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Abstract 

This project studies the conversion of CO2 into fuels and chemicals in a dielectric 

barrier discharge (DBD) reactor. CO2, H2 and CH4 have been used as reactants, and 

special attention has been paid on understanding the plasma-catalytic synergy when a 

catalyst is placed in a plasma discharge. CO2 and CH4 are major greenhouse gases, 

responsible for the global greenhouse effect and climate change. The overall aim of this 

project is to initiate CO2 hydrogenation and biogas reforming at ambient temperature 

and atmospheric pressure by using plasma-catalysis. In this project, non-thermal plasma 

has been generated in a DBD reactor with and without a packed-bed of catalyst, 

enabling the CO2 conversion to be investigated under three conditions: Plasma alone, 

thermal catalysis and plasma-catalysis. Transitional metal catalysts such as Cu, Co, Mn, 

and Ni supported on Al2O3 and SiO2 have been screened, and their performance in the 

CO2 hydrogenation and biogas reforming have been compared under the three 

conditions. The synergy between non-thermal plasma and catalysts has been clearly 

identified. The effects of a catalyst’s properties and operational parameters on the 

reactions have also been studied. The project starts by the investigation of CO2 

hydrogenation with H2. Results showed that reverse water-gas shift reaction and CO2 

methanation were dominant in the plasma CO2 hydrogenation process. Compared to 

plasma CO2 hydrogenation without a catalyst, the combination of plasma with 

Cu/Al2O3, Mn/Al2O3 and Cu-Mn/Al2O3 catalysts enhanced the conversion of CO2 by 

6.7% to 36%. The Mn/Al2O3 catalyst showed the best catalytic activity, as it increased 

the CO yield by 114% and the energy efficiency of CO production by 116%. The 

Ni/Al2O3 was even better than the Mn/Al2O3 catalyst, while its presence in the DBD 

reactor has clearly demonstrated a plasma-catalytic synergy at low temperatures. In 

addition, the introduction of argon in the reaction has enhanced the conversion of CO2, 

the yield of CO and CH4 and the energy efficiency of the plasma process. The formation 

of metastable argon (Ar*) in the plasma has created new reaction-routes which made a 

significant contribution to the enhanced CO2 conversion and CH4 yield. Biogas 
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reforming has also been initiated at ambient temperatures by non-thermal plasma. The 

combination of plasma with the Co/Al2O3, Cu/Al2O3, Mn/Al2O3 and Ni/Al2O3 catalysts 

significantly enhanced CH4 conversion and showed a plasma-catalytic synergy for CH4 

conversion and overall energy efficiency of the process. The best CH4 conversion of 

19.6% and syngas production have been achieved over the Ni/Al2O3 catalyst at a 

discharge power of 7.5 W and a gas flow rate of 50 ml min-1. Moreover, the addition of 

K-promoter into the catalyst has further improved the performance of the Ni/Al2O3 

catalyst. 

A conclusion of the findings of this project and outlook for further work is 

presented in Chapter seven, where it is concluded that non-thermal plasma has initiated 

the CO2 hydrogenation and biogas reforming at lower temperatures, comparing with 

thermal catalytic processes. The combination of plasma and catalyst has further 

improved the performance of the hydrogenation processes, in terms of conversion, yield, 

and energy efficiency, while significant synergy between DBD plasma and catalysts 

has been observed. By upgrading the catalyst and adjusting the operational parameters 

(e.g. molar ratio of feed gas, preparation method of catalyst, composition of catalyst, 

and promoters), the plasma-catalytic CO2 hydrogenation and biogas reforming 

processes can be further optimised. 
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Chapter 1.  Introduction 

1.1.  Greenhouse effect and greenhouse gases 

The earth absorbs energy from solar radiation and reflects infrared to the 

atmosphere. The greenhouse effect is due to atmospheric greenhouse-gases (GHGs) 

trapping the thermal radiation from the earth, and reflecting it back to the earth (Figure 

1.1). This process maintains the temperature of the earth’s surface, and literately keeps 

the Earth’s energy balance. Increasing the concentrations of GHGs results in an increase 

in the levels of reflected thermal radiations, leading to higher atmospheric temperatures, 

i.e. global warming [1-6].  

 

 

Figure 1.1 Schematic of greenhouse effect. 

 

The major GHGs which are related to human activities are carbon dioxide (CO2), 

methane (CH4), nitrous oxide (N2O), ozone (O3), chlorofluorocarbons (HFCs, CFCs, 

HCFCs), perfluorocarbons (PFCs) and sulphur hexafluoride (SF6). The main sources of 

these gases include fossil fuel combustion, road transportation, chemical production, 

oil and gas fields, refineries and landfill sites. The lifetime of GHGs in the atmosphere 
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ranges from decades to centuries. As a consequence, the earth would continue to warm 

up for a long time even if man-kind immediately stops all the GHG emissions. 

The amplitude of global warming caused by a GHG is quantified by the Global 

Warming Potential (GWP) over a fixed period of time. It is the ratio that compares the 

warming effect of the specific gas with the same amount of CO2. The GWP of CO2 is 

1.0, while that of other GHGs ranges from 7 to 32600, depending on their lifetimes (e.g. 

SF6 has a value of 32600 in 500-year-time). Temperature statistics show that the surface 

temperature of the earth increased about 0.8 °C in the 20th century on the 1900 base 

[7]. If no action is taken, the temperature is estimated to increase by 3.1 °C–4.6 °C by 

2100, and eventually increase by 3.5 oC -7 °C. The increase in the concentration of 

GHGs will have dramatic effects such as ocean acidification and algae tide. While 

global warming will bring significant changes to weather systems. Consequently, 

global climate change will result in increasing frequency of flood, drought or tsunami. 

This abnormal climate might kill crops and livestock, cause forest fire, and eventually 

famine. 

1.2.  Carbon capture and utilization 

According to the 1997 Kyoto Protocol, CO2 is recognised as the most significant 

GHG contributing to global climate change. The combustion of fossil fuel in industry 

and energy sectors is the major source of CO2 emission. There is a growing and urgent 

demand for the development of novel technologies which can significantly reduce 

global CO2 emissions while generating sustainable energy for modern society [2, 5]. 

According to the Department of Energy & Climate Change (DECC), CO2 has always 

been the dominant greenhouse gas (GHG) emitted in the UK, especially prominent in 

the energy supply sector [8]. UK emissions of GHG were 514.4 million tonnes carbon 

dioxide equivalent (MtCO2e) in 2014, the energy supply sector being responsible for 

31% of these emissions. CO2 accounted for about 82% of the UK’s GHGs emissions 

(GWP) in 2014, while CH4 accounts for about 10%. 

CO2 reduction strategies can be categorised as CO2 capture, CO2 storage, CO2 

utilisation, and replacing fossil fuels with renewable energy for CO2 neutral process. 

These strategies are usually integrated for engineering concerns and commercial 

applications. CO2 capture and storage (CCS), CO2 capture and utilisation (CCU) are 

two technological approaches being actively pursued.  



Chapter 1. Introduction 

3 
 

1.3.  Related legislation 

1.3.1.  Kyoto Protocol 

The 1997 Kyoto Protocol recognises the significant effect of increased 

concentration of atmospheric CO2 on global climate change. It is an international 

agreement among United Nations members to reduce their CO2 emissions. Although 

the legally binding duration of this protocol expired in 2012, member states are 

continuing the research and development of CO2 reduction technologies. 

1.3.2.  Energy Act 2004 

The UK’s Energy Act 2004 makes provision for the decommissioning of 

installations and sites related to nuclear activities, and for the cleaning up of radioactive 

waste. Crucially, in regard to the incentive for this project, it makes provision for the 

development, regulation and encouragement of the use of renewable energy sources. In 

addition, it covers the regulation of the gas and electricity industries [9]. 

1.3.3.  Climate Change Act 2008 

The UK has established a long-term domestic target for the reduction of 

greenhouse gas emissions, which is legally-binding to the Climate Change Act 2008 

[10]. The target is to reduce UK’s greenhouse gas emissions by 80% from 1900 levels 

by 2050, with an interim target of 34% reduction by 2020. A Committee on Climate 

Change has been set up, and a system of carbon budgeting has been devised according 

to the Climate Change Act 2008. The UK also has annual GHG reduction targets under 

the EU Effort Sharing Decision (ESD) for the period 2013–2020, aiming to reduce the 

GHG emissions by 16% from 2005 levels by the year of 2020. 

1.3.4.  Paris Agreement 

The Paris Agreement regulates GHGs emissions, mitigation, adaptation and 

finance [11]. It’s an agreement within the United Nations Framework Convention on 

Climate Change (UNFCCC) and was firstly negotiated by member-countries in 2015. 

The agreement went into effect on 4 November 2016. The aims of the agreement are 

“holding the increase in the global average temperature to well below 2 oC above pre-

industrial levels and to pursue efforts to limit the temperature increase to 1.5 oC above 
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pre-industrial levels; Increasing the ability to adapt to the adverse impacts of climate 

change and foster climate resilience and low GHGs emissions development, in a 

manner that does not threaten food production; Making finance flows consistent with a 

pathway towards low GHGs emissions and climate-resilient development. 

 

The consensus therefore, is that CO2 reduction is vital for the UK, and the 

development of CO2 reduction technologies will be necessary for the short and medium 

term. In fact in 2015, the UK Government announced it was axing its £ 1 billion 

competition to develop “carbon capture and storage (CCS)” technology for power 

stations. This might be a sign that the conversion and utilization of CO2 (CCU) would 

be a more attractive approach than CCS. 

1.4.  Synthesis gas and its applications 

1.4.1.  Synthesis gas 

Synthesis gas, which is also called syngas, is a mixture of H2 and CO, and can be 

produced from many sources. There is a wide range of applications for syngas. The H2 

and CO can be separated and used individually for different processes. For instance, 

the H2 is mainly used for the production of ammonia, while the CO is used for the 

synthesis of acetic acid, phosgene and formic acid. Either separated gases or the mixture 

of syngas can be used for the reduction of iron ore in steel industry, to produce direct-

reduced iron (DRI) or sponge iron. Moreover, syngas can be combusted in gas turbines, 

internal combustion engines and boilers. Most of these applications are in power plants 

that have installed integrated gasification combined cycle (IGCC) systems. IGCC 

yields syngas from the gasification of coal, coke, heavy oil and biomass. However, 

purification is needed to remove H2S, NH3, metals and particulates before the syngas 

can be combusted in a gas turbine. Notably, when the syngas is from biomass, this 

process is considered renewable and CO2 neutral. IGCC using biomass is a potential 

alternative technology for power plants in place of the combustion of fossil fuels. 

Finally and more importantly, syngas can be directly used as a mixture feedstock for 

the Fischer-Tropsch process. This process is extremely valuable and will be introduced 

in the following section. 
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1.4.2.  Gas-to-liquid process 

Gas-to-liquid (GTL) is a collection of processes that convert syngas into liquid 

chemicals and fuels. These techniques include the Fischer-Tropsch (FT) process, the 

direct synthesis of methanol from syngas, the production of dimethyl ether (DME), and 

hydroformylation (also known as oxo process, being an industrial process for the 

production of aldehydes from alkenes). For the synthesis of different products, syngas 

with different H2/CO molar ratios is required. The H2/CO ratio in the syngas is adjusted 

by water-gas shift reaction (WGS), which consumes H2O and CO to produce H2 and 

CO2, and is usually integrated into a natural gas/methane reformer. A very interesting 

application of the GTL process is the utilisation of natural gas from offshore oil fields. 

Due to the abundance of natural gas and high cost of transporting gas from remote 

inland locations, the natural gas is generally considered a by-product and flared in this 

case. In contrast, the GTL process would make profit from the by-product and reduce 

the emission of CH4. 

1.4.3.  Fischer-Tropsch process 

The GTL process is usually operated over various metal catalysts, at elevated 

temperatures, and with very low aromatic or sulphur impurity. The Fischer-Tropsch 

(FT) process is a good example of a GTL process that converts syngas into higher 

hydrocarbons and alcohols. It was invented by Franz Fischer and Hans Tropsch in 1925. 

Examples of common products of FT process include liquefied petroleum gas (LPG), 

naphtha, synthetic gasoline and diesel. The FT process is usually carried out over iron, 

cobalt and ruthenium based catalysts, over a temperature range of 150 oC–300 oC and 

a pressure ranges from one to several tens of atmospheres. Higher temperatures 

accelerate reactions and improve conversions, but also unfortunately favour methane 

formation. The production of methane is against the original purpose of the FT process, 

which is primarily to produce liquid hydrocarbons and fuels. Therefore the reaction is 

set at temperatures lower than 300 oC. The H2/CO molar ratio in the feedstock is usually 

<2, but changes according to the catalyst and target product. The main reactions 

involved in the FT process can be summarised as: 

 

(2n +1) H2 + n CO → CnH2n+2 + n H2O  (1) 

2n H2 + n CO → CnH2n + n H2O   (2) 
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CO + H2O → CO2 + H2    (3) 

2n H2 + n CO → CnH2n+2O + (n -1) H2O  (4) 

2 CO → C + CO2     (5) 

 

Conventional refinery processes such as fractional distillation are used to separate 

the products into naphtha, gasoline, diesel, kerosene and waxes. The FT process 

nowadays is a well-established industry based on experience and knowledge gained in 

associated disciplines such as production process techniques, the synthesis of catalysts 

and the design of reactors. The production of syngas from renewable sources (e.g. 

biomass) can be included into this evolving industry in the future for the reduction of 

atmospheric CO2. 

1.5.  Plasma 

Since CO2 is highly stable, the activation of CO2 molecules requires a high energy 

input. For example, the thermodynamic equilibrium calculation for the decomposition 

of pure CO2 shows that CO2 begins to decompose into CO and O2 near 2000 K with a 

very low conversion (<1%). A higher temperature (3000-3500 K) is required to achieve 

a reasonable conversion of CO2 (30–60%). In addition, separation of CO and O2 in the 

direct CO2 decomposition process is also a challenge. Great efforts have been devoted 

to the investigation of CO2 hydrogenation into CO and/or CH4 using thermal catalytic 

[12-16], photocatalytic [17, 18] or electrochemical [19, 20] processes. However, 

significant fundamental works are still required to further enhance the overall energy 

efficiency and product selectivity of the process through the design and development 

of new reactor concepts and novel catalytic materials with higher activity and stability. 

Non-thermal plasma (NTP) and plasma-catalysis provide a promising alternative to the 

conventional catalytic approach for CO2 conversion and utilisation at atmospheric 

pressure and low temperatures. The term “plasma” was firstly proposed by Langmuir 

in the 1920s. Plasma is the state of matter being either fully or partially ionised, 

consisting of positive ions and electrons. Plasma has an equal number of positive and 

negative charges, therefore being electrically neutral (quasi-neutral). Ionisation is 

usually caused by strong electric field, heating, electro-magnetic radiation, adiabatic 

compression of gas, or energetic nucleus/neutron beams. Plasma is natural and 

abundant in the universe in many forms such as stars, solar corona, solar wind and 
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nebula. Plasma also appears on the Earth in the form of lightning, aurora, fire and 

nuclear fusion plasma. The ionosphere is a region of Earth’s upper atmosphere that is 

ionised by solar and cosmic radiations. Aurora usually appears near the poles and 

hundreds kilometres above the earth’s surface, created by the collision between 

energised particles in solar wind and the gas molecules in the atmosphere. Lightning 

usually begins with charges accumulating in the clouds and a large potential difference 

building up between the clouds and the earth, eventually it ends with a discharge. 

 

Table 1.1 Technological application of plasma. 

Application Example 

Lighting Excilamp, fluorescent lamp and neon light. 

Display panel Large area flat-screen television. 

Laser CO2 laser, UV laser, cutting and boring. 

Surface modification Etching, waterproof treatment and corona treatment. 

Thin film deposition Coating and plasma vapour deposition. 

Material synthesis Fine particle preparation, electret synthesis and sulphur 
production from H2S cracking. 

Decontamination Ozone production, volatile organic compounds (VOCs) removal, 
electrostatic precipitation (ESP), incineration and crystallisation. 

Bio-medical treatment Dental care, sterilisation and cell treatment. 

Propelling Actuator, floater and ion engine. 

Other Food preservation, fusion reactor, printing, melting and welding. 

 

Ever since the first industrial application of artificial plasma: production of ozone 

using silent discharge by Siemens in the 1850s, the theory, generation, modulation and 

application of plasma has been studied. Table 1.1 summarises the wide range of 

technological applications of man-made plasma in the gas phase. However, 

fundamental understanding of the mechanism and behaviour of plasma is still needed 

in many areas. 

Most of the technological plasmas are created by electric discharge in gases, 

essentially involving the Townsend Avalanche process. Essentially, free electrons in 

gases are subjected to acceleration by applying a strong electric field, the free electrons 

subsequently collide with and ionise gas molecules. When applied voltage exceeds the 

breakdown voltage, additional free electrons are released in this ionisation process and 
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it starts a chain reaction. As a result of increased number of free electrons, the gas region 

becomes electrically conductive and electric discharge occurs. The initiation and 

evolution of gaseous discharge is highly dependent on the pressure and the type of 

working gas. Figure 1.2 shows the onset of gaseous discharge at different voltages and 

low pressures.  

 

 

Figure 1.2 “Schematic characteristic of a gas discharge between flat parallel plates.” 

Figure taken from [21]. The segment A’B in the figure is ascribed to the current with 

photo-emission from the cathode. Segment CD’ shows the positive characteristic of 

Townsend discharge, as the breakdown potential VB is lower than the starting potential 

of the glow discharge VG. Segment CD shows the negative characteristic of Townsend 

discharge, where VB = VG. 

 

The characteristics of plasma are determined by the operating pressure, properties 

of the source molecules, type of discharge, patterns of applied voltage and working 

temperature. The breakdown voltage (Ub) is the minimum voltage required to initiate a 

discharge. It is highly dependent on the product of gas pressure (p) and distance 

between the electrodes (d). The relationship between Ub and pd is explained by 

Paschen’s Law,  

 

Ub= 
Bpd

ln(Apd)-ln(ln(1/γ))
    (6) 

 

where A and B are constants that are characterised by the gas type, γ is the 

probability for secondary electron emission. As shown by the Paschen’s Law, only few 

plasma devices work at high pressure due to the restriction of mean free path. For 
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instance, the mean free path of electrons reduces from 7 μm to 70 nm when the working 

pressure increases from 10 mbar to 1 bar. This substantially limits the energy that 

electrons can acquire in an electric field and so restricts the formation of plasma. 

Consequently, technological plasmas are usually operated at atmospheric pressure or in 

the vacuum. Barrier discharge (BD) and corona plasmas are usually used at atmospheric 

pressure. Thermal, DC discharge, radio frequency (RF) and microwave plasmas are 

widely used under all pressure regimes. 

1.5.1.  Thermal plasma 

Technological plasmas are usually categorised into two types as thermal (also 

called as near-equilibrium, hot-) plasma and non-thermal (non-equilibrium, cold-) 

plasma. In thermal plasma, the bulk gas is thoroughly heated, electrons are energised 

by the thermal radiation and gas molecules are almost totally ionised at this temperature. 

The temperature of the ions, electrons and neutral species are very close, and the gas 

temperature can be high as 104 K. The energy density of thermal plasma usually ranges 

from 102 to 104 W cm-3. Thermal plasma is used in various industrial applications such 

as arc welding, plasma cutting and drilling, incineration, waste treatment, arc furnaces 

and fine particle synthesis.  

1.5.2.  Non-thermal plasma 

In non-thermal plasma (NTP) the temperature of the electrons is much higher than 

that of the ions and the neutral species. Electrons are accelerated or energised instead 

of gas molecules, usually by the strong electric field. The electron temperature of non-

thermal plasma can reach 104 to 105 K (1 – 10 eV) while the temperature of the bulk 

gas remains close to the ambient temperature. Under these conditions the gas is weakly 

ionised, the ratio of charged particles to neutral species (degree of ionisation) generally 

ranges from 10-14 to 10-7. Part of the gas molecules are excited vibrationally or 

rotationally to different “energy states”, which can serve as energy carrier for the 

chemical reactions in plasma. 

Since most of the injected energy is used to energise electrons, non-thermal plasma 

has higher energy efficiency in ionising particles and inducing reactions. Electron 

induced processes such as molecular excitation, ionization and dissociation produce 

various active species in the non-thermal plasma, including energized electrons, ions, 
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excited atoms and radicals; these are called the primary processes in plasma and usually 

react in a time period of 10-8 s. The active species can kinetically initiate and propagate 

chemical reactions at low temperatures, comparing against conventional thermal 

catalysis. Aerosols are also formed in ion- involved reactions in plasma, and this 

process usually happens on a time scale of 10-3 s. Due to a relatively low working 

temperature, non-thermal plasma can be used for all the applications summarised in 

Table 1.1 except crystallisation and fusion. Remarkably, in volatile organic 

contaminants (VOCs) removal, non-thermal plasma processes are more energy-

efficient than conventional technologies, such as condensation or catalytic combustion. 

It is due to less energy wasted in cooling or heating the bulk gas molecules. NTP is also 

used for chemical reactions in the laboratory, for instance methane reforming for the 

production of hydrogen, and CO2 conversion into CO and CH4 [22-25]. 

1.5.2.1.  Dielectric barrier discharge 

Non-thermal plasma can be divided to several categories. Dividing by the 

discharge characteristic, there are corona, streamer, glow and arc plasma. Depending 

on the configuration of the reactor, there are corona, dielectric barrier discharge (DBD), 

jet and gliding arc plasma. Depending on the power applied, there are direct current 

(DC), alternating current (AC) and pulse plasma. Moreover, there are various reactors 

with packing materials, including packed bed, granular bed plasma reactor and so on.  

DBD plasma has been commercially used for ozone production, surface 

modification, gaseous pollution control and water purification at atmospheric pressure 

[26]. It is also used for the reduction of particulate emissions from diesel engine 

exhausts [27]. The configuration of DBD includes planar, cylindrical (coaxial) and 

surface discharge, as illustrated in reference [26]. Generally, DBD plasma is created in 

the gas gap between two parallel planar electrodes or two coaxial cylindrical electrodes, 

with one or both of the electrodes covered by dielectric layer(s). Examples of the 

materials for dielectric layer and packing include glass, quartz, cerium oxide, 

aluminium oxide and barium titanium oxide. The dielectric constant (ε) is the relative 

permittivity of a dielectric material. It describes the ability of a material to store electric 

energy in an electric field. For instance, the dielectric constant of vacuum ε0 is 1, the 

dielectric constant of atmosphere εair is 1.00059, and εglass is 5 –10. Dielectric constants 

of dielectric layer and packing materials affect the discharging characteristics therefore 
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are very important for DBD plasma. The electrodes of DBD reactors are powered by 

AC or pulsed excitations. When the electric field applied across the gap is strong 

enough, electron avalanche occurs in the gas and the gas breaks down. Sometimes, tiny 

and bright discharge channels, known as streamers, occur with electron avalanche. This 

is a type of transient electrical discharge which is also called filamentary discharge or 

micro-discharge. The dielectric layer prevents the formation of a spark between 

electrodes, while numerous streamers randomly distribute in the discharge gap and 

form a “restricted” plasma, as plasma is constrained in the micro- channels. In other 

cases, instead of streamers, the discharge uniformly spreads and fills the entire gap, 

creating a “diffusive” plasma. The characteristic of the DBD plasma is affected by the 

electrical conductivity of the dielectric material and the width of the discharge gap. 

Higher conductivity of the dielectric material and smaller discharge gap will lower the 

electric field in the gap and limit current flow through the reactor, therefore suppress 

the formation of streamers. The discharge gap usually ranges from 0.1 to 100 mm. The 

voltage-current characteristic of low temperature DBD shows a pattern similar to Figure 

1.2, where the evolution of discharge mode from non-self-sustaining discharge, via 

Townsend discharge, to glow discharge can be clearly identified [28]. Catalysts can 

easily be integrated into a DBD system in different ways to generate a plasma-catalyst 

synergy and to further enhance the efficiency of the plasma process. This makes DBD 

a suitable plasma source for plasma-catalytic reactions for gas conversion and fuel 

production with the potential for process scale-up. 

In this project, a revised version of packed-bed DBD reactor is used. And it is 

discussed in detail in Chapter two.  

1.5.2.2.  Packed-bed DBD reactor 

The packed-bed DBD reactor is a variation design of the typical DBD reactor. In 

this design the gas gap between the electrode and the dielectric layer is partially or fully 

filled with packing material of high dielectric constant, in the form of powder, pellets, 

beads and wool. When a high voltage is applied across the gap, the packing material is 

polarised and results in an intensified electric field in the void within the packing. 

Micro-discharges occur at the contact points of pellets or beads, while both of surface 

discharge and dielectric barrier discharge take place [29]. Plasma is created around and 

among the packing materials. 
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A packed-bed arrangement can change the electric field distribution between 

electrodes and improve the uniformity of the discharge. Plasma can be generated across 

the electrodes with relatively large distance. Comparing with DBD without packing 

materials but using the same electrode configuration, the packed-bed lowers the burning 

voltage of the reactor [30]. Packed-bed DBD reactor is widely used to investigate the 

reaction performance of catalyst in plasma, and the interactions between non-thermal 

plasma and catalysts. 

1.6.  Plasma combined with catalyst, and plasma-catalysis 

The hybrid process that combines plasma and catalysts has drawn growing interest 

in recent years [2, 31-35]. Comparing processes using plasma alone or thermal catalysis, 

plasma-catalysis improves the conversion and energy efficiency. Compared with 

conventional thermal-catalysis, the advantage of plasma-catalysis can be summarised 

as operates at low reaction temperature, has rapid start-up and shutdown, and eliminates 

the extra cost for heating. 

The combination of non-thermal plasma and catalyst can be classified into two 

arrangements, known as two-stage and one-stage, depending on the position of catalyst 

[36]. The two-stage configuration has the catalyst being located downstream the plasma, 

also known as post-plasma catalysis. In this case, only long-lived species such as O3 

and NOx produced in the plasma will travel to the catalyst and interact with reactants 

on the catalyst’s surface. The lifetime of other reactive species in the plasma, for 

example the vibrationally excited molecules, is 1 to 100 ns under ambient condition, 

therefore being too short to interact with catalysts. As for the one-stage configuration, 

the catalyst is placed in the plasma volume, and the plasma is directly generated on/in 

the catalyst bed. The plasma is in contact with the catalyst. It is also called plasma–

driven catalysis. In this case, the interactions between plasma and catalyst are very 

complex because the physio-chemical characteristics of plasma and catalyst are 

simultaneously changed by the presence of each other [33, 37]. This complex 

interaction is summarised in Figure 1.3. The one stage configuration is adopted as the 

experimental setup for this project and is further discussed in Chapter two. 
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Figure 1.3 The interaction and synergy between plasma and catalyst. (Figure taken 

from [36]) 

 

When catalyst is directly placed in the plasma, surface discharge and short-lived 

radicals such as excited atoms and molecules, radicals, energised electrons and UV 

radiation are also involved in the reactions on the surface of the catalyst. The internal 

energies of these active species (1 to 10 eV) are usually higher than the activation 

energies of the reactant molecules. For comparison in thermal catalysis, when the gas 

species are adsorbed onto the catalyst surface, they are usually in the ground state. In 

the plasma, the internal energy of vibrationally excited species usually ranges from 0.1 

to 1 eV, which is too low to initiate chemical reactions. However, a vibrational state 

can assist the adsorption of gas species into the catalysts’ surface. The internal energy 

of rotationally excited species is 0.01 – 0.1 eV and is not usually involved in plasma 

catalytic reactions. Apparently, plasma activates catalysts and initiates reaction at low 

temperature, avoiding the need to heat the catalyst. While conventional thermal 

catalytic reaction would not normally occur at the same low temperature. The energy 

efficiency of the whole process is improved as a result. Additionally, plasma modifies 

the surface of the catalysts thus changing their catalytic properties. Plasma assists the 

reduction of supported metal species and improves the dispersion of metal particles. 

Electric charges accumulate on the surface of the catalyst during discharge, changing 

the polarity and hydrophobicity of the catalyst, affecting catalytic performance.  
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At the same time, due to the dielectric property of the catalyst, the distribution of 

electric field in the discharge gap is changed, and the electric field strength in the gas 

is enhanced. Consequently, this promotes the ionisation of working gas and might 

increase the mean electron energy. Intensified discharge occurs at the contact points 

between the catalyst pellets/beads. The increased number and energy of ions and free 

electrons improve electron impact reactions. Due to the dielectric property of the 

catalysts’ surface, the plasma extends along the surface, increases the plasma area and 

volume. This subsequently increases the production of active species, and increases the 

chance for reactant molecules colliding with the active species, which improves the 

conversion of reactants. When gas molecules are adsorbed on the surface of the 

catalysts, the reactants are concentrated, and the retention time of reactants in the 

plasma increases, these factors further increase the conversion. Moreover, a properly 

selected catalyst brings alternative reaction pathways, improves the selectivity towards 

desired products and reduces the formation of by-products. 

A synergistic effect between plasma and catalyst is also observed for some 

reactions where the performance of plasma-catalytic process is better than the sum of 

the individual steps (plasma alone or thermal catalysis) [31, 37-39]. However, the 

synergy of plasma-catalysis might only occur under fine-tuned conditions [24]. 

1.7.  Conversion of CO2 with H2 

As discussed, CO2 is a major greenhouse gas and in order to mitigate global 

warming the CO2 emission related to human activities needs to be brought under control. 

The direct use of CO2 for the production of value-added fuels and chemicals after the 

CO2 capture process, or even without capture, has been considered as a promising 

process to tackle the current global energy and environmental challenges [40]. Clearly, 

this process can also be considered as a key approach for chemical energy storage [41]. 

Due to the inert property of CO2 molecules, thermal catalytic, plasma-driven and 

plasma-catalytic CO2 hydrogenation have been investigated. Recently reported studies 

are summarised in Table 1.2. 

 

 



 

 
 

1
5
 

 

Table 1.2 Summary of works on CO2 hydrogenation. 

H2/CO2 

molar ratio 
Flow rate 
(ml min-1) 

Process 
Reaction 
conditions 

Catalyst 
CO2 conversion 
(%) 

CH4 selectivity 
(%) 

CO selectivity 
(%) 

Ref 

1:1 50 Thermal 80% He, 260 oC Pd/La2O3/Al2O3 8 23 76 [44] 

4:1 250 DBD 260 oC, 17 W Ni/Al2O3 85 97 2 [45] 

4:1 20 RF impulse 2.4 Torr, 20 W - 20 20 80 [46] 

4:1 50 Thermal 350 oC Ni-CeO2/Al2O3 85 100 – [47] 

3.5:1 30 Thermal 350 oC  Ce-Ni/Al2O3 80 100 – [48] 

4:1 10 Thermal 400 oC Rh/K/Al2O3 30 – 100 [49] 

4:1 0.2 Thermal 400 oC Ni/ZrO2/clay 57 97 2 [50] 

4:1 110 Thermal 9% N2, 350 oC Ni-Co/SiO2 84 – – [51] 

4:1 166.7 Thermal 350 oC Ru/CeO2/Al2O3 90 99.5 – [52] 

5:1 871.7 Thermal 500 oC Ni/Al2O3 71 86 14 [53] 

4:1 78.7 Thermal 250 oC 80% He, Ru/Al2O3 81 98 1 [54] 

1:1 34.6 DBD 35 W Mn/Al2O3 10.2 7.5 91 [24] 
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1.7.1.  CO2 Methanation 

In the methanation reaction, CO2 reacts with hydrogen to produce methane and 

water. This reaction was first discovered by Sabatier and Senderens in 1920. The CO 

produced during methanation is recognised as an important intermediate in the reaction 

pathways. Ni based catalysts are widely used in methanation process since the reaction 

highly endothermic. 

 

CO2 + 4 H2 → CH4 + 2 H2O, ΔH° = -253.6 kJ mol-1  (7) 

 CO + 3 H2 → CH4 + H2O, ΔH° = -249.8 kJ mol-1  (8) 

1.7.2.  Reverse water-gas shift reaction 

The reverse water-gas shift (RWGS) reaction converts CO2 and H2 to produce CO 

and H2O. The reverse-reaction of this reaction is the water-gas shift reaction (WGS). 

Both reactions are used in industry to adjust the CO concentration in the output of steam 

reforming process, and to adjust the H2/CO ratio in the feed gas of Fischer-Tropsch 

synthesis. CO is an important chemical feedstock for Fischer-Tropsch synthesis (FTS) 

to produce higher hydrocarbons such as liquefied petroleum gas (LPG), naphtha, 

gasoline and diesel; or for the synthesis of valorised products such as acetic acid, 

phosgene and formic acid [32, 42, 43]. 

 

CO2 + H2 ↔ CO + H2O, ΔH° = -3.8 kJ mol-1  (9) 

1.7.3.  CO2 hydrogenation into higher hydrocarbons 

The production of hydrocarbons from CO2 hydrogenation is considered a modification 

of the Fischer–Tropsch synthesis, as it substitutes the CO in syngas with CO2. The 

corresponding hydrogenation processes can be divided into two categories: methanol-

mediated and non-methanol-mediated reactions. The former approach mainly produces 

light alkanes due to the catalytic hydrogenation of alkenes occurring in the 

hydrogenation processes. The latter approach is a two-step process involving RWGS 

and FTS reactions [35]. 
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1.7.4.  CO2 hydrogenation into methanol 

Methanol (methyl alcohol) can be naturally produced by the anaerobic metabolism 

of bacteria. It is called "wood alcohol" because it was once produced by the destructive 

distillation of wood. In modern industry, methanol can be directly produced from a 

catalytic process of CO2 hydrogenation or CO hydrogenation. The manufactured 

methanol has been widely used as a solvent and feedstock for the chemical industry. 

 

CO2 + 3 H2 → CH3OH + H2O, ΔH° = -131.8 kJ mol-1  (10) 

CO + 2 H2 → CH3OH,  ΔH° = -128.0 kJ mol-1  (11) 

1.7.5.  Plasma assisted CO2 hydrogenation 

Non-thermal plasma offers an attractive alternative to the thermal catalytic route 

for CO2 conversion and utilization at low temperatures and atmospheric pressure         

[34, 37, 55-58]. In non-thermal plasma, highly energetic electrons collide with gas 

molecules to produce chemically reactive species including free radicals, excited atoms, 

ions and molecules [59]. Both high energy electrons and reactive species contribute to 

the initiation and propagation of a variety of physical and chemical reactions in low 

temperature plasma processes [60]. In non-thermal plasmas, the temperature of 

electrons and heavy particles (free radicals, atoms, molecules and ions) are significantly 

different. The overall gas kinetic temperature in plasma can be as low as room 

temperature, whilst the electrons are highly energetic and have a typical electron 

temperature of 1-10 eV, which can break most chemical bonds present in inert 

molecules (e.g. CO2). The non-equilibrium characteristic of NTP could overcome the 

kinetic barriers in chemical reactions and enable highly endothermic reactions (e.g. 

RWGS, dry reforming of methane) to occur at a relatively low temperature. High 

reaction rate and fast attainment of steady state in a plasma system allow rapid start-up 

and shutdown of plasma processes compared to thermal processes, which significantly 

reduces the overall energy cost.  

The combination of non-thermal plasma and catalysis, known as plasma-catalysis, 

thus can be regarded as an attractive and promising solution to convert CO2 into higher 

value chemicals at low temperatures and atmospheric pressure [34, 38]. Plasma-

catalysis has great potential to generate a synergistic effect, which can reduce the 

activation energy of the reaction, enhance the conversion of reactants and improve 
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selectivity and yield towards the desired products [33, 37]. These characteristics 

contribute in different ways to increasing the energy efficiency of the plasma process, 

as well as the reactivity and stability of the catalyst. Comparing with conventional 

thermal catalytic processes, plasma catalysis usually operates under less harsh 

conditions, thus extend the lifetime of the catalysts. In the past few years, significant 

efforts have been dedicated to understanding the plasma-assisted conversion of CO2 

into CO [24, 35, 61-65]. 

To achieve a CO2-neutral CO2 hydrogenation process, it is important that hydrogen 

used in the CO2 hydrogenation should be sourced using renewable energy (e.g. from 

water electrolysis using solar power or wind power, or from bioenergy [66, 67]) as well 

as being cost-effective. In addition, it is key to lower the operating temperature of the 

CO2 hydrogenation to minimise the energy consumption of the process [68]. However, 

due to the high chemical stability of CO2, the CO2 hydrogenation process is highly 

endothermic, which favours high reaction temperatures, making it difficult to achieve 

high CO2 conversion at low temperatures. For example, it requires over 1000 K to 

achieve a CO2 conversion of 50% in the RWGS reaction (H2/CO2 molar ratio = 1:1) at 

atmospheric pressure [69]. A wide range of catalysts have been designed and developed 

for lowering the kinetic barrier and operating temperature of this reaction. Cheng et al. 

investigated the reaction mechanisms of CO formation in the RWGS reaction over a 

Cu/γ-Al2O3 catalyst at 500 °C [70]. Tanaka et al. have reported that Cu-Mn oxide 

catalysts with different additives are active in the RWGS reaction [71]. Liu et al. have 

developed a computational model to compare the thermodynamic catalytic activities of 

transit metal complexes in the RWGS reaction. They found that Mn-based catalysts 

were the most promising catalysts in the RWGS reaction [72]. Plasma-catalysis has 

been regarded as an attractive and promising solution to convert CO2 and renewable H2 

into higher value chemicals at low temperatures and atmospheric pressure. 

However, very limited work has focused on plasma CO2 hydrogenation for the 

production of CO and/or CH4 at low temperatures, the comparison between plasma-

driven hydrogenation against thermal catalytic process, or the performance of the same 

catalyst (for instance, silica or alumina supported Ni- or Co- catalysts) in both thermal-

catalytic and plasma-catalytic hydrogenation processes. Jwa et al. have investigated the 

hydrogenation of CO2 and CO over a Ni/Al2O3 catalyst in a dielectric barrier discharge 

(DBD) plasma at 200 °C–300 °C [45]. Sekine et al. have reported the effect of electric 

field on the RWGS reaction over a Pt/La-ZrO2 catalyst at 130 ml min-1 total feed flow 
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rate and 600 oC [69]. Notably, Ni and Co have been extensively used as transitional 

metal catalysts for the conversion of CO2, especially for the dry reforming of methane, 

due to their low cost and comparable catalytic activity to the noble catalysts [73]. SiO2 

and Al2O3 are also widely used as supports for catalysts in the CO2 conversion reactions 

due to their economic prices, robust mechanical strength and decent thermal stability 

[74, 75]. 

Interestingly, in either direct CO2 splitting or dry reforming processes based on 

NTP technology, the presence of dilution gas (e.g. He and Ar) has shown the positive 

effect of enhancing the conversion of reactants [12, 76]. However, this process is only 

advantageous when the injected dilution gas can be recycled to form a chemical looping 

process due to the cost of these gases. It is also interesting to investigate how the 

presence of these gases affects the characteristics of the plasma and consequently 

changes the reaction performance. N2 has been also used as dilution gas, but cyanide 

may be produced in the plasma. Yet again, very limited work has been focused on the 

investigation of how the dilution gases (e.g. Ar) affect the plasma-catalytic chemical 

reactions, especially CO2 hydrogenation for the synthesis of fuels and chemicals such 

as the cogeneration of CO and CH4. 

1.8.  Conversion of CO2 with CH4 

Methane is the simplest but most abundant hydrocarbon in the atmosphere. It is 

one of the major GHGs with a GWP of 21, and is emitted from various sources 

including natural fermentation of biomass in paddy fields and swamps, flaring in oil 

fields and refineries, venting in mines and landfill sites and from certain processes like 

waste water treatment and sludge treatment. 

Methane is extensively consumed in the energy sector, in the form of natural gas, 

shale gas, biogas and landfill gas. It is also used to produce synthetic chemicals such as 

methanol, ammonia and liquid fuels. In this case, methane is firstly converted into 

synthesis gas (syngas) via established industrial processes (for example steam methane 

reforming). The produced syngas is then used as feedstock for Fischer-Tropsch 

synthesis which is also a well-established industrial process. However, methane is a 

very stable molecule, the C-H bond has an average bond enthalpy of 413 kJ mol-1. High 

reaction temperatures are usually necessary for the effective conversion of CH4. 
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1.8.1.  Natural gas and biogas 

Natural gas is formed from plants that were buried beneath the earth over millions 

of years ago and mostly consists of methane. It is one of the most common fossil fuels, 

abundantly distributed around the world, especially in Mid-East countries and Russia. 

