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1 

 

PREFACE 

 

Converting carbon dioxide, and other greenhouse gases, into value-added chemicals or 

fuels is necessary, but also quite challenging. In this work, we will present a plethora of 

reasons why the mitigation and valorisation of CO2 is necessary, what the challenges 

are and how this can be achieved in an efficient way.  

One of the key challenges in CO2 conversion is that it is often situated in geographically 

widespread locations. An example is biogas, containing both CO2 and CH4 as waste 

stream, which is widespread over different locations and in varying volumes. Another 

essential and geographically widespread component in CO2 conversion is renewable 

energy, which is moreover highly intermittent. An apt solution is thus to convert waste 

gas, present in e.g. biogas, which consists of two greenhouse gases, with renewable 

energy, to value-added chemicals through flexible technology, able to handle both 

widespread locations and volumes as well as an intermittent supply. This work will 

focus most on dry reforming, the simultaneous conversion of CO2 and CH4. 

This conversion is not straightforward, and when done thermally, requires a high 

temperature and a catalyst that is often prone to coking. Bypassing these severe 

conditions and meeting the requirements for flexible production driven by renewable 

energy supply, can be achieved by combining plasma technology with catalysis. The 

plasma can work at mild conditions, i.e. room temperature and ambient pressure, but 

is a very reactive mixture, which is highly unselective. Therefore, a catalytic material is 

added to the plasma. This material can be a packing consisting of a support material 

with or without additional activation with catalytic elements, and can enhance the 

plasma performance both chemically and/or physically. Although the general principles 

of plasma catalysis are described, it is a new field of research with many aspects yet to 

be discovered.  
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This work aims at revealing some of these aspects by studying the impact of packing 

materials on the conversion and selectivity of dry reforming of methane in a packed-

bed dielectric barrier discharge (DBD) plasma reactor. Moreover, a comparison will be 

made to the conversion for CO2 and CH4 as individual components, to unravel insights 

about the mutual effect of both gases on each other, influencing the performance of 

dry reforming in a packed-bed DBD.  

This way, we hope to gain insights to further improve the synergy between the plasma 

and the packing material, and thus to aid with the transition towards a sustainable 

future. 
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1 INTRODUCTION
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1.1 GENERAL INTRODUCTION 

1.1.1 CO2 mitigation and global warming 

Today’s worldwide energy demands (domestic, industrial and transportation) are 

mainly fulfilled by combusting natural gas and fossil fuels, leading to a considerable 

emission of CO2 [1,2]. Since the industrial revolution, which was accompanied by an 

increasing use of fossil fuels, the CO2 concentration in the atmosphere has increased 

from around 280 ppm to more than 400 ppm, and has reached levels that are much 

higher than the level of natural fluctuations (see Figure 1) [3,4]. 

 

Figure 1: The global average long-term atmospheric concentration of CO2, measured in ppm [5]. 

Greenhouse gases are naturally present in the atmosphere, and the energy coming 

from radiation is balanced through the mechanisms depicted in Figure 2, keeping our 

atmosphere at relatively constant temperature ranges. Here, it is shown that 

greenhouse gases play a crucial role in maintaining this balance,  by absorbing and 

reflecting radiation. However, additional anthropogenic emissions of CO2, CH4, N2O, SF6, 

chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) enhance this 
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greenhouse effect and disturb this balance in favour of the absorption. This increases 

the Earth’s temperature, which causes climate change, altering the local weather, 

decreasing the pH of the oceans and increasing their level [5]. 

 

Figure 2: Scheme of the incoming and outgoing radiation, balancing the Earth’s energy balance. All values 

are in W m-2 and for the period from March 2000 to May 2004 [6]. 

The contribution of gases to the enhanced greenhouse gas effect is calculated based 

on their concentration, their residence time and on how strongly they absorb energy. 

The latter two are combined into a factor known as the GWP (Global Warming 

Potential). While CO2 (GWP = 1) is more abundant in the Earth’s atmosphere, other 

gases, like CH4 and NOx, have a higher GWP. Indeed, CH4 has a GWP between 28 and 

36, and for NOx the GWP even lies between 265 and 310. The high concentration of CO2 

in combination with its high stability and thus lifetime in the atmosphere and its 

contribution to the enhanced greenhouse gas effect, necessitates its mitigation and 

valorisation [7]. With its valorisation comes another advantage, namely diminishing our 

dependence on fossil fuels, which are not only used as an energy source, but to some 
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extent also as a raw material for many products and materials used in our society. These 

two goals have given the incentive to researchers in several fields to convert CO2 to 

value-added chemicals and fuels, known as carbon capture and utilisation (CCU) [8]. 

The research fields mentioned include traditional thermal CO2 conversion (see sections 

1.2.1 and 1.2.2), but also (photo- or bio-) electrochemical, solar thermochemical, 

photochemical and biochemical pathways (see section 1.2.3) [9]. Since all these 

pathways for CO2 conversion have a substantial energy demand, catalysis can play a 

crucial role in all of them, lowering the energy barrier. Last but not least, plasma 

technology also contributes to the progress made towards converting CO2 and other 

greenhouse gases (see section 1.3), and forms the focus of this research.  

Plasma conversion technology is a broad field of research, including different 

conversion processes and reactor types. For CO2 conversion, the most applied plasma 

types are dielectric barrier discharges (DBDs), microwave (MW) plasmas and gliding arc 

(GA) discharges. Other, less studied discharges for CO2 conversion include corona, glow, 

spark, radiofrequency and nanosecond pulsed discharges [9]. All these discharge types 

have different opportunities and challenges, which are described in a recent 

comprehensive review [9]. 

Most research on CO2 utilization focusses on improving the conversion and the energy 

efficiency when studying CO2 splitting towards CO and O2 (see section 1.2.1). However, 

when adding a hydrogen source, the selectivity towards value-added chemicals, e.g. 

methanol, formaldehyde or formic acid, is considered for improvement as well. The 

hydrogen sources used are mostly CH4 (Dry Reforming of Methane (DRM), see section 

1.2.2), H2 (hydrogenation of CO2) or H2O (artificial photosynthesis). 

As mentioned, all of the above mentioned technologies are part of a larger concept, 

called Carbon Capture and Utilisation (CCU). The purpose of CCU is to convert CO2 into 

value-added products, ideally via a process with both a high demand and high economic 

value [10–12]. 
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1.1.2 Biogas as a value-added CO2 source 

Similar to CO2, CH4 is formed as a byproduct/waste product in some processes. As also 

CH4 has a very high GWP, making it even more problematic when released into the 

atmosphere, thus also necessitating its conversion to value-added chemicals. Of course, 

pure CH4 can be used as a chemical and as a fuel, but often CH4 streams are impure and 

need purification, which is cost- and energy-intensive.  

A very common, renewable source of both CO2 and CH4 is biogas. Biogas is formed by 

the anaerobic decay of organic matter/waste, where almost all organic matter can be 

used as a biogas feedstock [13–15]. Most used waste sources are livestock manure, 

wastewater sludge and gasification of biomass. 

However, the use of waste products is particularly advantageous as it can prevent the 

unnecessary waste of useful energy sources and offers increased financial profits to 

plant operators. Industries that generate biogas from waste products could use it 

directly on-site as a fuel and/or for electricity generation that could be resold to the 

national grid [16]. 

Water vapour, H2 and trace compounds, such as sulphides, siloxanes, aromatics and 

halogenated compounds, may also be present, depending on the biogas feedstock [17]. 

The effect of these impurities, and whether or not pre-separation is necessary for the 

conversion of the biogas, will depend on the concentration and the type of impurities. 

Sulphur content for example is known to be poisonous for some catalysts. Other 

impurities, like nitrogen, might even be beneficial for the conversion [18]. 

While combustion of renewable CH4 sources does emit CO2, it is more favourable than 

fossil fuel combustion. The carbon in biogas was originally absorbed from the 

atmosphere by plants during photosynthesis. Eventually, the same amount of carbon 

is returned to the atmosphere during combustion of the plant-derived fuel; therefore 

no additional carbon is introduced into the Earth’s carbon cycle. Provided that the plant 

source is regenerated, the fuel can be considered carbon-neutral. Although this process 

is rather slow, as it takes time for plants to grow, it is still in contrast to combustion of 

fossil fuels where carbon that has been removed from the carbon cycle for millions of 
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years is reintroduced without an efficient removal mechanism. Therefore, plasma 

based conversion of biogas is seen as a potential valuable option to convert biogas in 

value-added chemicals or liquid fuels, increasing its economic potential while 

enhancing its environmental benefits [15].  

1.1.3 Renewable energy 

As stated in the previous section, alternative technologies for converting CO2 include 

plasma chemical, (photo-/bio-) electrochemical, solar thermochemical, photochemical 

and biochemical conversion. Converting CO2, no matter whether this takes place in the 

presence or absence of a hydrogen source or catalyst, requires energy. When the 

supplied energy is accompanied by the emission of CO2, there might not be a net loss 

in CO2 concentration in the atmosphere. Therefore, it is important to meet the need 

for energy depicted in Figure 3 with alternative technologies [19].  

Biochemical, photo(electro)chemical and solar thermochemical conversion of CO2 rely 

on the light and/or heat from the sun, with an average solar flux of 175 W/m2 [9]. This 

means that 8.9 × 1013 kWh is at our disposal each hour, while only 1.4 × 1014 kWh is 

consumed worldwide per year (2008) [20]. While (bio)electrochemical and plasma 

chemical conversion need electricity, the latter has the advantage that it can be derived 

from solar energy but is not limited to it, allowing a larger renewable energy mix as 

energy source.  

The global share of renewable energy is enhancing in the total energy consumption – 

from 15 % in 2005 to 20.5 % at the end of 2016. It is therefore becoming more abundant 

as a source of electricity, with a global share of 26.5 % at the end of 2017 [21]. The main 

disadvantage of renewable energy is the difficulty in transportation and storage of the 

produced electricity. Since renewable energy production often arises at times when 

and in places where it is not necessary (e.g. during the day in the Sahara, while needed 

during the night in a city), there is a requirement for efficient storage and 

transportation. 
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Figure 3: Overview of the renewable energy sources for the different novel technologies for CCU.  

The most energy dense medium to store energy (denser than typical batteries) is in 

(liquid) fuels, and thus via chemical storage [22]. Chemical storage means that the 

available electricity is stored by using it to convert waste chemicals to higher value-

added chemicals/fuels (power-to-liquids). An example (and focus of this work) is the 

conversion of CO2, i.e. a waste molecule, together with CH4 as a hydrogen source, into 

value-added chemicals and fuels, such as formic acid, formaldehyde and methanol. The 

latter molecule is regarded as a very interesting one, since it is both a building block in 

the chemical industry and a fuel. Moreover, it is a liquid and fits in our current 

infrastructure. The key advantages of converting CO2 and CH4 to methanol with 

renewable energy are the adaptability with current fuel infrastructure, the ease of 
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production (since it is the simplest liquid chemical containing only one carbon), the lack 

of fossil fuels needed in such an economy and the diminishing of the greenhouse effect.  

A recent economic study by Jarvis and Samsatli has proven that DRM is indeed one of 

the best pathways for CO2 utilisation. Figure 4 shows the key performance indicators 

(KPIs) for six processes: urea production, FT (Fischer-Tropsch) synthesis, hydrogenation 

to methanol, hydrogenation to formic acid, electrochemical reduction and thermal 

DRM. The six KPIs are the Capital Expenditure (CAPEX), Operational Expenditure (OPEX), 

Electricity Usage, Technology Readiness Level (TRL, see also Table 1), Product Price and 

CO2 conversion. The first three should be as low as possible, while the latter three 

should be as high as possible. Figure 4 shows that for dry reforming the three KPI’s in 

the right part are very low, making it the most promising pathway. However, the three 

KPIs in the left part are also still low, i.e. lower than for some other pathways, indicating 

that there is still room for improvement. For thermal DRM, the CAPEX is 23.85 £/t, 

which is higher than for urea production and hydrogenation to methanol, but lower 

than for FT synthesis, hydrogenation to formic acid and electrochemical reduction. The 

OPEX is the second lowest, with 100.55 £/t, and only FT synthesis has a lower OPEX. 

For hydrogenation to formic acid, this cost is even 1300.90 £/t. The electricity usage is 

described in the study of Jarvis and Samsatli, but as their work is based on (at least 

partially) thermal conversion processes, it is not comparable with the electricity use in 

a plasma based process where the plasma also provides the energy for the reaction. 

The three other KPIs discussed (TRL, product price and CO2 utilisation) need to be as 

high as possible, and there we see that there is still room for improvement. The TRL of 

thermal DRM is 5, which is higher than the TRL of hydrogenation to formic acid (4) and 

electrochemical reduction (4), but lower than the TRL of urea production (9), FT 

synthesis (7) and hydrogenation to methanol (6.5). The product price is also rather low, 

and only lower for urea production. However, the study considers DRM to convert CO2 

and CH4 to syngas, whereas this PhD will focus on the conversion towards higher 

hydrocarbons and other products with a higher product price. The CO2 utilisation is 

lower for DRM compared to FT and the hydrogenation technologies described in the 
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study of Jarvis and Samsatli, but compared to steam reforming which is CO2 emitting, it 

still utilises a small amount of CO2 (0.02−0.72 t CO2/t). However, as in this PhD a waste 

gas mixture is used in a circular way, avoiding emission together with the aim to 

produce higher (oxygenated) hydrocarbons C1-C5, the CO2 utilisation might be more 

beneficial, although it is difficult to compare the plasma based DRM directly with the 

thermal conversion. Thus an LCA study will need to be done to confirm if our very rough 

and simplified reasoning is valid for plasma catalytic conversion. 

 

 

Figure 4: Key performance indicators of six different CO2 utilisation technologies: (a) urea production; (b) 
FT synthesis; (c) hydrogenation to methanol; (d) hydrogenation to formic acid; (e) electrochemical 
reduction; and (f) thermal DRM. Adapted from ref. [23]. 
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Table 1: European Commission TRL definition. 

TRL Definition 

1 Basic principles observed 

2 Technology concept formulated 

3 Experimental proof of concept 

4 Technology validated in lab 

5 Technology validated in relevant environment (industrially relevant 

environment in the case of key enabling technologies) 

6 Technology demonstrated in relevant environment (industrially relevant 

environment in the case of key enabling technologies) 

7 System prototype demonstration in operational environment 

8 System complete and qualified 

9 Actual system proven in operational environment (competitive 

manufacturing in the case of key enabling technologies; or in space) 

 

All technologies investigated for the conversion of CO2 will help pave the way for the 

transition from fossil fuels to renewable energy for the chemical industry. They can thus 

be valorised in more technologies than CO2 conversion, e.g. the production of ammonia, 

hydrogen, olefins, benzene-, toluene-, and xylene-isomers, methanol, … [24]. 

1.2 CO2 CONVERSION APPROACHES 

1.2.1 Thermal CO2 splitting 

CO2 splitting refers to the following reaction: 

𝐶𝑂2 → 𝐶𝑂 +
1

2
𝑂2   ΔH0 = + 283 kJ.mol-1 

This reaction not only has a high enthalpy, indicating that it a high temperature is 

needed to obtain a negative Gibbs free energy, and thus a spontaneous reaction. 

Moreover, CO2 is a thermodynamically stable molecule, since it has more electrons in 

bonding orbitals, than electrons in anti-bonding orbitals. Therefore, the splitting of CO2 
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requires i) a high energy input, ii) optimal reaction conditions, iii) the removal of one of 

the products and/or iv) a catalyst. As an indicator, the thermal conversion of CO2, in the 

absence of a catalyst, via CO2 splitting has a calculated equilibrium production (Figure 

5) of CO and O2 varying from less than 1 % at temperatures below 2000 K up to 45–80 % 

at 3000–3500 K. It can reach 100 % at 5000 K, but this is accompanied by a drastic drop 

in energy efficiency towards 35 %. The maximum energy efficiency lies at 47 %, with a 

conversion of 80 % (at 3250 K). However, in most research, a temperature of 1500 K is 

used, in combination with a catalyst. Another option is to remove one or both products, 

for instance by using a membrane. Examples of membranes used for this purpose 

include a calcium-stabilized zirconia membrane with CO as a sweep gas, an oxygen 

permeable yttria-stabilized zirconia membrane with argon as a sweep gas and a 

SrCo0.5FeO3 membrane with CH4 as a sweep gas [25–27]. To date, the maximum 

conversion reached lies between 0.5 and 2 %, with the only advantage that lower 

temperatures can be used.  

 

Figure 5: Calculated theoretical thermal conversion (left axis) and corresponding energy efficiency (right 
axis) as a function of temperature for the splitting of CO2 [9]. 
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1.2.2 Thermal Dry reforming 

Thermodynamically, it is more favorable to convert CO2 (∆G0 = - 394.4 kJ.mol-1) in the 

presence of a co-reactant with a higher Gibbs free energy [28], like CH4 (∆G0 = - 50.70 

kJ.mol-1). This molecule can then provide its intrinsic chemical energy to assist in the 

CO2 conversion. The reaction between CO2 and CH4, forming syngas, is called Dry 

Reforming of Methane (DRM): 

CH4 (g) + CO2 (g) → 2CO (g) + 2H2 (g)  ∆H0 = +247 kJ.mol-1 

 

Although less endothermic than CO2 splitting, DRM still requires temperatures of more 

than 640 °C, and is often combined with catalysis. The theoretical thermal (non-

catalysed) conversion and energy efficiency are plotted in Figure 6, showing that 100 % 

conversion can be reached above 1500 K, accompanied by an energy efficiency of 60 %. 

The highest achievable energy efficiency is 70 %, which is reached at 1000 K and 

accompanied by a conversion of 83 %.  

Two major problems related to high temperatures are coking and sintering of the 

catalyst, causing a loss in activity. Regarding the first problem, the carbon deposition, 

the temperature of this reaction is in practice always higher than 750 °C, since carbon 

formation is favoured between 560 and 700 °C [29]. Since coking is an unwanted side-

reaction of DRM, it is important to prevent it using coking management, which means 

the selection of the right reaction conditions, reactor design, promoters, metals, the 

structure of the catalyst, … [30]. 



15 

 

 

Figure 6: Calculated theoretical thermal conversion (left axis) and corresponding energy efficiency (right 
axis) as a function of temperature for DRM [9]. 

To influence the DRM reaction, a catalyst is often added, with transition metals (Fe, Co, 

Ni and Cu) and noble metals (Ru, Rh, Pd, Ir and Pt) being the most popular ones [31]. 

Since noble metals are more active, but also more expensive, or part of the critical raw 

materials list, research focusses on the use of supported bimetallic catalysts or the use 

of metal promoters. Frequently used supports are SiO2, Al2O3, MgO, CaO, CeO2, ZrO2 or 

La2O3 with the purpose of increasing the surface area, providing a high dispersion of 

the active metal and being stable at high temperatures. Their purpose is thus not to be 

catalytically active itself, but some catalytic activity or other effects of the support 

cannot be excluded. An example is the acidity/basicity of the support, with carbon 

deposition being favoured on acidic supports such as SiO2, whilst base supports have 

been reported to reduce carbon deposition [32]. Furthermore, Lewis bases (e.g. MgO) 

have a high affinity for the chemisorption of CO2, therefore they are also able to shift 

the equilibrium of DRM to the right [33]. 
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Other techniques to circumvent coke deposition are the Calcor process and the SPARG 

(sulphur-passivated reforming) process. The Calcor process produces very pure CO and 

consists of DRM in excess CO2 at low pressure and high temperature to reduce the H2 

content in the final gas composition [34]. In the SPARG process, H2S is added to the 

feed, which blocks the active sites of the catalyst that would otherwise promote carbon 

nucleation [35].  

1.2.3 Novel CO2 conversion approaches 

Both CO2 splitting and DRM can decrease the greenhouse gas concentration in the 

atmosphere and transform waste molecules into value-added chemicals, evolving in 

the transition towards a circular economy. In addition, both processes can be executed 

by using renewable energy, enabling technological development for the transition 

towards the enhanced use of renewable energy in chemical industry, making the 

investigation of these processes worthwhile. Indeed, the thermal processes for both 

reactions have severe drawbacks: low conversions at lower temperatures, and thus the 

need of excessive heat when aiming for higher conversions and energy efficiency, the 

need for a catalyst that is not prone to coking or sintering processes, and so on. 

Therefore, the focus of current research often lies on other techniques than thermal 

conversion, utilising renewable energy. Indeed, electrochemistry, solar 

thermochemistry, photochemistry, biochemistry and plasma technology are often 

studied, as well as their combination and integration. To reduce energy barriers, a 

catalyst is often added. 

Electrochemical conversion of CO2 into various types of fuels is achieved by applying a 

potential difference between two electrodes. A schematic representation of an 

electrochemical cell for the conversion of CO2 to formate/formic acid is shown in Figure 

7. This process is influenced by multiple parameters: the applied potential difference, 

the temperature and pressure, the material of the catalyst and the electrodes, the 

interelectrode medium (i.e. electrolyte, solvent, membranes, etc.), its pH, and the CO2 

concentration. The main advantages of electrochemical conversion is that water can be 

used as a hydrogen source, and the reaction can take place at room temperature, since 
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the driving force is the electric potential. The main disadvantage is the low solvability 

of CO2 in water [36]. 

 

Figure 7: Example of an electrochemical cell to convert CO2 to formate/formic acid [36]. 
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Figure 8: Schematic view of the two-step solar thermochemical cycle for CO2 and H2O splitting based on 

metal oxide redox reactions [9]. 

Two other techniques, making direct use of sunlight, are solar thermochemical 

conversion and photochemical conversion. Solar thermochemical conversion uses a 

concentrated form of radiated sunlight to increase the reaction temperature, and 

therefore mitigates the need for external heating, as used in conventional thermal 

conversion. Interesting about this technique is that in its basic form, it only requires 

CO2, and H2O as feedstock, when aiming for hydrocarbons. The aim lies in CO2 splitting 

and converting H2O into H2, so the CO and H2 can be combined to form syngas. The H2 

can be generated with renewable energy. Later the produced syngas can be converted 

to value-added chemicals, preferably with renewable energy. The main drawbacks, 
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limiting the economic viability, are the material characteristics and their resistance to 

the high operating temperature [37]. A schematic view is shown in Figure 8. 

In photochemical conversion, it is no longer the (concentrated) heat and thus thermal 

capacity of the solar radiation that is used, but the energy of the photons themselves. 

Indeed, in photochemical reduction of CO2, a photon hits the surface of a catalyst, 

exciting an electron from the valence band to the conduction band, as illustrated in 

Figure 9. Water (as a hydrogen source in this example) will react with the emerged hole 

in the valence band, and split into a proton and oxygen, and at the same time, CO2 

reacts with one or more protons, while being reduced by the electron in the conduction 

band, to form value-added chemicals. 

The catalyst is most often a transition-metal complex, since these complexes can 

absorb a significant part of the solar spectrum, have long-lived excited states, and can 

promote the activation of small molecules. The production of formic acid, 

formaldehyde, methanol, glyoxylic acid, acetic acid, methane, ethane and ethylene 

have been reported already [38]. The major drawback is the low overall efficiency, 

ranging between 0.01 and 10.9 %, with the maximum obtainable energy efficiency 

being limited to 17 % [38,39].  

 

Figure 9: Photocatalytic reaction mechanism of an unmodified metal oxide semiconductor [40]. 
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Photosynthesis is a natural way of accomplishing this conversion. Care has to be taken 

when choosing the route for this conversion, since the technique needs plants and thus 

competes for area with agriculture. To avoid this competition, algae could be used [41], 

since they don’t occupy the same area as land for food production. Algae can be used 

to produce value-added chemicals, and are often used as fish food, since they contain 

valuable chemicals like proteins, fats, oil, dyes, antioxidants, … . As with fossil fuel, algae 

fuel releases CO2 when burnt, but the latter does not increase the overall CO2 content 

in the atmosphere since similar amounts of CO2 are removed from the atmosphere to 

perform the photosynthesis. Other advantages are that algae can grow with a minimal 

impact on freshwater resources, they can be produced using saline and wastewater, 

have a high flash point, and are biodegradable and relatively harmless to the 

environment if spilled. On the other hand, algae have a high CAPEX and OPEX, and thus 

have a high cost per unit mass [23]. Algae can produce a lot of value-added chemicals, 

including fish food, ethanol, acetone, butanol, methane, hydrogen, fuel gas, charcoal, 

and biodiesel [41]. The basic principle to convert CO2 to biofuels via algae is shown in 

Figure 10. 

