CO2 are C-containing molecules, but it should be minimized [36]. 

Mainly, three reactions are involved in carbon and coke formation on the catalyst surface. These 

reactions are CO disproportionation, CH4 cracking, and RWGS reaction, which are stated in 



Chapter 2  Theoretical Background 

16 

 

Chapter 5. With fresh catalysts, carbon formation comes mostly due to CH4 dissociation since CO 

is not present in the reactant feed [46]. Although carbon deposition is inevitable, its extent can be 

reduced by increasing the CO2/CH4 ratio (> 1) and operating temperature of the reaction (see 

Chapter 5, section 4.4.1) [40, 47]. Moreover, supports with high surface area (160–300 m2 g–1) 

allow greater dispersion of active metal through the pore structure on the surface support, which 

limits carbon deposition [46]. However, high surface area supports have small pores and can 

inhibit reactant diffusion. In this dissertation, two types of supported Ni catalysts were studied for 

DRM. The widely used Ni supported on Al2O3 and a Ni/SiO2, which presents a high surface area.  

The Ni/Al2O3 catalyst presents a strong interaction between Ni and Al2O3, which makes the catalyst 

less prone to sintering [48] and gives the catalyst a greater ability to dehydrogenate CH4 [49]. 

Additionally, the surface basicity of Al2O3 enhances coke resistance capability of the catalyst [48, 

50], and it provides, at the same time, high activity towards CO formation (and CO2 conversion) 

since there is an increase in the adsorption of the acidic gas CO2 [36, 51]. However, the strong 

metal-support interaction may result in the formation of the NiAl2O4 spinel structure, which 

complicates the reduction of the catalyst and leads to low metal dispersion [52]. In the case of 

Ni/SiO2, due to the high surface area of SiO2 and hence, high metal dispersion, the initial catalytic 

activity is high [48]. Furthermore, Takayasu et al. reported that a SiO2 based catalyst leads to less 

carbon deposition [53]. Even though the weak interaction between metal and support facilitates 

the reduction of the catalyst, it may also lead to quick deactivation due to metal agglomeration [45, 

48, 52].  

Regarding the mechanism for DRM, several authors agreed that the mechanism is bi-functional 

[54, 55], i.e., CH4 is activated on the metal while CO2 is activated on the acidic/basic supports (e.g. 

Al2O3). However, for catalysts supported on inert materials such as SiO2, the mechanism follows 

a mono-functional pathway, where CO2 and CH4 are activated by the metal alone [46]. 

 

2.3.2 Plasma reforming  

Non-thermal plasma technologies represent an alternative to the catalytic processes, as they can 

achieve conversions of the reactant gases at relatively low temperatures and without the use of a 

catalyst. Plasma for DRM was used for the first time in 1976 by Capezutto et al., in a low-pressure 

(26.6 mbar) radiofrequency plasma reactor [36, 56]. 
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Processing plasmas contain highly energetic, neutral, and ionized particles, free electrons, and 

photons. The fraction of charged particles is typically larger than 1%. Plasma maintenance 

involves numerous electron-impact reactions (excitation, dissociation, and ionization, amongst the 

most important ones), which are responsible for the high reactivity of the medium. The excited 

species, ions, and radicals will react further to create new molecules [12]. In thermal plasmas, the 

temperature of all species (electrons and heavy species) are approximately equal and high. On the 

other hand, non-thermal or non-equilibrium plasma (NTP) discharges can produce excited and 

reactive species at gas temperatures much lower than combustion flames. In NTP, the electron 

temperature, Te, can be significantly higher (104 - 105 °C) than the temperature of the heavy species 

(25 - 730 °C) [14], Th, (ions, neutral, excited neutrals, also referred to as the gas temperature) since 

the exchange of kinetic energy between the electrons and heavy species is very inefficient. Hence, 

most reaction processes are rate-controlled by the electron temperature [36, 57]. 

Non-thermal plasma technologies represent an attractive alternative for DRM since expensive high 

temperature-resistant materials and complex assemblies are not required for reactor construction. 

Non-thermal plasmas allow CO2 to be activated efficiently via electron impact at mild temperature 

conditions [41]. Currently used technologies for the generation of non-thermal plasmas for DRM 

include dielectric barrier discharges (DBD) [58–62], glow discharges [63, 64], corona discharges 

[65–68] and gliding arcs [42, 69–73]. Among these technologies, gliding arcs have the most 

potential and applicability for CO2 conversion since they operate at atmospheric pressures, and 

high energy efficiencies can be achieved [41]. In this thesis, the use of a rotating gliding arc (RGA) 

is investigated for DRM (see Chapter 5 and 6). RGA is a special configuration of a gliding arc, 

which will be described in the following section.  

The reforming of CO2-CH4 by plasma is very complex. However, Tao et al. [74] proposed the 

simplified reactions occurring in plasma-assisted DRM: 

CH4 + e− → C + 2H2 (2.2) 

CO2 + e− → CO + O (2.3) 

C + O → CO (2.4) 

H2 + O → H2O (2.5) 
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Equations (2.2) and (2.3) are highly endothermic reactions that can be induced by electron impacts. 

On the other hand, equations (2.4) and (2.5) are radical reactions, which occur without the 

activation barrier [74]. More detailed reactions regarding the plasma-assisted DRM are stated in 

Chapter 5, section 5.4.2.  

 

Gliding arc 

A gliding arc discharge relies on an auto-oscillating periodic phenomenon that develops between 

two diverging electrodes submerged in a flowing gas [57]. To sustain the gliding arc, a high-

voltage generator (several tens of kVs) produces the electric field required for gas breakdown at 

the shortest inter-electrode distance (~30 kV cm–1 in atmospheric air). At the same time, a second, 

mid-voltage range (a few kVs) but higher-current capability power supply takes over for arc 

maintenance [75, 76]. However, some specific configurations of the gliding arc, only require a 

single high-voltage power supply [77–81]. 

Plasmas generated by gliding arc discharges are also known as “warm” plasmas since they have 

thermal and non-thermal properties [77, 82, 83]. Three phases occur during the gliding arc 

evolution, as shown in Fig. 2-6. Phase A) is the thermal stage, where the gas breakdown takes 

place at the narrowest inter-electrode gap (typically 1–2 mm) and an arc forms. Phase B) the quasi-

equilibrium stage when the arc is then forced to move away from the shortest gap area by a gas 

flow (or natural convection in vertical gliding arc systems). In phase B), the arc length increases, 

which is associated with a voltage increase, and the plasma evolves to a non-equilibrium state. 

C) Once the arc voltage (arc length) becomes too large for the power supply, the arc extinguishes. 

The next arc is ignited at the lowest inter-electrode gap [42, 75, 76, 84].  
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Fig. 2-6 Phases of gliding arc evolution: (A) gas break-down ;(B) quasi-equilibrium stage; (C) non-

equilibrium stage. Adapted from [75]. 

As the length of the arc increases, the gas temperature decreases because the heat losses from the 

plasma column begin to exceed the energy supplied by the source. Therefore, it is not possible to 

sustain the plasma in thermodynamic equilibrium anymore. Thus, the heavy species (gas) cool 

down rapidly, while the electrons maintain a high temperature, Te ~1 eV (11,600 K) [75, 76, 80]. 

The relatively high gas temperature (1000 – 4000 K) in the gliding arc creates favorable conditions 

for chemical reactions. Theoretically, GA discharges are very promising for the conversion of 

CO2; however, in practice, they are limited by the low treated gas fraction [41].  

To enhance the reactive plasma volume and its uniformity between the electrodes, a special 

configuration, called a rotating gliding arc (RGA) has been developed by different authors [13, 

85–87]. The RGA consists of a conical electrode surrounded by a hollow cylindrical electrode (see 

Fig. 5-1 in Chapter 5). In this configuration, the reactant gas is injected tangentially to form a 

swirling flow field. The arc ignites at the shortest gap. Then the arc is pushed away from the break-

down area, swirling and elongating around the cone to form a larger and more uniform plasma 

volume [13, 76]. The arc can also be forced to rotate by the action of an external magnetic field 

(Lorentz force) [13, 76, 85]. Gas swirl and magnetic forces accelerate the rotation of the arc, 

increasing the residence time of the reactants, as well as the contact area between the reactants and 

the plasma, thus enhancing the performance of the conventional gliding arc discharge [13]. 
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Gliding arc discharges have been extensively studied for reforming reactions, pollutant 

degradation, combustion enhancement, waste and exhaust gas treatment [42, 75, 85, 87, 88], 

amongst other applications. They present several advantages compared to other plasma sources. 

For instance, gliding arc discharges can operate at atmospheric pressure (or higher), the reactor 

construction is simple, which translates in low cost compared to several currently used reactors, 

and they operate over a wide range of flow rates and power levels (W to several kW). Besides, the 

high energy content generated by gliding arcs is attractive for chemical processing since 

endothermic reactions, such as DRM, can use up to 80% of the energy provided by the arc [75]. 

The properties of the gliding arc discharge depend on the system parameters such as power input 

and flow rate. However, the optimization of plasma parameters and efficient reaction pathways for 

CH4 and CO2 conversions in GA are still unclear [41]. Hence, a deeper understanding of this 

plasma technology is required to improve conversion and reduce energy cost, which would lead to 

further technological development.  

The work presented in Chapter 5 studies the influence of operating parameters such as total flow 

rate, peak current, inlet gas temperature, and CO2/CH4 ratio on DRM in a RGA. 

 

2.3.3 Plasma-catalysis 

The combined action  of a catalytic material with a plasma is known as plasma-catalysis [14]. 

Plasma-catalysis combines the high reactivity of the plasma with the selectivity of the catalyst, 

which may lead to products with high yield and selectivity [12]. Combining plasma and catalysis 

technologies may induce complex synergistic effects since plasma, and catalytic reforming by 

themselves provide different mechanisms, active species, and reactor characteristics for the 

reforming reaction. Thus, in plasma-catalysis, both technologies can interact with each other, 

which changes the performance of the chemical reaction and makes the mechanisms more complex 

than catalysis and plasma alone [36, 42, 62]. 

Plasma can influence the catalyst, particularly during the discharge phase, where its structure can 

be changed by particle bombardments or thermal effects [36]. Kinetic energy and motion of gas 

molecules are affected by the presence of the catalyst, which alters the electron energy distribution 

(EED) [2]. The EED in the plasma is determined by the electric field strength and determines the 

yield of chemical species in the discharge [14]. Besides, when the catalyst is in contact with the 
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plasma discharge, the catalyst acts as a dielectric barrier that generates micro-discharges inside of 

the catalyst pores [36]. The nature of the catalyst surface, i.e., roughness and pores, influence the 

local electric field [14]. 

Moreover, the adsorbed species on the catalyst are more likely to collide with electrons as the 

electron-impact reactions take place frequently due to the energy kept inside the pores and gaps 

[36]. Therefore, the dielectric constant of the catalyst is an important parameter in plasma-

catalysis. In fact, a plasma-catalytic reactor can be considered as the combination of conductors 

and resistors in series, where the catalyst works as a conductor when the electric resistance is small 

or as a resistor when the electric resistance is large, and the gap between the catalyst particles is 

considered as another conductor or resistor [36]. 

On the other hand, plasma can make adsorption of the reactant gases more effective by lowering 

energy barriers and by increasing the number of active sites on the catalyst, which increases the 

residence time of the adsorbed species in the plasma zone. As a result, the operating temperature 

will be reduced, and the yield under plasma conditions will increase [14]. 

Depending on the catalyst packing strategy, plasma-catalytic reactors can be classified into three 

classes. (1) Single-stage, in-plasma-catalysis (IPC), or plasma-driven catalysis, where the catalyst 

is partially or completely placed in the discharge zone, so plasma and catalyst interact directly. 

(2) Double-stage, post-plasma catalysis (PPC), or plasma-assisted catalysis, where the catalyst is 

placed downstream the discharge zone. (3) Multistage plasma-catalytic reactors in where each 

catalyst bed has a different purpose along the flow direction. Multistage reactors are more 

interesting for industrial applications compared to the previous configurations (i.e., IPC and PPC) 

[4, 37, 89]. In many cases, single-stage reactors were found better than double stage reactors for 

different reactions, including DRM [4, 89]. For instance, Wang et al. [90] investigated three 

different packing modes of the Ni/Al2O3 catalyst in a DBD reactor for DRM. They concluded that 

the synergy between plasma and catalyst was only observed when the catalyst was completely 

placed in the discharge zone, i.e., single-stage reactor. However, incorporating a catalyst inside the 

plasma reactor does not necessarily induce a synergistic effect, i.e., better conversion rate or 

product selectivity [4]. For instance, in the case of a DBD reactor, where the catalyst was fully 

packed into the gap, the formation of filamentary micro-discharges was suppressed as the 

discharge volume decreased [91]. As a result, the conversion could be reduced to a large extent 
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[4]. Wang et al. [92] studied the reforming of CO2 and CH4 into high-value liquid chemicals in a 

plasma-catalytic DBD reactor. They found that plasma-catalysis yields slightly lower conversion 

of CO2 and CH4 than plasma alone, and they attributed this effect to the change of discharge 

behavior as a result of the full packing of the catalyst in the reactor. However, the selectivity 

towards specific liquid products increased when combining plasma-catalysis. Lee et al. [80] 

studied the reforming of methane in a single-stage gliding arc reactor. They concluded that there 

was a decline in CH4 conversion because of the distortion of the discharge by the catalyst; however, 

an increase in product selectivity was also observed. Li et al. [77] investigated the DRM in a 

double-stage gliding arc-fixed bed reactor. They concluded that the combination of plasma and 

catalyst increased CH4 and CO2 conversion, as well as the energy efficiency of the process. Gallon 

et al. stated [93] that the synergistic effect of the combination of plasma and catalyst at constant 

discharge power and low temperatures for reforming reactions depends on the balance between 

the change in discharge behavior induced by the catalyst and the plasma-generated activity of the 

catalyst. 

In general, the interactions between plasma and catalyst depend on several factors (Fig. 2-7), such 

as operating temperature, power input, dielectric constant, reactor geometry, packing method of 

the catalyst, basicity of the catalyst, etc. [36]. Whereas, the kinetics of the rate determining step of 

the reaction will depend on the reaction conditions, including pressure, means of plasma excitation, 

nature of the catalyst, and occupancy of the surface sites on it [14]. 

The use of plasma-catalysis in reactions, such as DRM, has the potential to enhance gas 

conversion, improve selectivity towards syngas, increase energy efficiency, improve stability of 

the catalyst, reduce sintering and poisoning of the catalyst, as well as coke formation [14, 37, 62]. 

Besides, plasma-catalysis could decrease the activation barrier of CO2 and CH4, and therefore 

improve the reaction rate [94]. 
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Fig. 2-7 Interaction between plasma and catalysis. Adapted from [36]. 

In this dissertation, the effects of plasma-catalysis have been studied for DRM in a single-stage 

plasma-catalytic reactor, i.e., rotating gliding arc combined with a spouted bed, to answer the 

question if there is a synergistic or antagonistic effect when combining plasma and catalyst. The 

work presented in Chapter 6 studies the influence of different catalyst characteristics on CO2 and 

CH4 conversions, as well as H2 and CO yields for plasma-driven catalysis of DRM. These catalyst 

characteristics include: two different Ni-based catalysts (Ni/Al2O3 and Ni/SiO2), percentage of 

metal loading (15 and 30% wt.), reduced and non-reduced catalysts. 
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3  
Methodology 

 

3.1 Experimental Setup 

Fig. 3-1a shows a picture of the whole reactor assembly, this includes the homemade dual stage 

pulsed DC power supply (on the left) and the mass spectrometer (on the right), described in the 

following sections.  

 

Fig. 3-1 (a) Photograph of the RGA setup. (b) Infrared photograph of the RGA reactor during DRM 

reaction. Taken with Cat S61 FLIR camera. 

The plasma reactor is made of stainless steel 316, and it consists of a cone surrounded coaxially 

by a hollow cylinder. The cone (Fig. 3-2a) screws to a ¼ inch hollow tube. This assembly acts as 

a cathode and allows the cone to be replaced whenever needed. At the other end of the tube, a 
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SwagelokTM tee was adapted to connect the dual-stage power supply to the cathode. Two spacer 

pieces serve as a base for the reactor while also act as an electric insulator between the two 

electrodes: (1) A DelrinTM piece (polyoxymethylene, later PEEK, polyether ether ketone) (Fig. 

3-2b) and (2) a ceramic piece (glass-ceramic, MacorTM) (Fig. 3-2c). 

The reactor is mounted vertically on the two pieces described above, and it has on both ends two 

6-hole flanges of 1/2 inch thickness each. The lower flange of the reactor bolts to the DelrinTM 

piece while the reactor sits on an O-ring on the ceramic piece. The process gases are injected in 

the reactor by two sets of three equally-spaced tangential tubular inlets that uniformly cover the 

circumference of the reactor, one set on top of the other. The gas injectors are mounted at an angle 

of 20° from the horizontal plane of the system and allow the gas to swirl counterclockwise (Fig. 

3-3). On the upper part, the reactor is terminated with ConFlat (CF) tee adaptor that enables direct 

line-of-sight view along the reactor axis on the top, and a gas exhaust on the side. A stack of four 

ring magnets is mounted around the grounded anode cylinder to add a static axial magnetic field. 

The magnets are oriented such as to provide a Lorentz force acting along the gas drag force. More 

details about the complete setup, as well as the corresponding schematic, are stated in Chapter 5, 

section 5.3 (Fig. 5-1). 
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Fig. 3-2 Technical drawings of (a) the conical electrode, (b) DelrinTM plate, and (c) ceramic base. (d) 

Digital photograph of the assembly. An extra ceramic piece (cylinder) was added for the plasma-catalytic 

experiments to the setup. 
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Fig. 3-3 Gas injector assembly (a) technical drawing and (b) digital photograph. 

For the experiments described in Chapter 5, section 5.4.3, an additional component was added to 

the setup to preheat the gas. A gas heater was developed by filling a tube (91.4 cm long by 2.54 

cm diameter) with approx. 700 g of silicon carbide (SiC, carborundum, Fisher Scientific, mesh 12, 

1.70 mm). The carborundum has a high thermal conductivity (120 W m–1 K–1) that allows heating 

the gas when it passes through the space between the SiC particles. Then, the tube was covered 

entirely with electrical heating tape, and a thermocouple measured the wall temperature (Fig. 3-4a, 

b). The gas heater was placed after the gas mixer and before the manifold that distributed the gases 

through the six gas inlets. An additional thermocouple measured the temperature of the gas just 

before the reactor (in the manifold). Moreover, the material of the gas lines was replaced by copper 

tubing instead of nylon tubing (Fig. 3-4c, d) to prevent melting during the high-temperature 

experiment. All the gas lines and manifold were wrapped with ceramic fiber insulating strip to 

avoid heat losses through the walls as much as possible. 
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Fig. 3-4 Gas heater wrapped with heating tape (a) before being covered with insulation, (b) after being 

insulated to avoid heat losses. (c) Nylon tubing for gas injectors, (d) Cooper tubing for gas injectors for 

the high-temperature experiment. 

For the experiments described in Chapter 6, an additional ceramic piece (glass-mica) was added 

to fill the gap between the base of the reactor and the gas inlets, and thus avoiding the catalyst 

falling to the base and not fluidize (Fig. 3-2d and Fig. 3-5). 

 

Fig. 3-5 Detailed schematic of the base assembly. 

 

3.2 Power Supply 

A homemade dual-stage pulsed DC power supply was used to ignite and sustain the plasma 

discharges. The power supply combines an arc igniter and a current driver. The arc igniter produces 
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a constant train of high-voltage pulses, of magnitude above the breakdown voltage of the gaseous 

gap. The igniter was designed based on [76, 95]. It consists of a 5-stage Cockcroft-Walton Voltage 

Multiplier (CWVM) that converts a low voltage high-frequency AC to a pulsed negative high-

voltage DC signal (output voltage ~ -4.5 kV).  

Fig. 3-6 shows the electric circuit for the arc igniter, it consists of a 12 V, 2 A DC charger, a DC -

to -high voltage AC inverter (3 kV, 15 mA, Plasma Power Generator, MINIMAX30), a 5-stage 

CWVM, a 3 MΩ current limiting resistor, and a charging capacitor (1 nF). Each stage of the 

CWVM consists of 2 capacitors (100 pF) and 2 diodes (1 kV/1 A). Once that the gaseous 

breakdown has taken place, the current driver takes over and provides the required current to 

sustain the gliding arc while providing enough voltage for the arc to elongate through the inter-

electrode gap. The current driver consists of a resistor-capacitor (RC) circuit driven by a 2.5 kW 

negative polarity capacity-charging power supply with –1000 V open-circuit voltage (Analog 

Modulus, Inc. model 5743). An additional set of high-voltage diodes is used to prevent current or 

high voltage exposure on each power supply [96].  
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Fig. 3-6 (a) Photograph of the igniter circuit. (b) Electrical circuit of the homemade power supply. On top, 

the CWM and on the bottom the current driver power supply. Adapted from [96]. 

 

3.2.1 Electrical Measurements  

The electrical characteristics of the plasma discharge, i.e., voltage and current, were monitored 

using a high-voltage probe (B&K Precision PR55) and a passive voltage probe (Tektronix P2200) 

across of a 1 Ω shunt resistor connected to a digital oscilloscope. The electrical measurements 

obtained were used to calculate the instantaneous and average discharge powers, and cumulative 

energy deposition in the plasma discharge.  

One of the main problems was the interference of the high-frequency noise caused by the igniter 

power supply to the electronic equipment. Hence, a Tektronix model MSO2012 benchtop 

oscilloscope was used to monitor the electrical signals during the experimental phase, to ensure 

that the plasma discharge was working correctly. However, these data could not be saved directly 

from the oscilloscope, due to the high-frequency interference. To solve this issue, a PC 

oscilloscope (PicoScope 2408B) connected directly to the computer was used to record the 

electrical characteristics of the discharge as it was not affected by the high frequencies. The PC 
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oscilloscope was set to record 50 frames for every experimental condition (sample rate 1 GS/s), 

and a low pass filter was activated to filter the noise of the signals. The obtained waveforms were 

processed using a script written in MATLAB® for further processing.  

 

3.3 Instrumentation 

All experiments described in the chapters that follows were performed by using the instruments 

described below. Gas flow rates were controlled by calibrated rotameters. Gas products were 

analyzed on-line by a calibrated mass spectrometer and off-line by a gas chromatographer 

equipped with a thermal conductivity detector. Carbon byproducts were analyzed by Scanning 

Electron Microscopy (SEM) and Raman Spectroscopy. The catalysts were characterized by 

Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES), X-Ray Diffraction 

(XRD), X-Ray Photoelectron Spectroscopy (XPS), SEM, physisorption and chemisorption 

methods, as well as temperature-programmed reduction and oxidation methods.  

 

3.3.1 Mass Spectrometry 

Mass spectrometry (MS) is a simple technique to analyze the composition of the gas. The mass 

spectrometer measures the mass-to-charge ratio of ions, and a plot of intensity in amperes as a 

function of the mass-to-charge ratio is displayed as the result of the measurement. Throughout the 

thesis, mass spectroscopy was used as the main analytical technique to analyze/quantify the 

composition of the reforming products. The Faraday-type detector (measures percentage levels) 

with a secondary electron multiplier (SEM, ppm level detection) can acquire mass spectra from 0 

to 200 atomic mass units (amu). The MS (Pfeiffer Ominstar GSD 301) operation and data 

acquisition were controlled by the computer using the Quadstar 32-bit software. The following 

instrument parameters were set for the MS operation: Ion – ref (150 V), Cathode (80 V), Focus 

(7.00 V), Field axis (5.88 V), and Extract (31V), Mode (Emission), Speed (1 s). 

The capillary of the MS was connected on-line at the exit of the reactor and before the gas exhaust. 

A particle filter with a 2 µm frit was adapted to the capillary to ensure that no solid particles were 

transported inside the MS. The capillary heater was on and its temperature was maintained at 

200 °C at all times.  
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Argon was used as an internal standard with a calibration factor of 1. The calibration factors of the 

other gases were calculated using eq. 3.1: 

𝐶𝑎𝑙. 𝑓𝑎𝑐𝑡𝑜𝑟𝑖 =
[𝐴𝑖]

[𝐴𝐴𝑟]
∙

𝐶𝑜𝑛𝑐.𝐴𝑟

𝐶𝑜𝑛𝑐.𝑖
(3.1) 

[A] is the intensity of the species in amperes and conc. stands for concentration of the calibration 

gas in vol %. Typical values of calibration factor for other gases are between 0.7 and 1.2. The MS 

was calibrated using three different calibration gas mixtures with compositions presented in Table 

3-1. 

Table 3-1 Composition in vol% of the calibration gases.  

Calibration 

gas 

H2  

[vol%] 

CO 

[vol%] 

CO2 

[vol%] 

CH4 

[vol%] 

Ar 

[vol%] 

1 0.502 -- -- -- Balance 

2 20.00 -- 4.979 10.03 Balance 

3 14.93 15.19 14.98 14.90 Balance 

Note: According to the supplier (MEGS, Specialty Gases) the composition of the calibration gases is reported with an 

uncertainty of ± 2 % for concentrations > 5 % and ± 5% for concentrations < 0.5 %. The uncertainties are calculated 

in relative percentage  

The contribution of CO2 fragmentation to the CO signal (mass 28) was considered in the 

calibration.  

 

3.3.2 Gas Chromatography 

Gas chromatography is another analytical technique used to quantify the concentration of a gas 

mixture once its composition is known. Gas chromatography was used to measure/analyze the 

byproducts of the reforming reaction, i.e., acetylene and ethylene, for which the MS was not 

calibrated. The gas chromatographer (GC, Agilent 6890N) was used offline, and it was equipped 

with a thermal conductivity detector (TCD). Hence, the gas samples obtained as a product of the 

DRM reaction were collected in gas sample bags (SupelTM Inert Multi-Layer Foil) and injected 

into the GC using a 1 mL syringe (Hamilton, 1000 series GASTIGHT). Argon was the carrier gas 

that transported the gas sample through the column and into the detector. 
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The GC was equipped with two 10 m capillary columns: a CP-Molecular sieve 5 Å for permanent 

gases such as CH4, H2, CO, N2, O2, and a Plot-Q for CO2 and C2-C4 hydrocarbons. These columns 

retain each gas for a specific time depending on the column and injector temperature, and the 

intermolecular interactions with the stationary phase. The GC was calibrated by injecting different 

amounts of the calibration gas 3 (from Table 3-1) as well as C2H2 (99%, MEGS Specialty Gases) 

and C2H4 (99.999%, MEGS Specialty Gases) to obtain a linear calibration curve. Once the 

chromatogram was recorded, the peaks for the different gas components were integrated to obtain 

the area under the curve, which is related to the concentration of the gas by the calibration curve.  

 

3.3.3 Optical Emission Spectroscopy 

Optical Emission Spectroscopy (OES) is a technique that uses the light emitted by the plasma 

discharge to identify various species. The optical spectrometer used was an Ocean FX 

spectrometer (Ocean Optics, 25 µm slit, extended range 200 – 1100 nm) with an optical resolution 

of 0.78 nm. The measurement of the optical emission spectra was performed using an optical fiber 

placed on top of the quartz viewport (approx. 49 cm on top of the arc region) to collect the plasma 

radiation face-on. The spectra were collected for off-line analyses.  

 

3.4 Fluidization Tests 

Fluidization tests were performed for the plasma-catalytic experiments reported in Chapter 6. 

These experiments were made to visualize the catalyst fluidization in the plasma reactor as the 

plasma reactor is made of stainless steel, the fluidization cannot be seen in it. Hence, a transparent 

acrylic (PlexiglassTM) reactor with similar dimensions was used to determine the best fluidization 

conditions, i.e., amount of catalyst, catalyst particle size, and total flow rate. The acrylic reactor 

consists of a conical electrode (which height inside of the reactor can be adjusted) mounted 

coaxially inside of a hollow cylindrical CF 1–1/3 fitting, with an inner diameter of 17.47 mm and 

an outer diameter of 19.05 mm. The acrylic reactor sits on top of the CF fitting, while an O-ring is 

used to seal the connection between the two parts. Unlike the stainless-steel reactor, the six 

tangential gas inlets are at the same height (misunderstanding with the manufacturer). However, 

no major impact of this difference was expected for the final results. This diameter continues 
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downstream for 241.0 mm, and then it expands up to 63.5 mm to reduce the gas velocity to avoid 

particle entrainment. The experiments to determine the best fluidization conditions were 

performed with Ar and using the catalyst supports only (i.e., Al2O3 and SiO2); keeping the same 

gas velocity in both reactors. 