However due to the high GWP of methane, growing concerns are attracted for 

sustainable utilisation of methane. 

Britain discovered natural gas in the North Sea in 1965. Soon after the national 

fuel network was upgraded for distributing natural gas to homes and this was completed 

in 1976. Since then, natural gas has been used for cooking and central heating systems, 

and for gas-fired power plants in UK. 

Biogas mainly consists of methane and carbon dioxide, and originally it was 

produced from the anaerobic decomposition of organic wastes. The composition of 

biogas varies according to the biomass source. It generally consists of 50 -75% methane, 

25 -50% carbon dioxide, 0 -10% nitrogen, 0 -1% hydrogen, 0 -1% hydrogen sulphide 

and small amount of oxygen, water vapour,  siloxanes, ammonia and halogenated 

compounds [77]. 

Biogas is a renewable resource because nearly all the natural organic matter can be 

used as feedstock for biogas production. This is very attractive due to the 

simultaneously reduction of waste and production of valorised product (methane). The 

produced methane can be collected and transported to factories. Constituents that can 

be used for making biogas include sludge from wastewater treatment, cattle manure 

from big farms and remains of food ingredients used in food processing industries. 

These wastes mostly consist of organic compounds and water. Traditional disposal 

processes, for example landfill, occupy large land areas and incurs considerable 

financial cost. Anaerobic digestion tanks are being tested for the treatment of these 

wastes, this technique is considered viable, bio-safe, eco-friendly and economic. 

Interestingly, landfill is also a normal technology for the disposal of municipal waste 

and solid waste. Large amounts of biogas are produced in landfill sites across the UK, 

but it is difficult to exploit. The biogas is either vented or flared because of unstable gas 

pressure and complex gas composition. In 2013, up to 101 kilo-tonnes of methane was 

flared at operational sites [78]. Interestingly, the renewable characteristic of plants and 

algae, in-land energy crop farms, and off-shore algae farms are being evaluated as a 

possible solution for large-scale biogas production. However they require a large area 
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of land or ocean surface and might consequently compete with traditional food 

production such as food crops and fisheries. 

A very straight forward application for biogas is combustion as a fuel. Although 

the combustion of biogas is actually the combustion of CH4, and this process emits CO2, 

it is still favourable for CO2 emission-control because the carbon content in biogas is 

originated from the photosynthesis of plants, in which process the plants absorbed CO2 

from atmosphere. It is the same amount of carbon that returns to the atmosphere through 

the combustion of plant-derived CH4, and no additional CO2 is released into the 

atmosphere. This results in a CO2-neutral life-cycle and would help to slow the pace of 

global warming. However, the high CO2 content in the biogas decreases the quality and 

heating value of the fuel gas; N2 and H2S might be contained in the biogas thus resulting 

in the need for pre-treatment. In some circumstances, upgradation of biogas to increase 

the CH4 concentration and removal of toxic compounds are necessary before the biogas 

can be properly combusted. The high cost of this pre-treatment is a big challenge for 

the commercial application of biogas. Therefore the conversion of CO2 and CH4 into 

more valuable products has been considered as an alternate process to mitigate the 

current environmental and energy issues [73, 79, 80]. 

1.8.2.  Methane reforming 

There are established industrial processes for methane reforming including steam 

reforming (SMR), partial oxidation (POM), mixed reforming and dry reforming (DRM). 

The reforming processes involving CO2 are related to this project. Due to the highly 

endothermic nature of the reactions, high temperatures and catalysts are usually 

required for the operation of these processes. High energy consumption increases the 

cost of methane reforming processes and therefore many researches are focussed on 

developing alternative technologies; including methane reforming at a lower 

temperature while maintaining good methane conversion. 

1.8.2.1.  Autothermal reforming 

Autothermal reforming (ATR) is a common process for the production of syngas, 

in which CH4 reacts with an O2/CO2 mixture or an O2/H2O mixture gas. It can be 

regarded as a combination of POM, SMR and DRM. The total reaction is mildly 

exothermic due to the reaction between oxygen and methane. The CH4/H2O and 
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CH4/CO2 molar ratios in the feed gas are adjusted according to the target H2/CO molar 

ratio in the resulting syngas. For example when ATR uses CO2 (no H2O), the H2/CO 

ratio is 1. When ATR uses steam (no CO2), the H2/CO ratio is 2.5, 

 

2 CH4 + O2 + CO2 → 3 H2 + 3 CO + H2O, ΔH° = -32.513 kJ mol-1 (12) 

4 CH4 + O2 + 2 H2O → 10 H2 + 4 CO, ΔH° = 425.8 kJ mol-1  (13) 

 

This is advantageous because syngas with adjustable H2/CO can be used for the 

further synthesis of different products. For instance, the syngas with a H2/CO ratio of 1 

is suitable for the synthesis of DME, while the syngas with a H2/CO ratio of 2.5 is 

suitable for FT synthesis of gasoline. 

1.8.2.2.  Tri-reforming 

Tri-reforming is similar to auto-thermal reforming and it is a three-step reaction 

process designed for the treatment of flue gas from power plants [81]. The flue gas from 

natural gas–fired power plants typically consists of 8% –10% CO2, 18% –20% H2O, 2% 

–3% O2 and 67% –72% N2. For comparison, that from coal-fired boilers typically 

consists of 12% –14% CO2, 8% –10% H2O, 3% –5% O2 and 72% –77% N2. With the 

addition of natural gas, a combination of dry reforming, steam reforming and oxidation 

of methane would occur simultaneously, as listed below.  

 

CH4 + CO2 → 2 H2 + 2 CO, ΔH° = 245.9 kJ mol-1  (14) 

CH4 + H2O → 3 H2 + CO, ΔH° = 204.7 kJ mol-1  (15) 

2 CH4 + O2 → 4 H2 + 2 CO, ΔH° = –73.7 kJ mol-1  (16) 

CH4 + 2O2 → 2 H2O + CO2, ΔH° = –892.9 kJ mol-1 (17) 

 

1.8.2.3.  Dry reforming of methane 

Dry reforming of methane (DRM) is an attractive process because it consumes two 

major GHGs (CO2 and CH4) to produce syngas [82, 83]. DRM process generates syngas 

with a relative low H2/CO ratio close to unity, which is suitable for the synthesis of 

value-added oxygenates. Low-grade natural gas and biogas consists >55% CH4 and 

<45% CO2, and therefore are suitable feedstock for DRM process. Landfill gas and 
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flared shale gas can be also used as feedstock, which maximises the energy utilisation 

and minimises the negative environmental impact. The produced syngas can be directly 

used as a clean energy source, or is highly suitable for the FT synthesis of fuels and 

value added chemicals such as hydrocarbons, ammonia, or oxidised compounds [84, 

85]. However DRM is highly endothermic and the reaction requires very high reaction 

temperatures (>600 oC) to maintain reasonable conversions of reactants and yields of 

syngas. The high energy consumption makes the DRM process for CO2 reduction 

economically unfeasible. 

 

CH4 + CO2 → 2 CO + 2 H2, ΔH° = 245.9 kJ mol-1  (18) 

 

Catalysts are usually necessary for the DRM process. Over the past decades, great 

efforts have been devoted to investigate the reforming of biogas using thermal catalytic 

[86, 87], photo-catalytic [88] and electro-chemical methods [89-91]. Significant works 

have been done to the design and development of novel catalysts to enhance the 

conversion of CH4 and CO2, and improve the energy efficiency [80, 92, 93]. Noble 

metals such as Ru, Rh, Pd, Ir and Pt exhibit good catalytic performance. However, the 

cost of using expensive noble metal catalysts may be prohibitive. Consequently, 

transition metals such as Fe, Co, Ni, Mn and Cu are investigated, Ni is extensively used 

as a substitute for noble metals in DRM catalysts, because of their relatively low prices. 

An oxide with large surface area, good mechanical strength and good thermal stability, 

such as SiO2, Al2O3, MgO, CeO2, ZrO2 and La2O3 are used as catalyst supports. 

Although the support is usually inert for chemical reactions, the basicity of the support 

is important for the activation and conversion of CO2 during DRM [94, 95]. The effect 

of basicity of support on the conversion of CH4 is not yet clear. In addition, bimetallic 

catalysts and promoted catalysts are investigated to increase the reactivity and lifetime 

of catalysts. A challenge for catalytic DRM is the formation of carbon deposition on 

the catalyst surface, causing rapid deactivation of catalysts, especially for non-noble 

metal catalysts [37, 96]. Novel processes such as plasma-driven or plasma-catalytic 

DRM are studied to improve the reaction performance, in terms of conversion of 

reactants, selectivity of favoured products, energy efficiency and carbon resistance. 

Table 1.3 and Table 1.4 summarise the recently reported works on the dry reforming of 

methane.  
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Table 1.3 Summary of works on the thermal DRM process. (Sort by year) 

CH4/CO2 
molar ratio 

Flow rate 
(ml min-1) 

Process 
Reaction 
conditions 

Catalyst 
Conversion 
of CH4 (%) 

Conversion 
of CO2 (%) 

Selectivity 
of H2 (%) 

Selectivity 
of CO (%) 

Energy efficiency 
(mmol kJ-1) 

Fuel production 
efficiency (%) 

Ref 

1:1 – Thermal 33.3% N2, 700 oC Ni/Al2O3 81 81 – – – – [137] 

1:1 91.7 Thermal 33.3% N2, 750 oC Ni-Co/AlMgOx 84 87 – – – – [138] 

1:1 15000 Thermal 47.4% N2, 700 oC Ni/TiO2/Al2O3 – – 85 100 – – [139] 

2:3 36667 Thermal 77.3% N2, 9.6 kW Ni/Al2O3 88.3 76.1 72.5 89.1 – – [140] 

1:1 40 Thermal 50% Ar, 800 oC Ni/Al2O3 84 89 – – – – [120] 

1:1 – Thermal 700 oC Co-Ce/ZrO2 50.8 64.1 46.5 99 – – [126] 

1:1 – Thermal 550 oC Ni-K/CeO2 3.5 23 – – – – [141] 

1:1 – Thermal 60% He, 700 oC Ni-Pt/Al2O3 69 76 – – – – [142] 

3:2 – Thermal 850 oC Reformax 250 73 85 28.8 2 – – [143] 

1:3.5 – Thermal 850 oC Ni/MgO 99 64 49.7 56.4 – – [144] 
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Table 1.4 Summary of reported works on the plasma-assisted dry reforming of methane. 

CH4/CO2 
molar ratio 

Flow rate 
(ml min-1) 

Process 
Reaction 
conditions 

Catalyst 
Conversion 
of CH4 (%) 

Conversion 
of CO2 (%) 

Selectivity 
of H2 (%) 

Selectivity 
of CO (%) 

Energy efficiency 
(mmol kJ-1) 

Fuel production 
efficiency (%) 

Ref 

1:1 100 RF 90% Ar,  
20 Torr, 50 W 

– – 48 45 35 – – [145] 

2:1 150 DBD 500 W, 150 oC Zeolite 51.6 41.7 20.2 31.7 0.108 0.37 [146] 

1:1 200 DBD 500 W, 150 oC Zeolite NaY 66.6 39.9 19.3 21.4 0.158 0.32 [147] 

1:1 200 DBD 500 W, 150 oC Zeolite HY 62 37 34.4 41.8 0.147 0.60 [119] 

2:1 60 DBD 100 W – 64 43 49.5 32.2 0.254 0.55 [113] 

1:2.3 13.3 Packed DBD 22.5 W PZT ceramic 33 – – – 0.087 5.4 [148] 

1:1 50 Corona 4% O2 Pt/KLa 37 21 – – – – [149] 

1:2 60 Corona 30 W Ni/Al2O3 59.2 50.9 73.2 91.5 0.799 2.2 [150] 

1:1 12700 GA 544 W, 177 oC – 41 30 38.9 47.3 6.166 0.81 [151] 

2:3 16660 Jet 50% N2, 770 W Ni/Al2O3 51 36 90 91 3.381 1.9 [152] 

3:2 22.5 DBD 16 W, 500 oC LaNiO3 19 15 35 26 0.182 0.44 [112] 

1:1 60 Glow 23 W – 61 50 77 65 1.077 1.3 [153] 

2:3 2200 Glow 69.85 W – 61 49.9 89.3 72.6 12.73 1.7 [116] 

1:1 60 DBD 50% Ar, 75 W Ni-Cu/Al2O3 69 75 56 75 0.214 1.3 [114] 

2:1 16.67 DBD 18 W, 240 oC Ag/Al2O3 52 29 55.2 72.9 0.305 0.89 [118] 

14:1 80 DBD 81.3% He, 53 W, 
400 oC 

La2O3/Al2O3 21.4 56.1 19.5 24.8 0.050 0.35 [122] 
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CH4/CO2 
molar ratio 

Flow rate 
(ml min-1) 

Process 
Reaction 
conditions 

Catalyst 
Conversion 
of CH4 (%) 

Conversion 
of CO2 (%) 

Selectivity 
of H2 (%) 

Selectivity 
of CO (%) 

Energy efficiency 
(mmol kJ-1) 

Fuel production 
efficiency (%) 

Ref 

3:2 150 Spark – – 72 63 81 68 – – [105] 

1:1 50 DBD 35 W Quartz wool 27 11 23 28 0.202 0.38 [123] 

3:2 1400 RGA 28.6% O2 – 83 35 49 92 – – [154] 

3:2 1360 RGA 26.5% O2 – 69 28 52 92 – – [101] 

1:1 150 RGA 50 W – 74 63 79 81 1.529 1.5 [155] 

1:1 6000 RGA 175 W – 48 54 100 100 13.01 2.1 [156] 

1:1 4000 GA 190 W NiO/Al2O3 15 18 52 48 2.585 1.1 [157] 

1:1 600 DBD – Zeolite 49 52 55 50 – – [158] 

10:7 1360 Spark-shade 26.1% O2 – 77 35 55 94 – – [159] 

3:2 50 DBD 160 W LaNiO3/SiO2 67 63 75 78 0.152 1.2 [160] 

3:2 50 Spark 20 W – 72 62 58 56 1.265 0.95 [161] 

2:1 – DBD 70 W Ni/Al2O3 60 77 – 17 – – [162] 

1:1 162000 Microwave 38.3% H2O,  
4.5 kW 

– 7 – – – – – [163] 

1.29 16000 GA 720 W NiO/Al2O3 48.6 56.5 36 51.6 8.606 0.92 [164] 

3:2 15000 RGA 32.1% O2,  
279 W 

– 76 23 56 92 14.88 1.0 [100] 

1:1 – Pulse 8.5 kJ/L – 45 36 62 61 – – [23] 

3:2 4000 RGA 26.5% O2,  
59.5 W, 779 oC 

Ni/CeO2/Al2O3 82 19 81 99 20.88 1.2 [99] 

a: KL is a type of molecular sieve. 
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DRM (or biogas reforming) has been investigated at ambient temperatures [97-103] 

or elevated temperatures [104-108], with or without a catalyst. The studies were also 

using different plasma systems including dielectric barrier discharge (DBD) [109-114], 

gliding arc [104], corona discharge [115] and glow discharge [116]. However, the 

energy efficiency of the plasma process and selectivity towards target products (e.g. 

syngas) are not satisfied in the absence of a catalyst. In addition to the production of 

syngas, noticeable amounts of C2-C4 and oxygenates are often produced [117-119]. For 

plasma-catalytic dry reforming process, those catalysts that have successfully 

demonstrated their activities in thermal catalytic dry reforming are generally used as a 

starting point to be combined with plasmas, including Ni/Al2O3 [37, 96, 111, 114, 120], 

Co/Al2O3 [31, 86, 98, 121], Cu/Al2O3 [114],  Ni–Cu/Al2O3 [114], Pd/Al2O3 [118], 

Ag/Al2O3 [118], La2O3/Al2O3 [122] and zeolite [119, 123]. Interestingly, the Ni/Al2O3 

catalyst has been widely used for the conventional thermal catalytic biogas reforming 

process, and metal species such as K, Na, Ca, Mg, Y, La and Ce are extensively used 

as a modifier to promote the catalysts [3, 4, 94, 95, 124-130]. K, Mg and Ce promoters, 

for example, have been reported to significantly reduce coke deposition on the surface 

of spent catalysts, and consequently improve the stability of the catalytic performance 

in thermal catalytic reforming processes [94, 95, 124-126, 131]. However, the 

properties and reforming performance of the promoted catalyst under plasma-catalytic 

conditions are not yet clear; while the effect of promoters on the plasma-catalytic biogas 

reforming at low temperatures is seldom investigated and reported. 

Up until now, the exploration of low cost and active catalysts is still not fully 

satisfied for the plasma-catalytic reforming reaction. This is partly due to the lack of 

the necessary knowledge of catalyst design for the control of relevant catalytic 

properties in plasma-catalysis systems. There are very limited works that evaluate the 

difference between metal catalysts, while the plasma-catalytic dry reforming over 

different Al2O3 supported non-noble metal catalysts (i.e. Ni, Co, Cu and Mn) has not 

been investigated and reported before. In addition, evaluating the effect of different 

metal phases on the performance of plasma-catalytic dry reforming process in terms of 

the conversion of reactants, the selectivity and yield of target products, as well as the 

energy efficiency of the plasma process, would provide a better understanding of the 

synergistic effects resulted from the combination of plasma with catalysts [31, 37, 132]. 

Moreover, the effect of temperature on plasma-catalytic DRM has seldom been 

reported, despite the fact that thermal catalytic reforming processes have previously 



Chapter 1. Introduction 

28 
 

demonstrated significant temperature-dependence of catalytic performance. There are 

also limited works comparing catalyst preparation methods for plasma-catalytic 

reforming, such as the synthesis (impregnation, co-deposition, sol-gel, etc.), calcination 

(thermal or plasma-driven) and reduction of catalysts, although the effect of preparation 

method has been widely investigated in thermal catalytic process [133, 134]. 

1.8.3.  Carbon deposition 

As mentioned previously, supported Ni/Al2O3 catalyst has been reported to exhibit 

excellent catalytic activity in DRM. Compared with noble metals, the transitional metal 

Ni is more cost–effective and more easily available, while alumina support is widely 

used for its good mechanical strength and low cost. However Ni/Al2O3 quickly 

deactivates during reforming due to coke deposition and metal sintering [95, 135, 136]. 

Carbon deposition is a great challenge for catalytic reforming of methane, including 

steam reforming (SMR) and DRM. As the carbon gradually forms and accumulates on 

the surface of the catalyst during reforming processes, the metallic active sites of the 

catalyst are eventually covered by the carbon and the catalyst is no longer active during 

reactions. The production of carbon is attributed to direct methane decomposition and 

the Boudouard reaction (disproportionation of carbon monoxide), as shown by the 

following equations:  

 

CH4 → C + 2 H2, ΔH° = 73.8 kJ mol-1  (19) 

2 CO → C + CO2, ΔH° = -172.1 kJ mol-1  (20) 

 

Industrial SMR and DRM processes are usually operated at elevated temperature and 

pressure, as this enhances the reaction rate, increases the gas conversion capacity and 

reduces the size of reactor. However, high temperature and pressure also favours carbon 

production and deposition. The acidic characteristic of Al2O3 supports enhance carbon 

generation and deposition, whilst γ–Al2O3 withstands phase change at high 

temperatures. All of these factors contribute to the deactivation of the catalyst [165]. 

In industrial SMR processes, excess steam is added into the reactor partially 

because water reduces carbon production, although it increases the H2/CO molar ratio 

in the product. As for DRM process, the CH4/CO2 molar ratio is also decreased to 

reduce the carbon deposition, at the expense of smaller H2/CO molar ratio. The carbon 
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deposition in DRM is more pronounced than that in SMR or partial oxidation of 

methane (POM), due to the low O/C atomic ratio in the feed gas. The Calcor process, 

for instance, introduces excess CO2 for the DRM reaction over a Ni based catalyst to 

produce CO rich syngas while minimising carbon production. This can be also used for 

producing high purity CO. 

To mitigate carbon deposition, it is also important to upgrade catalysts for reduced 

carbon deposition and improved carbon resistance. Many solutions have been examined 

to improve the thermal stability and coke resistance of the Ni/Al2O3 catalyst, including 

adjusting the physio–chemical structure of the catalysts [166, 167], optimising 

preparation methods [137, 168, 169], synthesis of bi–metal catalysts [94, 170, 171], 

adding promoters into the catalysts [95, 126, 172, 173], using plasma-catalysis [98, 118, 

174], studying and exploiting the synergistic effect between active species or between 

plasma and heating [37, 175], and changing the composition of feed gas by adding N2 

[109], O2 [176], or noble gases [129, 176, 177]. It can be concluded that the activity 

and stability of the catalyst can be adjusted by the addition of promoters, mainly using 

alkaline or alkaline earth metals and two rare earth elements (Ce and La). These 

strengthen the textile structure and thermal stability of the support, improving the 

dispersion of metal species and catalytic activity of the catalyst, and so diminishing 

sintering and accumulation of deposited carbon [124, 125]. Ballarini et al. reported that 

the acidity of the alumina support was suppressed by adding Na and K dopant, 

facilitating the dissociation of CO2 and reducing carbon deposition on the surface. K–

doped catalyst showed a higher conversion of CO2 and selectivity for CH4. Under the 

same conditions, Mg helped stabilise the form, maintain the surface area of γ–Al2O3, 

and aid the dispersion of Pt particles [176]. Sengupta et al. modified Al2O3 supported 

Ni and Ni–Co catalysts with CaO or MgO, and reported the resulting effects on the 

reducibility, amount of H2 and CO2 adsorbed, and the property of metal crystallite. 

Strong interactions between MgO and Ni, Co species changed the redox status of the 

catalyst and showed an adverse effect on the conversion and H2/CO molar ratio [94]. 

Debek et al. claimed that the addition of Ce into catalyst increased the reducibility of 

nickel species and the CO2 adsorption capacity, consequently improving the conversion 

of the reagents [129]. Interestingly, the loading of promoter has a significant effect on 

the performance of catalytic biogas reforming [125, 131, 172, 173]. However, limited 

works on plasma-catalytic DRM over promoted catalysts have been reported.  
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Another special solution for mitigating coke deposition is the sulphur-passivated 

reforming (SPARG). The SPARG process mildly poisons and deactivates the catalyst 

by addition of H2S into the feed gas. With carefully calculated amount of addition, the 

sulphur that adsorbed on the active metal sites blocks the nucleation of carbon on the 

surface of the catalyst, while the catalyst remains active for the effective conversion of 

methane. This process is mainly used in SMR and petrol industry. 

1.9.  Thermodynamic equilibrium of CO2 conversions 

The equilibrium composition in this section was calculated using HSC chemistry 

software. Figure 1.4 shows the thermodynamic equilibrium of CO2 hydrogenation over 

a temperature range of 27 oC – 1600 oC. The equilibrium conversion of CO2 is 

dependent on the H2/CO2 molar ratio in the feed gas. When the H2/CO2 molar ratio is 

4, the equilibrium conversion of CO2 at 0 oC is 100%. The equilibrium product at low 

temperatures consists mostly of CH4 and water. At a temperature lower than 300 oC, 

almost all the CO2 would be converted to CH4 under equilibrium. However as the 

temperature increases, the equilibrium molar ratio of CH4 in the product decreases 

rapidly, while that of CO increases. At a temperature higher than 700 oC, nearly all the 

CO2 would be converted to CO under equilibrium status, suggesting that the selectivity 

of product in the CO2 hydrogenation process is dependent on the temperature.  

 

 

 (a)                              (b) 

Figure 1.4 Thermodynamic equilibrium of CO2 hydrogenation with H2. (a) H2/CO2 

molar ratio is 1: 1; (b) H2/CO2 molar ratio is 4: 1. 
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Figure 1.5 shows the thermodynamic equilibrium of CO2 reforming with CH4 with 

a CH4/CO2 molar ratio of 1: 1 and 3: 2. The CO2 and CH4 reactants are effectively 

converted only at elevated temperatures (e.g. >600 oC). At a temperature higher than 

1000 oC, CO2 would be completely converted. Syngas is the dominant product of 

reforming process, regardless of temperature and CH4/CO2 ratio. 

 

 

(a)                              (b) 

Figure 1.5 Thermodynamic equilibrium of CH4 reforming with CO2. (a) With a 

CH4/CO2 molar ratio of 1: 1; (b) CH4/CO2 molar ratio is 3: 2. 

1.10.  Methodology and novelty of this project 

Figure 1.6 briefs the research methodology of this project. Since H2 and CH4 are 

the most common hydrogen-sources for CO2 conversion and utilisation, this project 

covers two major research topics: plasma-catalytic CO2 hydrogenation and plasma-

catalytic biogas reforming. Each research starts with screening of catalyst. By choosing 

the catalysts that are effective in thermal catalysis, this stage investigates and compares 

the performance of these catalysts under plasma-catalytic conditions. After the best 

catalysts were determined through the screening. Systematic studies on CO2 

hydrogenation and biogas reforming were carried out using the best catalysts. In 

consideration of the state-of-the-art of plasma-assisted CO2 hydrogenation and biogas 

reforming with or without using catalyst, the effect of Argon addition, temperature and 

plasma/heating power on CO2 hydrogenation were evaluated; while the effect of 

promoters, temperature, preparation method and loading of promoter on biogas 

reforming were examined.  The plasma-catalytic synergy was quantified and evaluated. 
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Finally, an optimised solution for plasma-catalytic CO2 hydrogenation and biogas 

reforming under ambient conditions was summarised. 

 

 

Figure 1.6 Methodology of the project. 

 

The novelty of this project can be summarised: 

CO2 hydrogenation and biogas reforming have been successfully initiated under 

ambient conditions. 

The plasma-catalytic synergy has been quantified. 

As for CO2 hydrogenation, novel catalysts such as Mn/Al2O3, Cu-Mn/Al2O3, 

Ni/SiO2 and Co/SiO2 have been investigated and compared. 

The individual contribution of heating and plasma power on CO2 hydrogenation 

has been studied. 

As for plasma-catalytic biogas reforming, new catalysts such as Mn/Al2O3, 

Cu/Al2O3, Ni-X/Al2O3 (X = K, Mg and Ce) have been compared with Ni/Al2O3. 

The carbon deposition during plasma-catalytic biogas reforming using promoted 

catalysts has been investigated.   
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Chapter 2.  Experimental setup 

2.1.  Dielectric barrier discharge reactor 

In this project, the plasma-catalytic conversion of CO2 has been carried out in a 

coaxial packed-bed DBD reactor. In the reactor, the gap between dielectric layer and 

inner electrode was filled with packing materials such as a granular catalyst, quartz 

wool or γ–Al2O3 beads. Comparing with DBD reactors without packing, plasma can be 

initiated under relatively low applied-voltages and over a larger discharge gap due to 

the distorted and enhanced electric field in the gap. Discharges at stable power and at 

atmospheric pressure were consequently obtained.  

2.1.1.  Experimental setup for hydrogenation of CO2 

Figure 2.1 shows the configuration of the packed DBD reactor. The catalyst was 

packed and sandwiched by quartz wool or γ–Al2O3 beads in the centre of the reactor. 

 

Figure 2.1 Schematic of catalyst and packing materials in the DBD reactor. 

 

Figure 2.2 shows an example experimental setup for plasma-catalytic CO2 

hydrogenation. For the DBD reactor in Chapter 3, the wall thickness of the quartz tube 
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was 1 mm. The diameter of the inner electrode was 14 mm and the gap between 

dielectric layer and inner electrode was 2.5 mm. A stainless steel mesh (ground 

electrode) was wrapped around the outside of a quartz tube with an outer diameter of 

21 mm. A stainless steel rod was placed in the centre of the quartz tube and used as a 

high-voltage electrode. The discharge length was 100 mm. The outer mesh electrode 

was grounded via an external capacitor Cext. The DBD reactor was connected to a high 

voltage AC power supply with a maximum peak voltage of 10 kV and a frequency of 

8.7 kHz. The frequency was chosen according to the resonance frequency of the plasma 

system. By changing the setting of the power supply, and replacing the quartz tube and 

inner electrode, a variation of this DBD reactor has been used in Chapter 4. In the first 

section of Chapter 4, the wall thickness of quartz tube was 2.5 mm. The diameter of the 

inner electrode was 13 mm and the gap between dielectric layer and inner electrode was 

1.5 mm. The frequency of power supply was 9.2 kHz. Again, the frequency was chosen 

according to the resonance frequency of the plasma system. In the section 2 and section 

3 of Chapter 4, the dimension of the DBD reactor was exactly the same as that in section 

1, while the frequency of power supply was 22 kHz. A summary of experimental setups 

in this project can be found in the following section (Table 2.1). 

The applied voltage was measured by a high-voltage probe (Testec, HVP-15HF), 

whereas the current was recorded by a current monitor (Bergoz CT-E0.5). The voltage 

across the external capacitor Cext (0.47 μF) was also measured. All the electrical signals 

were sampled by a four-channel digital oscilloscope (Tektronix MDO3024). The Q-U 

Lissajous method was used to calculate the discharge power (P) of the plasma reactor 

[64, 96]. A homemade online power measurement system was used to monitor and 

control the discharge power in real time. 

The DBD reactor was placed in a tube furnace, which enabled the CO2 

hydrogenation reaction to be investigated under three different conditions: plasma alone, 

thermal catalysis and plasma-catalysis. Under plasma alone conditions, no catalyst or 

packing material (Al2O3 bead or quartz wool) was placed in the reactor and the reaction 

was only driven by the plasma. In thermal catalytic reaction, the catalyst and packing 

material were packed into the middle of the reactor and heated in the tube furnace 

without plasma. In the plasma-catalytic process, the catalyst and packing material were 

placed in the DBD plasma with interactions between the plasma and catalyst. When the 

temperature was adjusted, the input power for DBD plasma was kept the same. 
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The gas composition was analysed by a two-channel gas chromatograph 

(Shimadzu GC-2014) equipped with a flame ionisation detector (FID) and a thermal 

conductivity detector (TCD). For each measurement, three samples of gas products 

were taken and analysed when the reaction reached a steady state. The steady state was 

judged by the reproducibility of the measurements. 

 

 

Figure 2.2 Schematic diagram of experimental setup for CO2 hydrogenation at 

elevated temperatures. 

2.1.2.  Experimental setup for dry reforming of methane 

Figure 2.3 shows the two types of DBD reactors used for the plasma-catalytic 

DRM. The reactor shown in Figure 2.3(a) was used in the first section of Chapter 5. In 

this case, a stainless steel mesh (ground electrode) was wrapped around the outside of 

a quartz tube. The tube has an outer diameter of 22 mm and wall thickness of 1.5 mm, 

while a stainless steel rod with an outer diameter of 14 mm was placed in the centre of 

the quartz tube and used as a high voltage electrode. The length of the discharge region 

was 90 mm with a discharge gap of 2.5 mm. The DBD reactor was supplied by a high 

voltage AC power supply with a peak-to-peak voltage of 10 kV and a frequency of      

50 Hz. For comparison, the reactor used in Chapter 6, and the section 2 of Chapter 5 

was very similar to that illustrated in Figure 2.2, except that the frequency of power 

supply was 22 kHz, and the feed gas was CH4 and CO2 (Figure 2.3(b)). 
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(a)                              (b) 

Figure 2.3 Schematic diagram of experimental setup for (a) dry reforming of 

methane, and (b) biogas reforming. 

 

Table 2.1 summarises the experimental setups for individual works in this project. 

 

Table 2.1 A summary of experimental configurations in this project. 

Chapter Section Packed bed Reaction 

 3 1 Catalyst + γ–Al2O3 CO2 hydrogenation 

 4 1 Catalyst + γ–Al2O3 CO2 hydrogenation 

 4 2, 3 Catalyst + quartz wool CO2 hydrogenation 

 5 1 Catalyst pellet Dry reforming 

 5 2 Catalyst + quartz wool Dry reforming 

 6 1, 2, 3 Catalyst + quartz wool Dry reforming 

 

2.2.  Measurements and characterisations 

2.2.1.  Power measurement 

The energy consumption of the plasma-catalytic reactor was determined by 

measuring the input power and discharge power of system. Specifically, the input 
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power was the electric power injected into the system, including the power consumed 

by the transformer, power supply, plasma reactor, and external heating device (if 

installed). It reflects the operational cost of the whole system, assesses feasibility for 

potential commercial applications. In this project, the input power was measured by a 

power meter set up between the mains and the system. The discharge power was the 

electric power exclusively consumed by the plasma. It can be further used to calculate 

the energy efficiencies of the system. In this project, the discharge power was obtained 

by using Lissajous figure. 

 

 

Figure 2.4 Example of Lissajous figure obtained in the plasma-catalytic 

hydrogenation of CO2. (Taken from Chapter 4). 

 

Although the Lissajous method was first proposed by Manley in 1943, it is still 

worth using today [178]. Besides discharge power, the Lissajous figure provides 

information of discharge mode, capacitance of plasma system during power cycle and 

transferred charge. The Lissajous method requires measurement of the applied voltage 

on the reactor, and the total charge transferred through the reactor. The latter is done by 

connecting a capacitor in series to the reactor and recording the voltage signal across 

this capacitor. After recording a full cycle of the applied voltage, a Q–U Lissajous 

figure can be obtained by plotting the charge against the voltage. The area that encircled 

by the figure equals to the discharge power. 
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Figure 2.5 Analysis of the Lissajous figure. 

2.2.2.  Gas Chromatography 

Gas chromatography (GC) is a well-established method to analyse the composition 

of gas samples. The analysis is consisted of the separation and detection of gaseous 

species. The separation of gas components in the sample is carried out in the column of 

GC. After being injected into the injection port, a gas sample is carried into the GC 

column by carrier gas (N2, He, or Ar). Sample molecules interact (adsorption and 

desorption) with the stationary phase which is coated on the inner surface or packed in 

the volume of the column. Depending on their characteristics, the species in the gas 

sample adsorb/desorb at different rate, and their retention times in the column become 

subsequently different. Therefore, gaseous species can be separated and identified 

according to their retention time. The affinity of gaseous species to the stationary phases 

strongly depends on the specification of the column such as the polarity and 

composition of stationary phase, the thickness of the stationary phase, the diameter and 

length of the column. The retention time of gases are also determined by operational 

parameters, including the type of carrier gas, the flow rate and pressure of carrier gas, 

and the temperature of the column. As a consequence, calibration is always necessary. 

And the calibration and measurements must be carried out under the same set of 

conditions for any application. The detection of separated sample species is carried out 

by passing the gas through various detectors. The detectors usually measure a single 

characteristic of the species such as number of carbon atoms or thermal conductivity of 

the species. The intensity of signals are calculated for the concentrations of the species.  
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A GC is commonly equipped with capillary columns, a TCD and/or an FID. The 

detectors will be introduced in the following sections. Sometimes, packed columns are 

also used in a GC. In this project, the GC was equipped with two columns of different 

types. Both columns were using Ar as carrier gas and were connected to TCD and FID. 

 

 

Figure 2.6 The flow configuration of GC in this project. 

2.2.2.1.  Flame ionisation detector 

FID is a standalone device that extensively used to measure the concentration of 

organic compounds in the sample flow. Inside of the FID in a GC, any organic 

compound in the carrier gas is brought to and combusted in a hydrogen flame. A cluster 

of ions that is proportional to the concentration of the organic matter is generated during 

the combustion. These ions are captured by an electric field and collected on the surface 

of an electrode, subsequently creating a signal. The FID is very sensitive for 

hydrocarbons and the amplitude of response is proportional to the number of carbon 

atoms in their molecules. However, FID is unable to detect H2, CO, and CO2. 

2.2.2.2.  Thermal conductivity detector 

The TCD is also called Katharometer, which monitors changes in the thermal 

conductivity of gas flowing through the sample column by comparing the signal from 

sample column with that from the reference column. The comparison relies on the 

sensitivity of a Wheatstone bridge responding to the change of resistance, while in a 

TCD that change of resistance results from the change of thermal conductivity of gas 

in sample column. Both the sample column and reference column contain a constantly 

heating filament in contact with the gas flow. The Wheatstone bridge is balanced when 
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both columns are filled with the same carrier gas. As soon as the thermal conductivity 

of gas flowing through the sample column changes (which is a result of different gas 

composition), the rate of loss of heat from the filament becomes different, then the 

temperature of the filament changes. This consequently alters the resistance of the 

filament and breaks the balance of the bridge circuit so that a signal is generated. 

However, the response of the filament to the concentration of gaseous species is usually 

non-linear, the calibration for each type of gas is required for actual applications. 

 

 

Figure 2.7 Schematic of a thermal conductivity detector. 

2.2.3.  X-ray diffraction 

X-ray diffraction (XRD) is an analytical technique for identifying the phase and 

crystalline structures of a material. The measurement is based on the interference 

between monochromatic X-ray and the finely ground granules of an unknown sample. 

The constructive interference and characterised reflection would occur when the 

incident radiation and the lattice properties of the sample satisfy Bragg’s Law, then the 

reflection is measured. By scanning the X-ray through an incident angle from 10° –80°, 

all the possible diffraction corresponding to the constructive reflection can be measured, 

due to the random orientation of crystalline surfaces of the sample grains. Scherrer’s 

equation is usually used to calculate the mean crystalline size of the sample: 

 

d = 
0.89λ

(β - β0) cos θ
       (1) 
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where d is the average volume diameter of the crystallite, λ is the wavelength of 

the incident X–ray, θ is the incidence angle of the X–ray with respect to the level surface, 

β is the width at half peak height in radians, and β0 is the instrumental line broadening. 

2.2.4.  Transmission electron microscopy 

Transmission electron microscopy (TEM) enables the observation and 

examination of fine detail on sample material at atomic level. In contrast to the 

conventional optical microscopy, whose resolution is limited by the diffraction of light 

radiation, TEM uses a beam of electrons to transmit through an ultra-thin film of sample 

material. By measuring the electrons interacted with the material, an image of the 

sample can be reconstructed. Although TEM is a well-established and widely accepted 

technique, there are still several concerns when using this method. For instance, 

extensive preparation is required to guarantee the sample film is thin enough and 

electron transparent. However the throughput of the sample films is usually low, while 

the field of view is also limited. Moreover, the sample is possibly damaged by the 

electron beam during measurement. 

2.2.5.  Thermogravimetric analysis 

Thermogravimetric analysis (TGA) is a thermal analytic method measuring the 

weight- change of samples at increasing temperatures. The weight-change, in most of 

the cases is weight-loss, relates to the progress of physical and chemical processes in 

response to the increasing temperature and/or elapsed heating-time. The physical 

processes include absorption, adsorption, desorption, and vaporisation, while the 

chemical processes include chemisorption-desorption, oxidation, reduction, 

decomposition, and gasification. It can also be used to determine the carbon deposition 

on the spent catalysts. During the measurement, the sample is gradually heated to a 

temperature up to 2000 °C while its weight is continuously monitored. The effluent gas 

is analysed by coupled infrared spectrometer or mass spectrometer (MS). A limitation 

for the TGA is that it is difficult to distinguish the individual processes and their 

contribution to the weight-change during the heating when such change results from 

several simultaneous-processes, for instance the decomposition of a metal nitrate salt 
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accompanied by the oxidation of metal species and desorption of gases in the sample 

grain. 

2.2.6.  Temperature-programmed reduction 

Temperature-programmed reduction (TPR) is usually used for the characterization 

of solid catalysts to investigate their reduction temperature and reducibility. The 

analysis is carried out with a U-shape tube, which is filled with sample catalyst, purged 

by inert gas, and placed in a temperature-programmed furnace. Hydrogen is added into 

the feed flow when the air in the tube is driven out, the furnace is subsequently turned 

on. The temperature of the sample is measured by a thermocouple, and the composition 

of the effluent gas is analysed by a GC coupled with TCD or MS. The hydrogen 

consumption corresponding to the reduction of the sample at a certain temperature is 

therefore measured and recorded. 

2.2.7.  N2 adsorption-desorption analysis 

This method is always used to determine the surface properties of solid materials, 

in terms of specific surface area, pore size, pore volume, and adsorption capacity. The 

method is based on the multi-layer adsorption of N2 and capillary condensation on the 

surface of the solid sample, which is well-described by the Brunauer-Emmett-Teller 

(BET) theory. The calculation of results is based on measuring the amount of N2 

adsorbed at different partial pressure of N2. It can also be used to determine the shape 

of pores on the surface of the sample material. 