The current disadvantage that is limiting the breakthrough of this technique is the 

stability of biodiesel itself. Indeed, since it contains more polyunsaturated fats, it is 

more prone to lose its fluidity at low temperature, therefore hindering its stability. 

Besides the drawback of stability, and the complexity for tackling this, as well as the 

high CAPEX and OPEX, the algae are also very sensitive to the cultivation temperature, 

mixing, fluid dynamics and hydrodynamic stress, gas bubble size and distribution, gas 

exchange, mass transfer, light cycle and intensity, water quality, pH, salinity, mineral 

and carbon regulation/bioavailability, cell fragility, cell density and growth inhibition.  
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Figure 10: Utilisation of CO2 to produce biofuels from microalgae [12]. 

1.2.4 Catalytic conversion 

The main principle of catalysis is that it reduces the activation energy, and thus the 

energy barrier that has to be crossed, to reach the product. Therefore, the catalysed 

reaction will proceed faster and the equilibrium between feed and products will be 

obtained sooner. The problems with the application of current existing catalysts, 

adapted from thermal CO2 conversion, in the above mentioned novel emerging 

techniques for CO2 conversion, is that they are either made of rare-earth metals and 

therefore don’t fit in a sustainable economy, or that they are not adapted to the 

particular working principle of the non-thermal technology. Five important steps can 

be identified in a catalytic process, being (i) diffusion of the reagents towards the 

catalytic surface; (ii) adsorption; (iii) chemical reaction; (iv) desorption of the reaction 

products; and (v) diffusion away from the surface. For every different technology, all of 

these steps will be influenced differently, and therefore a catalyst can be very suitable 

for one technology, while being unfitting for another.  Moreover, this is even more 

complicated for plasma technology, since then the mix of species interacting with the 

catalyst is more complex and elaborate than for a gas mixture.  Therefore, catalytic 

development has a high priority when combining it with alternative technologies, and 

care has to be taken that the catalyst is suited for the chosen technology. Possible 

combinations of catalysis with other technologies for CO2 conversion are demonstrated 

in Figure 11.  
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Figure 11: Common methods of CO2 activation over catalytic surfaces [42]. 

1.3 PLASMA TECHNOLOGY FOR CO2 CONVERSION 

Another technique that has emerged in the field of CO2 conversion (for CO2 splitting, 

DRM and CO2 conversion in combination with other hydrogen sources like H2 or H2O) is 

plasma technology. Just like the other described techniques, plasma also has 

advantages and drawbacks. They will be described in the following paragraphs, 

together with the main characteristics of plasma technology and its suitability towards 

CO2 splitting and DRM.  

1.3.1 General plasma properties 

Plasma is produced by applying energy to a gas or fluid medium, leading to full or partial 

ionization. This energy can be acquired from heating, by applying an electric field, an 

energetic beam or by compressing the gas adiabatically. This will dissociate or ionise at 

least part of the molecules and create a very reactive mixture, consisting of neutral 
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species, excited species, ions, electrons, photons and radicals. The fact that there are 

many charged species makes the plasma, in contradiction to a neutral gas, electrically 

conductive. Although both negatively and positively charged species are present, the 

entire plasma will be quasi-neutral, with both positive and negative charges being 

equally present (except in the plasma sheath, a region adjacent to an electrode or 

dielectric material, which is characterized by a strong electric field and has a net 

positive space charge [43]). 

The plasma types discussed in this thesis are artificially generated, but in addition, 

plasma also occurs naturally. Indeed, more than 99 % of the visible universe is in plasma 

state, with the interstellar medium being weakly ionized, and stars being essentially 

thermal plasma giants. On Earth, natural plasmas also occur, like lightning, Aurora 

Borealis, Aurora Australis and the solar wind.  

Artificial plasmas find their origin in the early 1800’s, when electrical arcs were first 

studied, and Siemens developed a plasma device to synthesize ozone from oxygen gas, 

with the ozone being used for water purification [44]. The name ‘plasma‘ first occurred 

in 1920, and was given by Langmuir [45].  

Although plasmas are used in several applications (see below), a complete 

understanding of their working principles and how they interact with other 

components (e.g., materials, catalysts, living matter,…) is still missing in many cases. 

Some examples of applications are given below: 

• Plasma TV’s; 

• CO2 laser discharges for cutting and welding; 

• Plasma hardening, etching and other surface treatments; 

• Thin film deposition; 

• Destruction of pollutants such as VOCs and odorous molecules; 

• Lighting (e.g. neon lamps); 

• Plasma medicine: tissue engineering, blood coagulation, deactivation of micro-

organisms, sterilisation of instruments and surfaces, cancer treatment; 

• Chemical synthesis (such as the ozone generation mentioned before).  
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Plasmas can occur as high- and low-temperature plasmas, depending on their 

temperature. Furthermore, the presence or absence of a thermal equilibrium between 

all components specifies whether the plasma is thermal (and thus all components are 

in thermal equilibrium, qualifying them as LTE - local thermal equilibrium) or non-

thermal (non-LTE, where different components can be characterised by a different 

temperature). The latter type is often characterised by a very high electronic 

temperature (104 – 105 K), while the other species in the plasma can stay near room 

temperature. The typical temperature ranges are shown in Table 2. 

 

Table 2: Subdivision of plasmas according to the temperature of the different components. T0 is the gas 

temperature, Ti the ion temperature, Tr the rotational temperature, Tv the vibrational temperature and Te 

the electron temperature. 

Low-temperature plasma 
High-temperature plasma 

Non-thermal plasma Thermal Plasma 

T0≈Ti≈Tr<Tv≪Te≤105K T0≈Ti≈Tr≈Tv≈Te ≤ 2x104K T0≈Ti≈Tr≈Tv≈Te≥107K 

 

A non-thermal plasma is often generated by applying an electric field to a gas between 

two or more electrodes. A gas always has some free electrons (due, for example, to 

cosmic radiation), which will be accelerated when applying a voltage. When a certain 

threshold voltage (called the breakdown voltage, Ub) is reached, the plasma will ignite. 

The breakdown voltage depends on the gas pressure and the distance between the two 

electrodes, which is a rule known as Paschen’s law. The ignition occurs in the following  

stages: First, the accelerated electrons in the gap between the electrodes will cause a 

sharp increase in the current flow. They will collide with the gas molecules and cause 

them to excite, dissociate, … The main and typical processes that occur in a plasma, 

starting from the ignition, are shown in Table 3.  
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Table 3: Typical plasma processes. 

Electron/Molecular reactions 

Excitation e- + A2 → A2
* + e- 

Dissociation e- + A2 → 2A + e- 

Attachment e- + A + B → AB- 

Dissociative attachment e- + A2 → A + A- 

Ionisation e- + A2 → A2
+ + 2e- 

Dissociative ionisation e- + A2 → A+ + A + 2e- 

Dissociative recombination e- + A2
+ → A + A 

Detachment e- + A2
- → A2 + 2e- 

Atomic/Molecular reactions 

Penning dissociation M* + A2 → M + 2A 

Penning ionisation M* + A2 → M + A2
+ + e- 

Charge transfer A* + B → A + B* 

Ion recombination A- + B+ → AB 

Neutral recombination A + B + M → AB + M 

 

Besides the species shown in this table, photons are also present in the plasma. The 

photons are generated by de-excitation of excited molecules or atoms. Indeed, in case 

of electronically excited species, an electron is excited and can thus be found in a high 

energy orbital, further away from the nucleus, leaving a hole in the lower orbital. Since 

this state is metastable, the molecule or atom can spontaneously return to the ground 

state, releasing the excess energy as a photon. Since many excited species exist in the 

plasma, many photons can be formed, therefore giving plasmas a visible glow, 

depending on the wavelength of the photons.  

As can be seen from Table 3, various types of ions can be present in the plasma. Their 

number density is defined by the degree of ionisation, which indicates the ratio of the 

density of charged particles to the density of neutral species. For most gas processing 
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applications, this ionisation degree is rather low, and lies typically between 10-6 – 10-4 

[46].  

Radical densities in a DBD plasma range for DRM between 1014 and 1015 cm-3 [47].  

Not only ions and photons have their typical role in the plasma, other species also 

contribute in their own way. Electrons pass their initial energy on to the rest of the gas, 

creating reactive species through collisions. Gas heating takes place via vibrational 

excitation and subsequent vibrational-translational relaxation. The enhanced gas 

temperature will also contribute to accelerating chemical reactions. Synthesis of 

components often proceeds via ions and radicals, and they can react at temperatures 

lower than required for thermal processes. Hence, a plasma is a very reactive, complex 

mixture, which makes controlled and selective conversion very challenging and 

dependent on many different parameters. Depending on the intended outcome and 

application, different types of plasma can be applied, which differ based on the type of 

applied electric field, discharge type and the design of the reactor and will thus lead to 

different temperature profiles and a different distribution of species. The electric field 

can be created both by applying a direct current (DC) or an alternating current (AC), 

either continuous or pulsed. Moreover, the frequency can range from radio frequency 

to microwave frequency, thus ranging between kHz and GHz.  

 

1.3.1.1 Direct current (DC) discharges 

When using DC, the characteristics of the discharge will depend on the voltage and the 

current, as shown in Figure 12. First, when the current is low, breakdown takes place 

and the plasma is categorised as a Townsend discharge. More and more collisions will 

lead to an increase in charged species density and thus an increase in current, 

converting the Townsend discharge to a corona, and subsequently to subnormal glow 

discharge and a normal glow discharge. This decreases the voltage, and a normal glow 

discharge has a constant current density, only partially covering the cathode surface. 

When the current increases further, the discharge will completely cover the cathode 

surface and become an abnormal glow discharge. This transition increases the voltage 
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until it peaks and decreases again, while the current still increases, creating an arc 

discharge. In this stage, thermionic emission from the high-voltage electrode is the 

main source of electrons. 

 

Figure 12: Different types of DC discharges depending on the voltage and current  [48].  

 

A glow discharge can easily be generated at low pressures, but it is difficult to generate 

at atmospheric pressure. According to Paschen’s Law, it is possible to increase the 

pressure , as long as pd (pressure times discharge gap) remains constant,  thus reducing 

the gap. When the gap remains constant and the pressure increases, too many charged 

species would arise, increasing the electrical current. This would heat up both the gas 

and the electrodes, resulting in arc formation. To prevent the build-up of too many 

charged species, a dielectric barrier can be used to cover one or two electrodes (giving 

rise to a dielectric barrier discharge; see below). Arc formation needs to be avoided, 

since this will lead to a plasma in thermal equilibrium, which is less beneficial for the 

output parameters of CO2 conversion.  
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1.3.1.2 Alternating current (AC) discharges: DBD 

Igniting a plasma in a reactor with a dielectric barrier, while applying DC, will prevent 

arc formation by limiting the current, but the plasma will extinguish quite rapidly since 

there will be a charge build-up in the dielectric barrier. To preserve the discharge, it is 

necessary to apply an alternating current (AC) to alternate the polarity of the electrodes, 

which will dissipate the induced charge on the barrier. A discharge at atmospheric 

pressure, with a dielectric barrier to prevent arc formation, and applying alternating 

current, is called a dielectric barrier discharge (DBD).  

The operating frequency is typically between 50 Hz and 500 kHz, and even while the 

plasma is at atmospheric pressure, it is far from thermal equilibrium [49]. It is used in 

various industrial applications, with a cylindrical or planar setup. In a cylindrical setup, 

it consists of an inner electrode and an outer electrode, comprising a discharge gap 

ranging from 0.1 mm to several cm wide. The two electrodes are separated by one or 

two dielectric barriers, covering one or both electrodes. The dielectric barrier consists 

of a material with a (high) relative permittivity (or dielectric constant), which is a 

measure for the material’s ability to store electrical charge, compared to that of 

vacuum. The reason this material is needed for a dielectric barrier discharge is to limit 

the transition to an arc regime by limiting the electric current, as mentioned above. 

Indeed, when a microdischarge hits the surface of the dielectric barrier, it will 

extinguish, charging the dielectric surface locally. The formation of a new 

microdischarge upon switching the polarity of the electrodes very likely takes place 

where a previous microdischarge extinguished, since there is a lot of residual charge.  

DBDs are often not homogeneous and consist of several tiny microdischarges 

(filaments). These microdischarges take place on the entire dielectric surface and reach 

the opposite electrode. The difference between a homogeneous and a filamentary 

discharge is shown in Figure 13. 
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Figure 13: Typical current and voltage-profile (left) and visual image (right) for a filamentary (top) and 

homogeneous (bottom) Helium DBD [50].  

In a non-packed DBD, the gas, the electrode/dielectric material, the pressure and the 

gap define whether the discharge will be homogeneous or filamentary. A 

homogeneous discharge is only achieved in e.g. argon or nitrogen, and with specific 

requirements regarding the reactor design (gap, pressure,  …). The filamentary regime 

is more common in DBDs and consists of several discharge filaments. These filaments 

are cylindrical, about 100 μm in radius, and have a lifetime of several nanoseconds and 

they initiate when the applied voltage exceeds the breakdown voltage.  

Since adding a dielectric material to cover one or two electrodes has a significant 

impact on the plasma behaviour, it can also be used to alter the plasma characteristics 

in the discharge gap itself. This is where the packed-bed DBD reactor finds its origin, 

where dielectric pellets, beads, or other shapes can be inserted in the gap. This might 

change the discharge type from a volume discharge to a surface discharge [51].  

Indeed, the packing material can concentrate electrostatic lines of flux, which leads to 

an enhanced electric field, both at the contact points between the beads, as well as at 
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the contact points between the beads and the dielectric barrier. Since there are many 

contact points in a packed bed DBD, the average electric field may increase by a factor 

10 to 250, increasing the electron energy and thus altering the conversion and energy 

efficiency of the process [52]. This electric field enhancement factor depends on the 

dielectric constant of the material, the curvature and the contact angle [52]. Moreover, 

apart from an impact on the mass and heat transfer, and the discharge properties of 

the plasma, catalytic elements can be coated on the packing material,  adding an extra 

dimension to their role in plasma-assisted conversion reactions. This leads us to the 

next section about plasma catalysis.  

 

1.3.2 Plasma catalysis 

As mentioned above, both CO2 splitting and DRM have been studied with several 

plasma types: corona, gliding arc, microwave, atmospheric pressure glow discharge 

(APGD) and DBD. Although promising results have been obtained already, there is still 

room for improvement, in terms of conversion, energy efficiency and selectivity, as well 

as a clear need to gain better understanding of the processes occurring in the plasma. 

Of the aforementioned goals, improving the selectivity of the conversion process is the 

hardest, since a plasma has the advantage of creating very reactive species in an 

efficient way, but through a complex mixture, in which a lot of different species exist. 

Indeed, for dry reforming, the major product obtained is syngas, but it would be more 

preferred to selectively form higher hydrocarbons (C2 – C5) and oxygenates. To achieve 

this, the plasma can be combined with heterogeneous catalysis. This can indeed be 

advantageous, since plasma provides a low-temperature process that can be used 

intermittently, and combining it with catalyst can bring an increased conversion and 

selectivity by enhancing the electric field, changing the discharge type, altering the 

densities of the plasma species, … [53]. Indeed, when the catalyst enhances the 

formation of certain plasma species, interacts with certain plasma species and/or the 

adsorption/desorption is stronger towards specific species, the reactions of these 

species will be altered. Since the type of species present in a plasma differ from the 
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ones present in thermal catalysis, a lot of knowledge on these material-plasma 

interactions are still unknown and requires more research. 

The use of plasma catalysis is, up to now, mostly used for pollutant destruction (NOx, 

CFCs and VOCs) and for the production of syngas. For the destruction of pollutants, the 

typical gas flow contains waste gas, with a pollutant concentration below 1000 ppm, 

while for syngas production, the gas mostly consists of CO2, with additional CH4, H2O or 

H2. Additional impurities can be present, like N2, which in case of plasma have a 

beneficial effect up to about 50% [18]. 

The combination of plasma and catalysis can be realized in two different configurations, 

namely single-stage or two-stage. For the latter, the catalyst is placed before or after 

the plasma discharge, making the catalyst either function as pre-treatment of the gas, 

before it enters the plasma, or interacting with the long-lived species and/or end-

products of the plasma, respectively. Since the vibrationally and electronically excited 

species have an estimated lifetime between 1 and 100 ns [54,55], the time-frame for 

the interaction between these species and the catalyst surface is very narrow. The 

lifetime of ions in the afterglow is 100 μs [47], and the negative ions typically have a 

shorter lifetime in the afterglow than the positive ions [47]. The density of radicals also 

drops after the plasma, but there still is radical density of 1011 cm-3 after 1 second [47]. 

These species can still interact with the catalyst, but to maximise the interaction 

between catalyst and reactive plasma species, a single-stage configuration will be 

applied in this work, where the catalyst is placed directly into the plasma discharge. 

Interactions are now possible between the catalyst and the short-lived active species, 

such as excited atoms and molecules, radicals, electrons and photons. Moreover, the 

packing can in this case also play an important role in physically altering the plasma 

properties and thus species densities. 

Although this combination of plasma and catalysis has the potential to increase the 

conversion, selectivity and energy efficiency, it makes the matrix of interactions bigger 

and thus more complex to understand. This matrix is shown in Figure 14, and shows 

that both the physical and chemical properties of the catalyst can be influenced by the 
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plasma, and vice versa. This means that the catalyst, packing materials and/or supports 

on which the catalyst can be coated, can increase the conversion, selectivity and energy 

efficiency, under the preconditions that the catalyst and plasma are adjusted to each 

other. 

Several underlying principles can be identified that have an influence, but it is 

important to mention that there is still a lot unknown about the plasma, the 

catalyst/packing and their possible interactions [56]. The catalyst/packing material, on 

the one hand, can enhance the electric field in the plasma, resulting in an enhanced 

efficiency for the chemical reactions, and can also change the discharge type. For 

example, the dielectric constant of the packing material will affect the electric field 

strength and electron temperature, which will in turn alter the reaction rates [57]. 

The surface of the catalyst can adsorb plasma species, therefore affecting the 

concentration of the species. It is even possible to use a plasma to overcome thermal 

limitations in catalysis, e.g. plasma-induced vibrational excitations of N2 decrease 

dissociation barriers without influencing subsequent reaction steps [58].  

When the packing/catalyst has pores larger than several 100 nm, a microdischarge can 

be formed inside these pores [59]. Void spaces in between the beads, and channels of 

voids between multiple beads, also affect the electric field strength and electron 

temperature, and thus the chemistry [57]. 
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Figure 14: Overview of the various effects of the catalyst on the plasma and of the plasma on the catalyst, 
which may give rise to a synergistic plasma catalytic operation.  Adapted from ref. [53]. 

The plasma, on the other hand, can alter the catalyst surface and increase its surface 

area, reduce metal oxides to metals, change the oxidation state or the work function, 

reduce coke formation on the surface and increase the adsorption probability of the 

plasma species on the catalytic surface, which can increase the retention time of these 

species. Moreover, hot spots can be formed, which increase the local temperature, the 

activation barrier can be lowered (both by the plasma and the catalyst) and the reaction 
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pathways can be changed as well. Furthermore, photon irradiation of the plasma might 

activate the catalyst, although it is reported that the photon intensity in the plasma is 

actually too low for this process to happen [60], but other plasma species, like electrons, 

can induce similar effects. Some of these effects are illustrated in Figure 15, and all of 

these effects can have a positive or a negative influence. 

 

Figure 15: Schematic representation of several factors active in plasma catalysis [53] 

Depending on the combination of all these influences, certain processes can be 

favoured over others, thus creating chemicals more selectively and/or efficiently. The 

main advantage over thermal catalysis is that the gas stream in plasma catalysis 

contains many different reactive species, such as radicals and excited species, that can 

adsorb on the catalyst surface. Indeed, the internal energy of the ions, radicals and 

electronically excited species is higher than the activation energy required for thermal 

catalysis. Moreover, the excited species can have a lower adsorption energy than the 

ground state species, favouring plasma catalysis over thermal catalysis.  
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When all given parameters (physical and chemical) are indeed adjusted, a synergy can 

arise between plasma and catalyst, meaning that the combination of the two methods 

yields a better result than the sum of both methods separately.  

In this PhD thesis, we will therefore study the influence of the basic design of a 

catalyst/packing material on the plasma-catalytic splitting of CO2 and dry reforming of 

methane, by comparing a packed bed DBD with a non-packed reactor, giving more 

insight into the above-mentioned processes.  

  

1.3.3 State of the art 

Plasma and plasma catalysis for CO2 splitting and DRM have been studied extensively 

in DBD reactors, both with and without (catalytic) packing materials, as summarised 

Table 4 and Table 5, respectively. Even though the state of the art is quite extensive, 

the current literature indicates that still a substantial amount of work lies ahead to 

unravel all aspects of CO2 splitting DRM in a packed bed DBD. Indeed, some important 

observations can be made when comparing literature, that underline the need for 

further research. For example, some papers contradict each other with respect to the 

influence of frequency on CO2 splitting in a non-packed reactor, reporting either a rise 

or a drop or no influence of frequency on the results (see details in Table 4)[61–63]. 

Similar discrepancies have been observed for DRM in packed bed DBD plasma reactors. 

For instance, adding a packing has been reported to increase the conversion [64–71], 

while several other papers report a decrease in conversion of both CO2 and CH4 [71–

73], and still other papers show only an effect on one of the two reacting gases [70,74–

76] (see Table 5). Moreover, also vast differences in selectivity are being described, 

even for similar packing materials, as detailed in Table 5. Moreover, it is clear that even 

for the non-packed reactor, both the process conditions and the reactor design already 

affect the selectivity tremendously [64,74,77]. 

Furthermore, very often catalytically activated packing materials are being introduced 

and discussed, without evaluating the impact of the non-activated packing on the DRM 

process [64–67,70–72,78,79], even though the latter can be expected to have an 
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influence on the conversion and selectivity as well [53,74,80]. Indeed, in those papers 

where the packing materials are being studied with and without catalytic activation, an 

influence of the packing material itself can be observed [64,68,73–75,77,78]. For 

instance, Wang et al. reported the formation of liquid products and a significant 

influence on the selectivity, when comparing different catalytic activations with non-

activated packing. Unfortunately, they only compared to one type of packing material 

[74]. Krawczyk et al. [68] and Sentek et al. [73] indicated only minor alterations in 

selectivity and conversion when adding a catalytic element on a certain packing, 

whereas different packing materials with the same active elements yielded major 

changes, suggesting that the packing itself could be responsible for the selectivity and 

conversion, and not the catalytic element per se. Other research [70,77] shows a larger 

influence of the catalytic element on the conversion and selectivity. Unfortunately, 

these studies are limited to specific packing materials and do not allow to compare the 

impact of different non-activated packing materials, which would be necessary to 

elucidate a synergic combination of packing material and catalytic active site. However, 

a large influence on (and possible control over) the conversion and selectivity is in 

principle possible, depending on the packing, the catalytic element, the reactor and the 

operating conditions. The packing material on itself is not necessarily catalytically active 

(although it can have some catalytic activity or promoting effect as well), but it is 

typically used as support and/or influences the plasma characteristics in a physical way 

(e.g. through changes in electric field, discharge, sorption processes). Most used 

catalytic elements for catalytic activation of the packing in plasma-assisted DRM are Ni, 

Co, Fe, Mn, Cu, Ag and Pd [9]. These are used since they are transition metals, where 

their interaction with adsorbates is determined by the position of the metal in the 

periodic table. Less noble metals interact stronger with the atoms than with 

undissociated molecules, which leads to molecular dissociation. More noble metals, on 

the other hand, show the opposite trend, which preserves the molecules intact. This 

determines their place on the volcano plot, where the material on top (having a strong 

affinity for the reagents and a poor affinity for the products) should be chosen. 
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Unfortunately, these interactions and thus the resulting volcano plot, are only 

calculated and measured for thermal DRM, and not for plasma catalytic DRM. 