 

Fig. 3-7 Acrylic reactor (a) technical drawing and (b) digital photography of the reactor with catalyst 

support inside. 

 

3.5 Catalyst Preparation 

For the experiments performed in Chapter 6, the effect of catalyst and plasma in the DRM reaction 

was studied. The incipient wetness impregnation method was chosen to prepare the catalysts. In 

this method, the support is in contact with a solution of appropriate metal concentration of the 
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precursor, which in quantity corresponds to slightly more than the total known pore volume or 

until it looks wet. However, one of the drawbacks of this method is that the redistribution inside 

of the pores is very slow [97]. 

In incipient wetness impregnation, nickel nitrate hexahydrate (Ni (NO3)2 6H2O, ≥ 98.5%, Sigma 

Aldrich) was dissolved in of water (~1.80 mL g–1 for Al2O3 and ~1.75 mL g–1 for SiO2). Note that 

the Ni salt contains water, which significantly contributes to the total amount of H2O added to the 

support, making the support wetter than it should be. To solve this issue, the correct amount of 

water was measured previously in the vial, and the volume marked. Then, the needed amount of 

Ni salt was weighed in the vial. Later, water was added until the meniscus of the solution was at 

the line previously marked and stirred until complete dissolution. Next (see Fig. 3-8), the Ni 

solution was added drop by drop to a flat layer of the alumina (catalyst support, Alfa-Aesar) or 

silica (≥ 99%, Sigma-Aldrich) using a micropipette. The impregnated support was left at room 

temperature overnight to allow the Ni to distribute in the pores of the support. Afterwards, the 

sample was dried for 8 h at 80 °C and subsequently calcined in a muffle furnace with a heating 

rate of 1 °C min–1 for 5 h at 500 °C.  

Samples with two different nickel loadings (15 and 30 wt. %) and two different supports (Al2O3 

and SiO2) were prepared. The particle size for all the alumina samples was 90 to 125 µm (support 

previously crushed and sieved) and 150 to 250 µm for the silica samples (provided by the supplier). 
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Fig. 3-8 Scheme of catalyst preparation procedure with incipient wetness impregnation method. 

 

3.6 Catalyst Characterization 

Different characterization techniques were used to study the catalysts according to pore size, 

surface area, composition, and reduction temperature of the catalyst. For SEM, XRD and XPS, 

more details are provided in Chapter 6. 

 

3.6.1 Inductively Coupled Plasma-Optical Emission Spectroscopy 

The actual nickel content of the catalysts was determined by Inductively Coupled Plasma-Optical 

Emission Spectroscopy (ICP-OES). The catalysts supported on alumina (100 mg) were first 

digested using a mixture of 2 mL of hydrochloric acid (37 wt.%, Fisher Scientific) and 5 mL nitric 

acid (67 wt.%, Fisher Scientific) at 95 °C for 2 h. The resulting liquid samples were diluted and 

analyzed using an ICP-OES (iCAP 6500 dual view, Thermo Scientific). The ICP-OES was 

calibrated previously using nickel standards diluted at 0.5, 5, 50 ppm and the concentration of the 

nickel in the samples was measured at a wavelength of 231.6 nm.  
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For the catalyst samples supported on silica, a digestion method called fusion flux was used. The 

catalyst was fused with twice the amount (by weight) of lithium tetraborate (SCP science) in a 9 

mL graphite crucible (SCP science). The fusion was heated up in a muffle furnace to 950 °C, and 

held at this temperature for 30 min. Once the samples were cooled down, acid digestion was 

applied to them by using a mixture of 6 mL of hydrochloric acid and 2 mL nitric acid at 95 °C for 

3 h. The resulting liquid samples were diluted and analyzed using an ICP-OES. 

 

3.6.2 Adsorption/Desorption Measurements 

Nitrogen adsorption/desorption measurements (196 °C) were conducted using a Micromeritics 

Gemini VII 2390t analyzer to determine the total surface area, pore size distribution, and pore 

volume of fresh samples. Previous to the analysis, the samples (100 mg) were degassed with 

helium overnight at 250 °C. 

The volumetric hydrogen uptake or chemisorption was conducted using and Autosorb iQ 

(Quantachrome) gas sorption instrument. Fresh catalyst (100 mg) was placed in a U-shape quartz 

tube. The samples were preheated first with He at a heating rate of 20 °C min–1 up to 120 °C and 

maintained at this temperature for 0.5 h, then 5 vol% of H2 was introduced to reduce the samples 

for 3 h at the reduction temperature obtained previously from TPR at a heating rate of 10 °C min- 1. 

Afterwards, the gas mixture gas evacuated for 1 h, and the catalyst was cooled down to 40 °C. The 

active surface area (m2 g–1), metal dispersion (%), and average crystallite size (Å) were calculated 

based on the amount of H2 absorbed, the stoichiometry of the reaction H/Ni = 1, and a 

hemispherical cluster with a nickel density of 8.9 g cm–3. 

 

3.6.3 Temperature Programmed Reduction  

Temperature Programmed Reduction (TPR) of the catalysts was carried out in the fixed bed reactor 

(FBR) setup connected to a calibrated mass spectrometer (Pfeiffer Ominstar GSD 301). The 

catalyst samples (100 mg) were heated up under Ar atmosphere (50 mLN min–1, 99.999%, Praxair) 

with a rate of 5 °C min–1 to 200 °C maintained at the same temperature for two hours to remove 

moisture. Then, Ar flow was reduced to 80% (40 mLN min–1), and 20 % of H2 was introduced to 

the reactor (10 mLN min–1, 99.999%, Megs Specialty Gases) to reduce the sample. Finally, the 
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catalyst was heated up at 4.5 °C min–1 to 700 °C and held at this temperature for 3 h while recording 

the mass to charge ratio for water (m/z = 18) with the MS. 

 

3.6.4 Activity Test 

The activity test of the catalysts was carried out in the fixed bed reactor (FBR) setup (Fig. 3-9). 

The FBR consists of a quartz tube (I.D. 7 mm) with a 15-40 µm frit at the bottom. The quartz tube 

was inserted into a 0.5 in. stainless steel 316 reactor with a counter-current flow configuration. 

The reaction temperature was controlled by a K-type thermocouple inserted into the catalytic bed. 

The gas flow rates were controlled by calibrated high-precision Vögtlin red-y smart controller 

GSC (Switzerland). The exit gas line was electrically heated between 110 and 120 °C to avoid 

water condensation. A split stream of the exit gas was analyzed using a calibrated mass 

spectrometer (Pfeiffer Omnistar GSD 301). The activity test was performed considering the same 

Gas Hourly Space Velocity (GHSV) used for the plasma-catalytic reactor, i.e., 148 L h–1 gcat
–1. 

Thus, the catalyst samples (approx. 40.05 mg) were diluted with approx. 59.95 mg of catalyst 

support (Al2O3 or SiO2) and placed in the reactor. Afterwards, the samples were heated up under 

Ar atmosphere (100 mLN min–1, 99.999%, Praxair) with a rate of 4.5 °C min- 1 to 200 °C and held 

at this temperature for two hours to remove moisture. Then, Ar flow was reduced to 80% (80 mLN 

min–1), and 20 % of H2 was introduced to the reactor (20 mLN min–1, 99.999%, Megs Specialty 

Gases) to reduce the sample at its respective reduction temperature previously determined via H2-

TPR (see section 3.6.3) for 2 hours. Once reduced, the catalyst was heated at 4.5 °C min–1 to 

700 °C and this temperature was maintained for 3 h. H2 flow was closed, while Ar flow was 

reduced to 70% (70 mLN min–1), and 18% of CO2 (18 mLN min–1, 99.999%, Megs Specialty 

Gases), as well as 12% of CH4 (12 mLN min–1, 99.999%, Megs Specialty Gases), were introduced 

to the reactor to keep a CO2/CH4 ratio of 1.50. The mass to charge ratios for all the species were 

recorded with the MS.  
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Fig. 3-9 Schematic of the fixed bed reactor (FBR). Taken from [11]. 

 

3.6.5 Temperature Programmed Oxidation 

Temperature-programmed oxidation with thermogravimetric analysis and mass spectrometry 

(TPO-TGA-MS) was carried out for the fresh and spent catalysts (TG 209 F1 Libra, Netzsch 

Instruments) to determine the amount of carbon present on the samples. Approximately, 25–30 mg 

of catalyst were placed in a ceramic crucible inside of the equipment. Then, the sample was heated 

with Ar at the rate of 5 °C min–1 to 110 °C and held at this temperature for 2 h to remove moisture. 

After, the sample was heated up to 950 °C at 2.5 °C min–1 with 66% air and held at this temperature 

for 40 min to combust possible carbon deposition. The CO2 evolution was recorded during the 

whole process. 

. 
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4  
CO2 methanation: A graphic approach for the 

design of Bubbling Fluidized Bed reactors 

 

4.1 Preface 

This chapter presents the development of working diagrams for the design of Bubbling Fluidized 

Bed Reactors for the CO2 methanation reaction results. The work was executed and analyzed by 

J. Martin-del-Campo. J. Kopyscinski did the supervision of the research and manuscript reviewing. 

The citation for this chapter is: 

 

Martin‐del‐Campo, Jennifer and Jan Kopyscinski. 2020. “Working Diagrams to Identify the 

Operating Range of a Bubbling Fluidized Bed Reactor for the CO2 Methanation” The Canadian 

Journal of Chemical Engineering 99 (3):803-12. https://doi.org/10.1002/cjce.23868 

 

CO2 methanation is a technologically mature process currently used for CO2 valorization. The CO2 

methanation reaction is the core of P2G. Hence, the adequate selection of the methanation reactor 

is decisive for the effective operation of the process. Fluidized bed methanation reactors offer the 

required flexibility for the P2G process. However, Bubbling Fluidized Bed reactors are limited by 

the hydrodynamics. In this chapter, working diagrams to visualize a decision window for 

determining the reactor diameter, as well as to determine the operating range for a given reactor 

size, have been developed. The diagrams are based on the hydrodynamic equations for BFB 
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reactors and the reaction thermodynamics. The influence of temperature, pressure, and catalyst 

particle size on the design and operating parameters were investigated. The variation of each 

parameter produced a change in the minimum fluidization velocity, superficial gas velocity, and 

terminal velocity, which consequently affected reactor diameter and turndown ratio. 

It was found that changing pressure provides higher flexibility in terms of turndown ratio, whereas 

increasing the operating temperature increases the reactor diameter as a consequence of gas 

expansion. These diagrams can be used as a base for reactor design and to determine operating 

conditions for BFB reactors. The same methodology explained in this manuscript can be used to 

other reactions besides CO2 methanation, such as reforming reactions. In any case, the reaction 

thermodynamics must be considered.  
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Working diagrams to identify the operating range of a bubbling 

fluidized bed reactor for the CO2 methanation 

 

Jennifer Martin-del-Campo, Jan Kopyscinski 

Catalytic Process Engineering, Department of Chemical Engineering, McGill University, 

Montreal, Quebec, Canada 

 

Abstract. Fluidized bed reactors for the catalytic CO2 methanation is a promising concept 

within the Power-to-Gas (methane) process. Due to the intermittency of renewable electricity 

generation and thus hydrogen production, the subsequent methanation reactor should also be able 

to operate at lower feed flow rates, while maintaining fluidized bed conditions. Bubbling fluidized 

bed reactors offer the required flexibility as shown with the new type of working diagrams. These 

working diagrams visualize a decision window for (1) determining the reactor diameter and (2) 

operating the fluidized bed reactor with a turndown ratio of 0.5 to 1.1. Reducing the turndown 

ratio (i.e., inlet flow rate) could lead to defluidization, thus increasing temperature or reducing the 

pressure are alternatives to maintain fluidization conditions. The former method is not desired, as 

a temperature increase would significantly reduce the CH4 yield due to thermodynamic constraints 

and therefore reduce the overall efficiency. An industrial CO2 methanation reactor, for example, 

that is designed for 10 bara and 340 °C with a total inlet flow rate of 5000 m3
N h–1 (H2/CO2 = 4) 

can be operated at a turndown ratio of 0.5 (2500 m3
N h–1) at the same temperature and the same 

u0/umf ratio by reducing the pressure to 5 bara with only a slight decrease in the CO2 equilibrium 

conversion from 96.7% to 94.6%.  
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4.2 Introduction 

Fluidized bed reactors operating in the bubbling regime are ideal for heterogeneous catalyzed 

reactions, as they allow high heat and mass transfer rates [31]. In bubbling fluidized bed reactors 

(BFBR), the mixing of the solid catalyst leads to isothermal conditions along the reactor axis and 

provides excellent temperature control [31]. These features make fluidized bed reactors suitable 

for fast and highly exothermic and endothermic reactions [98–101]. Moreover, in the case of 

catalyst deactivation due to coking, the catalyst can easily be replaced or regenerated in the same 

reactor[30, 102]. For instance, for the Fischer-Tropsch (FT) process, BFBR have been developed 

at the Cartage Hydrocol FT plant in the USA for High-Temperature FT (HTFT), operating at 305–

345 °C and 21-45 bara. SASOL I plant integrated HTFT (340 °C, 20 bara in a Circulating Fluidized 

Bed) with Low-Temperature FT (LTFT) operating at 230 °C, 27 bara in a BFBR [103]. On the 

other hand, BFBR have also proven to be reliable for CO methanation [26, 29], whereas BFBR for 

the direct methanation of biogas were studied in a pilot plant in Zurich with stable operation over 

1100 h and an average of methane yield of 96% [9].  

Various quantitative and qualitative working diagrams have been published to classify fluidized 

bed reactors [31, 104–109]. Kunii and Levenspiel [31] presented a general flow regime diagram, 

which has been adapted from Grace [109] and is valid for the whole range of gas-solid contacts. 

Most reported working diagrams are made for fast fluidization and circulating fluidized beds. 

Rabinovich and Kalman published a flow regime diagram for pneumatic conveying and fast 

fluidized bed systems [108]. Takeuchi et al. proposed a qualitative flow regime diagram for a 

catalytic cracking catalyst for fast fluidization [110]. The diagrams are based on experimental 

studies and define the limits of the fast-fluidization regime in terms of solid mass flux as a function 

of the superficial gas velocity. In the case of circulating fluidized beds, operating diagrams for the 

riser operation have been proposed based on the different solid circulation flux and superficial air 

velocity through the riser [104, 107]. However, the proposed diagrams do not provide specific 

information for design parameters.  

Working diagrams for the bubbling fluidized bed reactors (BFBR) are scarce. The influence of the 

bed height to diameter ratio for different particle sizes on the minimum bubbling and slugging 

velocities has been analyzed and plotted in a generalized flow diagram of Reynolds number as a 

function of Archimedes number [105]. Besides geometric factors, the operation of a bubbling 
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fluidized bed reactor depends on the properties of the gas-solid system and the chemical reaction 

itself [34]. The most important hydrodynamic parameters are the minimum fluidization velocity 

(umf), the terminal velocity (ut), and the bubble velocity (ub), which are functions of particle 

properties (i.e., size, density, sphericity) and fluid properties (i.e., viscosity, density). Ideally, 

BFBR should operate between the minimum fluidization velocity (umf) and the terminal velocity 

(ut) to assure that the catalyst particles are fluidized but not entrained [7, 33]. Usually, the 

superficial gas velocity (u0) is 3–10 times the minimum fluidization velocity [31]. Temperature 

and pressure have different effects on the fluid properties and on the reaction kinetics (e.g., volume 

contraction vs. expansion), which must be considered in the reactor design. The change in gas 

volume due to the chemical reaction can significantly affect the hydrodynamics [35]. 

For the reactor and process design, two main questions should be answered: (1) What catalyst 

particle size should be used? (2) What temperature and pressure should be used? However, 

additional questions dealing with the operating range of the reactor are important. For example, 

for a given reactor size: What range of pressure, temperature, catalyst diameter, and total flow 

rate can the reactor be operated in? The latter is essential for processes in which the actual flow 

rate can vary between 50–120% of the designed flow rate (i.e., capacity utilization ratio or 

turndown ratio). The highly exothermic CO2 methanation used within the Power-to-Gas process 

is such a case [9, 22, 111]. Power-to-Gas is a three-step process in which excess of renewable 

electricity is used to produce hydrogen via water electrolysis. The hydrogen is subsequently 

converted with captured carbon dioxide through the Sabatier reaction (CO2 methanation, see eq. 

4.1) to produce methane (CH4), which can be stored in the existing natural gas distribution network 

[10, 112]. By doing so, electricity storage and carbon capture can be combined. Besides the CO2 

methanation (eq. 4.1), the competing reverse water gas shift reaction (eq. 4.2) and the CO 

methanation (eq. 4.3) occur. 

CO2 + 4 H2 ↔ CH4 + 2 H2O           ∆𝐻𝑅
0 = −165 𝑘𝐽 𝑚𝑜𝑙−1 (4.1) 

CO2 + H2 ↔ CO + H2O            ∆𝐻𝑅
0 = 41 𝑘𝐽 𝑚𝑜𝑙−1 (4.2) 

CO + 3 H2 ↔ CH4 + H2O              ∆𝐻𝑅
0 = −206 𝑘𝐽 𝑚𝑜𝑙−1 (4.3) 

Both the CO2 and CO methanation are reactions with a considerable volume contraction (max. 

40% and 50%, respectively), which might influence the fluidization behavior [34]. From the 
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thermodynamic standpoint, the CO2 methanation is favored at low temperatures (300 - 350 °C) 

and high pressures (up to 20 bar). However, high operating pressures are not economical, whereas 

low operation temperatures require a highly efficient catalyst. Thus, a techno-economical deal 

must be found [112, 113] 

Due to the inherent intermittency of renewable electricity, the hydrogen production fluctuates. 

Even with intermediate H2 storage, the subsequent methanation reactor should be flexible and have 

the ability to operate at a lower gas feed (i.e., lower turndown ratio) [114]. Conventionally, 

bubbling fluidized bed reactors are not designed with the highest flexibility in mind. Therefore, 

this work presents a new type of operating diagram for BFBR that allows (1) to determine a 

suitable reactor diameter for a given operating condition and (2) to determine the operating range 

for a given reactor diameter for the CO2 methanation. The presented methodology can be applied 

for other reactions, such as Fischer-Tropsch synthesis or reforming reactions. 

 

4.3 Methodology 

The minimum fluidizing velocity (umf) is the velocity at which the solids will be suspended, i.e. 

when the pressure drop exceeds the weight of solids (eq. 4.4) [31].   

𝑢𝑚𝑓 =
µ

2 ∙ 𝑑𝑝 ∙ 𝜌𝑔
(−

𝐾2

𝐾1
+ √(

𝐾2

𝐾1
)

2

+
1

𝐾1

4 ∙ 𝑑𝑝
3 ∙ 𝜌𝑔 ∙ (𝜌𝑠 − 𝜌𝑔) ∙ 𝑔

µ2
) (4.4) 

with 𝐾1 =
1.75

𝜀𝑚𝑓
3 ∙𝜑𝑠

 and 𝐾2 =
150∙(1−𝜀𝑚𝑓)

𝜀𝑚𝑓
3 ∙𝜑𝑠

2 . Eq. (4.4) takes into account all particles ranges, where umf 

is the minimum fluidization velocity (m s–1), ρs is the solid density (kg m–3), ρg is the gas density 

(kg m- 3), g is the gravitational acceleration (kg m s–2), dp is the particle diameter (m), µ is the 

dynamic viscosity (Pa s), φs is the sphericity of the particle and εmf is the bed voidage [31]. On the 

other hand, the terminal velocity (ut) refers to the velocity at which the particles are entrained from 

the bed (eq. 4.5) [31].  

𝑢𝑡 = [
4 ∙ 𝑑𝑝 ∙ (𝜌𝑠 − 𝜌𝑔) ∙ 𝑔

3 ∙ 𝜌𝑔 ∙ 𝐶𝐷
]

1
2⁄

(4.5) 
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Terminal velocity depends on gas density, solid density, particle size, and drag coefficient, CD. 

The latter is described by eq. (4.6) [115]. 

𝐶𝐷 =
24

𝑅𝑒𝑡
[1 + (8.1716𝑒−4.0655𝜑𝑠)𝑅𝑒𝑡

0.0964+0.5565𝜑𝑠] +
73.69(𝑒−5.0748𝜑𝑠)𝑅𝑒𝑡

𝑅𝑒𝑡 + 5.378𝑒6.2122𝜑𝑠
(4.6) 

Where Re is the Reynolds number evaluated at ut. The Reynolds number depends strongly on the 

temperature and pressure, as they predominately influence the fluid viscosity and density, 

respectively.  

Considering the assumptions stated above and based on eqs. (4.4) and (4.5), working diagrams can 

be designed to determine the bed diameter and the operating range for different catalyst particle 

diameters. By fixing one variable, the effect on temperature and pressure changes can be analyzed. 

The diagrams include a set of curves using constant velocity values, denoted as isotachs. The bed 

diameter, dFB (m), can be determined by considering the superficial gas velocity, (𝑢0 = 𝑉̇ 𝐴⁄ ) and 

the cross-section of the reactor (𝐴 = 0.25 ∙ 𝜋 ∙ 𝑑𝐹𝐵
2) as:  

𝑑𝐹𝐵 = √
4 · 𝑉̇

𝜋 · 𝑢𝑜

(4.7) 

where 𝑉̇ is the actual volumetric flow rate at reaction conditions (T, p). Using ideal gas relation 

𝑉̇∙𝑝

𝑇
=

𝑉̇0∙𝑝0

𝑇0
 , the reactor diameter can be expressed with the volumetric flow rate  (𝑉̇0) at standard 

conditions (i.e., STP, temperature and pressure of T0 = 273.15 K and p0 = 1 bara):   

𝑑𝐹𝐵 = √
4 · 𝑉̇0 · 𝑝0 · 𝑇

𝜋 · 𝑢𝑜 · 𝑇0 · 𝑝
(4.8) 

By plotting eq. (4.8) as a function of temperature or pressure, the required bed diameter can be 

determined for various particle sizes. Working diagrams were developed considering two cases, a 

laboratory and an industrial-scale fluidized bed reactor for the CO2 methanation with the 

assumptions stated in Table 4-1.  

Carbon dioxide captured from biogas plants is a good source for the CO2 methanation reaction. 

Assuming that a typical biogas plant produces ~1000 mN
3 h–1 of CO2 [116] and a stoichiometric 

H2 to CO2 ratio, a total volumetric flow rate of 5000 mN
3 h–1 (i.e., 100% capacity) was used. In the 
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current study, we considered that the reactor should be able to operate between 50 to 110% of their 

design capacity (i.e., 2500 to 5500 mN
3 h–1) due to the H2 fluctuations, which represents a turndown 

ratio of 0.5 – 1.1. The turndown ratio for the fluidized bed reactor is defined as the actual feed flow 

rate divided by the designed feed flow rate (both in STP). A superficial gas velocity of uo = 6·umf 

was chosen to ensure that the reactor operates in the bubbling regime [22, 31]. Besides, we have 

assumed three different catalyst particle sizes (150, 250, and 500 µm) and not a particle size 

distribution. The values for catalyst sphericity and bed voidage at minimum fluidization velocity 

were taken from the literature [31]. 

Table 4-1 Parameters and assumptions used for the operating diagrams. 

Parameter Assumption 

Feed composition H2/CO2 = 4/1 (stoichiometric) 

Designed capacity (total inlet flow rate) 
0.5 mN

3 h–1 (laboratory/pilot scale),  

5000 mN
3 h–1 (industrial scale) 

Capacity range 50% - 110%  

Temperature, T 300 - 500 °C  

Pressure, p 1 – 20 bara 

Velocity ratio uo/umf 6 - 12 

Particle sizes, dP 150, 250 and 500 µm (Geldart B) 

Sphericity φs 0.58 [31] 

Bed voidage εmf 0.57, 0.55 and 0.54 [31] 

Catalyst density ρs 1500 kg m–3 

 

As the operating conditions and turndown ratio will affect the amount of methane formed, the 

associated chemical energy (𝐸𝐶𝐻4
 in MW) is calculated assuming that all unconverted CO2 and H2, 

as well as the produced H2O, are separated from CH4. Thus, the chemical energy is directly 

proportional to the lower heating value (i.e., heat of combustion) from CH4. 
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4.4 Results and Discussion 

4.4.1 Equilibrium composition 

Temperature and pressure have different and opposite effects on the equilibrium composition as 

illustrated in Fig. 4–1A and B. The main products of the CO2 methanation, i.e., H2O and CH4, are 

thermodynamically favored at low temperatures and high pressures [117]. On the other hand, the 

formation of CO, a product of the competitive reverse water-gas-shift reaction, is favored at higher 

temperatures (> 450 °C) but not at higher pressures [7, 112, 117]. The equilibrium composition 

was calculated using the HSC Chemistry v9 software that uses the minimization of the Gibbs 

energy approach. 

The total outlet molar flow rate increased with increasing temperature and slightly decreased with 

increasing pressure (pink line in Fig. 4–1A and B). In other words, the volume contraction (blue 

shaded area) decreased when the temperature increased. At 300 °C, a 36% volume reduction is 

observed; however, as the temperature increases to 500 °C, the gas expands, and hence the volume 

contraction reduces to 27%. 

During the reaction, the influence of temperature and pressure on the actual volumetric flow rates 

(inlet and outlet) are more pronounced, as visualized in Fig. 4-1C and D, respectively. These 

effects are very important as the actual volumetric flow rate dictates the gas velocity in the reactor, 

and hence, the fluidization behavior. For example, the outlet volume flow rate increased from 

6,500 m3 h–1 at 300 °C to 10,500 m3 h–1 at 500 °C for 1 bara (Fig. 4-1C). Whereas, the outlet 

volume flow rate decreased significantly from 7,000 m3 h–1 at 1 bara to less than 500 m3 h–1 at 20 

bara at 350 °C (Fig. 4-1D). Therefore, the design and operating conditions of the fluidized bed 

reactor will be different in each case.  

The subsequent calculations have been done with the standard inlet flow rates considering the 

volume contraction instead of the outlet flow rates as the volume contraction is assumed to occur 

along the height of the reactor as the reaction progresses.  
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Fig. 4-1 Equilibrium composition of CO2 methanation based on (A, B) the molar flow rate and (C, D) the 

volumetric flow rate as a function of (A, C) temperature at 1 bara and (B, D) pressure at 350 °C. Total 

inlet flow rate: 5000 mN
3 h–1 (220 kmol h–1) with H2/CO2 = 4/1. Blue shaded parts represent volume 

contraction. Normal inlet refers to the inlet at standard conditions (273 K and 1 bara), whereas inlet refers 

to the volumetric flow rate at operating conditions. 

 

4.5 Bed diameter 

The calculations shown in the following diagrams rely on the fact that at the same gas flow rate, 

different gas velocities can be set by changing the cross-sectional area of the reactor where the bed 

diameter is directly proportional to the square root of this parameter. 

4.5.1 Temperature effect 

Figure 4-2 depicts the calculated bed diameter (eq. 4.8) (empty tube diameter) as a function of 

temperature at a constant pressure of 3 bara for a laboratory-scale reactor. The total inlet flow rate 
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was set to 0.5 mN
3 h–1 with an H2/CO2 ratio of 4/1 (Table 4-1). The grey lines denote the isotachs 

(constant gas velocity), the black solid and dashed lines refer to the superficial gas velocity 

(u0 = 6·umf) and the terminal velocity (ut), respectively, for catalyst particles with a size of 150, 

250 and 500 µm. Since bubbling fluidized beds should operate far from the terminal velocity, the 

maximum u0/umf ratio of 12 was assumed (blue line), resulting in a decision window indicated by 

the blue shaded area. To fluidize particles with a size of 250 µm, the bed diameter of the BFBR 

should be within that blue area to ensure proper fluidization. 