2.3.  Definition of parameters 

All the following parameters were averaged values that were calculated from the 

GC signals of three parallel samples. For the plasma-catalytic CO2 hydrogenation, the 

conversion (X) of CO2 is defined as: 

 

XCO2 (%) = 
CO2 converted (mol)

CO2 input (mol)
 × 100   (2) 

 

The selectivity (S) and yield (Y) of the main products are calculated as: 
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SCO (%) = 
CO produced (mol)

CO2 converted (mol)
 × 100   (3) 

SCH4 (%) = 
CH4 produced (mol)

CO2 converted (mol)
 × 100   (4) 

YCO (%) = 
CO produced (mol)

CO2 input (mol)
 × 100   (5) 

YCH4  (%) = 
CH4 produced (mol)

CO2 input (mol)
 × 100   (6) 

 

The H2/CO2 molar ratio and carbon balance (B) are determined as follows: 

 

H2

CO2
 = 

H2 input (mol)

CO2 input (mol)
     (7) 

Bcarbon (%) = 
[CH4]out + [CO2]out + [CO]out

[CO2]in

 × 100  (8) 

 

The total energy efficiency for the production of CO and CH4, and the fuel 

production efficiency (FPE) of the process are determined as follows: 

 

E (mmol ����) = 
CH4 produced (mol ���) + CO produced (mol ���)

Power (W)
   (9) 

FPE (%) = 
LHVCO (J mol-1) × CO output (mol s-1) + LHVCH4 (J mol-1) × CH4 output (mol s-1)

LHVH2 (J mol-1) × H2 input (mol s-1) + power (W)
×10 (10)  

 

where power is the sum of plasma power and heating power. LHV is the lower 

heating value of fuels. The synergistic capability of plasma catalysis in percentage (SC) 

is calculated as [179]: 

 

SCζ (%) = 
ζp+c – ζp – ζc

ζp + ζc

 × 100    (11) 

 

where ζ can be the conversion of CO2, the yield of CO, the selectivity and yield of 

CH4, or the fuel production efficiency. The subscripts p+c, p, and c represent the results 

from plasma-catalysis, plasma alone, and thermal catalysis (catalyst only), respectively. 

 

For the biogas reforming, the conversion (X) of CH4 and CO2 are defined as: 

 

XCH4 (%) = 
CH4 converted (mol)

CH4 input (mol)
 × 100   (12) 
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XCO2 (%) = 
CO2 converted (mol)

CO2 input (mol)
 × 100   (13) 

 

The selectivity (S) and yield (Y) of the main products are calculated as: 

 

SCO (%) = 
CO produced (mol)

CO2 converted (mol) + CH4 converted (mol)
 × 100 (14) 

SH2 (%) = 
H2 produced (mol)

2 × CH4 converted (mol)
 × 100   (15) 

SCxHy (%) = 
x × CxHy produced (mol)

CO2 converted (mol)+CH4 converted (mol)
×100 (16) 

YCO (%) = 
CO produced (mol)

CO2 input (mol) + CH4 input (mol)
 × 100  (17) 

YH2 (%) = 
H2 produced (mol)

2 × CH4 input (mol)
 × 100   (18) 

YCxHy (%) = 
x × CxHy produced (mol)

CO2 input (mol)+CH4 input (mol)
×100  (19) 

 

The H2/CO molar ratio in the product is determined as: 

 

H2

CO
 = 

H2 produced (mol)

CO produced (mol)
     (20) 

 

The carbon balance of the process is defined as: 

 

Bcarbon (%) = 
[CH4]out + [CO2]out + [CO]out + 2 × [C2]out 

[CH4]
out

 + [CO]in

 × 100 (21) 

 

The energy efficiency for the conversion of CH4 or CO2, and the overall energy 

efficiency of the plasma dry reforming in terms of gas conversion are defined as 

 

ECH4 (mmol kJ-1) = 
CH4 converted (mol s-1)

Power (W)
   (22) 

ECO2 (mmol kJ-1) = 
CO2 converted (mol s-1)

Power (W)
   (23) 

E (mmol kJ-1) = 
CH4 converted (mol s-1) + CO2 converted (mol s-1)

Power (W)
 (24) 
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The fuel production efficiency (FPE) of biogas reforming [180] is defined as 

 

FPE (%) = 
LHVCO(J mol-1)×CO output (mol s-1)+LHVH2(J mol-1)×H2 output (mol s-1)

LHVCH4(J mol-1) × CH4 input (mol s-1) + discharge power (W)
×100 (25) 

 

The definition of synergy capacity (SC) of the plasma-catalytic methane reforming 

process is the same as that of plasma-catalytic CO2 hydrogenation. 
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Chapter 3.  Plasma-catalytic CO2 hydrogenation 

at low temperatures 

In this chapter, the plasma-catalytic CO2 hydrogenation has been investigated in a 

coaxial packed-bed DBD reactor at low temperatures and atmospheric pressure. The 

influence of H2/CO2 molar ratio and different catalysts (Cu/γ-Al2O3, Mn/γ-Al2O3 and 

Cu-Mn/γ-Al2O3) on the reaction performance of the plasma-catalytic CO2 

hydrogenation has been evaluated in terms of the conversion of CO2, the selectivity and 

yield of CO and CH4, and the energy efficiency for CO and CH4 production. 

3.1.  Experimental setup 

3.1.1.  Plasma reactor and catalyst 

A detailed explanation of the setup can be found in Chapter 2. In this chapter, the 

discharge power of the plasma process was fixed at 35 W. The temperature in the 

catalyst bed was less than 150 oC, measured by a fibre optical thermometer (Omega, 

FOB102). The reactants and products were analysed by a two-channel gas 

chromatograph (Shimadzu GC-2014) equipped with a flame ionisation detector and a 

thermal conductivity detector. 

The 8 wt.% Cu/γ-Al2O3, 8 wt.% Mn/γ-Al2O3, and 4 wt.% Cu- 4wt.% Mn/γ-Al2O3 

catalysts were prepared by wetness impregnation using nitrate salts (Alfa Aesar, 99.5%) 

as the metal precursors. Catalyst support (γ-Al2O3 beads, 1.5 mm in diameter) was 

added to the solution of nitrate salts. The mixture slurry was stirred at 80 oC for 4 hrs 

and then dried at 110 °C overnight, followed by calcination at 600 °C for 6 h. The 

supported catalyst beads (1.5 mm in diameter and 1 g in total) were packed into the 

reactor with 13.6 g BaTiO3 beads (1 mm in diameter). In the packed-bed DBD reactor, 

plasma could form in both the catalyst bed and packing material area. Filamentary 

discharges could be generated in the small gap between the bead–bead wall and the 
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bead–quartz wall, while surface discharges could form on the surface of beads near the 

contact points between the beads [181]. Prior to the plasma-catalytic CO2 

hydrogenation, the catalysts were reduced in an argon-hydrogen discharge at a 

discharge power of 7.5 W (50 ml min-1, 20 vol. % H2) for 30 minutes in the same DBD 

reactor. 

3.1.2.  Definition of parameters 

For the plasma-catalytic CO2 hydrogenation, the conversion (C) of CO2, the 

selectivity (S) and yields (Y) of the main products, the H2/CO2 ratio and carbon balance 

(B), and the energy efficiency (E) of the plasma CO2 hydrogenation process for CO and 

CH4 production are defined in Chapter 2. 

3.2.  Results and Discussion 

3.2.1.  Effect of H2/CO2 molar ratio 

Figure 3.1 shows the effect of different H2/CO2 molar ratios on the reaction 

performance of the plasma-catalytic CO2 hydrogenation over a Cu/γ-Al2O3 catalyst at 

a discharge power of 35 W. CO and H2O are the major products, whereas a small 

amount of CH4 and a trace amount of C2H6 and C4H10 (3-10 ppm) are also detected in 

the effluent. The conversion of CO2 increases almost linearly with the increase of the 

H2/CO2 molar ratio at a fixed flow rate (Figure 3.1(a)). For instance, the conversion of 

CO2 is increased from 8% to 11% when the H2/CO2 molar ratio is changed from 1:1 to 

2:1, and reaches the maximum of 22.5% when further increasing the H2/CO2 ratio from 

2:1 to 4:1. This result suggests that increasing H2 content in the reactant mixture 

significantly enhances the CO2 conversion. 

Figure 3.1(b) and (c) show that the H2/CO2 molar ratio affects the selectivity of 

CO and CH4. As the H2/CO2 molar ratio varies from 1:1 to 4:1, the CO selectivity 

slightly increases and reaches 90%, whereas the CO yield is tripled. However, the 

selectivity of CH4 achieves its maximum at the H2/CO2 ratio of 3:1. Further increasing 

the H2 content decreases the CH4 selectivity. These findings could be useful in the 

optimisation of the plasma-catalytic CO2 hydrogenation processes, since the conversion 

of CO2 and the production of CO and CH4 could be controlled by adjusting the H2/CO2 

molar ratio. The carbon balance of the plasma-catalytic process is very high (98.8%-
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99.6%), which can be confirmed by the formation of very low concentration of C2 and 

C4 by-products in the process. No carbon deposition has been observed in the DBD 

reactor. 

 

(a)                              (b) 

 

(c)                              (d) 

Figure 3.1 Effect of H2/CO2 molar ratio on plasma-catalytic CO2 hydrogenation 

over a 8 wt.% Cu/γ-Al2O3 catalyst. (a) Conversion of CO2. (b) Selectivity and yield of 

CO. (c) Selectivity and yield of methane. (d) Carbon balance (discharge power 35 W 

and total feed flow rate 34.6 ml min-1). 

 

Figure 3.2 shows the effect of the H2/CO2 molar ratio on the energy efficiency for 

CO and CH4 production. Increasing the H2/CO2 molar ratio significantly enhances the 

energy efficiency for CO production. By changing the H2/CO2 ratio from 1:1 to 4:1, the 

energy efficiency of CO production is enhanced by a factor of 2.4, which can be 

ascribed to the enhanced conversion of CO2 and CO yield when increasing the H2 
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content in the mixture feed gas. Similarly, the maximum energy efficiency for methane 

production is achieved at the H2/CO2 ratio of 3:1. 

 

 

Figure 3.2 Effect of H2/CO2 molar ratio on the energy efficiency of CO and CH4 

production. (8 wt.% Cu/γ-Al2O3, discharge power 35 W, and total feed flow rate        

34.6 ml min-1). 

3.2.2.  Effect of Catalysts 

Figure 3.3 shows the influence of different γ-Al2O3 supported metal catalysts on 

the performance of the plasma CO2 hydrogenation at a H2/CO2 molar ratio of 1:1. Mn 

is usually added to supported metal catalysts as a modifier or promoter to enhance 

catalyst activity and has rarely been reported in thermal-catalytic CO2 hydrogenation. 

In this chapter, the combination of DBD with the Mn/γ-Al2O3 catalysts significantly 

enhances the conversion of CO2 by 36% in the plasma CO2 hydrogenation compared 

with the plasma reaction without using a catalyst. Similar findings have been reported 

in the plasma-catalytic dry reforming reaction [98]. However, note the presence of the 

Cu/γ-Al2O3 catalyst in the DBD reactor only slightly improves the CO2 conversion by 

6.7%, whereas adding Mn into the Cu/γ-Al2O3 catalyst shows a better CO2 conversion 

compared with the Cu/γ-Al2O3 catalyst, though the performance of this bimetallic 

catalyst (Cu-Mn/γ-Al2O3) in the plasma-catalytic CO2 hydrogenation is still lower than 

when using the Mn/γ-Al2O3 catalyst. Cu-based catalysts are commonly used in the 

WGS reaction, as shown in (3) [182]. Using the Cu/γ-Al2O3 catalyst in the DBD reactor 

might promote the WGS reaction in the plasma-catalytic CO2 hydrogenation process, 

leading to a higher concentration of CO2 in the reactor and a lower apparent CO2 

conversion [98, 182]. For the Cu-Mn/γ-Al2O3 bimetallic catalyst, the addition of Mn 

into the Cu/γ-Al2O3 catalyst could partly cover the copper particles on the catalyst 
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surface, which might slow down the WGS reaction. In addition, the addition of Mn 

could promote the adsorption of CO2 by forming reactive carbonate species on the 

catalyst surface [72]. The combined effects contributes to a better catalytic activity of 

the Cu-Mn/γ-Al2O3 bimetallic catalyst comparing with the Cu/γ-Al2O3 catalyst. In this 

chapter, the maximum CO2 conversion of 10.2% is achieved in the plasma-catalytic 

reaction combined with the Mn/γ-Al2O3 catalyst at a H2/CO2 molar ratio of 1:1 and a 

discharge power of 35 W, as shown in Figure 3.3(a). 

 

WGS reaction:   CO + H2O → CO2 + H2   (3) 

 

 

(a)                              (b) 

 

(c)                              (d) 

Figure 3.3 Effect of catalysts on plasma-catalytic CO2 hydrogenation. (a) CO2 

conversion. (b) CO selectivity and yield. (c) CH4 selectivity and yield. (d) Energy 

efficiency for CH4 and CO production (Flow rate 34.6 ml min-1, discharge power 35 W, 

and H2/CO2 molar ratio 1:1). 
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The selectivity and yield of major gas products (CO and CH4) produced in the 

plasma-catalytic CO2 hydrogenation process are shown in Figure 3.3. The combination 

of plasma with these catalysts increases the selectivity and yield of CO. Compared with 

the plasma reaction in the absence of a catalyst, the presence of the Mn/γ-Al2O3 catalyst 

in the plasma process significantly increases the yield of CO by 114%, followed by the 

Cu-Mn/γ-Al2O3 bimetallic catalyst (91%), whilst placing the Cu/γ-Al2O3 catalyst in the 

DBD reactor increases the CO yield by 73%. In contrast, these catalysts show 

completely different activities for CH4 formation in the plasma-catalytic CO2 

hydrogenation. Only the Cu/γ-Al2O3 catalyst exhibits a higher CH4 selectivity 

compared with the plasma reaction without a catalyst. The integration of the DBD and 

Mn/γ-Al2O3 catalyst decreases the selectivity of CH4 by 6.3% (from 8% to 7.5%), while 

the use of the Cu-Mn/γ-Al2O3 catalyst in the plasma reactor decreases the selectivity of 

CH4 by 13.3%. The combination of DBD with the Cu-Mn/γ-Al2O3 catalyst could 

suppress the formation of CH4 in the RWGS reaction. These results suggest that 

different catalysts could be used to control the formation of desirable products. 

The energy efficiency for CO and CH4 production in the plasma reaction without 

a catalyst is 750 and 37.7 μg kJ-1, respectively, as shown in Figure 3.3(d). The presence 

of all three catalysts in the DBD reactor improves the energy efficiency of CO 

production. Packing the Mn/γ-Al2O3 catalyst in the plasma is found to improve the 

energy efficiency of CO production by 116%, while using the Cu-Mn/γ-Al2O3 and 

Cu/γ-Al2O3 catalysts in the DBD reactor increases the energy efficiency of CO 

production by 52% and 89.3%, respectively. The maximum energy efficiency of CO 

production (1620 μg/kJ) is achieved at a discharge power of 35 W and a total flow rate 

of 34.6 ml min-1 when the Mn/γ-Al2O3 catalyst is placed in the DBD reactor. Similarly, 

the combination of plasma with the Mn/γ-Al2O3 catalyst shows the best performance in 

terms of the energy efficiency for CH4 production. Note that the plasma-catalytic 

process does not always enhance the energy efficiency of the CO2 hydrogenation. In 

this chapter, compared with the plasma process without catalyst, the presence of the 

Cu/γ-Al2O3 in the DBD reactor only slightly increases the energy efficiency of CH4 

production by 6.6%, whereas combining the Cu-Mn/γ-Al2O3 catalyst with plasma 

slightly decreases the energy efficiency for CH4 production. 

Table 3.1 compares the performance of CO2 hydrogenation via thermal or plasma 

processes using different catalysts. All the listed values are cited or calculated from the 

literature. The performance of CO2 hydrogenation is significantly affected by a wide 
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range of operating parameters, such as the H2/CO2 molar ratio, total reactant flow rate, 

reaction temperature, and catalyst composition. Different supported metal catalysts 

have been investigated for the CO2 hydrogenation into CO or CH4. The reaction 

temperature in the plasma processes is much lower than that in thermal catalytic 

reactions. For instance, in this chapter, the reaction temperature in the plasma-catalytic 

CO2 hydrogenation process is less than 150 oC without using extra heating, whereas the 

operating temperatures in thermal-catalytic CO2 hydrogenation are between 260 oC and 

500 oC. The maximum CO selectivity and energy efficiency for CO production 

achieved in this chapter are comparable with those using either thermal or plasma 

processes. For example, Kano et al. investigated the CO2 hydrogenation in a radio-

frequency impulse plasma reactor without a catalyst and achieved a maximum CO 

selectivity of 80% [46]. However, it should be noted that their experiment was carried 

out using a much lower gas flow rate with a H2/CO2 molar ratio of 4:1 in a low-pressure 

plasma reactor. In this chapter, the performance of the plasma-catalytic CO2 

hydrogenation could be further optimized and enhanced by choosing suitable plasma 

sources with higher efficiency (e.g., pulsed DBD) and more active catalysts. 

3.3.  Summary 

The combination of plasma with the Cu/γ-Al2O3, Mn/γ-Al2O3, and Cu-Mn/γ-Al2O3 

catalysts enables the CO2 hydrogenation reactions to occur at low temperatures. The 

H2/CO2 molar ratio significantly affects the CO2 conversion, the yield of CO and CH4. 

Increasing the H2 content in the reactant mixture significantly increases the CO2 

conversion. Compared with the plasma CO2 hydrogenation in the absence of a catalyst, 

the combination of plasma with the catalysts enhances the conversion of CO2 by 6.7%-

36%, while the Mn/γ-Al2O3 catalyst shows the best catalytic activity for CO production, 

followed by the Cu-Mn/γ-Al2O3 and Cu/γ-Al2O3 catalysts. The presence of Mn/γ-Al2O3 

catalyst in the DBD reactor significantly enhances the yield of CO by 114%, compared 

with the plasma reaction without a catalyst. In addition, packing the Mn/γ-Al2O3 

catalyst into the plasma reactor is found to improve the energy efficiency of CO 

production by 116%, while using the Cu/γ-Al2O3 and Cu-Mn/γ-Al2O3 catalysts in the 

DBD reactor leads to an increase of 52% and 89.3%, respectively.   
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Table 3.1 CO2 hydrogenation using different processes.  

H2/CO2 
molar ratio 

Total flow rate 
(ml min-1) 

Process 
Reaction 
conditions 

Catalyst 
C(CO2) 
(%) 

S(CO)  
(%) 

Y(CO) 
(%) 

S(CH4) 
(%) 

Y(CH4) 
(%) 

Ref 

1 : 1 34.6 DBD 135 oC, 35 W Mn/Al2O3 10.2 77.7 7.9 7.5 0.76 This work 

1 : 1 (50% Ar) 100 Corona 150 oC, 5 W Pt-La/ZrO2 40 99 40 - - [69] 

4 : 1 20 RF impulse 2.4 Torr, 20 W - 20 80 16 20 4 [183] 

4 : 1 250 DBD 260 oC, 17 W Ni/Al2O3 85 - - 97 82 [56] 

1 : 1 (80% He) 25 Thermal 260 oC Pd/La2O3/Al2O3 0.6 - - 30 0.18 [44] 

4 : 1 166.7 Thermal 350  oC Cu/MSN a 3.3 21 69 79 2.6 [184] 

1 : 1 240 Thermal 400  oC NiO/CeO2 5 100 5 - - [185] 

4 : 1 10 Thermal 400  oC Rh/K/Al2O3 30 100 30 0 0 [49] 

4 : 1 0.2 Thermal 400 oC Ni/ZrO2/clay 57 - - 97 55 [50] 

4 : 1 50 Thermal 300 oC Ni-CeO2/Al2O3 70 0 0 99 70 [47] 

3.5 : 1 30 Thermal 350 oC Ce-Ni/Al2O3 80 0 0 100 80 [48] 

1 : 1 (60% He) 1 Thermal 500 oC  SCZT b ~1 - 0.0063 - - [186] 

2 : 1 15 Thermal & 
photocatalysis 

400 oC Au/TiO2 ~3 - - - - [187] 

aMSN: Mesostructured Silica Nanoparticles. 

bSCZT: Sr3CaZr0.5Ta1.5O8.75. 
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Chapter 4.  Plasma-catalytic CO2 hydrogenation 

at elevated temperatures 

In the previous chapter, hydrogenation of CO2 for the cogeneration of CO and CH4 

has been carried out in a coaxial dielectric barrier discharge (DBD) reactor with and 

without a catalyst at atmospheric pressure and low temperature. In this chapter, to 

understand the synergistic effect of plasma-catalysis, thermal catalytic hydrogenation 

of CO2 has been performed at 150 oC for comparison. The effect of the composition of 

catalyst and the effect of Ar as a dilution gas on the CO2 hydrogenation process under 

three different operating conditions (plasma only, plasma-catalysis and thermal 

catalysis) has been investigated in terms of the conversion of CO2, the selectivity and 

yield of target products (CO and CH4), and the fuel production efficiency of the process. 

The promotional effect of Ar on the electrical properties of the DBD, the synergistic 

effect of plasma-catalysis, and the individual contribution of plasma power and heating 

power on the hydrogenation are also discussed. 

4.1.  Plasma-catalytic CO2 hydrogenation for the generation of CO 

and CH4 in a dielectric barrier discharge reactor: Effect of 

argon addition 

4.1.1.  Experimental setup 

The experimental setup of this section is explained in Chapter 2. The discharge 

power was fixed at 30 W. A reactant mixture of H2 and CO2 with a H2/CO2 molar ratio 

of 4:1 was used and the Ar concentration was varied to 0, 30%, 50% and 60%. The total 

gas flow rate was 69.2 ml min-1. 15 wt.% Ni/Al2O3 catalyst was prepared by 

impregnation method using nitrate salt (Alfa Aesar, ACS reagents) as the metal 

precursor. Catalyst support (Al2O3 beads with a diameter of around 1.5 mm) was added 

to the solution of nitrate salt. The mixture slurry was continuously stirred for 1 hr and 
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impregnated for 3 hrs, then dried at 90 °C overnight, followed by calcination at 400 °C 

for 4 hrs. 0.4 g Ni catalyst was packed into the reactor and sandwiched by 2 g Al2O3 

beads. Prior to the plasma-catalytic CO2 hydrogenation, the catalyst was reduced in an 

argon-hydrogen discharge at a discharge power of 30 W (69.2 ml min-1, 20 vol. % H2) 

for 30 minutes in the same reactor. 

The DBD reactor was placed in a tube furnace, as explained in Chapter 2. In this 

section however, only for the thermal-catalytic process was the reactor heated by the 

tube furnace, while no extra heating was provided to the plasma process with or without 

a catalyst. The gas composition was analysed by a two-channel gas chromatograph 

(Shimadzu GC-2014). CO and CH4 were the major gas products in the plasma 

hydrogenation of CO2. Trace amount of saturated hydrocarbons C2H6 (40-110 ppm), 

C3H8 (2-20 ppm) and C4H10 (2-20 ppm) were also detected. 

4.1.2.  Definition of parameters 

An equivalent circuit developed from our previous work is used to simplify and 

describe the DBD system in this work [96]. As shown in Figure 4.1, ltotal is the length 

(100 mm) of the discharge area and lcat is the actual length of the catalyst bed containing 

gas, while lbed is the actual length (60 mm) of the packed bed, consisting of the Ni 

catalysts (black sphere), alumina beads (white sphere) and the gas in the bed. Ideally, 

considering the solid (packing material) and gas in the packed bed separately, two 

equivalent parameters lpacking and lgas,2 can be introduced. lpacking represents the 

equivalent length of the packed materials (Ni/Al2O3 catalyst and Al2O3 beads) 

excluding gas, while lgas,2 is the equivalent length of the gas in the packed bed. lgas,1 is 

used to describe the equivalent length of the gas outside of the packing bed.  

 

 

Figure 4.1 Equivalent circuit of the DBD-catalytic reactor.  
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The equivalent capacitance (before breakdown) of these parameters is denoted as 

Cpacking, Cgas,2 and Cgas,1, respectively, as shown in Figure 4.1. The capacitance of the 

quartz barrier is denoted as Cquartz. Ub is the breakdown voltage of the gas in the reactor, 

while the bidirectional diode represents the breakdown and discharge in the reactor. 

Since the diameter of Al2O3 beads is the same as the discharge gap (1.5 mm), it can be 

assumed that there was only one layer of packing materials (Ni catalyst and Al2O3) in 

the gap when they were tightly packed. In this circumstance, this configuration can be 

considered as a two-dimensional analogue of the Kepler conjecture and the fraction β 

of the volume packed with the Ni catalyst and Al2O3 beads is about 0.9 [188]. The 

relationship of these parameters is summarised below. 

 

lpacking = lbed × β      (1) 

lgas,2 = lbed – lpacking = ltotal – lpacking – lgas,1   (2) 

 

The values of the capacitances fit the following equations. 

 

1

Ctotal
 = 

1

Cquartz
+

1

Cgap
 = 

1

Cquartz
+

1

�Cgas,1+Cgas,2+Cpacking�
  (3) 

 

where Ctotal is the total capacitance of the reactor packed with catalysts and Al2O3, 

Cgap is the overall capacitance of the gap. Both parameters were calculated from the 

Lissajous figure [189]. Cgas,1, Cgas,2 and Cquartz were calculated from the following 

equation of cylindrical capacitors [190]: 

 

Ci = 
2πε0εili

ln(di+xi)– ln di
      (4) 

 

where ε0 is the dielectric constant of vacuum (8.85 × 10-12 F m-1). εi, li, di and xi are 

the relative dielectric constant, the (equivalent) length, the inner radius and thickness 

of the corresponding material (Figure 4.1), respectively. Here εquartz is 4.65 [191], while 

εgas is 1 because the relative dielectric constants of Ar, H2 and CO2 are close to unity 

[192-194]. The overall relative dielectric constant of the packing material (Ni/Al2O3 

and Al2O3 beads) εpacking is unknown, because the Ni particles supported on Al2O3 have 
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changed its surface properties. However this parameter can be determined via Cpacking 

and Lissajous figure. 

As explained in our previous work [96], the charge transferred through the reactor 

(Qpp) can be measured by the capacitor Cext, while the charge transferred during the 

discharge (Qd) and the charge transferred from one electrode to the other (Qtrans) can be 

calculated via the Lissajous figure. The voltage applied on the reactor, the discharge 

gap, the quartz wall, two parts of gas in the gap namely lgas,1 and lgas,2, are presented as 

U, Ugap , Uquartz, Ugas,1 and Ugas,2, respectively. Thus: 

 

Ugap = Ugas,1 = Ugas,2      (5) 

Ugap = U – Uquartz = U – 
CextUext

Cquartz
    (6) 

 

where Uext is the voltage across the external capacitor.  

For the plasma-catalytic CO2 hydrogenation, the conversion (X) of CO2, the 

selectivity (S) and yield (Y) of the main products CO and CH4, the H2/CO2 molar ratio 

in the product, the carbon balance (B), the fuel production efficiency (FPE) of the 

process and the synergistic capability of plasma catalysis in percentage (SC) [179] are 

defined in Chapter 2. 

4.1.3.  Effect of Ar on CO2 hydrogenation 

Figure 4.2 shows the influence of argon content on the conversion of CO2 at the 

same temperature of 150 oC under different process conditions. Without using plasma, 

it is almost impossible to convert CO2 or H2 at such a low temperature in the thermal 

catalytic hydrogeneration of CO2 (R3 and R4) [55, 195]. In the plasma process without 

a catalyst, the conversion of CO2 significantly increases from 18.3% to 38.0% when 

increasing the Ar content from 0 to 60%. Similarly, in the plasma-catalytic 

hydrogeneration of CO2, the CO2 conversion is almost doubled (from 29.1% to 56.1%) 

when increasing the Ar content from 0 to 60%, while the carbon balance remains 

constant at 99%. Clearly, the presence of Ar in the plasma process has a positive effect 

on the conversion of CO2. 
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Figure 4.2 Effect of Ar content on CO2 conversion using different process 

conditions at 150 oC. (H2/CO2 = 4: 1, total flow rate 69.2 ml min-1, and discharge power 

of DBD 30 W).  

 

The addition of Ar decreases the concentration of CO2 and H2 in working gas, 

although the specific input energy is kept the same. The addition of Ar in the mixture 

gas (CO2 + H2) increases the average first townsend ionisation coefficient of the feed 

gas, which makes the discharge form more easily. Ramakers et al. calculated the 

electron density, mean electron energy and rate constant relating to the dissociation of 

CO2 in a DBD plasma [196]. They found that all these values increased when adding 

Ar in the CO2 DBD. The ionisation of Argon requires a much higher electron energy 

(15.76 eV) than that for the excitation of Argon such as 11.55 eV for Ar (4s3P2) and 

11.72 eV for Ar (4s´3P0) [197]. Thus, Ar is more likely to be excited to its metstable 

state (R5) rather than being ionised. The presence of metastable Ar species (Ar*) could 

create new reaction pathways for the dissociation of CO2 and H2 in the plasma-

hydrogenation of CO2, as shown in reaction R6 and R7 [197-199]. All these effects 

contribute to the enhanced conversion of H2 and CO2 when increasing the Ar content 

in the Ar/CO2/H2 DBD.  

 

e− + CO2 → CO + O + e−    (R3) 

e− + H2 → H + H + e−     (R4) 

e− + Ar → e− + Ar*      (R5) 

Ar* + CO2 → CO + O + Ar    (R6) 

Ar* + H2 → H + H + Ar    (R7) 
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In addition, compared with the plasma reaction without a catalyst, the combination 

of the plasma with the Ni catalyst significantly enhances the conversion of CO2 by 

16%–60%. Increasing the Ar content in the feed also enhances the conversion of CO2. 

The presence of Ar in the CO2 DBD leads to a more uniform discharge, which might 

increase the contact area between the plasma and catalyst, and consequently enhances 

the plasma-catalyst interactions and plasma-assisted surface reactions. It is also worth 

noting that the CO2 conversion in the plasma-catalytic hydrogenation of CO2 is always 

higher than the sum of the CO2 conversion in the plasma reaction without a catalyst and 

that of the thermal-catalytic reaction at the same temperature. These results clearly 

show a low temperature synergistic effect of plasma-catalysis, resulting from the 

interactions between the plasma and Ni/Al2O3 catalyst in the plasma-catalytic reaction. 

The selectivity and yield of CO and CH4 under different conditions are shown in Figure 

4.3. Neither CO nor CH4 is detected in the thermal catalytic hydrogeneration of CO2 at 

150 oC, due to the very low conversion of CO2 at such a low temperature. In the plasma 

reaction without a catalyst, increasing the Ar content from 0 to 60% significantly 

enhances the selectivity of CH4 by 85%. By contrast, the selectivity of CO is almost 

constant when changing the Ar concentration in the CO2 DBD. This phenomenon 

suggests that the presence of Ar* in the reaction might create new reaction routes for 

the formation of CH4, resulting in the enhanced CH4 selectivity and slightly decreased 

CO selectivity when increasing the Ar content. 

To understand the reaction pathways for the formation of CH4 in the plasma 

hydrogenation of CO2, a zero-dimensional chemical kinetics model to simulate the 

plasma chemistry in the CO2/H2 DBD has been developed. In this model, the time 

evolution of the density of species is calculated based on the production and loss terms, 

as defined by the chemical reactions. The electron temperature is calculated with an 

energy balance equation, while the rate coefficients of the electron impact reactions are 

calculated in a Boltzmann equation model, as a function of the electron temperature 

and cross-section of target species [195]. The plasma chemistry used in the model is 

based on the plasma chemistry set established in the literature [200]. The reactions can 

be found in the appendix. Figure 4.4 shows the possible major reactions for the 

formation of CH4 in the plasma process.  
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(a)                              (b) 

 

 

 

(c)                              (d) 

Figure 4.3 Effect of Ar content on: (a) CH4 selectivity; (b) CO selectivity; (c) CH4 

yield and (d) CO yield in the hydrogenation of CO2 at 150 oC. (H2/CO2 = 4: 1, total 

flow rate 69.2 ml min-1, and discharge power of plasma 30 W).  

 

In the plasma hydrogenation of CO2 without a catalyst, CH4 is mainly formed from 

CO as described in reaction R8–R10 [201]. CH has been considered the most important 

precursor for the formation of CH4. The plasma modelling shows that CH radicals are 

mainly generated through the reaction of carbon with H2 (R11), while carbon could be 

produced from the dissociation of CO by electrons and Ar* (R13 and R14). The rate 

coefficient of reaction R12 to form CH2 directly from carbon and H2 is significantly 

lower than that of reaction R11 [202, 203]. The reaction of CO with H can produce 

HCO intermediate (R15) [204]. However, further hydrogenation of HCO can easily 

happen to produce H2 and CO [205]. The rate coefficient of this reaction (R16) is similar 
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to that of reaction R15. The formation of CH from CHO is very difficult in the gas-

phase reaction. 

The selectivity of CH4 is significantly lower than the CO selectivity as the 

dissociation of CO to form carbon is weak. In addition, no carbon deposition is 

observed in the DBD reactor as the formed carbon can react with H2 to form CHx 

species due to the high H2/CO2 ratio. The presence of Ar* could also contribute to the 

dissociation of CO to generate carbon (R14), which might explain the enhanced CH4 

formation with a higher Ar content in the reactants.  

 

CH + H2 → CH2 + H      (R8) 

CH2 + H2 → CH3 + H      (R9) 

CH3 + H + M → CH4 + M     (R10) 

C + H2 → CH + H      (R11) 

C + H2 → CH2      (R12) 

e− + CO → C + O + e−     (R13) 

Ar* + CO → C + O + Ar     (R14) 

H + CO + M → HCO + M      (R15) 

HCO + H → H2 + CO      (R16) 

 

 

Figure 4.4 Major reaction pathways of CH4 formation in the plasma-driven CO2 

hydrogenation. 

 

Compared with the plasma hydrogenation of CO2 without a catalyst, the coupling 

of DBD plasma with the Ni/Al2O3 catalyst further enhances the selectivity of CH4 due 

to the creation of new reaction routes over the surface of the Ni/Al2O3 catalyst. A 

synergistic effect between the plasma and catalyst on the selectivity of CH4 can be 
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clearly identified. The selectivity of CH4 in the plasma-catalytic CO2 hydrogenation 

(Sp+c) is always larger than the sum of the CH4 selectivity in the plasma-alone and 

catalysis-alone processes (Sp+c > Sp + Sc). However, the presence of the Ni/Al2O3 

catalyst in the plasma-hydrogenation of CO2 has a weak effect on the selectivity of CO. 

The reaction mechanisms proposed for catalytic CO2 methanation over a Ni catalyst 

involve the conversion of CO2 to CO, and subsequent reactions following the same 

mechanism as CO methanation [35]. In the plasma-catalytic CO2 hydrogenation, the 

adsorbed CO can originate from the dissociation of CO2 in the gas phase (R3) [55] or 

the dissociation of adsorbed CO2 on the catalyst surface (R17 and R18) [206, 207]. It 

has been proposed that CH4 can be formed from the formation of the CHO intermediate 

(R19) and its hydrogenation (R20, R24 and R25) [208], or the formation of surface 

carbon in CO dissociation (R21 and R22) and its interaction with hydrogen (R23–R25) 

[35, 206].  

 

CO + M → COads      (R17) 

CO2, ads → COads + Oads     (R18) 

COads + Hads → CHOads     (R19) 

CHOads → CHads + Oads     (R20) 

COads → Cads + Oads      (R21) 

2 COads → Cads + CO2, ads     (R22) 

Cads + Hads → CHads      (R23) 

CHads + Hads → CH2, ads     (R24) 

CH2, ads + 2 Hads → CH4     (R25) 

 

 

Figure 4.5 Possible major reactions for the formation of CH4 on the Ni/Al2O3 

catalyst. 
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The yield of CH4 and CO increases with the Ar content in the plasma process with 

or without the Ni/Al2O3 catalyst. For instance, increasing the Ar content from 0 to 60% 

significantly enhances the CH4 yield by 250% in the plasma-catalytic process, while 

the CO yield is only increased by 85.6%. Placing the Ni/Al2O3 catalyst in the DBD also 

enhances the yield of CH4 and CO compared with the plasma reaction in the absence 

of the Ni catalyst. A significant synergistic effect between the plasma and the Ni 

catalyst on the yield of CH4 and CO can be clearly identified in Figure 4.3.  

 

 

Figure 4.6 Effect of Ar content on the yield of gas products (CO/CH4) and CO/CH4 

molar ratio in the plasma-catalytic CO2 hydrogenation process. (H2/CO2 = 4: 1, total 

flow rate 69.2 ml min-1, and discharge power of plasma 30 W).  

 

Figure 4.6 shows the influence of changing the Ar content on the yield of CO and 

CH4, and the CO/CH4 molar ratio in the product during the plasma-catalytic CO2 

hydrogenation. The yield of CH4 changes more quickly than that of CO when increasing 

the Ar content up to 60%. Thus, raising the Ar content from 0 to 60% significantly 

reduces the CO/CH4 molar ratio from 24 to 12. It is known that using different catalysts 

can control the selectivity of target products and change the distribution of different 

products in a chemical reaction. This interesting phenomenon suggests that the molar 

ratio of CO/CH4 in the plasma-catalytic hydrogenation of CO2 can also be controlled 

by changing the Ar content. 

Figure 4.7 compares the fuel production efficiency of CO2 hydrogenation under 

different process conditions. Clearly, the combination of the DBD with the Ni catalyst 

shows a higher fuel production efficiency due to the plasma-catalytic synergy. In the 
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plasma-catalytic hydrogenation of CO2, increasing the Ar content slightly enhances the 

fuel production efficiency of the process. By contrast, the fuel production efficiency of 

the plasma reaction without the Ni catalyst reaches a maximum at an Ar content of 30%, 

then decreases with further increasing of the Ar content. The different evolutions of the 

fuel production efficiency between the plasma-catalytic process and plasma process 

when changing the Ar content might be attributed to the following effects. The addition 

of Ar decreases the CO2 and H2 content in feed gas since the total flow rate is fixed. At 

a higher Ar content (e.g. > 30%), some of the input energy might go in to the ionisation 

of Ar rather than the conversion of CO2. However, in the plasma-catalytic reaction, 

higher Ar content leads to a more uniform discharge, which significantly enhances the 

interactions between the plasma and Ni/Al2O3 catalyst and consequently the reaction 

performance of the plasma-catalytic hydrogenation of CO2. This effect is predominant 

over the waste of input energy (due to higher Ar content) in the plasma-catalytic process.  

 

 

Figure 4.7 Effect of Ar content on the energy efficiency of CO2 hydrogenation 

under different process conditions. (H2/CO2 = 4: 1, total flow rate 69.2 ml min-1, 

discharge power of plasma 30 W, and temperature 150 oC).  

 

4.1.4.  Effect of Ar on the plasma-catalytic synergy 

Synergistic capacity is used to quantify the reaction performance of the plasma-

catalytic hydrogenation of CO2, compared with that using plasma alone or catalyst 

alone at the same temperature (150 oC), as shown in Table 4.1. The plasma-catalytic 

synergy in terms of the conversion of CO2, the selectivity and yield of CO and CH4 and 
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the energy efficiency of the process can be clearly seen even without Ar (0%) in the 

feed gas. For instance, in the plasma-catalytic hydrogenation of CO2 without Ar, the 

conversion of CO2 is 59.6% larger than the sum of the CO2 conversion using the plasma 

hydrogenation (without catalyst) and thermal catalysis (without plasma) at the same 

temperature. The most significant plasma-catalytic synergy is highlighted by the yield 

of CH4, which has a synergistic capacity of 132% in the absence of Ar and reaches a 

peak value of 166% at an Ar content of 50%. The synergistic capacity of the plasma-

catalytic process is significantly enhanced when increasing the Ar content from 30% to 

60%. As discussed previously, the combination of plasma and Ni catalyst has a more 

significant effect on the enhanced reaction performance (conversion, selectivity, yield 

and energy efficiency) compared with the plasma reaction without the Ni catalyst at a 

higher Ar content (> 30%). Enhanced contact area between the plasma and catalyst and 

the resulting strong interactions between them when increasing the Ar content from 30% 

to 60% could be the main driving force for the significant synergistic capacity of the 

plasma-catalytic process, although increasing the Ar content wastes energy due to the 

excitation and ionisation of Ar atoms. 

 

Table 4.1 Effect of Ar content on the synergistic capacity (SC) of the processes. 

(H2/CO2 = 4: 1, total flow rate 69.2 ml min-1, discharge power of plasma 30 W, and 

temperature 150 oC). 