Therefore, most catalytic elements are chosen based on their performance in thermal 

DRM, and not for specific suitability in plasma catalytic DRM [60].  

Also for other plasma-assisted processes, such as the abatement of diluted VOC’s, 

numerous studies have shown that physical size and material properties of the packing 

materials in a DBD reactor play a role to convert chemicals [81–88]. Even more, VOC 

decomposition is mainly influenced by the adsorption process, rather than by the 

discharge characteristics [53,89]. 
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1.4 AIM OF THIS RESEARCH 

 

In this thesis, we study both CO2 splitting and DRM. Both reactions will be carried out 

in a non-packed and a packed bed DBD. As discussed in section 1.3.3, there is still a lack 

of insight in the combination of a packing and a plasma reactor for these two processes. 

The aim of this PhD work is to gain more insight in the physical and chemical aspects of 

the interactions between plasma and packing, studied for both CO2 splitting and DRM. 

The approach used in this work, as well as the techniques, materials and methods 

applied, will be discussed in Chapter 2.  

Chapter 3 will go into more depth on the CO2 splitting reaction, and the influence of 

different materials and sizes on this process. This chapter will serve as the basis for 

Chapter 4, where DRM will be discussed, and thus the complexity, but also insight in 

the underlying mechanisms, is enhanced by adding selectivity. In Chapter 5, the 

influence of the gap size, the ratio between gap size and bead size, and the residence 

time will be discussed for DRM for the specific and peculiar case of BaTiO3 packing 

material. It will be compared to CO2 splitting and CH4 reforming. Finally, a general 

conclusion for this work will be given, together with a future outlook. 
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2 MATERIALS AND METHODS 
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2.1 PLASMA 

2.1.1 Experimental setup 

To study the influence of a dielectric packing in a packed bed DBD reactor, we apply the 

setup illustrated in Figure 16 and shown in Figure 17. Various packing materials can be 

inserted in the gas gap. To economize on packing material, only the plasma zone (length 

of the outer electrode, 10 cm) is filled, and glass wool is placed at both sides just outside 

of the plasma zone to prevent the packing from moving. A stainless steel rod is used as 

the inner electrode, with an outer diameter of 8, 10, 12 or 13 mm. A dielectric barrier 

(tubular reactor) is placed around the inner electrode, consisting of either alumina or 

quartz. Its inner diameter is 17 mm in both cases, resulting in a gas gap of 4.5, 3.5, 2.5 

or 2 mm, respectively. Its outer diameter is 21.8 mm, corresponding to a barrier 

thickness of 2.4 mm. A stainless steel outer electrode is wrapped around the dielectric 

barrier. 

The inner electrode is grounded, while the outer electrode is powered by a high voltage, 

supplied by a generator and transformer (AFS GmbH, Germany). The applied voltage is 

measured with a high voltage probe (Trek P6015A), while a Rogowski coil (Pearson 4100) 

is used to measure the total current. Moreover, the voltage is measured on an external 

capacitor (10nF) to obtain the generated charges (Q) in the plasma. Finally, all electrical 

signals are recorded by an oscilloscope (PicoScope 6402 A).  

The temperature inside the reactor cannot be measured in our setup, as it would affect 

the plasma performance, but IR measurements of the dielectric barrier and the outer 

electrode were taken. An example is added in the appendix (section 9.1) and is 

representative for all sizes and materials tested for CO2 splitting in this work (Chapter 

3). The temperature obtained from these measurements is in the order of 419 K, but 

of course it only provides information for the outer electrode and dielectric barrier. We 

did not observe a correlation between the results obtained and the temperatures 

measured. 
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Figure 16: Setup of the packed bed DBD reactor applied in this study (adapted from ref [93]). The packing 

is illustrated with beads but can also be filled with glass wool, quartz wool  or other material shapes. 
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Figure 17: Experimental setup applied in this work. 

The input gas flows of CO2 and CH4 are controlled by thermal mass flow controllers 

(Bronkhorst) and the gas at the outlet is analysed by an online gas chromatograph 

(Trace GC 1310, Interscience). The GC is equipped with a thermal conductivity detector, 

a flame ionisation detector and four columns: a Molsieve 5A, two RT-Q bonds and a 

RTX-f column. Figure 18 shows an example of a chromatogram obtained from an 

experiment with the non-packed reactor at 50 ml/min. It is shown to aid with the 

estimation of the abundancy of the components that were not identified/calibrated in 

the GC and thus could be the cause for the missing percentages in the carbon, hydrogen 

(for DRM) and oxygen balance reported in this work.  
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Figure 18: Part of a gas chromatogram obtained in this work, zoomed in on the baseline.  

All measurements for the same conditions are repeated three times (to account for the 

influence of repacking the reactor), and every measurement includes four GC and 

power measurements to obtain a standard deviation based on 12 measurements of the 

same condition. Care was taken to pack the reactor reproducibly, with an extra 

vibrating step, to ensure a dense packing. As can be seen in some figures further in this 

work, certain results will display large error bars. When this was the case, a Dixon Q 

test was performed, and no outliers could be rejected. The larger error bars were not 

material nor parameter dependent, which is why this large uncertainty cannot be 

explained nor prevented yet.  
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First, blank measurements of the inlet gas(es) are taken, i.e. without plasma. The 

amount of CO2 measured here is defined as CO2,in. When CH4 is (also) present in the 

inlet gas mixture, the amount after a blank measurement is defined as CH4,in. 

Subsequently, a power of 100 W is applied with a frequency of 23.5 kHz, and after 40 

minutes, i.e. when the measured peak-to-peak voltage is more or less constant, GC 

measurements of CO2,out or/and CH4,out are taken. Hence, the CO2 conversion is 

calculated as follows, based on the moles of CO2 converted/moles of CO2 introduced: 

𝑋𝐶𝑂2
=

𝐶𝑂2,𝑖𝑛−𝐶𝑂2,𝑜𝑢𝑡

𝐶𝑂2,𝑖𝑛
∗ 100 %     (1) 

The conversion of CH4 is calculated as follows: 

𝑋𝐶𝐻4
=

𝐶𝐻4,𝑖𝑛−𝐶𝐻4,𝑜𝑢𝑡

𝐶𝐻4,𝑖𝑛
∗ 100 %     (2) 

The total conversion, in the case of DRM, is calculated by multiplying both conversion s 

with their respective fractions in the inlet gas flow. These formulas (equation 1 and 2) 

only take the densities of the molecules into consideration, while it is important to also 

account for the differing velocities of the species at the inlet and the outlet of the 

reactor (see equation 17 in ref. [94]). 

For CO2 splitting, CO2 is split into CO and ½ O2 in this work, without the formation of a 

substantial amount of other molecules (such as O3), and thus every converted CO2 

molecule will give rise to an expansion of the volume by a factor 1.5. As we have a fixed 

volume sample loop and the GC depressurizes to 1 atm. for each measurement, the 

actual outlet flow measured is lower than the inlet flow. Hence, the conversion 

measured by the GC will be lower than the actual conversion. To correct for this, we 

adapted the equation of ref. [94], based on the mass flow conservation and taking into 

account a constant reactor tube cross section, to the following formula: 

𝑋𝐺𝐶 =
2𝑋𝐶𝑂2

3−𝑋𝐶𝑂2
     (3) 

More details about the meaning and use of this correction factor and formula can be 

found in the work of Pinhão et al. [95]. Based on this real conversion (corrected Xco2 = 

XGC), the energy efficiency of the process can be calculated. The following formula is 

used for this purpose: 
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𝜂 (%) =
∆𝐻𝑟 (

𝑘𝐽

𝑚𝑜𝑙
)∗𝑋𝐶𝑂2

(%)

𝑆𝐸𝐼 (
𝑘𝐽

𝐿
)∗22.4 (

𝐿

𝑚𝑜𝑙
)
     (4) 

ΔHR is the reaction enthalpy of CO2 splitting (i.e. 283 kJ/mol); XCO2 is the amount of CO2 

converted, determined from equations (1) and (3); and SEI is the specific energy input 

in the plasma, defined as: 

𝑆𝐸𝐼 (𝑘𝐽

𝐿
) =

𝑃𝑙𝑎𝑠𝑚𝑎 𝑃𝑜𝑤𝑒𝑟  (𝑘𝑊)

𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒 (
𝐿

min
)

∗ 60 ( 𝑠

min
)   (5) 

This can be converted to a Specific Energy Input (SEI) in eV/molecule via equation 6:  

𝑆𝐸𝐼 (
𝑒𝑉

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒
) =

𝑃𝑜𝑤𝑒𝑟  (𝑊𝑎𝑡𝑡)∗60 (
𝑠

min
)∗1000 (

𝑚𝐿

𝐿
)∗22.4 (

𝐿

𝑚𝑜𝑙
)∗6.24∗1018(

𝑒𝑉

𝐽
)

𝐹𝑙𝑜𝑤 (
𝑚𝐿

min
)∗6.22∗1023(

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒

𝑚𝑜𝑙
)

    (6) 

 

The power in the above formula is the power supplied to the plasma, i.e. the so-called 

plasma power, as is most common in literature [61,70,96–98]. The applied power is 

kept fixed at 100 W, as mentioned above, but the actual plasma power can be slightly 

different for each gas composition, and is obtained by means of the Lissajous figures 

(see 2.1.2). 

For DRM, the number of molecules that is lost depends on the conversion, but also on 

components that are formed and the product distribution, making it difficult (if not 

impossible) to take this gas expansion factor into account. Yet it is still important to 

know that this process plays a role and will thus influence the conversion and 

selectivities. 

For DRM, not only the conversion will be shown in Chapters 4 and 5, but also the carbon 

(CB), oxygen (OB) and hydrogen (HB) balance. These will be calculated as follows:  

CB (%) = 
𝐶𝑂2,𝑜𝑢𝑡 +𝐶𝐻4,𝑜𝑢𝑡+𝐶𝑂+2∗𝐶2𝐻6 +2∗𝐶2 𝐻4+2∗𝐶2𝐻2+2∗𝐶2𝐻5𝑂𝐻 +2∗𝐶2𝐻6 𝑂+3∗𝐶3𝐻8 + 𝐶𝐻2𝑂+ 𝐶𝐻4𝑂

𝐶𝑂2,𝑖𝑛 +𝐶𝐻4,𝑖𝑛
 (7) 

HB (%) = 
2∗𝐻2 +4∗𝐶𝐻4,𝑜𝑢𝑡+6∗𝐶2𝐻6 +4∗𝐶2 𝐻4+2∗𝐶2𝐻2+6∗𝐶2𝐻5𝑂𝐻 +6∗𝐶2𝐻6 𝑂+8∗𝐶3𝐻8 +2∗ 𝐶 𝐻2𝑂+ 4∗𝐶𝐻4𝑂

4∗𝐶𝐻4,𝑖𝑛
 (8) 

OB (%) = 
2∗𝐶𝑂2,𝑜𝑢𝑡 +𝐶𝑂+𝐶2𝐻5𝑂𝐻 +𝐶2𝐻6𝑂+ 𝐶𝐻2𝑂+ 𝐶𝐻4𝑂

2∗𝐶 𝑂2,𝑖𝑛 
    (9) 

The total gas flow rate is in all experiments either 50 ml/min or 192 ml/min. More 

specifically, for the experiments with packing, the total flow rate is always kept fixed at 

50 ml/min, but in the non-packed reactor, experiments are performed both at 50 
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ml/min (same flow rate) and at 192 ml/min (same residence time as in the packed bed 

reactor). The reasoning behind this is that inserting a packing in the reactor reduces the 

reactor volume and thus the residence time at constant flow rate. For different bead 

sizes, the reduction in reactor volume is constant [99]. When different gap sizes are 

investigated, the reactor volume is no longer constant and therefore, the residence 

time changes. 

For DRM, the total gas flow rate is the sum of the flow rates for CO2 and CH4, with a 1:1 

ratio between the two components. 

2.1.2 Electrical characterization 

Plotting the charge (Q) as a function of the applied voltage (U) gives us a Q-U Lissajous 

plot (see Figure 19). Combining this with a current profile (see Figure 20), characterises 

the electrical properties in the plasma. Analysing the Lissajous figures and current 

profiles is a common method for the investigation of the electrical characteristics in a 

DBD [76,100–102]. These data are processed and used to calculate the actual plasma 

power, the average number of discharges, the charge per filament, the minimal voltage, 

the peak-to-peak voltage and the average current. The average charge per filament is 

calculated by dividing the dissipated charge in the discharge phase (line DA of the 

Lissajous figure) by the number of pulses in the discharge phase. The calculation of the 

number of discharges is done after smoothing the current profile, and calculating the 

values above a certain threshold, with a certain resolution. Since this is an 

approximative calculation, the values are prone to error and should be compared with 

caution. 

To ensure a steady state of the plasma, the plasma is first stabilised for 40 minutes, 

before measuring Lissajous figures and performing GC measurements. The reasoning 

behind this is explained in section 9.2 (‘Plasma Stabilisation’) of the Appendix. 
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Figure 19: Typical Q-U Lissajous figure for a DBD [72]. 

 

 

Figure 20: Typical current profile for a DBD, obtained with an oscilloscope [98]. 
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2.2 CATALYSIS 

2.2.1 Packing materials 

The packing inserted in the plasma reactor is either glass wool (VWR, Belgium), quartz 

wool (Quantachrome, Germany) or spherical beads.  

Table 6: Physical and chemical characteristics of the packing materials. 

 BaTiO3 ZrO2 SiO2 α-Al2O3 γ-Al2O3 

Molar mass (g/mol) 233.20 123.22 60.08 101.96 101.96 

Density (g/cm3) 6.02 5.70 2.20 3.89 3.65 

Thermal conductivity 

(W/m.K)a 

2.85 1.70 1.38 28.0 - 

35.0 

28.0 - 

35.0 

Thermal expansion 

coefficient (10-6/°C)a 

11.4 12.2 0.550 5.8-8 5.8-8 

Specific heat capacity 

(J/(g.K))b 

0.406 0.456 0.99 0.798 0.850 

Band gap (eV)c 3.2 4.2 8.9 7.0 8.7 

Dielectric strength (106 

V/m)a 

>30.0 5 32.5 8 8 

Dielectric constanta 4000 23.0 3.9 9.00 9.00 

Molar heat (J/(mol.K))a 94.68 56.23 59.64 81.38 108.7 

BET specific surface 

(m2/g)d 

0.8 0 0.5 0.08 336 

Total open pore volume 

(mm3/g)e 

158.0 ≈0 ≈0 8.47 500 

Pore size (μm)e 0.87 ≈0 ≈0 0.080 0.54 

Surface roughness (nm)f 590±15 84±1 82±3 150±4 3600 ± 

460 

a: Taken from [103–112]. 
b: Calculated from the molar heath and the molar mass. 
c: Obtained from UV-vis DR spectra, for milled beads (Figure 41, Figure 42, Figure 43). 
d: Obtained from nitrogen sorption (Figure 44, Figure 45, Figure 46, Figure 47, Figure 48). 
e: Obtained from Hg-porosimetry, for 1.6-1.8 mm beads (Figure 49, Figure 50, Figure 51, Figure 
52, Figure 53). 
f: Obtained from profilometry, for 2.0-2.24 mm beads in collaboration with ULB (Figure 73-
Figure 77) [80]. 
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The SiO2 (soda lime glass) and ZrO2 (Y stabilised) beads are purchased at SiLiBeads 

(Germany). The BaTiO3 beads are supplied by Catal (UK) and the γ-Al2O3 beads by Caldic, 

BASF. The α-Al2O3 beads are made in-house at VITO, according to the method described 

in 2.2.2. For the five different spherical materials, some of their typical physical and 

chemical characteristics are mentioned in Table 6 (glass wool and quartz wool have the 

same characteristics as SiO2, aside from surface roughness, BET and porosity).  

2.2.2 Drip casting 

To warrant high sphericity of the α-Al2O3 beads in combination with a narrow and 

controlled size distribution in the ranges applied in this work, α-Al2O3 beads were 

produced via a controlled shaping process. The shaping process was done via 

vibrational droplet coagulation with a Spheronisator M from Brace GmbH (Germany). 

A schematic overview of the setup is shown in Figure 21. 

The synthesis procedure is based on a recently developed method using alginate based 

droplet coagulation to shape ceramic α-Al2O3 particles [113].  

The ceramic suspension is made of sodium alginate (0.53 %), water (49.38 %), Darvan 

C (a dispersant, 0.23 %) and Al2O3 powder (49.86 %, α-Al2O3 A16 SG purchased from 

Almatis with a d50 of 0.5 µm and specific surface area of 9 m2/g.). The coagulation bath 

contains a 4 wt. % CaCl2 aqueous solution and isopropanol is, if needed, added to lower 

the surface tension. After formation, thermal treatment is performed: drying at 100 ºC 

for 4h followed by calcination and sintering. All organic additives are thus removed. 

Sinter procedure: room temperature to 600 °C at a rate of 120 °C/h, holding at 600 °C 

for 1h, with subsequent heating to 1490 °C at a rate of 180 °C/h and additional heating 

to 1540 °C at a rate of 60 °C/h, holding it again at 1540 °C for 1h and finally cooling 

down at a rate of 120 °C/h.  

The final characteristics of the α-Al2O3 beads (and 9.2 % CaO.6Al2O3) are a diameter of 

1.4, 1.7 and 2.1 mm, obtained by using a nozzle of 0.9 mm, 0.7 mm or 1.2 mm, 

respectively. 
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Figure 21: Schematic representation of the drip casting setup. 1) Feed vessel with magnetic stirrer; 2) air 

pressure controller; 3) Vibration generator with frequency and amplitude control; 4) n ozzle; 5) stroboscopic 

lamp; 6) coagulation bath [113]. 

The open porosity of the beads was measured by Mercury Intrusion Porosimetry 

(Pascal 140, Thermo Scientific, USA), which measures the pore size distribution and the 

pore volume [114]. The surface area was determined with N2-sorption (Quantachrome 

QUADRASORB SI, USA), after degassing the samples at 150 °C for 16 h under high 

vacuum. The surface roughness was determined with profilometry, for the 2.0-2.24 mm 

beads, and a Brücker Dektak XT stylus profiler was used for the 3D mappings. It was 

equipped with a 2 µm radius stylus and was controlled and analyzed with the Vision 64 
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software. The scans were performed on a 300 x 300 µm square with a stylus strength of 

0.5 mg. 

2.2.3 Characterisation methods 

The material characteristics of the different packing materials can influence the 

different aspects of the results obtained in this work, i.e. conversion, energy-efficiency 

and selectivity. Moreover, the study of these characteristics can provide insight on how 

the plasma interacts with the catalyst and how the plasma can alter the catalyst surface. 

All packing materials are studied with UV-DR, nitrogen sorption, Hg-porosimetry, SEM-

EDX, Raman, TGA and profilometry. The specifics of the equipment are listed in Table 7 

and the results are shown in the appendix. 

Table 7: Specifics of the equipment for all characterization techniques. 

UV-DR Thermo-electron evolution 500 UV-VIS spectrometer, using 

a Thermo-electron RSA UC40 Diffuse Reflectance cell 

N2-sorption Quantachrome Autosorb Degasser and Quantachrome 

Quadrasorb SI 

Hg-porosimetry Mercury Intrusion Porosimetry (Pascal 140, Thermo 

Scientific, USA) 

SEM-EDX Quanta 250 FEG ESEM (high-vacuum) 

Raman Horiba Xplora Plus micro-Raman, 10x enlarged, 532 nm 

wavelength laser 

TGA Mettler Toledo TGA/SDTA851 

Profilometry Brücker Dektak XT stylus profiler 

 

When aiming for an improved understanding of plasma catalysis, in-situ techniques 

could be used as well, e.g. in-situ Raman and IR spectroscopy (for the in-situ study of 

the material surface under working conditions) [115], molecular beam mass 

spectrometry (to measure the concentration profiles of radical as well as stable species)  

[111], optical emission spectroscopy (to determine the elements in the sample 

quantitatively, although this is difficult for product mixtures with many components as 
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is the case in this work [115]) and DRIFTS-MS (to measure changes in the relative height 

of vibrational lines of CO2 and CO on the surfaces of potential catalysts [115]). 
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3 STUDY OF CO2 SPLITTING: UNDERSTANDING THE 

FUNDAMENTALS OF PLASMA CATALYSIS 
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3.1 STATE OF THE ART 

Great efforts in research towards an energy efficient conversion of CO2 in a non-packed 

DBD reactor, were already made, as can be seen in Table 4. The highest value obtained 

so far for CO2 splitting in CO and O2 is 50 % conversion, with 2.6 % energy efficiency. By 

altering the conditions (lower SEI), the energy efficiency can reach 11.1 %, but this 

corresponds to a drop in the conversion to only 7.5 % [116]. 

To improve the energy efficiency, product selectivity and/or yield, a catalytic material 

can be added to the plasma reactor [54,89,117,118]. For instance, it was demonstrated 

for pure CO2 splitting that the introduction of a dielectric packing into a DBD plasma 

reactor can enhance both the CO2 conversion and energy efficiency up to a factor 1.9 

and 2.2, respectively, compared to a non-packed DBD reactor [70,93,119]. Another 

study suggests that the conversion and energy efficiency double for DRM when adding 

a Ni/Al2O3 catalyst. Indeed, introducing a packing into a DBD can have multiple effects 

on the conversion and energy efficiency, by enhancing the electric field, changing the 

discharge type, altering the reactant concentration, etc.  [53].  

Other studies on CO2 splitting were performed in packed bed DBD reactors with Ni, Ag 

or Pd catalysts, coated on an Al2O3 support [72,73,77,120], quartz wool, or zeolite 3A 

[76]. Comparison between the various experiments, in order to draw conclusions, is not 

straightforward, because of the difference in physical appearance between quartz wool, 

Al2O3 pellets of 500-850 µm and zeolite 3A beads of 2 mm, and thus, the effect is most 

likely not only correlated to one parameter (or one reactor configuration). In other 

papers [121,122], only one type of support was studied, therefore only investigating 

the enhancement of adding a catalytic element and neglecting the effect of the support.  

According to previous work, quartz wool also improves the conversion of plasma-based 

DRM in a DBD with two quartz dielectric barriers [76], and enhances the conversion of 

CH4 and the yield of H2 due to the physical properties of the discharge. A higher 

intensity of microdischarge filaments [76] and a change in discharge type from 
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microdischarges to surface discharges on the quartz wool have been reported as 

reasons for these improved conversions [78]. 

Another important characteristic, as demonstrated by Van Laer and Bogaerts (both 

through modelling and experiments for a ZrO2 packing), is the catalyst/packing size. 

Packing beads should have a diameter of at least 1/3 of the gap size to enhance the 

conversion and energy efficiency of CO2 splitting [93], with even a possible negative 

effect of very small beads, since the packing lowers the residence time. When the latter 

effect is larger than the positive effect due to electric field enhancement, it will 

eventually reduce the conversion [119].  

Previous work also reported that adding a packing inside the gap reduces the available 

discharge volume, which limits the possible trajectory of the filamentary 

microdischarges. Therefore, only weak filaments can be generated in the voids 

between beads and between beads and a dielectric barrier, which has a negative effect 

on the conversion and energy efficiency, as was demonstrated for a Ni/Al2O3 packing 

material. The determining factor for the generation of these filaments is stated to be 

the distance between the beads or the beads and the dielectric barrier [72].  