 

Fig. 4-2 Bed diameter as a function of temperature (300-500 °C) at 3 bara for a laboratory-scale reactor. 

Total inlet flow rate 0.5 mN
3 h–1, H2/CO2 = 4/1. Blue shaded area represents the zone between 6·umf (bold 

black line) and 12·umf (blue line) for a particle size of 250 µm (decision window). Dashed lines (ut). 

The analysis showed that a larger bed diameter is required to achieve the necessary gas velocity to 

fluidize smaller particle sizes with the same flow rate and temperature at 3 bara (Fig. 4-2). A larger 

bed diameter is also required to fluidize the same particle size (e.g., 250 µm) but at higher 

temperatures. The plot allows determining a suitable bed diameter as a function of particle size 

and temperature for a given total volumetric flow rate (STP) and operating pressure. For example, 

if the laboratory-scale reactor operates at 340°C and 3 bara with 250 µm particles at 6·umf, a bed 
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diameter of 19.5 mm is required. Additionally, the superficial gas velocity of uo= 0.22 m s–1 for 

these conditions can be determined by following the isotachs and their correspondent scale (star 

1). If the reactor is operated at a temperature of 460 °C instead of 340 °C, the gas expands, and 

hence, the cross-sectional area of the reactor increases 1.6 times (dFB = 24.7 mm) (star 2). For both 

operating points, the nominal volumetric flow rate and velocity ratio were the same 

(i.e., 0.5 mN
3 h–1 and 6·umf). Equally, to fluidize smaller catalyst particles of 150 µm an increase of 

1.6 times of the reactor diameter is required at 340 °C and 3 bara, whereas a decrease of approx. 

50% in the bed diameter is observed when the particle size of the catalyst is increased to 500 µm 

(stars 3 and 4).  

The particle size of the catalyst influences not only the design of the bed diameter but also the bed 

height to diameter ratio (H/D). For instance, considering that the reactor is operated with the same 

gas velocity to catalyst amount ratio (LN h–1 kgCat
–1) for all particle sizes, H/D ratio changes 

significantly (i.e., by a factor 3), which could further affect the hydrodynamics (i.e., bubble size), 

mass transfer as well the final conversion. Assuming the equilibrium conversion is achieved, an 

increase in temperature would decrease the CO2 conversion from 94.7% at 340 °C to 90.3% at 400 

°C (star 5) and 84.3% at 460 °C. 

For an industrial reactor, the CO2 methanation reaction would be carried out at higher pressures, 

thus affecting the bed diameter. The reactor diameters are illustrated as a function of temperature 

at 3 and 10 bara in Fig. 4-3A and B, respectively, with a nominal inlet flow rate of 5000 m3
N h–1 

and a ratio H2/CO2 = 4. Increasing the pressure reduces the reactor diameter to keep the same 

fluidization velocity [22]. For instance, considering the previous example of a reactor operating at 

340 °C and 3 bara, with catalyst particles of 250 µm and u0/umf = 6, a diameter of ~1.9 m is required 

(star 1) for the industrial-scale reactor. However, if the operating temperature increases to 460 °C, 

the diameter doubles to 3.9 m, to fluidize 250 µm catalyst particles at 6·umf (star 2). On the other 

hand, if the temperature is fixed at 340 °C due to thermodynamics, kinetics or any other 

constraints, a larger reactor diameter is needed to fluidize smaller particles and vice-versa (i.e., 

~3.1 m diameter for 150 µm and ~1 m diameter for 500 µm (stars 3 and 4)). Equally, for a more 

realistic industrial process in which a higher pressure of 10 bara will favor the CO2 methanation 

reaction, the same analysis can be conducted. In this case, the cross-sectional area of the reactor is 

approx. 3.3 times smaller to keep the gas velocity constant and hence suitable catalyst fluidization. 

In detail, a diameter of approx. 1.06 m is needed to fluidize 250 µm catalyst particles at 6·umf at 
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340 °C (star 5). Hence, it is paramount to decide the total operating pressure prior to determining 

the reactor size. 

As mentioned in section 4.4.1, the CO2 conversion is favored at low temperatures and higher 

pressures due to the exothermicity and volume contraction nature of the reaction. At 340 °C and 

10 bara, an equilibrium CO2 conversion of 96.7% is achieved, which translates to a total energy 

output of 9.6 MWCH4 (based on the lower heating value of methane). If the temperature is kept 

constant at 340 °C, and the pressure is reduced to 3 bara, the equilibrium conversion of CO2 is 

94.7%, which corresponds to an energy output of 9.4 MWCH4. It can be noticed that the energy 

output between the industrial reactor operating at 3 bara and the 10 bara differs only by 2%. 

However, the operating cost of the compression increase when increasing the operating pressure. 

Hence, the advantage of operating at a lower pressure.  
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Fig. 4-3 Bed diameter as a function of temperature at (A) 3 bara and (B) 10 bara for different particle 

diameters (150, 250, and 500 µm) for an industrial-scale reactor. Total flow rate of 5000 mN
3 h–1 with 

H2/CO2 = 4/1 (6·umf (bold lines), 12·umf (blue lines), ut (dashed lines)). 
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4.5.2 Pressure effect  

Figure 4-4 presents the effect of pressure on the bed diameter at 340 °C shown for different particle 

sizes for an industrial-scale reactor. The pressure has an important effect on the bed diameter. At 

higher pressures, the reactor becomes narrower but higher to keep the volume and mass of the 

catalyst constant [118]. For fluidizing bigger particles, the reactor could operate at lower pressures, 

which reduces the operating costs associated with the compression, whereas at higher values of 

pressure, smaller particles are required. In this case, the particle size needs to be chosen carefully 

so the catalyst can be fluidized.  

 

Fig. 4-4 Bed diameter as a function of pressure at 340 °C for different particle diameters (150, 250, and 

500 µm) for an industrial-scale reactor. Total flow rate of 5000 mN
3 h–1 with H2/CO2 = 4/1 (6·umf (solid 

lines), 12·umf (blue line), ut (dashed lines)). 

The blue shaded zone represents a decision window to operate the reactor between 1 and 20 bara 

for a particle size of 250 µm. Working at 20 bara would lead to a slimmer reactor with diameters 

of 0.52 to 0.74 m. In contrast to the temperature diagrams, it is possible to have one empty tube 

diameter for the fluidization of particles from 150 to 500 µm with superficial gas velocities 
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between 0.08 and 0.8 m s–1. For example, a fluidized bed with a 1.2 m empty tube diameter can 

operate with 150, 250, and 500 µm particles at 2.2, 8, and 19 bara (stars 1, 2, and 3), respectively. 

Figure 4-5 shows the energy output (in MWCH4) of an industrial-scale reactor at a temperature 

range of 300 to 500 °C for different operating pressures. A CH4 yield of 100% means that all 

carbon from CO2 is being converted to CH4, which corresponds to a maximum energy output of 

9.94 MWCH4. However, due to thermodynamic constraints, a maximum of 9.6 MWCH4 is possible 

at 340 °C and 10 bara. Even though increasing the operating pressure leads to higher CO2 

conversions, the CH4 energy output depends strongly on the operating temperature. For instance, 

the energy output only differs by 3% when increasing the pressure from 3 to 20 bar at 340 °C; 

however, this difference increases to 13% when the temperature increases up to 500 °C. Equally, 

when the CO2 methanation reaction is carried out at higher pressures, a change in temperature has 

a reduced influence on the energy output as a result of the high density of the gas. 

 

Fig. 4-5 Energy output in MWCH4 as a function of temperature for different operating pressures (1, 3, 10, 

and 20 bar). Total inlet flow rate of 5000 mN
3 h–1 and H2/CO2 = 4/1. 
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4.6 Turndown ratio 

4.6.1 Temperature effect  

Once the bed diameter for the reactor has been chosen, a working diagram can be designed to 

visualize the capacity or turndown ratio. An example is shown in Fig. 4-6 for an industrial-scale 

reactor operating at 10 bara and an empty tube diameter of 1.06 m, the reactor diameter was chosen 

based on Fig. 4-3 with a designed capacity of 100% (i.e., inlet flow rate of 5000 mN
3 h–1 ), reaction 

temperature of 340 °C, and particle size of 250 µm (star 5 in Fig. 4-3 corresponds to star 1 in 

Fig. 4-6). As the temperature increases, the turndown ratio decreases, as well as the superficial gas 

velocity represented by the isotachs. 

 

Fig. 4-6 Energy output in MWCH4 as a function of temperature for different operating pressures (1, 3, 10, 

and 20 bar). Total inlet flow rate of 5000 mN
3 h–1 and H2/CO2 = 4/1. 

The blue shaded area defines a theoretical maximum working range for 250 µm particles with 

capacity utilization of 50 to 120% (i.e., turndown ratio of 0.5–1.2). If the temperature increases to 

400 °C at the same superficial gas velocity (i.e., 0.22 m s–1), the capacity decreases to approx. 

80%, which means that the inlet flow rate reduces to 4000 mN
3 h–1 (star 2). If less feed gas is 

available for the CO2 methanation reactor due to low H2 production, then the temperature can be 
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increased to maintain the same velocity ratio. However, this would result in a lower CH4 yield and 

CO2 conversion due to equilibrium constraints, as depicted in Fig. 4-1. Hence, the CO2 conversion 

and energy output would decrease from 96.7% and 9.6 MWCH4 (10 bara, 340 °C, 100% capacity) 

to 92.7% and 7.7 MWCH4 (10 bara, 420 °C, 80% capacity). This not only represents a decrease of 

20% in the CH4 energy output but also increases the operating temperature by 80 °C, which raises 

the energy consumption of the system.  

On the other hand, keeping pressure and temperature constant at 50% capacity (i.e., inlet flow rate 

of 2500 mN
3 h–1) would reduce the velocity ratio to u0/umf = 3 (u0 = 0.11 m s–1) and the total energy 

produced to 4.8 MWCH4 (star 3). Considering a volume contraction of 26 – 38 vol%, it follows that 

the fluidized bed is likely to destabilize and collapse. 

 

4.6.2 Pressure effect 

Increasing the temperature to deal with a lower feed flow rate is not the best solution. Thus, in this 

section, the effect of pressure on the capacity of the industrial-scale reactor is visualized and 

discussed (Fig. 4-7). The blue shaded area depicts the operating window to fluidize particles of 

250 µm at a temperature of 340 °C in a 1.06 m fluidized bed. Operating pressure of 10 bara 

corresponds to a design capacity of 100% (i.e., inlet flow rate of 5000 mN
3 h–1) (star 1). Operating 

the reactor at 50% capacity with the same velocity ratio (6·umf) would require lowering the total 

pressure to 5 bara at the same temperature (star 2). At this condition, the CO2 conversion is slightly 

lower, with 94.6% compared to 96.7% at 10 bara. The corresponding rated CH4 output would be 

4.8 MW. 

In contrast, an increase to 110% capacity (i.e., inlet flow rate of 5500 mN
3 h–1) would require a 

slight increase in the total pressure to maintain the same velocity ratio. If the pressure is kept 

constant at 10 bara at 110% capacity, the velocity ratio would slightly increase to u0= 6.5 umf, 

which is well within the blue shaded area that defines the operating window (star 3). At this 

condition, a total energy output of 10.6 MWCH4 could be achieved. 
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Fig. 4-7 Capacity as a function of pressure assuming volume contraction at 340 °C for different particle 

diameters (150, 250, and 500 µm) and empty tube reactor diameter of 1.06 m for an industrial-scale 

reactor. Total flow rate with H2/CO2 = 4/1 (6·umf (solid lines), 12·umf (blue line), ut (dashed lines)). 

This short analysis shows that changing the pressure provides greater flexibility than changing the 

temperature in terms of turndown ratio/capacity. 

Furthermore, the plot shows that the reactor with an empty tube diameter of 1.06 m can be used 

with a different range of particle sizes (150 to 500 µm). For 500 µm catalyst particles, the operating 

window decreases, while for 150 µm catalyst particles, the operating window would be larger 

compared to the reference case with 250 µm. Larger particles would shift the operation to lower 

pressure (i.e., 3-5 bara), whereas smaller particles would allow operating the reactor up to 20 bara 

at 80% capacity at the same velocity ratio of u0/umf = 6. Operating at 20 bara, would not 

significantly increase the equilibrium conversion of CO2 and thus the energy output, but will 

increase the compression operating costs. 
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4.7 Conclusions 

Power-to-Gas is an industrially relevant process that might be the key to satisfy the increasing 

global demand for renewable energy. In the Power-to-Gas technology, CO2 methanation is a 

fundamental step to produce CH4 that can be subsequently injected in the current gas grid 

distribution or gas storage. In this manuscript, we have developed working diagrams for the CO2 

methanation reaction in a bubbling fluidized bed reactor considering different operating 

temperatures (300 to 500 °C) and pressures (1 to 20 bara). The diagrams shown in this work are a 

graphical representation of the hydrodynamic equations for BFB reactors and can be used as a base 

for the reactor design. Moreover, the same methodology to determine design (bed diameter) and 

operating (turndown ratio) parameters can be applied to other reactions besides CO2 methanation 

by considering the thermodynamics of the reaction. Adjusting the geometry of the BFB reactor for 

changing operating conditions such as temperature, pressure, and total flow rate is critical to ensure 

proper fluidization. These working diagrams consider a given reactor design (bed diameter) and 

turndown ratio. This means that the reactor can operate in a flexible range of operating conditions 

depending on the availability of the reactants. Increasing the operating temperature increases 

slightly the bed diameter due to the gas expansion, whereas increasing the pressure leads to 

slimmer reactors in order to keep the fluidization velocity. The results showed that the CO2 

methanation reaction should be carried out at a lower and more importantly, at a fixed temperature 

(e.g., 340 °C) to allow a more flexible operation in terms of pressure, particle size of the catalyst 

and thus turn-down ratio and energy output. Altering the pressure while maintaining the same 

velocity ratio might be a good option to adjust for changing turndown ratios of 50 to 110%. 
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Nomenclature 

Symbol Units Parameter 

𝑢𝑚𝑓 [m s–1] Minimum fluidization velocity 

𝑑𝑝 [m] Particle diameter 

𝜌𝑠 [kg m–3] Solid density 

𝜌𝑔 [kg m–3] Gas density 

𝑔 [m s–2] Gravity 

𝜇 [Pa s] Viscosity 

𝜀𝑚𝑓 [-] Bed voidage 

𝜑𝑠 [-] Sphericity  

𝑅𝑒 [-] Reynolds number 

𝑉𝑜 [m3 s–1] Volumetric flow rate at outlet conditions 

𝑇𝑜 [K] Temperature at standard conditions (273.15 K) 

𝑃𝑜 [bara] Pressure at standard conditions (1 bara) 

𝑇 [°C] Temperature 

𝑝 [bara] Pressure 

𝑢𝑡 [m s–1] Terminal velocity 

𝑀 [kg kmol–1] Molecular weight 

𝑥𝑖  [-] Molar fraction of the component in the mixture 

𝐶𝐷  Drag coefficient 
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Complementary equations 

𝑅𝑒 =
𝑢 ∙ 𝑑𝑝 ∙ 𝜌𝑔

𝜇
 

𝜇𝑚 = ∑
𝑥𝑖 ∙ 𝜇𝑖

∑ 𝑥𝑗 ∙ 𝜙𝑗𝑖
𝑁𝑐𝑐
𝑗

𝑁𝑐𝑐

𝑖=1

 

𝜙𝑖𝑗 =

[1 + (
𝜇𝑖
𝜇𝑗

)
0.5

∙ (
𝑀𝑗

𝑀𝑖
)

0.25

]

2

[8 ∙ (1 +
𝑀𝑖
𝑀𝑗

)]
0.5  

𝜇 =
𝐴 ∙ 𝑇𝐵

1 +
𝐶
𝑇

+
𝐷
𝑇2
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5  
Plasma assisted Dry Reforming of Methane 

 

5.1 Preface 

This chapter presents the results of studying the influence of peak current, total flow rate, CO2/ CH4 

ratio, and preheated flow rate in the Dry Reforming of Methane reaction carried out in a Rotating 

Gliding Arc reactor. The work was planned, analyzed, and executed by J. Martin-del-Campo. 

Supervision of the research and manuscript reviewing were shared between S. Coulombe and J. 

Kopyscinski. The citation for this chapter is: 

 

Martin-Del-Campo J, Coulombe S, Kopyscinski J (2020) Influence of Operating Parameters on 

Plasma-Assisted Dry Reforming of Methane in a Rotating Gliding Arc Reactor. Plasma Chem 

Plasma Process: 40:857–881. https://doi.org/10.1007/s11090-020-10074-2 

 

In this Chapter, a different reaction for CO2 valorization was studied. Compared to the previous 

valorization reaction stated in Chapter 4, dry reforming of methane is an immature technology. 

Besides, DRM is highly energetic, and new technologies are still under research and development 

to make the reaction more efficient and economically feasible. In this chapter, a non-thermal 

plasma discharge known as rotating gliding arc was used as the energy input for DRM. The effects 

of operating parameters such as CO2/CH4 ratio, peak current, total flow rate, as well as preheated 
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and non-preheated inlet flow on the DRM reaction were investigated. The variation in each 

parameter produced a change in the reaction product composition, and efficiency of the process.  

It was found that changing the peak arc current had the strongest effect on the conversion of 

reactive gas and hence, the yield of products and byproducts formation. Moreover, increasing the 

inlet temperature up to 473 K did not affect the reforming reaction, regardless of the endothermic 

nature of the reaction. The concentration of products as a function of time was also measured. We 

found that the plasma discharge presents a transient behavior of the products concentration at the 

beginning of the reaction, and only after approximately 5 min, the concentration on the stream was 

steady.  

The solid by-products of the reaction were also analyzed. The analysis of the Raman Spectroscopy 

results showed the formation of some graphene sheets that can have potential use for industry or 

research, which would add value to the DRM reaction.  
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Abstract. The environmental impact of greenhouse gases such as carbon dioxide and 

methane can be reduced if they are used as feedstock to synthesize chemical building blocks such 

as syngas (CO, H2) via dry reforming. Methane dry reforming is investigated using an Ar/CO2/CH4 

rotating gliding arc (RGA) reactor powered by a dual-stage pulsed DC power supply. Tangential 

gas injection combined with a static magnetic field enabled the rotation and upward displacement 

of the arc along the conical cathode and the grounded anode, yielding to a larger plasma volume. 

Different parameters such as peak arc current (0.74 and 1.50 A), total gas flow rate (3.7, 4.7 and 

6.7 SLPM), CO2/CH4 ratio (1.0, 1.5, 2.0) and gas inlet preheating (room temperature, 200 °C) were 

studied to determine the most efficient parameter combination. Gas conversion was measured 

online using a calibrated mass spectrometer and offline using a gas chromatograph. Noticeable 

increases in CO2 and CH4 conversions, as well as H2 and CO yields, were obtained when doubling 

the peak arc current. For the larger peak current, higher H2 yields were obtained at a CO2/CH4=1.0, 

and the best energy efficiencies were obtained at the lowest specific energy input values. No 

significant effect of the gas inlet temperature on the conversions or yields was found. Trace 

amounts of acetylene and ethylene, as well as some carbon deposits, were observed as by-products 

of syngas generation. The low amount of by-products obtained implies a good selectivity for CO 

and H2, i.e., a cleaner syngas when produced with RGA discharge. 
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5.2  Introduction  

The world is moving towards the use of greener and renewable technologies to meet the ever 

increasing energy demand; however, fossil fuels are still important in our current energy mix [46]. 

With the dependence on fossil fuels, the emission of pollutants, such as greenhouse gases (GHG), 

is an unavoidable problem [119]. Climate change is the major consequence of the enormous 

amount of greenhouse gases released to the atmosphere, with global and local effects such as an 

increase in the atmospheric temperature, massive ice melting, ocean acidification, and an enhanced 

rate of violent localized atmospheric events [120–122]. Carbon dioxide (CO2) and methane (CH4) 

are two of the most significant GHG. Reducing carbon emissions is the most desirable way, but 

closing the loop on carbon through capture, storage, and utilization is another promising avenue. 

Dry reforming of methane (DRM) is a reaction that upcycles these two GHG to form syngas, which 

consists of carbon monoxide (CO) and hydrogen (H2) (eq. 5.1). Syngas can subsequently be 

converted into liquid hydrocarbons and value-added chemicals for diverse applications. Today, 

syngas is produced industrially mainly by steam reforming (eq. 5.2) and partial oxidation of 

methane (eq. 5.3). 

CH4 + CO2 ⇋ 2CO + 2H2          ∆H298K = +247 kJ mol−1           ∆G298K = 170 kJ mol−1 (5.1) 

CH4 + H2O ⇋ CO + 3H2           ∆H298K = +205 kJ mol−1           ∆G298K = 142 kJ mol−1 (5.2) 

CH4 + 0.5 O2 ⇋ CO + 2H2       ∆H298K = −36 kJ mol−1              ∆G298K = −87 kJ mol−1 (5.3) 

Even if DRM is thermodynamically the most unfavorable reaction (eq. 5.1), it is also the most 

environmentally friendly due to the use of CO2 as oxidizing agent [123]. Moreover, sources with 

large amounts of CO2 such as biogas can be used from the feed gas without previous separation in 

the DRM process [42, 69]. Nonetheless, one of the major drawbacks of DRM is that it is a highly 

energy-intensive process as the C-H bond in methane and C-O bond in carbon dioxide are very 

stable. Thus, for a thermocatalytic conversion process, high temperatures (> 800 °C) and an 

efficient catalyst, resistant to coke and carbon deposition, are required [42, 124, 125]. CO2 and 

CH4 can also be activated by means of plasma technology (e.g., non-thermal plasma) that can assist 

the reaction by providing energy to the highly endothermic process as energetic species such as 

electrons, ions, free radicals intervene in the chemical reactions and hence, reduce the activation 

barrier of CO2 and CH4 [42, 94]. Additionally, in an increasing number of countries, plasma 
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reactors can be powered by renewable electricity, thus offering a new route for renewable 

electricity-to-gas processes and applications (e.g., intermittent energy storage and valorization). 

Plasma technologies such as dielectric barrier discharge (DBD) [58–62], glow discharges [63, 64], 

microwave discharges (MW) [94], corona discharges [65, 66], radio-frequency discharges (RF) 

[126] and gliding arc discharges [42, 69–73] have been extensively investigated for reforming 

reactions. However, corona discharges and dielectric barrier discharges present high energy cost 

of syngas (>10 kWh m–3) and low energy efficiency (<10%) in biogas reforming [77, 127]. On the 

other hand, RF and MW discharges need to operate at low pressure to achieve high conversions 

and good hydrogen selectivity but with low hydrogen rate and extra energy cost. Moreover, MW 

technologies are hard to scale up due to the inherently complicated configurations and high 

installation costs [36, 128]. A promising technology, the gliding arc discharge, produces a plasma 

classified by some authors as a “warm plasma” [77, 82, 83]. Gliding arc discharges present 

properties between thermal and non-thermal plasmas, such as high electron temperatures (>1 eV), 

high electron density of 1013 to 1015 cm–3, and gas temperatures of 1000 to 3000 K, while the non-

equilibrium between electron and heavy particles is still maintained enabling conversion and 

selectivity [82, 83, 85, 129]. Furthermore, up to 45% of the electrical energy provided to the gliding 

arc may be directly absorbed by endothermic chemical reactions, as in the case of DRM. In fact, 

without any catalyst, the gliding arc allows the generation of syngas at low temperatures (475 °C) 

and chemical efficiency (ratio of energy required to carry out the reaction at 25 °C to the used 

electrical energy) up to 40% [75]. These features make the gliding arc discharge a promising 

plasma source to satisfy high productivity and good adaptability for plasma-assisted chemical 

processes [42]. 

The rotating gliding arc (RGA) is a configuration that makes more efficient use of the energy and 

arc-cold gas contact, and that is consequently better adapted to scale-up than the traditional knife-

shaped gliding arc. In the RGA, the reactant gas is injected tangentially to form a swirling flow 

field in the reactor. As the arc is pushed away from the breakdown area, it swirls and elongates, 

thus forming a larger plasma reaction volume compared to the conventional gliding arc. In 

addition, the arc can be forced to rotate by the action of an external magnetic field through the 

Lorentz force [13, 85]. The RGA provides a homogeneous distribution of active species in the 

plasma zone [13, 86].  
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In this article, a RGA discharge co-driven by tangential gas injection and an external magnetic 

field was used for dry reforming of methane. Different parameters such as total flow rate, CO2 to 

CH4 stoichiometric ratio, peak arc current, and gas inlet temperature were varied to determine the 

most efficient parameters combination for DRM. Product gas composition was determined using 

a calibrated mass spectrometer and gas chromatograph. The influence of the operating parameters 

on RGA power, specific energy input, and energy efficiency are discussed. Optical emission 

spectroscopy was used to determine qualitatively the reactive species interacting in the plasma 

discharge. Scanning electron microscopy and Raman spectroscopy were used to analyze the 

deposited carbon on the electrodes after the reaction.  

 

5.3 Experimental  

An adapted version of the rotating gliding arc (RGA) reactor from [76] was developed. The RGA 

reactor consists of a vertically-mounted conical electrode of 38.5 mm height, which acts as a 

cathode mounted coaxially inside a hollow cylinder that acts as a grounded anode (Fig. 5–1). The 

electrodes are made of stainless steel 316, with a shortest inter-electrode gap of 2.16 mm, 

increasing up to 8.76 mm in the downstream direction. The angle of the cone cathode is 12.2°, and 

the maximum and minimum diameters are 14.7 mm and 1.5 mm, respectively. The inner diameter 

of the anode tube is 19.05 mm, with a wall thickness of 9.5 mm, and a total length of 482.6 mm. 

The reactor is mounted on two pieces that provide electrical insulation between the electrodes. 

First, a ceramic base (glass-mica) and second, a polyoxymethylene (DelrinTM) plate. On the upper 

part, the reactor is terminated with a ConFlat (CF) tee adaptor that enables direct line-of-sight view 

along the reactor axis (from the top), and gas exhaust on the side. The plasma-forming gas mixture 

is injected tangentially through the reactor by two sets of three equally-spaced and angled gas 

injectors covering the circumference of the reactor (the two sets are separated by 10 mm). The gas 

injectors are mounted at an angle of 20º axially and 30° radially to the system, providing a counter-

clockwise vortex flow up and around the cathode cone (as viewed from the top viewport). No 

external heating is provided to the reactor. The live cone cathode is powered by a custom-built 

dual-stage pulsed DC power supply consisting of a high-voltage arc igniter (peak voltage ~-4.5 

kV) and a current driver power supply (maximum output voltage –1000 V). The arc igniter consists 

of a Cockcroft-Walton (CW) voltage multiplier that converts a low-voltage high-frequency AC 



Chapter 5  Plasma-Assisted Dry Reforming of Methane 

68 

 

signal to a pulsed high-voltage negative DC signal. The current driver consists of a resistor-

capacitor (RC) circuit driven by a 2.5 kW negative polarity capacitor-charging power supply with 

a –1000 V open-circuit voltage [76]. Once the breakdown of the gas is achieved by the arc igniter 

at the shortest inter-electrode gap, the current driver provides the necessary current to the system 

and enough voltage for the arc to elongate and be sustained along the live electrode. During the 

elongation stage, the voltage rises while the current falls, resulting in a typical negative voltage-

current characteristic of an arc. A stack of four ring magnets mounted around the anode cylinder 

adds a static axial magnetic field. The magnets are oriented such as to provide a Lorentz force 

along the gas drag force [76]. 

 

Fig. 5-1 RGA setup. (a) Photograph of the RGA reactor. (b) Schematics of the RGA setup and (c) six 

tangential gas injectors configuration (top view). 