Ar (%) SCC (%) 
SCY (%) 

SCS (%) SCFPE (%) 
CH4 CO Total 

0 59.6 132 57.3 45.6 59.5 17.1 

30 16.2 42 15.3 16.3 21.9 6.5 

50 50.0 166 45.2 49.9 77.5 32.2 

60 47.7 100 44.5 47.6 35.5 20.8 

 

4.1.5.  Effect of Ar on electrical properties of the DBD 

Figure 4.8 shows the Lissajous figures of the plasma-catalytic CO2 hydrogenation 

with different Ar contents at the same discharge power of 30 W. Although the size of 

the Lissajous figures change with the Ar content, the gradient of the edges of the 

parallelograms is maintained when changing the Ar content from 0 to 50%. Various 
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electrical properties of the DBD can be calculated through the Lissajous figure, 

including Ctotal, Ceff (measured from the gradient on the Lissajous figure), Ub, Qpp, Qd 

and Qtrans. Theoretically, the effective capacitance Ceff is equal to the capacitance of the 

dielectric material (i.e. Cquartz) when the discharge gap is “fully bridged” by the 

discharge. However, if the gap is not “fully bridged” and fails to transfer all of the 

charge accumulated on the dielectric material, partial discharging occurs and the value 

of Ceff could be smaller than Cquartz [30]. Table 4.2 shows that the Ar content has a very 

weak effect on the effective capacitance of the DBD reactor and the properties of 

charges. However, the calculated Ceff (around 139 pF) is lower than the Cquartz calculated 

by Equation 6 (154 pF), which suggests the occurrence of partial discharging. The 

energy-efficiency of the plasma reaction decreases when partial discharging occurs, due 

to the presence of charge residue on the dielectric layer. As the Ar content increases, 

the slightly increased effective capacitance of the reactor (Ceff) suggests that more 

power is injected into the plasma for chemical reactions rather than deposited and 

‘wasted’ on the dielectric surface. This finding agrees with the enhanced CO2 

conversion and yield of CH4 and CO when increasing the Ar content in the reactants.  

 

 

Figure 4.8 Effect of Ar content on Lissajous figures of the DBD in the plasma-

catalytic CO2 hydrogenation process. (H2/CO2 = 4: 1, total flow rate 69.2 ml min-1, and 

discharge power of plasma 30 W). 

 

The equivalent relative dielectric constant of the packing materials is different 

from the relative dielectric constant of pure NiO and Al2O3 (see Definition section). 

However it is difficult to measure the equivalent relative dielectric constant of the 

packing materials (including the Ni catalyst and pure alumina) εpacking in a DBD reactor, 
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especially when εpacking is simultaneously affected by the gas gap in packing, the 

composition of the catalyst, the loading and redox status of supported metal and the 

working status of plasma. However in this work, by solving the formula of Ctotal, Cquartz 

and Cgap in Equation 6, the equivalent εpacking can be estimated as 0.79. This value is 

much smaller than the relative dielectric constant of Al2O3 (9 to 10), implying that the 

deposition of Ni particles on the surface of Al2O3 beads significantly changes its 

dielectric constant. 

As described previously, Qpp, Qd and Qtrans evaluate the charge transferred through 

the DBD reactor during one “discharge off” phase and one “plasma on” phase. A slight 

increase (~1.5%) is observed for all these parameters when changing the Ar content. 

The change is almost neglectable, although such phenomenon is reasonable, since the 

discharge power is kept at 30 W. Increasing the Ar content slightly decreases the 

applied voltage Upp (Figure 4.9) and accordingly increases the discharge current; thus 

assisting the charge transfer. The increased discharge current is reflected by the 

increased Qd, and the enhanced charge transfer can be evidenced by the enlarged Qtrans, 

as summarised in Table 4.2.  

 

Table 4.2 Effect of Ar content on the capacitances of the reactor and charges in the 

plasma-catalytic CO2 hydrogenation. (H2/CO2 = 4: 1, total flow rate 69.2 ml min-1, and 

discharge power of plasma 30 W). 

Ar content (%) Ceff (pF) Ctotal (pF) Qpp (μC) Qd (μC) Qtrans (μC) 

0 138.2 27.8 1.35 1.21 0.93 

30 139.1 27.2 1.37 1.23 0.99 

50 139.4 27.8 1.40 1.25 1.03 

 

Figure 4.9 shows the effect of the Ar content on the peak-to-peak voltage and 

breakdown voltage of the DBD in the presence of the Ni catalyst. At a constant 

discharge power, increasing the Ar content from 0 to 50% slightly decreases the Upp 

(from 14.7 to 14.1 kV), which suggests that the discharge current would increase with 

increasing Ar content at a fixed discharge power, and contribute to the enhanced CO2 

conversion at a higher H2 content. The breakdown voltage Ub also decreased from 3.1 

to 2.6 kV when increasing the Ar content from 0 to 50%. As mentioned previously, the 

addition of Ar increases the average first Townsend ionisation coefficient α of the feed 
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gas. Auriemma et al. calculated the Townsend coefficient of a gas mixture with various 

Ar/CO2 molar ratios. They found that the coefficient of the gas mixture significantly 

increases with the Ar concentration [209]. In addition, as CO2 is an electro-negative 

gas, the introduction of Ar lowers the chance of free electron attachment on CO2 

molecules, facilitating the acceleration of free electrons [196]. Moreover, the increasing 

amount of Ar decreases the average dielectric strength of the working gas [210]. As a 

consequence of all these factors, the feed gas between the electrodes would electrically 

breakdown at a lower voltage Ub, and the DBD plasma would also be sustained at a 

lower voltage Upp. 

 

 

Figure 4.9 Effect of Ar content on breakdown and peak-to-peak voltages of the 

DBD in the plasma-catalytic hydrogenation. (H2/CO2 = 4: 1, total flow 69.2 ml min-1, 

and discharge power of plasma 30 W).   

 

4.2.  CO2 hydrogenation using a Ni/Al2O3 catalyst in a temperature 

controlled DBD reactor 

In this section, hydrogenation of CO2 to CO and CH4 has been carried out in a 

coaxial DBD reactor with and without a Ni/Al2O3 catalyst at atmospheric pressure and 

elevated temperature to understand the temperature dependence of the plasma-catalytic 

hydrogenation process. Ar was used as dilution gas according to the results in the 

previous section. The effect of temperature on the CO2 hydrogenation process under 

three different operating conditions (plasma only, plasma-catalysis and thermal 

catalysis) has been investigated in terms of the conversion of CO2, the selectivity and 
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yield of CO and CH4 products and the energy efficiency of the process. The individual 

contribution of DBD plasma and external heating to the performance of plasma-

catalytic CO2 hydrogenation is also discussed. 

4.2.1.  Experimental setup 

The setup was very similar to that in the previous section. In the current case, the 

H2: CO2: Ar molar ratio in the feed gas was 4: 1: 5. The total feed flow rate was fixed 

at 69.2 ml min-1.  

30 wt.% Ni/Al2O3 catalyst was prepared by the impregnation method. Ni(NO3)2 

(Alfa Aesar, ACS reagents) and Al2O3 were used as the metal precursors and support 

respectively. After calcination at 400 oC for 5 hrs, weighed support was added into the 

solution of precursors, well-mixed and impregnated for 3 hrs, then dried at 90 °C 

overnight, followed by calcination at 540 °C for 3 hrs. This calcination temperature was 

chosen to guarantee the catalyst being stable at high temperatures. 0.4 g of granular 

catalyst was packed and sandwiched into the reactor with quartz wool. Prior to the 

plasma-catalytic hydrogenation, the catalyst was reduced in an argon-hydrogen 

discharge at an input power of 40 W (50 ml min-1, 20 vol. % H2) for 40 minutes in the 

same DBD reactor. 

The input power of the plasma was measured by a power meter connected between 

the power supply and mains. The input power was kept at 38 W when investigating the 

effect of temperature on CO2 hydrogenation, and the temperature for all three 

conditions was controlled by adjusting the input power of external heating, monitored 

by a fibre optic thermometer (FOB102). When investigating the contribution of plasma 

power and heating power to CO2 hydrogenation, the temperature was kept at 320 oC for 

all three conditions, and both of the input power of DBD plasma and external heating 

were adjusted. 

Definitions of the conversion (X) of CO2, the selectivity (S) and yield (Y) of the 

main products, the H2/CO2 molar ratio and carbon balance (B), the total energy 

efficiency (E) and fuel production efficiency (FPE) of the process can be found in 

Chapter 2. 
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4.2.2.  XRD and N2 adsorption–desorption analysis 

Figure 4.10 shows the XRD patterns of the support and catalyst. Three major 

diffraction peaks located at 2θ = 37.6°, 45.9° and 67.0° can be observed on the figure, 

corresponding to the cubic structure of alumina crystallite (JCPDS 10–425) [37]. The 

diffraction peaks corresponding to NiO crystallite (JCPDS 1–75–197) can also be 

clearly seen on the XRD pattern of the Ni/Al2O3 catalyst [98].  

 

 

Figure 4.10 XRD patterns of the support and catalyst. (▽ NiO, ◆ Al2O3) 

 

Table 4.3 shows the surface properties of the support and the catalyst. The BET 

specific surface area of the Al2O3 support was 174.6 m2 g-1. For comparison, the specific 

surface area of Ni/Al2O3 catalyst decreased to 105.5 m2 g-1, due to the coverage of the 

support’s surface by NiO. This can be evidenced by the decreased total pore volume on 

the Ni/Al2O3 catalyst. 

 

Table 4.3 Physicochemical characteristics of the fresh catalyst. 

Catalyst SBET (m2 g-1) Total pore volume (cm3 g-1) Average pore size (nm) 

Al2O3 174.6 0.44 4.9 

Ni/Al2O3 105.5 0.28 4.9 

 

4.2.3.  TPR analysis of the Ni/Al2O3 catalyst 

The reducibility is very important for the reactivity and performance of a catalyst 

in CO2 hydrogenation with or without a plasma. The TPR result of Ni/Al2O3 catalyst 



Chapter 4. Plasma-catalytic CO2 hydrogenation at elevated temperatures 

71 
 

shows a broad feature with the first peak located at 440 oC (Figure 4.11), recognised as 

the reduction of bulk NiO. The overlapping peak locates at 590 °C corresponds to the 

reduction of less active NiO. Compared to bulk NiO, the higher reduction temperature 

of less active NiO was due to its interaction with the Al2O3 support [120]. This portion 

of NiO is more difficult to be reduced due to their interaction with the support.  

 

  

Figure 4.11 TPR profile of the Ni/Al2O3 catalyst. 

 

4.2.4.  Effect of temperature on the CO2 hydrogenation 

Figure 4.12 shows the effect of temperature on the CO2 hydrogenation process. In 

the plasma hydrogenation without a catalyst, the conversion of CO2 decreased from 

25.2% to 19.6% when the temperature increased from 260 oC to 500 oC. Probably 

resulting from the change of discharge-mode in response to the increased temperature. 

Atmospheric-pressure DBD plasma can be operated in filamentary, patterned or 

completely diffuse mode, depending on the composition of feed gas, the surface 

properties of the dielectric layer and the operational conditions [211]. The temperature 

of the feed gas and reactor determines the discharge-mode, and consequently affecting 

the properties of corresponding plasma and plasma-driven reactions, such as the 

conversion of feed gas, the burning voltage and discharge power of plasma [212-214]. 

For the same reason, in this chapter, the discharge-mode of the plasma was expected to 

transform when the temperature increased. Subsequently the conversion of CO2 

decreased when the temperature increased.  
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In thermal catalytic hydrogenation, CO2 was only effectively converted when the 

temperature was above 350 oC. The CO2 conversion increased quickly when the 

temperature was higher than 320 oC and achieved its maximum (61.1%) at 380 oC. The 

CO2 conversion started to decrease when the temperature further increased, ascribed to 

the limitation of thermodynamic equilibrium. However, the CO2 conversion was still 

approaching the equilibrium value during the same process, suggesting that the reaction 

rate of catalytic hydrogenation was promoted at elevated temperatures. It can be 

concluded that the thermal-catalytic conversion of CO2 in this work was highly 

dependent on temperature and the optimal temperature was above 350 oC.  

 

 

Figure 4.12 CO2 conversion during the CO2 hydrogenation. (H2/CO2 = 4:1, total 

flow rate 69.2 ml min-1, and Ar content 50%)  

 

In the plasma-catalytic CO2 hydrogenation, the conversion of CO2 was enhanced 

compared to the plasma-alone process, and increased from 27.2% to 67.9% when the 

temperature increased from 260 oC to 500 oC. Interestingly, when the temperature was 

lower than 320 oC, the CO2 conversion of plasma-catalytic hydrogenation was larger 

than the sum of those obtained in plasma alone and thermal catalytic hydrogenation, 

clearly indicating the synergy between plasma and catalyst at this temperature. When 

the temperature was lower than 360 oC or higher than 440 oC, the plasma-catalytic 

hydrogenation achieved higher CO2 conversion than thermal catalysis. 
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(a)                              (b) 

 

(c)                              (d) 

Figure 4.13 Effect of temperature on CO2 hydrogenation: (a) Selectivity of CH4; 

(b) Selectivity of CO; (c) Yield of CH4; (d) Yield of CO. (H2/CO2 = 4:1, total flow rate 

69.2 ml min-1, and Ar content 50%)  

 

Figure 4.13 shows the influence of temperature on the selectivity and yield of CH4 

and CO. When the CO2 hydrogenation was performed without a catalyst, the selectivity 

of CO was always above 96%, regardless of temperature, suggesting that CO was the 

prominent product of this plasma-driven reaction. Notably, the yield of CO slightly 

decreased when the temperature increased, ascribing to the temperature dependence of 

CO2 conversion. In the thermal catalytic hydrogenation process, the selectivity of CH4 

decreased from 99.9% to 82% when the temperature increased from 260 oC to 500 oC, 

due to the limitation of thermodynamic equilibrium. Although the selectivity of CH4 

was nearly 100% at temperatures below 260 oC, the actual yield of CH4 was very low 
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due to the poor conversion of CO2. For comparison, both of the selectivity and yield of 

CO were nearly 0% below 320 oC. The increased temperature showed a limited 

enhancement on the production of CO. Remarkably, the CH4 selectivity of thermal 

catalytic hydrogenation was always higher than that of plasma-catalytic hydrogenation, 

suggesting that the Ni/Al2O3 catalyst particularly improved the methanation of CO2, 

while the plasma process might be more suitable for the production of CO. In the 

plasma-catalytic CO2 hydrogenation, the elevated temperature significantly increased 

selectivity and yield of CH4, due to the temperature dependence of the Ni/Al2O3 catalyst. 

In other words, the catalytic CO2 methanation as explained in Figure 4.5 was promoted 

at elevated temperatures. 

Figure 4.14 shows the effect of temperature on the total energy efficiency for the 

production of CH4 and CO and the fuel production efficiency of the CO2 hydrogenation 

process. In the plasma-driven hydrogenation process without a catalyst, the efficiency 

decreased when the temperature increased, attributed to decreased CO2 conversion. For 

comparison, the energy efficiency of thermal catalytic hydrogenation exhibited a 

temperature dependence. The total energy efficiency increased quickly with the 

temperature and achieved its maximum of 0.034 mmol kJ-1 at 340 oC, while the fuel 

production efficiency exhibited a very similar pattern and achieved its maximum of 2.5% 

at the same temperature of 340 oC. In a narrow temperature range between 370 oC and 

440 oC, the thermal catalytic CO2 hydrogenation achieved the best total energy 

efficiency and fuel production efficiency among all the three operational conditions. In 

the plasma-catalytic CO2 hydrogenation, the total energy efficiency decreased from 

0.034 to 0.027 mmol kJ-1 when the temperature increased from 260 oC to 500 oC, while 

the fuel production efficiency firstly increased from 1.0% and achieved its maximum 

of 2.0% at 440 oC, then slightly decreased to 1.7% at 500 oC. A summary of energy 

efficiency can be found in Table 4.6. 
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(a)                              (b) 

Figure 4.14 (a) Total energy efficiency and (b) fuel production efficiency of the 

CO2 hydrogenation. (H2/CO2 = 4:1, total flow rate 69.2 ml min-1, and Ar content 50%)  

 

4.2.5.  Contribution of heating and plasma power on plasma-catalytic CO2 

hydrogenation 

To obtain a more pronounced understanding of the process, a detailed insight into 

the individual effect of plasma power and heating power on hydrogenation is necessary. 

In this section, the input power of both the DBD plasma and tube furnace were adjusted 

while maintaining the temperature of the reactor at constant (320 oC). Accordingly, the 

value δ describes the ratio of plasma power over heating power, it was adjusted to 0, 

0.14, 0.30, 0.62 and 1.09 respectively, as calculated by power and listed in Table 4.4. 

When the plasma/heating power ratio was 0, the hydrogenation was actually a thermal 

catalytic process. When the ratio was 1.09, the CO2 hydrogenation was operated under 

plasma-catalytic condition and at 320 oC, being exactly the same as discussed in the 

previous section.  

 

 δ = 
Plasma power (W)

Heating power (W)
      (14) 
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Table 4.4 Value δ and corresponding input powers for plasma and heating. (H2/CO2 

= 4:1, total flow rate 69.2 ml min-1, and Ar content 50%) 

 δ 

Input power (W) 

Plasma power Heating power 

  0 0 75 
0.14 9 64 

0.30 17 56 
0.62 28 45 

1.09 38 35 
 

Figure 4.15 shows the effect of value δ on the CO2 conversion in plasma-catalytic 

CO2 hydrogenation at 320 oC. Clearly, the CO2 conversion became higher when the 

plasma power increased. When δ increased from 0 to 0.30, the conversion of CO2 

increased from 5.2% to 24.2%. It is reasonable because in addition to the heating effect, 

the DBD plasma produced a cluster of reactive species such as energetic electrons, ions, 

excited molecules and radicals, effectively dissociating the H2 and CO2 molecules at 

320 oC. In addition, the interactions between plasma and catalyst activated the metallic 

active sites on the catalyst, enhanced the adsorptive surface reaction of gaseous species 

on the Ni/Al2O3 catalyst, and improved the conversion of reactants in the feed gas. 

 

 

Figure 4.15 Conversion of CO2 in the plasma-catalytic CO2 hydrogenation. 

(H2/CO2 = 4:1, total flow rate 69.2 ml min-1, and Ar content 50%)  

 

Figure 4.16 shows the influence of value δ on the selectivity and yield of CH4 and 

CO. When δ changed from 0 to 1.09, the selectivity of CO was improved from 0 to 

67.4%, while the selectivity of CH4 decreased from 99.0% to 31.6%. This result again 
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confirms that the DBD plasma enhanced the CO production while the Ni/Al2O3 catalyst 

improved the production of CH4. The yield of CO also increased with the 

plasma/heating power ratio. For instance when δ increased from 0.14 to 1.09, the yield 

of CO increased from 5% to 23.6%, while the yield of CH4 slightly increased from 9% 

to 11.1% as a combined result of enhanced CO2 conversion and suppressed CH4 

selectivity. 

 

 

(a)                              (b) 

Figure 4.16 (a) Selectivity and (b) yield of CH4 and CO during the hydrogenation. 

(H2/CO2 = 4:1, total flow rate 69.2 ml min-1, and Ar content 50%)  

 

Figure 4.17 compares the effect of value δ on the total energy efficiency and fuel 

production efficiency. The total energy efficiency significantly increased from 0.004 to 

0.029 mmol kJ-1 as δ increased from 0 to 1.09. Since the total energy efficiency was 

calculated as the amount of product detected after consuming per unit of electrical 

power, the result implies that the plasma was more energy-efficient at converting CO2 

into CO and CH4 at 320 oC. Similarly, the fuel production efficiency of the plasma-

catalytic CO2 hydrogenation process increased from 0.3% to 1.3% as δ increased from 

0 to 1.09. 
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Figure 4.17 Total energy efficiency and fuel production efficiency during the CO2 

hydrogenation. (H2/CO2 = 4:1, total flow rate 69.2 ml min-1, and Ar content 50%)  

 

4.3.  CO2 hydrogenation over supported Co, Ni catalysts in a 

temperature controlled DBD reactor 

In this section, plasma-catalytic CO2 hydrogenation for the production of CO and 

CH4 was carried out in a coaxial DBD reactor using Co/SiO2, Co/Al2O3, Ni/SiO2 and 

Ni/Al2O3 catalysts. As mentioned in the introduction, Ni and Co based transitional 

metal catalysts have been extensively used for the conversion of CO2, such as dry 

reforming of methane and CO2 hydrogenation, due to their low cost and comparable 

catalytic activity comparing with noble catalysts [73]. SiO2 and Al2O3 are also widely 

used as supports for catalysts in CO2 conversion reactions due to their economic prices, 

robust mechanical strength and decent thermal stability [74, 75]. 

4.3.1.  Experimental setup 

The experimental setup in this section was the same as explained in Chapter 2. The 

input power was 38 W, measured by a power meter connecting the power supply and 

mains. A H2 and CO2 mixture gas with a molar ratio of 4:1 was used as the reactants 

and 50% Ar (volume ratio) in the feed gas as dilution gas. The total feed flow rate was 

fixed at 69.2 ml min-1. 

The 30 wt.% Co/SiO2, Co/Al2O3, Ni/SiO2 and Ni/Al2O3 catalysts were prepared 

by impregnation method using nitrate salts (Alfa Aesar, ACS reagents) as the metal 

precursors and using fumed SiO2 or Al2O3 powder as the support. Weighed support was 

calcinated at 400 oC for 5 hrs before being added to the solution of nitrate salts. The 
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mixture slurry was continuously stirred for 1 hr and impregnated for 3 hrs, then dried 

at 90 °C overnight, followed by calcination at 540 °C for 3 hrs. 0.4 g of granular catalyst 

was packed and sandwiched into the reactor with quartz wool. Prior to the plasma-

catalytic hydrogenation, the catalyst was reduced in an argon-hydrogen discharge at an 

input power of 40 W (50 ml min-1, 20 vol. % H2) for 40 minutes in the same DBD 

reactor. The temperature of the DBD reactor was measured and controlled as explained 

in the previous section. 

Definitions of the conversion (X) of CO2, the selectivity (S) and yield (Y) of the 

main products, the H2/CO2 molar ratio and carbon balance (B), the total energy 

efficiency (E) and fuel production efficiency (FPE) of the process are explained in 

Chapter 2. 

4.3.2.  XRD analysis of catalysts  

Figure 4.18 shows the XRD patterns of supports and fresh catalysts. Three major 

diffraction peaks can be observed at 2θ = 37.6°, 45.9° and 67.0°, corresponding to the 

cubic structure of alumina crystallite (JCPDS 10–425) [37]; while only one broad peak 

of amorphous SiO2 can be found at 2θ = 22° (JCPDS 29–0085). The reflection peaks 

of NiO (JCPDS 1–75–197) and Co3O4 (JCPDS 42–1467) can also be clearly seen on 

the XRD patterns of relevant catalysts [98]. The Scherrer equation was used to estimate 

the size of crystallites on the catalysts [215]. It was found that the Ni/Al2O3 catalyst had 

a smaller crystallite size than that of the Co/Al2O3 catalyst. Similarly, the Ni/SiO2 

catalyst had a smaller crystallite size than that of the Co/SiO2 catalyst, as summarised 

in Table 4.5. The Ni/Al2O3 catalyst had the smallest crystallite size (29.7 nm) among 

all the catalysts. This result implies that the Ni catalysts might have stronger interaction 

with Al2O3 or SiO2 support than the Co catalysts, resulting in smaller crystallite sizes. 

It is also possible that NiO was better dispersed on the surface of the catalyst, as 

compared with Co3O4. 
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Figure 4.18 XRD patterns of the fresh samples of supports and catalysts. (♥ NiO, 

♣ Co3O4)  

4.3.3.  N2 adsorption–desorption analysis 

Nitrogen adsorption–desorption isotherms were used to characterise the textural 

properties of the catalysts, as summarised in Table 4.5. The BET profiles of Al2O3 and 

SiO2 supports are also listed for comparison. Clearly, the Al2O3 and SiO2 supports 

showed higher adsorption capacity and larger BET specific surface area (SBET) than 

those of the corresponding catalysts, due to the coverage of the supports’ surface by the 

crystallite of active metal species. The Ni-based catalysts exhibited higher adsorption 

capacity and larger specific surface area than the Co-based catalysts. The specific 

surface area of the supports and catalysts follows the order of SiO2 > Ni/SiO2 > Co/SiO2 > 

Al2O3 > Ni/Al2O3 > Co/Al2O3. Since the Co/Al2O3 and Co/SiO2 catalysts showed larger 

crystallite sizes but smaller specific surface area than their Ni counterparts, probably 

some pores and tunnels on the surface of Co catalysts were blocked by the Co species. 

 

Table 4.5 Physicochemical characteristics of the fresh catalysts. 

Catalyst SBET (m2 g-1) Total pore volume (cm3 g-1) Crystallite size  (nm) 

Al2O3 174.6 0.44 – 

Co/Al2O3   97.6 0.23 37.5 

Ni/Al2O3 105.5 0.28 29.7 

SiO2 203.8 1.02 – 

Co/SiO2 128.5 0.85 45.1 

Ni/SiO2 133.4 0.94 30.7 
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4.3.4.  TPR analysis of catalysts 

Figure 4.19 shows the H2-TPR profiles of the Co- and Ni- based catalysts. The 

Co/Al2O3 catalyst showed two overlapping peaks at 360 °C and 430 °C, a very typical 

feature of Co3O4 reduction [216]. The first peak results from the reduction of Co3O4 to 

Co2+ species, while the second peak is identified as the further reduction of Co2+ to Co0 

[217, 218]. On the TPR profile of the Ni/Al2O3 catalyst, the well-defined peak at 430 °C 

corresponds to the reduction of bulk NiO [120, 219]. The Co/SiO2 catalyst exhibits a 

distinguishable TPR pattern from that of the Co/Al2O3 catalyst. The reduction of Co3O4 

to Co2+ species started at a lower temperature and the corresponding peak located at 

340 oC. The peaks locate at 430 °C are attributed to the reduction of several Co species 

to metallic Co particles [218]. The Co/Al2O3 catalyst had a wider range of reduction-

temperature than the Co/SiO2 catalyst, implying that the Co/Al2O3 catalyst was easier 

to be reduced. It agrees with the XRD results shown in Table 4.5, where the Co/SiO2 

catalyst has a larger crystallite size. The Ni/SiO2 catalyst had a uni-peak feature similar 

to that of the Ni/Al2O3 catalyst. This is consistent with their similar crystallite sizes. 

Interestingly, the reduction peaks of the Co- based catalysts (Co/Al2O3 and Co/SiO2) 

were broader than those of the Ni- based catalysts (Ni/Al2O3 and Ni/SiO2), agreeing 

well again with the larger crystallite sizes of the Co- catalysts. Moreover, comparing 

with the Co- catalysts, the reduction of Ni- catalysts started at higher temperatures, 

implying that the interaction between Ni species and the supports might be stronger 

than Co species. However, the reduction of Co3O4 to metallic Co is a two-step process 

which happens in a wide temperature range. It is still difficult to judge whether Ni or 

Co is the better active species, or to assert whether silica or alumina is the better support, 

simply from their reducibility. The reducibility of the catalysts has a significant effect 

on the number of metallic surface sites, thus determining the performance of 

corresponding catalysts in catalytic reactions [220-222]. The catalyst with a higher 

dispersion of metal particles is usually harder to reduce, and vice versa. Therefore, the 

most suitable catalyst for plasma–catalytic CO2 hydrogenation would ultimately 

depend on reaction conditions and must be examined via experiment. 
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Figure 4.19 TPR profiles of the fresh catalysts.  

 

4.3.5.  Thermal catalytic CO2 hydrogenation with/without plasma: Comparison 

of catalysts 

Figure 4.20 shows the effect of catalyst on CO2 conversion at 350 °C. A synergistic 

effect can be clearly identified from the results. All four catalysts improved the CO2 

conversion under thermal- and plasma- catalytic conditions. Plasma-catalysis achieved 

better CO2 conversion than thermal catalysis. For instance, with the combination of 

plasma and catalyst, the CO2 conversion over the Ni/SiO2 catalyst increased from 47.6% 

to 61.5%, while that over the Ni/Al2O3 catalyst increased by 32%. Notably, the CO2 

conversion over Co/SiO2 and Ni/SiO2 catalysts were higher than that over the Co/Al2O3 

and Ni/Al2O3 catalysts. This might result from the strong interaction between Ni-, Co- 

species and the Al2O3 support, as concluded from the TPR results previously. However, 

less significant differences were observed between the performances of Ni- and Co- 

catalysts on the same support.  
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Figure 4.20 CO2 conversion using different catalysts. (H2/CO2 = 4:1, total flow rate 

69.2 ml min-1, Ar content 50%, and reaction temperature 350 oC) 

 

Figure 4.21 shows the effect of catalysts on the selectivity and yield of the major 

products, CH4 and CO, in the catalytic CO2 hydrogenation at 350 °C. Remarkably, high 

CH4 selectivity (> 90%) was achieved over the Ni/Al2O3, Co/SiO2 and Ni/SiO2 catalysts 

in the thermal catalytic process at 350 °C, while a CH4 selectivity of 59.0% was 

achieved over the Co/Al2O3 catalyst under the same condition. The presence of DBD 

plasma decreased the CH4 selectivity over all the catalysts. For instance, the CH4 

selectivity over the Ni/Al2O3 catalyst significantly decreased from 94.3% to 48.6% 

when the non-thermal plasma (NTP) was introduced into the hydrogenation process, 

implying that NTP changed the reaction routes in the gas phase and on the surface of 

the catalyst. For instance, NTP could initiate the dry reforming of methane [98] and 

reversed water-gas shift [24] reactions at 350 oC. These reactions consume CH4 and 

produce CO, consequently decreasing the overall selectivity of CH4. As compared with 

thermal catalytic hydrogenation, the combination of NTP and catalyst significantly 

increased the CO selectivity. For instance, with the introduction of plasma, the CO 

selectivity over the Ni/Al2O3 and Ni/SiO2 catalysts were increased by 10 fold and 4 fold, 

respectively, comparing with that in thermal catalytic processes. The highest CO 

selectivity of 96.6% was achieved in plasma- hydrogenation without a catalyst, while 

the Co/Al2O3 catalyst achieved the highest CO selectivity in thermal catalytic process, 

and the Ni/Al2O3 catalyst showed the highest CO selectivity in plasma-catalysis. 
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(a)                              (b) 

 

(c)                              (d) 

Figure 4.21 Effect of catalyst on CO2 hydrogenation: (a) Selectivity of CH4; (b) 

Selectivity of CO; (c) Yield of CH4; (d) Yield of CO. (H2/CO2 = 4:1, total flow rate 

69.2 ml min-1, Ar content 50%, and reaction temperature 350 oC) 

 

A significant synergistic effect between the plasma and catalyst was observed in 

terms of the CH4 yield. The Co/SiO2 and Ni/SiO2 catalysts exhibited higher CH4 yield 

than the Co/Al2O3 and Ni/Al2O3 catalysts, with or without using plasma, while the 

Co/Al2O3 catalyst had the lowest CH4 yield. The Co/SiO2 and Ni/SiO2 catalysts 

achieved similar CH4 yields of 48% and 43% respectively. For comparison, the 

composition of catalyst had a limited effect on the yield of CO in the plasma-

hydrogenation process. The CO yield followed the order of Ni/Al2O3 (21.3%) > plasma 

alone (20.9%) > Ni/SiO2 (18.6%) > Co/SiO2 (17.5%) > Co/Al2O3 (17.2%). It is 
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plausible because in the plasma-alone process, the CO selectivity was very high but the 

CO2 conversion was low; while in the catalytic process the CO2 conversion was 

improved at the expense of decreasing CO selectivity. The CO yield under such 

conditions were subsequently close to each other. 

Figure 4.22 presents the influence of the catalysts on the carbon balance of the CO2 

hydrogenation. The products in this work consisted of CO, CH4, C2H6, C3H8 and C4H10. 

Unsaturated hydrocarbons were not detected, while solid carbon, C5+ hydrocarbons and 

oxidised compounds were not monitored. The carbon balance of thermal catalytic 

hydrogenation over the Co/SiO2 and Ni/SiO2 catalysts were lower than those over the 

Co/Al2O3 and Ni/Al2O3 catalysts, while the CO2 conversion over the SiO2 supported 

catalysts were higher than the Al2O3 supported ones, suggesting that in this 

circumstance the yield of undetected species (e.g. carbon deposition) increased along 

with the CO2 conversion. By contrast, the carbon balance of plasma- catalytic reactions 

over the Co/SiO2 and Ni/SiO2 catalysts were almost 100%, even though the CO2 

conversion was also enhanced under this condition. This result was ascribed to the 

combination of plasma and the Co/SiO2, Ni/SiO2 catalysts which promoted the overall 

selectivity towards gaseous products in the plasma-catalytic hydrogenation of CO2 at 

350 °C. 

 

 

Figure 4.22 Carbon balance of CO2 hydrogenations over different catalysts. 

(H2/CO2 = 4:1, total flow rate 69.2 ml min-1, Ar content 50%, and reaction temperature 

350 oC) 
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Figure 4.23 shows the fuel production efficiency for the production of CO and CH4 

in CO2 hydrogenation process using different catalysts. The plasma-catalytic synergy 

was clearly identified from the results. Notably, the values of fuel production efficiency 

were small for two reasons: The stoichiometric ratio of fed H2 and produced 

combustible gases (mainly CH4 and CO) were large (4: 1 for CH4 and 1: 1 for CO); 

while both of the plasma power and heating power were used to calculate the fuel 

production efficiency. As the results show, the Co/SiO2 and Ni/SiO2 catalysts exhibited 

better fuel production efficiency than the Co/Al2O3 and Ni/Al2O3 catalysts, regardless 

of the presence of plasma, due to their significant improvement on the CH4 yield. The 

Co/SiO2 catalyst achieved the highest fuel production efficiency in both of the thermal 

catalytic hydrogenation (3.0%) and plasma-catalytic process (3.5%). Surprisingly, very 

few works on the thermal catalytic CO2 hydrogenation reported the energy consumption 

of heating, and there are very limited studies on the plasma-catalytic CO2 hydrogenation. 

A summary of energy efficiency of CO2 hydrogenation in this study can be found in 

the following section. 

 

 

Figure 4.23 Fuel production efficiencies of CO2 hydrogenations over different 

catalysts. (H2/CO2 = 4:1, total flow rate 69.2 ml min-1, Ar content 50%, and reaction 

temperature 350 oC) 
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4.3.6.  Effect of temperature on the plasma-catalytic CO2 hydrogenation 

In this section, plasma-catalytic CO2 hydrogenation was carried out at an elevated 

temperature of 500 °C to compare the performance of different catalysts in response to 

the change of temperature. The input power for the DBD plasma was fixed at 38 W, 

while the heating power was adjusted to heat the reactor to 500 oC. 

Figure 4.24 shows the effect of elevated temperature on the CO2 conversion over 

the four catalysts in plasma-catalytic hydrogenation. When the temperature increased 

from 350 oC to 500 oC, there was only a slight change of CO2 conversion over the 

Co/SiO2 and Ni/SiO2 catalysts, however, the CO2 conversions over Co/Al2O3 and 

Ni/Al2O3 catalysts was significantly increased. For instance, the CO2 conversion over 

the Co/Al2O3 catalyst increased from 36.2% to 65.2% (nearly doubled) as the 

temperature increased to 500 oC, while the Ni/Al2O3 catalyst achieved the highest CO2 

conversion of 67.8% at the same temperature.  

 

 

Figure 4.24 CO2 conversions over different catalysts at the two temperatures. 

(H2/CO2 = 4:1, total flow rate 69.2 ml min-1, Ar content 50%, and input power 38 W) 

 

Notably all the catalysts achieved similar CO2 conversion under this same 

condition, and the conversion followed the order of Ni/Al2O3 > Ni/SiO2 > Co/Al2O3 > 

Co/SiO2, suggesting that Ni-based and Al2O3 supported catalysts had better CO2 

conversion at 500 °C. Interestingly, the reduction temperature of the catalysts followed 

the same order of Ni/Al2O3 > Ni/SiO2 > Co/Al2O3 > Co/SiO2. The reduction of 

Co/Al2O3 and Co/SiO2 catalysts was initiated at about 320 oC, while the reduction 
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temperature of the Ni/Al2O3 and Ni/SiO2 catalysts was higher than 350 oC. Moreover, 

the reduction processes of all four catalysts were only completed once the temperature 

increased to 500 oC. The reductive feature of the catalysts agrees well with the evolution 

of CO2 conversion over these catalysts at different temperatures, implying that the 

degree of reduction and the reducibility of the catalyst play key roles in the plasma-

catalytic hydrogenation at elevated temperatures. 

 

 

(a)                              (b) 

 

(c)                              (d) 

Figure 4.25 Effect of catalyst on CO2 hydrogenation: (a) Selectivity of CH4; (b) 

Selectivity of CO; (c) Yield of CH4; (d) Yield of CO. (H2/CO2 = 4:1, total flow rate 

69.2 ml min-1, Ar content 50%, and input power 38 W) 
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Figure 4.25 shows the effect of increased temperature on the selectivity and yield 

of CH4 and CO in the plasma-catalytic hydrogenation of CO2. When the temperature 

increased from 350 oC to 500 oC, the selectivity of CH4 obtained using the Ni/SiO2, 

Co/Al2O3 and Ni/Al2O3 catalysts increased, and the CO selectivity over the mentioned 

catalysts decreased. Most notably, the CH4 selectivity over the Ni/Al2O3 catalyst 

significantly increased from 48.6% to 72.4%, while the CO selectivity over the same 

catalyst significantly decreased from 50.3% to 22.4%. On one hand, it is explained that 

the plasma-catalytic CO2 methanation over the Ni/Al2O3 catalyst was enhanced at 

500 °C, due to the increasing reaction rate coefficient at elevated temperatures. On the 

other hand, the different evolution of CH4 selectivity implies that the mechanism of 

plasma-catalytic CO2 methanation at elevated temperatures is dependent on the 

composition of catalyst. The different behaviour of the Co/SiO2 catalyst might be 

attributed to its highest reduction temperature. The yield of CH4 over the Ni/SiO2, 

Co/Al2O3 and Ni/Al2O3 catalysts increased at 500 oC, due to their significant 

improvement on the CO2 conversion and CH4 selectivity. The Ni/Al2O3 catalyst had 

the highest CH4 yield of 49.1%, and a relatively low CO yield of 15.2%. 

Figure 4.26 shows the effect of increasing temperature on the fuel production 

efficiency of CO2 hydrogenation into CO and CH4 using plasma-catalysis. Again, the 

small values of the fuel production efficiency were not only due to the large 

stoichiometric ratio between fed H2 and produced fuel gases, but also because the power 

used to calculate the fuel production efficiency included heating power and plasma 

power. At the temperature of 350 oC, the Co/SiO2 and Ni/SiO2 catalysts achieved fuel 

production efficiency almost twice as high as those achieved over the Co/Al2O3 and 

Ni/Al2O3 catalysts, but greatly deteriorated when the temperature increased. It is 

explained that more heating power was required for the hydrogenation at 500 °C, 

although the production of CH4 at such temperature was generally improved. The fuel 

production efficiency over the Co/SiO2 catalyst decreased from 3.5% to 1.5% when the 

temperature increased from 350 °C to 500 °C. The fuel production efficiency of plasma-

catalytic CO2 hydrogenation at 500 °C followed the order of Ni/Al2O3 > Ni/SiO2 > 

Co/SiO2 > Co/Al2O3, suggesting that the Ni- based catalysts had higher energy 

efficiency for the hydrogenation process at this temperature. Table 4.6 summarises the 

energy efficiency of the CO2 hydrogenation processes in this study. It can be concluded 

that plasma-catalysis is necessary for the energy-effective conversion of CO2. In 

addition, to fully exploit the advantage of NTP, the temperature inside of the reactor 
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should be low. However, by contrast, elevated temperature is needed for increasing 

reaction rate and enhancing conversion of CO2. Moreover, filling the plasma volume 

with packing materials would improve the energy efficiency of the process. 