Next to the material of the catalyst/packing and the bead size, also the material 

properties of the dielectric barrier affect the interaction between the beads and the 

dielectric. The influence of the dielectric barrier material itself [123], being the reactor 

tube, was demonstrated for Ca0.7Sr0.3TiO3 with 0.5 wt.% Li2Si2O5, Al2O3 and silica glass 

(SiO2), where the CO2 conversion was reported to decrease in this order. However, this 

research was performed for a non-packed DBD, so no interaction with a packing could 

be studied here [124,125]. 

Moreover, various reports indicate that the conversion and energy efficiency also 

depend on the morphology, dielectric properties and chemical activity (e.g. acid-base 

properties) of the packing material, which was seen by Yu et al [91] and Duan et al [126] 

in their studies of CO2 decomposition on materials such as quartz, alumina, CaO and 

MgO. Other materials have been studied as well, like BaTiO3 and ZrO2, which have been 

found to improve the conversion and energy efficiency in a packed bed DBD reactor for 
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CO2 splitting. However, these experiments were performed for only one dielectric 

barrier material [91,126]. Therefore, they cannot be simply combined in a general 

conclusion towards the effect of dielectric packing and dielectric barrier material for 

the splitting of CO2. 

Although several experimental studies have been performed to better understand and 

optimise plasma catalysis, as outlined above, the interactions between the plasma and 

the catalyst/packing are still poorly understood [72,73,76,77,120–122,127–130]. The 

most important element that is limiting this understanding and further progress is the 

fact that no distinction can be made between the chemical and physical effects that 

may cause the synergy between plasma and catalyst. Most works combine a plasma 

with a commercial catalyst, which is a catalytic active element deposited on a support  

and sometimes also containing binders and promoters [72,73,76,77,118,120–

122,129,131–138].  

In the present study, we thus investigate the influence of specific packing material 

(without catalytic activation, although we cannot exclude intrinsic catalytic activity of 

the support material itself) and reactor properties, as well as reactor/bead 

configuration, on the conversion and energy efficiency of CO2 splitting in a packed bed 

DBD reactor. More specifically, we focus our study on the interaction between 

(different types of) dielectric barriers (for different materials) and the physicochemical 

packing properties (size and chemical composition of the packing beads). 

The packing materials consists of glass wool, quartz wool and spherical beads of SiO2, 

ZrO2, α-Al2O3 and BaTiO3 with different controlled sizes. The dielectric barrier material 

consists of quartz and alumina. Although we cannot study all material combinations, a 

selection has been made based on diverging material properties with an initial focus on 

dielectric constant, and valuable insights in these combined effects are revealed.  

A summary of the experimental parameters used in this chapter is shown in Table 8. 
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Table 8: Different parameters studied, as well as their variations. 

 
Parameters studied Variations 
Packing morphology Glass wool Quartz wool Dielectric beads  

Gap size (mm) 2 2.5 3.5 4.5 

Bead size for fixed 
bead/gap size ratio (± 
0.6) experiments (mm) 
(only BaTiO3 beads) 

1.18-1.25 1.4-1.6 2.0-2.24  

Dielectric barrier 
material 

Quartz Alumina   

Dielectric bead material SiO2 ZrO2 α-Al2O3 BaTiO3 

Bead size (mm) for the 
different materials, at 
fixed gap size of 4.5 mm 

1.25-1.4 1.6-1.8 2.0-2.24  

3.2 RESULTS AND DISCUSSION 

3.2.1 Effect of bead material and bead size 

3.2.1.1 General results 

The influences of bead material (SiO2, ZrO2, α-Al2O3 and BaTiO3) and bead size (ranges 

of 1.25-1.4, 1.6-1.8 and 2.0-2.24 mm diameter) are investigated by comparing with the 

conversion and energy efficiency in the non-packed reactor (Figure 22).  

The first observation to be made is that BaTiO3, for the three different bead sizes, yields 

a higher conversion than the non-packed reactor for the same flow rate. The second is 

that the largest beads of α-Al2O3 yield a higher conversion than the non-packed reactor. 

Thus, in these cases, the positive contribution of the packing [51] compensates for the 

lower residence time. For SiO2 and ZrO2, as well as for the smaller beads of α-Al2O3, the 

CO2 conversion is lower than in the non-packed reactor, illustrating that the packing 

effect does not compensate here for the lower residence time. When comparing this 

at the same residence time (i.e. 5.5 s corresponding to 192 ml/min for the non-packed 

reactor), α-Al2O3 also systematically yields higher conversions, and in some cases, the 
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conversion with ZrO2 and SiO2 beads is slightly higher as well. The highest values 

obtained are close to 20 % conversion for the α-Al2O3 and BaTiO3 beads with the largest 

size. 

For the energy efficiency (Figure 22 (b)), the same results are obtained as for the 

conversion when comparing at equal flow rate. Only a higher energy efficiency is 

obtained for BaTiO3, for the three different bead sizes, as well as for the largest beads 

of α-Al2O3. This is logical since the flow rate is part of the formula for calculating the 

energy efficiency out of the conversion. When comparing with the non-packed reactor 

at the higher flow rate of 192 ml/min (and thus the same residence time of 5.52 s), 

none of the packed bed results surmounts the energy efficiency of the non-packed 

reactor, as the higher flow rate yields a lower SEI, compensating for the lower 

conversion in the non-packed reactor, overall resulting in a higher energy efficiency. 

Nevertheless, for the largest bead sizes, both α-Al2O3 and BaTiO3 have a similar and 

even slightly higher energy efficiency (3.5 %) than the non-packed reactor at equal 

residence time (and thus higher flow rate), but, at the same time, they have a four times 

higher conversion, as is obvious from Figure 22(a). This conversion and energy 

efficiency is roughly a factor two higher than in the non-packed reactor with the same 

flow rate. This coincides well with values reported in literature and is even slightly 

better. Indeed, in previous work from our group, the CO2 conversion and energy 

efficiency were simultaneously enhanced by up to a factor 1.9 and 2.2, respectively, for 

ZrO2 beads, compared to the values in a non-packed DBD reactor at the same flow rate 

[93,119]. Likewise, the conversion and energy efficiency for DRM were reported to 

double when adding a Ni/Al2O3 catalyst [79] (ratio gap/packing size is 10), while we 

observe that adding α-Al2O3 alone can already almost double the CO2 conversion and 

energy efficiency. This means that the combination of plasma and these packing 

materials, with or without further catalytic activation, is very promising for improving 

the CO2 conversion. Moreover, it emphasizes the importance of studying the 

properties-activity correlation of the packing materials itself (both chemical and 

structural properties), prior to further catalytic activation, in terms of improved 
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conversion and energy efficiency, to identify the real impact of the catalytic element 

itself. 

 

Figure 22: Conversion (a) and energy efficiency (b) as a function of bead size (diameter) for different bead 

materials, for an alumina dielectric barrier, 4.5 mm gap, stainless steel outer electrode, 23.5 kHz, at 50 

ml/min gas flow rate, and 100 Watt power. The error bars are calculated based on 12 GC measurements.  

A comparison is also made with the results for a non-packed reactor (i.e. without packing), both at the 

same flow rate (50 ml/min) and the same residence time as in the packed bed reactor (i.e. 5.52 sec, 

corresponding to a flow rate of 192 ml/min).  
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Table 9: Electrical characterisation as a function of bead size (diameter) for different bead materials, for an 

alumina dielectric barrier, 4.5 mm gap, stainless steel outer electrode, 23.5 kHz, at 50 ml/min gas flow rate, 

and 100 Watt power. A comparison is also made with the results for a non-packed reactor (i.e. without 

packing), both at the same flow rate (50 ml/min) and the same residence time as in the packed bed reactor 
(i.e. 5.52 sec, corresponding to a flow rate of 192 ml/min).  

Conditions  

Plasma 

Power 

(W) 

Ubur 

(kV) 
Upp (kV) 

Average 

charge per 

filament (nF) 

Number of 

discharges  

IRMS 

(mA) 

Non-packed 

reactor 

50 ml/min 61.25 3.68 15.36 210.59 2.58 27.51 

192 ml/min 66.27 4.15 15.32 43641.74 8.85 27.89 

SiO2 

1.25 - 1.4 mm 59.69 2.85 12.87 5.24 85.28 34.49 

1.6 - 1.8 mm 60.64 2.69 12.40 5.01 84.53 36.19 

2.0 - 2.24 mm 61.67 2.50 15.04 4.10 108.40 34.67 

ZrO2 

1.25 - 1.4 mm 54.25 1.92 14.17 4.48 115.60 44.54 

1.6 - 1.8 mm 60.00 2.09 11.81 4.88 98.11 45.50 

2.0 - 2.24 mm 61.19 2.40 11.67 4.58 113.10 42.12 

α-Al2O3 

1.25 - 1.4 mm 62.66 2.96 15.65 2131.74 141.61 35.45 

1.6 - 1.8 mm 59.06 2.78 16.51 3719.08 132.75 37.11 

2.0 - 2.24 mm 58.99 2.75 16.57 3511.43 138.98 38.14 

 

BaTiO3 

1.25 - 1.4 mm 61.85 1.98 13.87 4.78 149.89 53.76 

1.6 - 1.8 mm 58.65 1.99 12.86 5.01 143.42 53.05 

2.0 - 2.24 mm 61.85 2.08 13.14 4.41 148.00 51.42 

 

The electrical characteristics for the experimental results shown in Figure 22 are given 

in Table 9, but they do not reveal clear trends that can explain the observed differences 

in conversion and/or energy efficiency. 

3.2.1.2 Effect of the material characteristics 

To better understand the differences induced by the various materials, we looked at 

different material characteristics that might be correlated to their performance (Table 

10). A first important observation is that none of the packing materials introduced in 

the reactor showed coking during the plasma experiments, which was confirmed with 

TGA measurements. The power introduced in the plasma reactor for the different 

packing materials, at a constant applied power of 100 W, is also mentioned in the table, 

as it is used to calculate the energy efficiency. If the plasma power for a certain packing 
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material would be much higher for the same applied power, it could lead to a higher 

CO2 conversion. However, as is clear from Table 10, the plasma power is very similar 

for the four different packing materials. The differences in plasma power with varying 

bead size are represented by the error bars. 

Table 10 also shows the breakdown voltage as a function of the bead material. A higher 

dielectric constant should give rise to a higher electric field and thus a lower breakdown 

voltage. However, there is a plateau in increasing electric field with an increasing 

dielectric constant [139], and therefore also in decreasing breakdown voltage. Since 

there is also an experimental error on the breakdown voltages measured, this can 

explain why e.g. the breakdown voltage of ZrO2 is lower than the one of BaTiO3. 

The results of Figure 22 show a general trend (although some error bars overlap), with 

SiO2 consistently yielding the lowest conversion and energy efficiency, followed by ZrO2, 

α-Al2O3 and then BaTiO3, inducing the highest conversion and energy efficiency. 

Therefore, the materials are listed in this order in the table. Important to note is that 

the relationship of size and its impact on conversion is not linear for any of the materials, 

nor is the correlation similar for the different materials, indicating that divergent 

and/or multiple interplaying mechanisms/properties are at the origin of these changes.  

 

Table 10: Electrical characteristics of the various beads used in this study, determined by analysing the 
Lissajous figures. 

 SiO2 ZrO2 α-Al2O3 BaTiO3 

Dielectric constant [57,111] 3.9 25 9.1 4000 

Plasma power (Watt) 61±1 57±5 60±4 61±3 

Breakdown voltage (kV)  1.47 0.82 1.84 0.97 

 

As mentioned in section 3.1, the effect of the packing is usually correlated to the 

enhanced electric field at the contact points, due to polarization of the beads [93]. 

Hence, based on this, one would expect to see an increasing conversion and energy 

efficiency upon rising dielectric constant of the beads, as the latter typically gives rise 

to more pronounced electric field enhancements and higher electron temperatures 
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[57]. As can be seen from Table 10, this correlation is only partially true for our results. 

Indeed, the conversion rises from SiO2 (ɛ ~ 3.9) to BaTiO3 (ɛ ~ 4000), but the results for 

ZrO2 and α-Al2O3 do not follow this trend. Moreover, their size dependence is not the 

same. Even at the largest size, α-Al2O3 has the same conversion as BaTiO3 even though 

the dielectric constant is much lower.  

Van Laer et al. investigated both the influence of the bead size and the dielectric 

constant by modelling a helium discharge in a packed bed DBD reactor [139]. The 

modelling results illustrate that the dielectric constant of the beads influences the 

plasma density in the gap, the electric current profile, the electric field strength and the 

electron temperature, irrespective of the bead size. 

Most importantly, upon increasing the dielectric constant, the time-averaged electric 

field strength is enhanced, which leads to a higher electron temperature, but a lower 

electron density, because the electrons get lost more easily at the walls. This will lead 

to a shift from full gap discharge to localized discharges upon rising dielectric constant 

of the beads. Moreover, at larger bead sizes, the shift from full gap discharge to 

localized discharges will occur at a higher dielectric constant, which can be explained 

through the larger voids in between the larger beads. 

In this work, the highest conversion and energy efficiency were obtained with the 

largest BaTiO3 beads. In accordance with the modelling results obtained by Van Laer et 

al., the electric field is enhanced upon increasing the dielectric constant, but will not be 

enhanced further upon increasing bead size of BaTiO3. On the other hand, larger beads 

will result in a higher electron density in the plasma. Therefore, the combination of a 

high dielectric constant and a large bead size will lead to a stronger electric field and 

the highest electron density, thus increasing the conversion and energy efficiency [139]. 

This electric field enhancement is also correlated to the surface roughness, also 

mentioned in Table 6. Although the increase in surface roughness appears in the same 

order as the increase in conversion and energy efficiency, there is no linear trend visible.  

Therefore, there must be other material characteristics that can influence the 
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conversion and energy efficiency, like surface acidity, surface area, specific and molar 

heat capacity, total open pore volume and pore size, or others (Table 6) [56].  

There is no correlation between the increase in conversion and energy efficiency with 

the molar or specific heat capacity. Since we add the same volume of beads to each 

experiment, and thus the weight and number of moles differ, this explains the fact that 

there is no correlation. 

Another characteristic that might play a role are the structural properties of the beads. 

There are three different characteristics that define the beads: pores, edges through 

porosity and surface roughness. In general, the electric field may be enhanced by some 

form of roughness or geometric distortion in the reactor, and this enhancement of the 

electric field strength can cause a higher conversion and energy efficiency [53].  

The first two characteristics both correlate to the porosity of the beads. The porosity of 

α-Al2O3 is created in the manufacturing process, since all beads here are sintered at 

1540 ºC, creating minor porosities in the α-Al2O3 beads. As the other beads are 

purchased, we cannot conclude on the manufacturing of the beads and thus Hg 

porosimetry was conducted. SiO2 and ZrO2 have a very low porosity, whereas α-Al2O3 

and BaTiO3 have a higher porosity (Table 6). The pore size distributions for α-Al2O3 and 

BaTiO3 are illustrated in Figure 23. The results indicate that the α-Al2O3 beads have a 

pore size distribution with an average pore diameter of 0.08 µm, whereas the BaTiO3 

beads mainly have pores with a diameter of 0.87 µm, which is more than tenfold the 

value of the α-Al2O3 beads. According to model calculations (for a helium plasma) 

carried out in our group, a pore diameter of 0.87 µm is too small for plasma generation 

inside the pores [140], although streamers might still be able to penetrate [141], and 

especially the edges induced by the porosity can still enhance the electric field and thus 

influence the results for conversion and energy efficiency. For air (and probably also 

CO2, plasma generation is possible when the pore diameter is larger than 0.60 μm [59]. 

Although multiple parameters will be different and could be the underlying reason, 

these differences might contribute to the rise in CO2 conversion and energy efficiency 

for both α- Al2O3 as well as BaTO3. 
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It is clear from the above results that the conversion and energy efficiency are not only 

correlated to the dielectric constant of the packing beads, but also to other material 

properties. However, in order to draw final conclusions on the exact influence of the 

material properties, further thorough research needs to be conducted in a systematic 

way, based on materials with very controlled material properties, which can only be 

obtained by careful manufacturing of the beads instead of using commercial beads. 

This controlled manufacturing process is also not straightforward [113], and requires 

more investigation. 
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Figure 23: Relative pore volume for α-Al2O3 and BaTiO3 beads. 

3.2.1.3 Effect of the bead size 

Figure 22 shows a clear influence of the bead size affecting the conversion and energy 

efficiency. Moreover, the results differ depending on the packing material inserted in 

the DBD. On the one hand, SiO2 and ZrO2 show no clear (linear) trend of bead size. For 

SiO2, the conversion and energy efficiency increase in the following order: 1.6-1.8 mm 

< 2.0-2.24 mm < 1.25-1.4 mm, while for ZrO2 the results rise in the following order: 1.6-
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1.8 mm < 1.25-1.4 mm < 2.0-2.24 mm. On the other hand, for α-Al2O3 and BaTiO3, the 

results increase upon increasing bead size (1.25-1.4 mm < 1.6-1.8 mm < 2.0-2.24 mm). 

Note, however, that the exact trends have to be considered with caution, as some of 

the error bars overlap.  

There are multiple possible explanations as to why the effect of bead size is different 

for the different bead materials.  

Firstly, the electric field enhancement in the reactor due to the packing is expected to 

give rise to a higher conversion and energy efficiency. This electric field enhancement 

is attributed to polarization effects and the accumulation of charges on the surface of 

the (dielectric) beads. It is governed by the contact angle, the curvature and the 

dielectric constant of the beads. Moreover, there are more contact points between the 

smaller beads (and also between the beads and the dielectric barrier), and the electric 

field enhancement takes place at these contact points [51,93]. Hence, one could expect 

that smaller beads would give rise to a higher conversion and energy efficiency, but due 

to its dependence on the dielectric constant, differences might be present. Modelling 

results show a higher electric field for smaller beads and a higher overall enhancement 

for packing beads with a higher dielectric constant, indicating that trends can indeed 

be different, based on both the size and dielectric constant of the beads [139]. 

Secondly, since the discharges take place in the voids between the beads and larger 

bead sizes have larger void spaces, the electrons are not so easily absorbed at the 

surfaces of the beads, so there are more electrons available for electron impact 

dissociation of CO2, which can lead to a higher conversion and energy efficiency. This 

would mean that larger beads can give rise to a higher conversion and energy efficiency.  

Not only the electrons can get adsorbed at the surface of the beads, other species can 

interact with the surface as well. Indeed, the surface may enhance O recombination to 

form O2 as well as the backwards reaction of O with CO to form CO2. The surface can 

also delay the same reactions, by quenching CO and/or O.  

Depending on which effect is dominant, the final result in conversion or energy 

efficiency will be higher for either the smaller or the larger beads. The latter appears to 
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be material-dependent, which is not unexpected, because the electric field 

enhancement is determined by the dielectric constant of the materials. Nevertheless, 

to be able to exclude other effects, further research through modelling and studies with 

more controlled material properties are required to confirm the extent of these effects. 

3.2.2 Combined effect of bead size and gap size 

The experiments for the combined influence of gap size and bead size are conducted 

with the BaTiO3 beads, for which the best results are obtained at 50 ml/min. Results 

are shown for: (1) a constant ratio between average bead size and gap size but with 

varying dimensions; (2) a constant bead size but a varying gap; and (3) vice versa 

(already shown in Figure 22). Table 11 summarises the combinations of gap size and 

bead size investigated.  

 

Table 11: Parameters used for investigating the influence of the gap size and bead size, at equal ratio, equal 

bead size or equal gap size. 

Bead size range Gap size Ratio 

1.18-1.25 2 0.6075 

1.4-1.6 2.5 0.6000 

2.0-2.24 3.5 0.6057 

2.0-2.24 4.5 0.4711 

1.6-1.8 4.5 0.3777 

1.25-1.4 4.5 0.2944 

 

As is clear from Figure 24, the conversion and energy efficiency rise upon increasing 

gap size and bead size, as long as the ratio between both is constant (cf. the first three 

data points). The values increase from 18 % to 26 % conversion and from 3 % to 4 % 

energy efficiency. When comparing column 3 and 4 in Figure 24, using the same bead 

size but a larger gap size and thus a lower ratio bead/gap size (hence allowing slightly 
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more beads in the same gap), we can observe that the conversion and energy efficiency 

decrease again. In addition, at a fixed gap (4.5 mm), increasing the bead size from 1.25-

1.4 to 2.0-2.24 mm resulted in an increase of conversion and energy efficiency, as 

observed in Figure 22. The maximum conversion (20 %) and energy efficiency (~3.7 %) 

obtained in this case, however, are lower than the conversion and energy efficiency in 

the smaller gap size of 3.5 mm. Hence, it is clear that in order to optimize the conversion 

and energy efficiency, the bead size and gap size have to be adjusted to each other.  
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Figure 24: Conversion (a) and energy efficiency (b) as a function of bead size and gap size (indicated at the 

bottom of the columns, in mm), for BaTiO3 beads, an alumina dielectric barrier, stainless steel outer 

electrode, 23.5 kHz, at 50 ml/min, for 100 Watt input power. The plasma power (Watt) is indicated by a 

blue line. 

The same is seen in a paper by Van Laer and Bogaerts [93], who found that the ideal 

ratio between ZrO2 beads and the gap size is higher than 1/3. Since our results are only 

obtained for BaTiO3 and for few data points, no general conclusions can be drawn. 
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Nevertheless, it is important to state that all the above aspects are important to take 

into account: the gap size, the void spaces in between the beads, the surface to volume 

ratio, the number of contact points between the beads, and between the beads and 

the dielectric barrier, as they all influence the conversion and energy efficiency. For 

instance, the relative rise in conversion and energy efficiency upon increasing bead size 

(from 1.18-1.25 mm to 2-2.24 mm) is 40 % and 33 % (i.e. from 18 to 26 % conversion 

and from 3 to 4 % energy efficiency) in the case of constant bead size/gap size ratio, 

while it is 27 % (i.e. from 16 to 20 % conversion and from 2.6 to 3.3 % energy efficiency) 

in case of constant gap size, for the same rise in bead size.  

The stronger rise upon increasing bead size at a constant bead/gap size ratio might be 

caused by the constant number of beads and thus contact points, while in the case of 

constant gap size, the number of contact points will drop upon increasing bead size.  

Lastly, the alteration in gap size and bead size and their ratio will affect the surface to 

volume ratio and how many beads fit in the gap, and thus the possible surface 

interactions and the packing profile of these beads. Therefore, this will also alter the 

path the gas will take and how it comes into contact with the surface of the packing 

material. Depending on which species are adsorbed on the surface and how much 

different species come in contact with said surface, this will alter the residence time 

distribution and thus the conversion and energy efficiency.  

Ideally, taking the previous observations into account, a packing material should thus 

have large voids present between the particles, allowing less electron losses, in balance 

with a large number of contact points and an adjusted gap size to have a maximum 

enhancement of the electric field. Following this conclusion, it could be interesting to 

investigate even larger bead sizes, along with larger gap sizes, although this might not 

be beneficial in terms of plasma catalysis, as it will yield a lower catalyst surface area. 

Hence, there will be an optimum combination, keeping in mind both physical and 

chemical (surface) effects. 
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The power indicated on Figure 24 only varies between 58.6 and 67.7 Watt and does not 

follow the same trend as the conversion or energy efficiency. Therefore, the results 

obtained here cannot be explained through a variation of the actual plasma power.  

The change in the power itself can be explained through the losses caused by 

transferring the power from the power supply to the reactor. Since this is a very 

unstable process, the power changes a little over the different conditions.  

For completeness, we also present the electrical characteristics for the different bead 

sizes and gap sizes. However, they do not reveal clear trends that can explain the 

observed differences in conversion and/or energy efficiency. It is important to note that 

(for all electrical characterisation), differences in the average charge per filament can 

be induced by the reactor configuration; the fact that a low charge and many pulses 

gives the same result as a high charge and few pulses; the fact that a non-packed 

reactor often gives few strong pulses while a packed reactor gives many weak pulses.  