The RGA voltage and circuit current signals were measured online using a high-voltage probe 

(B&K Precision PR55) and a passive voltage probe (Tektronix P2200) across a 1 Ω shunt resistor, 

respectively, and displayed/recorded with a digital oscilloscope (PicoScope 2207B). The exhaust 

gas was analyzed online by a calibrated mass spectrometer (Pfeiffer Ominstar GSD 301), and 



Chapter 5  Plasma-Assisted Dry Reforming of Methane 

69 

 

offline by a gas chromatograph (Agilent 6890N, PLOT-Q Molesieve column) equipped with a 

thermal conductivity detector (TCD). A mix of gas containing Ar (99.998%, MEGS Specialty 

Gases), CO2 (99.9 %, MEGS Specialty Gases), and CH4 (99.99 %, MEGS Specialty Gases) was 

used. To ensure stable plasma operation, the Ar concentration was fixed at 70 vol%. The 

volumetric CO2/CH4 ratios were 1.0, 1.5, and 2.0, with total flow rates of 3.7, 4.7, and 6.7 SLPM. 

The maximum current delivered by the current driver was set by changing its internal resistance 

(1075 Ω, 535 Ω), giving rise to two peak arc current values of 0.74 and 1.50 A, with peak arc 

power levels of 595 and 1196 W, respectively. Each experiment was conducted 3 times, and the 

error bars reported were calculated as the standard error of the mean. Typical voltage, current, and 

calculated instantaneous power (eq. 5.13) signals are reported in Fig. 5-2 for CO2/CH4 = 1.0, total 

gas flow rate of 3.7 SLPM, and a peak arc current of 1.50 A. For these conditions, the average 

pulsing frequency was 28 Hz for a pulse duration of ~16 ms. 

 

Fig. 5-2 Characteristic RGA discharge voltage, current and instantaneous power signals for DRM reaction 

at CO2/CH4 = 1.0, 3.7 SLPM, and peak arc current of 1.50 A 

The gas residence time in the plasma zone (θ) was estimated as the volume accessible for the 

plasma (eq. 5.4) divided by the volumetric flow rate (Q), and the values are shown in Table 5-1. 

𝑉𝑝𝑙𝑎𝑠𝑚𝑎 𝑧𝑜𝑛𝑒 = 𝜋𝑟1
2ℎ − 

1

3
𝜋ℎ(𝑅2 + 𝑟2

2 + 𝑅𝑟2) (5.4) 

Where r1= 9.525 mm is the inner radius of the ground electrode, R = 7.366 mm and r2 = 0.762 mm 

are the larger and small radii of the cone, and h = 30.48 mm is the height of the cone electrode. 
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The calculation of the accessible volume in the plasma zone was made by assuming that the arc 

goes upwards along all the height of the cone, considering the same value of height for the ground 

electrode.  

Table 5-1 Residence times in the RGA discharge zone for different total flow rates. 

Total flow rate 

(SLPM) 

θ 

(ms) 

3.7 ~ 110 

4.7 ~ 86 

6.7 ~ 61 

 

Carbon and coke deposition on the electrodes was observed during the reforming reaction. Cyclic 

reforming-cleaning protocols were developed to avoid the build-up of soot inside the reactor 

during long experimental runs. The RGA was operated for 15 min under reforming conditions, 

followed by 5 min Ar/CO2 cleaning periods (methane flow was turned off while the other flows 

were kept at the same level, under the same plasma conditions). Lesueur et al. [130] also reported 

the introduction of CO2 in a gliding arc reactor to burn off the soot produced in pure CH4. The 

cleaning stage enabled the reverse Boudouard reaction (eq. 5.5) to take place and proven to be 

enough to remove the accumulated solid carbon deposits, as carbon oxidizes to produce CO 

(observed by mass spectra analysis; not reported here).  

CO2 + C(s) ⇋ 2CO (5.5) 

The performance of the reforming reaction was calculated based on hydrogen and carbon 

monoxide yields (eq. 5.6 and 5.7), and the conversions of methane and carbon dioxide (eq. 5.8 and 

5.9): 

YH2
(%) =

 𝑛̇𝐻2𝑜𝑢𝑡

2 ∙  𝑛̇ 𝐶𝐻4𝑖𝑛

× 100 (5.6) 

YCO(%) =
𝑛̇𝐶𝑂𝑜𝑢𝑡

 𝑛̇ CO2𝑖𝑛
+ 𝑛̇ CH4𝑖𝑛

× 100 (5.7) 

XCH4
(%) =

 𝑛̇𝐶𝐻4𝑖𝑛
− 𝑛̇𝐶𝐻4𝑜𝑢𝑡

 𝑛̇ 𝐶𝐻4𝑖𝑛

× 100 (5.8) 
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XCO2
(%) =

 𝑛̇𝐶𝑂2𝑖𝑛
− 𝑛̇𝐶𝑂2𝑜𝑢𝑡

 𝑛̇ 𝐶𝑂2𝑖𝑛

× 100 (5.9) 

The yield of minor byproducts such as acetylene was calculated as: 

YC2H2
(%) =

𝑛̇𝑐2𝐻2𝑜𝑢𝑡

 𝑛̇ CO2𝑖𝑛
+ 𝑛̇ CH4𝑖𝑛

× 100 (5.10) 

The H2/CO molar ratio and the carbon balances were defined as: 

H2

CO
=

𝑛̇𝐻2𝑜𝑢𝑡

𝑛̇𝐶𝑂𝑜𝑢𝑡

(5.11) 

𝐵𝐶(%) =
𝑛̇𝐶𝑂2𝑜𝑢𝑡

 +  𝑛̇𝐶𝐻4𝑜𝑢𝑡
 +  𝑛̇𝐶𝑂𝑜𝑢𝑡

𝑛̇𝐶𝑂2𝑖𝑛
 +  𝑛̇𝐶𝐻4𝑖𝑛

 × 100 (5.12) 

Where, 𝑛̇𝑖 is the molar flow rate in (mol min–1). The quantity of other hydrocarbons (C2H2, C2H4) 

was rather small (<0.5 mol%) and was neglected in the carbon balance.  

The instantaneous power P(t) was calculated by multiplying the voltage V(t) and current I (t) 

(eq. 5.13): 

𝑃 (𝑡) = 𝑉(𝑡) 𝐼(𝑡)                     [𝑊] (5.13) 

The evolution of the cumulative energy deposited in the RGA up to time t, E(t), was calculated by 

integrating the product of the arc voltage V(t) and circuit current I(t) signals (eq. 5.14): 

𝐸(𝑡) = ∫ 𝑉(𝑡)
𝑡

0

 𝐼(𝑡)𝑑𝑡             [𝐽] (5.14) 

By determining the slope of the cumulative energy curve (assuming a linear trend, validated with 

Fig. 5–12), the time-averaged power was determined, which can also be obtained by eq. (5.15):  

𝑃𝑎𝑣𝑔 =
1

𝑇
∫ 𝑃(𝑡)

𝑇

0

𝑑𝑡           [𝑊] (5.15) 

where T is the total time frame observed (typically 1 s). 

The Specific Energy Input (SEI) defines the amount of energy input per mol of gas injected, 

defined as:  
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𝑆𝐸𝐼 =
𝑃𝑎𝑣𝑔

𝑛̇𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠
           [𝑘𝐽 𝑚𝑜𝑙−1] (5.16) 

Where 𝑛̇𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠 is the molar flow rate of CO2 and CH4 

The energy efficiency (η) of the process was defined as the ratio of the chemical energy from the 

products (H2 and CO) to the energy given to the system, i.e., CH4 and power input (eq. 5.17) 

𝜂(%) =
𝑛̇𝐻2𝑜𝑢𝑡

𝐿𝐻𝑉𝐻2
 +  𝑛̇𝐶𝑂𝑜𝑢𝑡

𝐿𝐻𝑉𝐶𝑂

𝑃𝑎𝑣𝑔  +  𝑛̇𝐶𝐻4𝑖𝑛
𝐿𝐻𝑉𝐶𝐻4

× 100 (5.17) 

where LHVi stands for the Low Heating Value of the species in (J mol–1). 

Optical emission spectroscopy (OES) was used to identify reactive species in the plasma for the 

DRM reaction. Optical emission spectra were logged using an Ocean FX spectrometer (Ocean 

Optics, 25 µm slit, extended range 200–1100 nm) with an optical resolution of 0.78 nm. The 

integration time per scan was 300 ms, and the resulting spectrum was the average of 5 scans. 

Scanning electron microscopy (SEM) (Hitachi SU8000) was performed on samples of the 

deposited solid carbon with an accelerating voltage of 10 to 20 kV, and working distance between 

5.4 and 15.4 mm. In addition, Raman spectroscopy (Bruker SENTERRA confocal) with a 

wavelength of 532 nm was used to analyze the solid carbon samples collected after approximately 

20 h of processing.  

 

5.4 Results and discussion 

5.4.1 Thermodynamic Analysis 

Dry reforming of methane involves the most oxidized form of carbon, CO2, combined with its 

most reduced form, CH4, (eq. 5.1). In DRM, carbon dioxide can be considered as a soft oxidizing 

agent [40]. As an oxidant, it requires significant energy to activate the molecule in order to interact. 

Since CO2 is a stable molecule, DRM is a highly endothermic reaction [123]. Figure 5-3 shows 

the equilibrium composition as a function of temperature for the DRM based on the minimization 

of Gibbs energy (HSC Chemistry 9) for CO2/CH4 = 1.0, 1.5, and 2.0 at 1 bar. The main products 

included in the reaction are CH4, CO2, H2, CO, and C(s). Water was not included in the 

thermodynamic calculations as it was not observed during the reaction (no peak of OH in OES 
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spectra). The concentration of other byproducts such as C2H2 and C2H4 are negligible (<0.01%) 

and are not reported. Noticeable CH4 conversion is obtained at 375 °C (22 to 26%) for all the 

stoichiometric ratios. On the other hand, the conversion of CO2 is favored at temperatures >500 °C. 

Increasing CO2/CH4 ratio leads to an increase in CH4 conversion, especially meaningful above 

400 °C. For instance, the conversion of CH4 increases 1.17 times when the CO2/CH4 ratio increases 

from 1.0 to 2.0 at approx. 420 °C. Conversely, CO2 acts as the limiting reactant for the conversion 

of CH4 at CO2/CH4=1.0, leaving 1% of CH4 unreacted at 900 °C.  

Hydrogen production is limited by the amount of CH4 injected in the feed, as less CH4 is available 

for dehydrogenation. Whereas the production of H2 starts to be appreciable at 250 °C (4 to 5%), 

CO yield starts to be noticeable above 450 °C (3 to 4%) for all CO2/CH4 ratios. Conversely, the 

H2/CO ratio decreases with increasing temperature for all the CO2/CH4 ratios. In addition, at 

CO2/CH4 = 2.0, an equimolar H2-CO mix is obtained at lower temperatures (650 °C) compared to 

temperatures >900 °C for CO2/CH4 = 1.0. 

On the other hand, a higher concentration of CO2 in the mixture leads to a decrease in solid carbon 

formation. For instance, higher solid carbon formation can be found at CO2/CH4=1.0 at 550 °C 

(6.7%), compared to CO2/CH4=1.5 (5.1%) and CO2/CH4=2.0 (4.0%) at the same temperature. 

Moreover, the temperature for maximum carbon formation is shifted from 550 to 500 °C when the 

CO2/CH4 increases from 1.0 to 2.0. Higher concentrations of CH4 in the feed favor the methane 

cracking reaction (CH4 ↔ C(s) +2 H2) and lead to (a) higher carbon deposition, and (b) higher 

temperature where the solid carbon can be suppressed. By increasing the CO2/CH4 from 1.0 to 2.0, 

solid carbon formation can be suppressed >650 °C instead of at >875 °C. 
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Fig. 5-3 Equilibrium composition of DRM as a function of temperature for CO2/CH4 = 1.0, 1.5, and 2.0 at 

1 bar. Note the absolute composition of Ar (in mol) is constant throughout the whole temperature range. 

Hence, Ar is not reported in the graphs. 

5.4.2 Conversion and Yield 

Hydrogen and carbon monoxide were the main products obtained by DRM, while solid carbon 

(C), as well as C2-species such as acetylene (C2H2) and ethylene (C2H4), were minor by-products 

(<1% yield). The latter were observed in considerably smaller amounts when compared to other 

plasma sources, such as DBDs [42, 72, 131], which can be explained by a higher electron density 

in the rotating gliding arc lowering the activation energy and yielding a clean syngas. 
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The temporal evolution of the conversion of CO2 and CH4, as well as the yield of CO, was similar 

to the presented hydrogen yields (Fig. 5-5) and is not reported in this article. The average 

conversions of CO2 and CH4, as well as the H2 and CO yields at steady-state are reported in Fig. 

5-4a and 5-4b, respectively. At lower stoichiometric ratios of CO2/CH4, the amount of CO2 

converted was higher than the CH4 for total gas flow rates of 3.7 and 4.7 SLPM. Conversely, when 

the total flow rate was increased to 6.7 SLPM, CO2 and CH4 conversions had mostly the same 

values, independently of the peak current or the stoichiometric ratio. When the peak current was 

set at 0.74 A, the CO2 conversion reached a maximum value when the total flow rate increased 

from 3.7 to 4.7 SLPM and decreased afterwards for CO2/CH4 = 1.0 and 1.5. According to Zhang 

et al. [129], under certain conditions, the increase of flow rate could improve the CO2 conversion 

in a RGA, which probably directs to the CO2 activation into a more efficient pathway through 

vibrational excitation. Besides, increasing the total flow rate leads to an increase in the length of 

the arc, which enhances  the conversion rate [132]. 
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Fig. 5-4 (a) Average conversions of CO2 and CH4 and (b) average yields of H2 and CO as a function of 

total gas flow rate for peak arc currents of 0.74 and 1.50 A. Dashed lines are used only for guidance. Note 

that the error bars are smaller than the symbol. 

On the other hand, doubling the peak current from 0.74 to 1.50 A also increased the plasma input 

power, and consequently, the electron density and gas temperature. These parameters can influence 

CO2 and CH4 conversions in different ways [42]. When the peak current doubled from 0.74 to 1.50 

A for a total flow rate of 3.7 SLPM, an increase in CO2 and CH4 conversion was particularly 

evident at CO2/CH4=2.0. Under these conditions, the extent of CO2 and CH4 conversion increased 

1.8 and 2.1 times, respectively. Similarly, at 4.7 SLPM, the CO2 and CH4 conversion increased 
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from 3.0 and 3.4% to 8.2 and 10.6%, respectively, which represented increments of 2.7 and 3.1 

times. By further increasing the flow rate to 6.7 SLPM, the conversion of CO2 increased 3.7 times 

when the current increased from 0.74 to 1.50 A. A similar trend for the conversion of CO2 and 

CH4 can be observed for CO2/CH4=1.0; however, in the case of CO2 only an increment of 10% for 

4.7 SLPM was obtained when the current doubled from 0.74 to 1.50 A. The co-feeding of CH4 and 

CO2 has a synergistic effect in the conversion of each other [133]. As mentioned before, CO2 is a 

soft oxidant that first dissociates into CO and O radicals (eq. 5.18), generating some oxygen 

species, such as metastable O (1D). Reactive oxygen species can break the C-H bond and generate 

methyl and hydroxyl radicals from CH4 [42, 133]. 

Hydrogen yields as a function of time for two different peak current levels at CO2/CH4=1.0 are 

depicted in Fig. 5-5. These yields vary with time, presenting a transient behavior in the first 

minutes, i.e., reaching a maximum value (and more variability) between 3 and 5 min and 

stabilizing afterwards, with constant values and low variability. This finding could be helpful in 

determining the more convenient time to measure gas concentrations with consistent results, 

especially with offline measurements. On the other hand, an increase in yield was observed when 

the peak arc current was doubled. A higher arc current is associated with a higher electron density, 

thus providing high rates for breaking the strong C-O and C-H bonds, resulting in higher 

conversions of CO2 and CH4 and higher production of CO and H2. 

The residence time in the RGA discharge zone is a function of the total flow rate, whereas a higher 

total gas flow rate means a lower gas residence time in the plasma zone (Table 5-1), hence less 

time for CO2 and CH4 to react and collide with electrons and active species to produce syngas. 

This effect was clearly seen with the peak arc current of 1.50 A, where higher H2 and CO yields 

at lower total flow rates were obtained. However, when the peak arc current was 0.74 A, there was 

almost no observable effect of the total flow rates of 3.7 and 4.7 SLPM on the yields. In addition, 

increasing the total flow rate from 3.7 to 6.7 SLPM decreased CO2 and CH4 conversions. When 

the CO2/CH4 ratio was set to 1.0, a high concentration of H2 was observed, as more CH4 was 

available for dehydrogenation. Equally, when the CO2/CH4 ratio was set to 2.0, there was a higher 

production of CO. Once steady state was achieved, the maximum values of H2 and CO obtained 

with a peak arc current of 1.50 A and 3.7 SLPM were 8.7% for both H2 and CO at CO2/CH4 of 1.0 

and 2.0, respectively. 
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Fig. 5-5 Temporal evolution of H2 yields at peak currents of (a) 0.74 and (b) 1.50 A, for CO2/CH4 = 1.0 

and total flow rates of 3.7, 4.7, 6.7 SLPM. Dashed lines are used only for guidance. 

The residence time in the RGA discharge zone is a function of the total flow rate, whereas a higher 

total gas flow rate means a lower gas residence time in the plasma zone (Table 5-1), hence less 

time for CO2 and CH4 to react and collide with electrons and active species to produce syngas. 

This effect was clearly seen with the peak arc current of 1.50 A, where higher H2 and CO yields 

at lower total flow rates were obtained. However, when the peak arc current was 0.74 A, there was 

almost no observable effect of the total flow rates of 3.7 and 4.7 SLPM on the yields. In addition, 

increasing the total flow rate from 3.7 to 6.7 SLPM decreased CO2 and CH4 conversions. When 

the CO2/CH4 ratio was set to 1.0, a high concentration of H2 was observed, as more CH4 was 

available for dehydrogenation. Equally, when the CO2/CH4 ratio was set to 2.0, there was a higher 

production of CO. Once steady state was achieved, the maximum values of H2 and CO obtained 

with a peak arc current of 1.50 A and 3.7 SLPM were 8.7% for both H2 and CO at CO2/CH4 of 1.0 

and 2.0, respectively. 

The total gas flow rate and peak arc current had a stronger influence on DRM than changing the 

CO2/CH4 ratio. The CO2/CH4 ratio did not affect the DRM reaction significantly, but influenced 

the H2/CO ratio, as shown in Fig. 5-6. Controlling the H2/CO ratio in syngas might be useful for 

valorization purposes [134], as it influences the downstream process. For instance, syngas very 

rich in CO is valuable for the production of oxygenated chemicals [58, 135]. In Fig. 5-6, the error 

bars represent the standard error of the mean considering the variations between the different flow 

rates and peak currents. The CO2/CH4 ratio presented an inversely proportional behavior to the 

H2/CO2 ratio, i.e., the higher the CO2 concentration in the feed mixture, the lower the amount of 
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H2 produced, as less CH4 was available for dehydrogenation. There was no significant effect of 

the peak arc current or the total flow rate on the H2/CO ratio. 

 

Fig. 5-6 Influence of the CO2/CH4 ratio on the H2/CO ratio, the symbols represent the average values. 

Dashed lines are used only for guidance. 

Carbon monoxide is mainly formed via dissociation of CO2 (eq. 5.18) upon collision with electrons 

[136, 137]. Recombination of radicals in the reactive plasma can lead to the formation of carbon 

monoxide (eq. 5.19 to 5.21) and carbon dioxide (eq. 5.22). Some of the elementary steps for CO 

and CO2 formation are stated by the following equations [58, 71]: 

CO2 → CO + O (5.18) 

CHO + H → CO + H2 (5.19) 

CHO + OH → CO + H2O (5.20) 

CHO + O → CO + OH (5.21) 

CHO + O → CO2 + H (5.22) 

The dissociation of methane by electron collisions produces the CH3 radical that by further 

dissociation produces hydrogen. Some of the reactions leading to H2 production are stated by 

equations 5.23 to 5.28 [58, 71] 

CH4 + H → CH3 + H2 (5.23) 
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CH2 + H + H → CH2 + H2 (5.24) 

CH2 + H2 → CH + H2 + H (5.25) 

CH + H2 + H → C + H2 + H2 (5.26) 

OH + H → O + H2 (5.27) 

OH + H → O + H2 (5.28) 

Trace amounts of acetylene were measured in the gas product, which might have been formed via 

various C-C coupling reactions such as dimerization of radical CH (eq. 5.29) or CH2 with 

subsequent H2 elimination (eq. 5.30) or via ethylene dehydrogenation (eq. 5.33). Ethylene was 

most likely formed via CH3 or CH2 coupling, instead of dehydrogenation of ethane as the latter 

was not observed with mass spectrometry (eqs. 5.34 and 5.35). 

Some of the possible reactions for the formation of acetylene are stated by equations 5.29 to 

5.33 [71]: 

CH + CH → C2H2 (5.29) 

CH2  + CH2 → C2H2 + H2 (5.30) 

CH2  + CH → C2H2 + H (5.31) 

C2H3 + H → C2H2 + H2 (5.32) 

C2H4  → C2H2 + H2 (5.33) 

Conversely, possible reactions for ethylene formation are stated by equations 5.34 and 5.35 [71]: 

CH3  + CH3  → C2H4 + H2 (5.34) 

CH2  + CH2  → C2H4 (5.35) 

Acetylene production decreased significantly with increasing the CO2/CH4 ratio as well as with 

increasing the total gas flow rate (Fig. 5-7). For CO2/CH4 = 1.0, an acetylene concentration of 

0.23 mol% was measured, which decreased to less than half (0.11 mol%) at a ratio of 1.5 and 

decreased further to 0.05 mol% at a ratio of 2.0. The formation of C2H2 was directly proportional 

to the inlet partial pressure of CH4 with an apparent reaction order of 3.7 ± 0.2 at a flow rate of 
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3.7 SLPM. At higher flow rates the reaction order in CH4 decreased to 2.9 ± 0.1 and 2.7 ± 0.3 at 

4.7 SLPM and 6.7 SLPM, respectively (see supplementary material A). This implies that 

increasing the CH4 partial pressure by a factor of 2 increases the acetylene formation by at least a 

factor of 8. At a higher total gas flow rate and thus, for lower residence time, less CH radicals and 

therefore less C2H2 were produced. This effect was more pronounced at lower CO2/CH4 ratios (i.e., 

higher CH4 partial pressure). A small amount (< 0.02 mol%) of ethylene (C2H4) was measured; 

however, no clear trend was visible. Especially at high flow rates and low peak currents, no 

ethylene was observed. 

 

Fig. 5-7 Yield of acetylene concentration for DRM for CO2/ CH4 ratios of 1.0, 1.5 and 2.0, total gas flow 

rates of 3.7, 4.7 and 6.7 SLPM, and peak current of 1.50 A. 

The carbon balance for all the experiments was >95 %. Ethylene and acetylene were not considered 

in the carbon balance due to their small concentrations (<0.25 mol %, <1% yield). The main carbon 

product was CO, and the C2 products were more than 100 times less than the CO produced. The 

low concentrations of byproducts imply good selectivity for H2 and CO when the DRM is carried 

out in the rotating gliding arc discharge.  

A 3 h experiment was carried out in the RGA reactor to determine the temporal evolution of the 

CO2 and CH4 conversions, and the CO and H2 yields with a total gas flow rate of 3.7 SLPM, 

CO2/CH4 ratio of 1.5 and peak arc current of 1.50 A (Fig. 5-8a). Initial conversions of 13 and 14 % 

were achieved in the first 10 min for CO2 and CH4, respectively. Thereafter, the CO2 conversion 

dropped to 10 % and stabilized until the end of the 3 h run, while the CH4 conversion steadily 
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decreased from 14% to 10%. As for CO and H2, an equimolar amount was observed during the 3 h 

as per the dry reforming reaction (CO2 + CH4 → 2CO + 2H2). This also indicates the absence of 

water gas shift and steam reforming reactions. The CO and H2 yields decreased slightly towards 

the end of the run, most likely due to carbon deposition on the electrodes.  

Fig 5-8b shows the temperature inside the reactor (~76 mm above the cathode, to avoid interactions 

between the thermocouple and the arcs) as a function of time. The reactor itself was insulated to 

reduce heat losses through the walls. It took more than 60 min to reach a stable temperature at 

around 227 °C. The sudden temperature drop of 5 ºC between minutes 15 and 20 could be 

attributed to the energy given to the RGA was mostly transformed into chemical energy, as more 

CH4 and CO2 converted before min. 20, rather than into thermal energy. This thermal induction 

period in the RGA reactor has been reported by others using non-thermal plasma discharges as 

well [62, 138–141]. When the RGA discharge was operating, faster heating in the gas was observed 

because the power was directly applied through the RGA and not through the walls, like in the 

case of a conventional gas heater. Nonetheless, regardless of the gas heating, the RGA discharge 

is mostly considered non-thermal or “warm” plasma as the electron temperature is conventionally 

>1 eV, whereas the gas temperature could reach 1000–3000 K, but still sustaining a non-

equilibrium between heavy particles and electrons [83]. During the first 15 min of operation, there 

was a rapid increase in temperature, ∆T=135 °C, while the conversion and yields presented higher 

values. After 100 minutes, the reaction temperature achieved steady-state, with a temperature of 

227 °C and an overall ∆T=206 °C. Carbon dioxide and methane are polyatomic molecules with 

vibrational, translational, and rotational modes. Hence, the kinetic energy transferred from the 

electrons to the molecules and between the molecules themselves is mainly converted into thermal 

energy, translating in an increase of temperature. Note that even in the context of a highly 

endothermic reaction, the increase of the gas temperature did not enhance the performance of the 

DRM reaction. Actually, CO2 and CH4 conversions decreased by 20 and 25%, respectively, when 

calculated at the beginning of the reaction (between 10 to 15 min) compared to the conversion 

determined at the end of the reaction (between 170 to 175 min), possibly due to accumulation of 

carbon deposited on the electrodes. Decreased CO2 and CH4 conversions have also been reported 

by [140] when increasing the temperature in a DBD catalytic reactor, without an explanation 

provided by the authors. 
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Fig. 5-8 (a) Conversion of CO2 and CH4, and yield of H2 and CO and (b) temperature profile as a function 

of time of the DRM at a total flow rate of 3.7 SLPM, CO2/CH4=1.5 and peak current of 1.50 A. 

5.4.3 Effect of inlet gas temperature 

Some studies have reported preheating the reactants [82, 131] for DRM in gliding arc discharge, 

whereas others have carried out the reaction with gases being fed at room temperature [42, 73, 

132]. However, the effect of inlet gas temperature on CO2 and CH4 conversions and H2 and CO 

yields for RGA discharge is still not clear. Maqueo et al. [119] reported that preheating the inlet 

gas did not affect the plasma-assisted dry reforming reaction in a nanosecond pulsed discharge. 

Zhou et al. [58] reported that increasing the temperature up to 250 ºC in a DBD reactor hardly 

influenced the conversion of CO2 and CH4. An ANOVA statistical analysis was performed to the 

results to determine whether the means of the two groups, i.e., preheated and not-preheated flow, 

were statistically different from each other (see supplementary material B). Figure 5-9 shows the 

conversions of CO2 and CH4 and the yields of CO and H2 as a function of time for non-preheated 

and preheated (200 °C) inlet gas feeding. The results of the ANOVA tests indicated that there was 

not enough evidence to state a significant statistical difference between the means of the 

conversions and yields for pre-heated and not preheated gas inlet. On the other hand, the H2/CO 

ratio decreased from 0.86 to 0.77 when the inlet temperature was increased to 200 °C. However, 

this can still be considered as part of the error reported previously in Fig. 5-6 (lower limit of error 

bar).  
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Fig. 5-9 (a) CO2 conversion, (b) CH4 conversion, (c) CO yield and (d) H2 yield as a function of time for 

not preheated (open symbols) and preheated (full symbols) gas at a total flow rate of 3.7 SLPM, 

CO2/CH4=1.5, and peak current of 1.50 A. The error bars represent the standard error of the mean. 

Dashed lines are used only for guidance. 