 

 

Figure 4.26 Fuel production efficiencies of CO2 hydrogenations over different 

catalysts. (H2/CO2 = 4:1, total flow rate 69.2 ml min-1, and Ar content 50%) 

 

Table 4.6 Energy efficiency of CO2 hydrogenation in this study. (H2/CO2 = 4:1, 

total flow rate 69.2 ml min-1, Ar content 50%, power consumption is presented as 

temperature) 

Catalyst Temperature (oC) CO2 conversion (%) E (mmol kJ-1) FPE (%) 

– 148 32.3 0.062 1.9 

Ni/Al2O3+Al2O3 148 48.5 0.089 2.5 

– 260 25.2 0.028 0.8 

– 380 20.9 0.014 0.4 

– 500 19.6 0.008 0.3 

Ni/Al2O3 260 27.2 0.034 1.0 

Ni/Al2O3 380 49.5 0.027 1.7 

Ni/Al2O3 500 67.9 0.027 1.7 

Co/SiO2 500 59.7 0.024 1.5 

Ni/SiO2 500 65.7 0.025 1.7 

Co/Al2O3 500 65.2 0.026 1.4 

Ni/Al2O3 500 67.9 0.027 1.7 
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4.4.  Summary 

In this chapter, CO2 hydrogenation for the production of CO and CH4 was 

systematically investigated under a set of conditions. Significant plasma-catalytic 

synergy was observed throughout the investigations. Firstly, the experiment 

demonstrated that non-thermal plasma could effectively enable and drive the CO2 

hydrogenation at 150 oC, a relatively low temperature, over a Ni/Al2O3 catalyst and 

with a H2/CO2 molar ratio of 4 in the feed gas. Inspired by this result, the CO2 

hydrogenation was then carried out under three conditions: plasma alone, thermal 

catalysis and plasma-catalysis. The effect of reaction conditions on the catalytic 

performance of a Ni/Al2O3 catalyst have been investigated, including the addition of 

Ar, the temperature inside of the reactor and the composition of catalyst. The plasma-

catalytic synergy and individual contribution of plasma and heating on the conversion 

of CO2 have been also discussed. The results suggest that the combination of DBD 

plasma and the Ni/Al2O3 catalyst improved the performance of hydrogenation in terms 

of CO2 conversion, CH4 yield and fuel production efficiency. Subsequently, in the final 

section of this chapter, two active metal species (Ni and Co) and two supports (Al2O3 

and fumed SiO2) for the synthesis of catalysts were examined at different temperature, 

revealing the different evolutions of catalytic performance under plasma-catalytic and 

thermal catalytic conditions. 

The combination of the plasma and Ni/Al2O3 catalyst clearly generated a 

synergistic effect, as a result of the interactions between the plasma and catalyst, which 

enhanced the CO2 conversion, the yield of CO and CH4 and the energy efficiency of 

the process compared with the reaction using either plasma-alone or the thermal 

catalytic approach at the same temperature (150 oC). In the plasma CO2 hydrogenation 

with and without a catalyst, the addition of Ar in the feed gas enhanced the conversion 

of CO2, the selectivity of CH4 and the fuel production efficiency, while the selectivity 

of CO was almost independent of the Ar content. The addition of Ar in the feed gas 

(CO2/H2) shifted the discharge mode from “partial discharging” to “fully-bridged” 

discharge and enhanced the interactions between the DBD and Ni catalyst. The 

presence of Ar* opened new reaction routes which made a significant contribution to 

the enhanced reaction performance. The results show that the molar ratio of CO/CH4 in 

the gas product could be adjusted by changing the Ar content in the feed gas. In addition, 

the presence of Ar in the feed gas changed the electrical properties of the plasma, 
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including decreasing the breakdown voltage and promoting charge transfer through the 

reactor. The equivalent relative dielectric constant of the packing material (overall 

dielectric constant of Ni/Al2O3 catalyst and Al2O3 beads) in the DBD reactor was 0.79, 

which suggests that loading NiO particles on the surface of alumina changed its 

electrical properties. 

The investigation on the effect of temperature on the performance of CO2 

hydrogenation under three conditions has been carried out: plasma-alone, thermal 

catalysis and plasma-catalysis. The conversion of CO2, selectivity and yield of CO and 

CH4 and fuel production efficiency of the process have been considered. Results 

suggest that the Ni/Al2O3 catalyst showed a temperature dependence in the thermal 

catalytic hydrogenation and its performance was best at a temperature range between 

320 oC and 380 oC. The combination of plasma and catalyst exhibited better 

performance at a wide temperature range. The plasma-catalytic hydrogenation process 

had higher CO2 conversion and CO selectivity. Moreover, NTP and external heating 

showed different effects on the conversion of CO2, the selectivity and yield of CO and 

CH4 and the fuel production efficiency of the process. In order to exploit the advantage 

of plasma-catalysis, the operational parameters such as reaction temperature and 

plasma/heating power ratio should be carefully designed. 

In plasma-catalytic CO2 hydrogenation over different catalysts at 350 °C and 

500 °C, the reducibility of the investigated catalysts followed the order of Co/SiO2 > 

Ni/SiO2 > Ni/Al2O3 > Co/Al2O3. The catalytic performance of the catalysts, in terms of 

CO2 conversion and fuel production efficiency, exhibited a temperature dependence 

that agreed with their reducibility. All the catalysts improved the CO2 conversion 

compared to the case using plasma alone, and the combination of plasma with catalyst 

further improved the CO2 conversion. The Co/SiO2 and Ni/SiO2 catalysts achieved 

better CH4 yield than the Al2O3 supported catalysts (Co/Al2O3 and Ni/Al2O3) at 350 °C, 

with or without plasma, and consequently achieving higher fuel production efficiency. 

However, when the temperature increased from 350 oC to 500 °C, the presence of 

Co/Al2O3 and Ni/Al2O3 catalysts significantly enhanced the CO2 conversion, CO and 

CH4 yield. The highest CO2 conversion and highest CH4 yield were achieved over the 

Ni/Al2O3 catalyst, while the highest CO yield was achieved over the Co/Al2O3 catalyst 

under the same condition. The result suggests that the Co/SiO2 and Ni/SiO2 catalysts 

are very suitable for the thermal catalytic CO2 hydrogenation into CO and gaseous 

alkanes, while the Ni/Al2O3 catalyst would exhibit better performance in plasma-
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catalytic hydrogenation at 500 °C, in terms of CO2 conversion, CH4 selectivity, CH4 

yield, and energy efficiency. The selection of proper catalyst for CO2 hydrogenation is 

highly dependent on the reducibility of catalysts, the existence of plasma and the 

reaction temperature for the plasma process. 
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Chapter 5.  Plasma-catalytic biogas reforming at 

low temperatures 

Similar to H2, CH4 is also a common hydrogen source for CO2 conversion. In this 

chapter, plasma-catalytic dry reforming over Al2O3 supported metal catalysts M/Al2O3 

(M = Ni, Co, Cu and Mn) have been investigated in a coaxial DBD reactor at low 

temperatures, exhibiting the fundamental study on the individual effect of these factors 

on the plasma-catalytic dry reforming. In the first section, the influence of different 

experimental conditions (e.g. CO2/CH4 molar ratio and total reactant flow rate) and 

catalyst composition on the performance of the plasma-catalytic reforming process has 

been evaluated in terms of the conversion of feed gases, the selectivity and yield of 

major gas products, as well as the energy efficiency of the process. In the following 

section, the plasma-catalytic biogas reforming over a Ni/Al2O3 catalyst at low 

temperatures has been further studied, the effect of K, Mg and Ce promoters on the 

biogas reforming has also been examined. 

5.1.  Plasma-catalytic biogas reforming over Al2O3 supported metal 

catalysts 

5.1.1.  Experimental setup 

In this section, the experimental system used is described in Chapter 2. CO2 and 

CH4 were used as feed gases with a variable total flow rate of 25-200 ml min-1 and a 

CO2/CH4 molar ratio from 1:9 to 9:1. The gas temperature in the discharge area near 

the catalyst bed was measured by using a fibre optical thermometer (Omega, FOB102) 

and the maximum value was less than 150 oC.  

Weighed catalyst pellets (0.2 g) were directly placed in the discharge region and 

in contact with the plasma in the dry reforming reaction [37]. Prior to the plasma-

catalytic dry reforming reaction, the Al2O3 supported catalysts were reduced in an 
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argon-hydrogen discharge at a discharge power of 7.5 W (50 ml min-1, 20 vol. % H2) 

for 30 mins in the same DBD reactor.  

10 wt.% M/Al2O3 (M = Ni, Co, Cu and Mn) catalysts were prepared by wetness 

impregnation using nitrate salts (Alfa Aesar, 99.5%) as the metal precursor. Weighed 

support (Al2O3) was added to the solution of nitrate salts. The slurry was continuously 

stirred at 80 °C for 4 hrs and then dried at 110 °C overnight, followed by calcination at 

500 °C for 5 h. All the catalysts were pelleted and sieved to 20 - 40 meshes prior to 

plasma reaction.  

X-ray diffraction (XRD) patterns of the catalysts samples were recorded by an X-

ray diffractometer (Rigaku, D/max-2200) using a Cu-Kα radiation source in the 2θ 

range from 10o to 80o. The Al2O3 crystallite size of the samples was calculated using 

Scherrer equation, as explained in Chapter 1. Transmission electron microscopy (TEM) 

analysis of the spent catalysts was performed using a Hitachi H-9500 microscope 

operating at an acceleration voltage of 300 kV. For the TEM measurement, the catalyst 

samples were prepared by ultrasonication in ethanol, evaporating a drop of the resultant 

suspension onto a carbon-coated copper grid.  

In this chapter, H2 and CO were identified as the main products in the plasma dry 

reforming reaction, while a small amount of ethane (C2H6) was produced. Acetylene, 

ethylene and propane were also detected, but their concentrations were very low and 

negligible compared to the major gas products.  

For the plasma dry reforming reaction, the conversion (X) of CH4 and CO2, the 

selectivity (S) and yield (Y) of the products, the H2/CO molar ratio in the product, the 

carbon balance (Bcarbon), the energy efficiency for the conversion of CH4 or/and CO2 

are defined in Chapter 2. 

5.1.2.  Plasma dry reforming reaction without catalyst 

5.1.2.1.  Effect of CO2/CH4 molar ratio 

Figure 5.1 shows the effect of different CO2/CH4 molar ratios on the performance 

of the plasma dry reforming process in the absence of a catalyst. The conversion of CH4 

increased almost linearly with the increase of the CO2/CH4 molar ratio at a fixed total 

flow rate, which suggests that lower content of CH4 in the reactant mixture led to the 

improvement of the CH4 conversion.  
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(a)                              (b) 

 

(c)                              (d) 

Figure 5.1 Effect of different CO2/CH4 molar ratios on the performance of plasma 

dry reforming reaction. (a) Conversion of reactants; (b) Selectivity of major products; 

(c) Yield of major products and (d) H2/CO ratio (total feed flow 25 ml min-1 and 

discharge power 15 W) 

 

In contrast, the conversion of CO2 significantly decreased from 41.5% to 21.3% 

when the CO2/CH4 molar ratio changed from 1:9 to 1:3, and the conversion slightly 

increased as the CO2/CH4 ratio further increased from 1:3 to 9:1. Figure 5.1(b) shows 

that the CO2/CH4 molar ratio significantly affected the selectivity of H2 and CO. As the 

CO2/CH4 molar ratio increased from 1:9 to 9:1, the H2 selectivity was almost doubled 

and close to 100%, while the CO selectivity was enhanced by 8.8 times. However, the 

selectivity of C2H6 was decreased by 53% with the increase of the CO2/CH4 ratio 

between 1:9 and 9:1. In addition, increasing CO2 content in the gas mixture significantly 
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increased the yield of H2 and CO. It can be seen that the H2 yield was increased by a 

factor of 6.4 (from 11% to 70%) as the CO2/CH4 ratio changed from 1:9 to 9:1. In 

contrast, the yield of C2H6 was almost independent on the CO2/CH4 ratio. These results 

suggest that excessive CO2 in the reactant mixture not only enhanced the CH4 

conversion, the selectivity and yields of CO and H2, but also suppressed the 

recombination of CHx species to form higher hydrocarbons. Moreover, it was found 

that the H2/CO molar ratio in the gas product was totally determined by the CO2/CH4 

molar ratio, while the total feed gas flow rate had a negligible effect on the H2/CO ratio 

at a fixed CO2/CH4 ratio of 1:1, as plotted in Figure 5.1(d). These results could be useful 

in the optimisation of plasma dry reforming process since the production of H2 and CO 

can be controlled by adjusting the CO2/CH4 ratio. 

5.1.2.2.  Effect of total feed flow rate 

Figure 5.2 shows the influence of total reactant flow rate on the plasma dry 

reforming of CH4 and CO2. The conversions of CH4 and CO2 decreased significantly 

with the increase of the total flow rate. Increasing the reactant flow rate substantially 

decreased the retention time of CO2 and CH4 in the plasma zone, which reduced the 

chance of CO2 and CH4 reacting with energetic electrons and reactive species present 

in the plasma, resulting in the decrease of the conversions of both reactants and the 

yields of major gas products (H2, CO and C2H6). It was found that the C2H6 selectivity 

was doubled, changing from 22% to 43% with the increase of the gas flow rate, while 

the total flow rate showed an insignificant influence on the selectivity of H2 and CO. In 

contrast, the gas flow rate significantly affected the yield of major reforming products 

(H2, CO and C2H6), as shown in Figure 5.2(b). The H2 yield was decreased from 19% 

to 3.8% as the total feed flow increased from 25 ml min-1 to 200 ml min-1.  
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(a)                              (b) 

Figure 5.2 Effect of different total feed flow rates on the performance of plasma 

dry reforming reaction. (a) Conversions of reactants; (b) Yield of major products 

(CO2/CH4 = 1: 1 and discharge power 15 W) 

5.1.3.  Plasma-catalytic dry reforming reaction 

5.1.3.1.  Catalyst characterisation 

Figure 5.3 shows the XRD patterns of the fresh samples. The XRD pattern of the 

Al2O3 support shows three major diffraction peaks located at 2θ = 37.6°, 45.9° and 67.0°, 

corresponding to the cubic structure of Al2O3 crystalline (JCPDS 00-010-0425). These 

peaks can also be observed in the XRD patterns of the MOx/Al2O3 catalysts. The Al2O3 

crystalline size of these samples calculated by Scherrer equation is very similar, 

between 4.78 and 5.34 nm. The XRD pattern of the Cu/Al2O3 catalyst shows intense 

reflections corresponding to CuO (at 35.5° and 38.8°), while the peaks of MnO2 (28.7°, 

37.3°, 42.8° and 56.7°) are clearly visible in the spectrum of the Mn/Al2O3 sample.       

In addition, weak diffraction peaks of Co3O4 (JCPDS 00-042-1467) and NiO (JCPDS 

01-075-0197) can also be found in the corresponding catalyst. The XRD patterns of 

these samples clearly indicate the formation of metal oxide crystallites after catalyst 

calcination. Previous works have shown that these metal oxide phases can be reduced 

in the low temperature Ar-H2 plasma process [37, 223].   
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Figure 5.3 XRD patterns of the fresh catalysts. (♣ Co3O4, ♠ NiO, ♥ MnO2, ♦ CuO,       

* Al2O3) 

5.1.3.2.  Effect of different catalysts 

Figure 5.4 shows the effect of Al2O3 supported transition metal catalysts on the 

plasma dry reforming of CH4 and CO2. Compared to the plasma reforming reaction 

with no catalyst, the combination of the plasma with the Ni/Al2O3 and Mn/Al2O3 

catalysts significantly enhanced the conversions of CH4 by 42% and 30%, respectively. 

However, the presence of the Co/Al2O3 and Cu/Al2O3 in the DBD reactor only slightly 

improved CH4 conversion by 12% and 6%, respectively. The maximum CH4 

conversion of 42% was achieved in the plasma-catalytic dry reforming over the 

Ni/Al2O3 catalyst at a discharge power of 7.5 W and a gas flow rate of 50 ml min-1, 

which suggests that the activity of Ni was much higher than that of other metal phases 

(i.e. Cu, Co and Mn). It is worth noting that the presence of these catalysts in the DBD 

reactor did not enhance CO2 conversion. This could be partly attributed to the enhanced 

water gas shift (WGS) side reaction at low temperatures.  

 

CO + H2O → CO2 + H2          (2) 

H2 + CO2 → CO + H2O          (3) 

 

In the plasma-catalytic dry forming of CH4, produced CO may react with water to 

form H2 and CO2, thus lower the conversion of CO2 [37]. This could be evidenced by 

the molar ratio of H2/CO (>1) in the experiment. Compared to the Ni and Mn based 

catalysts, the Co/Al2O3 and Cu/Al2O3 catalysts showed the lowest CO2 conversion but 
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had the highest H2/CO ratio, as shown in Figure 5.4. Both are typical catalysts for the 

low temperature water gas shift reaction. The presence of these catalysts in the plasma 

reforming process promoted the water gas shift reaction and generated more H2.  

In this chapter, the temperature near the catalyst bed in the plasma reactor was 

below 150 oC. Since the plasma dry reforming reactions under different experimental 

conditions took place at temperatures much lower than the reaction temperature of 

thermal catalytic reforming reaction (e.g. > 600 oC), the theoretical conversions of CH4 

and CO2 at thermodynamic equilibrium were < 5% at a low temperature of  <300 oC 

[37, 224]. It can be expected that the dry reforming reaction at 150 oC had a very poor 

performance without plasma. These results show that the conversions of methane were 

significantly enhanced through the combination of the plasma with the Ni/Al2O3 or 

Mn/Al2O3 catalysts, which was much higher than the sum of the reforming reactions 

using plasma-alone and catalysis alone, indicating a synergy of plasma-catalysis for 

CH4 conversion. However, placing the Co and Cu based catalysts in the DBD reactor 

did not show a synergistic effect of plasma-catalysis. Furthermore, there was no 

synergy of plasma-catalysis obtained for the conversion of CO2.  

From the stoichiometry of dry reforming of CH4 and CO2 (1), equal conversions 

of CH4 and CO2 would be expected. However, it is found that the CH4 conversion was 

always higher than the CO2 conversion in the plasma dry reforming reaction with or 

without a catalyst at the CH4/CO2 molar ratio of 1:1. This phenomenon was also 

reported in both experimental and simulated plasma dry reforming reactions [37, 174]. 

In addition, this behavior is different to thermal catalytic dry reforming of CH4 at high 

temperatures (e.g. > 600 oC) in which the CO2 conversion is generally higher than the 

conversion of CH4 due to the occurrence of reverse water gas shift (RWGS) reaction. 

Previous thermodynamic equilibrium calculation also showed that the conversion of 

CO2 was higher than that of CH4 over a wide reaction temperature range [37].  

Compared with the CO2 conversion, the higher conversion of CH4 in plasma- DRM 

can be explained that more reaction pathways exist for plasma-assisted CH4 conversion 

especially in the gas phase reactions such as electron-impact dissociation of CH4 to 

generate different radicals CHx (x=1-3) (4-6), with subsequent recombination of 

radicals to generate hydrogen and hydrocarbons or further electron-impact dissociation 

of radicals (e.g. CHx) [37].  
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CH4 + e- → CH3 + H + e-          (4) 

CH4 + e- → CH2 + H2 + e-          (5) 

CH4 + e- → CH + H + H2 + e-          (6) 

 

 

(a)                              (b) 

 

(c)                              (d) 

Figure 5.4 Effect of different catalysts on the performance of the plasma dry 

reforming reaction. (a) Conversion of reactants; (b) Selectivity of major products; (c) 

Yield of major products; (d) Energy efficiency for conversion (CO2/CH4 = 1: 1, total 

feed flow rate 50 ml min-1, and discharge power 7.5 W) 
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In addition, recent simulations have revealed that the following reaction plays a 

predominant role in the production of CO2 in the plasma dry reforming reaction [174], 

which leads to a lower CO2 conversion. 

 

CO2
+ + CH4 → CH4

+ + CO2          (7) 

 

The selectivity of the major products produced in the plasma reforming process is 

presented in Figure 5.4(b). The addition of these catalysts in the DBD reactor decreased 

the selectivity of C2H6 but increased the CO selectivity. Both the Ni and Mn based 

catalysts showed better performance in suppressing the formation of C2H6, while the 

presence of Co and Cu catalysts in the plasma improved CO selectivity. The integration 

of plasma and a Ni/Al2O3 catalyst decreased the selectivity of C2H6 by around 30% 

(from 30.7% to 22.7%), while the Co/Al2O3 catalyst weakly affected the selectivity of 

C2H6 (from 30.7% to 29.4%). Only the Co and Cu catalysts showed a higher H2 

selectivity compared to the reaction without a catalyst, while the Ni and Mn based 

catalysts decreased the selectivity towards CO.  

The combination of the DBD and M/Al2O3 catalysts enhanced the yields of CO 

and H2. The Ni/Al2O3 catalyst showed the best catalytic activity, followed by the 

Co/Al2O3, Cu/Al2O3 and Mn/Al2O3. The presence of the Ni/Al2O3 catalyst in the plasma 

process significantly increased the yields of CO and H2 by 42% and 20%, respectively 

compared to the plasma reaction in the absence of a catalyst, while the Co/Al2O3 

catalyst increased the yields of CO and H2 by 32% and 22%, respectively.  

The carbon balance based on the major gas products for the plasma dry reforming 

reaction with and without a catalyst were between 93% and 96%. Compared to the 

plasma reaction in the absence of a catalyst (Bcarbon = 93.8%), the combination of the 

plasma with the Cu/Al2O3 or Co/Al2O3 catalyst slightly increased the carbon balance 

(95%-96%). The Cu/Al2O3 catalyst showed the highest carbon balance of 96%, while 

the Ni and Mn catalysts had the lowest carbon balance of around 93%. The effect of 

the catalysts on the carbon balance agreed with the conversions of CH4 and CO2 using 

different catalysts in the plasma system. The surface morphography of the catalysts 

after reforming reaction has been investigated using TEM. The Ni/Al2O3 and Cu/Al2O3 

were selected as the representatives since the Ni/Al2O3 catalyst showed the highest CH4 

conversion and lowest carbon balance, while the Cu/Al2O3 catalyst had the highest 

carbon balance and selectivity of H2 and CO. It can be seen that most of the metal 



Chapter 5. Plasma-catalytic biogas reforming at low temperatures 

103 
 

particles were less than 20 nm and were homogeneously dispersed on the Al2O3 surface. 

Similar morphologies have been reported previously for Al2O3 supported Ni or Cu 

catalyst analysed by TEM [225]. No obvious carbon deposition could be found on the 

surface of both catalysts after running the reforming reaction for 3 hours. Neither 

carbon nanofibers nor carbon nanotubes were observed, although carbon filament 

deposition on the catalyst surface was often reported in many previous works [136, 226]. 

This also agreed with the obtained high carbon balance in the plasma reforming process.  

 

 

(a)                      (b) 

Figure 5.5 TEM images of the used catalysts. (a) Ni/Al2O3; (b) Cu/Al2O3 

 

These findings suggest that there is still room for manipulating the interactions 

between the plasma and catalysts in the plasma-catalytic dry methane reforming process 

to maximize the performance of the plasma process. By using deliberately designed 

catalysts and suitable reaction conditions, multiple targets including enhanced reactant 

conversions, balanced H2/CO ratio and enhanced selectivity of products could be 

achieved simultaneously.  

5.1.4.  Energy efficiency of plasma process 

Figure 5.6 shows that the energy efficiency of the plasma reforming reaction was 

0.60 mmol kJ-1 without catalyst. Note that the combination of the plasma with catalysts 

cannot always enhance the energy efficiency of the plasma reforming process. In this 

section, introducing the Ni/Al2O3 and Mn/Al2O3 catalysts into the discharge gap was 

found to improve the overall energy efficiency of conversion by 20% and 17%, 

respectively, while packing the Cu and Co catalysts into the DBD reactor slightly 
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decreased the energy efficiency of the plasma process. The maximum energy efficiency 

for the conversion of CH4 and CO2 (0.72 mmol kJ-1) was achieved at a discharge power 

of 7.5 W and a total flow rate of 50 ml min-1 when the Ni/Al2O3 catalyst was placed in 

the plasma.  

 

 

Figure 5.6 Energy efficiency of the plasma dry reforming process using different 

catalysts. (CO2/CH4 = 1: 1, total flow 50 ml min-1, and discharge power 7.5 W) 

 

Table 5.1 compares the energy efficiency of dry methane reforming using different 

atmospheric pressure plasma sources. A more informative comparison can be found in 

Chapter 1. The energy efficiency of the plasma-catalytic reforming process achieved in 

this chapter is much higher than that of plasma reforming using similar dielectric barrier 

discharges. This value is still relatively low compared to the plasma reforming process 

with either gliding arc or thermal plasma. However, it is worth noting that one of the 

advantages of DBD technology is its ability to be combined with other technologies 

such as heterogeneous catalysis, known as hybrid plasma-catalytic process, while 

catalysis technology will be difficult to be integrated into gliding arc or thermal plasma 

process since a significant amount of carbon can be produced in the plasma dry methane 

reforming process, causing quick catalysts deactivation due to coke deposition. By 

choosing highly active and stable catalysts, the energy efficiency of the plasma 

reforming process in a DBD reactor can be further enhanced since the conversions of 

CH4 and CO2 are still low and there is still room for further improvement. It is also 

noticed that the plasma dry reforming process can be maintained at a low power in 
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dielectric barrier discharges compared to other plasma technologies (e.g. gliding arc 

and thermal plasma), which may offer flexibility of the DBD systems for processes 

requiring low energy and low temperature. Our previous work has shown that packing 

ferroelectric materials (e.g. BaTiO3 pellets) in the DBD reactor can significantly 

enhance the conversion of reactant and energy efficiency of the plasma process for gas 

conversion [64]. DRM reported by reference [227] achieved relatively high CH4 

conversion and CO2 conversion at 3.33 W power. It could be attributed to the effect of 

dilution gas (Ar), there were 5%–10% CH4 and CO2 in the feed gas. For comparison in 

this work, the feed gas only consisted of CH4 and CO2. 

 

Table 5.1 Energy efficiency of dry reforming process for conversion using 

different plasma sources.  

Plasma Power Feed flow  Conversion (%) E (mmol kJ-1) Reference 

  (W) (ml min-1) CH4 CO2     
DBD 97 50 18 12.5 0.033 [96] 

DBD 35 50 27 11 0.202 [123] 

DBD 50 50 56.4 30.2 0.32 [37] 

DBD 3.33 40 36 22 0.55 [227] 

DBD 7.5 50 19.6 9.3 0.72 this work 

DC corona 45 60 80 70 0.74 [115] 

Gliding arc 165 7500 13.1 8.4 3.1 [104] 

Gliding arc 720 16000 48.6 56.5 8.6 [164] 

Gliding arc 190 4000 15 18 2.6 [157] 

Rotational GA 175 6000 48 54 13.0 [156] 

Pulsed DC arc 165 100 99.5 97.6 0.9 [228] 

RF plasma 36.2 200 65.9 57.8 2.4 [108] 

Thermal 3400 16000 90 88 3.1 [229] 

 

5.2.  Effect of K, Mg and Ce promoters on plasma-catalytic biogas 

reforming 

In this section, the catalytic biogas reforming over K, Mg and Ce promoted 

Ni/Al2O3 catalysts with and without a plasma has been investigated in a coaxial DBD 

reactor at atmospheric pressure and low temperature (160 oC). To understand the 

synergy of plasma-catalysis, plasma-driven biogas reforming has also been carried out 
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at the same temperature of 160 oC for comparison. The properties and textural structure 

of the catalysts were characterised by XRD, BET and TPR techniques. The effect of 

promoters on the reforming process under plasma-catalytic conditions has been 

investigated in terms of the conversion of CO2 and CH4, the selectivity and yield of gas 

products, the H2/CO molar ratio in the product and the energy efficiency of the 

reforming process. The carbon deposition on the spent catalyst after reforming process 

was also examined and discussed. 

5.2.1.  Experimental setup 

A detailed explanation of the experimental setup can be found in Chapter 2. In this 

section, the discharge power was fixed at 16 W. A simulated biogas with a typical 

CH4/CO2 molar ratio of 3:2 was used as reactants and the flow rate was 50 ml min-1. 

The 8 wt.% Ni/γ–Al2O3 and 8 wt.% Ni– 2 wt.% X/γ–Al2O3 (X = K, Mg and Ce) 

catalysts were prepared by impregnation method using nitrate salt (Alfa Aesar, ACS 

reagents) as the metal precursor. A calculated amount of support (granular Al2O3) was 

added to the solution of nitrate salt. The mixture was continuously stirred for 1 hr and 

impregnated for 3 hrs, then dried at 90 °C overnight, followed by calcination at 400 °C 

for 4 hrs. A total amount of 0.4 g Ni-based catalyst was packed into the reactor and 

sandwiched by quartz wool on both sides. Prior to the plasma-catalytic reforming, the 

Ni-based catalyst was reduced in an argon-hydrogen discharge at a discharge power of 

16 W (50 ml min-1, 20 vol. % H2) for 30 minutes in the same DBD reactor. The catalysts, 

Ni/Al2O3, Ni–K/Al2O3, Ni–Mg/Al2O3 and Ni–Ce/Al2O3 are denoted as NiAl, NiKAl, 

NiMgAl and NiCeAl in the following discussions, respectively. 

The DBD reactor was placed in a tube furnace, as explained in Chapter 2. The 

temperature inside of the reactor was 160 ± 5 oC for all three conditions, measured by 

a fibre optical thermometer (Omega FOB102). However only for the thermal-catalytic 

process, the reactor was heated by the tube furnace, while no extra heating was provided 

to the plasma process with or without a catalyst. 

N2 adsorption–desorption analysis was performed at −196 °C to measure the pore 

size and specific surface area of the catalysts (Micrometrics ASAP 2020 instrument, 

USA). Prior to the measurement, the samples were outgassed at 350 °C for 3 hrs under 

vacuum to remove moisture and other adsorbed gases. The specific surface area of the 

samples were calculated using the Brunauer−Emmett−Teller (BET) method. XRD 
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patterns of the catalyst samples were measured by an X–ray diffractometer (Rigaku D–

Max 2400, Cu–Kα radiation, Japan) in the 2θ scanning range between 10° and 80°. The 

reducibility of the catalysts was investigated by temperature–programmed reduction 

with hydrogen (H2–TPR) using an automated chemisorption analyzer (Quantac chrome 

ChemBET 3000, USA). Before each measurement, the sample was firstly treated at 

400 °C for 1 hr in a 20 ml min-1 He flow. After cooled to 150 °C, the sample was 

saturated with H2 for 30 min and then purged with a He flow at 150 oC for 1 hr. The 

carbon deposition on the spent catalysts was determined by thermal gravimetric 

analysis (TGA) in an air atmosphere. The spent catalyst was heated from 30 °C to 

800 °C at a heating rate of 10 °C min−1 in an air flow of 30 ml min−1. 

For the biogas reforming, the conversion (X) of CH4 and CO2, the selectivity (S) 

and yield (Y) of the products, the H2/CO molar ratio in the product, the total energy 

efficiency for the conversion of CH4 and CO2 (E) [98], fuel production efficiency (FPE) 

of the biogas reforming [180] and synergy capacity (SC) of the plasma-catalysis [179] 

are defined in Chapter 2. 

5.2.2.  Textural properties of catalysts 

Figure 5.7 shows the XRD patterns of the fresh catalysts. Three major diffraction 

peaks located at 2θ = 37.6°, 45.9° and 67.0° are corresponding to the cubic structure of 

alumina crystallite (JCPDS 10–425). Diffraction peaks of NiO crystallite (JCPDS 1–

75–197) can also be clearly seen on the XRD patterns of all the catalysts. However, 

only weak reflections of MgO (JCPDS 1–1235) and CeO2 (JCPDS 3–65–5923) 

crystallite were found in the results [230, 231]; while the diffraction peaks of cubic K2O 

(JCPDS 23–493) were not observed at all [232], suggesting the well-dispersion of K 

species [233]. Scherrer equation was used to estimate the crystallite size of catalysts, as 

summarised in Table 5.2 [215]. The crystallite size of NiAl catalyst was 6.1 nm, but 

significantly increased to 9.6 nm with the addition of Mg. Similar phenomenon of 

increased crystalline size on promoted catalysts has also been reported in thermal 

catalytic reforming [95, 124]. Notably, few promoters (e.g. adding La into Co/ZrO2) 

have been reported to improve the dispersion of active metal species on the surface of 

the catalyst. However, K, Mg and Ce promoters have been observed to agglomerate the 

active metal species and result in larger particle sizes [126]. Interestingly, larger particle 

sizes generally facilitate coke deposition [234-236]. In thermal catalytic processes, the 
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K, Mg and Ce promoters preferentially bind to “coking sites” and suppressing the 

formation of graphite, without significantly affecting the reforming performance [237]. 

  

 

Figure 5.7 XRD patterns of the fresh catalysts. (♦ NiO, ♠ MgO, ♣ CeO2, dash line γ–Al2O3) 

 

Table 5.2 shows the textural properties of the catalysts. The BET specific surface 

area of the NiAl catalyst was 164.9 m2 g-1, while that of the promoted catalysts were 

slightly decreased and in the range between 152 and 158 m2 g-1. The BET area of the 

catalysts follow the order of NiAl > NiMgAl > NiCeAl > NiKAl. 

 

Table 5.2 Textural characteristics of fresh catalysts. 

Catalyst 
Specific surface area 

(m2 g-1) 
Total pore volume 

(cm3 g-1) 
Average crystallite size 

(nm) 
NiAl 164.9 0.286 6.1 

NiMgAl 159.5 0.252 9.6 

NiCeAl 157.9 0.293 6.9 

NiKAl 152.4 0.290 7.8 

 

5.2.3.  Temperature-programmed reduction of the catalysts 

The reducibility of supported metal catalysts is a critical factor affecting the 

catalytic performance. Figure 5.8 shows the H2–TPR result of the fresh Ni-based 

catalysts. On the TPR profile of the NiAl catalyst, the first peak at 290 °C corresponds 

to the reduction of bulk NiO, while the overlapping peak at 410 °C is assigned to the 
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reduction of less active NiO. The less active NiO has higher reduction temperature due 

to its interaction with the support of the catalyst [120, 219]. The addition of K, Mg and 

Ce promoters exhibit different effects on the reducibility of the Ni-based catalyst. On 

the TPR result of the NiMgAl catalyst, the reduction temperature of bulk NiO greatly 

increased to 340 oC. The intensity of peaks corresponding to the reduction of NiO are 

diminished. It is likely due to the intensified interaction between NiO and Al2O3 by the 

Mg species [136, 238]. The reduction of bulk NiO on the NiCeAl catalyst occurred at 

230 °C, clearly the lowest reduction temperature among the catalysts. However, the 

broad reduction peak of the Ce- promoted catalyst implies that the NiCeAl catalyst 

might show a limited catalytic performance at low temperatures (e.g. 160 oC). The 

NiKAl catalyst has a TPR profile very similar to the NiAl catalyst except that the 

reduction temperature of bulk NiO decreases to 260 °C. It can be concluded that the 

reducibility of the investigated catalysts follows the order of NiCeAl > NiKAl > NiAl > 

NiMgAl.  

 

 

Figure 5.8 H2–TPR profiles of fresh catalysts. 

 

5.2.4.  Biogas reforming over promoted catalysts 

Figure 5.9 shows the conversion of CH4 and CO2 in the biogas reforming process 

at the same temperature of 160 oC under different conditions: plasma-alone, thermal 

catalysis and plasma-catalysis. A synergy between the DBD plasma and the NiKAl 

catalyst can be clearly identified. At such a low temperature, the reforming reaction is 

only initiated with the presence of plasma, regardless of the use of catalyst. Without 
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plasma, the conversion of CH4 and CO2 were negligible. For comparison, the 

conversion of CH4 and CO2 in the plasma-driven biogas reforming at 160 oC were 25.1% 

and 18.2%, respectively. The promotional effect of plasma suggests that at 160 oC, 

DBD plasma was the key driving force for the reforming of CH4 and CO2, ascribe that 

it can activate the catalyst, dissociate gas molecules and initiate reforming reaction. 

Figure 5.10(a) shows the effect of different catalysts on the conversion of CH4 and CO2 

at the same temperature of 160 oC. The promoted catalysts enhanced the conversion of 

CH4 in the feed gas, comparing with reforming over the NiAl catalyst, and the K- and 

Ce- promoted catalysts increased the conversion of CO2. However, the Mg- promoted 

catalyst decreased the CO2 conversion. In the plasma-catalytic biogas reforming over 

the promoted catalysts, the best conversion of CH4 and CO2 was achieved by the NiKAl 

catalyst, closely followed by the NiCeAl catalyst. 

 

 

Figure 5.9 Conversions of CH4 and CO2 under different conditions. (CH4/CO2 

molar ratio 1.5, flow rate 50 ml min-1, discharge power 16 W, temperature 160 oC, and 

using NiKAl catalyst) 

 

Interestingly, in the reported works on thermal catalytic dry reforming of methane 

at higher temperatures, where Ni/Al2O3 catalysts were prepared by wetness incipient 

methods, the K- and Ce- promoted catalysts decreased the conversion of both CH4 and 

CO2 [124, 125], while the Mg- promoted catalyst is reported to improve the conversion 

of CO2, as compared with the results obtained over un-promoted catalysts [94, 95, 127]. 

For instance Nandini et al. carried out thermal catalytic biogas reforming over a 8.8 wt.% 

Ni/Al2O3 catalyst at 800 oC, with a feed gas ratio CH4: CO2: N2 of 1: 1: 0.9, after the 

addition of 0.5 wt.% K content into the catalyst they found that the conversion of CH4 



Chapter 5. Plasma-catalytic biogas reforming at low temperatures 

111 
 

decreased from 84.7% to 70.2%, while the CO2 conversion decreased from 81.4% to 

72.1% [124]. Alipour et al. reported the thermal catalytic dry reforming of methane 

over a 5 wt.% Ni/Al2O3 catalyst at 650 oC, with the addition of  3 wt.% Mg content into 

the catalyst, the conversion of CO2 increased from 66% to 77% [95]. By contrast, Wang 

et al. prepared a NiO-CeO2-Al2O3 catalyst by an improved one-pot evaporation-

induced self-assembly (EISA) method, and investigated the thermal catalytic DRM 

using this Ni-Ce-Al catalyst at 700 oC [128, 239]. The authors found that when the 

Ce/Al molar ratio of the Ni-Ce-Al catalyst increased from 0 to 1:50, the conversion of 

CH4 increased from 60% to 80%, and that of CO2 increased from 59% to 73%, 

respectively [239]. It can be concluded that the conversion of CH4 and CO2 in the 

catalytic biogas reforming processes is highly dependent on the reaction condition such 

as the preparation method of catalyst. The effects of K, Mg and Ce promoters on the 

plasma-catalytic biogas reforming are also affected by the presence of DBD plasma. 

The selectivity of H2 and CO in the plasma biogas reforming with or without a 

catalyst are shown in Figure 5.10(b). The presence of catalyst clearly decreased CO 

selectivity. However, only the NiKAl catalyst effectively improved the H2 selectivity; 

while other catalysts exhibited limited effect on the selectivity of H2. More specifically, 

among all the investigated catalysts, the NiKAl catalyst achieved the highest H2 

selectivity (43.3%), while the NiMgAl catalyst exhibited the lowest CO selectivity 

(29.4%). This is actually consistent with the result of conversions as shown in Figure 

5.10(a): The CH4 conversion was preferentially enhanced by the combination of DBD 

plasma and catalyst. As a consequence, the amount of resulting products such as H2 and 

C2–C4 alkanes was increased in the effluent gas. This can be evidenced by the enlarged 

H2/CO molar ratio as shown in Figure 5.10(d). The use of NiAl and NiMgAl catalysts 

favoured the production of C2–C4 alkanes; while the presence of NiKAl catalyst 

promoted the production of H2 (Figure 5.11). All these results decreased the apparent 

selectivity for CO but increased that for alkanes when using the NiAl and NiMgAl 

catalysts. Similarly, the apparent selectivity for H2 when using the NiKAl catalyst was 

also increased. In our previous work, the H2/CO molar ratio was also increased when 

using a Ni/Al2O3 catalyst [98]. It is remarkable that among the catalysts, the NiMgAl 

catalyst achieved the largest H2/CO ratio of 2.2, while the NiKAl and NiCeAl catalysts 

had the smallest ratios of 1.9. Interestingly, the H2/CO ratio obtained over different 

catalysts followed the exactly reversed order as the reducibility of these Ni-based 

catalysts, NiCeAl < NiKAl < NiAl < NiMgAl. This is plausible since the production of 
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CO is dependent on the conversion of CO2, while the CO2 conversion is dependent on 

the reducibility of the catalyst. 