Moreover, it is impossible to determine the difference between a streamer between 

the electrode and the dielectric barrier, between the electrode and a bead, between 2 

beads, between a bead and the dielectric barrier, in the current profile. Therefore, it is 

also impossible to determine the difference between surface discharges versus local 

filamentary discharges. 

 

Table 12: Electrical characterisation as a function of bead size and gap size for BaTiO3 beads, an alumina 
dielectric barrier, stainless steel outer electrode, 23.5 kHz, at 50 ml/min, for 100 Watt input power.  

Gap size Bead size 

Plasma 

Power 

(W) 

Ubur 

(kV) 
Upp (kV) 

Average 

charge per 

filament (nF) 

Number of 

discharges  
IRMS (mA) 

2 mm 1.18 - 1.25 mm 66.92 1.20 12.94 7.22 155.69 70.52 

2.5 mm 1.4 - 1.6 mm 67.73 1.62 13.20 9.32 153.17 58.47 

3.5 mm 2.0 - 2.24 mm 67.40 2.12 13.19 5140.98 159.13 56.56 

4.5 mm 2.0 - 2.24 mm 61.85 2.08 13.14 4.41 148.00 51.42 

4.5 mm 1.6 - 1.8 mm 58.65 1.99 12.86 5.01 143.42 53.05 

4.5 mm 1.25 - 1.4 mm 61.85 1.98 13.87 4.78 149.89 53.76 
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3.2.3 Effect of glass wool or quartz wool packing 

Duan et al. performed experiments with a quartz wool packed DBD reactor [126] and 

reported that the insertion of quartz wool yields better results, in terms of conversion,  

than inserting beads of different materials and sizes. As we always use glass wool to fix 

the packing material in our reactor, we measured the influence of both glass and quartz 

wool packing in the reactor. 

 A first set of experiments compares a completely non-packed reactor, a reactor with 

glass wool, but only outside of the discharge zone, and a reactor completely filled with 

glass wool. The experiments are carried out at two different flow rates, i.e. 50 and 192 

ml/min. The results for conversion and energy efficiency are plotted in Figure 25. The 

plasma power for these experiments is (67 ± 2) Watt. 

We can see that, when taking the error bars into account, there is no significant effect 

of inserting glass wool in the reactor. The effect is negligible for both energy efficiency 

and conversion. The conversion is around 10-11 % at a flow rate of 50 ml/min, and 

around 5-6 % at a flow rate of 192 ml/min, while the energy efficiency is about 1.7-1.9 % 

and 3-4 % for the gas flow rates of 50 and 192 ml/min, respectively. In section 3.2.1 

above, we already observed that SiO2 beads have a negative effect on the conversion 

and energy efficiency, compared to a non-packed reactor, since the enhancement of 

the electric field is too limited, probably due to the low dielectric constant. Hence, it 

seems that the improvement, which might be expected from the enhanced electric 

field at the contact points and edges of the glass wool packing, is entirely compensated 

by the reduction in residence time of the packed reactor, which of course limits the 

conversion and thus the energy efficiency. 
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Figure 25: Conversion (a) and energy efficiency (b) in a non-packed reactor (left), a non-packed reactor with 

glass wool at the sides (middle) and a reactor completely filled with glass wool (right) at two different flow 

rates, for 100 Watt power, alumina dielectric barrier, stainless steel electrode, at 23.5 kHz and 4.5 mm gap. 

 

Our results are thus different from the ones obtained by Duan et al., where an 

improved conversion was reported in case of a quartz wool packing [126]. Note, 

however, that our setup differs from the one of Duan et al. in several aspects. Indeed, 



 

87 

 

they used an aluminium foil as outer electrode, a much smaller gap size of 0.6 mm, a 

different frequency (18 kHz) and a different flow rate (19.8 ml/min).  

The major difference between our reactor setup and their reactor setup is the different 

gap size (i.e. 4.5 mm vs 0.6 mm), so it might be possible that the effects reported by 

Duan et al. only occur in a microgap. Therefore, we also performed additional 

experiments in a microgap reactor. The reactor setup is the same as used before, but 

different inner electrodes are used, with varying outer diameter and thus influencing 

the gap. The gap sizes obtained are 268 µm, 455 µm, 705 µm and 1230 µm. The results 

are summarised in Figure 26. Note that the results in the 268 – 1230 µm gaps were 

obtained with different flow rates to yield the same residence time of about 7.5 

seconds (in case of the packing), whereas the residence time in the 4.5 mm gap reactor 

was 5.5 seconds and it was 1 second in the experiments of Duan et al.  

It can be clearly seen from Figure 26 that the conversion for a non-packed reactor is 

higher than for a reactor filled with glass wool, in the case of a 268 µm gap and a 455 

µm gap. However, for the 705 and 1230 µm gaps, the reactor filled with glass wool 

yields a significantly higher conversion than the non-packed reactor, in agreement with 

the results of Duan et al. for the quartz wool packing. This means that the influence of 

glass wool (or quartz wool) on the conversion is indeed gap size dependent, and this 

can explain the difference in results compared to Duan et al. Furthermore, it is obvious 

from Figure 26 that the CO2 conversion in the smaller gaps is larger. This can partially 

be explained by the enhanced electric field and electron temperature in the smaller 

gaps, as predicted by model calculations [57]. The effect of micrometre gap sizes in 

correlation to packing properties was further investigated in our group, but is outside 

the scope of this thesis [142]. 



 

88 

 

 

Figure 26: Effect of a glass wool packing on the CO2 conversion, for different gap sizes, in comparison with 

the results by Duan et al. for a quartz wool packing. 

 

To exclude that the difference with the results of Duan et al. is attributed to the 

different packing material (i.e. glass wool vs quartz wool, as used by Duan et al.) or 

reactor material, we also performed a second set of experiments, comparing glass wool  

and quartz wool packing, as well as an alumina and quartz dielectric tube, to investigate 

the impact of the chemical nature of the dielectric tube as well, as in the experiments 

of Duan et al. quartz wool was applied in combination with a quartz dielectric barrier. 

The results for the conversion and energy efficiency are shown in Figure 27. 

Again, no significant difference in conversion or energy efficiency compared to the non-

packed reactor or among each other is observed, keeping in mind the error bars in the 

results. Therefore, these experiments show us that there is no influence of using quartz 

wool or glass wool as a packing material in the 4.5 mm gap reactor. Furthermore, it also 

indicates that, at least in our 4.5 mm gap reactor, we can use glass wool (or quartz wool) 

to fixate the spherical beads (as done in the other parts of this thesis), without affecting 

the conversion or energy efficiency. 
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Figure 27: Conversion (a) and energy efficiency (b) for two different dielectric barriers and packing materials, 

as indicated in the x-axis, at 50 ml/min, for 100 Watt power, 4.5 mm gap, 23.5 kHz and a stainless steel 

electrode. 

Our results are in correlation with literature results for DRM, where it was reported 

that the conversion of CH4 was slightly improved by the addition of quartz wool to the 

discharge gap, from 23 to 27 % at a discharge power of 30W in comparison to a non-

packed reactor, while the CO2 conversion did not increase [76]. 
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Again, the electrical characteristics are shown for Figure 25 and Figure 27 in Table 13 

and Table 14, respectively, but it is not possible to explain all obtained results based on 

these values. It is again important to note that differences in the average charge per 

filament can be induced by the reactor configuration; the fact that a low charge and 

many pulses gives the same result as a high charge and few pulses; the fact that a non-

packed reactor often gives few strong pulses while a packed reactor gives many weak 

pulses. Moreover, it is impossible to determine the difference between a streamer 

between the electrode and the dielectric barrier, between the electrode and a bead, 

between 2 beads, between a bead and the dielectric barrier, in the current profile. 

Therefore, it is also impossible to determine the difference between surface discharges 

versus local filamentary discharges. 

 

Table 13: Electrical characterisation for Figure 25. 

Conditions  

Plasma 

Power 

(W) 

Ubur (kV) Upp (kV) 
Average charge 

per filament (nF) 

Number of 

discharges  

IRMS 

(mA) 

Non-packed 61.25 3.68 15.36 210.59 2.58 27.51 

Glass wool at sides 61.58 3.77 15.25 83.92 3.61 27.51 

Full glass wool 62.85 3.44 12.97 7.98 55.35 28.64 

 

Table 14: Electrical characterisation for Figure 27. 

Dielectric 

barrier 
Packing 

Plasma 

Power 

(W) 

Ubur 

(kV) 

Upp 

(kV) 

Average 

charge per 

filament 

(nF) 

Number of 

discharges  

IRMS 

(mA) 

Alumina Glass wool 70.06 3.78 13.62 6671.54 69.72 28.38 

Alumina Quartz wool 69.73 3.78 15.57 3.73 119.11 33.35 

Glass Quartz wool 65.31 3.88 19.59 2.61 155.59 30.94 

Glass Glass wool 72.00 4.01 17.65 7.09 55.18 26.78 
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3.2.4 Interaction between dielectric barrier and bead material 

Finally, the influence of the interaction between dielectric barrier material and bead 

material is studied by comparing the results for SiO2 beads and α-Al2O3 beads of 1.6-

1.8 mm diameter, both with a quartz and an alumina dielectric barrier. In this way we 

can compare all possible interactions between the SiO2 and α-Al2O3 packing versus the 

dielectric reactor tube. Figure 28 illustrates that there is no significant effect of altering 

the dielectric barrier material for both conversion and energy efficiency, while there is 

a significant effect when using SiO2 or α-Al2O3 beads, as elaborated in section 3.1 above. 

Thus, like for the glass wool and quartz wool packing (see previous section), the 

dielectric barrier seems to play only a minor role in the conversion and energy efficiency.  

The electrical characteristics are shown in Table 15, but cannot explain the obtained 

conversions and/or energy efficiencies. It is again important to note that differences in 

the average charge per filament can be induced by the reactor configuration; the fact 

that a low charge and many pulses gives the same result as a high charge and few pulses;  

the fact that a non-packed reactor often gives few strong pulses while a packed reactor 

gives many weak pulses. Moreover, it is impossible to determine the difference 

between a streamer between the electrode and the dielectric barrier, between the 

electrode and a bead, between 2 beads, between a bead and the dielectric barrier, in 

the current profile. Therefore, it is also impossible to determine the difference between 

surface discharges versus local filamentary discharges. 

 

Table 15: Electrical characterisation for SiO2 and α-Al2O3 beads, with quartz and alumina dielectric barriers, 

at 50 ml/min, for 100 Watt power, 4.5 mm gap, 23.5 kHz and a stainless steel electrode.  

Dielectric 

barrier 
Packing 

Plasma 

Power 

(W) 

Ubur 

(kV) 

Upp 

(kV) 

Average 

charge per 

filament (nF) 

Number of 

discharges  

IRMS 

(mA) 

Glass SiO2 65.99 2.68 18.20 6.26 75.54 37.49 

Glass α-Al2O3 43.28 2.06 23.17 3.77 89.83 33.92 

Alumina SiO2 60.64 2.69 12.40 5.01 84.53 36.19 

Alumina α-Al2O3 59.06 2.78 16.51 3719.08 132.75 37.11 
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Figure 28: Conversion (a) and energy efficiency (b) for SiO2 and α-Al2O3 beads, with quartz and alumina 

dielectric barriers, at 50 ml/min, for 100 Watt power, 4.5 mm gap, 23.5 kHz and a stainless steel electrode. 
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3.3 CONCLUSION 

We showed a clear influence of specific material and reactor properties on the 

conversion and energy efficiency of CO2 splitting in a packed bed DBD reactor. This 

indicates that correlating results from literature obtained in different setups is not 

straightforward and should be considered with care.  

The highest obtained conversion in this work was 25 %, with a corresponding energy 

efficiency of 4.5 %. When comparing the results for different materials and bead sizes 

in the reactor gap of 4.5 mm, the highest conversion was roughly a factor two higher 

than in the non-packed reactor with the same flow rate, and a factor four higher than 

in the non-packed reactor with the same residence time. The energy efficiency was the 

same when compared at the higher flow rate, but again almost twice as high when 

compared at the same flow rate.  

It is clear that three effects play a role: (1) the positive contribution of the packing, due 

to electric field enhancement at the contact points; (2) a negative contribution due to 

the lower residence time in the presence of a packing; and (3) the influence of the voids 

between particles, with a positive or negative effect depending on the material inserted. 

Depending on the bead size and material, one or the other effect will dominate, 

explaining their different behaviour in conversion and energy efficiency. The changes 

in conversion can only partially be related to the dielectric constant of the beads, 

indicating that also other material parameters must play a role. In general, our results 

indicate that material performances should be compared with similar reactor setups as 

the latter have a vast impact on the materials influence. Further improvement in 

conversion and energy efficiency can be expected when a large number of contact 

points can be generated, while maintaining large void space volumes and a large ratio 

of bead size/gap size.  

Finally, when searching for the most optimal catalyst, the impact of the packing 

material (chemistry and physical properties) itself, apart from the catalytic activation, 

cannot be neglected, since it can by itself already significantly improve the conversion 

and energy efficiency. This shows the large area of further improvement that relies in 
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packed bed plasma reactors for CO2 conversion and for other chemical conversion 

reactions. 
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4 STUDY OF DRY REFORMING: FOCUS ON SELECTIVITY 
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4.1 STATE OF THE ART 

The current state of the art in DRM mostly indicates that depending on the exact 

conditions, the resulting conversion and selectivity can differ significantly. Indeed,  as 

can be seen in Table 4 and Table 5, the conversion was reported to increase [64–71] 

and decrease [71–73] for both CO2 and CH4 upon adding a packing material, and in 

other cases, there was only an effect on one of the two components [70,74–76]. Not 

only the conversion was altered, also the effect on the selectivity was substantial. When 

comparing different catalytic activations with non-activated packing, there can be a 

vast influence on the formation of liquid products and the selectivity [68,70,73,74,77]. 

Chapter 3 suggested a large effect of the reactor setup and reactor/bead size 

combination on the impact of the packing material on conversion of pure CO2. Thus, 

comparing results obtained in different reactor setups should be done with care. 

Therefore, the results obtained in different literature reports cannot be easily 

compared to one another, and no general conclusion towards the impact of the packing 

material itself on DRM can be drawn. This points towards an important gap in the 

knowledge required to achieve a maximal synergy between the packing, the active 

catalytic element and the plasma, ultimately yielding higher conversions and a better 

selectivity towards the desired components in plasma-based DRM.  

 

The aim of this chapter is thus to provide better insights in the influence of four 

different (dense, spherical) packing materials, with different chemistry and size, on the 

conversion and product fractions of DRM in a DBD reactor. Additionally, γ-Al2O3 is 

evaluated as porous packing material. Although it is not possible to distinguish between 

catalytic effects of the packing material itself and physical effects caused by inserting  

the packing, it is important to note that there is no explicit catalytic activation of the 

packing materials in the present study, i.e. we have not introduced an active element, 

such as applied in many literature reports (e.g. Cu, Fe, Ni, Co, Pd, Ag, etc. See Table 5 in 

the Introduction and [9]) on or in the packing materials. Furthermore, the impact of 



 

97 

 

these packing materials in DRM is being compared to the insights gained for pure CO2 

splitting, providing surprising and valuable information on the influence of adding CH 4. 

To our knowledge, such a detailed comparison has not yet been carried out before in 

literature. A summary of the experimental parameters used in this chapter is shown in 

Table 16.  

 

Table 16: Parameters used in this chapter. 

Parameter Specification 

Gap (mm) 4.5 

Frequency (kHz) 23.5 

Power (Watt) 100 

Gas flow (ml/min) 50 of 192 

Material type Non-packed reactor versus SiO2, α-Al2O3, γ-

Al2O3, ZrO2 and BaTiO3 

Diameter beads (mm) a 1.25 – 1.4; 1.6 – 1.8; 2.0 – 2.24 

Gas composition CO2/CH4 = 1 

a: The γ-Al2O3 beads were only tested for a diameter of 2.0-2.24 mm. 

4.2 RESULTS AND DISCUSSION 

4.2.1 CO2 conversion in DRM and comparison with CO2 splitting 

The influence of four different packing materials (SiO2, ZrO2, α-Al2O3 and BaTiO3) and 

three different bead sizes (1.25-1.4, 1.6-1.8 and 2.0-2.24 mm diameter) on the CO2, CH4 

and total conversion is displayed in Figure 29, Figure 30 and Figure 31, respectively and 

summarised in Figure 33. Figure 29 shows the CO2 conversion in DRM, compared to the 

conversion that we obtained before for pure CO2 splitting (see Chapter 3), evidencing 

a clear impact of the presence of CH4. Figure 33 shows all data on conversion (CO2-, 

CH4-, and total conversion) combined in one graph, for comparison. 

The CO2 conversion in DRM shows that, when comparing the packed bed reactor to the 

non-packed reactor, only the largest α-Al2O3 beads achieve a higher CO2 conversion 
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than the non-packed reactor at the same flow rate. This indicates that only in this case, 

the positive influence of the packing compensates for the volume loss (and thus lower 

residence time) caused by introducing the packing. SiO2, ZrO2, α-Al2O3 (with the smaller 

bead sizes) and γ-Al2O3 (see Figure 34 below) do not reach this CO2 conversion, but still 

surmount the CO2 conversion for the non-packed reactor at the same residence time. 

In the case of BaTiO3, a negative effect of the packing is observed, even at the same 

residence time. Furthermore, a clear impact of the size of the packing materials can be 

observed, although the effect itself depends on the type of material. The order in which 

the materials perform is BaTiO3 < ZrO2 < SiO2 < α-Al2O3, although SiO2 only performs 

better than ZrO2 for the largest bead size. When looking at the effect of bead size, only 

SiO2 and α-Al2O3 show a significantly increased conversion for the largest bead size in 

comparison to the other bead sizes. In case of BaTiO3 and ZrO2, no significant impact of 

the bead size can be seen. 

Interesting differences can be observed when comparing the CO2 conversion in DRM 

with pure CO2 splitting obtained in our previous experiments (see Chapter 3). It is 

important to clarify that the total flow rate (and thus the residence time) is kept 

constant for CO2 splitting and DRM, but with DRM, the concentration of CO2 is halved, 

as it has been ‘diluted’ with 50 % CH4. Diluting with another gas can influence the 

conversion, even when the diluting gas does not actively participate in the reactions 

[98]. Indeed, we have previously shown that the absolute conversion increases (from 

5 % to 41 %) with a decreasing percentage (from 100 to 5 % in argon) of CO2 [98]. In a 

50/50 CO2/Ar mixture, the rise in conversion of CO2 is around a factor 1.6, compared to 

pure CO2 splitting. Note, however, that the effective CO2 conversion drops upon 

dilution with argon, because there is less CO2 in the mixture. Our experiments clearly 

reveal that the absolute CO2 conversion is also higher for DRM than for CO2 splitting, 

with the exception of BaTiO3 and 2.0-2.24 mm ZrO2 packing. Indeed, in the non-packed 

reactor at 50 ml/min and 192 ml/min (straight lines in Figure 29) the conversion is (on 

average) a factor 1.8 and 1.5 higher in case of DRM, indicating that CH 4 aids the 

conversion of CO2. This is confirmed by computer simulations for DRM in a non-packed 
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DBD reactor, where the CO2 conversion was largely determined by collision with CH2 

radicals [47], originating from CH4 dissociation.  

 

For DRM in the packed reactor, the CO2 conversion is always higher when using SiO2 

and α-Al2O3 packing materials than for pure CO2 splitting. However, the enhancement 

of the CO2 conversion due to CH4 depends on the size of the spherical packing material 

and is more significant for α-Al2O3 than for SiO2, except for the bead size of 1.6-1.8mm. 

For ZrO2, a complex and striking behaviour depending on the bead size is observed: the 

conversion drops for DRM for the 2.0-2.4 mm bead size, while it is enhanced (even by 

a factor 3.3) for the 1.6-1.8 mm beads and to a lesser extent also for the 1.25-1.4 mm 

beads. Finally, CH4 has a clearly negative effect in case of the 2.0-2.24 mm beads of 

BaTiO3, while the conversion is (more or less) equal for CO2 splitting and DRM for the 

other BaTiO3 bead sizes. Last but not least, although BaTiO3 in general performs best 

for CO2 splitting, compared to the other packing materials, it yields the worst results 

for DRM.  
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Figure 29: CO2 conversion for different bead sizes and materials, compared to the results for the non-packed 
reactor, at the same flow rate (50 ml/min) and at the same residence time (5.52 s; flow rate of 192 ml/min) 
for both DRM and pure CO2 splitting. The bars with pattern fill show the results for DRM, whereas the full 
bars show the results for CO2 splitting (see Chapter 3). 

4.2.2 CH4 and total conversion 

The first observation to be made from Figure 30 is that the CH4 conversion is always 

higher than the CO2 conversion, which is logical, since the dissociation energy of a C-H 

bond in CH4 is 412 kJ/mol, while it is 743 kJ/mol for a C=O bond in CO2 [143].  

In comparison to the non-packed reactor again, it can be seen that in contrast to the 

CO2 conversion, none of the packing materials allow a better conversion at the same 

flow rate. However, with the exception of BaTiO3, all materials do perform better than 

the non-packed reactor at the same residence time. BaTiO3 again performs worse than 

the non-packed reactor, even at the same residence time. The same trend is seen for 

the total conversion (Figure 31).  

When comparing the results for the different bead sizes and materials, we can make 

the following observations: similar to the CO2 conversion, BaTiO3 performs worst, and 
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α-Al2O3 performs best, for the four materials tested. Although the bead size had little 

impact on CO2 conversion in case of ZrO2, increasing the ZrO2 bead size has a positive 

effect on the CH4 conversion. On the other hand, the upward trend in conversion of 

CO2 with increasing bead size of SiO2 is much less pronounced for CH4 conversion,  

showing even a slight drop for the largest SiO2 bead size. Finally, for α-Al2O3 as well the 

dependence of bead size is somewhat different for CH4 and CO2 conversion. In Table 

17, we list the CH4/CO2 conversion ratios for all packing materials and sizes.  

 

 

Figure 30: CH4 conversion for different bead sizes and materials, compared to the results for the non-packed 
reactor, at the same flow rate (50 ml/min) and at the same residence time (5.52 s; flow rate of 192 ml/min). 

To interpret the above results, we compare to modelling results obtained by Snoeckx 

et al. [47], keeping in mind the differences between their work and this work (70 W and 

35 kHz in a non-packed reactor versus 62 W and 23.5 kHz in both non-packed and 

packed bed reactors, respectively). The conversion of both CO2 and CH4 as a function 

of residence time, as predicted by the model, is plotted in Figure 32. In our work, the 

residence time is kept constant at 5.52 s, for which the model predicts a CO2 and CH4 
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conversion of 4.6 and 9.2 %, respectively. We obtained 8.1 % and 15.8 % conversion for 

CO2 and CH4, respectively, in the non-packed reactor, while the packed bed reactor 

(with 2.0-2.24 mm α-Al2O3) can reach 22.5 % (CO2) and 32.8 % (CH4) conversion. 

Table 17: Ratio of CH4 conversion over CO2 conversion, and of the CO over H2 product fraction, for the 

different bead sizes and materials, as well as for the non-packed reactor . 

  CH4 conversion/CO2  

conversion 

CO/H2 

1.25-1.4 mm ZrO2 1.7 5.5 

SiO2 1.7 4.8 

α-Al2O3 1.5 9.5 

BaTiO3 1.6 6.0 

1.6-1.8 mm ZrO2 1.8 5.9 

SiO2 1.9 4.7 

α-Al2O3 1.8 8.8 

BaTiO3 1.9 6.3 

2.0-2.24 mm ZrO2 2.2 6.4 

SiO2 1.2 5.3 

α-Al2O3 1.5 9.0 

BaTiO3 2.0 6.9 

γ-Al2O3 2.3 8.3 

Non-packed 

reactor 

50 ml/min 1.9 7.9 

192 ml/min 2.0 7.2 

 

Note that our obtained values in the non-packed reactor are almost a factor two higher 

than the calculated values, but it is not possible to make an exact comparison, due to 

the different conditions (cf. above) and geometry. Moreover, the exact calculated 

values are subject to uncertainties, due to uncertainties in the reaction rate coefficients 

[144,145]. Hence, they should be interpreted merely based on trends. It is clear, 
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however, that the packed bed reactor can improve the conversion of both CO2 and CH4 

with more than a factor two at the same residence time. 