The energy needed to preheat the inlet flow was provided by a gas heater wrapped with heating 

tape. Considering the power supplied by the heating tape, the total input power was determined 

(discussed further in the next section). The input power, i.e., RGA power and power provided by 

the heating tape, increased from 166 to 590 W (3.5 times more) when the temperature was 200 ºC. 

Thus, the energy efficiency (eq. 5.17) dropped from 8.1 to 4.7%, which represents a drop of 60%, 

reducing the effectiveness of the process when the temperature was increased from room 

temperature to 200°C. As discussed in the previous section, plasma discharges induce gas heating. 

This result is shown in Fig. 5–10, where T1 is the inlet temperature measured in the manifold, 

before the distribution of the gas through the gas injectors. T0 was measured during the first 20 

min just above the cathode cone (no arcing) and 76 mm above it when the RGA was active. Note 
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that the thermocouple was placed first on top of the cathode cone to the gas inlet in the reactor to 

determine the temperature of the gas compared to the temperature measured at the manifold. Then 

the thermocouple was moved away during the RGA experiment to avoid interactions between the 

thermocouple and the arcs. Three periods of DRM reaction were carried out at a total flow rate of 

3.7 SLPM, CO2/CH4=1.5, and peak arc current of 1.50 A, separated by two periods of electrode 

regeneration (CH4 flow was stopped during regeneration phase; hence, total flow rate decreased 

to 3.26 SLPM). 

The gas heating caused by the RGA is clearly seen in Fig. 5–10. We also noticed that the gas 

heating appeared to be faster during the regeneration phase (carried out in Ar/CO2) as the specific 

heat value of CO2 (cp = 0.844 J g–1 K–1) is ~2.6 times lower than for CH4 (cp = 2.22 J g–1 K–1). 

Therefore, more energy was needed to change the temperature of the mix, CH4 and CO2, than 

when the RGA was operating only with CO2, making the gas heating faster in the last case. Besides, 

during the regeneration phase there was a decrease of the total flow rate from 3.70 to 3.26 SLPM 

whilst the RGA was operating at the same power conditions, which also made the gas heating 

faster during this phase. The overall temperature change associated with RGA heating was 

∆T0 = 241 °C. 

 

Fig. 5-10 Gas temperature of the inlet (T1) and inside the reactor (T0) versus time for 3 DRM periods 

separated by two periods of electrode regeneration. Total flow rate of 3.7 SLPM during DRM and 3.26 

SLPM during electrode regeneration, CO2/CH4=1.5, peak current of 1.50 A. 
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5.4.4 Energy 

Figure 5-11 shows the cumulative energy deposition in the RGA (eq. 5.14) over 25 s for DRM 

with CO2/CH4 ratios of 1.0, 1.5 and 2.0 with a total flow rate of 3.7 SLPM and peak arc current of 

1.50 A. The trend is linear, revealing the steadiness of the RGA power over this time scale. Using 

the slope of the cumulative energy lines, average powers (eq. 5.15) of 155.0 ± 0.4 W, 

166.0 ± 0.5 W, and 142.1 ± 0.6 W were obtained, respectively. This reveals that the average power 

not only changed with the gas composition but also with the total gas flow rate (Fig. 5-11 and 5-

12 a, b). The changes between the average powers of the mixtures can be attributed to the 

differences between the resistivity of the gas mixture and the radiative losses. 

 

Fig. 5-11 Temporal evolution of the accumulated energy deposited for DRM for CO2/CH4 ratios of 1.0, 

1.5 and 2.0 at a total flow rate of 3.7 SLPM and peak current of 1.50 A. 

An increased RGA current led to an increased deposition of solid carbon on the electrodes and 

increased the production of C2H2. These undesired by-products were not considered in the energy 

efficiency calculations, which can lead to an underestimation of the overall process efficiency 

[119]. For instance, considering the carbon balance, approximately 5% of the solid carbon 

contributes up to ~19.7 kJ for the energy balance. However, only major gas components were 

considered in the calculation of energy efficiency (eq. 5.17). Energy efficiency increased in a range 

of 1.1 to 2.3 times when the peak arc current was doubled (Fig. 5-12 e, f), but decreased when the 

total gas flow rate was increased. This effect can be explained due to the smaller yields of H2 and 

CO production, as shown in Fig. 5-4b. The energy efficiency also increased by increasing the 

amount of CO2 in the feed, i.e., at higher CO2/CH4 ratios, when the current doubled from 0.74 to 

1.50 A. At higher RGA current and CO2/CH4 ratio in the inlet gas composition, the amount of 
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carbon deposited on the electrodes was lower than in the other cases, which affected not only the 

reaction products but also the overall energy efficiency. In Fig. 5-12(c, d), the SEI decreased 

linearly when increasing the total gas flow rate for both peak arc currents and for all stoichiometric 

ratios. Furthermore, when the arc current was doubled, the best energy efficiencies were obtained 

at lower SEI values. This effect has also been reported in [142]. In our study, it could be observed 

that the best energy efficiencies were obtained at CO2/CH4 = 2.0, and peak current of 1.50 A for 

each flow rate. These results indicate that higher concentrations of CO2 in the inlet stream are 

beneficial for the DRM reaction, most likely as the C-C coupling is hindered due to lower CH4 

partial pressure; consequently, producing less coke. In contrast, when the arc current was set at 

0.74 A, the highest energy efficiencies and SEI values were obtained at CO2/CH4=1.5 for all total 

gas flow rates. 
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Fig. 5-12 Power provided to the RGA (a, b), specific energy input (SEI) (c, d) and energy efficiency (η) 

(e, f) for DRM with CO2/CH4 ratios of 1.0, 1.5 and 2.0, total gas flow rate of 3.7, 4.7 and 6.7 SLPM, and 

peak currents of 0.74 and 1.50 A. 

Table 5-2 shows the percentage of electrical power that contributed to H2 and CO production. This 

value was calculated by considering only the power in the denominator of eq. 5.17. It can be 

noticed that the electrical power input contributed in a range of ~15 to 30% to the conversion of 

CH4 and CO2 to H2 and CO. When the current was 0.74 A, there was a higher use of the electrical 
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power input for a total flow rate of 4.7 SLPM, as increasing the flow rate could direct to an increase 

in the arc length and CO2 activation into a more efficient pathway, as mentioned before [129, 132], 

also leading to higher CO production. In the case of the peak current of 1.50 A, there is no 

significant difference in the percentage of electrical power contribution between the different 

conditions studied.  

Table 5-2 Percentage of electrical power input that contributed to the H2 and CO production, for peak 

currents of 0.74 and 1.50 A, CO2/CH4=1.0, 1.5, 2.0 and total flow rates of 3.7, 4.7 and 6.7 SLPM 

CO2/CH4 1.0 1.5 2.0 

Total flow rate 

(SLPM) 
0.74 A 1.50 A 0.74 A 1.50 A 0.74 A 1.50 A 

3.7 19.8 29.0 19.9 26.1 17.0 26.7 

4.7 26.5 30.1 29.8 26.6 26.6 27.1 

6.7 14.6 25.7 28.1 24.6 17.0 25.1 

 

Table 5-3 shows a comparison of the performance parameters for different plasma sources for 

DRM. It can be noticed that the SEI of the DRM reaction using gliding arc discharges is 4 to 167 

times lower compared to other plasma sources such as corona discharges or dielectric barrier 

discharges. This means that more energy needs to be supplied to the discharge to treat the same 

amount of gas than for gliding arcs. As a transitional plasma discharge (or warm plasma), gliding 

arc discharges possess characteristics of thermal and non-thermal plasmas, providing higher gas 

temperatures and electron densities compared to non-thermal plasmas, but still working under at 

low current and power density [72, 82, 137]. As reported by [42] the electron density in the gliding 

arc discharges (1023 m–3) is higher compared to corona (1015- 1019 m–3), glow discharges, and 

DBDs (1016–1019 m–3). Hence, it is easier to achieve higher conversions at higher flow rates with 

GA [72]. The RGA is a promising technology to conduct highly endothermic reactions like the 

DRM. Improvements in the performance of this plasma source can be achieved by optimizing the 

power delivery. 
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Table 5-3 Comparison of performance parameters for different plasma sources for DRM 

Plasma 

source 

Feed 

flow 

(mL 

min–1) 

CO2/CH4 

Conversion 

(%) 

Yield 

(%) 
Power 

discharge 

(W) 

SEI 

(kJ L–1) 
Ref. 

CH4 CO2 H2 CO 

DBD 50 1/1 30.0 19.2 8.7 10.0 50 60.0 [62] 

DBD 200 4/1 64.0 54.0 52.0 14.0 1000 300.0 [58] 

DBD 20 1/1 79.7 52.7 59.8 NR NR NR [61] 

Nanosecond 

pulsed dis. 
100 3/2 30.0 NR 12.0 7.5 10 6.3 [119] 

DC corona 

dis.(positive) 
60 2/1 86.0 65.0 55.7 NR 45 45.0 [66] 

Glow dis. 2200 6/4 61.0 49.9 54.4 NR NR NR [63] 

AC Gliding 

arc 
7500 7/3 13.1 8.4 4.1 NR NR NR [42] 

Gliding arc 

Plasmatron 
10000 3/1 41.0 24.0 20.9 NR 500 3.0 [88] 

Gliding arc 1000 1/1 40.0 31.0 20.0 NR 190 11.4 [72] 

RGA 12000 1/1 36.0 35.0 9.8 NR 471 2.4 [73] 

RGA 6000 1/1 48.0 54.0 48.0 51.0 175 1.8 [82] 

RGA 3700 1/1 10.9 12.8 8.7 7.5 155 6.7 
This 

work 

*NR states for Non-Reported. The italic fonts are calculated values based on eq. 5.16 for SEI (values 

divided by 22.4 L mol–1 to get kJ L–1) 

5.4.5 Qualitative Analysis of the Optical Emission Spectrum 

Figure 5-13 shows the characteristic optical emission spectra (200-700 nm) obtained for a RGA 

operating with CO2/CH4 =  1.5, total gas flow rate of 3.7 SLPM and peak currents of 0.74 and 1.50 

A. Due to the strong molecular emissions from C2 Swan bands (468-473, 500-516, and 530-563 

nm), the arc appeared bright green. C2 was formed during hydrocarbon degradation in the 

discharge [143] and is considered an indicator for nanostructured solid carbon formation [73]. We 

observed that increasing the relative concentration of CO2 in the inlet gas mixture led to an overall 

decrease in the intensity of the C2 Swan bands (spectra not reported here). The latest observation 

was confirmed visually as the visual appearance of the arc went from green to white when the 

amount of CO2 in the inlet flow increased. Moreover, higher amount of H2 was produced at lower 
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CO2 concentrations, i.e., CO2/CH4 = 1.0, meaning a reduced degree of dehydrogenated CH4. CH 

bands were identified around 387 and 430 nm (A2∆→ X2∏ transitions) [62], which according to 

Ray et al. [144] is due to the excitation of C2∑+→ X2∏ and indicates the formation of higher 

hydrocarbons (first band). Additionally, some molecular emission bands related to CO2 were 

identified around 357, 374 and 435 nm [143, 145]. An intense emission line was observed at 588.7 

nm, which is most likely attributed to carbon ions, C+ [146]. The Hα emission line was also 

observed at 656 nm, whereas a weak emission band for CO was identified at 283 nm [62, 143]. 

These reactive species participate directly in the reforming reaction where CO2 and CH4 are 

ionized and dissociated to produce ions and radicals that interact and convert mainly into CO and 

H2. 

 

Fig. 5-13 Emission spectra observed in the RGA for DRM at CO2/CH4 = 1.5, a total flow rate of 3.7 

SLPM and peak currents of 0.74 (less intense) and 1.50 A (more intense). 

 

5.4.6 Morphology of the deposited particulates 

One of the main drawbacks of DRM is the occurrence of carbon deposition. This process is 

unavoidable and thermodynamically favored [40] as shown by equations 5.36 to 5.38 

CH4 ⇋ C + 2H2                     ∆H298K = +74.9 kJ mol−1 (5.36) 

CO2 + 2H2 ⇋ C + 2H2O      ∆H298K = −90.0 kJ mol−1 (5.37) 

  2CO ⇋ C + CO2                      ∆H298K = −172.4 kJ mol−1 (5.38) 
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Equation (5.36) is known as methane cracking or methane pyrolysis; equation (5.37) involves 

steam generation via CO2 reforming, i.e., CO2 reduction, whereas equation (5.38) is the Boudouard 

reaction (opposite of eq. 5.5) [36, 123]. According to their origin, two different types of deposits 

can be identified: solid carbon and coke. Solid carbon is a product of CO-disproportionation, whilst 

coke occurs as decomposition or condensation of hydrocarbons on the catalyst surface [26]. 

Carbon deposition depends on the CO2/CH4 ratio, being favored at lower ratio [42]. The methane 

decomposition process not only leads to higher production of H2 but also to more solid carbon 

deposited on the electrodes [40]. Particulate deposition was observed not only on both electrodes 

(Fig. 5-14) but also in the upper and colder sections of the reactor, towards the gas exhaust. 

Furthermore, micron-sized particles of stainless steel, mostly produced by arc erosion of the 

cathode, were found in the deposits (confirmed with Energy Dispersive X-ray Spectroscopy 

(EDS)). In the samples collected on the anode surface (Fig. 5-14e and 5-15), the stainless-steel 

microparticles were mostly covered by a carbon-containing structure (Fig. 5-14f and 5-15). 

Carbon samples collected from the cathode were also analyzed by Raman spectroscopy (Fig. 5-

16). The D, G, and G’-bands can be clearly identified. The D-band at 1327 cm–1 corresponds to 

the amorphous carbon (non-graphitized) and disordered structure. The G-band at 1582 cm–1 is 

linked to the tangential mode of the graphene sheet and graphitized structure [42, 73]. Finally, the 

G’-band, also known as the 2D band, at 2665 cm–1 is the result of different interlayer interactions 

occurring at different depths within the graphene [147]. The intensity of the D band relative to the 

G band quantifies the degree of crystallinity of the graphite layers, in this study ID/IG =1.5, which 

suggests a low degree of graphitization [42]. 
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Fig. 5-14 Left: (a) stainless steel cathode covered with black carbon, a by-product of DRM, (b) stainless 

steel particle found in the black carbon, as a result of electrode erosion, (c) black carbon. On the right: (d) 

top view of the stainless steel anode with some black carbon powder, (e) black carbon and stainless steel 

particles, (f) carbon structure. 

 

 

Fig. 5-15 (a) Stainless steel particle from the anode covered by a carbon-containing structure, (b) EDS 

spectrum of the stainless steel particle. The cross in (a) shows the exact location where the EDS analysis 

was carried out. 
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Fig. 5-16 Raman spectrum of one carbon sample produced during the DRM reaction by the RGA 

discharge after approx. 20 h. 

 

5.5 Conclusions 

An atmospheric pressure rotating gliding arc co-driven by a magnetic field has been developed for 

the plasma-assisted dry reforming of the methane reaction. Operating parameters such as total gas 

flow rate, peak arc current, and CO2/CH4 ratio were varied to determine the most efficient 

combination for dry reforming of methane. The RGA discharge has shown to be a good plasma 

source in the generation of cleaner syngas, as only trace concentrations of by-products were found 

in the effluent gas, whereas the carbon balance was >95% for all the combinations of parameters 

studied. The optical emission spectrum showed the formation of active species in the plasma zone 

that are involved in the DRM, such as Hα, C2, CH, C+, and CO2. The results suggested that plasma 

acts as a catalyst in the generation of H2 and CO, where the yield of these products presented a 

transient behavior in the first minutes to finally stabilized. These results can possibly be used to 

determine the best time to measure the gas concentrations, especially when sampling offline. 

Moreover, increasing the peak current mostly increased the conversions of CH4 and CO2 and the 

by-products concentration, such as C2H2 and solid carbon. However, increasing the flow rate led 

to a decrease in CO2 and CH4 conversions. Conversely, when the arc current was set at 0.74 A, an 

increase of the flow rate from 3.7 to 4.7 SLPM seemed to be beneficial for CO2 and CH4 
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conversions for CO2/CH4=1.0 and 1.5 as the increase in the arc length enhanced the conversion. 

Besides, vibrational excitation could lead to CO2 activation in a more efficient pathway. This 

explanation also applied for a peak current of 1.50 A and CO2/CH4=2.0. On the other hand, the 

H2/CO2 ratio was inversely proportional to the CO2/CH4 ratio, i.e., the higher the CO2 

concentration in the reactive gas, the lower the H2 produced. No significant effect of the peak 

current or flow rate was found in the H2/CO ratio. Increasing the energy input by preheating the 

gas inlet did not show a significant effect on the CH4 and CO2 conversions as well as the H2 and 

CO yields, as the gas temperatures in the plasma zone are much higher (1000 to 3000 K) compared 

to the preheated gas temperature (200 °C, 473 K). On the other hand, the plasma discharge induced 

gas heating, resulting in an increased temperature of roughly 200 K. For the larger peak current, 

i.e., 1.50 A, the best energy efficiency values were obtained at the lowest specific energy input 

values. Higher values of energy efficiency were obtained at lower flow rates and higher CO2/CH4 

ratios. As a result of electrode erosion, microparticles of stainless-steel with a structure containing 

carbon were obtained as a by-product of DRM in the RGA. Raman spectroscopy suggested that 

the carbon deposits contain amorphous carbon and graphene sheets, which can be potentially 

useful in industrial/research applications, adding value to the DRM process. Further studies are 

needed to identify better the nature of the carbon structures. Further work focuses on the addition 

of a fluidized bed of catalyst for the plasma-catalytic DRM reaction. 
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5.6 Supplementary material  

A. Order of reaction 

The relationship between the rate of reaction and the concentration of the reactants is expressed 

by the power law. The reaction order of the acetylene (C2H2) is defined as: 

𝑟𝐶2𝐻2
= 𝑘 ∙ 𝑝𝐶𝐻4

𝛼  (𝑎. 1) 

Where 𝑟𝐶2𝐻2
 is the rate of reaction in [mol s–1] of acetylene, k is the constant of reaction, p is the 

partial pressure of methane in [mol s–1], and α is the reaction order.  

Equation (a.1) can be linearized by taking its natural logarithm (eq (a.2)) to determine the reaction 

order α and the constant of reaction k: 

ln  𝑟𝐶2𝐻2
= ln 𝑘 + 𝛼 ln 𝑝𝐶𝐻4

(𝑎. 2) 

By plotting C2H2 concentration obtained vs. CH4 concentration and making a linear regression, 

the order of reaction α was obtained for every condition of total inlet flow rate. Fig. 5-17 shows 

the kinetics plot of the power law for a total inlet flow rate of 3.7 SLPM and peak current of 1.5 A. 

From Fig 5-17 can be determined that the order of reaction for C2H2 formation is 3.7. 

 

Fig. 5-17 A Kinetics plot of the power law for a total inlet flow rate of 3.7SLPM and peak current of 

1.5 A. 
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Table 5-4 Summary of the order of reaction for C2H2 production. 

Total inlet flow rate 

(SLPM) 

Order of reaction 

α 

3.7 3.7 ± 0.2 

4.7 2.9 ± 0.1 

6.7 2.7 ± 0.3 

 

B. ANOVA Statistical Analyses 

For Fig. 5-8, ANOVA Statistical analyses were performed using the tool ANOVA: Single-factor 

from Microsoft Excel. The significance level was set at α = 0.05, and the null hypothesis failed to 

be rejected when F < Fcrit and p-value > α. The acceptance of the null hypothesis stated that there 

is not enough evidence to state that there is a significant statistical difference between the evaluated 

means, with 95% confidence. Note that for all the cases, the value of F-critical was 7.71. 

 

Tested 

with 

ANOVA 

Figure 

section 
Description 

Time 

(min) 
F p-value 

Null 

hypothesis 

rejected 

Hot flow 

vs cold 

flow 

a 
CO2 

conversion 

0 0.19 0.69 no 

5 0.04 0.84 no 

10 6.08 0.07 no 

15 2.58 0.18 no 

b 
CH4 

conversion 

0 0.81 0.42 no 

5 0.85 0.41 no 

10 2.84 0.17 no 

15 0.36 0.58 no 

c CO yield 

0 0.29 0.62 no 

5 0.06 0.81 no 

10 2.79 0.17 no 

15 3.29 0.14 no 

d H2 yield 

0 0.40 0.56 no 

5 3.01 0.16 no 

10 0.05 0.84 no 

15 0.30 0.61 no 
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6  
Plasma-Driven Catalytic Dry Reforming of 

Methane 

 

6.1 Preface 

This chapter presents the results of studying the influence of different catalyst characteristics such 

as the plasma-driven catalysis of Dry Reforming of Methane reaction carried out in a rotating 

gliding arc-fluidized bed reactor. The work was planned, analyzed, and executed by J. Martin-del-

Campo. M. Uceda conducted, executed and analyzed the results for X-Ray Photoelectron 

Spectroscopy, and contributed to the analysis of Scanning Electron Microscopy. Supervision of 

the research and manuscript reviewing were shared between S. Coulombe and J. Kopyscinski. The 

citation for this chapter is: 

 

Martin-Del-Campo J., Uceda M., Coulombe S., Kopyscinski J. Plasma-Catalytic Dry Reforming 

of Methane over Ni-supported Catalysts in a Rotating Gliding Arc- Spouted Bed Reactor. Journal 

of CO2 Utilization (accepted) 

 

Building on the work developed in Chapter 5, a catalytic material was added to the plasma reactor 

to create a single-stage plasma-catalytic reactor for the dry reforming of methane. The performance 

of a rotating gliding arc-spouted bed reactor on the DRM reaction was investigated. The influence 

of different catalyst characteristics on the performance of DRM was studied. The nickel-based 
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catalyst characteristics studied were the influence of two catalysts supports, the percentage of 

metal loading, as well as reduced and non-reduced catalysts.  

It was found that the addition of a catalytic material to the plasma discharge highly influences the 

selectivities of CO and H2, reducing the production of byproducts such as acetylene and carbon 

deposition. For the Al2O3-supported catalyst, the fresh catalyst showed a better performance 

regarding yield and selectivity than the pre-reduced catalyst since the plasma discharge might 

induce a different reaction pathway between the plasma species interacting with the pre-reduced 

catalyst compared to the fresh catalyst. In the case of the SiO2-supported catalyst, no statistical 

difference in the yield of products was found between the pre-reduced catalyst and the fresh one 

with 15% and 30 % wt. Ni loading. This is attributed to the weak bonding between the Ni and the 

SiO2 support. More stable plasma-catalytic performance was achieved with Al2O3-supported 

catalyst rather than with the SiO2-supported one, which melted and agglomerated in the reactor at 

lower gas flow rates (>4.5 LN min–1). The plasma discharge affected the surface chemistry of the 

catalyst, slightly increasing the binding energy of the Ni in the catalyst. However, no effect of 

plasma in the crystalline structure of the catalyst was found, confirming that its contact with the 

plasma discharge did not cause agglomeration.  

The reactor has the potential to increase not only selectivity but also reactants conversion and 

product yield while decreasing the formation of coke and carbon deposition, an undesired 

byproduct of the DRM reaction.  
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Plasma-Catalytic Dry Reforming of Methane over Ni-Supported 

Catalysts in a Rotating Gliding Arc-Spouted Bed Reactor  

 

Jennifer Martin-del-Campo1,2, Marianna Unceda3, Sylvain Coulombe1, Jan Kopyscinski2 

Plasma Processing Laboratory1, Catalytic Process Engineering2, Department of Chemical 

Engineering, 3Department of Mining and Materials Engineering, McGill University, Montreal, 

Quebec, Canada 

 

Abstract. A combination of a rotating gliding arc and a spouted catalytic bed was investigated in a 

plasma-catalytic system for dry reforming of methane. Different nickel-based catalysts, including 

Ni supported on Al2O3 or SiO2 (fresh and passivated) with 0, 15, and 30 wt % Ni, were 

investigated. It was found that a more stable operation of the plasma-catalytic system was obtained 

with the Al2O3-supported catalyst rather than with the SiO2 catalyst. A noticeable increase in 

selectivity towards CO and H2 was obtained with a catalytic bed in the plasma zone, reducing 

acetylene production, a byproduct of DRM, when carried out under plasma conditions. A 

maximum selectivity of CO of 96.7 % was obtained for the combination of plasma and passivated 

30Ni/SiO2. For H2, the maximum selectivity achieved was 84.9 % for plasma + fresh 15NiO/SiO2. 

Additionally, the formation of soot and coke in the reactor was strongly reduced by the presence 

of a catalyst. The catalyst characterization showed that the plasma introduces defects on the Ni 

catalyst, making it more electronegative. However, the crystalline structure of the catalyst was not 

affected by contact with the plasma, suggesting that the change in the surface chemistry might 

affect the performance of the catalyst during the DRM reaction.  
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6.2 Introduction  

Carbon dioxide conversion into useful chemicals is an emerging concept for the next generation 

of greenhouse gas mitigation technology [148]. Dry reforming of methane (DRM) offers an 

alternative pathway to simultaneously convert CO2 and CH4, into valuable synthesis gas (i.e., a 

mixture of CO and H2, hereafter referred to as “syngas”). The corresponding reaction is highly 

endothermic (CO2 + CH4 ↔ 2 CO + 2 H2, ΔH298K = +247 kJ mol–1) and requires an efficient catalyst 

as well as process concept. Nonetheless, requirements of high temperatures (>700 °C) for DRM, 

and the unavoidable carbon deposition of the reaction, limit the industrial application of the 

thermal catalytic process and result in the deactivation of the catalyst due to poisoning and 

sintering [37, 42, 149]. 

Non-thermal plasma (NTP) technologies can assist the valorization of CO2 and CH4 since many 

active and energetic species such as radicals, electrons, ions, neutral atoms, metastable species, and 

photons are generated at temperatures far below the temperatures required for the thermocatalytic 

process (i.e., 200 °C vs. 700–1000 °C) [4]. The highly endothermic reaction can occur at low 

temperatures, and in addition, the activation energy is reduced [149]. However, the conversions of 

CO2 and CH4 in a non-thermal plasma are lower than for the thermo-catalytic process. Moreover, 

in NTP, due to the low gas temperatures and the long lifetimes of the radicals, the formation of 

hydrocarbons is favored [36], which decreases the syngas selectivity. 

Plasma-catalytic technologies present a potential alternative to overcome the drawbacks of both 

technologies while benefiting from a possible synergistic effect of the plasma and the catalyst [37, 

149]. Plasma-catalysis consists of taking a material with catalytic properties and combining it with 

a gaseous electrical (plasma) discharge [14]. On the one hand, the plasma discharge possesses 

reactivity due to the ionized and excited states of the atoms, molecules, radicals, and energetic 

electrons and photons. Simultaneously, the catalyst accelerates the chemical reaction by providing 

an alternative reaction pathway with a lower energy barrier [14]. Plasma-catalysis can potentially 

enhance gas conversion, improve reaction selectivity, increase energy efficiency, improve catalyst 

stability, and reduce catalyst poisoning and coke formation [14, 37, 60]. 

Plasma-catalysis has the potential to enhance highly endothermic reactions such as DRM. This 

technology may also decrease the activation barrier of CO2 and CH4, improve the reaction rate [94], 

and enhance hydrogen yield [42]. Among the non-thermal plasma-catalytic technologies, dielectric 
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barrier discharges (DBDs) have been extensively studied [37, 148, 150–154], followed by gliding 

arcs (GA) [77–81, 155, 156]. In particular, gliding arcs produce transitional or warm plasmas, with 

characteristics in between the non-thermal (cold) and thermal (hotter) plasmas, which allows 

creating excited and reactive species in the gas at low temperatures (close to room temperature) 

while maintaining a high electron density(1023 m–3 in GA [42]). Therefore, these reactive gases can 

interact with the catalyst at temperatures where conventional thermal catalysis is non-active [14]. 