 

 

(a)                              (b) 

 

(c)                              (d) 

Figure 5.10 (a) Conversion of CH4 and CO2, (b) Selectivity and (c) Yields of H2 

and CO, and (d) H2/CO molar ratio in the product after using different catalysts. 

(CH4/CO2 molar ratio 1.5, flow rate 50 ml min-1, and discharge power 16 W) 

 

The Mg- promoted catalyst was distinguishable from the K- and Ce- promoted 

catalysts, in terms of CO2 conversion, CO selectivity and H2/CO molar ratio in the 

product. This is probably ascribed to the relatively low reducibility of NiMgAl catalyst 

as confirmed by the TPR profile. The higher reduction temperature of NiMgAl catalyst 
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suggests the catalytic activity being greatly suppressed at low temperatures. Hence, the 

CO2 decomposition on the surface of the catalyst was suppressed at 160 oC, 

subsequently decreasing the CO2 conversion while enlarging the H2/CO ratio in the 

product. 

Saturated hydrocarbons including ethane, propane and butane, together with 

unsaturated ethylene and acetylene were detected during the biogas reforming over 

promoted catalysts, as shown in Figure 5.11. The amounts of alkanes in the effluent gas 

are two orders of magnitude larger than those of unsaturated ones. Therefore only the 

selectivity and yields of alkanes in the product are presented. The NiMgAl catalyst 

achieved the highest selectivity towards ethane and propane, while the NiKAl catalyst 

had the lowest. All the catalysts had similar selectivity of butane. It is noticeable that 

butane was produced only when a catalyst was used. Moreover, all the catalysts 

improved the yield of C2 to C4 alkanes and promoted catalysts showed better 

improvements. Compared to reforming using plasma alone, the combination of DBD 

plasma and NiKAl catalyst enhanced the yield of ethane by 16.5%; it also enhanced the 

yield of propane by 25.5%. These results are due to the significant enhancement of 

conversion using the catalysts. 

 

 

(a)                              (b) 

Figure 5.11 (a) Selectivity and (b) Yield of C2 -C4 alkanes over different catalysts. 

(CH4/CO2 molar ratio 1.5, flow rate 50 ml min-1, and discharge power 16 W) 
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Figure 5.12 shows the influence of catalysts on the total energy efficiency and fuel 

production efficiency of plasma biogas reforming. Clearly, compared to the plasma 

reforming of biogas without a catalyst, the combination of the DBD with the Ni-

catalysts enhanced the total energy efficiency and fuel production efficiency due to the 

generation of plasma-catalytic synergy. In plasma-catalytic biogas reforming, the use 

of K, Mg and Ce promoted Ni/Al2O3 catalysts showed higher energy efficiency 

compared with the NiAl catalyst. The highest energy efficiency (0.67 mmol/kJ) and 

fuel production efficiency (14.4%) were achieved when placing the NiKAl catalyst in 

the plasma biogas reforming process. Table 5.3 presents a summary of the energy 

efficiency obtained in plasma biogas reforming under similar conditions. 

 

 

Figure 5.12 Total energy efficiency and fuel production efficiency of plasma 

reforming over different catalysts. (CH4/CO2 molar ratio 1.5, flow rate 50 ml min-1, and 

discharge power 16 W) 

 

Table 5.3 DBD plasma assisted dry reforming of methane. 

Catalyst 
Feed flow 
(ml min-1) 

CH4/CO2 
P 

(W) 

Conversion (%) Selectivity (%) E 
(mmol kJ-1) 

FPE 
(%) 

Ref CH4 CO2 CO H2 

None  20 1:1 107 72.8 44.4 82.0 70.0 0.137  4.0 [240] 

Ni/Al2O3  30 1:1 130 55.7 33.5 60.9 51.9 0.096  3.0 [241] 

Ni/Al2O3  50 1:1 30 26.1 16.3 48.8 34.6 0.112 10.4 [97] 

Ni/Al2O3  50 1:1 7.5 19.6  9.3 38.0 34.0 0.720 11.6 [98] 

Ni/Al2O3  50 1:1 50 56.4 30.2 52.4 31.0 0.320 13.1 [37] 

Ni/Al2O3  50 3:2 16 27.2 19.6 29.9 41.2 0.559 12.3 This work 

Ni-K/Al2O3  50 3:2 16 31.6 22.8 31.3 43.3 0.669 14.4 This work 
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Synergistic capacity is used to quantify the reaction performance of plasma-

catalytic biogas reforming, comparing against the individual processes using plasma-

alone or catalyst-alone at the same temperature of 160 oC, as shown in Table 5.4. 

Significant synergy between the plasma and the Ni-based catalysts is highlighted by the 

conversion of CH4, the yield of H2 and propane, and the total energy efficiency. For 

instance the yield of H2 had a synergistic capacity of 9% in the absence of a promoter 

and reached a maximum value of 31% over the NiKAl catalyst. The synergistic capacity 

of the plasma-catalytic process was significantly enhanced over the K- promoted 

catalyst. The suppression of CO2 conversion over the NiMgAl catalyst was also clearly 

reflected by the negative synergistic capacity. As shown in Figure 5.10 and Figure 5.12, 

the addition of K, Mg and Ce promoters showed a more pronounced effect on the 

reaction performance (conversion, selectivity, yield and energy efficiency). The 

interaction between DBD plasma and promoted catalysts [33, 34], and the improving 

effect of Ar (in the feed gas) on the plasma-assisted reactions [196] could be the main 

driving force for the significant synergistic capacity of the plasma-catalytic biogas 

reforming. 

 

Table 5.4 Synergy capacities (unit: %) of plasma catalytic biogas reforming. 

(CH4/CO2 molar ratio 1.5, flow rate 50 ml min-1, discharge power 16 W, and reaction 

temperature 160 °C) 

Catalyst QCH4 QCO2 QH2 QCO QC2H6 QC3H8 QE QFPE 

NiAl 8 7 9 -3 9 16 5 2 

NiMgAl 24 -16 24 -1 17 23 9 7 

NiCeAl 27 19 27 13 17 28 19 12 

NiKAl 26 25 31 21 17 25 26 19 

 

5.2.5.  Effect of promoters on carbon deposition 

The types of carbon deposition on spent catalysts can be divided into three 

categories, according to the oxidation temperature of these carbonaceous species. They 

are distinguished by the peaks on the TGA profiles: active carbonaceous species (Cα), 

less active carbonaceous species (Cβ) and inactive carbonaceous species (Cγ) [242, 243]. 

In this section, the peak located at about 310 oC represents the active Cα species which 
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usually exist as a mixture of amorphous carbon, higher hydrocarbons and polymers. Cα 

species can be easily oxidised to form CO. The peak at about 520 oC was assigned to 

the less active Cβ species which existed in the mixed form of amorphous and 

filamentous carbon [95, 124, 125]. A negligible amount of Cγ species was observed on 

the spent catalysts. As shown in Figure 5.10, the combination of plasma and catalyst 

significantly enhanced the conversion of CH4, and the K-, Ce- promoted catalysts also 

greatly increased the conversion of CO2. As a consequence, the promoted catalysts 

increased the carbon production, which can be reflected by the weight losses 

corresponding to different carbon species as shown in Table 5.5. The amount of carbon 

deposition follows the order of NiCeAl > NiKAl ≈ NiMgAl > NiAl, agreeing with the 

results of CH4 conversion as shown in Figure 5.10. This is plausible because the 

decomposition of CH4 is an important source of carbon solid in the biogas reforming 

reactions. The amount of carbon deposition also agrees with the reducibility of the 

promoted catalysts (NiCeAl > NiKAl ≈ NiAl > NiMgAl). This is reasonable since the 

reducibility of catalysts reflect their reactivity. However, it is very interesting that for 

the thermal catalytic biogas reforming, the carbon deposition on the surface of the 

catalyst has been reported to be significantly reduced over the K-, Mg- and Ce- 

promoted catalysts, comparing with using the corresponding un-promoted catalysts [94, 

95, 124-126, 131]. For instance, Sengupta et al. reported that by adding 5 wt.% MgO 

content into the 15 wt.% Ni/Al2O3 catalyst, the carbon deposition on the spent catalyst 

after dry reforming of methane at 600 oC and for 3 hrs decreased from 24.5 wt.% to 

14.4 wt.% [94]. Ozkara-Aydinoglu et al. reported that the carbon deposition on the 

spent Co/ZrO2 catalyst was decreased from 4% to 2.6% after the addition of Mg 

promoters [126]. The different behaviour of carbon production and deposition under 

thermal- and plasma- catalytic conditions suggests its dependence on the presence of 

non-thermal plasma, which again confirms the conclusion made on the conversion of 

CH4 and CO2. The combination of non-thermal plasma and promoted catalysts 

significantly enhanced the conversion of CH4 and CO2, improved the energy efficiency 

of the catalytic biogas reforming process, and consequently increased coke production; 

while the addition of K, Mg and Ce promoters kept the increased coke deposition in the 

form of reactive species. However, it worth noting that although the promoted catalysts 

increased the carbon deposition by 22%-26% compared to the NiAl catalyst, the 

increased carbon deposition on the catalysts is mainly in the form of Cα species. This 

reactive carbonaceous species contributed more than 70% of the increased amount of 
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carbon deposition. On one hand, the reactive species are easier to react with CO2 or O 

species to form CO, consequently “regenerating” the catalyst. In other words, the 

promoted catalysts could have relatively long lifetime in the biogas reforming process. 

On the other hand, this result agrees well with the reported mechanism of K-promoter 

suppressing the formation of graphite during reforming [237]. Most importantly, the 

carbon deposition on the surface of the promoted catalyst in this work was still 

comparable or even less than the reported value (13%-40%) obtained in the thermal 

catalytic dry reforming of methane over promoted Ni/Al2O3 catalysts [94, 125], even 

though the CH4/CO2 molar ratio in this work is higher than that in a DRM process. This 

result suggests that the DBD plasma significantly reduced the carbon production in the 

plasma-catalytic biogas reforming reaction at 160 oC. 

 

 

(a)                              (b) 

Figure 5.13 TPO profiles of (a) spent NiKAl catalyst and (b) spent Ni based 

catalysts after biogas reforming. 

 

Table 5.5 Amount of carbon deposited on the spent catalysts. 

 Carbon deposition (wt. %) 
Catalyst Reactive Less active Total 
NiAl 4.52 0.9 5.42 

NiMgAl 5.59 0.95 6.54 

NiCeAl 5.63 1.21 6.84 

NiKAl 5.43 1.16 6.59 
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5.3.  Summary 

In the first section of this chapter, the effect of different reaction conditions (e.g. 

CO2/CH4 and total feed flow rate) and Al2O3 supported metal (Ni, Co, Cu and Mn) 

catalysts on the plasma-catalytic dry methane reforming has been investigated in a 

coaxial DBD reactor. In the plasma reforming reaction without catalyst, the CO2/CH4 

molar ratio significantly affects the conversion of reactants, the selectivity and yield of 

major products, as well as the ratio of H2/CO, while the variation of the total reactant 

flow rate does not change the H2/CO ratio and the selectivity of syngas. Combining the 

DBD with the Ni/Al2O3 and Mn/Al2O3 catalysts significantly enhances the conversion 

of CH4 and shows a synergistic effect of plasma-catalysis for CH4 conversion. The 

maximum CH4 conversion of 19.6% was achieved in the plasma-catalytic dry 

reforming over the Ni/Al2O3 catalyst at a discharge power of 7.5 W and a gas flow rate 

of 50 ml min-1, followed by the Mn/Al2O3, Co/Al2O3 and Cu/Al2O3. However, the 

presence of these catalysts in the plasma did not enhance the conversion of CO2. In 

addition, packing these Al2O3 supported catalysts into the discharge gap enhanced the 

yields of CO and H2, especially the Ni/Al2O3 catalyst. The effect of these catalysts on 

the carbon balance of the process agreed with the conversions of CH4 and CO2 using 

different catalysts in the plasma system. The maximum energy efficiency of the plasma-

catalytic reforming process obtained in this chapter was much higher than that of the 

plasma reforming process using similar dielectric barrier discharges although it was 

still relatively low compared to those using gliding arc or thermal plasma. The results 

show that these catalysts had different effects on the reaction performance of the plasma 

reforming process, which also suggests that there is still room for the improvement of 

the overall energy efficiency of the plasma process by combining with highly active 

and cost-effective catalysts.  

In the final section of this chapter, plasma-catalytic biogas reforming over 

promoted Ni/Al2O3 catalysts has been carried out in a coaxial dielectric barrier 

discharge reactor at 160 oC. The combination of the Ni-based catalysts and the DBD 

plasma exhibited a synergistic effect at low temperature, enhancing the conversion of 

CH4, the yield of H2 and the energy efficiency of the plasma process, compared with 

the reaction using plasma alone or catalyst alone at the same temperature of 160 oC. 

The promoted catalysts showed a significant improvement on the reforming 

performance. In the plasma-catalytic biogas reforming, the Ni-based catalyst promoted 
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by K species showed the best performance, enhanced the conversion of both CO2 and 

CH4, the yield of H2, CO and C2 –C4 alkanes, the total energy efficiency and the fuel 

production efficiency of the plasma process. While the Mg- promoted catalyst 

remarkably increased the H2/CO ratio in the product. In addition, compared with using 

the NiAl catalyst, although the promoted catalysts increased the amount of carbon 

deposition on the surface of the spent catalyst due to their significant enhancement on 

the conversion of feed gas, the total amount of carbon deposition was still remarkably 

less than the reported values in thermal catalytic DRM reactions. TGA analysis showed 

that the increased carbonaceous species were mainly a reactive species, suggesting that 

the promoted catalysts were relatively easy to be regenerated during and after reforming 

reaction. 
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Chapter 6.  Plasma-catalytic biogas reforming at 

elevated temperatures 

In the previous chapter, Ni/Al2O3 was identified the best among the Co, Cu, Mn 

and Ni catalysts; while K was found the best among the K, Mg and Ce promoters. In 

this chapter, plasma-catalytic biogas reforming has been carried out in a dielectric 

barrier discharge (DBD) reactor, with and without a Ni-K/Al2O3 catalyst. The effect of 

the following process parameters on the reforming performance has been investigated: 

the preparation method of the Ni-K/Al2O3 catalyst, the temperature of the reforming 

process and the K loading of the Ni- catalysts. The performance of biogas reforming 

has been evaluated under three different operating conditions (plasma-alone, plasma-

catalysis and thermal catalysis), in terms of conversion, selectivity, yield and energy 

efficiency. The carbon deposition on the spent catalyst was also discussed. 

6.1.  Effect of preparation method on plasma-catalytic biogas 

reforming using a Ni-K/Al2O3 catalyst 

6.1.1.  Experimental setup 

Details of the experimental setup can be found in Chapter 2. In this section, the 

discharge power was fixed at 16 W. During the reforming reaction, the temperature of 

the reactor was always lower than 160 oC, monitored by a fibre optic thermometer 

(FOB102). A gas mixture of CH4 and CO2 with a CH4/CO2 molar ratio of 3: 2 was used 

as feed gas, and the total gas flow rate was 50 ml min-1. 

A catalyst consisting of 8 wt.% Ni and 2 wt.% K was prepared by the impregnation 

method as follows: The initial step was the calcination of support (Al2O3 granular) at 

400 oC for 5 hrs. Following this, a calculated amount of the support was added to the 

solution of Ni(NO3)2 and KNO3 salts (Alfa Aesar, ACS reagents). The mixture slurry 

was stirred for 1 hr, left to impregnation for 3 hrs, then dried at 90 °C overnight. 
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Subsequently, half of the catalyst was calcinated in a tube furnace at 400 °C for 4 hrs. 

This is known as thermal calcination (TC).. Meanwhile, the other half was calcinated 

in a DBD plasma at the same temperature and for the same period, this is known as 

plasma-calcination (PC). Again, the temperature was monitored using the fibre optic 

thermometer. The plasma-discharge power for calcination was 13 W, and external 

heating was applied to assure the calcination temperature was 400 ± 10 oC. By doing 

so, the effect of plasma on the catalyst during calcination, in addition to the effect of 

temperature, could be identified. After calcination, two samples of catalyst (0.4 g each) 

was packed into the reactor and sandwiched by quartz wool. One of the samples was 

reduced (50 ml min-1 Ar/H2 flow, 20 vol.% H2) at 350 oC for 40 minutes in a tube 

furnace, known as thermal reduction (TR). The other sample was reduced in an Ar/H2 

discharge at a discharge power of 13 W (50 ml min-1, 20 vol.% H2) at the same 

temperature and for the same period as for the thermal reduction. This is known as 

plasma-reduction (PR).Figure 6.1 shows the photos of the synthesised catalysts. 

 

 

Figure 6.1 Photos of fresh Ni-K/Al2O3 catalysts prepared by different methods. 

(From left to right: HC + HR, HC + PR, PC + HR and PC + PR) 

 

6.1.2.  Results and discussion 

In this section, results are presented of the experimental conversion of CH4 and 

CO2 to syngas over different catalysts, while the operational parameters such as 

CH4/CO2 molar ratio, feed flow rate and discharge power were held constant. Figure 

6.2 shows the effect of preparation method of catalyst on the conversions of CH4 and 

CO2 in the plasma-catalytic biogas reforming. Clearly, the catalysts prepared by thermal 

calcination (TC) enhanced the CO2 conversion compared to those prepared by the PC 

method, regardless of reduction method. One possible explanation for this result is that 

the plasma might act to collapse the pores on the surface of the catalyst, reducing the 
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specific surface area of the support and consequently decreasing the conversion of CH4 

and CO2. For comparison, catalysts prepared by plasma reduction (PR) were found to 

promote CH4 conversion, regardless of calcination method. It could be that the 

conversion of CH4 is dependent on the oxidation states of the active metal species on 

the catalysts, and in this work, the non-thermal plasma was better at reducing metal 

particles supported on the catalysts than the thermal method. Remarkably, the catalyst 

prepared by thermal calcination and plasma reduction (TC+PR) achieved the best 

conversion of CH4 (31.6%) and CO2 (22.8%). It is also notable that the conversion of 

CO2 was always smaller than that of CH4. This probably results from side-reactions 

(e.g. water-gas shift reaction, CO oxidation by OH radicals and Boudard reaction), 

which convert the produced CO and H2O into CO2 and H2, thus lowering the apparent 

conversion of CO2. 

 

 

Figure 6.2 Conversions of CH4 and CO2 over different catalysts. (CH4/CO2 molar 

ratio 1.5, flow rate 50 ml min-1, and discharge power 16 W) 

 

Figure 6.3 shows the effect of preparation method of the catalyst on the selectivity 

and yield of H2 and CO. The catalysts prepared by thermal calcination (TC) improved 

the selectivity of H2, regardless of the reduction method. For comparison, the reduction 

method showed an insignificant influence on the selectivity of H2. Both the calcination 

and reduction methods exhibited limited effects on the selectivity of CO. As a result, 

the catalyst prepared by thermal calcination and plasma reduction (TC+PR) achieved 

the highest H2 selectivity of 41.6%. This result implies that by changing the preparation 

method of the catalyst, the selectivity for different products can be adjusted, even 
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without changing the composition of the catalyst. The catalyst prepared by thermal 

calcination and plasma reduction (TC+PR) also had the best yield of H2 (13.7%) and 

CO (9.0%), due to the high conversion of CH4 and CO2, and high selectivity of H2 

achieved over the same catalyst. 

 

 

(a)                              (b) 

Figure 6.3 (a) Selectivity and (b) yield of H2 and CO over different catalysts. 

(CH4/CO2 molar ratio 1.5, flow rate 50 ml min-1, and discharge power 16 W) 

 

Figure 6.4 shows the H2/CO molar ratio in the product and the carbon balance of 

the reforming process. Notably, the catalyst prepared by the TC+PR method increased 

the H2/CO molar ratio compared to other catalysts, due to the significant enhancement 

of H2 production. By contrast, the plasma-calcinated and reduced (PC+PR) catalyst 

exhibited the highest carbon balance (93.3%), which means only 6.7% of the carbon in 

the feed gas was undetected after reaction. Since the undetected carbon can be used to 

estimate the amount of by-products that were produced during reforming, such as solid 

carbon, the result implies that less by-products were produced over the PC+PR catalyst. 

The PC+PR catalyst would consequently have a longer lifetime than the catalysts 

prepared by other methods. 
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(a)                              (b) 

Figure 6.4 (a) H2/CO molar ratio in the products and (b) carbon balance of the 

reforming process. (CH4/CO2 molar ratio 1.5, flow rate 50 ml min-1, and discharge 

power 16 W) 

 

C2 – C4 hydrocarbons including ethane, ethylene, acetylene, propane and butane 

were also detected among the products of the plasma-catalytic biogas reforming process. 

Figure 6.5 shows the effect of preparation method of the catalyst on the selectivity and 

yield of these hydrocarbons. The selectivity of ethane, ethylene and acetylene shows a 

significant dependence on the preparation method of the catalyst. In contrast to 

selectivity for H2 and CO seen with the TC+PR catalyst, the highest selectivity for 

ethane (20.5%), ethylene (4.7%) and acetylene (1.4%) was achieved by the catalyst 

prepared by plasma-calcination and plasma-reduction (PC+PR). The lowest selectivity 

for these three hydrocarbons was achieved by the TC+PR catalyst. This result suggests 

that the plasma-calcination process suppressed the selectivity for syngas, but promoted 

that for C2 – C4 hydrocarbons. The preparation method of catalyst was found to have a 

limited effect on selectivity for propane and butane. Notably, the selectivity of 

acetylene was always higher than that of ethylene, regardless of the catalyst used. This 

might be ascribed to the different formation mechanisms of the hydrocarbons. 

Remarkably, the highest yields of the mentioned C2 – C4 hydrocarbons were 

simultaneously achieved using the catalyst prepared by thermal calcination and plasma-

reduction (TC+PR). The highest yields of ethane, ethylene, acetylene, propane and 

butane using the TC+PR catalyst were 5.1%, 0.16%, 0.17%, 1.2% and 0.39% 

respectively. This was due to the high conversion of CH4 and CO2 using this catalyst.  
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(a)                              (b) 

 

(c)                              (d) 

Figure 6.5 Effect of preparation method on the production of C2 – C4 hydrocarbons. 

(a) Selectivity of alkanes; (b) Yield of alkanes; (c) Selectivity of ethylene and acetylene; 

(d) Yield of C2H4 and C2H2.  (CH4/CO2 molar ratio 1.5, flow rate 50 ml min-1, and 

discharge power 16 W) 

 

Figure 6.6 shows the influence of preparation method of catalyst on the total energy 

efficiency and fuel production efficiency of plasma biogas reforming. Clearly, 

compared with the plasma reforming of biogas over TC+TR or PC+PR catalysts, the 

reforming over TC+PR catalyst enhanced the total energy efficiency and fuel 

production efficiency due to the outstanding improvement of conversion and yield. The 

highest total energy efficiency (0.669 mmol kJ-1) and fuel production efficiency (14.4%) 

were achieved using the TC+PR catalyst.  
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Figure 6.6 Energy efficiency of biogas reforming over different catalysts. (CH4/CO2 

molar ratio 1.5, flow rate 50 ml min-1, and discharge power 16 W) 

 

6.2.  Effect of temperature on biogas reforming using a Ni-K/Al2O3 

catalyst 

This section investigates the reforming of biogas over a Ni-K/Al2O3 catalyst in a 

coaxial DBD reactor at elevated temperatures. The performance of reforming under 

three different operating conditions (plasma-alone, plasma-catalysis and thermal 

catalysis) are investigated, in terms of conversion, selectivity, yield, H2/CO molar ratio 

in the product, carbon balance and energy efficiency. The synergy of plasma-catalysis, 

and the carbon deposition on the catalyst are also discussed. 

6.2.1.  Experimental setup 

The experimental setup is explained in Chapter 2. In this section, the discharge 

power of the DBD plasma in the reforming was 16 W, determined by calculating the 

area of Q-U on the Lissajous figures. The DBD reactor was placed in a tube furnace, 

which enabled biogas reforming to be investigated under three different conditions: 

plasma-alone, thermal catalysis and plasma-catalysis. Under plasma-alone conditions, 

no catalyst or quartz wool was placed in the reactor. In thermal catalytic reaction, the 

Ni-K/Al2O3 catalyst and quartz wool were packed in the middle of the reactor and 

heated in the tube furnace in absence of plasma. In the plasma-catalytic process, the 

catalyst and quartz wool were placed in the DBD plasma resulting in interaction 

between the plasma and catalyst. The temperature inside of the reactor was adjusted in 
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the range between 160 oC and 400 oC for all three conditions. When the plasma was on, 

the heating power was adjusted accordingly so that the plasma-alone, thermal catalytic 

and plasma-catalytic processes were carried out over the same temperatures. 

The 8 wt.% Ni – 2 wt.% K/Al2O3 catalyst was prepared by the TC+PR method as 

described in the previous section. The catalyst was characterised using the same 

equipment and methods as explained in Chapter 5. 

6.2.2.  Textural properties of the Ni based catalysts 

Figure 6.7 shows the XRD patterns of the Al2O3 support and fresh catalysts. Three 

prominent diffraction peaks located at 2θ = 37.6°, 45.9° and 67.0° respectively can be 

found on the XRD profile of Al2O3 support, corresponding to the cubic structure of 

alumina crystallite (JCPDS 10–425) [37]. On the XRD profiles of the catalysts, the 

diffraction peaks corresponding to NiO crystallite (JCPDS 1–75–197) can be clearly 

identified [98], as labelled by solid diamond marks in the figure. On the XRD pattern 

of the Ni-K/Al2O3 catalyst, the diffraction peaks related to cubic K2O or KNO3 

crystallites are not observed, suggesting that the KNO3 precursor has been completely 

decomposed in the calcination, and the K content has been well dispersed on the surface 

of the support. The average sizes of NiO crystallite on the Ni/Al2O3 and Ni-K/Al2O3 

catalysts are calculated by the Scherrer’s formula and summarised in Table 6.1 [244]. 

 

 

Figure 6.7 XRD results of the alumina support and Ni- based catalysts. (♦ NiO) 

 

Comparing with the Ni/Al2O3 catalyst, the addition of K-promoter not only 

increased the average crystallite size, but also decreased the BET specific surface area 
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of the promoted catalyst. As shown in Table 6.1, the BET area of the Ni/Al2O3 catalyst 

was 165 m2 g-1, while that of the Ni-K/Al2O3 catalyst decreased to 152 m2 g-1, due to 

the enhanced coverage of catalyst’s surface by the larger crystallite. This result suggests 

that the K promoter has changed the surface properties of the Ni/Al2O3 catalyst. 

 

Table 6.1 Textural properties of fresh catalyst samples. 

Catalyst 
Specific surface area 

(m2 g-1) 
Mean pore diameter 

(nm) 
Mean crystallite size 

(nm) 
Ni/Al2O3 165 5.9 6.1 

Ni-K/Al2O3 152 5.6 7.8 

 

6.2.3.  Reducibility of the catalysts 

H2-TPR has been used to determine the reducibility of the catalysts, as shown in 

Figure 6.8.  

 

 

Figure 6.8 TPR profile of the catalysts. 

 

In the biogas reforming, reducibility determines the redox status of active metal 

species, thus is very important for the reactivity and performance of a catalyst. The TPR 

result of the Ni/Al2O3 catalyst exhibits a very typical dual-peak feature. The first peak 

centred at 290 °C corresponds to the reduction of bulk NiO, while the overlapping peak 

located at 420 °C is assigned to the reduction of less-active Ni species. The latter has 

interacted with the alumina support and comparing with the bulk Ni species, requires 

higher temperature to be reduced [120]. The Ni-K/Al2O3 catalyst shows a pattern very 
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similar to that of the Ni/Al2O3 catalyst. However it is still clear that the reduction 

temperature of bulk NiO decreased by about 20 oC, indicating an improved reducibility 

of the Ni-K/Al2O3 catalyst. The catalyst with increased reducibility would therefore 

achieve a better performance at low temperatures. 

6.2.4.  Biogas reforming over the Ni-K/Al2O3 catalyst at elevated temperatures 

Figure 6.9 shows the effect of temperature on the conversion of CH4 and CO2 in 

the biogas reforming process. Remarkably, CH4 and CO2 were not effectively converted 

until the DBD plasma was present, regardless of temperature. In the thermal catalytic 

reforming, when the temperature changed from 160 oC to 400 oC, the CO2 conversion 

was always lower than 1%, while that of CH4 slightly increased with the temperature 

but still remained lower than 1.5%. This is plausible since the thermal equilibrium 

conversion of CH4 and CO2 is 0 at a temperature lower than 230 oC. When the 

temperature increases to 390 oC, the equilibrium conversion of CH4 is 2.3%, while that 

of CO2 is 6.5% at the same temperature. This result suggests that the optimal working 

temperature for the Ni-K/Al2O3 catalyst is higher than 400 oC, since the performance 

of thermal catalytic reforming was strongly dependent on the temperature. During the 

plasma reforming of biogas without a catalyst, the CH4 conversion was in the range of 

23.8% to 25.1% when the temperature increased from 160 oC to 370 oC, suggesting an 

insignificant effect of temperature on the CH4 conversion. However, CO2 conversion 

decreased from 18.2% to 12.3% during the same plasma-alone process. It is probable 

that the discharge-mode of plasma changed in response to the increasing temperature. 

Atmospheric-pressure DBD plasma can operate in filamentary, patterned or completely 

diffuse mode, depending on the composition of feed gas and the surface properties of 

dielectric layer [211]. The temperatures of feed gas and reactor determines the 

discharge-mode, and consequently affects plasma properties of plasma and the 

performance of corresponding plasma-driven reactions, such as the discharge voltage 

and discharge power of plasma, and the conversion of feed gas [212-214]. In this study, 

the discharge-mode of the DBD plasma is expected to transform when the temperature 

increased, resulting in decreased conversion of CO2. In the plasma-catalytic biogas 

reforming process, where the DBD plasma was combined with external heating, both 

of the CH4 and CO2 conversions were suppressed when the temperature increased. For 

instance, when the reaction temperature increased from 160 oC to 400 oC, the CH4 
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conversion decreased from 31.6% to 22.9%, while that of CO2 decreased from 22.8% 

to 10.3%. Notably, when the temperature was higher than 300 oC, the value of both 

CH4 and CO2 conversions in plasma-catalytic reforming became smaller than those 

obtained in the plasma-alone process, implying that side-reactions of CH4 conversion 

into carbon solids or hydrocarbons were more pronounced at high temperatures in the 

absence of the Ni-K/Al2O3 catalyst, and accordingly, the carbon balance of the plasma-

catalytic biogas reforming would be expected to be higher than that of the plasma-alone 

process at high temperatures. Moreover, the value of CH4 conversion was always higher 

than that of CO2 at the same temperature, regardless of reaction conditions, implying 

the occurrence of side-reactions that consumed CO to produce CO2. As a consequence, 

the overall conversion of CO2 was decreased. 

 

 

Figure 6.9 The conversion of CH4 (solid square) and CO2 (hollow triangle) under 

different operational conditions. (CH4/CO2 = 1.5 and flow rate 50 ml min-1) 

 

Figure 6.10 shows the effect of temperature on selectivity and yield of syngas (H2 

and CO) in biogas reforming under different conditions. Interestingly, selectivity for 

both H2 and CO decreased at elevated temperatures, regardless of the presence of         

Ni-K/Al2O3 catalyst. In the plasma-alone process, when the temperature increased from 

160 oC to 370 oC, the selectivity for H2 decreased from 41.6% to 38.0%, while that for 

CO decreased from 32.6% to 29.0%. During the plasma-catalytic process, when the 

temperature increased from 160 oC to 400 oC, the selectivity for H2 decreased from 43.3% 

to 38.5%, while that for CO decreased from 31.3% to 25.6%. This illustrates that 

reactions such as CH4 conversion into solid carbon or hydrocarbons were promoted at 

higher temperatures, thus decreasing the selectivity for CO and H2. It agrees with the 
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results of conversions shown in Figure 6.9. Notably, the combination of DBD plasma 

with the Ni-K/Al2O3 catalyst increased the selectivity for H2 but decreased that for CO 

as compared with the case using plasma alone, regardless of temperature. This suggests 

that plasma- catalysis could adjust the selectivity of products. No H2 or CO was detected 

during thermal catalytic biogas reforming at any temperature investigated, and so the 

corresponding selectivity and yield are presented as zero in the figure. 

 

 

(a)                              (b) 

Figure 6.10 (a) Selectivity and (b) yield of H2 (solid square) and CO (hollow 

triangle) under different conditions. (CH4/CO2 = 1.5 and flow rate 50 ml min-1) 

 

In accordance with the results of conversion and selectivity, the yield of CO during 

the plasma-alone process, and the yield of H2 and CO during plasma-catalytic reforming 

both decreased as the temperature was elevated. However, the temperature exhibited a 

limited effect on the yield of H2 (9.5%–10.5%) in the plasma-alone process, since the 

CH4 conversion stayed almost the same in this case. More specifically, in the plasma 

reforming of biogas without a catalyst, the yield of CO decreased from 7.4% to 5.6% 

when the temperature increased from 160 oC to 370 oC. During the plasma-catalytic 

biogas reforming, the yield of H2 changed from 13.7% to 8.8%, and that of CO 

decreased from 9.0% to 4.7%, when the temperature increased from 160 oC to 400 oC. 

It can be concluded that the combination of non-thermal plasma with the promoted 

catalyst improved the production of H2 and simultaneously suppressed that of CO, as 

compared with the process using plasma alone. 

The H2/CO molar ratio of the produced syngas is important for further utilisation 

processes. For instance a H2/CO ratio of 2 is often required for the synthesis of diesel 
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fuels, olefins and dimethyl ether (DME). Figure 6.11 shows the effect of temperature 

on the H2/CO molar ratio in the product. Clearly, the molar ratio was always larger than 

1.7, regardless of reaction conditions. The H2/CO ratio of syngas from the plasma-

catalytic reforming was always larger than that from the plasma-alone process. During 

plasma reforming in the absence of a catalyst, the H2/CO molar ratio increased from 

1.75 to 1.97 when the temperature increased from 160 oC to 370 oC. For comparison, 

during the plasma-catalytic reforming process the molar ratio firstly increased along 

with the temperature until its maximum of 2.71 at 340 oC, then decreased to 2.33 as the 

temperature further increased to 400 oC. The H2/CO molar ratio obtained from the 

thermal-catalytic reforming was excluded, since no H2 or CO was detected during the 

process at all. The results suggest that plasma-catalysis facilitated the conversion of 

CH4, therefore increasing the production of H2 and the H2/CO molar ratio. 

 

 

Figure 6.11 The H2/CO molar ratio of produced syngas under different conditions. 

(CH4/CO2 = 1.5 and flow rate 50 ml min-1) 

 

In addition to syngas, the product of biogas reforming also consisted of ethane, 

propane and a small amount of butane. Figure 6.12 shows the effect of temperature on 

the selectivity and yield of C2 –C4 alkanes in biogas reforming. In the plasma reforming 

process, with or without the Ni-K/Al2O3 catalyst, the selectivity of all alkanes increased 

with temperature. The selectivity of ethane exhibited the most significant improvement, 

increasing from 17.7% to 24.1% as temperature increased from 160 oC to 400 oC. By 

contrast, the temperature had very little influence on the yield of hydrocarbon products. 

During the plasma-catalytic reforming, the yield of ethane decreased from 5.1% to 4.4% 
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when the temperature increased from 160 oC to 400 oC. This is explained that CH4 was 

the carbon source for the formation of alkanes, with CH4 conversion significantly 

decreased in the plasma-catalytic process at elevated temperatures. Even so, the 

selectivity and yield of ethane achieved via plasma-catalysis were always higher than 

those achieved in other processes, regardless of temperature, suggesting that the 

combination of DBD plasma and the Ni-K/Al2O3 catalyst promoted the production of 

ethane. During thermal catalytic reforming, the yield of alkanes was negligible. 

 

 

(a)                              (b) 

Figure 6.12 (a) Selectivity and (b) yield of ethane (solid square), propane (hollow 

circle), and butane (half triangle) under different conditions. (CH4/CO2 = 1.5 and flow 

rate 50 ml min-1) 

 

The carbon balance can be used to estimate the amount of products that were 

undetected in GC, such as solid carbon deposition, C5 and higher hydrocarbons and 

oxygenated compounds. Figure 6.13(a) presents the carbon balance of the biogas 

reforming process under different operational conditions. The carbon balance of 

thermal catalytic reforming was always higher than 98%, due to the negligible 

conversion of CH4 and CO2 in this process. The carbon balance of the plasma-alone 

process decreased at elevated temperatures, suggesting the enhanced formation of by-

products, most probably carbon and alcohols, at higher temperatures [167]. On the 

contrary, the carbon balance of the plasma-catalytic reforming increased with 

temperature. It can be partially explained by a decreasing conversion of CH4 and CO2 

at high temperatures (as shown in Figure 6.9). It also implies that in plasma-catalysis, 

the production of carbon might be reduced at higher temperatures, which was confirmed 
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by TGA analysis as shown in Figure 6.15. Moreover, the carbon balance of plasma-

alone and plasma-catalytic reforming were always lower than 95% regardless of 

temperature, suggesting the occurrence of carbon deposition. In fact, obvious carbon 

deposition was observed on the inner surface of the quartz reactor after the experiments, 

as shown in Figure 6.13(b).  

 

 

(a)                              (b) 

Figure 6.13 (a) Carbon balance of different processes; (b) carbon deposition in the 

DBD reactor. (CH4/CO2 = 1.5 and flow rate 50 ml min-1) 

 

Figure 6.14 shows the influence of temperature on total energy efficiency and fuel 

production efficiency of biogas reforming. Clearly, comparing with the plasma 

reforming of biogas in the absence of a catalyst, the combination of DBD plasma with 

the Ni-K/Al2O3 catalyst enhanced both efficiencies at a temperature lower than 250 oC, 

due to the synergy of plasma-catalysis. The total energy efficiency and fuel production 

efficiency of the plasma-alone and plasma-catalytic processes both decreased rapidly 

at higher temperatures. All of these results may be understood that the discharge power 

of DBD plasma was fixed at 16 W, and the temperature was elevated by increasing the 

heating power. The elevated temperature changed the discharge-mode of the plasma, 

and so suppressed the conversion of CH4 and CO2, while the increased heating power 

lowered the overall energy efficiency of the process. The total energy efficiency and 

fuel production efficiency of the thermal reforming process were almost 0 due to the 

very low conversion of feed gas and negligible amount of products. In our previous 

work [98], the total energy efficiency for the conversion of CO2 and CH4 during the 

catalytic dry reforming of methane in DBD reactors (with a CH4/CO2 molar ratio of 1) 

Carbon deposition 
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was summarised. The reported values ranged between 0.033 and 0.72 mmol kJ-1. In this 

study, the highest total energy efficiency (0.53 mmol kJ-1) was comparable with this 

previous work, achieved in the plasma-catalytic biogas reforming at 160 oC and with a 

CH4/CO2 molar ratio of 1.5. Tao et al. summarised the fuel production efficiency of 

syngas during the methane dry reforming (DRM) process in DBD reactors in their 

review [180]. The fuel production efficiency were reported over a range of 3%–4%. For 

comparison, the highest fuel production efficiency recorded in the present study was 

14.4%, achieved at a discharge power of 16 W and with a CH4/CO2 molar ratio of 1.5. 

All of these results suggest that in this present work, the biogas reforming reaction was 

particularly effective under the investigated conditions. 

 

 

Figure 6.14 Effect of temperature on the total energy efficiency (solid lines) for the 

conversion of feed gas, and fuel production efficiency (dashed lines) of the reforming 

processes. (CH4/CO2 = 1.5 and flow rate 50 ml min-1) 

 

Synergy capacity has been used to quantify the performance of plasma-catalytic 

biogas reforming, compared with that using plasma alone or catalyst alone at the same 

temperature (Table 6.2). The positive values of synergy capacity in the table clearly 

show that the synergy of plasma-catalysis improved the degree of conversion of CH4 

and CO2, and also the energy efficiency of the process (total energy efficiency and fuel 

production efficiency). However, this promotional effect only occurred at temperatures 

lower than 220 oC, and it deteriorated quickly as the temperature increased. At 

temperatures higher than 220 oC, no positive effect of plasma-catalysis was observed 

at all, in terms of the conversion of feed gas and energy efficiency of the process. By 

contrast, the synergistic effect between the plasma and catalyst upon the yield of 
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hydrocarbons (ethane and acetylene are taken here as examples) only occurred at 

temperatures higher than 220 oC. The evolution of synergy capacity in response to 

temperature might be ascribed to the fact that the discharge changed from filamentary 

mode to diffuse mode as the temperature increased. 