Moreover, the data clearly exhibits that the CH4 conversion is always higher than the 

CO2 conversion, both in the model and in the experiments (both for non-packed and 

packed reactor). In addition, the model predicts that the CH4 conversion is typically 

twice as high as the CO2 conversion, in good agreement with our results for the non-

packed reactor, while the packed bed reactors reveal a ratio of CH4/CO2 conversion 

varying between 1.5 and 2.2, with the exception of the largest SiO2 beads, where the 

ratio is only 1.2 (see Table 17), indicating a vast impact of the packing materials on the 

conversion process.  

 

Figure 31: Total conversion for different bead sizes and materials, compared to the results for the non-
packed reactor, at the same flow rate (50 ml/min) and at the same residence time (5.52 s; flow rate of 192 
ml/min). 

The underlying reasons for these differences in conversion are difficult to link to specific 

material properties, as the materials diverge in many properties, and there is no direct 

(linear) correlation in the trends in properties that coincide with the trends in 



 

104 

 

conversions (see material characteristics in the appendix, section 9.3). Hence, more 

research will be needed, using materials that are modified, in a controlled way, in 

specific material properties that are expected to play a key role.  

 

Figure 32: Calculated CH4 and CO2 conversion as a function of residence time in a non-packed DBD reactor, 

adopted from modelling. Adopted with permission from ref. [47]. Copyright 2018 American Chemical 

Society.  
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Figure 33: CO2, CH4 and total conversion for different bead sizes and materials, compared to the results for 

the non-packed reactor, at the same flow rate (50 ml/min) and at the same residence time (5 .52 s; flow 

rate of 192 ml/min). 

 

4.2.3 Comparison studies α/γ-Al2O3 

To obtain more insight in the effect of material parameters, we made a comparison 

between α-Al2O3 and γ-Al2O3 beads of 2.0-2.24 mm. The CO2, CH4 and total conversion 

are depicted in Figure 34.  

The CO2 conversion appears a factor 1.7 higher for the α-Al2O3 beads than for the γ-

Al2O3 beads (i.e. 22.5 % vs 13.4 %), while the CH4 conversion is only a factor 1.05 higher 

(i.e. 32.8 % vs 31.2 %). The total conversion is a factor 1.24 higher for α-Al2O3 (i.e. 27.7 % 

vs 22.3 %). These results show a clear impact of the bead material properties and/or 

surface area on conversion, possibly due to a higher BET-surface, a difference in 

crystallinity, acidity, higher porosity and/or total open pore volume of the γ-Al2O3, as 

shown in Table 6. 

Possibly, the larger surface area, higher porosity and larger pore sizes of γ-Al2O3 result 

in a higher adsorption of molecules on the surface, causing differences in conversion 
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due to quenching of specific species from the plasma, changing residence times, etc. 

that can influence forward and back reactions in different ways. Moreover, differences 

in surface characteristics, such as the surface acidity, can also influence the conversion 

[146]. However, to understand which of these, or even other, material aspects are the 

underlying reasons for this effect, more systematic materials studies (e.g. differing in 

specific properties within one metal oxide material) and detailed (operando) surface 

experiments would be needed, which are outside the scope of this thesis. 

In conclusion, these differences show the importance of indicating as much as possible, 

the material properties of the applied packing materials, something that is not 

systematically done in the majority of the plasma catalysis papers. 

 

 

Figure 34: Comparison of the CO2, CH4 and total conversion between γ-Al2O3 and α-Al2O3 (2.0-2.24 mm 
beads). 

 

The electrical characterisation is shown in Table 18, but do not reveal underlying trends 

that explain the differences in obtained conversions and/or product fractions.  It is again 

important to note that differences in the average charge per filament can be induced 

by the reactor configuration; the fact that a low charge and many pulses gives the same 

result as a high charge and few pulses; the fact that a non-packed reactor often gives 
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few strong pulses while a packed reactor gives many weak pulses. Moreover, it is 

impossible to determine the difference between a streamer between the electrode and 

the dielectric barrier, between the electrode and a bead, between 2 beads, between a 

bead and the dielectric barrier, in the current profile. Therefore,  it is also impossible to 

determine the difference between surface discharges versus local filamentary 

discharges. 

Table 18: Electrical characterisation for Figure 33 and Figure 34. 

Conditions  

Plasm

a 

Power 

(W) 

Ubur 

(kV) 

Upp 

(kV) 

Average 

charge per 

filament 

(nF) 

Number of 

discharges  

IRMS 

(mA) 

Non-

packed 

reactor 

50 ml/min 62.86 3.861 15.09 16834 20.05 28.11 

192 ml/min 
62.33 4.168 15.08 14243 24.93 27.68 

SiO2 

1.25 - 1.4 mm 61.87 2.690 13.19 21534 85.97 36.03 

1.6 - 1.8 mm 62.38 2.797 12.56 5020 92.10 36.26 

2.0 - 2.24 mm 65.16 2.945 12.46 4331 114.67 36.14 

ZrO2 

1.25 - 1.4 mm 61.87 2.690 13.19 5397 85.97 36.03 

1.6 - 1.8 mm 63.53 2.344 12.64 4618 128.65 45.18 

2.0 - 2.24 mm 62.95 2.498 12.04 3610 155.46 43.05 

α-Al2O3 

1.25 - 1.4 mm 55.22 2.787 17.16 3214 131.31 35.28 

1.6 - 1.8 mm 59.87 2.772 16.81 4182 112.25 37.15 

2.0 - 2.24 mm 59.18 3.076 16.75 2918 131.27 34.16 

 

γ-Al2O3 

-       

-       

2.0 - 2.24 mm 59.99 2.861 14.35 3469 146.58 36.98 

 

BaTiO3 

1.25 - 1.4 mm 63.96 2.077 11.54 5365 132.67 50.77 

1.6 - 1.8 mm 65.28 2.187 11.58 5300 135.91 49.95 

2.0 - 2.24 mm 66.94 2.240 11.27 5240 131.00 49.98 
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4.2.4 Carbon, hydrogen and oxygen balances 

Figure 35: Carbon, hydrogen and oxygen balance for different bead sizes and materials, as well as the non-
packed reactor. 

 

To determine whether all products have been identified by the GC, we present the mass 

balances for carbon, hydrogen and oxygen in Figure 35 (more detailed data can be 

found in the appendix: Figure 78-Figure 86). Important to note here is that part of the 

deficit is possibly caused by the gas expansion, as explained above (see Chapter 2: 

Materials and Methods). As can be seen, the carbon, hydrogen and oxygen balances 

seldom reach 100 %. The largest deficit (between 20 and 30 % loss of product) is in the 

hydrogen balance of the non-packed reactor at 50 ml/min, as well as for the BaTiO3 

beads of 1.6-1.8 mm, the α-Al2O3 beads of 1.2-1.4 mm and the ZrO2 beads of 2.0-2.4 

mm. In all other cases, less than 20 % of product remains unaccounted for. Moreover, 

the oxygen and carbon balances reach much higher values: close to 90 % (and even up 

to 95 %) and thus less than a 10 % loss. This therefore suggests that mainly products 

with more than one hydrogen atom are not taken into account in the converted 
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products. We presume that mostly the formation of H2O and the sum of less abundant 

(oxygenated) hydrocarbons, that were not calibrated on the GC, lie at the basis of these 

incomplete balances. Indeed, the deficit in the hydrogen balance is for the majority of 

the experiments double the deficit in the oxygen balance, suggesting the formation of 

H2O. An example of a chromatogram, showing the number (and type) of products that 

have not been calibrated and accounted for in the mass balances, was shown in Figure 

18 in Chapter 2. In addition, also coke deposition could be at the basis of carbon losses. 

When looking at the Raman measurements (see Appendix: Figure 64 - Figure 71), it is 

clear that SiO2 and to a limited extent also α-Al2O3 and ZrO2 suffer from coking at the 

bead’s surface, unlike the γ-Al2O3 and BaTiO3 beads. To visually show the amount of 

cokes deposited on the beads, photos are added in Figure 72 in the Appendix.  

More detailed carbon, hydrogen and oxygen balances (with the contribution of the 

different components identified and calibrated by the GC) are shown in section 9.4 of 

the Appendix. They allow a clear view on all identified products in the treated gas 

stream, as well as their relative contribution to the total converted products. From 

these balances, clear differences in product fractions also become apparent when 

comparing different packing materials. These are discussed in more detail in the 

following part.  
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4.2.5 Product fractions 

 

Figure 36: Product fractions for different bead sizes and materials, as well as for the non-packed reactor. 

 

As explained in Chapter 2 (Materials and Methods), the calculation of selectivities and 

balances induces an uncertainty, caused by the gas expansion. Therefore, we calculated 

the product fractions in this work (see equation 4), as these values only show the 

relative contribution of each product in the total identified product mixture, which is 

not subject to the gas expansion. The product fractions are plotted in Figure 36, to 

provide a general overview, and are also listed in Table 19, to better compare the 

trends, based on quantitative data.  

Before going into more detail concerning differences for the different packing materials, 

we can make a general observation for the non-packed reactor. Indeed, it seems that 

the product fraction is to some extent determined by the flow rate, although the ratio 

of CH4 over CO2 conversion is very similar (see Table 17). Mainly the formation of CO, 

ethane, ethyne, DME and formaldehyde seem to be affected by this. This can be 

attributed to different formation rates of different products, as explained in the 

Discussion section below, because the different flow rate yields a different residence 

time.  
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Table 19 and Figure 36 clearly show that CO is always the largest fraction, for all packing 

materials and for the non-packed reactors. Moreover, by altering the flow rate (non-

packed reactor) or packing materials, the relative amount of CO versus higher 

hydrocarbons or oxygenates can be altered. Indeed, the CO product fraction can vary 

from about 53 % up to 72 %. Therefore, we list in Table 17 also the obtained CO/H2 

ratio for the different bead sizes and materials. This value ranges from 4.7 to above 9, 

which is quite striking, because the ratio of CH4 over CO2 conversion is always between 

roughly 1 and 2. It indicates that the majority of C (especially of CO2) is converted into 

CO, while the H (originating from CH4) preferentially takes part in the formation of 

many products, not only for H2, but also for higher hydrocarbons.  

Furthermore, it is clear from Table 19 and Figure 36 that the type of packing material 

has a vast impact on the product fractions. Moreover, in case of BaTiO3 and SiO2, also 

the bead size seems to have a clear impact, while this is much less visible for ZrO2 and 

α-Al2O3. For example, when high fractions of ethyne are envisioned, the smallest size 

of the SiO2 beads seems to be the best choice. The α- or γ-Al2O3 packing seems to 

produce the highest CO/H2 ratios (see also Table 17), while at the same time producing 

substantially less dehydrogenated hydrocarbons (ethene and ethyne).  

When comparing the different types of Al2O3 supports (non-porous α- and porous γ-

Al2O3), we do not only see differences in conversion (cf. Figure 34 and Table 17), causing 

a large discrepancy in CH4/CO2 conversion ratio (i.e. 1.5 vs 2.3, respectively), but also 

interesting changes in the product fractions. Indeed, although the CO fraction is similar, 

a larger fraction of ethane and ethanol is obtained for the γ-Al2O3 packing, while the 

fractions of ethyne and propane are lower, and formaldehyde, DME and methanol do 

not even reach the detection limits.  

Furthermore, the BaTiO3 packing with smallest bead size is the only material able to 

produce a substantial fraction of formaldehyde and produces overall relatively more 

oxygenated products, including higher amounts of DME, compared to the other 

materials. 
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When looking more closely at the results, four different trends can be observed when 

taking into account the four largest component fractions (excluding CO, which is always 

the largest fraction):  

• For the non-packed reactor at 50 ml/min and all α-Al2O3 beads, the order is: 

ethane > H2 > propane > ethyne; 

• For the non-packed reactor at 192 ml/min, the order is: ethane > H2 > ethyne > 

propane > ethene; 

• For the smallest ZrO2 and BaTiO3 beads and all SiO2 beads, the order is: ethyne 

 ethane > H2 > propane (formaldehyde in case of BaTiO3); 

• For the two largest BaTiO3 beads and the intermediate ZrO2 beads, the order 

is: ethane > ethyne  H2 > propane > ethene. 

The oxygenated fractions as well, which are much smaller, show clear differences 

depending on the packing material and size, as detailed in Table 19. 
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4.2.6 Discussion 

The results of the non-packed reactor show an interesting way of tuning product 

fractions. By reducing the residence time (higher flow rate), the ratio of CO2/CH4 

conversion is similar, but the fraction of the products can be altered. Indeed, shorter 

residence times seem to produce less CO and more oxygenates, hinting towards a 

kinetic effect that will determine the product fractions. Indeed, model calculations 

predict that the rates of formation of different products are different [147]: some 

products rise quickly, while others rise more slowly as a function of time, or go over a 

maximum, because they are converted into another product. Hence, depending on the 

residence time (and thus flow rate), the product fractions can be altered.  

Not only the residence time in the plasma/reactor has an influence on the conversion 

and product fractions, but also the residence time of species in contact with the surface 

of the packing materials. Indeed, according to the Sabatier principle, the residence time 

and binding energy between the adsorbing molecule and the surface should be 

long/strong enough for conversion to take place, while the residence time and binding 

energy between the products and the surface should be short/weak, so that the 

product can easily desorb. However, in case of plasma-assisted conversion, also many 

other underlying mechanisms, both physical and chemical, that take place 

simultaneously, can influence the reactions (both partial chemical equilibrium and 

kinetics) and thus conversion and product distribution.  

Indeed, based on the results, packing materials as well clearly influence the plasma 

chemistry, as can be deduced from the different CO2/CH4 conversion ratios and product 

fractions. The difference in the CO2/CH4 conversion ratio can be caused by many factors, 

such as differences in discharge type, the number and transferred energy of the 

streamers, the streamer propagation, electric field enhancement, electron 

temperature difference, surface adsorption effects, etc. No clear correlation can be 

made to the material properties (Appendix: section 9.1 and Table 6). Indeed, all these 
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differences influence the CO2 and CH4 conversion, and thus the resulting products 

formed, due to differences in gain and loss reactions. In the previous chapter on pure 

CO2 splitting, we could correlate the impact of bead size and material to differences in 

number of contact points, size of void spaces and to some extent the dielectric constant 

of the material, but it could not explain all data, so other underlying mechanisms must 

be present as well. Even though we expect differences induced by changes in the 

discharge mode and discharge properties, due to the differences in e.g. dielectric 

constants of the packing materials, the data extracted from the electrical 

characterisation display no straightforward correlation to the observed differences in 

CO2/CH4 conversion. Nevertheless, not all differences in discharge behaviour can be 

measured. For example, modelling has revealed important differences in streamer 

propagation and/or streamer versus surface discharge behaviour, positive restrikes and 

local discharges for packed bed reactors, depending on the dielectric constant of the 

packing material [148]. Moreover, the same modelling study showed that the impact 

of the discharge mode will be different for different chemical species, and thus its 

impact on CO2 and CH4 conversion, as well as on the intermediate species and products, 

might vary, resulting in the observed differences in CO2/CH4 conversion and product 

distribution. This complex interplay induced by the packing is too complex to postulate 

the underlying mechanisms for the observed differences in the data [148] and requires 

much more extended research, focused on materials with systematically altered 

properties, as well as extensive modelling.  

Furthermore, some packing materials, such as Al2O3, behave superior to the others, 

both in case of CO2 and CH4 conversion, indicating that the observed results are not 

only related to the dielectric constant and its effects on the electrical properties of the 

plasma. Indeed, otherwise BaTiO3 (which has the highest dielectric constant) would 

provide the best results, which is clearly not the case. Moreover, if the results would 

only be correlated to the dielectric constant of the material, α- and γ- Al2O3, both having 

the same dielectric constant, would yield the same conversion. This indicates that other 
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effects, such as the surface area and/or the surface acidity, may lie at the base of this 

difference. Nevertheless, the fact that BaTiO3 performs worse than the other materials 

can also be correlated to some extent to the electrical properties, because Wang et al. 

predicted by modelling that materials with higher dielectric constant constrain the 

discharge to the contact points of the packing materials. They suggested that this can 

limit surface activation due to a lower surface area in contact with the discharge [148]. 

On the other hand, materials with a higher dielectric constant result in a higher electric 

field enhancement, which will also be beneficial for CO2 and CH4 conversion [57,139]. 

Hence, these are opposite effects, and this could explain why Al2O3 is a superior 

material, having an “intermediate” dielectric constant of 9, while BaTiO3 (with a 

dielectric constant of ~4000 [111]) is performing worse. It should be noted that BaTiO3 

gave the best results in pure CO2 splitting, indicating that the effect of electric field 

enhancement was in that case more important than the effect of the surface discharges. 

The role of surface discharge behaviour on CH4 conversion (and vice versa) thus seems 

important, although this is only a hypothesis.  

Other literature reports also support this careful hypothesis, suggesting a difference in 

behaviour of CH4 and CO2 conversion. Indeed, Snoeckx et al. predicted by modelling  

that CO2 is not only converted during the microdischarge filaments in a DBD reactor, 

but is also able to react further in the afterglow (both in between filaments as well as 

post-plasma), whereas CH4 is mainly converted during the filaments and is being 

formed again (by recombination of reaction products) in the afterglow [47]. 

Nevertheless, the effect of different packing materials and sizes on the CH 4/CO2 

conversion ratios might be more complicated, as a result of several other mechanisms 

as well, so it is not possible to explain all differences in detail. Thus, due to the complex 

and intertwined nature of the chemistry and physical effects at play, extensive 

modelling would be needed to confirm or reject this first hypothesis as part of the 

possible underlying mechanisms. 
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In addition to the above possible mechanisms, also other interesting hypotheses can 

be made, based on the surprising result of the difference in performance of BaTiO3 in 

DRM versus pure CO2 splitting.  

Based on the results of pure CO2 splitting, it is possible that BaTiO3 strongly promotes 

the equilibrium of CO2 splitting towards CO and O. In combination with a high CH4 

conversion (CH4/CO2 conversion ratio of 2), which results in a high fraction of H atoms, 

the O atoms might recombine with H atoms into OH. The latter can further react 

towards oxygenated components (explaining the higher fractions of oxygenates in the 

presence of BaTiO3), as well as towards H2O (and possibly HO2 and H2O2). The trapping 

of O atoms into OH radicals and H2O, when small amounts of CH4 are added to CO2 

streams, has been predicted by modelling [149]. In the latter paper, it was described as 

a positive effect, because it allowed easier separation of the produced gas mixture, but 

the study was only applied for a few % of CH4 addition to CO2. Due to the high 

performance of BaTiO3 towards CO2 splitting, as demonstrated in our previous work 

(see Chapter 3), a much higher concentration of OH radicals might be present here, 

engaging in other (more negative) reactions, lowering the conversion. Indeed, recent 

modelling studies of CH4/O2 mixtures have indicated a preferential formation of H2O 

from OH radicals [147]. These H2O molecules will promote the back reaction of CO into 

CO2, as suggested based on CO2/H2O models [150]. This can explain the lower CO2 

conversion in DRM for a BaTiO3 packing, compared to pure CO2 splitting. We cannot 

measure H2O with our GC, but the deficits in the oxygen and hydrogen balance (see 

Figure 35) suggest that indeed a large amount of H2O might be formed. However, more 

research is needed to verify the above hypotheses. Note that the high amounts of OH 

radicals can not only cause back reactions of CO into CO2, but can also explain the higher 

oxygenate content in case of the BaTiO3 packing compared to the other materials. It is 

thus advised, when aiming for a suitable catalyst for plasma-based DRM, to search for 

a material that benefits the reaction of OH towards CHO (limiting water formation) or 

further towards CH3O2 instead of towards H2O, therefore quenching the OH radicals in 
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preferred products rather and in water. Alternatively, a packing material that promotes 

water splitting could be beneficial. Finally, to limit the formation of H2O, a packing 

material that can function as an oxygen-scavenger at the mild temperatures of a DBD 

might be useful, although this would require a cyclic process of oxidation and reduction. 

The different reaction pathways mentioned in this reasoning, and adopted from 

modelling, are shown in the Appendix, section 9.5 (Figure 89-Figure 91). 

Nevertheless, the above reasoning is only a first hypothesis, as other materials 

exhibiting a lower CO2 conversion in case of DRM versus pure CO2 splitting (i.e. ZrO2 

with bead size of 2.0-2.24 mm) do not result in a higher fraction of oxygenated products. 

This might be due to a difference in kinetics between the back reaction of H2O with CO2 

versus oxygenate formation. However, much more experimental and modelling work 

is needed to substantiate this hypothesis. 

 

Finally, the CH4 conversion is always higher than the CO2 conversion, due to the lower 

C-H bond dissociation energy compared to C=O bond dissociation energy, for all 

packing materials and bead sizes. However, the CH4/CO2 conversion ratio varies from 

1.2 to 2.3 (see Table 17), so the difference is more pronounced for some materials than 

for others. This suggests that for those packing materials with a lower CH 4/CO2 

conversion ratio (e.g. 1.25-1.4 mm α-Al2O3 and BaTiO3, and 2.0-2.24 mm SiO2 and α-

Al2O3; see Table 17), the situation is more complicated, e.g. a back reaction or an impact 

on the kinetics of CH4 conversion or CO2 conversion is taking place. 
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4.3 CONCLUSION 

The aim of this chapter was to study the influence of different packing materials on the 

conversion and product fractions formed in DRM in a packed bed DBD reactor, and to 

compare this to our previous work on CO2 splitting (cf. the previous chapter).  

For this purpose, five different packing materials in three different sizes, that were not 

explicitly activated with catalytically active elements but could be catalytic in nature, 

were compared. The following conclusions can be drawn:  

The highest CO2, CH4 and total conversion obtained in the packed bed reactor was 

22.5 %, 32.8 % and 27.7 %, respectively, for α-Al2O3 beads with a diameter of 2.0-2.24 

mm. In the non-packed reactor at equal flow rate, the CH4 and total conversion yielded 

even higher values of 37.3 and 28.5 %, respectively, due to the longer residence time. 

Analysis of the packing materials before and after plasma confirmed that most of the 

packing materials have a high resistance to coking, although SiO2 showed clear D and G 

bands. 

It was clearly evidenced that the type and size of packing materials cannot only 

influence the overall conversion, but also the CH4/CO2 conversion ratio and the product 

fractions, even without being activated with catalytic elements. This emphasises the 

importance of studying all essential aspects of a catalyst in case of plasma catalysis, 

including the non-catalytically activated support material.  

Depending on the packing material applied, very high CO/H2 ratios can be obtained, 

hinting to mechanisms where the H atoms (originating from CH4) are mainly involved 

in the formation of hydrocarbons or oxygenated products, rather than into H2.  

By studying two types of Al2O3 (α and γ), with the same dielectric constant, we can 

conclude that apart from differences in electrical characteristics and discharge 

behaviour, other materials’ chemistry or structural (e.g. porosity) related features have 

a vast impact on product formation, leading to a very different product distribution, in 

case of α-Al2O3 versus γ-Al2O3. It has to be noted that γ-Al2O3 results in the highest 
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product selectivity (higher than α-Al2O3), with no detectable fractions of oxygenated 

products, except for a 10-fold higher ethanol formation (fraction of 3 %), in 

combination with a high CO content (~70 %), the latter being similar to α-Al2O3. 

Another interesting observation was the discrepancy between the high CO2 conversion 

of BaTiO3 for CO2 splitting, in contrast to the low CO2 conversion in case of DRM. A 

possible explanation for this was put forward, based on models that hint towards the 

recombination of O and H atoms into OH, and possibly enhanced back reactions. 