Gliding arc fluidized bed is a special configuration of a gliding arc for gas conversion applications, 

and it combines the advantages of both systems. On the one hand, the warm conditions of the gliding 

arc provide high reaction rates and selectivity. On the other hand, the fluidized bed system provides 

excellent mixing of particles, high heat and mass transfer rates, minimizes carbon deposition and 

offers the possibility of continuous process coupled with high throughput [101, 151, 157, 158]. The 

spouted bed system investigated in this article is one type of fluidized bed in which coarse particles 

show circular movement, while at the same time, the gas injected keeps the catalyst particles 

moving in the inter-electrode space [80, 158, 159]. Considering the potential synergetic effects of 

a plasma-catalysis system and the benefits associated with a gliding arc-fluidized bed configuration, 

it is expected that the active species generated in the plasma zone can immediately make contact 

with the catalyst as the catalytic bed is located between the electrodes in the plasma reactor [80]. 

Several authors have investigated the gliding arc-spouted bed system for CH4 reforming [80, 155, 

156]. In all cases, the authors reported an increase in product selectivity. Moreover, Mlotek et al. 

[156] reported a reduction of carbon formation. However, Lee et al. [80] reported a decrease of 

CH4 conversion due to the distortion of the discharge by the catalyst when using plasma-catalysis. 

In this study, DRM is investigated in a rotating gliding arc-spouted bed hybrid system using Ni-

based catalysts. The influence of two catalyst supports, i.e., alumina and silica, nickel loading, 

reduced and non-reduced catalysts on CH4 and CO2 conversions, and H2 and CO selectivities are 

investigated. The product gas composition was determined using a calibrated mass spectrometer. 

The fresh and spent catalysts were analyzed using Scanning Electron Microscopy (SEM), nitrogen 

physisorption, hydrogen chemisorption, X-Ray Diffraction (XRD), X-Ray Photoelectron 

Spectroscopy (XPS) and temperature-programmed oxidation (TPO) to understand better the effect 

of the plasma discharge on the catalyst properties. 
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6.3 Experimental 

6.3.1 Catalyst synthesis 

Two different nickel-based catalysts were synthesized, NiO/Al2O3 and NiO/SiO2, with different 

metal loadings (0, 15, and 30 wt%). Catalyst samples supported on alumina (Al2O3, Alfa-Aesar) 

presented a particle size of 90 – 125 µm, whereas silica (SiO2, ≥ 99 %, Sigma Aldrich) based 

catalysts had a particle size of 150 – 250 µm to ensure proper fluidization for both catalysts since 

Al2O3 catalyst is heavier than the SiO2 one (i.e., bulk density ~0.68 g cm–3 vs. ~0.47 g cm– 3, 

respectively). Nickel was added via incipient wetness impregnation using a solution of nickel (II) 

nitrate hexahydrate (Ni (NO3)2 6 H2O, ≥ 98.5 %, Sigma Aldrich). Then, the catalysts were dried at 

80 °C for 8 h and calcined at 500 °C with a heating rate of 1 °C min–1 for 5 h 

6.3.2 Catalyst characterization 

Different characterization techniques were used to study the catalyst morphology, crystallinity and 

composition before and after use in the plasma-catalytic reactor. Inductively coupled plasma optical 

emission spectrometry (ICP-OES) was used to determine the actual nickel content in the catalyst 

(Table 6-6, supplementary material A.1). N2 adsorption/desorption measurements ( – 196 °C, 

pressure range 0.01 – 0.99 p/p0) were conducted using a Micromeritics Gemini VII 2390 t surface 

analyzer to determine the total surface area, pore size distribution and pore volume. Prior to data 

collection, the samples were outgassed at 250 °C overnight with He in a Micromeritics FlowPrep 

60 degasser. The pore size distribution was determined via the Barret-Joyner-Halenda (BJH) model 

using the desorption data, whereas the pore volume was determined based on the amount of 

adsorbed N2 at p/p0 = 0.97. The total Brunauer-Emmett-Teller (BET) surface area was calculated 

based on BET measurements in the pressure range 0.05 – 0.3 p/p0. 

Volumetric hydrogen uptake (chemisorption) measurements were conducted with an Autosorb iQ 

(Quantochrome) gas sorption instrument. Approximately 100 mg of the fresh and spent catalyst 

(recovered after contact with plasma) were placed in a U-shaped quartz tube, where the sample was 

preheated in He at 120 °C with a heating rate of 20 °C min–1 and maintained at this temperature for 

0.5 h. The catalyst sample was then reduced with H2 at the previously determined reduction 

temperature from H2–TPR (see supplementary material B.1.1). Finally, the gas was evacuated, and 

the sample was cooled to 40 °C. The adsorption measurements were taken at a pressure ranging 

from 0.05 to 0.75 barabs. The specific surface area, metal dispersion, and average crystallite size 
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were calculated based on the amount of H2 adsorbed, assuming H/Ni = 1 and a hemispherical 

cluster with a nickel density of 8.9 g cm–3. 

Temperature-programmed oxidation (TPO) analyses were performed using a thermogravimetric 

analyzer (TG 209 F1 Libra, Netzsch) connected to a calibrated mass spectrometer (Hiden 

Analytical, HPR–20). The catalyst samples (25 –35 mg) were first dried with Ar at 110 °C at a 

heating rate of 5 °C min–1 and held at this temperature for 2 h. Subsequently, the catalysts were 

heated up to 950 °C at 2.5 °C min–1 with 66 vol% air and held at this temperature for 40 min to 

combust possible carbon deposition, while the evolved gas CO2 was monitored. 

A more extensive characterization was performed on two catalyst samples (30NiO/Al2O3 and 

30NiO/SiO2) before and after use in the plasma-catalytic reactor using XRD, XPS and SEM-EDS. 

X-ray powder diffraction was used to identify the crystallinity of the samples. Analyses were 

conducted on a Bruker D8 Discovery X-Ray diffractometer with a two-dimensional 

VANTEC - 500 detector and CuKα (λ = 1.54056 Å) radiation source. The measurements were 

carried out at a tube voltage of 40 kV and a tube current of 20 mA, and a scan rate of 5 °C min–1. 

In addition, X-Ray Photoelectron Spectroscopy was performed using a Thermo Scientific K-alpha 

XPS instrument to obtain surveys and high-resolution spectra at the edges of C 1s, Al 2p, O 1s, Ni 

2p, and Si 2p. The powder samples were degassed in a vacuum oven at 60 °C for 15 h and then 

mounted on copper tape. A flood gun was used to minimize charging, and the attained survey and 

high-resolution spectra were charge-corrected with respect to the C 1s C–C peak at 284.7 eV. 

Scanning Electron Microscopy (Hitachi SU8000) was performed with an accelerating voltage of 

10 –15 kV and working distance between 15 and 16 mm. In addition, Energy Dispersive X-Ray 

Spectroscopy (EDS) experiments were performed on the catalyst samples for elemental analysis. 

6.3.3 Thermo-catalytic activity 

Thermo-catalytic DRM experiments were conducted in a fixed bed reactor. The setup included 

mass flow controllers, gas mixing station, tube furnace, condenser and gas analyzer (mass 

spectrometer). The flow rates of reactant gases, Ar (99.999 %, Megs), CH4 (99.999 %, Praxair) and 

CO2 (99.99 %, Praxair), were controlled using calibrated Vögtlin red-y smart controller GSC 

(Switzerland). The reactor consisted of an inner quartz tube (I.D. 7 mm) with a 15 –40 µm frit at 

the bottom. The reactor was placed into a 0.5" stainless steel 316 tube with a counter-current flow 

configuration. The reaction temperature was controlled by a K-type thermocouple inserted into the 
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catalytic bed. The exit gas line was electrically heated between 110 and 120 °C to avoid water 

condensation. A split stream of the exit was gas analyzed using a calibrated mass spectrometer 

(Pfeiffer Ominstar GSD 301). The experiments were performed at 700 °C and 1  barabs with a gas 

hourly space velocity (GHSV) of 148  LN gcat
–1 h–1 (Note: N refers to standard conditions, i.e., 

273 K and 1 atm). Approximately 40 mg of catalyst diluted in 60 mg of support were loaded in the 

quartz tube and then purged with Ar (100  mLN min–1) for 1 h to remove air. Then, the temperature 

was increased to 200 °C at a heating rate of 4.5 °C min–1 and held for 2 h to remove moisture. 

Afterwards, the temperature was increased to each sample's reduction temperature (previously 

determined, see supplementary material B.1.1) under 20 vol% H2 (99.999 % Praxair) in Ar at the 

same heating rate and held for 2 h. Finally, the temperature was increased to 700 °C and held for 

3 h, while CO2 and CH4 were introduced at a concentration of 18 vol% and 12 vol% 

(i.e., CO2/CH4 = 1.5), respectively, with balance Ar. After the reaction, all the catalysts were 

passivated, removed and stored for further analysis. The reported bars  are an average of the results 

after steady-state was reached in the reactor for approx. 2.5 h of experiment and the error bars 

represent the standard deviation over the time measured. 

6.3.4 Plasma-catalytic activity 

The description and schematic of the Rotating Gliding Arc (RGA) reactor have been presented in 

detail in [160]. Briefly, the RGA reactor consists of a cone electrode (cathode) mounted coaxially 

inside a hollow cylinder that acts as a grounded anode. The gas is injected tangentially in the reactor 

by two sets of gas injectors, forming a counter-clockwise vortex flow (as seen from the upper part 

of the reactor). The cathode is powered by a homemade dual-stage DC power supply. To fill the 

gap between the base of the reactor and the gas inlets, an additional ceramic piece (glass-mica) was 

added to avoid the catalyst falling to the base and not fluidize 

To create a spouted bed in the RGA reactor, the catalyst powder (1.5 g) was added through the 

upper part of the reactor while argon (Ar) plasma was flowing in the reactor at a gas velocity of 

21.6 cm s–1 for Al2O3 supported catalyst and 26.3 cm s–1 for SiO2 supported catalyst. The latest 

represents 8.7 and 6.8 times the minimum fluidization velocity, respectively (see supplementary 

material A.2), thus ensuring proper catalyst fluidization. Afterwards, the reactor was closed, while 

electrical signals were monitored at all times. The RGA voltage and circuit current signals were 

monitored/measured online using a high-voltage probe (B&K Precision PR55) and a passive 

voltage probe (Tektronix P2200) across a 1 Ω shunt resistor, respectively, and displayed with a 
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benchtop oscilloscope (Tektronix MSO 2012, 100 MHz, 1 GS/s) but recorded with a PC 

oscilloscope (PicoScope 2408B). 

A mix of Ar (99.999 %, Praxair), CO2 (99.9 %, Praxair) and CH4 (99.99 %, Megs) was injected 

through the reactor. The argon concentration was fixed between 70–75 vol% to ensure stable 

plasma operation. The volumetric CO2/CH4 ratio was fixed at 1.5 to reduce carbon deposition, 

based on our previous study [160], with total flow rates of 3.7 LN min–1(GHSV = 148 LN gcat
–1 h–1) 

and 4.5 LN min–1 (GHSV = 180 LN gcat
–1 h–1) for Al2O3 and SiO2 based catalyst, respectively. The 

exhaust gas was analyzed online by a calibrated mass spectrometer (Pfeiffer Omnistar GSD 301). 

The maximum RGA current delivered by the current driver was set by its internal resistance 

(300 Ω), giving rise to a peak arc current of 2.7 A. Each experiment was conducted three times, and 

the error bars reported reflect the standard deviation. No external heating was provided to the 

plasma-catalytic reactor. 

The performance of the reforming reaction was calculated based on hydrogen and carbon 

monoxide selectivities (Eqs. 6.1 and 6.2), as well as the conversions of methane and carbon dioxide 

(Eqs. 6.3 and 6.4): 

S𝐻2
(%) =

 𝑛̇𝐻2𝑜𝑢𝑡

2 (𝑛̇ 𝐶𝐻4𝑖𝑛
− 𝑛̇ 𝐶𝐻4𝑜𝑢𝑡

)
× 100 (6.1) 

S𝐶𝑂(%) =
𝑛̇𝐶𝑂𝑜𝑢𝑡

 (𝑛̇ CO2𝑖𝑛
− 𝑛̇ CO2𝑜𝑢𝑡

) + (𝑛̇ CH4𝑖𝑛
− 𝑛̇ CH4𝑜𝑢𝑡

)
× 100 (6.2) 

X𝐶𝐻4
(%) =

 𝑛̇𝐶𝐻4𝑖𝑛
− 𝑛̇𝐶𝐻4𝑜𝑢𝑡

 𝑛̇ 𝐶𝐻4𝑖𝑛

× 100 (6.3) 

X𝐶𝑂2
(%) =

 𝑛̇𝐶𝑂2𝑖𝑛
− 𝑛̇𝐶𝑂2𝑜𝑢𝑡

 𝑛̇ 𝐶𝑂2𝑖𝑛

× 100 (6.4) 

The H2/CO molar ratio and the carbon balances were defined as: 

𝐻2

𝐶𝑂
=

𝑛̇𝐻2𝑜𝑢𝑡

𝑛̇𝐶𝑂𝑜𝑢𝑡

(6.5) 

𝐵𝐶(%) =
𝑛̇𝐶𝑂2𝑜𝑢𝑡

 +  𝑛̇𝐶𝐻4𝑜𝑢𝑡
 +  𝑛̇𝐶𝑂𝑜𝑢𝑡

𝑛̇𝐶𝑂2𝑖𝑛
 +  𝑛̇𝐶𝐻4𝑖𝑛

 × 100 (6.6) 
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where, 𝑛̇𝑖 is the molar flow rate in (mol min–1). The quantity of other hydrocarbons (C2H2, C2H4) 

was neglected in the carbon balance since we found in our previous study [160] that it was 

(< 0.5 mol%). Hence, the MS was not calibrated for these species; however, the signal in [A]/[A] 

was monitored during the experiments and can be found in the supplementary material B.2.4. 

The energy cost of the syngas (EC) is defined as the amount of energy input per mol of syngas 

produced (MJ mol–1), see eq. 6.7: 

𝐸𝐶 =
𝑃𝑎𝑣𝑔

𝑛̇𝐻2𝑜𝑢𝑡
+  𝑛̇𝐶𝑂𝑜𝑢𝑡

(6.7) 

where Pavg is the time-averaged power (MJ s–1) calculated using the same method as in [160] 

and 𝑛̇𝑖 is the molar flow rate of H2 and CO (mol s–1). 

The energy efficiency (η) of the process was defined as: 

𝜂(%) =
𝑛̇𝐻2𝑜𝑢𝑡

𝐿𝐻𝑉𝐻2
 +  𝑛̇𝐶𝑂𝑜𝑢𝑡

𝐿𝐻𝑉𝐶𝑂

𝑃𝑎𝑣𝑔  +  𝑛̇𝐶𝐻4𝑖𝑛
𝐿𝐻𝑉𝐶𝐻4

× 100 (6.8) 

where LHVi is the low heating value of the gas i (CO, H2, CH4) in (J mol-1) 

The turnover frequency (TOF) was determined via H2 chemisorption measurements, yielding the 

active surface area and eq. 6.9. 

𝑇𝑂𝐹 (𝑠−1) =
𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 (𝑚𝑜𝑙 𝑠−1) ∙ 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑎𝑡 𝑠𝑡𝑒𝑎𝑑𝑦 − 𝑠𝑡𝑎𝑡𝑒

𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 (𝑚𝑜𝑙 𝑔−1) ∙ 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑡 (𝑔)
(6.9) 

 

6.4 Results and discussion 

6.4.1 Thermo-catalytic activity 

Fig. 6-1 shows the conversions of CO2 and CH4 as well as selectivities of H2 and CO when the 

reaction was carried out over Al2O3 and SiO2 based catalysts with three different Ni loadings (0, 15 

and 30 %). Empty tube (i.e., homogeneous reaction) and support only (no nickel) experiments 

resulted in a CH4 conversion of less than 0.5 %, while the CO2 conversion was between 8% and 10 

%. Thus, nickel is needed to facilitate the C  H bond and accelerate the C  O bond dissociation. 
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With increasing Ni content, the CO2 and CH4 conversions, as well as the CO and H2 selectivities 

increased, approaching and reaching equilibrium, respectively. The CH4 conversions' values were 

around the same for the 15Ni/Al2O3 and 15Ni/SiO2 with 74 ± 1%. The same was observed for the 

30Ni/Al2O3 and 30Ni/SiO2 catalysts with slightly higher values of 80 ± 1%, yet below the chemical 

equilibrium. For CO2, however, the behavior was different, and the conversions were considerably 

smaller. Over 15Ni/Al2O3, the conversion of CO2 was 64 % and slightly higher compared to the 62 

% over 30Ni/Al2O3. This can be explained by a bi-functional mechanism [54, 55], in which the 

CH4 is activated on the metal only, whereas the CO2 (which is a Lewis acid) can also adsorb and 

be activated on the basic sites provided by the Al2O3 [36, 51, 154]. Since the 15Ni/Al2O3 catalyst 

presents a higher surface area compared to the 30Ni/Al2O3 catalyst (212 and 164 m2 g–1, 

respectively), more CO2 is converted. Moreover, the nickel supported on Al2O3 exhibited a higher 

H2/CO ratio and H2O signal due to the increased reverse water gas shift activity 

(CO2 + H2 ↔ CO + H2O) than for the SiO2 catalyst (see supplementary material B.1.3). For the 

inert SiO2 catalyst, however, no additional CO2 adsorption sites besides the nickel are available. 

Interestingly, the 15 wt% Ni catalyst was more active than the 30 wt% Ni catalysts (i.e., higher 

turnover frequency TOF) based on the number of exposed Ni sites, as summarized in Table 6-1. 

This indicates that the 15 wt% Ni catalysts had smaller nickel clusters and higher nickel dispersion 

than the 30 wt% Ni, which was confirmed by H2 uptake measurements (see Table 6-4). Thus, by 

comparing the absolute number of Ni active sites, it is shown that half of the amount of Ni (15 % 

Ni instead of 30 % Ni) is needed to obtain almost the same conversion of CO2 and CH4. 

 

Table 6-1 Turnover frequency for Ni/Al2O3 and Ni/SiO2 catalysts. 

 TOF (s–1) 

Catalyst CO2 CH4 

30Ni/Al2O3 1.3 1.1 

15Ni/Al2O3 1.8 1.5 

30Ni/SiO2 1.2 1.0 

15Ni/SiO2 1.6 1.3 

 

The TOFCO2/TOFCH4 ratio for all the catalysts is 1.2, which shows that the conversion of CO2 is 

faster than the conversion of CH4 for the Ni-supported catalyst. This is in agreement with previously 
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reported studies by Ferreira-Aparicio et al. [45], which assumed the dissociative adsorption of 

CH4 as the rate determining step [48, 153, 161]. 

The TOF for CO2 was higher than for CH4, despite the smaller conversion of CO2 compared to 

CH4. This can be explained by the fact that the feed consists of 1.5 times more CO2 than CH4 as 

stated earlier. 

Nonetheless, the stability of the catalyst over the period measured (160 min) decreased over time 

for SiO2-based catalyst, whereas the Al2O3-based catalyst remained stable (see supplementary 

material B.1.2). This difference in catalyst stability is attributed to the weak interaction between Ni 

and SiO2 that may lead to quick deactivation due to metal agglomeration [45, 48, 52]. 

 
Fig. 6-1 Average conversions of (a) CO2 and (b) CH4. Average selectivities of (c) CO and (d) H2 under 

catalytic conditions at 700 °C and 1 barabs with different Ni-based catalysts at GHSV = 148 LN gcat
–1 h–1. 

 

6.4.2 Plasma-catalytic activity 

Typical voltage, current, and calculated instantaneous power signals are reported in Fig. 6-2 for the 

plasma-catalytic DRM at CO2/CH4 = 1.5, total gas flow rate of 3.7 LN min–1, and NiO/Al2O3 
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catalyst. The electric signals for the NiO/SiO2 catalyst can be found in the supplementary material 

B.2.1. The voltage signature is comprised of three stages reproduced in a nearly periodic way: a 

capacitor-charging phase which builds up the voltage across the interelectrode gap (an exponential 

increase of the negative voltage signal), followed by a gaseous breakdown event (sharp voltage 

drop) and finally, the arcing phase (low voltage signal). Current flows through the RGA during the 

arcing phase, with the associated resistive power dissipation. 

 

Fig. 6-2 Characteristic RGA discharge voltage, current and instantaneous power signals for plasma-

catalytic DRM reaction at CO2/CH4 = 1.5, with a total flow rate of 3.7 LN min–1over NiO/Al2O3 catalyst. 

Figs. 6-3 and 6-4 illustrate the results for DRM in the RGA-spouted bed reactor for plasma and 

plasma-catalysis experiments. Based on our previous studies [160] and new infrared camera 

measurements, the gas temperature in the catalytic powder bed was about 220 °C with a good 

volumetric distribution (Fig. 6-16, supplementary material B.2.1). At these conditions, according 

to thermodynamic equilibrium calculations, only a conversion of 0.2 % and 0.1 % is expected for 

CO2 and CH4, respectively. It is considered that the movement of the catalyst particles reduces the 

local overheating of the catalyst provided by the direct contact of the gliding arc discharge [80]. 

Two catalysts with 30 wt% Ni content supported on Al2O3 and SiO2 (denoted as 30Ni/Al2O3(P) and 

30Ni/SiO2 (P), respectively) were previously reduced in the fixed bed reactor under 20 vol% H2 for 

3 h and passivated to compare their performance to the fresh NiO catalyst since only superficial O 

was present on them (ideally easier to activate). Moreover, a 15 wt% Ni content fresh catalyst was 

previously treated under a 20 vol% CH4 and 80 vol% Ar under plasma conditions for 50–75 min to 
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potentially reduce the catalyst (denoted as 15NiO/Al2O3(CH4) and 15NiO/SiO2(CH4), respectively) as 

reported by [81, 162]. 

An ANOVA statistical analysis was performed on the results to determine whether the experimental 

outcomes of the Al2O3 and SiO2 catalyst groups were statistically different among their own group 

(see supplementary material B.2.2). In all cases, the ANOVA tests indicated statistical differences 

in the groups in general. Hence, a t-test two-sample assuming unequal variances was performed on 

all sample pairs individually (15 pairs for catalyst group) to determine if the samples were 

statistically different among them or not. 

The conversions of CO2 and CH4 over the Al2O3 catalysts were smaller for the plasma-catalytic 

experiments than for the plasma-only experiment (Fig. 6-3 a and b). In detail, in the absence of any 

catalysts, conversion values of 11.5 ± 1 % for CO2 and 13.8 ± 1 % for CH4 were observed. For the 

15NiO/Al2O3 and Al2O3 experiments, average CO2 conversions of 10.9 % and CH4 conversions of 

11.8 % were determined. An increase in the nickel content to 30 wt% did not increase the 

conversion. The opposite was found for the CO2 conversion (8%), while the CH4 did not change 

(11.8 %). This negative effect of the Ni loading on the CO2 conversion during plasma-catalytic dry 

reforming in a gliding arc-fixed bed reactor system has also been reported by Allah and Whitehead 

[81]. 

Interestingly, both reduced catalysts (30Ni/Al2O3(P) and 15NiO/Al2O3(CH4)) had a much smaller 

CO2 and CH4 conversion than the Ni-oxide catalysts. This might be due to a different reaction 

pathway between the plasma species interacting with the pre-reduced catalyst (passivated) 

compared to the fresh catalyst. For instance, the passivation layer in the catalyst might inhibit certain 

reactions occurring at the surface. 

In terms of the CO and H2 selectivities, adding a catalyst seems to be beneficial. For example, for 

the 15NiO/Al2O3(CH4) catalyst; a 11.2 % increase for CO (from 80.3 % to 91.5 %) and 9% for 

H2 (from 71.5 % to 80.5 %) was observed (Fig. 6-3c and d). Without methane pretreatment, the 

15NiO/Al2O3 catalyst had only slightly lower selectivity values (i.e., 88 % for CO and 76 % for 

H2), but as stated earlier, it exhibited a higher reactant conversion. Increasing the nickel content to 

30 wt% resulted in smaller product selectivities. 
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Fig. 6-3 Average conversions of (a) CO2 and (b) CH4. Average selectivities of (c) CO and (d) H2 under 

plasma and plasma-catalytic conditions for different Ni/Al2O3 catalysts at GHSV = 148 LN gcat
–1 h–1. Note: 

P = reduced – passivated, CH4 = plasma pretreated with methane. 

In the case of the SiO2-based catalysts, the total flow rate was increased to 4.5 LN min–1 (i.e. 75 % 

Ar and keeping CO2/CH4 = 1.5) since with a lower flow rate, the Ni/SiO2 catalyst partly melted and 

agglomerated inside of the reactor, making the RGA unstable. Inside the reactor, the gas 

temperature was measured to be around 220 °C, whereas the temperature inside the arc was much 

higher (between 700 and 2000 °C). Therefore, the spouted bed configuration may have led to 

repeated exposure of the SiO2 particles to the arc's high-temperature region resulting in their partial 

melting. This was not observed for the Al2O3 samples, as the melting point is higher than for 

SiO2 (i.e., ~2070 °C vs. ~1700 °C). 

An increase in the arc length due to the increase in the flow rate also increased the maximum 

conversion and yield for reactants and products compared to the lower flow rate [132, 160]. The 
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conversions of CO2 and CH4 were larger in the absence of a catalyst than the values determined 

with SiO2-based catalysts (Fig. 6-4 a and b). The CH4 conversions for the 30NiO/SiO2 and plasma 

only experiment were statistically similar (Table 6-10, supplementary material B.2.2). 

Despite the lower conversion, the 30 wt% NiO/SiO2 and 30 wt% Ni/SiO2(P) had a higher CO 

selectivity than the plasma only run (97 % vs. 92 % vs. 88 %). However, for these catalysts, the 

observed H2 selectivity was smaller than for the plasma DRM experiments without any catalysts. 

The Ni content and the pre-reduced catalyst did not seem to affect the reactants conversion and 

products selectivity of the plasma-catalytic DRM reaction over the SiO2-supported catalyst, which 

can be attributed to the weak interaction between Ni and the support. 

 

Fig. 6-4 Average conversions of (a) CO2 and (b) CH4. Average selectivities of (c) CO and (d) H2 under 

plasma and plasma-catalytic conditions for different Ni/SiO2 catalysts at GHSV = 180 LN gcat
–1 h–1. Note: 

P = reduced – passivated, CH4 = plasma pretreated with methane. 
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Fig. 6-5 depicts the H2/CO ratio for the different Ni-based catalysts under thermal and plasma-

catalytic conditions. The blank support shows a very low (<0.5) H2/CO ratio under typical thermal 

catalysis since almost no H2 is produced. However, under plasma-catalytic conditions, this ratio 

increased 3.7 times in the case of blank Al2O3 and 1.8 times for blank SiO2 since the plasma breaks 

down the CH4 molecules, producing H2 at low-temperature conditions. The highest H2/CO ratio 

achieved under plasma-catalytic conditions was 0.82 for plasma (3.7 LN  min–1), 30NiO/Al2O3 and 

Al2O3, for which no statistical difference was found between these samples (see supplementary 

material B.2.2.2). For the SiO2 based experiments, the highest average H2/CO ratio was 0.80 for the 

plasma (4.5 LN  min–1), 30NiO/SiO2, SiO2 and 15NiO/SiO2(CH4), for which no statistical difference 

was found among the samples 

 

Fig. 6-5 H2/CO ratio for different catalysts under (a) thermal catalysis and (b) plasma-catalytic conditions 

for Al2O3 and SiO2 based Ni catalysts. 

Moreover, the presence of a catalyst in the plasma zone decreased the production of C2H2, a 

byproduct of the DRM reaction when carried out in plasma (see supplementary material B.2.4), 

thus increasing the H2 selectivity. Besides, the amount of carbon deposited on the electrode after 

the experiment (Fig. 6-6) decreased, increasing the carbon balance (Table 6-2). The latest is 

discussed further in the next section. 
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Fig. 6-6 Stainless steel cathode after DRM reaction under (a) plasma-only and (b) plasma-catalytic 

conditions. 