 

Table 6.2 Synergy capacity (unit: %) of plasma catalytic biogas reforming. 

(CH4/CO2 = 1.5 and flow rate 50 ml min-1) 

Temperature (oC) SCCH4 SCCO2 SCC2H6 SCC2H2 SCE SCFPE 

160 22.2 25.3 -11.3 -19.9 26.0 18.7 

220 4.0 -5.4 5.8 -21.0 6.4 4.0 

280 -3.0 -9.1 3.9 16.1 -20.2 -17.0 

340 -5.3 -31.6 9.7 18.8 -17.9 -14.4 

>370 -13.6 -16.5 9.0 4.6 -43.0 -40.7 

 

6.2.5.   Effect of temperature on carbon deposition 

The types of carbon deposition on the spent catalyst can be divided into three 

categories, as explained in Chapter 5. As shown in Figure 6.15, the peak located at 

about 310 oC represents the reactive Cα species which usually exist as amorphous 

carbon and can be easily oxidised to form CO. The peak at about 520 oC was assigned 

to the less active Cβ species which usually exist in the mixed form of amorphous and 

filamentous carbon [124]. Negligible amounts of Cγ species were observed on the spent 

catalyst. As the temperature increased from 160 oC to 400 oC, the carbon deposition on 

the spent catalyst was significantly reduced, reflected by the weight loss corresponding 

to different carbonaceous species as shown in Table 6.3. This result agrees with the 

recorded conversion of CH4 and CO2, and the carbon balance of the plasma-catalytic 

reforming, as shown in Figure 6.9 and Figure 6.13. Interestingly, the amount of carbon 

deposition in this work was remarkably less than the reported value obtained after the 

thermal catalytic dry reforming of methane over a Ni/Al2O3 catalyst [130], even though 

the CH4/CO2 molar ratio in this work was higher than that in a DRM process. This result 

is a clear evidence that the introduction of plasma reduced the carbon deposition on 

catalyst during the catalytic biogas reforming at elevated temperatures. 
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Figure 6.15 TPO and DTA profiles of spent Ni-K/Al2O3 catalyst after reforming at 

different temperatures. (CH4/CO2 = 1.5, total feed flow rate 50 ml min-1, and discharge 

power 16 W). 

 

It is also interesting that the decreased amount of carbon deposition at higher 

temperatures was ascribed to the reduction of reactive Cα species by the CO2 and O 

species on the surface of the catalyst, while the oxidation temperature of the Cα species 

was very close to the reduction temperature of the Ni species on the Ni-K/Al2O3 catalyst 

(Figure 6.8). For instance the amount of reactive carbonaceous species on the spent 

catalyst significantly diminished from 5.45 to 2.06 wt.% when the temperature 

increased from 160 oC to 400 oC, while that of less active Cβ species almost remained 

constant. The reducibility of a catalyst is usually related to the surface oxygen mobility 

of the catalyst, which is very important for catalytic oxidation reactions [22]. This result 

therefore implies that the decreased carbon deposition found in plasma-catalytic biogas 

reforming at high temperatures is not only due to the decreased conversion of CH4 and 

CO2, but might also be due to the removal of deposited carbonaceous species; the 

reactive species react with CO2 or O species to form CO, and consequently “regenerate” 

the catalyst. Moreover, as the temperature increased from 160 oC to 400 oC, the 

oxidation temperature of Cβ species over the Ni-K/Al2O3 catalyst decreased by about 

80 oC, suggesting the removal of Cβ species became easier at 400 oC. Clearly, this 

catalyst would have a much longer lifetime in the plasma-reforming of biogas. 
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Table 6.3 The amount of carbon deposition on the spent Ni-K/Al2O3 catalyst. 

 Carbon deposition (wt.%) 
Reaction temperature (oC) Reactive Less active Total 

160 5.45 1.36 6.81 

220 3.97 1.26 5.23 

400 2.06 1.31 3.37 

 

6.3.  Effect of K loading on the plasma-catalytic biogas reforming 

over a Ni-K/Al2O3 catalyst 

 This section further investigates the effect of K loading on the performance of 

plasma-catalytic biogas reforming over a Ni-K/Al2O3 catalysts at low temperatures, in 

terms of the textural properties of the catalyst, the conversion of biogas, the production 

of syngas and hydrocarbons, the energy efficiency of the process, and the carbon 

deposition on the spent catalyst. 

6.3.1.  Experimental setup 

The experimental setup was the same as explained in the first section of this chapter. 

More specifically, the discharge power of the DBD plasma was 16 W. The temperature 

inside of the reactor was about 160 oC, monitored by a fibre optic thermometer 

(FOB102). 

The 8 wt.% Ni– x wt.% K/γ–Al2O3 (x = 0, 2, 4, 6 and 8) catalysts were prepared 

by the method explained in the second section of this chapter. 0.4 g catalyst was packed 

and sandwiched into the reactor with quartz wool. Prior to the plasma–catalytic 

reforming reactions, the catalyst was reduced in an Ar/H2 discharge at a discharge 

power of 13 W (50 ml min-1, 20 vol. % H2) for 40 minutes in the same DBD reactor. 

The Ni-K/Al2O3 catalyst with different K loadings are denoted as 8NiAl, 8Ni2KAl, 

8Ni4KAl, 8Ni6KAl and 8Ni8KAl respectively in the discussions below. Although 8 

wt.% is a relatively large loading for promoter in a catalyst, the corresponding results 

are still included in order to give a complete view of the effects of promoter- loading 

on the reforming performance. The characterization of the catalysts, such as XRD, H2-

TPR and TGA, were carried out as described in Chapter 5. 
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6.3.2.  XRD analysis of the catalysts 

Figure 6.16 shows the XRD patterns of the K-promoted catalysts. There are three 

prominent diffraction peaks located at 2θ = 37.6°, 45.9° and 67.0°, corresponding to the 

cubic structure of alumina crystallite (JCPDS 10–425), as labelled by dash lines on the 

figure. NiO (JCPDS 1–75–197) signals, labelled by diamond marks, can also be clearly 

seen on the XRD patterns of all catalysts. The addition of potassium increased the size 

of metal crystallites on the surface of the catalyst, calculated by Scherrer equation. For 

instance the average crystallite sizes of the 8NiAl, 8Ni2KAl and 8Ni4KAl catalysts 

were 6.1 nm, 7.8 nm and 9.9 nm respectively. No obvious reflection of cubic K2O 

(JCPDS 23–493) was observed from the samples, with the exception of the 8Ni6KAl 

catalyst, implying the good dispersion of K content on all of the other catalysts [233]. 

 

 

Figure 6.16 XRD patterns of the catalysts. (♦ NiO, ♥ K2O, dash line γ–Al2O3) 

 

6.3.3.  Reducibility of the catalysts 

Figure 6.17 shows the H2–TPR results of the promoted catalysts. Al2O3 support 

was excluded because it can only be effectively reduced at temperatures higher than 

900 oC [245]. The first reduction peak occurred at about 270 °C on the TPR figure 

corresponded to the reduction of bulk NiO, while the second one at 400 °C was assigned 

to the reduction of NiO which had interacted with the Al2O3 support. The peaks related 

to the reduction of bulk K2O and KNO3 were not found, suggesting the total 

decomposition of KNO3 precursor and good dispersion of K content during calcination. 
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Interestingly, the reduction temperature of the promoted catalysts decreased slightly as 

the K loading increased from 0% to 4%; however, when the K loading increased from 

4% to 6%, the reduction temperature of bulk NiO species significantly increased from 

290 to 380 oC, indicating that the catalyst with a K loading smaller than 4 wt.% would 

exhibit a better reducibility. The reduction temperature of the catalysts followed the 

order of 8Ni6KAl > 8NiAl > 8Ni2KAl > 8Ni4KAl. 

 

 

Figure 6.17 H2–TPR profiles of the fresh catalysts. 

 

6.3.4.  Plasma-catalytic biogas reforming over K-promoted catalysts 

Figure 6.18 shows the dependence of CH4 and CO2 conversion on the K loading 

of catalysts. The result obtained from plasma-driven biogas reforming without a 

catalyst is also listed for comparison. Comparing with the 8NiAl catalyst, the catalysts 

with addition of 2, 4, or 6 wt.% K enhanced the CH4 conversion, while only the 

8Ni2KAl catalyst exhibited higher CO2 conversion. Amongst all of the investigated 

catalysts, the highest conversions of CH4 and CO2 (31.6% and 22.8% respectively) were 

achieved over the 8Ni2KAl catalyst. The CH4 and CO2 conversions were suppressed 

when the K loading further increased (> 2 wt.%). This was ascribed to the better 

dispersion of Ni species on the surface of the 8Ni2KAl catalyst, confirmed by its 

smaller crystallite size as calculated previously [172]. Interestingly, the conversion of 

CH4 was always higher than that of CO2. Several works on thermal catalytic dry 

reforming over Ni-based catalysts however reported that the conversion of CO2 to be 

always higher than that of CH4 during the reaction, due to the reverse water–gas shift 
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reaction [95, 129]. The different behavior implies that the combination of plasma and 

catalyst can adjust the equilibrium composition of the reforming reaction. 

 

 

Figure 6.18 Conversions of CH4 and CO2 over the catalysts with different K 

loadings. (CH4/CO2 molar ratio 1.5, flow rate 50 ml min-1, and discharge power 16 W) 

 

Figure 6.19 shows the effect of K loading on the selectivity and yield of products 

in the biogas reforming process. By increasing K loading, selectivity for H2 was almost 

constant, while that for CO was decreased. Besides, the K loading showed a limited 

effect on selectivity for C2 –C4 hydrocarbons, such as propane, butane, ethylene and 

acetylene, except that the lowest selectivity for ethane was achieved over the 8Ni2KAl 

catalyst. The highest yields of H2, CO and ethane were achieved over the 8Ni2KAl 

catalyst, owing to the significant improvement of CH4 and CO2 conversion seen with 

this catalyst. However, the K loading exhibited a limited effect on the yield of other 

products (C2H2, C2H4, C3H8 and C4H10). 
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(a)                              (b) 

 

(c)                              (d) 

Figure 6.19 Effect of K loading on plasma-catalytic biogas reforming. (a) 

Selectivity of syngas; (b) Selectivity of C2 –C4 hydrocarbons; (c) Yield of syngas; (d) 

Yield of C2 –C4 hydrocarbons. (CH4/CO2 molar ratio 1.5, flow rate 50 ml min-1, and 

discharge power 16 W) 

 

Figure 6.20 shows the influence of K loading on the H2/CO molar ratio in the 

product. The H2/CO ratio was significantly increased from 1.75 to 2.83 when the K 

loading increased from 0 wt.% to 8 wt.%, being consistent with the evolution of 

selectivity for H2 and CO as shown in Figure 6.19. Syngas with a H2/CO molar ratio of 

2 is suitable for further utilization in the Fischer-Tropsch process. However, syngas 

with a H2/CO ratio of 3 or larger results in the preferential formation of methane in the 

F–T process. This is unsatisfactory, because it is generally desirable to utilise the F–T 
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process for the formation of higher hydrocarbons, which are more valuable. Methane 

is abundant and cheap, and thus considered an undesirable by-product in this 

circumstance. This is also true in most coal–to–liquid (CTL) or gas–to–liquid (GTL) 

applications. In this aspect, the 8NiAl and 8Ni2KAl catalysts were more promising for 

the potential future application of plasma-catalytic biogas reforming with K–promoted 

catalysts.  

 

 

Figure 6.20 H2/CO molar ratio in the product. (CH4/CO2 molar ratio 1.5, flow rate 

50 ml min-1, and discharge power 16 W) 

 

Due to the significant improvement in yield of syngas and C2 –C4 hydrocarbons, 

biogas reforming using the 8Ni2KAl catalyst is expected to be energy-efficient. In fact, 

the highest total energy efficiency for the conversion of CH4 and CO2 (0.67 mmol kJ-1) 

and the highest fuel production efficiency of the reforming process (14.4%) were both 

achieved using the 8Ni2KAl catalyst, as shown in Figure 6.21. The lowest fuel 

production efficiency of 10.8% was achieved using the 8Ni8KAl catalyst. 
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Figure 6.21 Total energy efficiency and fuel production efficiency of biogas 

reforming over the catalysts with different K loadings. (CH4/CO2 molar ratio 1.5, flow 

rate 50 ml min-1, and discharge power 16 W) 

 

The synergy capacity is used to evaluate the effect of K loading upon the plasma-

catalytic synergy (Table 6.4). The synergy capacity obtained over the 8Ni2KAl catalyst 

was generally an order of magnitude larger than those of other catalysts, highlighting 

the outstanding synergistic effect of plasma-catalysis over the 8Ni2KAl catalyst for 

enhancing the conversion of CH4 and CO2, and improving the yield of products such as 

H2, CO, ethane and propane. The suppressive effect of the 8Ni6KAl and 8Ni8KAl 

catalysts upon the CO2 conversion and CO production could also be clearly identified 

from their distinctly negative synergy capacity. The synergy of plasma-catalysis over 

the 8NiAl catalyst was limited as compared against the rest of the catalysts. 

 

Table 6.4 Synergy capacity (unit: %) of plasma-catalytic biogas reforming using 

the Ni-K/Al2O3 catalysts. (CH4/CO2 molar ratio 1.5, flow rate 50 ml min-1, and 

discharge power 16 W) 

Catalyst SCCH4 SCCO2 SCH2 SCCO SCC2H6 SCC3H8 SCE SCFPE 
8NiAl 8 7 9 -3 9 16 5 3 

8Ni2KAl 26 25 31 21 17 25 28 24 

8Ni4KAl 22 5 27 -4 1 22 16 13 

8Ni6KAl 20 -5 25 -12 12 22 11 7 

8Ni8KAl -8 -30 0 -40 -8 -5 -10 -12 
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6.3.5.  Carbon deposition on spent catalysts 

As explained previously, the carbon deposits on the spent catalyst can be divided 

into three categories according to their oxidation temperatures [242, 243], distinguished 

by the oxidation peaks on the TGA profiles. Figure 6.22 shows the TGA profiles of the 

spent catalysts, while Table 6.5 summarizes the weight loss corresponding to different 

carbonaceous species. It can be concluded that carbon deposition was significantly 

enhanced upon the K-promoted catalysts. The largest amount of deposited carbon was 

recorded on the 8Ni6KAl catalyst, as compared with that on the others decreasing 

monotonically with K loading. This is consistent with the improved conversion of feed 

gas and carbon balance as shown previously.  

 

 

(a)                              (b) 

Figure 6.22 Effect of K loading on the carbon deposition during plasma-catalytic 

biogas reforming. (a) TPO profiles of spent catalyst; (b) DTA analysis of spent catalyst. 

(CH4/CO2 = 1.5, feed flow rate 50 ml min-1, and discharge power 16 W) 

 

As compared against the 8NiAl catalyst, although the total amount of deposited 

carbon increased from 5.4 wt.% to 6.6 wt.% seen with the 8Ni2KAl catalyst, 78% of 

the increased carbonaceous species were reactive species (Cα). Moreover, the oxidation 

temperature of Cα species on the spent 8Ni2KAl decreased from 340 oC to 320 oC. All 

of these results suggest that the carbon deposition on the 8Ni2KAl catalyst would be 

easier to remove. By contrast, comparing with the 8NiAl catalyst, the reactive carbon 

deposition on the spent 8Ni4KAl and 8Ni6KAl catalysts were almost the same, while 

the amount of less active species was significantly increased, and the oxidation 
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temperature of the less active carbonaceous species on the spent 8Ni6KAl catalyst 

increased from 520 oC to 600 oC. The results of TGA analysis implies that by adjusting 

the K loading, the composition of carbon deposition in the plasma-catalytic biogas 

reforming process may be controlled. It also confirmed the coke resistance of the 

8Ni2KAl catalyst. 

 

Table 6.5 Amount of carbon deposited on the spent catalysts. 

 Carbon deposition (wt. %) 
Catalyst Reactive Less active Total 
8NiAl 4.52 0.90 5.42 

8Ni2KAl 5.43 1.16 6.59 

8Ni4KAl 4.90 3.63 8.53 

8Ni6KAl 4.54 5.77 10.31 

 

6.4.  Summary 

The Ni-K/Al2O3 catalyst prepared by thermal calcination and plasma reduction 

(TC+PR) methods exhibited remarkable performance in plasma-catalytic biogas 

reforming at low temperatures. When compared against the catalysts prepared by 

TC+TR or PC+PR methods, the TC+PR catalyst achieved the best performance, in 

terms of the conversion of CH4 and CO2, the selectivity of H2, the yield of products, 

and the energy efficiency. The Ni-K catalyst prepared by plasma-calcination and 

plasma-reduction (PC+PR) method showed the highest selectivity of ethane, ethylene 

and acetylene. It also achieved the highest carbon balance. It can be concluded that the 

Ni-K/Al2O3 catalysts prepared by the thermal calcination (TC) method improved 

conversion of CO2 and the selectivity of H2, while those reduced by plasma (PR) 

enhanced the conversion of CH4. However both of the calcination and reduction 

methods exhibited limited effect on the selectivity of CO, propane and butane under the 

same conditions. 

During the plasma-catalytic biogas reforming over a Ni-K/Al2O3 catalyst prepared 

by TC+PR method, the CO2 and CH4 in the feed gas were not effectively converted 

until the DBD plasma was initiated in the reactor. Higher degree of conversion was 

found to occur at lower temperatures. Syngas and ethane made up the majority of the 

products. The combination of plasma with catalyst improved the production of H2 and 
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simultaneously suppressed that of CO, as compared with the process using plasma alone. 

As the temperature increased, production of ethane, propane, butane and carbon solids 

were enhanced. Moreover, the total energy efficiency and the fuel production efficiency 

decreased at elevated temperatures, due to suppressed conversion of feed gas and 

increased power consumption. 

The synergy between DBD plasma and Ni-based catalyst in terms of the production 

of alkanes was observed at a temperature higher than 220 oC. By contrast, the 

synergistic effect on the conversion of CO2 and CH4 only occurred at a temperature 

lower than 220 oC. In the plasma-catalytic reforming, total amount of carbon deposited 

on the spent catalyst significantly diminished at higher temperatures. On one hand, this 

result is a clear evidence that the plasma-catalytic synergy is temperature-dependent. 

On the other hand, it implies that the Ni-K/Al2O3 catalyst would have a longer lifetime 

under this plasma-catalytic condition. 

Further studies on the plasma-catalytic biogas reforming have been performed at 

160 oC, using Ni-K/Al2O3 catalysts with different K loadings. The results revealed that 

the best performance was achieved using a catalyst with 2 wt.% K loading. This 

particular catalyst achieved the highest conversion of CH4 and CO2, the largest yield of 

products (such as H2, CO, ethane, propane and butane) and the best energy efficiency 

of reforming process. Moreover, by increasing the K content, the selectivity of H2 and 

CO and the corresponding H2/CO molar ratio in the product were decreased. TGA 

analysis clearly showed that K loading determined the morphology of the carbon 

deposition. 
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Chapter 7.  Conclusion and outlook 

7.1.  Conclusion 

This project systematically investigates CO2 hydrogenation and biogas reforming 

using plasma-catalysis. The investigations consist of screening of catalysts, comparison 

of thermal catalytic to plasma-catalytic processes, and evaluation of the synergistic 

effects between non-thermal plasma and catalyst. 

Generally, H2 was the hydrogen source of CO2 hydrogenation reactions, while CH4 

served as the hydrogen source in the biogas reforming reactions. In the thermal catalytic 

processes, CO2 hydrogenation and biogas reforming require high reaction temperature 

(> 300 oC) to effectively convert CO2. In this project, high CH4 selectivity (> 90%) was 

achieved in the thermal catalytic CO2 hydrogenation; while syngas was the predominant 

product of biogas reforming process. In the plasma-driven or plasma-catalytic 

processes, the reactions can be initiated at relatively low temperatures. In this case, CO 

was always one of the major products. In CO2 hydrogenation and biogas reforming, 

better conversions of feed gas and higher yields of major products were achieved using 

the Ni and Co based catalysts, compared to using Cu and Mn based catalysts.  

In CO2 hydrogenation, CO and CH4 were the major products, while a small amount 

(< 1000 ppm) of alkenes and alkynes were also produced. The thermal catalytic process 

clearly showed a temperature-dependence, and particularly achieved higher CH4 

selectivity than that of plasma hydrogenation at the optimal temperatures. For instance, 

in Chapter 4, high CO2 conversion and energy efficiency were achieved using the 

Ni/Al2O3 catalyst over a temperature range between 320 oC and 380 oC. The plasma-

driven CO2 hydrogenation was initiated without a catalyst and at low temperatures 

(from room temperature to 160 oC); yet, the CO2 conversion slightly decreased at 

elevated temperatures. It is highlighted in the plasma-driven process that the CO 

selectivity was nearly 100%. In the plasma-catalytic reactions, synergistic effects 

between the DBD plasma and catalyst were observed at low temperatures. As seen with 
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the plasma-driven or thermal catalytic processes, the plasma-catalytic CO2 

hydrogenation further increased CO2 conversion and energy efficiency due to the 

plasma-catalytic synergy. For instance, the CO2 conversion was enhanced by 36% in 

the plasma-catalytic CO2 hydrogenation using Mn/Al2O3 catalyst and at low 

temperatures; the CO yield was improved by 114%, and the energy efficiency of CO 

production was increased by 116%, compared to that obtained in the plasma reaction 

without a catalyst. 

As for biogas reforming, syngas was the major product and 0–10 vol.% unsaturated 

hydrocarbons (such as ethylene and acetylene) were also detected among the products. 

In thermal catalytic biogas reforming, the conversion of CO2 and CH4 were negligible 

at temperatures lower than 400 oC. In the plasma-reforming in absence of a catalyst, the 

reaction of biogas reforming was initiated at 160 oC. However, at elevated temperatures, 

the conversion of feed gas was suppressed and the energy efficiency rapidly decreased. 

The combination of plasma and catalysts significantly enhanced the conversion of feed 

gas, and a plasma-catalytic synergy was observed. In the plasma-catalytic biogas 

reforming under ambient conditions, compared among the Co, Cu, Mn and Ni based 

catalysts, the maximum CH4 conversion (20%) was achieved using the Ni/Al2O3 

catalyst, at a discharge power of 7.5 W and a gas flow rate of 50 ml min-1. By contrast, 

the CH4 conversion was only 14% as seen using plasma alone.  However, the presence 

of these catalysts in the plasma did not enhance the conversion of CO2. In addition, the 

yield of syngas was enhanced using the mentioned catalysts. Significant plasma-

catalytic synergy was observed under restricted conditions. For instance, during the 

plasma-catalytic biogas reforming using a Ni-K/Al2O3 catalyst, the synergy with the 

production of alkanes was identified at temperatures higher than 280 oC; while the 

synergy with the conversion of CO2 and CH4 was only observed at temperatures lower 

than 160 oC. Moreover, the K, Mg and Ce promoters exhibited promotional effects on 

the reforming performance, in terms of conversion of reactants, yield of syngas and C2–

C4 alkanes, and fuel production efficiency. 

Under all conditions mentioned above, the CO2 conversion was also determined 

by the composition of the reactant gas (H2/CO2 and CH4/CO2 molar ratio), in addition 

to temperature, selection of catalyst and presence of plasma. In CO2 hydrogenation at 

low temperatures, increasing the H2 content in the reactant mixture significantly 

increased the CO2 conversion. In biogas reforming reactions, the CH4/CO2 molar ratio 

determined various results including conversion of reactants, selectivity and yield of 
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major products and H2/CO molar ratio in the effluent gas. However, the total feed flow 

rate showed limited effect on these results. Moreover, plasma-driven and plasma-

catalytic CO2 hydrogenation were greatly promoted by the addition of Ar in the feed 

gas. With the addition of Ar in the feed gas, the electrical properties were changed; 

various results were improved such as the conversion of CO2, the selectivity of CH4 

and the fuel production efficiency. However, the selectivity of CO was maintained. 

Plasma-catalytic synergy was also enhanced by the addition of Ar. 

7.2.  Outlook 

The industrial application of thermal catalytic CO2 conversion has been delayed 

by two challenges: (1) High power consumption is needed to effectively convert the 

inert CO2 molecules; and (2) Catalysts deactivate rapidly due to sintering and carbon 

deposition. In order to convert CO2 into fuels or valuable chemicals, hydrogenation of 

CO2 under mild conditions is necessary. H2 and CH4 can be used as the hydrogen source. 

In the course of this project, plasma-catalysis successfully initiates CO2 hydrogenation 

(either with H2 or CH4) at atmospheric pressure and low temperatures, without 

significant deactivation of catalyst. The combination of non-thermal plasma and 

transitional metal catalyst is key for the reactions under ambient conditions. As found 

in this project, the power supply should match with the plasma reactor, and the plasma 

reactor should match with the type of plasma. This determines the power consumption 

and energy efficiency of the plasma process. The gas gap and discharge length should 

be adjusted so that catalysts can be packed into the plasma reactor, while a stable 

discharge can be obtained. Catalysts are still required to effectively convert CO2 and 

adjust the selectivity of products, although non-thermal plasma can initiate CO2 

conversion at low temperatures. Above all, the catalyst should be carefully designed, in 

terms of active metal species, support, promoter and loading of active species and 

promoters. These parameters significantly affect the performance of the catalyst. In 

addition, the resulting catalysts should be active under thermal catalytic and plasma-

catalytic conditions. The same catalysts should be also stable at elevated temperatures; 

they should not be damaged or decomposed in the discharge. Moreover, the 

configuration of reactor should guarantee that with the catalyst-bed inside of the reactor, 

the plasma and catalyst are in contact with each other, but maintaining a stable 

discharge. To fully exploit the plasma-catalytic synergy, reaction conditions such as 
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temperature and Ar addition should be considered. These parameters change the 

discharge properties of the working gases in the reactor and subsequently affect the 

reaction results. 

Along with the potential application of plasma-catalytic CO2 conversion, concerns 

regarding plasma-catalysis and upgradation of the process have been raised. For 

instance, the selectivity of target product is to be improved; the separation of products 

has not been thoroughly investigated yet. Notably, as compared to the thermal catalytic 

process, although plasma-catalytic reaction requires lower temperature to achieve the 

same degree of conversion, external heating is still required to further improve the CO2 

conversion and increase the reaction rate coefficient, resulting in extra energy 

consumption thus decreasing the energy efficiency. Moreover, plasma-catalytic CO2 

conversion into liquid hydrocarbons, aldehydes and alcohols would be also interesting, 

but it is kinetically difficult. Unfortunately, the mechanism of plasma-catalytic reaction 

is not yet fully understood. As compared to corona or gliding arc reactors, the volume 

inside of a DBD reactor is small, thus restricting the mean electron energy of DBD 

plasma. The configuration of DBD reactor can be upgraded to provide larger gap 

distance and plasma volume. This would increase the treatment capacity of the reactor 

and enhance the electric field between the electrodes. In the study on plasma-catalysis, 

the reactions in the gas-phase should be distinguished from the reactions on the catalysts’ 

surface. The individual effect of plasma and catalyst on the reaction should be identified. 

It is also important to study the effect of gaseous species (produced by plasma) on the 

catalyst. More comprehensive study on designing the catalyst is needed for promoting 

catalytic reactivity, and improving the overall energy efficiency of the plasma-process. 

These problems have to be solved when the research on plasma-catalytic CO2 

conversion is pushed forward. 
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Appendix 

This section is an overview of the reactions included in the model in Chapter 4, 

provided by Chao Xu. 

Table A7.1 Neutral-neutral reactions in this model, with the corresponding rate 

constants adopted from NIST database. The group M for the three-body collision is 

made of the background gas. 

No. Reaction  Rate constant 

(cm3s-1) 

N1 CH4 + H => CH3 + H2 8.43×10-19 

N2 CH4 + CH => C2H4 + H  9.74×10-11 

N3 CH4 + CH2 => CH3 + CH3 2.78×10-19 

N4 CH4 + C2H => C2H2 + CH3 1.31×10-12 

N5 CH4 + C2H3 => C2H4 + CH3 2.28×10-18 

N6 CH4 + C2H5 => C2H6 + CH3  1.83×10-24 

N7  CH4 + C3H7 => C3H8 + CH3 4.38×10-24 

N8 CH3 + CH3 => C2H5 + H 2.71×10-19 

N9 CH3 + CH3 + M => C2H6 + M 1.56×10-26 (cm6s-1) 

N10 CH3 + CH2 => C2H4 + H 7.01×10-11 

N11 CH3 + C2H5 => C2H4 + CH4 1.91×10-12 

N12 CH3 + C2H5 + M  => C3H8 + M 1.93×10-23 (cm6s-1) 

N13 CH3 + C2H6 => C2H5 + CH4 7.21×10-21 

N14 CH3 + C2H4 => C2H3 + CH4 1.94×10-21 

N15 CH3 + C2H3 => C2H2 + CH4 6.51×10-13 

N16 CH3 + C2H3 + M => C3H6 + M 4.91×10-30 (cm6s-1) 

N17 CH3 + C2H2 => C2H + CH4  7.65×10-26 

N18 CH3 + C3H8 => C3H7 + CH4 1.02×10-20 

N19 CH3 + C3H7 => C3H6 + CH4  3.07×10-12 
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N20 CH3 + H2 => H + CH4 9.90×10-21 

N21 CH3 + H => CH2 + H2 9.96×10-22 

N22 CH3 + H + M => CH4 + M  2.97×10-28 (cm6s-1) 

N23 CH2 + CH2 => C2H2 + 2H 5.27×10-11 

N24 CH2 + C2H5 => C2H4 + CH3 3.01×10-11 

N25 CH2 + C2H3 => C2H2 + CH3 3.01×10-11 

N26 CH2 + C2H => C2H2 + CH 3.01×10-11 

N27 CH2 + C3H8 => C3H7 + CH3 1.02×10-20 

N28 CH2 + C3H7 => C2H4 + C2H5 3.01×10-11 

N29 CH2 + C3H7 => C3H6 + CH3 3.01×10-12 

N30 CH2 + H2 => CH3 + H 5.00×10-15 

N31 CH2 + H => CH + H2 2.01×10-10 

N32 CH + C2H6 + M => C3H7  + M  1.14×10-29 (cm6s-1) 

N33 CH + C2H6 => C3H6 + H 3.00×10-11 

N34 CH + H2 => CH2 + H 6.80×10-13 

N35 CH + H => C + H2 1.00×10-10 

N36 C + H2 => CH + H 1.50×10-10 

N37 C2H6 + C2H3 => C2H5 + C2H4 3.39×10-21 

N38 C2H6 + C2H => C2H2 + C2H5 5.99×10-12 

N39 C2H6 + C3H7 => C3H8 + C2H5 3.16×10-22 

N40 C2H6 + CH2 => C3H8 4.80×10-12 

N41 C2H6 + H => C2H5 + H2 4.96×10-17 

N42 C2H5 + C2H5 => C2H6 + C2H4 2.41×10-12 

N43 C2H5 + C2H => C2H2 + C2H4 3.01×10-12 

N44 C2H5 + C3H8 => C2H6 + C3H7 3.62×10-22 

N45 C2H5 + C3H7 => C2H4 + C3H8 1.91×10-12 

N46 C2H5+ C3H7 => C2H6 + C3H6 2.41×10-12 

N47 C2H5 + H2 => C2H6 + H 2.91×10-21 

N48 C2H5 + H => CH3 + CH3 5.99×10-11 

N49 C2H5 + H => C2H4 + H2 3.01×10-12 

N50 C2H5 + H => C2H6 5.99×10-11 

N51 C2H5 + C2H4 => C3H6 + CH3 3.82×10-17 

N52 C2H4 => C2H2 + H2 1.40×10-27 
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N53 C2H4 + C2H => C2H2 + C2H3 1.40×10-10 

N54 C2H4 + H => C2H3 + H2 6.70×10-05 

N55 C2H4 + H => C2H5  1.30×10-12 

N56 C2H4 + H2 + M => C2H6 + M 6.86×10-36 (cm6s-1) 

N57 C2H3 + C2H3 => C2H4 + H2 1.90×10-12 

N58 C2H3 + C2H => C2H2 + C2H2 1.90×10-12 

N59 C2H3 + C3H8 => C2H4 + C3H7 3.40×10-20 

N60 C2H3 + C3H7 => C3H8 + C2H2 2.01×10-12 

N61 C2H3 + C3H7 => C3H6 + C2H4 2.01×10-12 

N62 C2H3 + H2 => C2H4 + H 9.78×10-20 

N63 C2H3 + H => C2H2 + H2 2.01×10-11 

N64 C2H3 + H + M => C2H4 + M 8.26×10-30 (cm6s-1) 

N65 C2H2 + H => C2H + H2 6.12×10-27 

N66 C2H2 + H + M => C2H3 + M 2.81×10-31 (cm6s-1) 

N67 C2H + C3H8 => C2H2 + C3H7 5.99×10-12 

N68 C2H + C3H7 => C3H6 + C2H2 1.00×10-11 

N69 C2H + H2 => C2H2 + H 1.52×10-13 

N70 C2H + H + M => C2H2 + M 9.44×10-30 (cm6s-1) 

N71 C3H8 + H => C3H7 + H2 5.15×10-17 

N72 C3H7 + C3H7 => C3H6 + C3H8 2.81×10-12 

N73 C3H7 + H2 => C3H8 + H 7.12×10-21 

N74 C3H7 + H => C3H6 + H2 3.01×10-12 

N75 C3H7 + H => C3H8 9.68×10-11 

N76 C3H6 + H + M => C3H7 + M 3.79×10-33 (cm6s-1) 

N77 H + H + M => H2 + M 6.00×10-33 (cm6s-1) 

N78 O + O + M => O2 + M  7.19×10-33 (cm6s-1) 

N79 CH4 + O => CH3 + OH 5.54×10-18 

N80 CH3 + O => CH2O + H 1.12×10-10 

N81 CH3 + O => CO + H2 + H 2.80×10-11 

N82 CH2 + O => CO + H2 5.53×10-11 

N83 CH2 + O => CO + 2H 8.29×10-11 

N84 CH2 + O2 => CO2 + H2 1.42×10-12 

N85 CH2 + O2 => CO + H2O 1.42×10-12 



Appendix 

155 
 

N86 CH2 + O2 => CH2O + O  5.39×10-13 

N87 CH + O => CO + H 6.90×10-11 

N88 CH + O2 => CO2 + H 1.20×10-11 

N89 CH + O2 => CO + OH 8.00×10-12 

N90 CH + O2 => HCO + O  8.00×10-12 

N91 CH + O2 => CO + H + O 1.20×10-11 

N92 C + O2 => CO + O 2.45×10-13 

N93 C2H6 + O => C2H5 + OH 5.11×10-16 

N94 C2H5 + O => CH3HCO + H 8.80×10-11 

N95 C2H5 + O => CH2O + CH3 6.90×10-11 

N96 C2H5 + O => C2H4 + OH 4.40×10-11 

N97 C2H5 + O2 => C2H4 + HO2 3.80×10-15 

N98 C2H4 + O => CH2HCO + H 2.63×10-13 

N99 C2H4 + O => HCO + CH3  4.51×10-13 

N100 C2H3 + O => C2H2 + OH 1.25×10-11 

N101 C2H3 + O => CO + CH3 1.25×10-11 

N102 C2H3 + O => HCO + CH2 1.25×10-11 

N103 C2H3 + O => CH2CO + H 1.25×10-11 

N104 C2H3 + O2 => CH2O + HCO 9.00×10-11 

N105 C2H2 + O => CH2 + CO 6.75×10-14 

N106 C2H2 + O => C2HO + H  6.75×10-14 

N107 C2H + O => CH + CO 1.70×10-11 

N108 C2H + O2 => HCO + CO 3.00×10-11 

N109 C2H + O2 => C2HO + O 1.00×10-12 

N110 C3H8 + O => C3H7 + OH 2.73×10-15 

N111 H2 + O => OH + H 9.32×10-18 

N112 H + O + CH4 => OH + CH4 4.33×10-32 (cm6s-1) 

N113 H + O2 => OH + O 1.87×10-22 

N114 H + O2 + CH4 => HO2 + CH4 5.40×10-32 (cm6s-1) 

N115 CH4 + OH => CH3 + H2O 6.62×10-15 

N116 CH4 + HO2 => CH3 + H2O2 8.76×10-27 

N117 CH4 + HCO => CH3 + CH2O 6.07×10-30 

N118 CH4 + CH3O => CH3OH + CH3 9.42×10-20 
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N119 CH3 + CO + CH4 => CH3CO + CH4 4.19×10-36 (cm6s-1) 

N120 CH3 + H2O => CH4 + OH 1.82×10-25 

N121 CH3 + OH => CH2 + H2O 1.13×10-12 

N122 CH3 + OH => CH2OH + H 1.32×10-11 

N123 CH3 + OH => CH3O + H 1.90×10-10 

N124 CH3 + OH => CH3OH 2.30×10-27 

N125 CH3 + HO2 => CH3O + OH 3.00×10-11 

N126 CH3 + HO2 => CH4 + O2 5.99×10-12 

N127 CH3 + CH2O => CH4 + HCO 6.14×10-18 

N128 CH3 + HCO => CH4 + CO 2.00×10-10 

N129 CH3 + CH3O => CH4 + CH2O 4.00×10-11 

N130 CH3 + CH3CHO => CH4 + CH3CO 4.95×10-18 

N131 CH2 + CO2 => CH2O + CO 3.90×10-14 

N132 CH2 + H2O => CH3 + OH 1.90×10-16 

N133 CH2 + OH => CH2O + H 3.00×10-11 

N134 CH2 + HO2 => CH2O + OH 3.00×10-11 

N135 CH2 + CH2O => CH3 + HCO 1.00×10-14 

N136 CH2 + HCO => CH3 + CO 3.00×10-11 

N137 CH2 + CH3O => CH3 + CH2O 3.00×10-11 

N138 CH + CO2 => 2CO + H 9.68×10-13 

N139 CH + CO2 => HCO + CO 9.68×10-13 

N140 CH + CO => C2HO 4.04×10-30 

N141 C2H6 + OH => C2H5 + H2O 2.46×10-13 

N142 C2H6 + HO2 => C2H5 + H2O2 6.36×10-24 

N143 C2H6 + HCO => C2H5 + CH2O 2.19×10-26 

N144 C2H6 + CH3O => C2H5 + CH3OH 2.72×10-18 

N145 C2H5 + OH => C2H4 + H2O 4.00×10-11 

N146 C2H5 + HO2 => C2H6 + O2 5.00×10-13 

N147 C2H5 + HO2 => C2H4 + H2O2 5.00×10-13 

N148 C2H5 + CH2O => C2H6 + HCO 4.47×10-18 

N149 C2H5 + HCO => C2H6 + CO 2.00×10-10 

N150 C2H5 + CH3O => C2H6 + CH2O 4.00×10-11 

N151 C2H4 + OH => C2H3 + H2O 1.54×10-16 
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N152 C2H4 + HO2 => CH3CHO + OH 1.62×10-20 

N153 C2H3 + H2O => C2H4 + OH 1.82×10-25 

N154 C2H3 + OH => C2H2 + H2O 5.00×10-11 

N155 C2H3 + CH2O => C2H4 + HCO 4.41×10-18 

N156 C2H3 + HCO => C2H4 + CO 1.50×10-10 

N157 C2H3 + CH3O => C2H4 + CH2O 4.00×10-11 

N158 C2H2 + OH => C2H + H2O 1.77×10-22 

N159 C2H2 + HO2 => CH2CO + OH 1.62×10-20 

N160 C2H + OH => CH2 + CO 3.00×10-11 

N161 C2H + OH => C2H2 + O 3.00×10-11 

N162 C2H + HO2 => C2H2 + O2  3.00×10-11 

N163 C2H + HO2 => C2HO + OH 3.00×10-11 

N164 C2H + HCO => C2H2 + CO 1.00×10-10 

N165 C2H + CH3O => C2H2 + CH2O 4.00×10-11 

N166 C3H8 + OH => C3H7 + H2O 3.76×10-15 

N167 C3H8 + CH3O => C3H7 + CH3OH 1.42×10-17 

N168 C3H7 + CH2O => C3H8 + HCO 4.10×10-18 

N169 C3H7 + HCO => C3H8 + CO 1.00×10-10 

N170 C3H7 + CH3O => C3H8 + CH2O 4.00×10-11 

N171 H2 + OH => H + H2O 7.02×10-15 

N172 H2 + HCO => H + CH2O 2.78×10-26 

N173 H + CO2 => CO + OH  1.40×10-29 

N174 H + CO + M => HCO + M 1.54×10-34 

N175 H + H2O => H2 + OH  5.86×10-26 

N176 H + OH => H2 + O  1.05×10-16 

N177 H + OH + M => H2O + M  4.33×10-30 

N178 H + HO2 => H2 + O2  5.90×10-12 

N179 H + HO2 => H2O + O  2.40×10-12 

N180 H + HO2 => OH + OH  7.20×10-11 

N181 H + CH2O => H2 + HCO 5.72×10-14 

N182 H + CH2O => H2 + HCO 3.86×10-14 

N183 H + HCO => H2 + CO 1.50×10-10 

N184 H + CH3O => H2 + CH2O 2.32×10-11 
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N185 H + CH3O => CH3 + OH 9.93×10-12 