However, further studies, including both extensive modelling and plasma catalysis with 

materials with systematically altered properties, are required to confirm the 

complicated interplay of the different mechanisms.  

In general, we can conclude that, even without a catalytic activation, the packing 

material already has a vast effect on the conversions and product fractions. This 

indicates the importance of studying all materials aspects in case of plasma catalysis, 

including the non-activated packing materials. Furthermore, it shows that more 

research is needed, which has to combine extensive modelling with material research, 

to unravel the mechanisms at play. Finally, it exemplifies the tremendous future 

opportunities to create catalysts with true synergy in packing material and active 

element that can significantly impact both conversion and selective production of 

chemicals, allowing to steer DRM to different types of products, ranging from 

oxygenates to higher hydrocarbons in a one-step process, making plasma-catalytic 

DRM competitive with thermal DRM in the future. 
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5 STUDY OF DRY REFORMING: THE PECULIAR CASE OF 

BATIO3 PACKING MATERIAL  
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5.1 STATE OF THE ART 

In the previous chapters, we gave a detailed overview of recent developments [151], 

indicating that still a number of aspects of DRM in a packed bed DBD need to be 

uncovered. For example, when implementing a packing material in the plasma, even 

without further catalytic activation, there is already a vast impact on the conversion 

and selectivity [53,74,80]. Nevertheless, researchers do not always compare with non-

activated packing materials when implementing a catalytically activated packing 

material in a DBD reactor, missing some important insights [64–67,70–72,78,79]. 

Hence, we believe there is a clear need for more detailed studies of the effect of the 

packing material itself in a DBD, prior to further activation.  

In addition, literature on plasma-based DRM reports either an increase in conversion 

[64–71], a decrease in conversion [71–73], or an effect on only one of the two reacting 

gases [70,74–76] when adding a packing material to the DBD reactor.  

A possible reason for the discrepancy in literature results was hinted in our previous 

work [80,142], where we observed a large effect of the reactor setup and reactor/bead 

size combination on the conversion of pure CO2. This showed that comparing 

conclusions made with different setups, is extremely difficult. Nevertheless, it does not 

explain the exceptional behaviour of BaTiO3 in the CO2 splitting reaction versus the 

DRM reaction, which was performed in the same set-up (reported in Chapter 4). 

Indeed, BaTiO3 was the best performing packing material in the splitting of CO2 into CO 

and O2, while its performance was unexpectedly lowest among the evaluated packing 

materials when a 50/50 ratio CO2/CH4 was used [151]. Therefore, to better understand 

the impact of the plasma and the BaTiO3 packing material on the conversion of both 

CO2 and CH4, we compare here DRM with experiments carried out for the feed gases 

(CO2 and CH4), for different reactor/bead size combinations, for the specific case of 

BaTiO3. 

These different reactor gap sizes affect the reactor volume, and therefore the residence 

time at constant flow rate. As both flow rate and residence time affect the conversion, 
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we will carry out all experiments (for the different bead sizes) both at equal flow rate 

and at equal residence time.  

This way, we hope to reveal important insights, necessary to improve the synergy in 

plasma catalysis, by a better understanding of the mutual effect between a BaTiO3 

packing and plasma. 

5.2 EXPERIMENTAL SETUP 

Table 20: Operating conditions and materials used in this work. 

Parameter Specification 

Gap (mm) 4.5; 3.5; 2.5; 2 

Frequency (kHz) 23.5 

Applied power on the power supply (Watt) 100 

Type of material BaTiO3 

Diameter beads (range; mm) 1.18 – 1.25; 1.25 – 1.4; 1.4 – 1.6; 

1.6 – 1.8; 2.0 – 2.24 

CO2/CH4 ratio 1/1 

Temperature Ambient (no external heating) 

Pressure 1 atm. for blanc measurements 

± 1.2 atm. for plasma 

measurements 

 

We used BaTiO3 as the spherical packing material, because it gave strikingly different 

results in our previous work for DRM vs CO2 splitting. Indeed, out of four different 

packing materials, it performed best in CO2 splitting (see Chapter 3), while it performed 

worst for DRM at the same conditions (see Chapter 4). The reactor setup is the same 

as described in Chapter 2 and the reaction conditions tested in this Chapter are listed 

in Table 20. All calculations done are also described in Chapter 2. 

The resulting electrical data are shown in Table 22 and Table 23. Next to the influence 

of the four different gap sizes (4.5, 3.5, 2.5 or 2 mm) and five bead size ranges (Table 

20), also the influence of the flow rate (residence time) of the gases on the conversion 

and product fractions for DRM and for the individual components has been evaluated. 
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Since the residence time changes for different gap and bead sizes at constant flow rate, 

and it influences the conversion (a longer residence time results in a higher conversion),  

experiments were performed at a constant residence time (5.5 seconds), hence varying 

the flow rate. However, for industrial purposes, the flow rate is important, and 

therefore, we also study the performance at a constant flow rate of 50 ml/min, hence 

resulting in different residence times.  

A summary of the performed experiments is shown in Table 21. When varying the gap 

size, we also vary the bead size, so that the ratio of bead size/gap size remains constant 

(first three and last three rows in the table; set 1a and 1b). When keeping the ratio 

between the bead and gap size constant, the number of contact points between the 

beads stays constant. Since these contact points have a large effect on the electric field 

[53], experiments where this factor is kept constant while others are varied, can 

provide valuable insights.  

In addition, we also vary the bead size at constant gap size (middle three rows in Table 

21; set 3). In this case, the residence time, and thus also the specific energy input, is the 

same at constant flow rate. Lastly, we varied the gap size at constant bead size (set 2).  

Upon altering the bead size and gap size, differences are induced in the void space 

between 2 beads, the total number of beads in the reactor and the total surface area 

of the packing. These variations are summarised in the last 3 columns of Table 21.  
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5.3 RESULTS AND DISCUSSION 

5.3.1 Conversion for DRM in comparison with the conversion of the individual 

components, at equal flow rate 

 

 

Figure 37: CO2 and CH4 conversion in DRM in comparison with the pure component conversions, as a 

function of different bead size ranges and gap sizes, at 50 ml/min and constant SEI  (experiment set 1a, 2 

and 3).  

 

In Figure 37, we plot the CO2 and CH4 conversions in DRM, for different bead size ranges 

and gap sizes (two middle bars in each case). Furthermore, also the conversion of pure 

CO2 and CH4 are plotted (right and left of the DRM results). For completeness, the 

carbon-, hydrogen- and oxygen balance are added in the Appendix (section 9.4, Figure 

87). These balances show a strong dependence of the reactor configuration and 

residence time.

For all DRM experiments the CO2 conversion is lower than the CH4 conversion. However, 

when comparing with the pure gas conversions, an unexpected higher CO2 (factor of 3 

or more) conversion than CH4 conversion is observed in each of the gap/bead 
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conditions, even though a lower energy is required to split a C-H bond. Moreover, an 

interesting observation is that the ratio of CO2/CH4 conversion is not the same for all 

conditions, even though the CO2/CH4 ratio in the feed is constant. This means that the 

energy transfer to both gases (or between the gases and species present) is not the 

same for all applied bead and gap size ranges and combinations. This can be caused by 

(a combination of) many underlying differences: e.g. residence time, surface area, 

electric field changes, void space sizes, number of contact points between the beads,  

differences in discharge behaviour, etc.. Moreover, when comparing the conversion in 

different gap sizes with the results of the constant gap size (4.5 mm) in the case of DRM, 

it seems that the residence time has an important impact on the DRM, as it is almost 

constant at 4.5 mm gap, while it differs (with a maximum at 3.5 mm) at varying gap size. 

Nevertheless, a direct linear correlation with residence time is not present, as a 

maximum is observed at 3.5 mm, which is not the highest residence time (see Table 

21). Note that again results are very different for pure CO2 and CH4 conversion, as they 

do alter at constant gap size (residence time) in a response to the change in bead size. 

Hence, it is clear that both CO2 and CH4 are affected by multiple differences in the 

packing and reactor configuration and that a complex behaviour can be expected due 

to the different response of CO2 and pure CH4 (e.g. due to different discharge modes) 

and their mutual interaction. This was also seen in modelling, although for a non-

packed reactor and for different conditions [47]. 

To elucidate the role of residence time further, the same reactor configuration (data 

set 1a) was applied but with a constant residence time (data set 1b). The results are 

compared in Figure 38. Although a more stable total conversion is observed, 

differences as a function of bead size and gap size ranges remain visible, indicating a 

more complex underlying mechanism. Furthermore, it is clear from Figure 38, that CO2 

and CH4 have a different response to bead/gap size configurations as a function of 

residence time. For completeness, the carbon, hydrogen and oxygen balance are added 

in the Appendix (section 9.4, Figure 88). As can be seen, these balances strongly depend 

on the flow rate and the reactor configuration. 
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Going back to Figure 37, when comparing with the pure gas conversions, the CO2 

conversion always drops upon adding CH4 to the feed, while the CH4 conversion always 

increases upon adding CO2 to the feed. 

 

Figure 38: CO2, CH4 and total conversion in DRM, as a function of different bead size ranges and gap sizes,  

at 5.5 seconds residence time and 50 ml/min. 

The electrical data for the experiments discussed in Figure 37 and Figure 38 are shown 

in Table 22 and Table 23. Again, they do not show a clear correlation between the 

conversion obtained and the electrical characteristics.  It is again important to note that 

differences in the average charge per filament can be induced by the reactor 

configuration; the fact that a low charge and many pulses gives the same result as a 

high charge and few pulses; the fact that a non-packed reactor often gives few strong 

pulses while a packed reactor gives many weak pulses. Moreover, it is impossible to 

determine the difference between a streamer between the electrode and the dielectric 

barrier, between the electrode and a bead, between 2 beads, between a bead and the 
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dielectric barrier, in the current profile. Therefore, it  is also impossible to determine 

the difference between surface discharges versus local filamentary discharges.  

Table 22: Electrical characterisation for Figure 37 (DRM, pure CO2 conversion and pure CH4 conversion). 

Gap size Bead size 

Plasma 

Power 

(W) 

Ubur 

(kV) 
Upp (kV) 

Average 

charge per 

filament (nF) 

Number of 

discharges  
IRMS (mA) 

2 mm 1.18 - 1.25 mm 58.89 2.75 16.57 3511 139 38 

2.5 mm 1.4 - 1.6 mm 65.65 3.66 15.41 12892 35 38 

3.5 mm 2.0 - 2.24 mm 63.82 3.49 15.75 19897 22 35 

4.5 mm 2.0 - 2.24 mm 66.94 2.24 11.27 5240 131 50 

4.5 mm 1.6 - 1.8 mm 65.28 2.19 11.58 5300 136 50 

4.5 mm 1.25 - 1.4 mm 63.96 2.08 11.54 5365 133 51 

        

2 mm 1.18 - 1.25 mm 66.92 1.20 12.94 7.22 156 71 

2.5 mm 1.4 - 1.6 mm 67.73 1.62 13.20 9.32 153 58 

3.5 mm 2.0 - 2.24 mm 67.40 2.12 13.19 5140 159 57 

4.5 mm 2.0 - 2.24 mm 61.85 2.08 13.14 4.41 148 51 

4.5 mm 1.6 - 1.8 mm 58.65 1.99 12.86 5.01 143 53 

4.5 mm 1.25 - 1.4 mm 61.85 1.98 13.87 4.78 150 54 

        

2 mm 1.18 - 1.25 mm 50.28 1.70 10.99 4810 135 51 

2.5 mm 1.4 - 1.6 mm 56.62 1.84 10.92 4858 150 51 

3.5 mm 2.0 - 2.24 mm 70.05 2.32 11.70 5348 138 49 

4.5 mm 2.0 - 2.24 mm 69.52 2.15 12.24 4726 150 52 

4.5 mm 1.6 - 1.8 mm 69.62 2.24 11.09 5082 130 50 

4.5 mm 1.25 - 1.4 mm 66.34 2.32 11.51 7495 102 51 

 

Table 23: Electrical characterisation for Figure 38. 

Gap size Bead size 
Plasma 

Power (W) 

Ubur 

(kV) 

Upp 

(kV) 

Average 

charge per 

filament (nF) 

Number of 

discharges 
IRMS (mA) 

2 mm 1.18 - 1.25 mm 50.28 1.70 10.99 4810 135 51 

2.5 mm 1.4 - 1.6 mm 56.62 1.84 10.92 4858 150 51 

3.5 mm 2.0 - 2.24 mm 70.05 2.32 11.70 5348 138 49 
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5.3.2 Product fractions 

Table 24 shows the product fractions for the different experiments at equal flow rate 

and equal residence time for all data sets.  

There are clear difference in specific product fractions (formaldehyde, ethyne, CO and 

DME), and less distinct differences for the other product fractions.  

When looking at the fraction of DME, it is clearly visible that, when keeping the ratio 

between bead size and gap size constant, the fraction remains 0%, no matter at which 

residence time (data set 1a and 1b). The difference in fractions of DME at larger gap 

sizes seems to be caused by another characteristic then those mentioned in Table 21. 

For formaldehyde on the other hand, the residence time/flow rate has a clear influence 

on the product fractions, since dataset 1a and 1b only differ in residence time and have 

a very different fraction of formaldehyde. Nevertheless, the correlation between the 

fraction of formaldehyde and residence time is not linear, nor the only influencing 

condition, indicating that other parameters play a role as well. This is also confirmed by 

the differences in dataset 3, which shows a clear difference in formaldehyde content 

although the residence time/flow rate is constant. 

Upon increasing the residence time, there is a decrease in the fraction of ethyne when 

combining dataset 1a with 1b, while dataset 3 again indicates that the influence on the 

ethyne formation by other parameters than residence time/flow rate is much larger.  

For unsaturated hydrocarbons (ethene, ethyne), the best result is obtained with 1.25-

1.4 mm beads in a 4.5 mm gap, while for saturated hydrocarbons (ethane),  the best 

result is obtained with the larger beads (2.0-2.24 mm) in the same 4.5 mm gap. 

To increase the fraction of unsaturated hydrocarbons, it is possible to add a packing 

material that functions as a hydrogen scavenger, or a dehydrogenation catalysts. On 

the other hand, hydrogen trapping will decrease the fraction of hydrogen available to 

form saturated hydrocarbons, unless the material that scavenges the hydrogen, will 

also catalyse the reaction of the trapped hydrogen towards saturated hydrocarbons.  

The highest amount of oxygenated products is obtained for the smallest beads (in the 

larger gaps). The highest ratio of CH4 conversion/CO2 conversion is reached for the 2.0-
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2.24 mm beads in the 3.5 mm reactor at 50 ml/min, while at constant residence time, 

it is reached for the 1.4-1.6 mm beads in the 2.5 mm gap. 

Table 24: Product fractions in DRM, as a function of different bead size ranges and gap sizes. 

 

 

As a final observation, it is important to realize that even when no catalytica lly active 

element is coated on the packing material, the packing material itself, more specifically 

the bead size, as well as the reactor gap size and the operating conditions (e.g. flow 

rate) have a clear influence on the product fractions. Hence, this must be accounted 

for when studying the effect of catalytic materials on the conversion and product 

fractions in plasma catalytic reactions.
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5.3.3 Discussion 

As can be seen from Table 21, a lot of parameters can influence both conversion and 

product fractions and no direct correlations can be made with any single parameter 

listed in Table 21 or electrical data recorded (see Table 22 and Table 23). This points to 

a complex role of intertwined parameters or including possibly unidentified or not yet 

measured parameters. However, it is not straightforward to change only one of the 

parameters in the reactor, which will be a challenge to elucidate the underlying 

mechanisms further in future research. 

For set 1 (both a and b), the number of contact points and the cumulated void space 

between the beads remains constant, while the residence time increases as well as the 

bead size and thus also the length of the voids between them. In contrast, the total 

bead surface decreases. When comparing line 1a with line 1b, only the residence time 

alters. For data set 2, the number of contact points and the total surface area increase, 

while the length of the void between the beads remains constant. For data set 3, the 

number of contact points and the surface increase, while the length of the voids 

decreases.  

Moreover, the residence time distribution can be altered by varying the packing of the 

beads in the reactor. Indeed, depending on the packing of the beads, the gas pathway 

can be altered and thus the contact time between the beads and the surface, which 

will alter the number of molecules adsorbing on this surface and thus the conversion 

and product fractions. How many beads are packed in the same gap size, will also alter 

the surface to volume ratio and thus how much product can interact with the packing 

material.  

As can be seen, a lot of different parameters influence the CO2 and CH4 conversion, the 

difference between the conversion in DRM and for the pure component, and the ratio 

between CO2 and CH4 conversion. 
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Part of the explanation lies in a combination of SEI and energy transfer between 

the CO2 and CH4 molecules in a CO2/CH4 plasma. For the individual components, the 

conversion was established by applying 100 Watt, yielding ± 60 Watt plasma power for 

50 ml/min. For DRM, we again applied 100 Watt, yielding ± 60 Watt plasma power, for 

a total flow of 50 ml/min, which will be divided over both components. This equals a 

SEI of 17 eV/molecule in all experiments of data set 1a and 3 and for the pure 

component measurements shown in Figure 37. Plasma chemistry modelling [41] 

predicts an important charge transfer reaction from CO2
+ ions to CH4 molecules, 

(equation 10), which is very important during the streamers in the DBD plasma [47].  

𝐶𝑂2
+ + 𝐶𝐻4  → 𝐶𝐻4

+  + 𝐶𝑂2      (10) 

Furthermore, we know from streamer propagation modelling (for dry air) in a packed 

bed DBD that for packing materials with a high dielectric constant (≈ 4000 for BaTiO3) 

the discharge mode will exhibit local filamentary discharges [148], so the above 

reaction will be important in these filaments. 

The above reaction indicates that some of the plasma power (or energy) that is used to 

activate (i.e. ionise) the CO2 molecules, will thus be transferred to the CH4 molecules. 

Hence, less CO2
+ ions and more CH4

+ ions are expected. These ions will undergo 

dissociative recombination with electrons, contributing to the dissociation of the 

molecules. Therefore, the CH4 conversion will increase upon adding CO2 to the mixture, 

while the CO2 conversion will decrease upon adding CH4 and differs substantially from 

the pure component conversion. 

Another mechanisms that possibly lies at the basis of these observations, is that CO2 

dissociates more in the afterglow, and less in the streamers, while CH4 mainly 

dissociates in the streamers and even recombines in the afterglow [9]. This means that 

the conversion of CH4 is strongly dependant on the number of streamers and the 

residence time in these streamers, opposed to the CO2 conversion. Moreover, in the 

presence of CH4 and CO2, the formed hydrogen reacts with the oxygen atoms of CO2, 

limiting the back reaction of hydrogen to CH4 in the afterglow, enhancing the CH4 
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conversion. Indeed, at high CH4 conversions, it is possible that so much OH is formed, 

that CO reacts back to CO2 and H. 

The distribution of all formed intermediary species will strongly alter the forward and 

backward reactions, depending on the differences in streamers and afterglow. The 

different bead and gap sizes are expected to affect the discharge behaviour, number of 

streamers, dissipated charge, electric field strength, surface charge, electron density 

etc. and thus also the intermediate species distribution. Other not yet identified 

aspects can cause differences such as e.g. surface discharge behavior and/or charging, 

sorption effects, etc.  

This complex system of mechanisms and ratios in intermediary species will affect both 

conversions and the product fractions (as can be seen in section 5.3.2). 

In support of this hypothesis, we observed experimentally a link between the average 

charge per filament (higher for stronger pulses; can be found in Table 22) and the CH4 

conversion for sets 1a, 2 and 3, which indeed indicates that the CH4 conversion takes 

place in streamers and their afterglow, and thus increases with stronger pulses.  

Furthermore, we observe that the non-packed reactor often leads to few strong pulses,  

while the packed reactor generates more strong pulses. Moreover, modelling of a 

packed bed DBD reactor showed that larger beads lead to a higher electron density 

[139] and a higher electron density is accompanied by more streamers [152]. 

A factor that has a definite influence is the residence time, which is obvious 

when comparing data sets 1a and 1b. When comparing at equal residence time (set 1b), 

we can observe that now, instead of going over a maximum, the CO2 conversion now 

decreases. The CH4 conversion on the other hand, instead of increasing, now goes over 

a maximum. The factors influencing the conversion are the SEI, the void spaces, and 

the surface area (and all parameters that depend on these 3 characteristics). Since for 

these 3 data points, the SEI and the void space between the beads are affected greatly, 

while the total surface area decreases slightly, the resulting conversions for CO2 and 

CH4 are probably affected by a combination of these parameters.  
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Since the effects of all these parameters on the conversion is very complex, it 

is even more challenging to investigate the influence on the product fractions as they 

are determined by, among others, the intermediate species distributions and thus the 

conversion of CO2 and CH4. As mentioned before, it is important to realize that even 

when no catalytically active element is coated on the packing material, the bead size 

and gap size of the packing, have a clear influence on the product fractions. Hence,  this 

must be accounted for when studying the effect of catalytic materials on the product 

fractions in plasma catalysis. 

5.4 CONCLUSION 

We studied the influence of the flow rate/residence time, the gap size and its ratio to 

the bead size, on the conversion and product fractions for DRM in a packed bed DBD 

reactor, and we compared with experiments for the individual components (pure CO2 

and CH4 conversion), to gain insight in how CO2 and CH4 affect the combined conversion.   

It is clear that the effect of the packed bed DBD reactor seems to be different for pure 

CO2 and CH4 versus the DRM mixture. This can be explained by a charge transfer 

reaction between CO2
+ and CH4, in combination with a difference in behaviour of CH4 

and CO2 in the streamers and in the afterglow, affecting dissociation and recombination 

behaviour in combination with kinetic effect when both gases are present, also 

affecting product formation.  

From the experiments it is clear that none of the implied changes in gap sizes, bead size, 

surface area, etc. nor measurement of the electrical characteristics on its own can 

explain the differences observed in conversion and product fractions.  

It is clear however, that some do have an effect. For example, the flow rate affects the 

SEI and thus the conversion, and when keeping the residence time constant, indeed 

trends shift compared to when keeping the flow rate constant.  

As a final remark, it should be realized that the packing material itself, more specifically 

the bead size, as well as the reactor gap size, and flow rate conditions, clearly affect the 

product fractions, even without catalytic activation of the packing.  
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6 GENERAL CONCLUSION 

 

In this thesis, we studied the conversion of CO2 and CH4, two greenhouses gases, to 

value-added chemicals. This conversion is important to reach our sustainability goals, 

but quite challenging. A high potential technology to tackle the current challenges is 

plasma catalysis.  

The plasma can work at mild conditions, i.e. room temperature and ambient pressure, 

but is a very reactive mixture, which is highly unselective. Therefore, a catalytic/packing 

material is added to the plasma. This material can be a packing, support or catalytically 

activated material, and can enhance the conversion both chemically and/or physically. 

Five different spherical packing materials, as well as quartz wool and glass wool, were 

inserted in a DBD reactor, to study CO2 splitting, and the conversion, energy efficiency 

and selectivity for dry reforming of methane (DRM). Moreover, a comparison was made 

to the conversion for CO2 and CH4 as individual components, to obtain detailed insights 

about the effect that both gases induce on each other and the plasma chemistry.  

In Chapter 3, we first compared the results for different materials and packing sizes in 

a 4.5 mm gap for CO2 splitting, to avoid complexity issues introduced by studying 

selectivity (which comes into play when also CH4 is added). We observed that the 

highest conversion was roughly a factor two higher than in the non-packed reactor with 

the same flow rate, and a factor four higher than in the non-packed reactor with the 

same residence time. The highest energy efficiency was the same when compared with 

the non-packed reactor at the same residence time (thus higher flow rate), but again 

almost twice as high when compared at the same flow rate. A distinct impact of the 

type of packing material and its size has been observed. 