Under plasma conditions, the CO2 and CH4 conversions achieved were 11.7 % and 13.8 % for 

3.7 LN  min–1 and 12.5 % and 14.7 % for 4.5 LN  min–1. This is equivalent to equilibrium 

conversions between 425–440 °C under thermo-catalytic conditions based on thermodynamic 

calculations. In conventional catalytic DRM, the dissociative adsorption of CH4 is the rate 

determining step [48, 150, 153]. Since the conversions of CO2 and CH4 were higher in the absence 

of catalyst, these results suggest that the rate-determining step for a plasma-catalytic reaction is 

different, as concluded previously by Gallon [150]. Gallon stated that the catalytic surface reactions 

and the electron-impact plasma volume processes might be involved in the reaction mechanism. 

Additionally, the gas temperature inside of the plasma-catalytic reactor was about 220 °C (based 

on our previous studies [160], which was too low to completely activate the DRM reaction by the 

catalyst (normally >700 °C), making the plasma the main source for reforming of CH4 [80]. 

Furthermore, the decline of CO2 and CH4 conversions when using a RGA-spouted catalytic bed 

was caused by a distortion of the plasma discharge by the catalyst, as reported by [80]. However, 

the free volume inside of the plasma-catalytic reactor is also changed. For the empty tube 

experiment, the ionized species and radicals interact in the whole accessible volume in the plasma 

zone (6.75 cm3), whereas when the catalyst is inside, less gas volume is accessible to be ionized. 

Moreover, adding solids in the arcing zone reduces the volume accessible for the plasma and alters 

the arc itself. If we assume a free voidage of 50–70 % for the catalyst, this means that the solids 

actually occupy between 50% to 30 % of the volume. The latest is equivalent to reduce the plasma 

volume zone between 3.38–4.73 cm3. If the total volume of the plasma zone is reduced, the 

residence time of the reactants in the plasma zone is also reduced, which would be equivalent to 
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increase the total flow rate in an empty tube experiment between 5.3–9.0 LN min–1. Thus, if we 

normalize the results based on void volume, adding catalyst might still be beneficial. 

The energy cost (EC) of the DRM reaction using gliding arc discharge systems is 5–210 times lower 

than for other plasma systems using dielectric barrier discharges (DBD), as summarized in Table 

6-2. This means that more energy needs to be supplied to produce the same amount of syngas as in 

the gliding arc reactors. All reported data in Table 6-2 are related to packed bed catalyst 

configurations, except the values presented in this work, which refer to spouted bed reactor. 

RGA – spouted bed a promising technology to increase syngas selectivity while decreasing carbon 

deposition. 

Table 6-2 Comparison of performance parameters for different plasma-catalytic sources for DRM. 

Plasma 

source 

GHSV 

(L h-1 gcat
-1) 

CO2/

CH4 

Power 

(W) 
Catalyst 

Conversion (%) Selectivity (%) EC 

(MJ mol-1) 
η (%) Ref. 

CH4 CO2 H2 CO 

DBD 6 1.0 30 
10wt% 

Ni/Al2O3 
26.1 16.3 34.6 48.8 4.2 10.4 [154] 

DBD 3 1.0 50 
10wt% 

Ni/Al2O3 
56.4 30.2 31.0 52.4 n/a 16.4 [62] 

DBD* 0.9 1.0 38.4 
>10wt% 

Ni/Al2O3 
44.0 26.0 ~95 ~95 2.3 n/a [90] 

DBD 12 1.0 45 NiC 63.5 60.3 42.4 49.7 n/a n/a [149] 

DBD n/a 1.0 2.1 
10wt% 

Ni/Al2O3 
23.5 13.2 23.2 40.5 n/a n/a [144] 

Corona 24 2.0 10 
20wt% 

Ni/Al2O3 
35.6 23.4 54.2 91.4 n/a n/a [65] 

Spark 24 1.0 39 
BaZr0.05Ti

0.95O3 
86.0 82.4 88.7 67.4 0.22 n/a [163] 

GA* 12,700 h-1 1.0 128 
Ni/CeO2/

Al2O3 
94 91 97 95 n/a 72 [164] 

RGA 48 1.5# n/a 
Ni/CeO2/

Al2O3 
~90 ~19 ~81 100 0.02 86 [77] 

RGA 60 1.0 190 
18 wt% 

NiO/Al2O3 
15.0 18.0 52.0 48.0 n/a n/a [81] 

RGA 13,000 h-1 2.3 490 
10 wt % 

Ni/Al2O3 
58.5 39.5 35.3 56 0.29 n/a [165] 

RGA-

SB 
180 1.5 64 

15 wt% 

NiO/ SiO2 
10.2 9.0 84.9 92.0 0.44 10.6+ 

This 

work 

RGA-

SB  
148 1.5 136 

15 wt% 

NiO/Al2O3 
11.8 11.2 75.3 88.1 0.90 9.4+ 

This 

work 

GHSV= Gas Hourly Space Velocity; n/a – not reported/analyzed; *External heating was provided; # added O2; DBD - dielectric 

barrier discharges; GA – gliding arc;  RGA – rotating gliding arc; RGA-SB  – rotating gliding arc spouted bed;   
+The percentage of electrical energy that contributed to the DRM reaction are 29.5 and 60.2 % for 15NiO/Al2O3 and 

15NiO/SiO2, respectively. 
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6.4.3 Carbon balance and deposition 

Table 6-3 shows the carbon balance (eq. 6.6) of the plasma-catalytic dry reforming of methane for 

the different Ni catalysts and plasma-only experiments. The carbon balance is over 95 %, 

regardless of the catalyst used. It can be noticed that the presence of the catalyst in the plasma zone 

slightly increases the carbon balance for both Al2O3- and SiO2-supported catalysts. Besides, the 

carbon balance is higher in the case of SiO2-supported catalysts. The higher total surface area of 

the SiO2-supported catalyst, as well as the inert nature of the SiO2 support, could lead to less carbon 

deposition. Moreover, the surface acidity of Al2O3 can contribute to coke deposition during the 

DRM reaction [52]. 

Table 6-3 Carbon balance for the different plasma and plasma-catalytic experiments. 

Experiment Carbon Balance % 

Plasma (3.7 SLPM) 96.5 ± 0.6 

Plasma + Al2O3 96.9 ± 0.8 

Plasma + 30NiO/Al2O3 97.8 ± 0.6 

Plasma + 30Ni/Al2O3 (P) 99.1 ± 1.0 

Plasma + 15NiO/Al2O3 98.8 ± 0.8 

Plasma + 15NiO/Al2O3 (CH4) 99.5 ± 1.9 

Plasma (4.5 SLPM) 98.4 ± 1.0 

Plasma + SiO2 99.8 ± 0.7 

Plasma + 30NiO/SiO2 99.0 ± 0.7 

Plasma + 30Ni/SiO2 (P) 100 ± 0.7 

Plasma + 15NiO/SiO2 99.7 ± 0.8 

Plasma + 15NiO/SiO2 (CH4) 98.9 ± 1.0 

 

Carbon deposition is one of the major drawbacks of DRM. This process is unavoidable and 

thermodynamically favored [40] and can occur due to CO-disproportionation, resulting in solid 

carbon, or due to coke formation (i.e. decomposition or condensation of hydrocarbons) [101]. TPO-

TGA analyses were carried out to determine the type and amount of carbon deposited on the catalyst 

samples. Fig. 6-7a shows the corresponding relative mass change of three of the investigated 

catalyst samples that showed more significant signals of CO2 evolution (Fig. 6-7b), i.e. 

15NiO/Al2O3(CH4), 15NiO/SiO2(CH4) and 30Ni/SiO2(P), normalized by the catalyst sample mass. No 
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significant amount of carbon deposition was found on the fresh catalysts, the samples used for the 

thermo-catalytic experiments (except for 30Ni/Al2O3), and the rest of the samples used in the 

plasma-catalytic experiments (see supplementary material B.2.5). The samples that were pretreated 

with CH4 showed higher signals for the carbon dioxide evolution than the catalyst samples used 

only for the plasma-catalytic DRM, since under plasma conditions, CH4 decomposes in 

CHx species that can condensate on the surface of the catalyst forming coke [101]. In Fig. 6-7b, 

four CO2 peaks are observed for the different samples. The signals for carbon dioxide between 150 

and 500 °C correspond to polymeric carbon (Cβ), whereas the signals between 500 and 800 °C 

correspond to graphitic carbon (CC) [9, 101]. The spent 15NiO/Al2O3(CH4) catalyst (0.6 % more 

weight loss compared to the fresh sample) showed higher carbon deposition compared to the 

15NiO/SiO2(CH4) (0.3 % more weight loss compared to the fresh sample). The same behavior was 

observed for the thermo-catalytic experiments, where higher carbon deposition was found in the 

spent Ni/Al2O3 catalysts compared to the catalysts supported on SiO2. The latest can be attributed 

to the higher total surface area of the SiO2 catalyst, as well as the inert nature of the SiO2 support, 

which could lead to less carbon deposition [52]. For the fresh catalyst samples, only a small 

CO2 peak at 950 °C was measured, indicating some graphitic carbon traces (see supplementary 

material B.2.5). For the thermo-catalytic experiments, only the 30Ni/Al2O3 sample showed a signal 

of CO2 at 560 °C, corresponding to graphitic carbon with a weight loss of +4.3 % compared to the 

fresh sample (43 times more compared to the 30NiO/Al2O3 plasma-catalytic sample). In general, 

for the plasma-catalytic experiments, carbon deposition was less than 10 mg per gram of catalyst. 

The increase in mass for the 15NiO/SiO2(CH4) and 30Ni/SiO2(P) catalysts from 270 to 370 °C and 

from 270 to 950 °C, respectively, could be attributed to the oxidation of the bulk nickel in the 

catalyst samples [9]. For the 15NiO/SiO2(CH4) catalyst, part of the NiO might be reduced during the 

pretreatment with CH4 in the plasma reactor. The weak bond between the SiO2 and the Ni leads to 

a lower reduction temperature (430 °C) than the Ni supported on Al2O3 (616 °C), which shows 

more stability during the catalytic and plasma-catalytic experiments. 
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Fig. 6-7 (a) Normalized weight change and (b) CO2 evolution during temperature-programmed oxidation 

(TPO) of the spent Ni-catalysts. Note: P = reduced + passivated, CH4 = plasma pretreatment with CH4. 

Fig. 6-8 shows SEM pictures, and EDS spectra for fresh and spent 30NiO/Al2O3. It can be noticed 

that there is an increased amount of carbon deposited on the catalyst surface after plasma-catalytic 

DRM. These results are in accordance with the previous analyses. The same behavior was found 

for the 30NiO/SiO2 (Fig. 6-18, supplementary material B.2.5). Some contributions to the carbon 

signal were from the sample grid as well as from carbon traces in the support, which was confirmed 

by the XPS analysis. 
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Fig. 6-8 SEM pictures and EDS spectra for 30NiO/Al2O3 for (a, b) fresh and (c, d) spent catalyst (after 

plasma). 

6.4.4 Catalyst characterization  

Tables 6-3 and 6-4 summarize the physicochemical properties of the fresh and spent Ni catalysts. 

The catalysts supported on SiO2 present the highest surface area. It can be noticed that increasing 

the content of Ni from 15 to 30 wt% decreases the total surface area by 22 % and 13 % for the 

catalyst supported on Al2O3 and SiO2, respectively. This is because more Ni atoms occupy the space 

on the support, which increases the H2-uptake and the active surface area by 34 % and 27 % in 

Al2O3 and SiO2 supported catalysts, respectively. In the case of the pore volume for the fresh 

catalyst, a decrease of 15% and 27 % for SiO2- and Al2O3-supported catalyst was observed when 

the Ni content increased from 15 to 30 %, meaning that more Ni atoms were localized inside the 

pores of the support. 

After the different Ni catalysts were in contact with plasma for the DRM reaction (spent catalyst), 

a reduction of the total surface area was measured, more noticeable with the 15NiO/Al2O3 catalyst, 
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which reduced the total surface area by 16 % (including the one pretreated with CH4). For the 

15NiO/SiO2 catalyst, this reduction was only 4% after plasma-catalytic DRM and 40 % once that 

the catalyst was under a CH4 atmosphere(Fig. 6-9, Table 6-4). This change is especially noticeable 

in the pore volume, which is attributed to a blockage of the pores by coke and carbon species 

produced by the CH4 when treated by plasma, as presented in Fig. 6-9b, which explains the 

reduction of the active surface area for the 15NiO/SiO2 (Table 6-5). No significant difference was 

measured for the pore diameter either by increasing Ni content or for fresh or spent catalyst. 

 

Table 6-4 N2 adsorption/desorption results (total surface area, average pore size and pore volume) for 

fresh and spent catalysts (AP = after plasma, P = passivated, CH4 = after plasma pretreatment with CH4). 

Catalyst 

SBET
a Dpore

b Vpore
c 

[m2 g–1] [nm] [cm3 g–1] 

Fresh 
Spent 

Fresh 
Spent 

Fresh 
Spent 

AP P or CH4 AP P or CH4 AP P or CH4 

30NiO/Al2O3 164 154 156 8.6 8.8 8.3 0.42 0.40 0.41 

15NiO/Al2O3 212 178 180 8.5 8.8 8.4 0.58 0.49 0.49 

Al2O3 244 245 -- 8.6 8.6 -- 0.66 0.67 -- 

30NiO/SiO2 344 339 244 6.8 6.6 6.4 0.66 0.65 0.46 

15NiO/SiO2 395 379 236 6.6 6.5 6.5 0.78 0.74 0.45 

SiO2 426 410 -- 6.8 6.6 -- 0.90 0.85 -- 

a SBET = BET total specific surface area obtained from adsorption data in the p/p0 range from 0.05-0.3; all reported data are 

within  4 m2 g–1 based on repeated analyses. 

 b DPore = average pore diameters calculated using Barrett-Joyner-Halenda (BJH) method;  

c VPore = pore volume was obtained at p/p0 = 0.97. 
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Fig. 6-9 (a) N2 adsorption/desorption isotherms and (b) pore size distribution for 15NiO/SiO2 catalysts. 

(F) Fresh catalyst (AP) catalyst analyzed after interaction with plasma, (CH4) Pretreated with methane. 

A reduction in the H2-uptake of 10 % and 20 % was measured for 15NiO/Al2O3 and 15NiO/SiO2, 

respectively, after plasma-catalytic DRM, suggesting that some nickel atoms were encapsulated by 

the carbon deposited on the catalyst surface during the reaction as shown in the previous section. 

An slight increase in metal dispersion was determined for the 15NiO/Al2O3 catalyst that was 

pretreated with CH4, which could have been induced by the long contact time of the catalyst with 

the plasma. A study by Cheng et al. [64] reported a higher dispersion of Ni when pretreating the 

catalyst with a glow discharge prior to the calcination step, which shows that the direct contact of 

the catalyst with the plasma alters its chemical characteristics. 

 

Table 6-5. H2 uptake [µmol g–1], specific surface area [m2 g–1], average nickel crystallite size [nm] and 

metal dispersion [%] for fresh and spent Ni catalysts. 
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Catalyst 

H2-uptake Active surface area Ni Crystallite size, d Metal dispersion, D 

[µmol g–1] [m2 g–1] [nm] [%] 

Fresh 

Spent 

Fresh 

Spent 

Fresh 

Spent 

Fresh 

Spent 

AP 
P or 

CH4 
AP 

P or 

CH4 
AP 

P or 

CH4 
AP 

P or 

CH4 

30NiO/Al2O3 161±2 159 149 12.6 ±0.1 12.4 11.7 8.0 ±0.1 8.1 8.6 6.3 ±0.1 6.2 5.8 

15NiO/Al2O3 110 96 118 8.6 7.6 9.2 5.9 6.7 5.5 7.2 7.6 9.2 

30NiO/SiO2 170±12 178 75 13.3 ±0.9 14.0 5.8 7.6 ±0.5 7.2 17.3 6.7 ±0.5 7.0 2.9 

15NiO/SiO2 124±8 100 66 9.7 ±0.7 7.8 5.2 5.2 ±0.4 6.7 9.7 9.7 ±0.7 7.6 5.2 
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6.4.5 X-ray diffraction  

Fig. 6-10 shows the XRD patterns of the fresh and spent 30 wt% Ni catalysts on Al2O3 and SiO2. 

Reference patterns for NiO, γ-Al2O3 and SiO2 are also shown for comparison and taken from the 

International Centre for Diffraction Data (ICDD) with the powder diffraction file (PDF) #044–

1159, #050-0741 and #016-0152, respectively. Diffraction peaks associated with NiO 

(i.e., 2θ = 37.2°, 43.3°, 62.8°, 75.4°, 79.4° and 95.0°) are very sharp and clearly seen for both 

NiO/Al2O3 (Fig. 6-10a) and NiO/SiO2 (Fig. 6-10b) for fresh and spent catalysts, representing the 

high degree of crystallinity of the samples and confirming that the direct contact with the plasma 

did not affect the crystalline structure of the catalyst. The peaks at 2θ = 45.7 ° and 66.6 ° in 

Fig. 6 - 10a are associated with the crystal structure of Al2O3. 

 

Fig. 6-10 XRD patterns of fresh catalyst and after plasma (a) 30NiO/Al2O3 and (b) 30NiO/SiO2 support. 

Reference patters of NiO and γ-Al2O3 and SiO2, PDF #044–1159, PDF #050-0741 and PDF #016-0152, 

respectively. 

Additionally, the crystallite sizes for NiO particles were calculated using the Scherrer equation 

(eq. 6.10) and are reported in Table 6-6: 

𝑑 =
0.89 ∙ 𝜆

𝛽 ∙ cos 𝜃
(6.10) 

where d is the mean crystallite size in nm, λ is the X-Ray wavelength (0.15406 nm), β is the Full 

Width Half Maximum (FWHM) in radians, and θ is the peak position in radians.  
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Table 6-6 Crystallite size of NiO catalysts fresh and after plasma DRM. 

Catalyst Crystallite size [nm] 

30NiO/Al2O3 (F) 12.0 

30NiO/Al2O3 (AP) 11.7 

30NiO/SiO2 (F) 11.6 

30NiO/SiO2 (AP) 12.2 

*Note that the standard deviation for all samples is ± 1nm 

The results presented in Table 6-6 show that the crystallite size of NiO was not affected by contact 

with the plasma. Hence no sintering of the Ni catalyst occurs under plasma-catalytic DRM 

conditions. These results agree with previous studies [162, 166] that reported no significant change 

in crystallite size by plasma treatment in Pt/Al2O3 and NiO/Al2O3 catalysts, respectively.  

6.4.6 X-ray photoelectron spectroscopy 

To determine the effect of plasma exposure on the chemical state of the material, XPS analysis 

before and after plasma processing (Fig. 6-11) was performed for two types of catalysts: 

30NiO/Al2O3 and 30NiO/SiO2. XPS is a surface-sensitive analysis technique (<10 nm penetration 

depth) used to accurately analyze the chemical environment at the surface. The survey analysis 

showed a change in atomic composition for both types of catalysts induced by contact with plasma 

(Fig. 6-11a, b). In both cases, the nickel, oxygen, and aluminum (for 30NiO/Al2O3) compositions 

decrease. At the same time, the carbon composition increases, indicating the deposition of carbon 

onto the catalyst surface. Fig. 6-11c, d show high-resolution spectra for the Ni 2p of both types of 

catalysts. The identified peaks at ~853 and ~870 eV are characteristic of the 2p 3/2, and 2p 1/2 for 

Ni2+ chemical state of NiO, whereas the peaks at ~855 and ~873 eV correspond to a more oxidized 

state of nickel [167, 168]. However, the single peak of O 1s spectra (shown in Fig. 6-20, 

supplementary material B.2.6) at ~531 eV is attributed to metal-oxygen bond and does not show 

the presence of hydroxides. Thus, the more oxidized nickel could be a result of the synthesis stage 

where the reaction produces cation vacancies, or point defects, due to the presence of excess 

oxygen. These vacancies will then ionize to form Ni3+. This is commonly observed in NiO when 

synthesized using nickel (II) nitrate precursors followed by annealing [169]. 
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Fig. 6-11 XPS survey spectra of the catalyst materials before (F) and after contact with plasma (AP) for 

(a) 30NiO/Al2O3 and (b) 30NiO/SiO2. High-resolution spectral analysis for catalyst materials at the 

(c) Ni 2p edge of 30NiO/Al2O3, d) Ni 2p of 30NiO/SiO2. 

After contact with plasma, there is a noticeable shift in peak positions towards a higher binding 

energy of 0.4 eV and 0.5 eV (measured from the Ni 2p 3/2) for the 30NiO/Al2O3 and 30NiO/SiO2, 

respectively. This means that there is a change in the coordination environment of Ni to a more 

electronegative state as it becomes more ionic and the electron cloud density shifts towards Ni. 

Furthermore, there is a significant drop in the peak area for the Ni2+ after plasma treatment. The 

deconvoluted peak areas are listed in Table 6-13 (supplementary material B.2.6) and normalized 

based on the oxidized Ni3+, which quantitatively show the peak area for Ni2+ is halved after plasma. 

This indicates the plasma treatment introduces more defects. The shift of the peaks to higher 

binding energy reveals that the surface charge accumulates during the discharge [163]. 

Additionally, Zhu et al. [166] reported an increase in the binging energy for Pt-based catalyst after 
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plasma treatment, suggesting that the higher binding energy value originates from smaller particles 

produced by the plasma treatment. These smaller particles are more electron-deficient than the 

larger ones, shifting the binding energy to a higher value.  

Moreover, a noticeable change in color from dark green to light green in the case of the Ni/Al2O3 

catalyst and from black to gray for the Ni/SiO2 catalyst (Fig. 6-21, supplementary material B-2.6) 

was observed after the plasma-catalytic reaction. Sugiyama et al. [170] reported a change in color 

of a Nb2O5 catalyst from white to blue after it was plasma-treated, attributed to the change in the 

catalyst surface chemistry. Since plasma does not damage the crystalline structure of the catalyst 

but changes its surface chemistry, it can improve the performance of the catalyst during a chemical 

reaction, i.e., lower carbon deposition and higher stability. For instance, Cheng et al. [64] studied 

the effect of an argon glow discharge during the catalyst synthesis, concluding that the plasma-

treated catalyst shows an improved low-temperature activity, enhanced stability at high 

temperatures for DRM (up to 750°C) and better anti-carbon deposit performance than the catalyst 

prepared by the conventional method. Similar results were obtained by Yu et al. [171] for Pd/Al2O3 

catalyst that concluded that plasma-treated catalyst increases catalytic activity for combustion of 

methane. 

 

6.5 Conclusions 

An atmospheric pressure RGA-spouted bed reactor has been developed for the plasma-catalytic 

dry reforming of methane. Two different Ni-based catalysts (supported on Al2O3 and SiO2) were 

studied with two different Ni loadings to determine the effect of these catalyst parameters in the 

DRM reaction. More stable plasma operation was found with the Al2O3-supported catalyst than 

with SiO2, which is attributed to the higher melting point of Al2O3 compared to SiO2. 

The presence of the catalytic material in the plasma zone decreases the conversion of CO2 and CH4 

since the catalyst interferes with the formation of the arc, limiting the formation of active species 

produced by the plasma. Nonetheless, the presence of the spouted bed in the plasma zone increased 

the selectivity of the H2 and CO since the catalyst might target their production, hindering the 

production of C2 species. Moreover, plasma-catalyst interactions led to a significant decrease in 

the carbon deposition on the electrode. Polymeric carbon deposits were found on the catalysts’s 
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surface when pretreated with plasma CH4 due to methane cracking. However, only small amounts 

of polymeric carbon were found after plasma-catalytic DRM 

The crystalline structure of the catalyst is not affected by direct contact with the plasma, whereas 

the change in the coordination of the Ni environment suggests the introduction of more surface 

defects. The change in surface chemistry of the catalyst could potentially enhance the catalyst 

stability and activity. The RGA-spouted bed reactor has the potential to increase not only product 

selectivity but also reactant conversion while improving the catalyst characteristics. Future work 

includes increasing the gas temperature in the plasma-catalytic reactor to potentially lead to a better 

synergistic effect between plasma and catalyst.  
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6.6 Supplementary material  

A. Experimental  

A.1. ICP results  

Table 6-7 Target and actual nickel loadings for Al2O3 and SiO2 supported catalyst determined by 

ICP - OES 

 

 

 

 
*Note that the difference of 10% and 5% in the Ni content for the SiO2 supported catalyst was due to incomplete 

dissolution of the SiO2 matrix during the digestion. 

 

A.2 Minimum fluidization velocity  

The minimum fluidizing velocity (umf) was determined using eq. A-2.1 [31]: 

𝑢𝑚𝑓 =
𝑑𝑝

2(𝜌𝑆 − 𝜌𝑔) ∙ 𝑔

150 𝜇
∙

𝜀𝑚𝑓
3𝜑𝑠

2

1 − 𝜀𝑚𝑓
      𝑓𝑜𝑟  Remf < 20 (A − 2.1) 

where umf is the minimum fluidization velocity (m s–1), ρs is the solid density (kg m–3), ρg is the gas 

density (kg m- 3), g is the gravitational acceleration (kg m s–2), dp is the particle diameter (m), µ is 

the dynamic viscosity (Pa s), φs is the sphericity of the particle and εmf is the bed voidage. 

The density and viscosity of the gas were calculated at 20 °C and 1 barabs, for a gas mixture of Ar 

70%, CO2 18% and CH4 12%. On the other hand, for the catalyst characteristics, the bed voidage 

was assumed to be 0.55, while the sphericity was set at 0.58, which are typical values for Fischer-

Tropsch catalyst [31]. The catalyst density was assumed based on the densities of Al2O3 and SiO2, 

i.e. 3965 kg m–3 and 1538 kg m–3, respectively. Moreover, the calculations only considered the 

highest particle diameter in each case since the larger particle size are harder to fluidize. For the 

conditions described above, the umf were 2.5 cm s–1, and 3.8 cm s–1 for Al2O3 and SiO2 supported 

catalyst, respectively. 

 

Catalyst Target Actual [wt %] 

30NiO/Al2O3 30.0 28.9 

15NiO/Al2O3 15.0 18.0 

*30NiO/SiO2 30.0 20.8 

*15NiO/SiO2 15.0 10.3 
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B. Results and discussion  

B.1 Thermo-catalysis  

B.1.1 Reduction temperature 

Fig. 6–12. shows the water evolution vs. temperature for the different Ni-based catalysts supported 

on Al2O3 and SiO2. The reduction temperature was determined as the last water peak measured on 

the TPR analyses.  

 

 

Fig. 6-12 Reduction temperatures for (a) Al2O3 and (b) SiO2 based catalyst. 
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B.1.2 Catalyst stability 

Fig. 6–13 shows the catalytic activity over time of the Ni-based catalyst supported on Al2O3 and 

SiO2 

 
Fig. 6-13 Conversion of CO2 and CH4 over time for (a)30Ni/Al2O3, (b) 30Ni/SiO2, (c) 15Ni/Al2O3 and 

(d) 15Ni/SiO2. 
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B.1.3 Water signal for thermal catalytic experiments 

 

Fig. 6-14 Water signal over time for different Ni-based catalyst supported on Al2O3 and SiO2. 

B.2 Plasma-catalysis 

B.2.1 Electrical signals 

 

Fig. 6-15 Characteristic RGA discharge voltage, current and instantaneous power signals for plasma - 

catalytic DRM reaction at CO2/CH4 = 1.5, with a total flow rate of 4.5 LN min–1over Ni/SiO2 catalyst. 
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Fig. 6-16. Reactor assembly (on the left) and infrared photograph of the RGA reactor during DRM 

reaction (on the right). Taken with Cat S61 FLIR camera. 
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B.2.2 ANOVA and t-test statistical results  

For Figures 6–3 and 6-4, ANOVA Statistical analyses and t-test were performed using the tool 

ANOVA: Single-factor and t-test: two sample assuming unequal variances, respectively from 

Microsoft Excel. The significance level was set at α=0.05, and the null hypothesis failed to be 

rejected when F < Fcrit and p-value > α in the case of ANOVA. For the t-test, the null hypothesis 

is rejected if tstat < -tcritical and tcritical < tstat. Alternatively, if p(two-tail) > α, the null hypothesis fails 

to be rejected. The fail of rejection of the null hypothesis states that there is not enough evidence 

to state that there is a significant statistical difference between the evaluated means, with 95% 

confidence. Note that when p-value was close to α, α was set to 0.01, i.e. 99% of confidence to 

determine whether of not there was a significant difference between the samples.  