N186 H + CH3CHO => H2 + CH3CO 8.98×10-14 

N187 H + CH2CO => CH3 + CO 1.04×10-13 

N188 H + C2HO => CH2 + CO 2.50×10-10 

N189 CO + O + M => CO2 + M 1.11×10-35 

N190 O + H2O => OH + OH  4.48×10-24 

N191 O + OH => H + O2 3.46×10-11 

N192 O + HO2 => O2 + OH 5.70×10-11 

N193 O + CH2O => OH + HCO 1.73×10-13 

N194 O + HCO => CO + OH  5.00×10-11 

N195 O + HCO => H + CO2  5.00×10-11 

N196 O + CH3O => CH3 + O2 2.20×10-11 

N197 O + CH3O => OH + CH2O 3.00×10-12 

N198 O + CH3CHO => OH + CH3CO 4.68×10-13 

N199 O + CH2CO => CH2 + CO2 2.29×10-13 

N200 O + CH2CO => CH2O + CO 7.88×10-14 

N201 O + CH2CO => HCO + CO + H 4.33×10-14 

N202 O + CH2CO => 2HCO 4.33×10-14 

N203 O + C2HO => 2CO + H 1.90×10-10 

N204 O2 + HCO => CO + HO2 5.10×10-12 

N205 O2 + CH3O => CH2O + HO2 1.97×10-15 

N206 O2 + CH2CHO => CH2O + CO + OH 3.00×10-14 

N207 O2 + C2HO => 2CO + OH 6.46×10-13 

N208 CO + OH => CO2 + H 1.25×10-13 

N209 CO + CH3O => CO2 + CH3 6.56×10-20 

N210 H2O + CH3O => CH3OH + OH 1.67×10-14 

N211 OH + OH => H2O + O  1.47×10-12 

N212 OH + OH + M => H2O2 + M 6.86×10-31 

N213 OH + HO2 => O2 + H2O 1.10×10-10 

N214 OH + CH2O => H2O + HCO 8.47×10-12 

N215 OH + HCO => CO + H2O 1.70×10-10 

N216 OH + CH3O => CH2O + H2O 3.00×10-11 

N217 OH + CH3CHO => CH3CO + H2O 1.49×10-11 
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N218 OH + CH2CO => CO + CH2OH 1.14×10-11 

N219 2HO2 => H2O2 + O2 1.63×10-12 

N220 HO2 + CH2O => H2O2 + HCO 1.05×10-20 

N221 HO2 + HCO => OH + H + CO2 5.00×10-11 

N222 HO2 + CH3O => CH2O + H2O2 5.00×10-13 

N223 CH2O + CH3O => CH3OH + HCO 1.14×10-15 

N224 2HCO => CH2O + CO 5.00×10-11 

N225 2CH3O => CH2O + CH3OH 1.00×10-10 

N226 CH4 + CH3CO => CH3CHO + CH3 1.14×10-29 

N227 CH4 + CH2OH => CH3OH + CH3 2.55×10-27 

N228 CH3 + H2O2 => CH4 + HO2 5.46×10-14 

N229 CH3 + CH3OH => CH4 + CH3O 1.01×10-20 

N230 CH3 + CH3OH => CH4 + CH2OH 2.66×10-20 

N231 CH3 + CH2OH => CH4 + CH2O 4.00×10-12 

N232 CH2 + H2O2 => CH3 + HO2 1.00×10-14 

N233 CH2 + CH3CO => CH2CO + CH3 3.00×10-11 

N234 CH2 + CH3OH => CH3O + CH3 1.01×10-20 

N235 CH2 + CH3OH => CH2OH + CH3 2.66×10-20 

N236 CH2 + CH2OH => CH2O + CH3 2.00×10-12 

N237 CH2 + CH2OH => C2H4 + OH 4.00×10-11 

N238 C2H5 + H2O2 => C2H6 + HO2 2.83×10-15 

N239 C2H5 + CH3OH => C2H6 + CH3O 3.50×10-22 

N240 C2H5 + CH3OH => C2H6 + CH2OH 9.49×10-22 

N241 C2H5 + CH2OH => C2H6 + CH2O 4.00×10-12 

N242 C2H5 + CH2OH => CH3OH + C2H4 4.00×10-12 

N243 C2H3 + H2O2 => C2H4 + HO2 5.46×10-14 

N244 C2H3 + CH3OH => C2H4 + CH3O 1.01×10-20 

N245 C2H3 + CH3OH => C2H4 + CH2OH 2.66×10-20 

N246 C2H3 + CH2OH => C2H4 + CH2O 5.00×10-11 

N247 C2H2 + CH2OH => C2H3 + CH2O 3.32×10-19 

N248 C2H + CH3OH => C2H2 + CH3O 2.00×10-12 

N249 C2H + CH3OH => C2H2 + CH2OH 1.00×10-11 

N250 C2H + CH2OH => C2H2 + CH2O 5.99×10-11 
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N251 C3H7 + OH => C3H6 + H2O 4.00×10-11 

N252 C3H7 + H2O2 => C3H8 + HO2 7.08×10-17 

N253 C3H7 + CH3OH => C3H8 + CH3O 3.51×10-22 

N254 C3H7 + CH3OH => C3H8 + CH2OH 8.45×10-22 

N255 C3H7 + CH2OH => C3H8 + CH2O 1.90×10-12 

N256 C3H7 + CH2OH => C3H6 + CH3OH 8.00×10-13 

N257 H + H2O2 => H2O + OH 4.20×10-14 

N258 H + H2O2 => H2 + HO2 5.15×10-15 

N259 H + CH3OH => CH2OH + H2 1.27×10-15 

N260 H + CH3OH => CH3O + H2 3.18×10-16 

N261 H + CH2OH => CH2O + H2 1.00×10-11 

N262 H + CH2OH => CH3 + OH 1.90×10-10 

N263 H + CH2OH +M => CH3OH + M 1.18×10-29 

N264 O + H2O2 => HO2 + OH  8.91×10-16 

N265 O + H2O2 => O2 + H2O 8.91×10-16 

N266 O + CH3CO => OH + CH2CO 8.75×10-11 

N267 O + CH3CO => CO2 + CH3 2.63×10-10 

N268 O + CH3OH => OH + CH2OH 1.12×10-14 

N269 O + CH3OH => OH + CH3O 1.68×10-15 

N270 O + CH2OH => CH2O + OH 7.00×10-11 

N271 O2 + CH2OH => CH2O + HO2 9.70×10-12 

N272 OH + H2O2 => HO2 + H2O 1.70×10-12 

N273 OH + CH3CO => CH2CO + H2O 2.00×10-11 

N274 OH + CH3CO => CH3 + CO + OH 5.00×10-11 

N275 OH + CH3OH => H2O + CH2OH 7.67×10-13 

N276 OH + CH3OH => H2O + CH3O 1.35×10-13 

N277 OH + CH2OH => CH2O + H2O 4.00×10-11 

N278 HO2 + CH3CO => CH3 + CO2 + OH 5.00×10-11 

N279 HO2 + CH3OH => CH2OH + H2O2 1.10×10-22 

N280 HO2 + CH2OH => CH2O + H2O2 2.00×10-11 

N281 CH2O + CH3CO => CH3CHO + HCO 1.17×10-22 

N282 CH2O + CH2OH => CH3OH + HCO  4.22×10-18 

N283 HCO + H2O2 => CH2O + HO2 1.50×10-18 
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N284 HCO + CH3CO => CH3CHO + CO 1.50×10-11 

N285 HCO + CH3OH => CH2O + CH2OH 6.85×10-23 

N286 HCO + CH2OH => 2CH2O  3.00×10-10 

N287 HCO + CH2OH => CH3OH + CO 2.00×10-10 

N288 CH3O + CH3CO => CH3OH + CH2CO 1.00×10-11 

N289 CH3O + CH2OH => CH2O + CH3OH 4.00×10-11 

N290 H2O2 + CH3CO => CH3CHO + HO2 3.05×10-19 

N291 H2O2 + CH2OH => CH3OH + HO2 6.56×10-17 

N292 CH3CO + CH3OH => CH3CHO + CH2OH 2.22×10-22 

N293 2CH2OH => CH2O + CH3OH 8.00×10-12 

N294 C3H5 + O2 => CH3CHO + HCO 7.21×10-12 

N295 HCO + CH3CO => CH3CHO + CO 1.50×10-11 

N296 CH3CHOH + O => CH3CHO + OH 1.50×10-10 

N297 CH3CHOH + O2 => CH3CHO + HO2 1.90×10-11 

N298 CH3 + HCO => CH3CHO 4.42×10-11 

N299 CH + O2 => HCO + O 1.45×10-10 

N300 C2H3 + O2 => CH2O + HCO 2.62×10-12 

N301 C2H + O2 => CO + HCO  4.00×10-12 

N302 CH2O + O => HCO + OH 1.67×10-13 

N303 CH2O + H => H2 + HCO 5.52×10-14 

N304 CH2O + OH => HCO + H2O 9.38×10-12 

N305 CH2O + HO2 => HCO + H2O2 2.52×10-18 

N306 CH2O + CH3 => HCO + CH4 6.14×10-18 

N307 HCO + CH2 => CO + CH3 3.01×10-11 

N308 HCO + O => CO + OH 5.00×10-11 

N309 HCO + O => CO2 + H 5.00×10-11 

N310 HCO + H => CO + H2 1.13×10-10 

N311 HCO + O2 => CO + HO2 5.20×10-12 

N312 HCO + OH => CO + H2O 1.83×10-10 

N313 HCO => CO + H 3.35×10-22 

N314 HCO + CH3 => CO + CH4 4.00×10-11 

N315 CH3 + O2 => CH3O2 2.21×10-12 

N316 CH4 + O2 => CH3O2 + H 3.80×10-76 
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N317 CH3CO + O2 => CH3COOO 5.00×10-12 

N318 C2H5 + O2 => C2H5OO 1.50×10-28 

N319 CH3CHO + O2 => CH3COOOH 5.16×10-23 

N320 CH3CHO + CH3COOO => CH3COOOH + CH3CO 1.34×10-17 

N321 CH3CHO + OH => CH3COOH + H 2.00×10-21 

N322 CH3O2 + CH3COOO => CH3COOH + CH2O + O2 5.50×10-12 

N323 CH3COOOH + C3H6 => CH3COOH + C3H6O 3.85×10-14 

N324 CO + OH => COOH  1.20×10-12 

N325 CH3 + COOH => CH3COOH 5.81×10-10 

N326 CH3CO + O => CH3COO 1.99×10-10 

N327 CH3COO + H => CH3COOH 3.79×10-11 

N328 C2H5 + OH => C2H5OH 1.28×10-10 

N329 2C2H5OO => C2H5OH + CH3CHO + O2 2.34×10-14 

N330 CH3CHOH + H => C2H5OH 8.30×10-11 

N331 CH2O + OH => HCOOH + H 2.01×10-13 

N332 CH3CHO + H => CH3CHOH 2.49×10-18 

N333 C2H5OH + O => CH3CHOH + OH 1.03×10-13 

N334 C2H5OH + OH => CH3CHOH + H2O 5.00×10-13 

N335 C2H5OH + CH3 => CH4 + CH3CHOH 2.79×10-56 

N336 CH3 + CH3CO => CH3COCH3 6.97×10-20 

N337 CH3COCH3 + O => CH3COCH2 + OH 1.13×10-15 

N338 CH3COCH3 + OH => CH3COCH2 + H2O 2.20×10-13 

N339 CH3COCH3 + H => CH3COCH2 + H2 6.70×10-16 

N340 CH3COCH3 + HO2 => CH3COCH2 + H2O2 3.49×10-16 

N341 CH3COCH3 + CH3 => CH3COCH2 + CH4 5.56×10-20 

N342 C3H7 + CH3 => C4H10 7.02×10-21 

N343 CH3OH + C4H9 => C4H10 + CH2OH 7.98×10-22 

N344 CH4 + C4H9 => C4H10 + CH3 8.82×10-23 

N345 CH2O + C4H9 => C4H10 + HCO 9.23×10-18 

N346 C2H4 + C2H5 => C4H9 9.58×10-19 

N347 C2H5 + C2H5 => C4H10 1.66×10-11 

N348 C4H9 + H => C4H10 4.26×10-11 
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Table A7.2 Electron-impact reactions in the model. All the rate constants for these 

reactions are determined by the cross section of each particle and instantaneous electron 

temperature, as the equation (9) defined in reference [195].  

No. Reaction   Rate constant 

E1 e- + CH4 => CH3 + H- Dissociative Attachment  f(σ), ɛ 

E2 e- + CH4 => CH2
- + H2 Dissociative Attachment  f(σ), ɛ 

E3 e- + CH4 => e- + CH4 Momentum Transfer  f(σ), ɛ 

E4 e- + CH4 => e- + CH4(V24) Vibrational Excitation  f(σ), ɛ 

E5 e- + CH4 => e- + CH4(V13) Vibrational Excitation f(σ), ɛ 

E6 e- + CH4 => e- + CH3 + H Dissociative Excitation  f(σ), ɛ 

E7 e- + CH4 => e- + CH2 + 2H Dissociative Excitation f(σ), ɛ 

E8 e- + CH4 => e- + CH + 3H Dissociative Excitation f(σ), ɛ 

E9 e- + CH4 => 2e- + CH4
+ Ionisation  f(σ), ɛ 

E10 e- + CO2 => CO + O- Dissociative Attachment  f(σ), ɛ 

E11 e- + CO2 => e- + CO2
* Momentum Transfer  f(σ), ɛ 

E12-19  e- + CO2 => e- + CO2(V1-8) Vibrational Excitation  f(σ), ɛ 

E20-27 e- + CO2 => e- + CO2(E1-8) Electronic Excitation  f(σ), ɛ 

E28 e- + CO2 => 2e- + CO2
+ Ionisation f(σ), ɛ 

E29 e- + CO2 => e-
 + CO + O Dissociative Excitation  f(σ), ɛ 

E30 e- + CH3 => e- + CH3(P) Excitation f(σ), ɛ 

E31 e- + CH3 => e- + CH2 + H Dissociative Excitation f(σ), ɛ 

E32 e- + CH3 => e- + CH + H2 Dissociative Excitation f(σ), ɛ 

E33 e- + CH3 => e- + H + C + H2 Dissociative Excitation f(σ), ɛ 

E34 e- + CH3 => 2e- + CH3
+ Ionisation f(σ), ɛ 

E35 e- + CH3 => 2e- + H + CH2
+ Dissociative Ionisation f(σ), ɛ 

E36 e- + CH3
+ => 2e- + H + H+ + CH+ Dissociative Ionisation f(σ), ɛ 

E37 e- + CH3
+ => 2e- + H2 + H+ + C+ Dissociative Ionisation f(σ), ɛ 

E38 e- + CH2 => e- + CH2
* Excitation f(σ), ɛ 

E39 e- + CH2 => e- + CH + H Dissociative Excitation f(σ), ɛ 

E40 e- + CH2 => e- + C + H2 Dissociative Excitation f(σ), ɛ 

E41 e- + CH2 => e- + C + 2H Dissociative Excitation f(σ), ɛ 

E42 e- + CH2 => 2e- + CH2
+ Ionisation f(σ), ɛ 

E43 e- + CH2 => 2e- + H + CH+
 Dissociative Ionisation f(σ), ɛ 
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E44 e- + CH2
+ => 2e- + H + H+ + C+ Dissociative Ionisation f(σ), ɛ 

E45 e- + C => e- + C Momentum Transfer  f(σ), ɛ 

E46 e- + C => e- + C(1D) Excitation f(σ), ɛ 

E47 e- + C => e- + C(1S) Excitation f(σ), ɛ 

E48 e- + C => 2e- + C+ Ionisation f(σ), ɛ 

E49 e- + CO => e- + CO Momentum Transfer  f(σ), ɛ 

E50-59 e- + CO => e- + CO(V1-10) Vibrational Excitation  f(σ), ɛ 

E60-64 e- + CO => e- + CO(E1-5) Electronic Excitation  f(σ), ɛ 

E65 e- + CO => e- + C + O Dissociative Excitation f(σ), ɛ 

E66 e- + CO => 2e- + CO+ Ionisation f(σ), ɛ 

E67 e- + H2 => H + H- Dissociative Attachment  f(σ), ɛ 

E68 e- + H2 => e- + H2(j0-2, j1-3) Rotational Excitation  f(σ), ɛ 

E69-71 e- + H2 => e- + H2(V1-3) Vibrational Excitation  f(σ), ɛ 

E72 e- + H2 => e- + H2(B1Σu
+) Electronic Excitation  f(σ), ɛ 

E73 e- + H2 => e- + H2(c3Πu) Electronic Excitation  f(σ), ɛ 

E74 e- + H2 => e- + H2(a3Σg
+) Electronic Excitation  f(σ), ɛ 

E75 e- + H2 => e- + H2(C1Πu) Electronic Excitation  f(σ), ɛ 

E76 e- + H2 => e- + H2(1 Σg
+) Electronic Excitation  f(σ), ɛ 

E77 e- + H2 => e- + H2(D3Πu) Electronic Excitation  f(σ), ɛ 

E78 e- + H2 => e- + H2(E1-2) Electronic Excitation  f(σ), ɛ 

E79 e- + H2 => e- + H2(Rydberg) Rydberg Excitation f(σ), ɛ 

E80 e- + H2 => 2e- + H2
+ Ionisation f(σ), ɛ 

E81 e- + H => e- + H Momentum Transfer  f(σ), ɛ 

E82 e- + H => e- + H(2p) Excitation f(σ), ɛ 

E83 e- + H => e- + H(2s) Excitation f(σ), ɛ 

E84 e- + H => 2e- + H+ Ionisation f(σ), ɛ 

E85 e- + O2 => O2
- Attachment f(σ), ɛ 

E86 e- + O2 => e- + O2 Momentum Transfer  f(σ), ɛ 

E87-89 e- + O2 => e- + O2(R1-3) Rotational Excitation  f(σ), ɛ 

E90-93 e- + O2 => e- + O2(V1-4) Vibrational Excitation  f(σ), ɛ 

E94 e- + O2 => e- + O2(b1Σ+) Electronic Excitation  f(σ), ɛ 

E95 e- + O2 => e- + O2(a1δ+) Electronic Excitation  f(σ), ɛ 

E96-101 e- + O2 => e- + O + O Dissociative Excitation f(σ), ɛ 
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E102 e- + O2 => 2e- + O2
+ Ionisation f(σ), ɛ 

E103 e- + O => e- + O Momentum Transfer  f(σ), ɛ 

E104 e- + O => e- + O(1D) Excitation f(σ), ɛ 

E105 e- + O => e- + O(1S) Excitation f(σ), ɛ 

E106 e- + O => 2e- + O+ Ionisation f(σ), ɛ 

E107 e- + H2O => H2 + O- Dissociative Attachment  f(σ), ɛ 

E108 e- + H2O => OH + H- Dissociative Attachment  f(σ), ɛ 

E109 e- + H2O => H + OH- Dissociative Attachment  f(σ), ɛ 

E110 e- + H2O => e- + H2O Momentum Transfer  f(σ), ɛ 

E111-113 e- + H2O => e- + H2O(V1-3) Vibrational Excitation  f(σ), ɛ 

E114 e- + H2O => e- + H + OH Dissociative Excitation f(σ), ɛ 

E115 e- + H2O => e- + H2 + O Dissociative Excitation f(σ), ɛ 

E116 e- + H2O => 2e- + H2O+ Ionisation f(σ), ɛ 

E117 e- + C2H2 => e- + C2H2 Momentum Transfer  f(σ), ɛ 

E118-120 e- + C2H2 => e- + C2H2(V2,5 &31) Vibrational Excitation  f(σ), ɛ 

E121-122 e- + C2H2 => e- + C2H2(E1 &2) Electronic Excitation  f(σ), ɛ 

E123 e- + C2H2 => e- + H + C2H Dissociative Excitation f(σ), ɛ 

E124 e- + C2H2 => e- + 2H + C2 Dissociative Excitation f(σ), ɛ 

E125 e- + C2H2 => e- + CH + CH Dissociative Excitation f(σ), ɛ 

E126 e- + C2H2 => e- + C + CH2 Dissociative Excitation f(σ), ɛ 

E127 e- + C2H2 => 2e- + C2H2
+ Ionisation f(σ), ɛ 

E128 e- + C2H2
+ => e- + C2H+ + H Dissociation of Ion f(σ), ɛ 

E129 e- + C2H2
+ => e- + C2H + H+ Dissociation of Ion f(σ), ɛ 

E130 e- + C2H2
+ => e- + H2 + C2

+ Dissociation of Ion f(σ), ɛ 

E131 e- + C2H2
+ => e- + CH + CH+ Dissociation of Ion f(σ), ɛ 

E132 e- + C2H2
+ => e- + C + CH2

+ Dissociation of Ion f(σ), ɛ 

E133 e- + C2H2
+ => e- + C+ + CH2 Dissociation of Ion f(σ), ɛ 

E134 e- + C2H2
+ => 2e- + C2H+ + H+ Dissociative Ionisation f(σ), ɛ 

E135 e- + C2H2
+ => 2e- + C2

+ + H2
+ Dissociative Ionisation f(σ), ɛ 

E136 e- + C2H2
+ => 2e- + C2

+ + H + H+ Dissociative Ionisation f(σ), ɛ 

E137 e- + C2H2
+ => 2e- + CH+ + CH+ Dissociative Ionisation f(σ), ɛ 

E138 e- + C2H2
+ => 2e- + C+ + H + CH+ Dissociative Ionisation f(σ), ɛ 

E139 e- + C2H2
+ => 2e- + CH2

+ + C+ Dissociative Ionisation f(σ), ɛ 
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E140  e- + C2H4 => e- + C2H4 Momentum Transfer  f(σ), ɛ 

E141-142 e- + C2H4 => e- + C2H4(V1 & 2) Vibrational Excitation  f(σ), ɛ 

E143-144 e- + C2H4 => e- + C2H4(E1 & 2) Electronic Excitation  f(σ), ɛ 

E145 e- + C2H4 => e- + C2H3 + H Dissociative Excitation f(σ), ɛ 

E146 e- + C2H4 => e- + C2H2 + H2 Dissociative Excitation f(σ), ɛ 

E147 e- + C2H4 => e- + C2H2 + 2H Dissociative Excitation f(σ), ɛ 

E148 e- + C2H4 => e- + C2H + H2 + H Dissociative Excitation f(σ), ɛ 

E149 e- + C2H4 => e- + CH3 + CH Dissociative Excitation f(σ), ɛ 

E150 e- + C2H4 => e- + CH2 + CH2 Dissociative Excitation f(σ), ɛ 

E151 e- + C2H4 => e- + C + CH4 Dissociative Excitation f(σ), ɛ 

E152 e- + C2H4 => 2e- + C2H4
+ Ionisation f(σ), ɛ 

E153 e- + C2H4
+ => e- + H + C2H3

+ Dissociation of Ion f(σ), ɛ 

E154 e- + C2H4
+ => e- + H2 + C2H2

+ Dissociation of Ion f(σ), ɛ 

E155 e- + C2H4
+ => e- + H2

+ + C2H2 Dissociation of Ion f(σ), ɛ 

E156 e- + C2H4
+ => e- + CH3

+ + CH Dissociation of Ion f(σ), ɛ 

E157 e- + C2H4
+ => e- + CH3

 + CH+ Dissociation of Ion f(σ), ɛ 

E158 e- + C2H4
+ => e- + CH2

 + CH2
+ Dissociation of Ion f(σ), ɛ 

E159 e- + C2H4
+ => e- + CH4

 + C+ Dissociation of Ion f(σ), ɛ 

E160 e- + C2H4
+ => 2e- + C2H3

+ + H+ Dissociative Ionisation f(σ), ɛ 

E161 e- + C2H4
+ => 2e- + C2H2

+ + H2
+ Dissociative Ionisation f(σ), ɛ 

E162 e- + C2H4
+ => 2e- + C2H2

+ + H + H+ Dissociative Ionisation f(σ), ɛ 

E163 e- + C2H4
+ => 2e- + CH3

+ + CH+ Dissociative Ionisation f(σ), ɛ 

E164 e- + C2H4
+ => 2e- + CH2

+ + CH2
+ Dissociative Ionisation f(σ), ɛ 

E165 e- + C2H4
+ => 2e- + CH4

+ + C+ Dissociative Ionisation f(σ), ɛ 

E166 e- + C2H6 => C2H6
- Attachment  f(σ), ɛ 

E167 e- + C2H6 => e- + C2H6 Momentum Transfer  f(σ), ɛ 

E168-169 e- + C2H6 => e- + C2H6(V13 & 24) Vibrational Excitation  f(σ), ɛ 

E170 e- + C2H6 => e- + C2H5 + H Dissociative Excitation f(σ), ɛ 

E171 e- + C2H6 => e- + C2H4 + H2 Dissociative Excitation f(σ), ɛ 

E172 e- + C2H6 => e- + C2H3 + H + H2 Dissociative Excitation f(σ), ɛ 

E173 e- + C2H6 => e- + C2H2 + 2H2 Dissociative Excitation f(σ), ɛ 

E174 e- + C2H6 => e- + CH4 + CH2 Dissociative Excitation f(σ), ɛ 

E175 e- + C2H6 => e- + CH3 + CH3 Dissociative Excitation f(σ), ɛ 
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E176 e- + C2H6 => 2e- + C2H6
+  Ionisation f(σ), ɛ 

E177 e- + C2H6
+ => e- + C2H5

+ + H Dissociation of Ion f(σ), ɛ 

E178 e- + C2H6
+ => e- + C2H4

+ + H2 Dissociation of Ion f(σ), ɛ 

E179 e- + C2H6
+ => e- + CH3

+ + CH3 Dissociation of Ion f(σ), ɛ 

E180 e- + C2H6
+ => 2e- + C2H5

+ + H+ Dissociative Ionisation f(σ), ɛ 

E181 e- + C2H6
+ => 2e- + C2H4

+ + H2
+ Dissociative Ionisation f(σ), ɛ 

E182 e- + C2H6
+ => 2e- + C2H4

+ + H + H+ Dissociative Ionisation f(σ), ɛ 

E183 e- + C2H6
+ => 2e- + C2H3

+ + H2 + H+ Dissociative Ionisation f(σ), ɛ 

E184 e- + C2H6
+ => 2e- + C2H2

+ + H2 + H2
+ Dissociative Ionisation f(σ), ɛ 

E185 e- + C2H6
+ => 2e- + CH4

+ + CH2
+ Dissociative Ionisation f(σ), ɛ 

E186 e- + C2H6
+ => 2e- + CH3

+ + CH3
+ Dissociative Ionisation f(σ), ɛ 

E187 e- + C3H6 => C3H6
-  Attachment  f(σ), ɛ 

E188 e- + C3H6 => e- + C3H6  Momentum Transfer  f(σ), ɛ 

E189 e- + C3H6 => e- + C3H6(V)  Vibrational Excitation  f(σ), ɛ 

E190 e- + C3H6 => e- + C3H5 + H Dissociative Excitation f(σ), ɛ 

E191 e- + C3H6 => e- + C3H4 + H2 Dissociative Excitation f(σ), ɛ 

E192 e- + C3H6 => e- + C3H3 + H + H2 Dissociative Excitation f(σ), ɛ 

E193 e- + C3H6 => e- + C3H2 + 2H2 Dissociative Excitation f(σ), ɛ 

E194 e- + C3H6 => e- + C2H4 + CH2 Dissociative Excitation f(σ), ɛ 

E195 e- + C3H6 => e- + C2H3 + CH3 Dissociative Excitation f(σ), ɛ 

E196 e- + C3H6 => e- + C2H2 + CH4 Dissociative Excitation f(σ), ɛ 

E197 e- + C3H6 => 2e- + C3H6
+  Ionisation f(σ), ɛ 

E198 e- + C3H6
+ => e- + C2H5

+ + CH Dissociation of Ion f(σ), ɛ 

E199 e- + C3H6
+ => e- + C2H4

+ + CH2 Dissociation of Ion f(σ), ɛ 

E200 e- + C3H6
+ => e- + C2H3

+ + CH3 Dissociation of Ion f(σ), ɛ 

E201 e- + C3H6
+ => e- + C2H2

+ + CH4 Dissociation of Ion f(σ), ɛ 

E202 e- + C3H6
+ => e- + CH4

+ + C2H2 Dissociation of Ion f(σ), ɛ 

E203 e- + C3H6
+ => e- + CH3

+ + C2H3 Dissociation of Ion f(σ), ɛ 

E204 e- + C3H6
+ => e- + CH2

+ + C2H4 Dissociation of Ion f(σ), ɛ 

E205 e- + C3H6
+ => 2e- + C2H6

+ + C+ Dissociative Ionisation f(σ), ɛ 

E206 e- + C3H6
+ => 2e- + C2H5

+ + CH+ Dissociative Ionisation f(σ), ɛ 

E207 e- + C3H6
+ => 2e- + C2H4

+ + CH2
+ Dissociative Ionisation f(σ), ɛ 

E208 e- + C3H6
+ => 2e- + C2H3

+ + CH3
+ Dissociative Ionisation f(σ), ɛ 
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E209 e- + C3H6
+ => 2e- + C2H2

+ + CH4
+ Dissociative Ionisation f(σ), ɛ 

E210 e- + C3H6
+ => 2e- + C2H+ + H + CH4

+ Dissociative Ionisation f(σ), ɛ 

E211 e- + C3H6
+ => 2e- + C2H+ + H+ + CH4 Dissociative Ionisation f(σ), ɛ 

E212 e- + C3H6
+ => 2e- + C2

+ + CH4
+ + H2 Dissociative Ionisation f(σ), ɛ 

E213 e- + C3H8 => C3H8
-  Attachment f(σ), ɛ 

E214 e- + C3H8 => e- + C3H8  Momentum Transfer  f(σ), ɛ 

E215-216 e- + C3H8 => e- + C3H8(V1 & 2)  Vibrational Excitation  f(σ), ɛ 

E217 e- + C3H8 => e- + C3H8(E)  Electronic Excitation  f(σ), ɛ 

E218 e- + C3H8 => e- + C3H7 + H  Dissociative Excitation f(σ), ɛ 

E219 e- + C3H8 => e- + C3H6 + H2  Dissociative Excitation f(σ), ɛ 

E220 e- + C3H8 => e- + C3H4 + 2H2  Dissociative Excitation f(σ), ɛ 

E221 e- + C3H8 => e- + C2H6 + CH2  Dissociative Excitation f(σ), ɛ 

E222 e- + C3H8 => e- + C2H5 + CH3  Dissociative Excitation f(σ), ɛ 

E223 e- + C3H8 => e- + C2H4 + CH4  Dissociative Excitation f(σ), ɛ 

E224 e- + C3H8 => 2e- + C3H8
+  Ionisation f(σ), ɛ 

E225 e- + C3H8
+ => e- + C2H5

+ + CH3  Dissociation of Ion f(σ), ɛ 

E226 e- + C3H8
+ => e- + C2H4

+ + CH4  Dissociation of Ion f(σ), ɛ 

E227 e- + C3H8
+ => 2e- + C2H6

+ + CH2
+  Dissociative Ionisation f(σ), ɛ 

E228 e- + C3H8
+ => 2e- + C2H5

+ + CH3
+  Dissociative Ionisation f(σ), ɛ 

E229 e- + C3H8
+ => 2e- + C2H4

+ + CH4
+  Dissociative Ionisation f(σ), ɛ 

E230 e- + C3H8
+ => 2e- + C2H3

+ + CH4 + H+  Dissociative Ionisation f(σ), ɛ 

E231 e- + C3H8
+ => 2e- + C2H3

+ + H + CH4
+  Dissociative Ionisation f(σ), ɛ 

E232 e- + C3H8
+ => 2e- + C2H3

+ + H2 + CH3
+  Dissociative Ionisation f(σ), ɛ 

E233 e- + C3H8
+ => 2e- + C2H3

+ + H2
+ + CH3  Dissociative Ionisation f(σ), ɛ 

E234 e- + C3H8
+ => 2e- + C2H2

+ + CH4
+ + H2  Dissociative Ionisation f(σ), ɛ 

E235 e- + C3H8
+ => 2e- + C2H2

+ + CH4 + H2
+  Dissociative Ionisation f(σ), ɛ 

E236 e- + CH4
+ => CH3 + H  Recombination  [174] 

E237 e- + CH4
+ => CH2 + 2H  Recombination  [174] 

E238 e- + CH4
+ => CH + H2 + H  Recombination  [174] 

E239 e- + CH3
+ => CH2 + H  Recombination  [174] 

E240 e- + CH3
+ => CH + H2  Recombination  [174] 

E241 e- + CH3
+ => CH + 2H  Recombination  [174] 

E242 e- + CH3
+ => C + H + H2  Recombination  [174] 
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E243 e- + CH2
+ => CH + H  Recombination  [174] 

E244 e- + CH2
+ => C + H2  Recombination [174] 

E245 e- + CH2
+ => C + 2H  Recombination [174] 

E246 e- + CH+ => C + H  Recombination [174] 

E247 e- + C2H6
+ => C2H5 + H  Recombination [174] 

E248 e- + C2H6
+ => C2H4 + 2H  Recombination [174] 

E249 e- + C2H5
+ => C2H4 + H  Recombination [174] 

E250 e- + C2H5
+ => C2H3 + 2H  Recombination [174] 

E251 e- + C2H5
+ => C2H2 + H + H2   Recombination [174] 

E252 e- + C2H5
+ => C2H2 + 3H  Recombination [174] 

E253 e- + C2H5
+ => CH3 + CH2  Recombination [174] 

E254 e- + C2H4
+ => C2H3 + H  Recombination [174] 

E255 e- + C2H4
+ => C2H2 + 2H  Recombination [174] 

E256 e- + C2H4
+ => C2H + H2 + H  Recombination [174] 

E257 e- + C2H3
+ => C2H2 + H  Recombination [174] 

E258 e- + C2H3
+ => C2H + 2H  Recombination [174] 

E259 e- + C2H2
+ => C2H + H  Recombination [174] 

E260 e- + C2H2
+ => CH + CH  Recombination [174] 

E261 e- + O2
+ + O2=> O2 + O2 Recombination [174] 

E262 e- + O2
+ => O + O Recombination [174] 

E263 e- + CO2
+ => CO + O Recombination [174] 
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Table A7.3 Ion-neutral/ions reactions involved in this model, and the 

corresponding reaction rate constant are adopted from the literature [174]. 

No. Reaction  Rate constant 

(cm3s-1) 

I1 CH4
+ + C2H6 => C2H4

+ + CH4 + H2  1.91×10-9 

I2 CH4
+ + C2H4 => C2H5

+ + CH3  4.23×10-10 

I3 CH4
+ + C2H4 => C2H4

+ + CH4  1.38×10-9 

I4 CH4
+ + C2H2 => C2H3

+ + CH3  1.23×10-9 

I5 CH4
+ + C2H2 => C2H2

+ + CH4  1.13×10-9 

I6 CH4
+ + H => CH3

+ + H2 1.00×10-11 

I7 CH4
+ + O => CH3

+ + OH 1.00×10-9 

I8 CH4
+ + O2 => CH4 + O2

+ 3.90×10-10 

I9 CH3
+ + CH4 => CH4

+ + CH3 1.36×10-10 

I10 CH3
+ + CH4 => C2H5

+ + H2 1.20×10-9 

I11 CH3
+ + CH2 => C2H3

+ + H2 9.90×10-10 

I12 CH3
+ + CH => C2H2

+ + H2 7.10×10-10 

I13 CH3
+ + C2H6 => C2H5

+ + CH4 1.48×10-9 

I14 CH3
+ + C2H4 => C2H3

+ + CH4 3.50×10-10 

I15 CH3
+ + C2H3 => C2H3

+ + CH3 3.00×10-10 

I16 CH2
+ + CH4 => CH3

+ + CH3 1.38×10-10 

I17 CH2
+ + CH4 => C2H5

+ + H 3.90×10-10 

I18 CH2
+ + CH4 => C2H4

+ + H2 8.40×10-10 

I19 CH2
+ + CH4 => C2H3

+ + H2 + H 2.31×10-10 

I20 CH2
+ + CH4 => C2H3

+ + 2H2 3.97×10-10 

I21 CH+ + CH4 => C2H4
+ + H 6.50×10-11 

I22 CH+ + CH4 => C2H3
+ + H2 1.09×10-9 

I23 CH+ + CH4 => C2H2
+ + H + H2 1.43×10-10 

I24 CH+ + H2 => CH2
+ + H 1.20×10-9 

I25 C2H6
+ + C2H4 => C2H4

+ + C2H6 1.15×10-9 

I26 C2H6
+ + C2H2 => C2H5

+ + C2H3 2.47×10-10 

I27 C2H6
+ + H => C2H5

+ + H2 1.00×10-10 

I28 C2H5
+ + H => C2H4

+ + H2 1.00×10-11 

I29 C2H4
+ + C2H3 => C2H5

+ + C2H2 5.00×10-10 
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I30 C2H4
+ + C2H3 => C2H3

+ + C2H4 5.00×10-10 

I31 C2H4
+ + H => C2H3

+ + H2 3.00×10-10 

I32 C2H4
+ + O => C2H3

+ + HCO 1.08×10-10 

I33 C2H3
+ + C2H6 => C2H5

+ + C2H4 2.91×10-10 

I34 C2H3
+ + C2H4 => C2H5

+ + C2H2 8.90×10-10 

I35 C2H3
+ + C2H3 => C2H5

+ + C2H 5.00×10-10 

I36 C2H3
+ + C2H => C2H2

+ + C2H2 3.30×10-10 

I37 C2H3
+ + H => C2H2

+ + H2 6.80×10-11 

I38 C2H2
+ + CH4 => C2H3

+ + CH3 4.10×10-9 

I39 C2H2
+ + C2H6 => C2H5

+ + C2H3 1.31×10-10 

I40 C2H2
+ + C2H6 => C2H4

+ + C2H4 2.48×10-10 

I41 C2H2
+ + C2H4 => C2H4

+ + C2H2 4.14×10-10 

I42 C2H2
+ + C2H3 => C2H3

+ + C2H2 3.30×10-10 

I43 C2H2
+ + H2 => C2H3

+ + H 1.00×10-11 

I44 O2
+ + CH2 => CH2

+ + O2 4.30×10-10 

I45 O2
+ + CH => CH+ + O2 3.10×10-10 

I46 O2
+ + C2H4 => C2H4

+ + O2 6.80×10-10 

I47 O2
+ + C2H2 => C2H2

+ + O2 1.11×10-9 

I48 O2
+ + O- => O + O2 2.90×10-8 

I49 O2
+ + O- => 3O  2.90×10-8 

I50 O- + CH4 => OH- + CH3 1.00×10-10 

I51 O- + C => e- + CO 5.00×10-10 

I52 O- + H2 => e- + H2O 7.00×10-10 

I53 O- + H2 => OH- + H 3.00×10-11 

I54 O- + H => e- + OH 5.00×10-10 

I55 O- + O => e- + O2 2.30×10-11 

I56 O- + CO => e- + CO2 6.50×10-10 

I57 CO2
+ + CH4 => CH4

+ + CO2 5.50×10-10 

I58 CO2
+ + C2H4 => C2H4

+ + CO2 1.50×10-10 

I59 CO2
+ + C2H2 => C2H2

+ + CO2 7.30×10-10 

I60 CO2
+ + O2 => O2

+ + CO2 5.30×10-11 

I61 CO2
+ + O => O2

+ + CO 1.64×10-10 

I62 OH- + CH3 => e- + CH3OH 1.00×10-9 
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I63 OH- + CH => e- + CH2O 5.00×10-10 

I64 OH- + C => e- + HCO 5.00×10-10 

I65 OH- + H => e- + H2O 1.40×10-9 
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