It was clear that three effects can play a role: (1) the positive contribution of the packing, 

due to electric field enhancement at the contact points; (2) a negative contribution due 

to the lower residence time in the presence of a packing; and (3) the influence of the 
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voids between the beads, with a positive or negative effect depending on the material. 

Depending on the bead size and material, one or the other effect will dominate, 

explaining their different behaviour in conversion and energy efficiency. In addition, 

the changes in conversion can only partially be related to the dielectric constant of the 

packing material, indicating that also other material parameters must play a role, as 

was also seen in Chapter 4 and 5. Further improvement in conversion and energy 

efficiency can be expected when a large number of contact points can be generated, 

while maintaining large void space volumes and a large ratio of packing size/gap size.  

In Chapter 4, we increased the complexity of the studied matrix, by adding CH4 to the 

feed flow. This way, we did not only study the conversion for DRM in a packed bed DBD 

reactor, but we investigated the influence of different packing materials on the product 

fractions as well. All results were also compared to the ones for CO2 splitting obtained 

in Chapter 3. Again, five different packing materials in three different sizes were 

compared and it was seen that the type and size of packing materials cannot only 

influence the overall conversion, but also the CH4/CO2 conversion ratio and the product 

fractions, even without being activated with catalytic elements.  

Depending on the packing material applied, very high CO/H2 ratios can be obtained, 

hinting to mechanisms where the H atoms (originating from CH4) are mainly involved 

in the formation of hydrocarbons or oxygenated products, rather than into H 2. 

By studying two types of Al2O3 (α and γ), with the same dielectric constant, we can 

conclude that apart from differences in electrical characteristics and discharge 

behaviour, other materials’ chemistry (e.g. crystal phases, acidity) or structural (e.g. 

porosity) related features have a vast impact on product formation, leading to a very 

different product distribution, in case of α-Al2O3 versus γ-Al2O3. It has to be noted that 

γ-Al2O3 results in the highest product selectivity (higher than α-Al2O3), with no 

detectable fractions of oxygenated products, except for a 10-fold higher ethanol 

formation (fraction of 3 %), in combination with a high CO content (~70 %), the latter 

being similar to α-Al2O3. 
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Another interesting observation was the discrepancy between the high CO2 conversion 

in case of BaTiO3 for CO2 splitting, in contrast to the low CO2 conversion in case of DRM. 

This was investigated further in Chapter 5.  

In Chapter 5, we studied the influence of the flow rate/residence time, the gap size and 

its ratio to the packing size, on the conversion and product fractions for DRM for the 

particular case of BaTiO3 as packing material. We compared with experiments for the 

individual components (pure CO2 and CH4 conversion), to gain insight in how CO2 and 

CH4 affect the combined conversion and product fractions.  

Firstly, as expected, a longer residence time enhances the conversion. Moreover, the 

product fractions of CO and H2 increase, while the product fractions of ethyne and 

formaldehyde are reduced. 

Secondly, the effect of the packed bed DBD reactor seems to be different for pure CO2 

and pure CH4. The CO2 conversion decreases upon adding CH4, while the CH4 conversion 

increases upon adding CO2. This could be explained by a charge transfer reaction 

between CO2
+ and CH4, which is very important in streamers, that are abundant (i.e., 

more filamentary microdischarges) at a high dielectric constant (BaTiO3). The CH4 

conversion is also always higher than the CO2 conversion in DRM, and the higher the 

conversion, the larger the difference between both. This can be explained by the fact 

that CH4 is dissociated in the streamers and recombines in the afterglows between the 

pulses, while CO2 is also dissociated in the streamers, but to a lower extent, and 

converts even further in the afterglows between the pulses. The protons generated by 

the CH4 conversion will cause more CO2 conversion and prevent the back reaction of 

CH4. Moreover, the number of streamers and the discharge type can alter which will 

affect the CO2 and CH4 conversion. Which of these processes will be dominant, depends 

on the specific conditions.  

Thirdly, when altering the gap size/bead size ratio, three different effects come into 

play, depending on whether the bead size is constant at altering gap size or vice versa, 

or whether both are altered at a constant ratio. Overall, the determining factor seems 

to be the altered number of beads (which is accompanied by an altered total surface 
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area and changing number of contact points between the beads) and the differing void 

space between two beads, affecting the electric field. 

Concluding all chapters, we can first of all say that, upon analysing all packing materials 

before and after plasma, most of the packing materials have a high resistance to coking, 

although SiO2 showed clear D and G bands of carbon in Raman measurements.  

Moreover, results obtained in different gap sizes and at different residence times, show 

that the kinetics play an important role and influence the different gas components in 

a different way. Future studies should thus involve experiments at multiple residence 

times and with different gas ratios.  

Regarding the influence of the packing on the plasma and vice versa, we can conclude 

that, even without a catalytic activation, the packing material already has a vast effect 

on the conversions and product fractions. This indicates the importance of studying all 

materials aspects in case of plasma catalysis, including the non-activated packing 

materials and their size and shape. Furthermore, it shows that more research is needed, 

which has to combine extensive modelling with material research, to unravel the 

mechanisms at play. Finally, it exemplifies the tremendous future opportunities to 

create catalysts with true synergy in packing material and active element as well as 

packing geometry, that can significantly impact conversion, energy efficiency and 

selective production of chemicals, allowing to steer DRM to different types of products, 

ranging from oxygenates to higher hydrocarbons in a one-step process, and thus 

hopefully making plasma-catalytic DRM competitive with thermal DRM in the future. 

Indeed, although the energy efficiency reached in this work is lower than that currently 

obtained for thermal DRM, the DBD reactor has the advantage to operate with a 

packing material and/or catalyst able to make other products than syngas and to use 

renewable energy as an energy source. The modular nature of the reactor in 

combination with intermittent use are extra advantages of catalytic plasma-assisted 

DRM. 

As a future outlook, it can be advised to study the differences between CO2 and CH4 

more in depth, by varying the ratio between the CO2 and CH4 feed composition. This 
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will not only alter the conversions and their ratios, but also the species distributions 

and thus the different product fractions. We believe that increasing the fraction of CO2 

will increase the product fractions of CO and all oxygenated components, whereas both 

saturated and unsaturated hydrocarbons will have increased product fractions when 

increasing the CH4 feed fraction. 

Also, as residence time obviously plays a crucial role, it is important to study this further, 

always keeping the importance of the reactor configuration in mind.  

A further study towards the packing material and more specifically its volume-to-

surface ratio and morphology can be carried out as well. Indeed, rigid 3D structures 

with varying geometry can help studying the influence of the flow patterns, the contact 

between the gas and the surface, mass and heat transport, etc.  

As for catalysis, multiple catalytic elements can be coated on the packing materials 

tested in this work. These elements can differ in nature, but also in coated weight 

percentage, distribution, metal support interaction etc. This will all contribute to a 

better understanding of DRM in a packed bed DBD reactor, and thus aid in converting 

CO2 and CH4, two waste molecules, into value-added chemicals. 
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7 SUMMARY 

 

This thesis investigated dry reforming of CH4 (DRM) in a packed bed DBD reactor. The 

objective of this research was to improve the current understanding of plasma-catalytic 

interactions for CO2 splitting and DRM. 

Chapter 1 not only explains why there is a need for the conversion of these greenhouse 

gases, but also describes the current state of the art in CO2 splitting and DRM. It 

indicates the need for an energy-efficient technology that selectively produces value-

added chemicals, and illustrates how plasma-catalysis can be a suitable technique.  

Chapter 2 further specifies the reactor configuration, analytics and materials used in 

this work, for plasma catalysis. All experiments had a detailed analysis of the plasma 

characteristics and the catalytic materials, and the results of these are shown in the 

Appendix. 

Chapter 3 focusses on the splitting of CO2, using four different spherical packing 

materials in three different sizes, as well as glass wool and quartz wool. The effect of 

packing material and size and gap size was studied, as well as the effect of glass wool, 

quartz wool and the interactions between the packing and the dielectric barrier 

material.  

Chapter 4 reveals the conversion of CO2 and CH4 for five different spherical packing 

materials in three different bead sizes. A detailed comparison is made with Chapter 3, 

and the influence of the applied packing materials on the product fractions is discussed.  

Chapter 5 investigates the peculiar case of BaTiO3, performing best for pure CO2 

splitting (Chapter 3) and worst in DRM (Chapter 4). This is achieved by comparing a 

BaTiO3 packing with different bead sizes, in different gap sizes, at multiple residence 

times. Moreover, a comparison is made between the conversion for CO2 and CH4 in 

DRM and as individual gas components. 

Finally, Chapter 6 gives a general conclusion.  
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8 SAMENVATTING 

 

In deze thesis werd onderzoek gedaan naar dry reforming van CH4 in een gepakte bed 

DBD reactor. Het doel was om meer inzicht te krijgen in de interacties tussen plasma 

en pakking materialen en hun invloed op conversie, energie efficiëntie en product 

selectiviteit.  

In Hoofdstuk 1 wordt uitgelegd waarom het belangrijk is CO2 en CH4, twee 

broeikasgassen, om te zetten naar chemische componenten met toegevoegd waarde. 

De huidige stand van de techniek wordt beschreven, waardoor duidelijk wordt dat er 

nood is aan een energie-efficiënte technologie die deze chemische componenten 

selectief kan converteren. Een techniek die hierin een hoog potentieel heeft is 

plasmakatalyse.  

In Hoofdstuk 2 wordt de methodologie van dit doctoraat beschreven. Zowel de 

karakteristieken van de DBD opstelling, als de specificaties van de gebruikte materialen 

komen hier aan bod. Ook de gebruikte karakterisatie-methoden voor de materialen 

worden toegelicht. De resultaten hiervan zijn terug te vinden in de Appendix.  

Hoofdstuk 3 toont de resultaten behaald voor CO2 splitsing. Hiervoor worden vier 

verschillende sferische pakkingmaterialen vergeleken, elk in drie verschillende groottes, 

net als de invloed van kwartswol en glaswol als pakkingmateriaal. De invloed van het 

materiaal zelf, de grootte van de sferen, en de interactie met de diëlektrische barrière 

wordt bestudeerd.  

In Hoofdstuk 4 worden vijf sferische pakkingmaterialen in drie verschillende groottes 

bestudeerd, ditmaal voor DRM, waarbij de CO2 conversie in aanwezigheid van methaan 

wordt vergeleken met die verkregen voor zuivere CO2 splitsing. Niet enkel de conversie, 

maar ook de fracties van de gevormde producten worden bestudeerd.  

Hoofdstuk 5 focust ten slotte op BaTiO3 als pakkingmateriaal, aangezien hiermee de 

hoogste conversies verkregen worden voor CO2 splitsing maar de laagste voor DRM. In 
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dit hoofdstuk wordt gekeken naar de invloed van de grootte van de sferen, de gap en 

de verblijftijd in de reactor voor de specifieke case van BaTiO3. Bovendien wordt de 

conversie voor DRM vergeleken met diegene voor de individuele componenten.  

Hoofdstuk 6 ten slotte, geeft een algemene conclusie van de bekomen resultaten.  
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9 APPENDIX 

9.1 IR  DATA 

 

 
Figure 39: IR camera image of ZrO2 beads of 2.0-2.24 mm, in a 4.5 m gap, at 23.5 kHz, CO2, 100 Watt input 

power, 50 ml/min. 

As can be seen on the infrared data (Figure 39), obtained by measuring the temperature 

of the dielectric barrier and the outer electrode, the maximum temperature for this 

experiment is 146 ºC. 

9.2 PLASMA STABILISATION 

Our experiments are normally performed as follows: 

- Flushing the gases, to purge the equipment; 

- Measuring the gas content as a ‘blanc’; 

- Igniting the plasma; 
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- 40 minutes of plasma stabilisation (until there is no further change in peak-to-

peak voltage); 

- Measuring the gas content to measure the conversion. 

 

To elucidate the behaviour of the plasma during stabilisation, GC measurements are 

taken from the first moment the plasma is ignited. The experiment is conducted with 

SiO2 as dielectric packing, with beads ranging from 2.0 to 2.24 mm, at 50 ml/min gas 

flow rate and 100 Watt power. An alumina dielectric barrier is used. Experiments show 

here that the conversion and the energy efficiency (Figure 40) decrease with increasing 

stabilisation time. To understand this behaviour, further analysis of the Lissajous figures 

(see schematic representation in Figure 19) is performed. 

Lines DA and CB in Figure 19 represent the phase when no plasma is formed; the slope 

of these lines indicates the total capacity of the reactor without plasma (Ccell). The lines 

AB and DC in Figure 19 represent the phase when the plasma is formed inside the gap, 

so the slope of these lines indicates the effective capacity of the plasma reactor (Ceff). 

From the Lissajous figures, the breakdown voltage (the minimum voltage to create the 

plasma) can be determined as well. 

The results of the peak-to-peak voltage, the plasma power and the breakdown voltage 

are thus also plotted as a function of time (see Figure 40). The peak-to-peak voltage 

drops as a function of time, while the plasma power and breakdown voltage exhibit a 

rising trend. 
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Figure 40: Conversion (a), energy efficiency (b), peak-to-peak voltage (c), plasma power (d) and breakdown 
voltage (e) as a function of stabilisation time, for an alumina dielectric barrier, at 50 ml/min, for 100 Watt 
power with 2.0-2.24 mm SiO2 beads. 

It is clear that the temporal behaviour in conversion and energy efficiency doesn’t 

follow the same trend as the peak-to-peak voltage (Figure 40 (c)) or the plasma power 

(Figure 40 (d)). With an increasing power and a decreasing voltage, we expect an 

increasing current, which would result in an increasing conversion and energy efficiency. 

The explanation might be found in the increasing breakdown voltage (Figure 40 (e)). 

Since the breakdown voltage slightly increases when the experiment proceeds, less 

energy remains available for conversion, yielding in a lower conversion and energy 

efficiency. Based on these results, all our GC analysis data are sampled after a plasma 

stabilization time of 40 minutes. When monitoring the breakdown voltage and plasma 

power after 40 minutes for other materials, it was confirmed that they were all stable 

after 40 minutes and thus GC measurements could be taken. 

9.3 MATERIAL CHARACTERISATION 

 

The material characteristics of the different packing materials will influence the results 

obtained in this work, i.e. both conversion and product fractions/selectivities. Even 



 

152 

 

though we cannot yet identify which material properties are responsible for the 

differences in the plasma chemistry, we have measured those properties from which 

we expect a possible influence on the results. Therefore, all packing materials are 

studied with UV-DR (photon absorption, band gap), profilometry (surface roughness), 

nitrogen sorption (micro- and mesoporosity, surface area), Hg-porosimetry (meso- and 

macroporosity), SEM-EDX (chemical composition) and TGA (e.g. thermal stability and 

presence of surface adsorbed species). The specifics of the equipment are listed in 

Table 7. 

9.3.1 UV-DR 

By comparing the UV-DR spectrum (Figure 41) before and after plasma exposure, we 

can see that there is no significant change in the intersection of the tangent of the Tauc 

plot with the x-axis. The band-gap of the material thus remains unaltered after plasma 

exposure. The band gap of the tested SiO2 beads was calculated as 3.4 eV, which is 

lower than the band gap for amorphous SiO2 (9.2 eV). The SiO2 beads are assumed to 

be glass, containing mostly Na, Ca and Mg. This is confirmed by the analysis with SEM-

EDX (Table 25). 
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Figure 41: UV-DR spectra of SiO2 before (blue graph) and after (red graph) plasma exposure (milled beads). 

The UV-DR spectrum of ZrO2 (Figure 42) shows a bandgap of 4.3 eV, which remains 

unaltered after plasma exposure.

 

Figure 42: UV-DR spectra for ZrO2 before (blue graph) and after (red graph) plasma exposure (milled beads). 

α-Al2O3 is not active in UV-DR.  
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The UV-DR spectra (Figure 43) for the BaTiO3 beads before and after plasma lead to the 

same band gap: 2.98 eV; the band-gap of the material thus remains unaltered after 

plasma exposure. The literature gives a value of 3.2 eV for tetragonal BaTiO3 [153]. At 

the moment we cannot explain this discrepancy in values, but it might be dependent 

on the crystal phase and/or structural composition [154,155].  

 

Figure 43: UV-DR spectra for BaTiO3 before (blue graph) and after (red graph) plasma exposure (milled 

beads). 

9.3.2 N2 -sorption 

The nitrogen-sorption isotherms, used to calculate the apparent surface area of the 

SiO2, ZrO2, α-Al2O3, γ-Al2O3 and BaTiO3 beads, are shown in Figure 44, Figure 45, Figure 

46, Figure 47 and Figure 48, respectively. Only the -Al2O3 beads show a type IV 

isotherm, indicating mesoporosity. The other materials do not have measurable 

porosity below 50 nm (i.e. the pore sizes that can be evaluated by nitrogen sorption).  
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Figure 44: Nitrogen Sorption for SiO2. 

 

Figure 45: Nitrogen Sorption for ZrO2. 
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Figure 46: Nitrogen Sorption for α-Al2O3. 

 

Figure 47: Nitrogen Sorption for γ-Al2O3. 
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Figure 48: Nitrogen Sorption for BaTiO3. 

9.3.3 Hg-porosimetry 

Figure 49, Figure 50, Figure 51, Figure 52 and Figure 53 show the results for Hg-

porosimetry, which is able to detect porosity above 8 nm up to micrometre sized 

micropores. The pore sizes and the total open pore volume of the SiO2, ZrO2, α-Al2O3, 

γ-Al2O3 and BaTiO3 beads are shown, respectively. The most important data for these 

figures (the total open pore volume and the pore size) are shown in Table 6. Moreover, 

it is clear that all samples have a (limited) macroporosity (>0.05 μm), but the amount 

of macropores and their size depend on the material.  
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Figure 49: Hg-porosimetry for SiO2. 

 

Figure 50: Hg-porosimetry for ZrO2.
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Figure 51: Hg-porosimetry α-Al2O3. 

 

Figure 52: Hg-porosimetry γ-Al2O3. 
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Figure 53: Hg-porosimetry BaTiO3.
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9.3.5 Material stability against coking 

 

None of the samples showed weight loss in TGA (performed up to 800 ºC, so above the 

decoking temperature [156]). This indicates the limited amount of coke formation, 

which confirms the literature that the plasma process will induce less coking than 

thermal DRM [53]. Nevertheless, there are some coloured (black) spots when the 

packing is removed from the reactor, hence a more detailed analysis via Raman 

microscopy has been done to determine its origin. This shows that some coking is still 

present. The measurements were performed with a Horiba Xplora Plus micro-Raman, 

with a 50x magnification and a wavelength of 532 nm. Clear signals of the D and G 

bands of carbon can be observed for the SiO2 packing (Figure 64) at 1330 cm-1 and 1595 

cm-1, including shoulders around 1472 cm-1
 and 1221 cm-1, as well as non-resolved 

overtone signals. When looking more closely to the -Al2O3 and ZrO2 packing materials, 

unresolved broad signals can be observed in the region where also coke displays signals. 

However, as the signals are not resolved, it is difficult to confirm that this is due to some 

limited coke formation. Moreover, there was no detectable signal when measuring the 

bead and focussing on a black spot. For all beads, the Raman spectrum before and after 

plasma is shown, and for α-Al2O3, γ-Al2O3 and BaTiO3, a second figure shows a zoomed-

in frame to see the coking regions better.  
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Figure 64: Raman spectrum for SiO2, before and after plasma exposure. 

 

Figure 65: Raman spectrum for ZrO2, before and after plasma exposure. 
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Figure 66: Raman spectrum for α-Al2O3, before and after plasma exposure. For both beads (before and after 
plasma), two spectra are recorded: one with 90 % of the light filtered out, and one with 99 % of the light 
filtered out. 

 
Figure 67: Zoomed-in (at coking regions) Raman spectrum for α-Al2O3, before and after plasma exposure. 
For both beads (before and after plasma), two spectra are recorded: one with 90 % of the light filtered 
out, and one with 99 % of the light filtered out.
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Figure 68: Raman spectrum for γ-Al2O3, before and after plasma exposure. 

 

Figure 69: Zoomed-in (at coking regions) Raman spectrum for γ-Al2O3, before and after plasma exposure. 
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Figure 70: Raman spectrum for BaTiO3, before and after plasma exposure. 

 

 

Figure 71: Zoomed-in (at coking regions) Raman spectrum for BaTiO3, before and after plasma exposure. 
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SiO2 

  

ZrO2 

  

α-Al2O3 
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γ-Al2O3 

  

BaTiO3 

  
Figure 72: Visual image of the beads before and after plasma treatment. 

9.3.6 Profilometry 

 

The 3D profile and the surface profile (Figure 73) of the SiO2 beads indicate that the 

surface is rather smooth, with a surface roughness of 82±3 nm. This can partly explain 

the lower conversions, since smooth surfaces have less contact points and edges that 

can increase the electric field. 
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Figure 73: Profilometry profile for SiO2 beads of 2.0-2.24 mm. 

 

The 3D profile and the surface profile (Figure 74) also indicate for ZrO2 that the surface 

is rather smooth, with a surface roughness of 84±1 nm.  
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Figure 74: Profilometry profile for ZrO2 beads of 2.0-2.24 mm. 

 

The profilometry of the α-Al2O3 (Figure 75) shows that the surface roughness is 150±4 

nm. 
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Figure 75: Profilometry profile for α-Al2O3 beads of 2.0-2.24 mm. 
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The profilometry for the BaTiO3 beads (Figure 76) shows a surface roughness of 590±15 

nm. 
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Figure 76: Profilometry profile for BaTiO3 beads of 2.0-2.24 mm. 

Finally, for the γ-Al2O3 beads (Figure 77), a surface roughness of 3600 ± 460 nm is 

measured.  

 

Figure 77: Profilometry profile for γ-Al2O3 beads of 2.0-2.24 mm. 

9.4 DETAILED CARBON, HYDROGEN AND OXYGEN BALANCES 

First, for each element (carbon, hydrogen and oxygen) a complete balance is shown, 

with a detailed contribution of each component (figures: “total balance”). Then, to 

ensure better visibility, the same values were plotted, without the presence of the non-

converted feed components (CO2 and CH4) (figures: “detailed balance”). Finally, a figure 

is shown with the same values as in the latter figure, but normalised to 100 %.  
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Figure 78: Total carbon balance for different bead sizes and materials.  

 
Figure 79: Detailed carbon balance for different bead sizes and materials, without CO2 and CH4 contribution. 
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Figure 80: Normalized carbon balance for different bead sizes and materials, without CO2 and CH4 

contribution. 

 
Figure 81: Total hydrogen balance for different bead sizes and materials.  
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Figure 82: Detailed hydrogen balance for different bead sizes and materials, without CH4 contribution. 

 
Figure 83: Normalized hydrogen balance for different bead sizes and materials, without CH 4 contribution. 
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Figure 84: Total oxygen balance for different bead sizes and materials. 

 
Figure 85: Detailed oxygen balance for different bead sizes and materials, without CO2 contribution. 
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Figure 86: Normalized oxygen balance for different bead sizes and materials, without CO2 contribution. 

 

 

Figure 87: Carbon, hydrogen and oxygen balance for the experiments in  Figure 37. 
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Figure 88: Carbon, hydrogen and oxygen balance for the experiments in  Figure 38. 
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9.5 REACTION SCHEMES FROM LITERATURE 

These figures are used to explain the results discussed in sections 4.2.6 and 5.3.3. 

 

 

Figure 89: Reaction scheme to illustrate the main pathways for the conversions of CH4 and O2 and their 

interactions. Adopted with permission from ref. [157]. Copyright 2018 American Chemical Society. 
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Figure 90: Reaction scheme to illustrate the main pathways for DRM. Adopted with permission from ref. 
[157]. Copyright 2018 American Chemical Society.



 

190 

 

 

Figure 91: Reaction scheme to illustrate the main pathways for the conversions of CO2 and H2O and their 

interactions. Adopted with permission from ref. [150]. Copyright 2018 Wiley-VCH.
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