The ANOVA tables (Tables 6-7 and 6-9) show the rejection of the null hypothesis, stating that 

there was a statistical difference between the groups analyzed. Hence, the t-test was performed 

between the different group of samples in each case. Tables 6-8 and 6–10 show the pairs of samples 

for which statistical difference was NOT found. For all the other pairs not shown in the tables, 

statistical difference was found. 

 

Table 6-8 ANOVA results for plasma-catalytic experiments with Ni/Al2O3 catalysts. 

Tested with 

ANOVA 

Fig. 3 

section  
Description F p-value 

Null 

hypothesis 

rejected 

Al2O3 based 

catalyst 

a CO2 conversion 245.67 3.21 X 10-74 yes 

b CH4 conversion 118.47 1.45 X 10-52 yes 

c CO selectivity 25.42 1.22 X 10–18 yes 

d H2 selectivity 68.64 1.9 X 10–38 yes 

  H2/CO 5.84 5.41 X 10-05 yes 
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Table 6-9. t-test results for plasma-catalytic experiments with Ni/Al2O3 catalysts. 

Tested with 

t-test 
Pair 

P(t<=t) 

two tail 
t-stat t-crit two tail 

Null 

hypothesis 

rejected 

CO2 

conversion 

Plasma – 15NiO/Al2O3 0.20 1.3 2.00 no 

15NiO/Al2O3 – Al2O3 0.06 –1.91 2.02 no 

CH4 

conversion 

30NiO/Al2O3 – 15NiO/Al2O3 0.25 –1.16 2.02 no 

30NiO/Al2O3 – Al2O3 0.01 2.59 
2.01 

2.69 (α=0.01) 

yes 

no 

15NiO/Al2O3 – Al2O3 0.09 1.71 2.00 no 

CO 

selectivity 

Plasma – 30Ni/Al2O3(P) 0.99 -0.01 2.06 no 

Plasma – 30Ni/Al2O3(F) 0.13 1.57 2.04 no 

30NiO/Al2O3 – Al2O3 0.45 -0.77 2.07 no 

30Ni/Al2O3 (P) – Al2O3 0.07 –1.91 2.08 no 

30NiO/Al2O3 – 30Ni/Al2O3 (P) 0.29 –1.09 2.03 no 

15NiO/Al2O3 - 15NiO/Al2O3(CH4) 0.05 2.03 2.66 no 

H2 selectivity 30NiO/Al2O3 – Al2O3 0.27 1.12 2.05 no 

H2/CO  

Plasma – 30NiO/Al2O3 0.91 -0.10 2.06 no 

Plasma – 15NiO/Al2O3(CH4) 0.29 1.06 2.06 no 

30NiO/Al2O3 – Al2O3 0.21 –1.03 2.06 no 

30Ni/Al2O3(P) – Al2O3 0.38 0.88 2.06 no 

15NiO/Al2O3(CH4) – Al2O3 0.52 -0.65 2.06 no 

30NiO/Al2O3 – 30Ni/Al2O3(P) 0.17 1.41 2.07 no 

30NiO/Al2O3 – 15NiO/Al2O3 (CH4) 0.52 0.65 2.05 no 

30NiO/Al2O3 – 15NiO/Al2O3 0.01 2.79 
2.01 

2.83 (α = 0.01) 

yes 

no 

30Ni/Al2O3(P)– 15NiO/Al2O3 (CH4) 0.14 –1.48 2.05 no 
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Table 6-10 ANOVA results for plasma-catalytic experiments with Ni/SiO2 catalysts. 

Tested with 

ANOVA 

Fig. 4 

section  
Description F p-value 

Null 

hypothesis 

rejected 

SiO2 based 

catalyst 

a CO2 conversion 56.92 2.75 X 10–33 yes 

b CH4 conversion 36.35 1.80 X 10–24 yes 

c CO selectivity 16.74 5.09 X 10–13 yes 

d H2 selectivity 19.82 3.19 X 10–15 yes 

  H2/CO 3.60 0.004 yes 

 

 

 

Table 6-11. t-test results for plasma-catalytic experiments with Ni/SiO2 catalysts. 

Tested with 

t-test 
Pair 

P(t<=t) 

two tail 
t-stat t-crit two tail 

Null 

hypothesis 

rejected 

CO2 

conversion 

30NiO/SiO2 – 15NiO/SiO2 0.10 –1.7 2.00 no 

30Ni/SiO2 (P) – 15NiO/SiO2 (CH4) 0.05 2.08 2.72 no 

CH4 

conversion 

Plasma – 30NiO/SiO2 0.03 2.24 
2.03 

2.72 (α=0.01) 

yes 

no 

30NiO/SiO2 – 30Ni/SiO2 (P) 0.04 2.08 
2.01 

2.69 (α=0.01) 

yes 

no 

CO 

selectivity 

Plasma – SiO2 0.99 –0.005 2.01 
yes 

no 

30Ni/SiO2 – SiO2 0.02 –2.36 
2.00 

2.66 (α=0.01) 

yes 

no 

15NiO/SiO2 – SiO2 0.02 –2.41 
2.01 

2.68 (α=0.01) 

yes 

no 

30Ni/SiO2 – 15NiO/SiO2 0.96 –0.04 2.01 no 

H2 selectivity 

Plasma- SiO2 0.73 –0.35 2.01 no 

30NiO/SiO2 – SiO2 0.02 2.36 
2.01 

2.68 (α=0.01) 

yes 

no 

30NiO/SiO2(P) – SiO2 0.03 2.26 
2.03 

2.68 (α=0.01) 

yes 

no 

30NiO/SiO2 – 30Ni/SiO2(P) 0.60 –0.52 2.01 no 

15NiO/SiO2 – SiO2 0.01 –2.53 
2.03 

2.68 (α=0.01) 

yes 

no 
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H2/CO 

Plasma- SiO2 0.03 –2.19 
2.05 

2.67 (α=0.01) 

yes 

no 

Plasma – 30Ni/SiO2 0.25 1.16 2.05 no 

Plasma – 30Ni/SiO2(P) 0.14 1.52 2.05 no 

Plasma – 15NiO/SiO2 0.53 0.62 2.05 no 

Plasma – 15NiO/SiO2(CH4) 0.68 –0.41 2.05 no 

30NiO/SiO2 – 30NiO/SiO2(P) 0.42 0.81 2.05 no 

30NiO/SiO2 – 15NiO/SiO2 0.24 –0.69 2.05 no 

30NiO/SiO2(P) – 15NiO/SiO2(CH4) 0.14 –1.50 2.05 no 

30NiO/SiO2 – 15NiO/SiO2 (CH4) 0.26 –1.14 2.05 no 

15NiO/SiO2 (CH4)– SiO2 0.24 1.18 2.05 no 

 15NiO/SiO2 (CH4)– 15NiO/SiO2  0.42 –0.81 2.05 no 

 

B.2.4 Acetylene signal for plasma-catalytic experiments 

 

Fig. 6-17 [C2H2]/[Ar] signal for the different catalyst supported on (a)Al2O3, total flow rate 3.7 LN min–1 

and (b) SiO2, total flow rate 4.5 LN min–1. 
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B.2.5 Carbon deposition 

 

Fig. 6-18 TGA-TPO results for Ni-based catalysts (a, b) fresh, (c,d) used in thermo-catalytic experiments 

and (e,f) used in plasma-catalytic experiments. 
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Fig. 6-19 SEM pictures and EDS spectra for 30NiO/SiO2 for (a, b) fresh and (c, d) spent catalyst 

(after  plasma).  
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B.2.6 X-Ray Photoelectron Spectroscopy 

 
Fig. 6-20 High-resolution spectral analysis for fresh (F) and spent (AP) catalysts at the (a) Al 2p of 

30NiO/Al2O3, and (b) Si 2p of 30NiO/SiO2. 

 

Fig. 6-21 High-resolution spectral analysis for fresh (F) and spent (AP) catalysts at the O 1s 

(a) 30NiO/Al2O3, and (b) 30NiO/SiO2 
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Table 6-12 Atomic compositions of the catalyst 

 

 

 

 

 

Table 6-13 Change in Ni 2p 3/2 peak ratios for catalysts. 

 Area Ratios 

Catalyst  Ni2+ Ni3+ 

30NiO/Al2O3 
F 0.38 1 

AP 0.16 1 

30NiO/SiO2 
F 0.31 1 

AP 0.26 1 

 

 

Fig. 6-22 Fresh and spent catalyst (after contact with plasma) (a) 30NiO/Al2O3 and (b)  30NiO/SiO2. 

 

Surveys  Atomic % 

Catalyst  O Ni Al C Si 

30NiO/Al2O3 
F 45.4 6.2 39.1 9.4 NA 

AP 44.2 4.9 38.7 12.2 NA 

30NiO/SiO2 
F 65.1 2.7 NA 3.4 28.8 

AP 64.5 1.2 NA 3.7 30.3 
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7  
Conclusions and Future work 

 

7.1 Summary and Main Findings  

The work presented in this dissertation explores and studies different alternatives for the current 

limitations of two promising CO2 valorization processes, i.e., CO2 methanation and dry reforming 

of methane.  

First, in the case of the more industrially mature CO2 methanation process, a graphic approach for 

the design and operation of bubbling fluidized bed reactors was developed. In particular, 

methanation reactors should be able to operate in a flexible range of total inlet flow rates (capacity) 

since the production of H2 depends on the excess of renewable energies available. Working 

diagrams for BFB reactors are scarce, and several authors have reported diagrams in which the 

fluidization regimes are shown. However, these diagrams do not mention possible operating 

conditions for BFB reactors. The work presented in Chapter 4 aims to determine the 

interdependency of operating temperature, pressure, particle diameter, and the fluidization 

characteristics for BFB reactors. The working diagrams are designed based on the hydrodynamic 

equations for BFB reactors, and the thermodynamics of the CO2 methanation reaction at different 

operating temperatures and pressures are also considered. The first type of working diagrams 

presented in Chapter 4, section 4.5, shows a decision window to choose bed diameter given specific 

operating conditions (e.g., temperature, pressure, and particle size) that ensures that the superficial 

gas velocity is high enough to provide proper fluidization conditions and at the same time is far 

enough of the terminal velocity. It was found that the bed diameter increases with temperature, 

this as a result of gas expansion in the reactor. On the other hand, increasing the pressure at a 
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specific gas temperature leads to slimmer reactors. Operating in a flexible range of pressures makes 

the design of the reactor easier (slimmer, less material) and gives more flexibility to fluidize 

different particle sizes. The next section (4.6) in Chapter 4 is more interesting from the operating 

point of view since a decision window to determine the operating capacity of the reactor (given a 

specific bed diameter) is determined. It was found that increasing the operating temperature in the 

BFB reactor leads to lower operating capacity (turndown ratio). The latter is helpful in case of less 

H2 availability to keep fluidization conditions and avoid the collapse of the bed. However, 

increasing the operating temperature reduces the energy output as the production of CH4 is 

thermodynamically unfavored. At the same time, the energy consumption increases and, thus, the 

total cost of the process. On the other hand, operating with a flexible pressure range provides the 

flexibility to operate at different reactor capacities with the same particle size and keeping the same 

fluidization conditions, avoiding de-fluidization. In the case study presented for an industrial 

reactor, it is shown that the reactor can operate safely in a flexible range of pressures between 1 

and 10 bara, corresponding to capacities of 10 to 120%, respectively. Moreover, higher pressures 

are preferred from the thermodynamic point of view, as CO2 conversion is favored. In general, the 

methodology shown in Chapter 4 to build working diagrams for determining design and operating 

parameters can be applied to any gas phase reaction by considering the reaction thermodynamics.  

The second CO2 valorization technique studied was dry reforming of methane. A major advantage 

of DRM is that it upgrades two greenhouse gases, CO2 and CH4. Nonetheless, the 

commercialization and scaling up of the DRM reaction is limited by its thermodynamics. Hence, 

research on new technologies is needed. A non-thermal plasma technology known as rotating 

gliding arc was developed in Chapter 5 for the DRM process. The RGA can produce syngas at 

room temperature. Different operating conditions such as peak current, total inlet flow rate, 

CO2/CH4 ratio, and gas inlet temperature were studied to determine the effect of these parameters 

on the performance of DRM. The first sections of Chapter 5 discussed the evaluation of the 

reaction performance (conversion, yield, and energy efficiency) when the latter parameters were 

changed. It was found that the peak current was one of the main parameters contributing to the 

conversion of CO2 and CH4, as a higher peak current led to higher electron density. Hence, more 

electron impact reactions were taking place in the plasma discharge zone. Another interesting 

finding was that at lower peak current (0.74 A), the conversion of CO2 increased when the total 

flow rate increased from 3.7 to 4.7 SLPM. This finding is similar to the one previously reported 
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by [129], and it was not expected since an increase in total flow rate also leads to a decrease of 

residence time in the plasma discharge zone. The increase in conversion was attributed to two 

factors: a) increasing the flow probably directs to the CO2 activation into a more efficient pathway 

through vibrational excitation, and b) the length of the arc increased with the flow rate, increasing 

the volume of the discharge zone. On the other hand, it was found that the H2/CO ratio only 

depends on the CH4/CO2 ratio and not on the other parameters, such as the total inlet flow rate or 

peak current. Besides, the H2/CO ratio can be controlled to produce the desired fraction of these 

products in the syngas for further applications. Acetylene was found as the main gaseous byproduct 

of the reforming reaction. The concentration and kinetics of C2H2 depend only on the CH4 

concentration. The apparent reaction order for the formation of C2H2 was determined, and it was 

found that increasing the partial pressure of CH4 by a factor of 2, increases the C2H2 formation by 

approx. a factor of 8. Regarding the section on plasma-induced gas heating, two key points were 

found: a) the gas heating when the plasma discharge was turned on is very fast at the beginning (5 

to 10 degrees per minute). However, a steady-state was achieved, and the gas temperature was 

increased by approx. 200 °C, and b) the CO2/Ar mix heats faster that CH4/CO2/Ar mix, due to the 

lower specific heat value of CO2 compared to the CH4. In the energy section of Chapter 5, it was 

found that the energy efficiency increased with increasing peak current and CO2 in the feed, as 

well as with decreasing total flow rate. Moreover, at high peak current (1.50 A) more than 25% of 

the total electrical energy fed into the system was utilized by the DRM reaction at all the total flow 

rates studied. At lower peak current (0.74 A), only the total flow rate of 4.7 SLPM achieved a 

similar percentage of electrical energy utilization. This analysis confirmed that the best operating 

condition for the lower peak current (0.74 A) was at a total flow rate of 4.7 SLPM for every 

CO2/CH4 ratio. The optical emission characterization of the discharge showed several active 

species present on the plasma. The most intense signals corresponded to the C2 Swan bands, which 

are associated with hydrocarbon decomposition and which intensity decreased with increasing CO2 

concentration in the feed. Overall, the results showed that a higher concentration of CO2 in the 

feed is beneficial for the reforming reaction. In the following sections of Chapter 5, the carbon 

byproducts of the DRM reaction were analyzed. Among the solid carbon deposits, stainless-steel 

particles as a result of electrode erosion were found, as well as some signals in the Raman spectrum 

corresponding to graphene sheets.  
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Finally, Chapter 6 follows up on the work developed in Chapter 5 to explore an alternative 

technology to improve the performance of DRM. This technology is known as plasma-catalysis. 

The work aimed to investigate whether or not there was a synergistic effect when combined plasma 

and catalyst in a single-stage plasma-catalytic reactor for DRM. Different characteristics of Ni-

based catalysts were investigated, including two different catalysts supports, three different Ni 

loadings, pre-reduced and fresh catalyst, as well as the effect of CH4 plasma pretreatment of the 

catalyst to potentially reduce the catalyst as previously reported by [81, 162]. The thermo-catalytic 

DRM is the conventional way to carry out the reaction due to its highly endothermic nature; 

however, temperatures above 700 °C are required as well as an efficient catalyst. The performance 

of the different catalysts in the DRM reaction was compared under thermal-catalytic conditions at 

700 °C and 1barabs. It was found that there was only a slight increase in conversion and yield when 

the reaction was carried out using 30% wt. than when using 15% wt. Ni catalyst. The turnover 

frequency showed that the absolute number of Ni active sites was higher in the 15% wt. Ni catalyst, 

making it a better candidate for the DRM reaction. Moreover, the Al2O3-supported catalyst showed 

higher stability over time than the SiO2 one, which steadily lost activity during the time on stream 

measured (160 min) due to the weak bond between Ni and SiO2. In the case of plasma-catalysis 

using the Al2O3-supported catalyst, a negative effect on conversion, yield and selectivity was found 

when increasing the Ni content from 15 to 30%wt. Additionally, a negative effect in conversion 

of CO2 and CH4, as well as yield of H2 and CO, was found for the pre-reduced catalyst compared 

to the fresh catalyst, attributed to a different reaction pathway of the plasma species interacting 

with the catalysts. In the case of the SiO2-supported catalysts, the plasma operation was rather 

unstable, causing melting and agglomeration of the catalyst in the reactor at flow rates below 4.5 

SLPM. Nonetheless, compared to the Al2O3 catalyst, no statistical difference was found between 

the Ni 30% wt. fresh, the pre-reduced catalyst and the Ni 15% wt. for the conversion and yield of 

CO2, CH4 and H2 and CO, respectively. This was also attributed to the weak bond between the 

inert support and the Ni. For both cases, the conversion of methane was favored over the 

conversion of CO2, following thermodynamic equilibrium. The introduction of a catalytic material 

in the plasma reactor apparently decreased the conversion and yield of the DRM reaction. 

However, considering that the catalyst occupies part of the plasma volume, then the arc has access 

to a reduced volume for the creation of active species. This is equivalent to increase the total flow 

rate between 1.5 to 2 times in an empty tube experiment. Based on our previous studies presented 
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in Chapter 5, we found that increasing the flow rate 1.3 to 1.8 times actually decreases the 

conversion between 1.1 and 3 times. Hence, the introduction of the catalyst in the plasma reactor 

might actually be beneficial since only a decrease between 1.2 and 1.5 was measured. Temperature 

Programmed Oxidation showed the formation of polymeric carbon in the catalyst pre-treated with 

CH4, which also showed lower conversion of reactants and products for both supports due to the 

catalyst poisoning with coke and solid carbon deposition produced by the CHx species in the 

plasma reactor. Additionally, a reduction of acetylene and carbon deposition was found when 

having a catalytic bed in the plasma zone. It was also confirmed that the interaction of the catalyst 

with the plasma does not affect its crystalline structure. However, it changes the surface chemistry 

of the catalyst, making the Ni more electronegative, i.e., the interaction with the plasma introduces 

more defects. The latest can potentially improve catalyst stability and activity.  

 

7.2 Contributions to Knowledge 

The numerical and experimental works presented in this thesis led to several contributions to 

knowledge for the two CO2 valorization technologies studied. These contributions are: 

1. The development of working diagrams for the design and operation of BFB reactors. The 

working diagrams developed serve as a tool to: a) for an existing reactor, identify the range of 

pressure, temperature, catalyst diameter, and total flow rate that the reactor can be operated 

and b) for a range of temperature or pressure, and particle size, to determine the best reactor 

diameter to ensure good fluidization and avoid catalyst entrainment and de-fluidization or 

collapse of the bed.  

2. Concentration of products showing a transient behavior when a plasma discharge was applied. 

The experiments carried out in Chapter 5 show a transient behavior of the yield of CO and H2. 

This finding shows that when the reforming reaction is treated by the plasma discharge, the 

concentration of products changes over time, stabilizing after approx. 5 min. This behavior is 

more evident at lower flow rates, and it is comparable to the one shown when the reaction is 

carried out under thermal-catalytic conditions.  

3. The decrease in the conversion of reactants for longer plasma reforming experiments. Usually, 

plasma experiments are short (some minutes) compared to catalytic experiments (some hours) 

since the interaction of the reactant with the active species in the plasma discharge is 
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instantaneous. For the longer experiments, it was found that after 20 min., even if the gas 

temperature in the reactor increased, the conversion and yield of reactants and products 

decreased due to two reasons: a) the energy given to the reaction was mostly transformed into 

thermal energy rather than into chemical energy and b) more solid carbon was deposited in the 

electrodes, making the effect of the discharge less efficient.  

4. The effect of reactant gas temperature. It was observed that the reactant temperature did not 

affect the capabilities of the plasma discharge to carry out DRM. This is an unexpected result 

given the endothermic nature of the reaction. The explanation for this effect is that gas 

temperatures in the plasma zone are normally between 1000 to 3000 K, which is 2 to 6 times 

higher than the preheated gas temperature. Thus, giving more energy to preheat the gas only 

makes the process more energy deficient.  

5. The dependence of the average discharge power with gas composition and total flow rate. 

Changing the composition of the gas mixture and the total inlet flow rate affected the average 

power of the discharge. To the best knowledge of the candidate, this is an unexpected result, 

and it was attributed to the differences between the resistivity of the gas mixtures and the 

radiative losses. 

6. The development of a single-stage RGA-spouted bed plasma-catalytic reactor for DRM. The 

setup developed for the experiments in Chapter 6 to the best knowledge of the candidate is 

quite novel, and this specific plasma-catalytic configuration has not been previously reported. 

7. The effect of pre-reduced and fresh catalyst in the plasma-catalytic DRM. The experiments 

carried out in Chapter 6 for Ni/Al2O3 catalyst showed that higher conversions and yields were 

obtained with the fresh catalyst rather than with the pre-reduced catalyst. This is an unexpected 

result given that only superficial oxygen is present in the pre-reduced catalyst, forming weaker 

bonds with the Ni, and ideally easier to remove, and hence activate the catalyst. This difference 

in the catalyst performance was attributed to a different reaction path between the plasma 

species interacting with the catalyst.  

8. The effect of different catalyst supports in the operation of the RGA. The stability of the plasma 

discharge was affected by the type of support used for the catalyst. In the case of SiO2-

supported catalyst, lower flow rates led to melting and agglomeration of the catalyst inside of 

the reactor. However, Al2O3-supported catalyst showed good stability for the flow rates 
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reported. This difference between the catalysts was attributed to the different melting points of 

the supports, being higher for the Al2O3.  

9. The determination of positive or negative effects in a RGA-fluidized bed reactor. The presence 

of a catalytic bed in the plasma discharge leads to a negative effect regarding conversion of 

CO2 and CH4, as well as yield of H2 and CO. However, it also leads to a positive effect 

regarding product selectivity while strongly decreasing carbon deposition. Even though the 

reaction pathways in thermal and plasma-catalytic reactions are different, the presence of a 

catalyst in the plasma zone might target the production of syngas in a similar way that in the 

thermal-catalytic reaction in which no C2 species are produced as a byproduct of the reaction.  

 

7.3 Future Work 

The following aspects can improve the further understanding of the work presented in this 

dissertation:  

• Confirm the theoretical approach of working diagrams with experimental data. Using the 

working diagrams to design and operate a laboratory-scale BFB reactor would confirm the 

graphic approach and add value to the work presented in Chapter 4. Besides, further aspects of 

the fluidization can be studied, improving the characteristics of the working diagrams. 

• Improve the capabilities of the power supply for RGA. Certain aspects regarding the 

performance of the reaction, such as conversion, yield, and energy efficiency, can be further 

improved by improving the power supply characteristics, for example, optimizing the power 

delivered by the power supply.  

• Determine plasma discharge characteristics. A deeper Optical Emission Spectroscopy analysis 

could be performed to understand better certain plasma characteristics such as electron density, 

electron temperature, Te, vibrational temperature, Tv, and rotational temperature Tr. These 

characteristics would contribute to a better understanding of the plasma discharge as well as 

its capabilities. 

• Increase the plasma volume. Ideally, increasing the plasma volume in the reactor would lead 

to higher yield of syngas as well as CO2 and CH4 conversions. This could be made by changing 

the configuration of the cathode in the reactor.  
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• Investigate the effect of higher gas temperature in the plasma-catalytic reactor. Increasing the 

gas temperature in the plasma-catalytic reactor could potentially activate the catalyst 

completely and lead to a better synergistic effect between plasma and catalyst. 

• Investigate the effect of in-situ catalyst reduction in the plasma-catalytic reactor. Better 

catalytic performance could be achieved if the catalyst is reduced inside of the plasma-catalytic 

reactor under a H2 atmosphere, utilizing at the same way the energy provided by the plasma 

source.  

• Investigate different catalysts for plasma driven-catalysis DRM. Boron nitride nanotubes 

(BNNT’s) can potentially be used as catalyst support due to their high thermal resistivity, high 

surface area and low bulk density. The BNNT’s can be coated with metal nanoparticle catalysts 

via pulsed laser deposition, in which only some micrograms of active metal are used, leading 

to high metal dispersion and possibly better catalytic performance.  
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Nomenclature 

 

Parameters 
 

∆H298K kJ mol-1 Heat of reaction 

∆Gf
0 kJ mol-1 Gibbs energy 

cp J g-1 K-1 specific heat value 

d nm mean crystallite size 

Dpore nm average pore diameter 

E(t) J cumulative energy 

h mm height of the cone electrode 

I(t) A current 

k  constant of reaction 

LHVi J mol-1 low heating value of species i 

𝑛̇𝑖 mol min-1 molar flow rate of species i 

P(t) W instantaneous power 

Pavg W time-averaged power 

pi mol s-1 partial pressure of species i 

Q L min-1 volumetric flow rate 

R mm large radius of the cone electrode 
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r1 mm inner radius of ground electrode 

r2 mm small radius of the cone electrode 

ri mol s-1 rate of reaction of species i 

SBET m2 g-1 BET total specific surface area 

Si % selectivity of species i 

Te °C / eV electron temperature 

Th °C temperature of heavy species 

TOF s-1 turnover frequency 

V(t) V voltage 

Vpore cm3 g-1 pore volume 

Xi % conversion of species i 

Yi % yield of species i 

α 
 

order of reaction / significance level 

η % energy efficiency 

θ ms residence time 

 

 

Abbreviations 
 

BET Brunauer, Emmet and Teller method 

BFB Bubbling fluidized bed 

BNNT's Boron nitride nanotubes 

CWVM Cockcroft-Walton voltage multiplier 

DBD Dielectric barrier discharge 
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DRM Dry reforming of methane 

EC Energy cost 

EDS Energy dispersive X-ray spectroscopy  

EED Electron energy distribution 

FBR Fixed bed reactor 

FT Fischer-Tropsch 

FWHM Full width half maximum 

GA Gliding arc 

GC Gas chromatography 

GHG Greenhouse gases 

GHSV Gas hourly space velocity  

ICP-OES Inductively coupled plasma - optical emission spectroscopy  

IPC In-plasma catalysis 

MS Mass spectroscopy 

MW Microwave discharges 

NTP Non-thermal plasmas 

OES Optical emission spectroscopy 

P2G Power to gas 

PPC Post-plasma catalysis 

RC Resistor-capacitor 

RF Radio-frequency discharges 

RGA Rotating gliding arc 

RGA-SB Rotating gliding arc - Spouted bed 
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SEI Specific energy input 

SEM Scanning electron microscopy 

SLPM Standard liters per minute 

TCD Thermal conductivity detector 

TCHP Thermochemical heat pipe 

TGA Thermogravimetrical analysis 

TPO Temperature programmed oxidation 

TPR Temperature programmed reduction 

Tr Rotational temperature 

Tv Vibrational temperature 

XPS X-ray photoelectron spectroscopy  

XRD X-Ray diffraction 

 

 

Subscripts 
 

AP Spent catalyst (after contact with plasma) 

CH4 plasma pretreatment with CH4 catalyst  

F Fresh catalyst 

P Reduced-passivated catalyst 

 

 

 

 

 



Nomenclature 

153 

 

Gas species 
 

Ar argon  

C2H2 acetelyne 

C2H4 ethylene 

CH4 methane 

CO carbon monoxide 

CO2 carbon dioxide 

H2 hydrogen 

H2O water 
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